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Abstract
Background  The human genome has been the subject of scrutiny for more than two decades, yet new protein 
coding genes are still being uncovered. Recently ribosome profiling experiments have provided evidence for the 
translation of thousands of novel open reading frames (ORFs). To determine how many of these novel ORFs have 
peptide support, we carried out an in-depth investigation of an entire mass spectrometry proteomics database.

Results  We analysed the peptides housed in the human build of the PeptideAtlas database and identified reliable 
evidence for 35 potential coding genes not annotated in the Ensembl/GENCODE reference gene set. Evidence from 
complementary sources confirmed that 16 were almost certainly coding genes, but we believe that at least 14 are 
most likely to be undergoing aberrant translation. These 14 genes had reading frames that were not preserved 
beyond human and their peptides were restricted to cancers or cell lines. Remarkably, three of the sixteen likely 
coding genes were derived from endogenous retroviral gag ORFs and were expressed only in placenta. All three 
had evidence of purifying selection. Retroviral env ORFs (syncytins) with distinct origins are expressed in almost all 
mammalian placentae and these results suggest that co-opted gag ORFs may also play an important role in placental 
development.

Conclusions  Our analysis shows that proteomics data can be used in conjunction with evolutionary evidence to 
confirm the existence of new coding genes. The evidence suggests that both testis and placenta are the tissues most 
likely to express still to be identified coding genes, and that there may be other transposon-derived ORF that have 
been co-opted as coding genes. The strong evidence for the translation of regions under dysregulated conditions 
has important implications for the annotation of coding genes and in the analysis of cancer and other degenerative 
diseases.

Keywords  Proteomics, Coding genes, Pseudogenes, Endogenous retrovirus, Co-option

An audit of the PeptideAtlas database 
uncovers evidence for repurposed 
pseudogenes and co-opted retroviral ORFs
Jose Manuel Rodriguez1,2, Miguel Maquedano3, Daniel Cerdán-Vélez3, Andrea Laguillo-Gómez1, Enrique Calvo1,2, 
Federico Abascal4, Jesús Vázquez1,2* and Michael L. Tress3*



Page 2 of 18Rodriguez et al. BMC Genomics         (2025) 26:1087 

Background
The human reference genome has been completed with 
the annotation of heterochromatic regions [1] and the Y 
chromosome [2] by the T2T consortium. Despite this, 
the annotation of a final set of human coding genes is still 
some way from being finished. The principal reason for 
this is that the main reference databases [3–6] still dis-
agree on which genes code for proteins [7, 8], although 
the completion of the novel CHM13 human reference, 
in which preliminary estimations of novel coding genes 
run from 2 [9] to 300 [4], has added a new layer of com-
plexity. On top of this, there is increasing evidence 
from ribosome profiling experiments that a surprisingly 
large number of unannotated open reading frames may 
undergo translation [10].

The initial drafts of the human reference genome 
[11, 12] pinned the number of protein coding genes at 
between 25 and 35,000. Since then, estimates of the num-
ber of coding genes have been part of a gradual down-
ward trend [7, 13–17]. The most recent GENCODE 
release [3] (v49) annotates 19,435 coding genes, although 
between the RefSeq, UniProtKB and Ensembl/GEN-
CODE reference sets there were still more than 21,800 
annotated coding genes in 2024 [18].

Recently, several high-profile large-scale ribosome pro-
filing analyses of the human genome have been published 
[19, 20] that may reverse this trend. These provide evi-
dence for tens of thousands of novel unannotated open 
reading frames (ORFs). A consortium has been formed to 
investigate whether these regions code for proteins [10] 
following these (and other) studies, with one of the early 
papers published by members of the consortium suggest-
ing that coding gene numbers might expand by 30% on 
the back of the more than 7,000 well-supported novel 
ORFs they find [21].

The paper [21] highlights the discovery of nine novel 
ORFs that are often cited as evidence for the functional 
importance of short ORFs as a whole. These are APELA, 
ASDURF, MIURF, MRLN, MYMX, POLGARF, TINCR, 
and the as yet unnamed uORFs (upstream open read-
ing frames) in MKKS and SLC35A4. What links these 
nine examples is not that they are short (three are longer 
than 100 amino acids and POLGARF has 260), but that 
they are all ancient. Seven can trace their ancestry back 
to lobe-finned fish at least, while the other two are con-
served across all mammals. Although there are undoubt-
edly further ancient yet to be discovered ORFs (one such 
example is the upstream overlapping ORF (uoORF) in 
GRIN2A [22]), these 9 conserved ORFs are not represen-
tative of the class of novel ORFs as a whole because most 
novel ORFs detected in ribosome profiling experiments 
have little or no evidence of cross-species conservation.

One further problem is that although there is a lot 
of ribosome profiling evidence for novel ORFs, the 

proteomics evidence is not strong. Even the two large-
scale ribosome profiling analyses that detected tens of 
thousands of novel ORFs failed to find much evidence 
for their products in standard proteomics experiments. 
One found peptide evidence for just seven unannotated 
ORFs [19], and although the other detected 541 peptides 
for hundreds of novel ORFs in two separate proteomics 
analyses of heart tissues, only five of these novel peptides 
(fewer than 1%) were detected in both heart experiments 
[20]. To determine whether peptides could be detected 
for these novel ORFs in large-scale experiments in multi-
ple-tissues, we mapped the novel ORF translations from 
both papers against spectra from five large-scale pro-
teomics experiments [22]. We found substantial evidence 
for translation upstream of known coding genes, but just 
two novel coding genes had convincing peptide evidence. 
The consortium themselves [10] found just 13 peptides 
for novel ORFs in PeptideAtlas [23], even allowing for 
one peptide per coding gene and not restricting to tryptic 
peptides. The extent to which these novel ORFs produce 
stable proteins is not clear.

If novel ORFs are being translated, as the ribosome 
profiling experiments suggest, and the proteins are 
stable, there ought to be peptide evidence for them in 
proteomics analyses. So, what is happening? One expla-
nation is technical. The smallest of the proteins and those 
proteins with a special amino acid composition may not 
be amenable to detection in standard trypsin-based pro-
teomics experiments, although this cannot explain the 
thousands of undetected ORFs translations on its own. 
Another possible reason may be that some of the tran-
scripts captured in ribosome profiling experiments are 
not translated, for example due to control mechanisms 
at the level of the ribosome [24], or translated in smaller 
quantities that cannot be detected in proteomics experi-
ments. Even if translated in sufficient quantities, it is also 
possible that many of these peptides are rapidly degraded 
[25]. There is certainly evidence for some degradation 
in the ribosome profiling-based analyses [19, 20], since 
there are plenty of novel ORF peptides in proteasome-
derived human leukocyte antigen class 1 (HLA-I) pro-
teomics experiments [21, 26].

The final possibility is that the novel ORFs are trans-
lated in few tissues or under certain conditions. If this 
was happening, a single proteomics analysis would be 
unlikely to find much evidence, but an analysis of mul-
tiple large-scale proteomics experiments from a large 
range of tissues ought to turn up substantial support, as 
long as stringent statistical validation is carried out.

Here, we carry out a manual analysis of the novel ORFs 
detected in the PeptideAtlas  database. PeptideAtlas is a 
database that maps annotated and predicted proteins 
to thousands of proteomics experiments. PeptideAtlas 
interrogates spectra from a large range of proteomics 
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experiments. One advantage of this analysis is that the 
protein search database used by PeptideAtlas includes 
many predicted proteins from large-scale analyses. In 
particular, it contains almost two thirds of the sequences 
predicted in the two large-scale ribosome profiling analy-
ses [19, 20]. The combination of these three features (and 
the possibility of manual analysis) means that PeptideAt-
las is a potential source of evidence for the novel ORFs 
identified in ribosome profiling experiments.

