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Evolution and implications of de novo genes 
in humans

Luuk A. Broeils    1, Jorge Ruiz-Orera2, Berend Snel    3, Norbert Hubner    2,4,5 & 
Sebastiaan van Heesch    1 

Genes and translated open reading frames (ORFs) that emerged de novo 
from previously non-coding sequences provide species with opportunities 
for adaptation. When aberrantly activated, some human-specific de novo 
genes and ORFs have disease-promoting properties—for instance, driving 
tumour growth. Thousands of putative de novo coding sequences have 
been described in humans, but we still do not know what fraction of those 
ORFs has readily acquired a function. Here, we discuss the challenges and 
controversies surrounding the detection, mechanisms of origin, annotation, 
validation and characterization of de novo genes and ORFs. Through manual 
curation of literature and databases, we provide a thorough table with most 
de novo genes reported for humans to date. We re-evaluate each locus by 
tracing the enabling mutations and list proposed disease associations, 
protein characteristics and supporting evidence for translation and protein 
detection. This work will support future explorations of de novo genes and 
ORFs in humans.

Gene and protein discovery have historically relied on a combination of 
genomic, transcriptomic and proteomic approaches, most prominently 
driven by computational assessment of sequence conservation1–3. 
The ribosome profiling technique, which visualizes messenger RNA 
(mRNA) translation at nucleotide resolution, recently revealed that 
translation is widespread at many annotated long non-coding RNA 
(lncRNA) transcripts and presumed untranslated regions of mRNAs4–6. 
Although this would suggest that the human genome harbours many 
more protein-coding regions than previously imagined, most newly 
discovered translated open reading frames (ORFs) are evolutionarily 
young, restricted to humans or primates7 and hence do not meet the 
traditional requirements for being annotated as protein-coding8. Con-
sequently, the roles of these ORFs, or the proteins they may produce, 
have not been systematically investigated.

To be classified as a canonical protein-coding region, a new 
protein-coding gene should ideally conform to certain criteria (for 
example, a reliable transcript model, an intact ORF, signatures of evolu-
tionary conservation at the coding region and protein-level evidence). 

Despite not ticking all these boxes, 7,264 mostly evolutionarily young 
human ORFs have now been nominated by GENCODE/Ensembl and 
will be systematically evaluated by other gene and protein reference 
annotation projects7. Centralized and standardized annotation of 
translated ORFs enhances their visibility and accessibility within the 
scientific community, which we anticipate being a crucial first step 
towards further in-depth investigations into their putative and possibly 
human- or primate-specific roles. Decades after their first discovery9, 
upstream ORFs will find their way into reference annotations, and many 
lncRNAs will be accompanied by translated short ORFs more recently 
detected across human cell types and tissues.

Many of these ORFs, and the genes that encode them, have origi-
nated de novo, which means they newly emerged from DNA that was 
previously non-genic or non-coding7,10. While the possibility of genes 
originating from non-genic DNA was initially disregarded11, genes 
and ORFs do frequently emerge de novo in many species, including 
humans12–17. Here, we focus on the potential implications of de novo 
gene and ORF birth for human health and disease. We summarize the 
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These genes of unknown origin were first coined as orphan genes in 
yeast35. Yet, as more genomic sequencing data became available, ortho-
logues of some of these orphan genes were detected in (closely) related 
species34,36. Therefore, some of the orphan genes were renamed into 
taxonomically restricted genes if they were detectable only in a particu-
lar species or clade. There are two possible explanations for an orphan 
gene to be considered as such. First, the gene may have duplicated and 
diverged rapidly, resulting in a failure to detect orthologues through 
phylostratigraphy37. Second, the gene may have evolved de novo, 
meaning there is no ancestral gene. All genes that evolved newly from 
previously non-genic sequences by having followed this pattern of 
molecular evolution would be considered de novo. This makes de novo 
gene categorization more inclusive and less ambiguous30,31.