We downloaded the peptides from the PeptideAtlas 
database with the aim of discovering evidence for the 
translation of the potential protein coding genes iden-
tified in the ribosome profiling analyses and for other 
genes not yet annotated in reference databases. We found 
evidence for hundreds of regions that are not annotated 
as coding in the Ensembl/GENCODE human reference 
gene set, though most overlapped known coding genes 
(alternative isoforms, translated upstream regions), There 
was convincing evidence for the translation to protein of 
35 genes not part of the GENCODE reference set, includ-
ing seven of the novel ORFs predicted by ribosome pro-
filing experiments [19, 20]. Remarkably, three of these 
potential coding genes derived from endogenous retrovi-
rus (ERV) gag ORFs that appear to have been repurposed 
in their primates hosts to perform biological roles in pla-
centa, a process known as co-option [27].

Methods
Generating a list of novel peptides from PeptideAtlas
We downloaded peptides from the January 2023 build 
of the human PeptideAtlas repository. Peptides are pre-
mapped in PeptideAtlas by the Trans-Proteomic Pipeline 
(TPP, 28), a suite of locally installed tools. The TPP maps 
spectra from large and small-scale proteomics experi-
ments to the PeptideAtlas human protein search data-
base [28]. We analysed the peptides from PeptideAtlas 
because the search database includes proteins from a 
wide range of sources and because TPP has stringent sta-
tistical validation at the peptide and protein level.

The search database (THISP, 29) is made up of 
sequences from the UniProtKB [6], NextProt [30], and 
RefSeq [5] databases, as well as likely contaminants, 
microbes and many non-reference peptides provided 
by contributors. The version of THISP used in the Janu-
ary 2023 build had 341,040 sequence distinct entries, 
Sequences from contributors provided the largest num-
ber of entries to the database. Contributor sequences are 
mostly protein sequences culled from large-scale experi-
ments that might be protein coding. More than two 
thirds (67.8%) of the novel ORFs identified by Chen et 
al. [19] and van Heesch et al. [20] were annotated in the 
January 2023 build of the THISP database.

The January 2023 build of PeptideAtlas lists 3,489,945 
peptides and these peptides are mapped to 62,245 protein 

entries. However, all peptides identified by the pipeline, 
including those that mapped to multiple THISP entries, 
were mapped to a single THISP entry in the PeptideAtlas 
file. This means any peptide might map to more than one 
protein entry, and many do because many of the entries 
in the THISP database are duplicates or at least have 
regions of common protein sequences.

We were interested in PeptideAtlas peptides that did 
not map to the Ensembl/GENCODE reference set [3, 
4]. The GENCODE v45 reference set was downloaded 
from the GENCODE website. Before we remapped the 
3,489,945 PeptideAtlas peptides, we excluded all decoy 
peptides, peptides that mapped to common contami-
nants and to microbes, and peptides that were not fully 
tryptic. All these labels were available from the Peptid-
eAtlas peptide file. Peptides that mapped to GENCODE 
v45 proteins after this step were excluded from the 
remainder of the analysis (Fig. 1).

After filtering, we were left with a total of 19,266 tryp-
tic peptides that did not map to GENCODE v45 genes. 
A further filtering step removed 5,910 novel peptides 
that we knew mapped to UniProtKB immunoglobu-
lins or major histocompatibility proteins. We know that 
these proteins will differ in amino acid sequence from the 
GENCODE v45 entries from the reference set. This left 
us with 13,356 novel peptides (Additional table S1).

Defining strong peptides
Since we have analysed the UniProtKB database as part of 
another study [18], we know that there are many probable 
pseudogenes in the THISP search database, and we know 
that many of the pseudogenes will have peptides that 
differ from their parent genes by just one or two amino 
acids. Proteomics experiments do not always correctly 
distinguish canonical peptides (from known proteins) 
from predicted peptides that would map to pseudogenes, 
largely because of possible confusion with single amino 
acid variations (SAAVs) and post-translational modifica-
tions (PTMs) [29]. Since canonical proteins often have 
many naturally occurring SAAVs and PTMs, it would 
not be uncommon for a search engine to mistakenly map 
one of these peptides to a pseudogene. One way to get 
around these problems would be to just remove any pep-
tide that had one or two SAAV with respect to a GEN-
CODE v45 protein. However, this would mean that bona 
fide novel coding genes with clear peptide support that 
are close homologues of known coding genes might be 
lost from the analysis. Another solution would have been 
to inspect the protein spectrum matches of all these pep-
tides. This is the best solution but is not feasible for thou-
sands of variant peptides.

To reduce the number of variant peptides that we 
had to manually curate we used the number of times 
each peptide has been observed across the experiments 
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interrogated in PeptideAtlas, included in the downloaded 
list of PeptideAtlas peptides. The more observations a 
peptide has, the more the peptide is expressed.

We generated a score for all PeptideAtlas peptides 
based on the number of each peptide. For each Peptid-
eAtlas peptide we summed all the observations of all 
GENCODE v45 peptides that differed by one or two 
amino acids. These highly similar known peptides were 
termed double amino acid variant (DAAV) peptides. The 
observation score for each PeptideAtlas peptide was then 
the number of its own observations divided by the sum 
of its own observations and those of the DAAV peptides.

PeptideAtlas peptides similar to peptides from GEN-
CODE v45 had observation scores below one, while pep-
tides with no similar DAAV peptides had observation 
scores of one. The peptides with the lowest observation 
scores are quite likely to be either amino acid variants or 
post-translational modifications of the peptides in the 
GENCODE v45 set. Peptides with observation scores 
between 0.5 and one have similar GENCODE v45 

peptides but there are more observations for the novel 
peptide than for the GENCODE v45 peptides.

For our analysis we regarded peptides with observation 
scores above 0.9 as “strong” peptides. These strong pep-
tides are referred to in the paper as strong discriminating 
peptides (SDPs) and were those that were used to search 
for unannotated genes and coding regions. Out of 13,356 
PeptideAtlas peptides that did not map to the GENCODE 
v45 reference set, 8,170 had DAAVs in GENCODE v45. 
Of these 327 had an observation score greater than 0.9 
for a final total of 5,513 SDPs (Additional table S1). The 
distribution of observation scores that had DAAV pep-
tides in GENCODE v45 is shown in Additional figure S1.

Manual curation of the entries supported by strong 
discriminating peptides
We found 5,513 SDPs in PeptideAtlas that did not map 
to GENCODE v45 proteins, mapping to 3,774 distinct 
entries in total. Although most entries were supported by 

Fig. 1  PeptideAtlas Data Curation Workflow. The workflow of the analysis of PeptideAtlas peptides that did not map to proteins in the Ensembl/GEN-
CODE reference set and the THISP entries that they mapped to. The five largest classes of “missing” proteins that were identified are shown in the last row
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a single SDP, 843 entries had two or more mapping SDPs 
(Fig. 1).

We manually curated the novel peptides for the 843 
entries that had two or more SDPs that did not map to the 
GENCODE v45 annotation. Manual curation attempted 
to ascertain where the peptide mapped, whether the pep-
tide was most likely to be a variant of a known protein 
sequence (despite our filtering for amino acid variants 
some variants still got through the filters), whether it was 
evidence for a novel splice isoform or a novel ORF in an 
untranslated region of a gene, or whether the peptide 
supported a possible new coding gene that was not yet 
annotated in Ensembl/GENCODE.

Since peptides from the same gene often map to more 
than one entry in the THISP database, we also combined 
entries where the peptide data supported the same pro-
tein product. The peptides for the LINE-1 ORF1 protein 
mapped to nine distinct THISP entries, for example, so 
we combined the evidence into a single entry during the 
manual curation process. After combination the num-
ber of PeptideAtlas entries with at least two strong novel 
peptides was 778.

During the curation, we found that many of the appar-
ent strong SDPs were highly similar to GENCODE v45 
peptides and were possibly single amino acid variants or 
post-translational modifications of these peptides. These 
SDPs were different because of a change to a lysine or 
arginine residue that produced very different peptides 
after theoretical trypsin cleavage. There were also SDPs 
that had insertions or deletions of one or more amino 
acids in low complexity regions that were also most easily 
explained as amino acid variants or PTMs of canonical 
human peptides from known coding genes. Entries with 
these SDPs were usually classified as likely variants of 
Ensmbl/GENCODE proteins.

Calculation of dN/dS rates
We generated codon alignments based on alignments 
of simian sequences from the Cactus [31] 447-way and 
470-way mammalian alignments [32] and edited them 
where necessary with Jalview [33] Species were removed 
from the alignment if their codon sequence included stop 
codons or frame shifts. The neighbouring env coding 
genes ERVV-1 and ERVV-2 on chromosome 19 required 
substantial editing.

From curated codon alignments we reconstructed the 
phylogenetic tree using Phyml v3.3.20250429 [34]. We 
estimated dN/dS ratios (the ratios of non-synonymous 
to synonymous substitutions) using Paml/Codeml [35, 
36] with model 0 (one, shared dN/dS parameter). The sig-
nificance was estimated with a likelihood ratio test (LRT) 
between the free-dN/dS model and a null model with 
dN/dS fixed at 1 (neutral evolution). The corresponding 
p-values were adjusted for multiple hypothesis testing 

with the Benjamini and Hochberg false discovery rate 
method [37].

Results
We identified 13,356 novel tryptic peptides in Peptid-
eAtlas, peptides that did not map to protein sequences 
present in the Ensembl/GENCODE reference gene set. 
Of these 13,356 peptides, 5,513 were strong discriminat-
ing peptides (SDPs, those that were substantially different 
from Ensembl/GENCODE peptides, see methods sec-
tion). Focusing on PeptideAtlas entries that had high sup-
port (see Methods), we carried out an in-depth review of 
all THISP database entries [29] that were supported by at 
least two distinct SDPs. We considered each of these 778 
novel entries on its merits.

The largest proportion (332) had SDPs that were most 
easily explained as variants or post-translational modi-
fications of known peptides from highly expressed pro-
teins (see methods section). These variant peptides are 
almost always mapped erroneously to known pseudo-
genes. We also identified novel alternative isoforms (as 
many as 279 entries), translation from 5’ untranslated 
regions (99 entries) [38, 39], potential contaminants 
(18) and non-reference genes (Fig. 1, Additional figures 
S2 and S3). These entries, along with the ten genes with 
the highest number of SDPs, are analysed in more detail 
in Additional file 1. The ten most detected genes include 
retroviral genes, non-reference genes and likely contami-
nants, as well as novel ORFs.

Peptide evidence for coding genes novel to Ensembl/
GENCODE
Recent analyses of large-scale ribosome profiling analyses 
have suggested that there are many new protein-coding 
genes in the human genome, but to date there has been 
little confirmatory support for novel ORFs in standard 
proteomics experiments. Here we investigate whether 
the protein and peptide data from the 2,416 proteomics 
experiments in the 2023 build of the PeptideAtlas data-
base support the translation of unannotated protein cod-
ing genes.

Peptide support from a large-scale source such as Pep-
tideAtlas may validate the translation and stability of gene 
products, but manual intervention is required to guaran-
tee that a novel peptide is not a false positive identifica-
tion. Even if the novel peptides are clearly supported by 
the spectra, further work is required to confirm whether 
the gene product is more likely to be a biologically rel-
evant protein or only produced under the dysregulated 
conditions that are typical of many cancer cells [40, 41].
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Genes with peptide support annotated in the GENCODE v49 
reference set
We identified 35 possible coding genes that were not 
annotated in the GENCODE v45 gene set with the 2023 
version of the PeptideAtlas (Additional Table S1). The 
data was passed on to the GENCODE annotators and 
ten of the 35 genes with PeptideAtlas support (Table  1) 
have been annotated as coding as of the GENCODE v49 
(Ensembl 115) release. In addition, GENCODE has anno-
tated 11 paralogues of these genes as coding, so a total of 
21 coding genes have been added to the Ensembl/GEN-
CODE reference set after our analysis.

Seven of the ten genes annotated as coding by 
Ensembl/GENCODE in version 49 of GENCODE arose 
by gene duplication. These are C5orf60 (now SPATA31J), 
CFAP144P1, ENSG00000293661, MLS3B, MYH16, 
TSPY26P and ZNF840P. Four of these duplications 
(C5orf60, CFAP144P1, MLS3B and MYH16) are tes-
tis expressed and four (C5orf60, MLS3B, MYH16 and 
TSPY26P) are predicted to produce proteins that are 
N-terminally truncated with respect to the parent gene. 
This is part of the reason that these genes were annotated 
as pseudogenes rather than as coding genes.

 ZNF840P has the most convincing evidence (Fig. 
2A). It is a simian duplication that has evolved consid-
erably. All PeptideAtlas peptides for ZNF840P were 
detected in oocytes, which fits with the RNAseq data 
from GTEx [42]. CFAP144P1 is highly similar to parent 
gene CFAP144, but there is much more evidence for the 
peptides that map to CFAP144P1 than for the peptides 
that map to CFAP144. All PeptideAtlas peptides that 
map to CFAP144P1 were found in experiments carried 
out on testis or sperm and this is also corroborated by 
RNAseq data from GTEx. Finally, all the masses of the 
fragment ions in peptide spectrum matches (PSMs) for 

CFAP144P1 match perfectly with the candidate peptides 
identified in the protein databases (Fig. 2B). C5orf60, 
MLS3B, and TSPY26P are discussed in more detail in 
Additional file 1.

Almost a thousand UniProtKB reference proteome 
entries do not have equivalent coding genes in GEN-
CODE v45 [18]. Although we have shown that most 
of the regions that these UniProtKB entries map to 
are unlikely to code for proteins [18], some will, and 
it is important to identify these entries. Nine of the ten 
newly annotated Ensembl/GENCODE coding genes had 
equivalent UniProtKB reference proteins. The only newly 
annotated Ensembl/GENCODE coding gene that was not 
in the UniProtKB proteome is ENSG00000293661, which 
corresponds to TrEMBL entry Q3ZM62.

ENSG00000293661 was clearly a coding gene since 
there were 3 SDPs in the 2023 PeptideAtlas build and 
there are 5 SDPs in the most recent build that map 
to THISP database entry Q3ZM62. They cover the 
sequence from residues 2 to 73 because the UniProtKB 
sequence of Q3ZM62 is incorrect after residue 80). 
ENSG00000293661 is on chromosome X just down-
stream of and antisense to ETDA, another single exon 
gene (Fig. 3A). Q3ZM62 and the ETDA protein have 40% 
identity.