Research into human de novo genes has gained momentum in 
recent years32,38. Using genomic synteny combined with strict sequence 
similarity searches, two landmark studies found 15 primate-specific 
genes and 3 human-specific genes transcribed from genomic regions 
for which no matching protein-coding gene sequences could be found 
in their evolutionary predecessors, confirming their non-genic and 
non-coding origin through sequence homology28,39. The shift from 
non-coding to protein-coding was shown to be instigated by random 
mutations that occurred after the human–chimpanzee split 6.5 to 7.5 
million years ago40, and proteomics data confirmed protein expres-
sion28. While these putative de novo genes and their protein products 
were expressed in humans, other primate species showed multiple 
disabling mutations or small insertions or deletions (indels), prevent-
ing translation from these genes28. Similar enabling mutations have 
been found to contribute to the emergence of putative de novo genes 
in other species14,17,41,42.

experimental and computational approaches through which de novo 
genes and protein-coding signatures can be identified. We provide 
an overview of human genes reported to have evolved de novo in the 
primate lineage and describe several examples that have been char-
acterized in more detail. Through literature review and reanalysis 
of published data, we compiled a table with putative human de novo 
protein-coding genes as previously reported in 13 different studies18–29. 
We have re-evaluated their sequence evolution and expression charac-
teristics and have listed ribosome profiling (also known as ribosome 
sequencing (Ribo-seq)) and mass spectrometry evidence of protein 
translation. Last, we reflect on recent annotation efforts that have 
increased or will increase the visibility and awareness of these genes and 
ORFs within the broader scientific public. We anticipate such efforts 
will lead to a better understanding of the fraction of de novo genes 
that might have roles unique to our species, and will help to visualize 
the potential risks and benefits of de novo gene birth for human health 
and disease.

Genes emerging from scratch
Genes can evolve through processes that do not require the duplica-
tion or reorganization of ancestral genes; a process termed de novo 
gene evolution—the new acquisition of a (protein-coding) gene from 
previously non-genic DNA10,30–33 (Fig. 1a). It was initially thought to be 
extremely unlikely for genes to originate through mechanisms other 
than the reorganization of existing genetic material, which includes 
processes such as gene duplication, fusion, fission, exon shuffling 
or retrotransposition11. However, several studies have shown that 
homology was lacking for certain genes found in eukaryotes, indicat-
ing that these genes were restricted to specific lineages or species1,34,35.  
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Fig. 1 | Mechanisms that drive gene birth in humans. a, New genes can arise 
through various mechanisms: duplication of genetic material, retroposition 
of genes, gene fusion or through de novo gene birth. Black arrows indicate 
transcription start site, coloured blocks indicate gene exons. b, Models of 
de novo gene birth. The ‘transcription first’ route suggests that spurious 
transcription precedes the formation of ORFs. Spurious transcription of genes 

that contain translated ORFs, coined proto-genes, act as a pool of neutrally 
evolving genes/peptides, out of which new genes and proteins can evolve. The 
‘ORF first’ route proposes that first an ORF is formed in non-genic DNA, but 
becomes transcribed only after acquiring the necessary regulatory sequences. 
Through positive selection, the transcribed ORF can transform from a string of 
amino acids into a biologically relevant protein.
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Steps required for the evolution of de novo 
protein-coding genes
Multiple consecutive steps are required to turn a non-genic sequence 
into an expressed protein-coding gene (Fig. 1b). A gene needs to attain 
the ability to get transcribed and it needs to acquire an ORF that can 
be translated31. These events can take place in either order, as there is 
evidence for both a non-coding RNA intermediate step (‘transcription 
first’), as well as for ORFs that subsequently attain the ability to be 
transcribed and translated (‘ORF first’)12,14,16,17,31,43.

The capacity of a gene to be expressed is directly dependent on 
the capability of the transcription machinery to bind near the gene 
and transcribe it. While only 1–2% of the human genome encodes for 
protein-coding sequences, transcription across the entire genome 
is pervasive44. Resulting transcripts are often non-coding and lack 
sequence homology or typical protein-coding RNA properties, fre-
quently resulting in their classification as lncRNA genes45. However, 
in the process of de novo protein-coding gene evolution, expressed 
lncRNAs could serve as RNA intermediates to new protein-coding 
genes12,29,46 (Fig. 1b). In support of this, a large proportion of lncRNAs 
can localize to the cytosol and physically associate with ribosomes, in 
a manner very similar to known protein-coding mRNAs46–51.

The majority of ORFs found in human lncRNAs did not match 
any homologous sequences in the human genome (paralogues) or 
related species (orthologues), as revealed by BLAST sequence similarity 
searches46. Additionally, comparisons between macaque, chimpanzee 
and human tissue indicated that the transcripts of 24 human de novo 
genes were expressed in other primates and annotated as lncRNAs, 
but were not translated in these species29. These 24 genes had readily 
acquired transcriptional regulatory sequences in the other primate 
species, supporting an ‘ORF first’ route for these genes29. Building fur-
ther on these findings, a combination of homology- and synteny-based 
genomic analyses on human and chimpanzee transcripts revealed 
that over 5,000 transcriptional events were unique to each of these 
species19. Expression of species-specific transcripts could be associ-
ated with the recent acquisition of upstream transcription start sites 
and downstream splice sites. Although the sequences of most of these 
transcripts did not show any signatures of purifying selection, the study 
demonstrated the importance of gaining transcriptional regulatory 
sequences as a step in de novo gene evolution19.