ETDA has three close paralogues on chromosome 
X, ETDB, ETDC and an unnamed pseudogene which 
we have called ETDD in this paper (Fig.  3A). Each of 
these three paralogues also has an antisense homo-
logue of ENSG00000293661, SMIM10L2B-AS1, 
ENSG00000293662 and ENSG00000293663 respectively. 
These three novel paralogues of ENSG00000293661 have 
also now been annotated as coding by GENCODE.

The original duplication that produced both the ETD 
family gene and the ENSG00000293661 family gene 
occurred in the mammalian clade because there are 
orthologues of both gene families throughout placen-
tal mammals. Within the primate lineage, segmental 
duplications generated another three copies of this anti-
sense gene pair. The most recent segmental duplication 
occurred after the split with chimpanzees and generated 
the ETDA/ENSG00000293661 and ETDB/SMIM10L2B-
AS1 (Fig.  3A) gene pairs. Since this duplication is so 
recent, the ETDA and ETDB proteins are identical and 
ENSG00000293661 and SMIM10L2B-AS1 are almost 
indistinguishable (Fig. 3B), though one of the PeptideAt-
las peptides clearly favours ENSG00000293661 rather 
than SMIM10L2B-AS1 (Fig. 3C).

It is unlikely that all of these paralogues are coding. 
ETDA and ETDB proteins are indistinguishable, but at 
least one is coding. ETDC genes in humans, chimpanzees 
and gorillas have a variant upstream of the translation 
initiation site that would weaken the Kozak sequence, 
and gorilla ETDC has a frame shift, so this gene may be 

Table 1  The 10 PeptideAtlas analysis genes annotated as coding 
in GENCODE v49 (G49)
THISP 
entry

UniProtKB 
Gene

UniProtKB SDPs G49 gene name Cod-
ing?

A6NFR6 C5orf60 Proteome 16 SPATA31J Yes
Q6ZVS7 CFAP144P1 Proteome 6 CFAP144P1 Yes
P61550 ERVS71-1 Proteome 2 ENSG00000293570 Yes
Q8N319 LINC03040 Proteome 2 LINC03040 No
P0C860 MSL3P1 Proteome 9 MSL3B Yes
Q9H6N6 MYH16 Proteome 11 MYH16 No
A6NNC1 POM121L1P Proteome 3 ENSG00000288349* Un-

placed
Q9H489 TSPY26P Proteome 2 ENSG00000293164 Yes
A6NDX5 ZNF840P Proteome 12 ZNF840P Yes
Q3ZM62 - TrEMBL 3 ENSG00000293661* Yes
Asterisks indicate where GENCODE have annotated multiple paralogues in 
addition to the gene identified in PeptideAtlas. In total 21 coding genes have 
been added. The “Coding?” column contains our evaluation of whether these 
genes are likely to code for a functional gene product and is justified in the main 
text of the paper
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a pseudogene. ETDD is annotated as a pseudogene in 
hominins because it has a premature stop codon.

Of the four newly annotated coding genes, 
ENSG00000293661 appears to be coding because one 
of the PeptideAtlas peptides clearly favours its pro-
tein over that of the almost identical SMIM10L2B-AS1. 
Neither SMIM10L2B-AS1 nor ENSG00000293662 nor 
ENSG00000293663 have any supporting peptides in 
the most recent version of PeptideAtlas. All old world 
monkey orthologues of ENSG00000293663 have frame 
shifts, while in orangutans and some gibbon species 
ENSG00000293662 orthologues have lost their start 
codons. This suggests that both these genes may be pseu-
dogenes in human too. One further clue comes from the 
tissue expression of these 8 genes. RNAseq data from 
GTEx shows that ENSG00000293661, SMIM10L2B-
AS1 and ETDB all have strong testis specific expres-
sion, while the other 5 genes (ENSG00000293662, 
ENSG00000293663, ETDA, ETDC, and the pseudogene 
ETDD) do not.

MYH16 is almost certainly aberrantly expressed
The evidence for MYH16 translation is conflicting. 
MYH16 is coding in many vertebrates and clearly con-
served in primates. Outside of humans it is specifically 
expressed in jaw muscles [45]. However, human MYH16 
has been predicted to be a unitary pseudogene [46]. 
The gene has multiple radical amino acid changes with 
respect to mammalian MYH16, has lost the 5’ splice sig-
nal from exon 28 and, most importantly, there is a frame-
shift in exon 15. RefSeq annotates a coding sequence 
for MYH16 because “peptide support [suggests] that a 
shorter protein containing only a myosin tail domain is 
expressed in human”. The transcript would initiate trans-
lation from an ATG in exon 19 and would skip exon 28, 
avoiding both high impact mutations in human MYH16.

We found 11 SDPs in cancer cell experiments and in 
heart and muscle tissues in PeptideAtlas that support 
translation. This would be strong peptide support, but 
deeper analysis of the PeptideAtlas peptides shows that 
MYH16 translation is only supported in cancer cell lines. 
None of the PSMs from heart and muscle experiments 

Fig. 2  Peptides and PSMs for coding genes ZNF840P and CFAP144P1. A The AlphaFold [43] structure of macaque ZNF840P with the peptides detected in 
PeptideAtlas marked in yellow on the structure. B A section of the VSeq [44] analysis of a PSM supportive of new coding gene CFAP144P1, showing just 
the intensity of the fragments matched in the b-series (above left) and y-series (above right) as squares, and the peptide sequence that is supported by 
the fragments (below) as green rectangles. The full output of VSeq for this PSM can be seen in Additional figure S4. C The AlphaFold structure of human 
CFAP144P1 with the peptides detected in PeptideAtlas marked in yellow on the structure, the arrow shows the position of the peptide identified by VSeq
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in PeptideAtlas unequivocally support the MYH16 pep-
tides, instead the peptides found in these tissues are likely 
to be from other myosin genes (Fig. 4).

The original experiments in which multiple peptides 
were identified for MYH16 used an ​​epidermoid carci-
noma cell line [47]. MYH16 has been found to be aber-
rantly upregulated in lung adenocarcinoma and other 
cancers [48] and its expression correlates with worse 
overall survival rates. These results suggest that MYH16 
may not be a protein coding gene after all but instead is 
translated only in dysregulated conditions.

ERVS71-1, LINC03040 and a gaggle of POM121L1P 
paralogues
 ERVS71-1 is an almost complete env gene from a HERV-
T (human endogenous retrovirus-T) provirus that lacks 
just the five C-terminal amino acids [49]. The two SDPs 
we found (there are four in the most recent version of 
PeptideAtlas) are supported by spectra in which all frag-
ment ion masses match perfectly (Fig. 4C). It has been 
shown that the virus was inserted into the germline at 
least 13 million years ago [50]. There is support for a 
possible functional role in contributing to the protec-
tion against HERV-T retrovirus in ancestral hominids; 
experimental evidence suggests that ERVS71-1 might 
interfere with cell surface levels of SLC16A1, the recep-
tor responsible for the cellular access of ancient HERV-T 

viruses [50]. Analysis of the provirus found that it is 
highly unlikely that the reading frame (626 amino acids) 
would have been largely maintained under neutral evolu-
tion [50].

Unfortunately, ERVS71-1 has no direct orthologue 
in any other species. While there is a conserved HERV-
T env ORF in orangutan [50] it is clearly orthologous to 
one of the other multiple env pseudogenes in the human 
genome rather than ERVS71-1. The same is true of the 
related HERV-T env pseudogenes in chimpanzee and 
gorilla. If there are no orthologues of ERVS71-1 in chim-
panzee or gorilla, ERVS71-1 may be a recent duplication 
that has undergone considerable changes. This does not 
rule out a functional role for ERVS71-1, but it does cast 
doubt on its role in protection against HERV-T retro-
virus. In addition, while ERVS71-1 transcript evidence 
is almost exclusively in thyroid tissues [42], PeptideAt-
las peptides are detected mostly in stem cells and not in 
healthy thyroid. The expression in stem cells, plus the 
maintaining of the reading frame of almost the entire env 
ORF in humans means that this gene might still be cod-
ing but it is not a clear cut case.

 LINC03040, also known as C6orf223, was originally 
protein-coding, but the gene was reclassified as non-
coding because it had little or no evolutionary support. It 
has now been re-annotated as coding. Meanwhile, it was 
used to define a Pfam domain [51], but the Pfam domain 

Fig. 3  The eight ETD-like genes on chromosome X. A A schematic representation of the human ETD family and the related novel paralogues on chromo-
some X. ETD genes are shown as blue boxes, paralogous antisense ETD-like genes are in yellow, other intervening genes are marked in green. Gene sense 
is marked with arrows. Annotated pseudogenes have a pink border. B An alignment between the four novel antisense paralogues. Peptides detected 
for these genes are in bold and coloured in blue, amino acid differences from the ENSG00000293661 product are shown in bold and red. C A section of 
the VSeq analysis of a PSM supportive of ENSG00000293661, showing just the intensity of the fragments matched in the b-series (above left) and y-series 
(above right) as squares, and the peptide sequence that is supported by the fragments (below) as green rectangles. This peptide is the one that distin-
guishes ENSG00000293661 from ENSG00000293662. The full output of VSeq for this PSM can be seen in Additional figure S5
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is based on a single [primate] sequence and not on any 
conservation signal. LINC03040 has multiple distinguish-
ing peptides in PeptideAtlas, so it is clearly translated 
(Fig. 4D) though almost all LINC03040 peptides were 
detected solely in HLA-I proteomics experiments [52]. 
Even in the most recent version of PeptideAtlas (2025) 
only four peptides with 12 observations are fully tryptic. 
Eleven observations are found in cancer cell lines and/or 
HLA-1 experiments (Fig. 4D) and although one PSM was 
observed in blood cells, the spectrum does not support 
the peptide.

 LINC03040 is upregulated in colon cancer [53, 54] and 
there is considerable evidence for transcript expression 

in TCGA colon cancer samples [55] and none in normal 
tissue. High levels of LINC03040 expression are linked 
directly to much poorer survival rates [54]. It was 
recently shown that the hypermethylation of LINC03040 
plays an important role in colon carcinoma [56]. Experi-
mental evidence and the lack of conservation points to 
LINC03040 being a cancer antigen, so the translation of 
LINC03040 is most likely to be aberrant.

Finally, there are three SDPs in PeptideAtlas for 
UniProtKB entry A6NNC1, which is tagged as gene 
POM121L1P. POM121L1P is a bizarre case. There are 
multiple POM121L1P-like ORFs in the genome on chro-
mosome 5, and on chromosome 6 and 22. None of the 

Fig. 4  PeptideAtlas PSM for MYH16, ERVS71-1, and LINC03040. A A section of the VSeq analysis of a PSM that is not supportive of MYH16 translation in 
heart tissues. It shows the intensity of the fragments matched in y-series only (above right) as squares, and the peptide sequence that is supported by 
the fragments (below) as green rectangles. The circles indicate the position of post-translational modifications. This supported C-terminal section of this 
peptide is also in seven known myosin proteins, while the MYH16-specific region (the N-terminal section) has no support. The full output of VSeq for this 
PSM can be seen in Additional figure S6. B A section of the VSeq analysis of a PSM supportive of MYH16 translation in U2OS cells showing just the intensity 
of the fragments matched in the b-series (above left) and y-series (above right) as squares, and the peptide sequence that is supported by the fragments 
(below) as green rectangles. The full output of VSeq for this PSM can be seen in Additional figure S7. C A section of the VSeq analysis of a PSM supportive 
of ERVS71-1 translation in U2OS cells showing just the intensity of the fragments matched in the b-series (above left) and y-series (above right) as squares, 
and the peptide sequence that is supported by the fragments (below) as green rectangles. The circles indicate the position of post-translational modifica-
tions. The full output of VSeq for this PSM can be seen in Additional figure S8. D A section of the VSeq analysis of a PSM supportive of LINC03040 transla-
tion in ubiquitinated Jurkat cells showing just the intensity of the fragments matched in the b-series (above left) and y-series (above right) as squares, and 
the peptide sequence that is supported by the fragments (below) as green rectangles. The circles indicate the position of post-translational modifications. 
The full output of VSeq for this PSM can be seen in Additional figure S9
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possible ORFs have any conservation support. The Uni-
ProtKB entry does not map to any of the products of 
the various potential POM121L1P ORFs in the human 
genome. The few POM121L1P references that exist are 
all for the chromosome 22 pseudogene.

All the potential POM121L1P proteins are made up of 
three or four long repeats of a sequence derived from the 
parent gene, POM121. It is not clear how many unbroken 
POM121L1P ORFs exist, since it is not clear what con-
stitutes an unbroken ORF - all POM121L1P ORFs have 
multiple large indels. Although most POM121L1P pep-
tides are detected in cancer cell lines, some are found in 
sperm, so at least one of the POM121L1P genes may have 
gained a functional role. GENCODE has annotated nine 
of the POM121L1P ORFs on chromosome 5 as coding 
genes based on the PeptideAtlas peptide evidence from 
a single THISP entry. Just two of these nine novel genes 
have all the SDPs detected for this gene.

The 35 potential coding genes that were identified with 
PeptideAtlas SDPs peptides can be divided into three 
groups (Fig.  5A), those that are most likely to be pro-
duced from bona fide protein coding genes (16 genes), 
those that appear to be translated only in the dysregu-
lated conditions typical of cancer cells (aberrant trans-
lations, 14) and those that we cannot be mapped to the 
genome for one reason or other (unplaced ORFs, 5). 
Of the 10 genes already annotated as coding in GEN-
CODE v49 based on PeptideAtlas data (Table  1), we 
believe that seven are coding genes, that two (MYH16 
and LINC03040) are likely to produced only by aberrant 
translation and that one (POM121L1P1) cannot be cor-
rectly located in the genome.

Classifying the remaining 25 potential coding genes
As well as the seven coding genes that have been added to 
the GENCODE v49 reference set, we believe that another 
nine predicted genes with peptide support are likely to be 
coding (Table 2). These genes are ANKRD26P1, EP400P1, 
ERVFRD-2, GPRIN2-1, LIPT2-AS1, LNCPRESS1, 
LOC107986768, PLAC4 and WASHC1. Six of these 
genes, ERVFRD-2, GPRIN2-1, LIPT2-AS1, LNCPRESS1, 
PLAC4 and WASHC1, were not previously part of any 
reference proteome. All 9 genes are either repurposed 
transposon-derived genes (ERVFRD-2, LNCPRESS1, 
LIPT2-AS1, LOC107986768, PLAC4) or were generated 
by gene duplication. ANKRD26P1 and EP400P1 are trun-
cated versions of their parent genes.