Once a non-coding transcript is being transcribed in a specific 
species, the accumulation of mutations can result in the formation of a 
translatable ORF in these transcripts. While ORFs continuously emerge 
in non-coding transcripts over time, only some acquire the ability to be 
translated. The exact steps that allow a new ORF to be translated are 
unclear. Some properties, such as the translation initiation context, 
codon usage and the relative position of the initiation codon, have been 
associated with a higher ORF translatability in mammals13,52–54. Further-
more, changes in the composition of scanning complexes with different 
abilities to unwind RNA secondary structures can selectively activate 
ORFs with suboptimal initiation contexts under specific conditions52. In 
rice, frameshift indel mutations were the most common type of enabling 
mutation, being observed in over 150 out of the 175 investigated de novo 
emerged coding sequences (CDSs)17. Even though nucleotide substitu-
tions occur over ten times more frequently in rice genomes, indels were 
found as the enabling mutations almost ten times more often. This is 
surprising, assuming the null hypothesis of neutral evolution, in which 
the rates of mutation and evolution would be equal. This suggests that 
indel-enabling mutations are crucial in the emergence of new de novo 
genes17. A similar model of emergence enabled by indel mutations has 
been detected for the human putative de novo genes CLLU1, C22orf45 
and DNAH10OS28. However, the mouse- and oviduct-specific de novo 
gene Gm13030 emerged due to enabling changes that removed disrupt-
ing stop codons (TGA > TGC) and were thereby selected as the most 
probable node of emergence, indicating that specific substitutions can 
also help a de novo gene to acquire a CDS55.

De novo genes may also emerge via mechanisms where the intact 
ORF is present prior to transcript emergence (Fig. 1b). Eukaryotic 
genomes contain a large number of intergenic and intronic ORFs12,16. 
Although such ORF structures are frequent, these ORFs are not under 
selection and are frequently gained and lost15,23,56. In the Drosoph-
ila melanogaster genome, there are several reported de novo ORFs 
that emerged before the host RNA transcript acquired the means to 
become transcribed. In closely related Drosophila species, ortholo-
gous ORFs are genomically identical but the genomic locus is not 
transcribed16. In rice, genomic comparisons of transcriptomes assem-
bled by RNA-seq of ten different species revealed that about 10% of all 
de novo genes had originated in an ‘ORF first’ fashion17. However, some 
of these identified genes might exhibit species-specific patterns of 
tissue-specific, condition-specific or spatiotemporal expression, and 
their transcription could have hence remained undetected in matched 
samples of other species. Inspecting the evolution of candidate loci 
can give further insights into the emergence of a transcript within a 
specific species or lineage. A primary example is the antifreeze glyco-
proteins (afgps) that originated de novo in certain types of codfish14,41. 
A translocation event resulted in the regulation of the afgp gene by a 
promoter region that probably originated de novo as well, but only 
after the formation of the afgp ORF41. An afgp-like sequence can be 
found in closely related codfish, but it is not expressed there14. These 
examples illustrate how ‘ORF first’ modes of gene evolution raise the 
possibility that future coding regions with out-of-the-box roles might 
be readily present in our genomes and could have a cellular role once 
transcribed and translated.

The preservation, selection and features of 
de novo genes
If the criteria for de novo gene evolution are met, namely the ability to 
get transcribed and the presence of a translated ORF, the next question 
is how translated ORFs are established as new protein-coding genes, 
and to what extent this process occurs randomly. The most promi-
nent model is that the spurious expression of ORFs results in a pool of 
proto-genes that form the basis from which beneficial ORFs are selected 
through evolutionary pressure12,13,15,46,57,58. Proto-genes are expressed 
RNA transcripts from non-genic sequences that contain a translated 
ORF. The model of proto-genes as an intermediate of de novo gene 
evolution was first investigated in Saccharomyces cerevisiae, where over 
1,000 proto-genes were found to be unique to S. cerevisiae and absent 
from closely related yeast strains12. While most of these proto-genes 
did not show signs of purifying selection or translation, a small fraction 
appeared to have evolved from the proto-gene reservoir into genes, 
transitioning from a neutral proto-gene state into a translated gene 
under selection12. A similar mechanism was observed in humans, mice 
and Drosophila13,24,42,56,59.

The formation of proto-genes seems common in humans and 
primates, yet so is their eventual loss15,56. The stepwise transition from a 
non-genic region to a transcribed locus with a translated coding region 
is known as the continuum model12. Another model of de novo gene 
evolution is known as the preadaptation model60. This model includes 
genes that undergo an ‘all-or-nothing’ transition. Pre-existing gene 
characteristics have to be present for a de novo gene to emerge, as any 
non-functional intermediate would only act as a toxic byproduct for the 
cell60. The initial publication describing the preadaptation model dem-
onstrated that intrinsic structural disorder (ISD) of the CDSs of young 
genes was higher compared with those of older genes over a longer 
timescale, in concordance with preadaptation60. However, others have 
suggested that the ISD observed in favour of the preadaptation model 
was due to the regular occurrence of de novo genes overlapping older, 
conserved protein-coding sequences, and that de novo genes emerging 
in intergenic areas do not have a substantially higher ISD15,61. Interest-
ingly, several studies demonstrated preadaptation potential for indi-
vidual genes whose mechanisms of origin were studied in detail14,62,63, 
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suggesting that the continuum and preadaptation models are both 
likely to contribute to the emergence of de novo genes. The predicted 
properties of the proteins translated from these genes, including ISD 
and aggregation propensity, do not seem to correlate with evolutionary 
age, especially on a more recent evolutionary timescale15. Additionally, 
random sequences modelled in silico to match the length and amino 
acid composition of proto-genes possess predicted structural proper-
ties that are very similar to those of proto-genes64. However, proto-gene 
amino acid sequences have been found to be more soluble in vitro than 
synthetic random proteins with matched amino acid frequencies and 
length distributions64, indicating that certain intrinsic properties of 
proto-genes may allow them to be better tolerated, despite their appar-
ent similarities to random peptides.

Genes and ORFs that have originated de novo generally display 
a relatively short length and span a lower number of exons, with the 
length of the gene as well as its ORF increasing with age (that is, older 
genes and ORFs are longer)15,65,66. Furthermore, expression levels of 
young genes are often relatively low and restricted to specific tis-
sues, compared with older genes12,24,29,65,66. Approximately 67.9% of 
all proto-genes in humans and primates contain at least one intron42. 
GC content has been found to be positively correlated with ISD, and 
de novo genes are more often found in GC-rich regions56. Contrary to 
what was found in other species, ISD is not positively associated with 
de novo gene birth in S. cerevisiae, but the frequency of thymine-rich 
transmembrane domains is57,63. In the human genome, the MYEOV 
protein was found to have evolved de novo and contains a putative 
transmembrane domain as well24,67. However, in a more systematic 
approach that investigated microproteins translated from evolu-
tionarily young human de novo genes, transmembrane domains did 
not seem to be prevalent43. Although having a more ordered protein 
sequence could make it easier to integrate into existing molecular 
pathways57, it could have a higher propensity for misfolding and being 
toxic to the cell at the same time. Genes that require relatively limited 
cellular resources to be transcribed and translated could possibly 
be compensated for, as the gene products are present in such low 
quantities that any RNA- or peptide-induced toxicity is probably not 
detrimental for the cell68,69.

The amino acid composition of a protein’s carboxy terminus (C 
terminus) seems to be the important determinant for degradation70. 
Hydrophobicity of the C-terminal domain was strongly correlated 
with degradation and established protein-coding genes have evolved 
to remove hydrophobic C-terminal tails70. When expressing random 
peptide sequences in Escherichia coli, growth advantages were cor-
related with higher ISD, indicating that intrinsically disordered pep-
tides can be tolerated or even result in a growth advantage71. Another 
study found similar results, demonstrating that higher ISD of de novo 
proteins resulted in easier expression in E. coli72. The acquisition of 
(rudimentary) protein domains by elongation of a de novo protein 
could be another mechanism by which a de novo gene can integrate into 
existing molecular machinery73,74. This ‘constructive neutral evolution’ 
could explain how neutrally evolving peptides exist despite purifying 
selection75. These peptides are allowed to undergo rapid changes, 
which can subsequently be selected for if the new product is beneficial 
to the organism13,15,46.