Genes WASHC1 and GPRIN2-1 are certainly protein 
coding genes but can only be annotated in the CHM13 
assembly [9]. Beyond these two genes, one of the clear-
est examples is LIPT2-AS1, currently a lncRNA (long 
non-coding RNA) in RefSeq. The first half of the protein 
would have 40% identity to the JRK gene, which came 
from a Tigger transposon domestication event [57]. The 

LIPT2-AS1 protein does not have the C-terminal DDE 
endonuclease domain of the JRK protein. The 470 mam-
mal alignments from the UCSC browser [32] show clear 
protein coding conservation right across primates for 
LIPT2-AS1 (see Additional figure S11), and UniProtKB 
annotates highly similar proteins for rabbit, naked mole 
rat, beaver, green anole and bamboo shark. However, 
these genes do have a DDE endonuclease domain and 
given the retroviral origin of LIPT2-AS1, it may be that 
co-option has occurred more than once.

We found 3 SDPs for LIPT2-AS1 in the 2023 build 
of PeptideAtlas (Fig.  6B), and there are five in the 2024 
build. Most of the PSM are from cancer cell line experi-
ments, but there are PSM in frontal cortex tissues and 
this is further supported by the transcriptomics support 
for LIPT2-AS1 in brain tissues. The gene model predicted 
by the UniProtKB protein Q8TB74 is truncated because 
we find another ATG 51 codons upstream that would 
complete a CENPB N-terminal DNA-binding domain.

PeptideAtlas supports the co-option of gag ORFs in 
placenta
Remarkably, 3 of the 9 coding genes not yet annotated 
by GENCODE are derived from endogenous retrovirus 
(ERV) gag genes and the PeptideAtlas peptides are mostly 
or entirely found in placental tissue. The longest of the 
three gag ORFs, known variously as ERVFRD-2 or gagV1, 
is part of a cluster of ERV-derived genes in a zinc finger 
gene rich region of chromosome 19 (Fig. 6A). Despite the 
name, it is not related to ERVFRD-1. The retrovirus that 
gave rise to ERVFRD-2 was incorporated into the ances-
tor of the simian primates at least 43 million years ago 
[58] and is flanked by a predicted upstream coding ORF, 
pre-gagV1 [58], and two copies of the env ORF, ERVV-1 
and ERVV-2 (Fig. 6A). Monkeys have a second, almost 
identical, gag ORF (gagV3) [59] between ERVV-1 and 
ERVV-2, though this gene has been lost in apes.

Both ERVV-1 and ERVV-2 are expressed in placenta, 
but the similarity between the two genes mean that it is 
difficult to know which is functional. Evidence for gene 
conversion between the two only complicates matters 
[59]. Only ERVV-2 has distinguishing peptides in Peptid-
eAtlas, and conservation evidence suggests that ERVV-1 
may have pseudogenised (the chimpanzee ORF has an 
early stop codon and the human ORF is shortened by 
a frameshift that leads to a different premature stop). 
Despite this, there is supporting evidence for a role in 
placenta for ERVV-1 [60]. Both are highly expressed in 
placenta [61].

We calculated dN/dS ratios for the four predicted ERV 
ORFs. Three, ERVFRD-2 (0.385), ERVV-1 (0.384) and 
ERVV-2 (0.352), all had dN/dS ratios significantly lower 
than one with all p-values below 2 × 10−7(see Additional 
table S3). Clearly, all three have been under purifying 
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Fig. 5  The novel coding ORFs in PeptideAtlas and a supporting PSM for LIPT2-AS1. A Overview of the analysis of the 35 potential unannotated coding 
ORFs that were detected in the PeptideAtlas database. For the genes in each of the three sections we show how many are already annotated as coding 
by GENCODE (G49), how many arose by gene duplication (GD), how many were co-opted from transposable elements ORFs (TE) and how many appear 
to have evolved de novo (Novo). B A section of the VSeq analysis of a PSM supportive of LIPT2-AS1 translation showing the intensity of the fragments 
matched in the b-series (above left) and y-series (above right) as squares, and the peptide sequence that is supported by the fragments (below) as green 
rectangles. The full output of VSeq for this PSM can be seen in Additional figure S10
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selection. For ERVFRD-2, the low dN/dS ratio and the 
placenta-specific expression confirms that the ORF has 
been co-opted to a placental-specific role. If the ERV-
FRD-2 product is not post-processed, it would produce a 
protein with four structural domains (Fig. 6B). 

ERVFRD-2 has been claimed as the oldest intact co-
opted gag gene in the human genome [58], although 
we believe that another of the three placental gag genes 
should have at least a share of that title. The gag ORF-
derived PLAC4 gene on chromosome 7 is much shorter 
and would produce a protein with only the N-termi-
nal matrix domain (Fig. 6B), but it is just as conserved. 
PLAC4 cDNA was first discovered in placenta tissues 
more than 30 years ago [62]. As with ERVFRD-2, PLAC4 
was incorporated into the ancestor of simians and is 
clearly under purifying selection across simians with a 
dN/dS of 0.272 and a q-value of 6.39 × 10−7 (see Addi-
tional table S3 and Additional figure S12).

The third gag ORF, RefSeq predicted ORF 
LOC107986768, is a more recent evolutionary innovation 
and is only entirely conserved in apes. It is on the oppo-
site strand from the SCIN coding gene on chromosome 
7. In the 2024 build of PeptideAtlas there are 11 peptides 
for this gene (5 strong and 6 non-tryptic); all peptides 
are restricted to placenta. Despite the recent innovation, 
evidence from the UCSC 447-way vertebrate alignments 
[32], which include more ape species than the 470-way 
vertebrate alignments, indicates that LOC107986768 is 
also likely to be under purifying selection (dN/dS = 0.61, 
p-value = 0.031).

Curiously, all peptides detected for LOC107986768 
map between residues 140 and 270, which corresponds 
to the second of the two protein domains of the gag pro-
tein (the capsid N-terminal domain) and part of the long 
linker (Fig. 6B). The region with peptide support is also 
undisturbed across old world monkeys.

Peptide support for aberrant translation
Twelve of the 25 potential novel coding genes had con-
spicuously poor cross-species conservation. Eleven did 

not have any evidence of cross species conservation at 
all, while orthologous regions of the reading frame of the 
NECTIN3-AS1 ORF are only unbroken in chimpanzees. 
Despite this, many had substantial peptide support for 
their translation. LINC00839 had 10 supporting SDPs in 
PeptideAtlas, ZNF252P and LOC124900476 both had 9, 
DOCK8-AS1 had 8, and TXLNGY had 5. These 12 THISP 
database entries are listed in Additional table S4.

Non-conserved, de novo ORFs such as these almost 
certainly require further corroboration beyond the pep-
tide support if they are to be annotated as coding genes. 
This support could include experimental evidence [50], 
tissue-specific expression or evidence of selection from 
human genetic variants. However, when we analysed 
the supporting evidence for these 12 potential genes, we 
found that the experimental evidence and tissue expres-
sion suggested that most were cancer related.

Two examples are LINC00839 and ZNF252P. The read-
ing frame of the LINC00839 gene is not conserved out-
side of humans because primate species have a whole 
spectrum of different premature stop codons. There are 
two predicted alternatively spliced isoforms annotated 
for this gene in UniProtKB Trembl and both have peptide 
support. One of the two isoforms has a long hydrophobic 
tail, so would be expected to be degraded via the BAG6 
pathway under normal conditions [25], while the other 
would be a NMD candidate.

Although GTEx shows that LINC00839 transcripts 
are expressed mostly in nervous tissues, the peptides for 
both isoforms are detected almost exclusively in a single 
sumoylation experiment carried out on the U2OS cancer 
cell line [63]. Protein sumoylation plays a role in degrada-
tion [64]. Peptides are also detected in an ovarian cancer 
cell line. Abnormal expression of LINC00839 has been 
found in a range of distinct tumors and cell lines and 
increased levels of LINC00839 have been directly related 
to adverse clinical outcomes [65]. Although it will never 
be possible to prove that LINC00839 is only ever trans-
lated in cancer cells, the LINC00839 isoforms appear 
most likely to be the result of aberrant translation.

The PeptideAtlas peptides that map exclusively 
to ZNF252P isoforms come from the same U2OS 
sumoylation experiments as LINC00839 [62]. Like 
LINC00839, ZNF252P also has two isoforms, both of 
which have peptides. Although there are signs of cod-
ing conservation of this gene in more distant primates, 
ZNF252P appears to be a pseudogene among great apes 
because of premature stops and frameshifts. Human, 
chimpanzee and gorilla transcripts are truncated. 
ZNF252P is upregulated in a variety of cancer types, 
and its overexpression improves cancer cell viability, 
increases proliferation and boosts tumorigenicity in vivo 
via a positive feedback loop with MYC [66]. Again, given 

Table 2  Predicted possible coding genes from the PeptideAtlas 
analysis
Gene SDPs UniProtKB Entry Derived from
ANKRD26P1 9 Proteome Q6NSI1 Duplication
EP400P1 6 Proteome Q6ZTU2 Duplication
ERVFRD-2 3 TrEMBL Q6ZRZ8 Retrovirus
GPRIN2-1 3 - - Duplication
LIPT2-AS1 3 TrEMBL Q8TB74 Transposon
LNCPRESS1 2 - - Transposon
LOC107986768 4 - - Retrovirus
PLAC4 3 TrEMBL Q8NAM4 Retrovirus
WASHC1 10 - - Duplication
The 9 genes supported by PeptideAtlas that are not yet in the Ensembl/
GENCODE reference set and that we believe are likely to be protein coding
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Fig. 6  Placenta-expressed HERV-V gag genes. A A schematic representation of the section of chromosome 19 around the two inserted HERV-V virus. 
Annotated coding genes (including the two HERV-V env genes, ERVV1 and ERVV2) are shown in yellow, pseudogenes in pink. Predicted retroviral genes in 
blue, position of lost great ape HERV-V gag gene in green. B The AlphaFold model structure of the product of the ERVFRD-2/gagV1 gag gene. The colours 
correspond to the regions in the alignment. C An alignment between the predicted products of the three placenta-expressed gag genes, LOC107986768, 
ERVFRD-2 and PLAC4. The colours correspond to the structure in section B, the pink residues show the conserved N-terminal myristoylation motif. De-
tected peptides for LOC107986768 are underlined
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the results, the peptide evidence for ZNF252P is likely to 
be the result of aberrant translation.

Unplaced UniProtKB entries with peptide support
Finally, four entities with peptides in PeptideAtlas defy 
classification because like entry A6NNC1 (POM121L1P) 
none are placeable in the genome (Additional table S5). 
Q8NHH4 (tagged as hepatocellular carcinoma-associ-
ated antigen 25a, HCA25a) is supposedly a cancer anti-
gen. Only the central region identified by peptides maps 
to the genome, but it is in multiple locations (14 regions 
in total) across the genome. This region of the HCA25a 
sequence is highly similar to the theoretical protein 
sequences of oesophageal carcinoma antigens [68]. In all 
likelihood, whichever ORF is producing these peptides is 
undergoing aberrant translation, though there are pep-
tides in normal lung and liver tissues.

The Q9UF83 entry is supported by 20 SDPs. The pre-
dicted protein sequence of Q9UF83 is made up almost 
entirely of degenerate nine amino acid repeats. All 20 
peptides were detected in cancer cell lines. However, 
there is no region in the human genome that could pro-
duce the Q9UF83 protein. The most similar protein 
would come from a single exon in the heterochromatin-
rich p arm of chromosome 13 and would have no more 
than 93% identity to Q9UF83. This single exon ORF is 
annotated as coding in a patch (chr13_KN538372v1_fix, 
ENSG00000283864) though not in the main reference 
set. UniProtKB entry B4DYQ5 is distantly related to 
Q9UF83 and like Q9UF83 it does not correspond to any 
genomic sequence. The nearest equivalent is FAM230D, 
one of the Q9UF83-related lncRNA on chromosome 
22 annotated by RefSeq.  Even here much of the pre-
dicted protein sequence of B4DYQ5 would be missing. 
FAM230D is expressed in testis and peptides that map to 
B4DYQ5 are found in testis and cancer cell lines.

UniProtKB entry V9H0H3 is the product of a human-
specific HERV-K (HML2) virus. It appears to be trans-
lated entirely or almost entirely in cancer cell lines. 
However, there are multiple copies of HERV-K viruses 
in the human genome, and it is not clear which of the 
copies PeptideAtlas detects peptides for. LINE-1 ORF1 
could conceivably be added to the list of unplaced 
ORFs. LINE-1 ORF1 is present in multiple copies in the 
genome. It is also the unannotated ORF with most pep-
tide evidence in PeptideAtlas (see Additional file 1), and 
again almost all peptide-spectrum matches are from can-
cer cells or cell lines.

Peptide evidence for novel ribosome profile supported 
coding genes
Finally, we asked whether scaling up the proteomics 
search space to the 2,416 proteomics experiments had 
turned up more support for the novel ORFs from the 

large-scale ribosome profiling experiments [19, 20]. 
There were 20,337 unique entries in the two large-scale 
ribosome profiling experiments we analysed, though only 
a tenth of these entries fit our description of novel ORFs.

Most other entries were associated with known cod-
ing genes, for example, alternative transcripts, upstream 
translation initiation (uORFs, uoORFs and 5’ coding 
extensions), downstream translation initiation (down-
stream ATGs or non-canonical start codons). Entries 
associated with known coding genes were not analysed in 
depth in this analysis, but we did find substantial peptide 
evidence for unannotated alternative isoforms and for 
translation from upstream start sites.

We broke down the 20,337 ribosome profile supported 
ORFs into 4 groups based on the definition in the two 
analyses: upstream translation initiation, downstream 
translation initiation, alternative transcripts, and poten-
tial novel coding genes. The first three groups of novel 
ORFs all overlapped coding or UTR exons of known cod-
ing genes. Almost 40% of the ribosome profiling novel 
ORFs had a start codon upstream of known coding genes, 
21% were alternative transcripts of known genes and just 
9.3% did not overlap known coding genes (Additional fig-
ure S13).

Our analysis would only have been able to detect pep-
tides for 940 of the 1,981 potential novel coding genes 
because just 989 of the translations were in the Peptide-
Atlas THISP database and 49 of them were already anno-
tated as coding in GENCODE v45. We found multiple 
peptides in PeptideAtlas for seven of these 940 THISP 
entries (0.74%). MSL3P1, TSPY26P, TXLNGY, ZNF252P 
and LNCPRESS1 were detected by Chen et al. [19], while 
LIPT2-AS1 and ARRDC1-AS1 were reported by Van 
Heesch et al. [20].

Another 7 potential novel coding genes from the Chen 
and Van Heesch analyses had the support of just one SDP. 
Curiously, for six of these genes all PeptideAtlas peptides 
came from HLA-I experiments. Observations for the sev-
enth (LINC00526) were only found in cancer tissue.

Discussion
We found strong peptide evidence for 35 potential new 
coding genes in PeptideAtlas. We believe that 16 of these 
are bona fide coding genes, but that the peptides we 
found were the result of aberrant translation in at least 
14 cases.

Six of the 16 coding genes supported by PeptideAtlas 
data appear to be transposon-derived and three are co-
opted retroviral gag ORFs that appear to have gained 
important roles in placental tissues. We have shown that 
PLAC4 and ERVFRD-2 were inserted into the genome 
in the ancestor of simians and are clearly evolving under 
negative selection (dN/dS of 0.272 and 0.385, and q-val-
ues of 6.39 × 10−7 and 3.55 × 10−9 respectively), while the 
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third ERV gag ORF, LOC107986768, is conserved among 
apes and also appears to be under selective pressure.

There are well-known cases of retroviral genes in 
human placenta in the literature, but as yet only for ERV-
derived env genes such as ERVW-1 (Syncytin 1) and ERV-
FRD-1 (Syncytin 2) which mediate membrane fusion 
during the formation of placental syncytiotrophoblasts 
[67]. There are at least eight primate-derived env genes 
thought to play roles in syncytiotrophoblast formation 
[60], including ERVV-1 and ERVV-2 that are adjacent to 
ERVFRD-2 on chromosome 19 [58]. Retroviral gag genes 
have also been shown to have placental roles in other 
species [68]– [69], and both PLAC4 and ERVFRD-2 can 
trace their origins back to simians and therefore predate 
the most well studied placental env proteins, Syncytin 1 
and Syncytin 2. Both the mRNA and protein of PLAC4 
have also been shown to be located in the syncytiotro-
phoblast of placental villi [62, 70, 71].

There were also peptides for a more recently co-opted 
env ORF, ERVS71-1, which has been shown to have a role 
in preventing HERV-T infections [50]. The cases of trans-
poson-derived coding genes reported here expand the 
known repertoire of functional co-option and suggest the 
need for further functional studies into the conservation 
of retroviral genes in the human genome.

While almost all of the 16 likely coding genes were 
under selection pressure, none of 14 regions that appear 
to be producing peptides from aberrant translation 
had conservation support. Twelve were not conserved 
beyond humans and the other two were not conserved 
beyond great apes. In addition, these ORFs have pep-
tides detected only in HLA proteomics experiments (for 
example, LINC03040), only in cancer cell experiments 
(ARRDC1-AS1, PMS2CL), or only in degradation-related 
sumoylation experiments (ZNF252P). Ten are already 
described as cancer relevant genes, either known to be 
cancer markers (DOCK8-AS1 [72], NECTIN3-AS1 [73]), 
or to exert oncogenic effects (MHENCR [74]). MNX1-
AS1 exerts such wide effects on a range of cancers that 
it has its own review [75], and there are almost 30 pub-
lications relating LINC00839 with a spectrum of human 
disorders, and in particular with promoting malignancy 
[65].

The examples of aberrant translation of ORFs that we 
show here present a whole new level of complexity to the 
annotation of protein coding genes. These regions pro-
duce peptides, so they cannot be ignored, but they have 
no experimental evidence of a function, nor the level of 
conservation evidence that could be used to infer func-
tional importance. If these genes produce proteins, yet 
are not functionally important, how should they be anno-
tated? Should they be added to the reference gene set as 
coding genes for the sake of completeness, as is currently 
the case with genes HMHB1 [76] and MYEOV [77], or 

should they be labelled separately so that they cannot 
be mistaken for genes that produce biologically relevant 
proteins?

The remaining 5 proteins with multiple SDPs cannot 
be mapped to genomic coordinates. Peptides for these 
entries map to multiple regions in the human genome, so 
it is impossible to know which ORFs are being translated. 
For example, there are multiple distinct POM121 pseu-
dogene ORFs in the human genome, scattered mostly 
across chromosomes 5 and 22. LINE1 ORF1 could be 
added to this list (see Additional file 1).

Although there is considerable evidence for poten-
tial novel coding genes in large-scale ribosome profiling 
experiments, very few have been verified in proteomics 
analyses [19, 20, 22, 23]. We hypothesized that scaling 
up the proteomics search space to the 2,416 proteomics 
experiments deposited in the PeptideAtlas database, we 
might see substantially more proteomics evidence. The 
novel coding genes that we chose to search for were pre-
dicted in two large-scale ribosome profiling analyses [19, 
20]. However, PeptideAtlas peptides only validated 7 of 
these potential novel coding genes.

The depth and breadth of the PeptideAtlas proteomics 
experiments (the range of tissues and conditions that 
these experiments cover) ought to have been sufficient to 
detect the translation of most ribosome profiling novel 
ORFs. Since PeptideAtlas had so little evidence for novel 
genes that have been shown to be undergoing translation 
by ribosome profiling analyses, it suggests that the novel 
isoforms are either produced in quantities that are too 
low to be detected in proteomics experiments or trans-
lated and quickly degraded.

None of the 35 genes that we validated with Peptide-
Atlas peptides and that were not annotated in Ensembl/
GENCODE can be regarded as completely novel discov-
eries since PeptideAtlas entries have to have been already 
discovered to be included in the PeptideAtlas THISP 
search database. However, 32 were not annotated as cod-
ing in the RefSeq reference set either and 17 were not 
part of the UniProtKB human reference proteome. Out 
of the 16 genes we believe to be coding, seven were not 
previously part of any reference coding gene set.

Conclusions
We have carried out a comprehensive interrogation of 
the human build of PeptideAtlas to search for evidence 
of translation of open reading frames that are not anno-
tated as coding in the Ensembl/GENCODE reference set. 
As well as 35 possible new coding genes, we also found 
peptide evidence for more than 250 novel alternative iso-
forms and almost 100 novel translated upstream regions. 
These coding regions are in the process of being anal-
ysed by GENCODE curators and so far, 10 of the possible 
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coding genes have been annotated as coding, along with 
11 paralogues.

We carried out a manual curation of these 35 poten-
tial novel coding genes, including analysis of the PSMs, 
of the cross-species conservation, of the tissue expres-
sion patterns of the transcripts and the isoforms, and of 
published experimental evidence supporting function or 
disease-related expression. We believe that 16 are coding 
genes with functional roles in the cell.

Most of the 16 likely coding genes appear to be recent 
evolutionary innovations yet still appear to be under 
purifying selection. The identification of three co-opted 
gag-ORF derived genes in placenta suggests that the 
importance of ERV-derived genes in certain tissues may 
have been overlooked until now.

We believe that at least 14 of the 35 ORFs are prob-
ably producing peptides from aberrant translation. The 
evidence for translation of non-coding regions under 
dysregulated conditions will require annotators to rede-
fine what constitutes a coding region and has important 
implications for the study of cancers and other degenera-
tive diseases.

Finally, a quarter of the new coding genes that we 
validated were testis-expressed primate gene duplica-
tions and the same number were retrovirus-derived and 
detected in placenta or stem cells. While it remains to be 
seen how many novel ribosome profiling ORFs will turn 
out to be bona fide coding genes, our results do provide 
clues as to where best to look for these genes [78].
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