How can we determine whether a recently emerged de novo gene 
has acquired a level of biological activity that could qualify the gene for 
being considered ‘functional’ in humans76? ORFs detected by ribosome 
profiling data outside canonical (annotated) protein-coding sequences 
(Supplementary Information), as reported by Chen et al.77, were recently 
re-evaluated by Vakirlis et al. to pinpoint the fraction of these ORFs that 
emerged de novo43. This showed that 155 translated ORFs included 
by Chen et al. in a CRISPR–Cas9-based genetic perturbation screen77 
had originated de novo from the mammalian lineage onwards. This 
revealed that 44 out of 155 de novo ORFs could be connected to cellular 
growth43,78. Of these, 14 had originated after the split of the higher pri-
mates and 6 after the human and chimp split. Rescue experiments with 
translationally disabled versions of these genes showed that it was not 
the non-coding RNA, but the protein-coding sequence, that gave this 
growth advantage43,77. While these data would indicate that the fraction 
of ORFs that can fulfil a role within a cellular context ‘out of the box’—that 
is, quickly after emergence—is larger than previously anticipated, it is 
important to keep in mind that 155 de novo ORFs is still a limited data-
set to accurately draw these conclusions. Although high-throughput 
CRISPR screens can give valuable new insights into the importance of 
a gene for cell viability, higher-resolution in-depth single-gene studies 
are necessary to pinpoint the precise molecular roles of these young 
proteins, as well as the networks, protein complexes and processes they 
act in, as has been done for other species41,79,80.

A manually curated list of de novo protein-coding 
genes in humans
Although de novo protein-coding gene birth is more prevalent through-
out evolution than previously thought, only a few human de novo genes 
have been investigated in more detail, to date20,25,26,67,81. For this Review, 
we have curated a list of most (to our knowledge) human protein-coding 
genes that are currently known or reported to have originated de novo 
in the primate lineage, that is, protein-coding genes discovered and 
subsequently annotated as putatively de novo in humans by a collection 
of individual studies18–20,22–29,43,82 (Supplementary Table 1). We performed 
our search according to various criteria and using several methods 
(Supplementary Information) and ended up with 82 de novo genes. 
For these genes, we validated their mode of evolution, and evaluated 
evidence on whether, and how, protein expression from these genes has 
been validated, in which tissues or cell types these genes are expressed, 
and in which closely related species they may also be present (Sup-
plementary Table 1).

We also evaluated shared characteristics and reported layers of 
evidence in support of the 82 de novo genes. The median number 
of exons was 2 and the median protein length was 129 amino acids  
(Fig. 2a,b). This median amino acid length is three times greater than 
that of the average sequence length of the 7,264 Ribo-seq ORFs as now 
catalogued by GENCODE (44 amino acids)7. In agreement with the 
recent study by Vakirlis et al.43, this probably indicates that more and 
mostly smaller de novo proteins are yet to be nominated. Of 82 puta-
tive de novo genes, 73 (89%) are currently annotated as lncRNA (GEN-
CODE/Ensembl v104), with 7 being annotated as a protein-coding gene  
(Fig. 2d,e). The remaining 2 out of 82 de novo genes are currently anno-
tated as transcribed unitary pseudogenes.

Fig. 2 | Characteristics of a newly compiled list of human de novo genes.  
a, Histogram of the amino acid lengths of all compiled de novo proteins.  
b, Histogram displaying the number of exons found in each de novo gene.  
c, Histogram depicting the species in which the de novo gene originated.  
d, Biotype annotation (GENCODE/Ensembl v104) of compiled human de novo 
genes and type of genomic overlap of compiled de novo genes with other genes. 
e, Boxes depict the presence (dark blue) or absence (grey) of the reported CDS 
in the annotations of eight Ensembl releases. The selected Ensembl releases 
were used by the main studies included in our compiled list of de novo genes and 
we additionally included the Ensembl version used in our review (v104). Genes 

are sorted by year of study, considering the oldest study in which the gene was 
reported. The gene names of seven de novo genes annotated as protein-coding 
in Ensembl v104 are highlighted. f, Expression profiles of human de novo genes 
across various tissue types. A darker colour denotes a higher expression. A subset 
of genes has been highlighted on the right for being mentioned as examples in 
the main text, or for displaying strong tissue-restricted expression patterns. 
TPM, transcripts per million; Repr., organs of the female reproductive system 
(vagina, uterus, ovary, fallopian tube and cervix). Figure prepared using the GTEx 
v8 portal. See also Supplementary Table 1.
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A comparison of the compiled list of 82 putative human de novo 
genes whose transcripts are annotated in Ensembl v104 (Supplemen-
tary Table 1), with Ribo-seq datasets of various human cell lines and 

tissues19,21,77,83–88, revealed that 35 out of the 73 putative de novo genes 
that are currently still annotated as lncRNA can in fact be translated 
by ribosomes. Because the human genome contains at least 2,000 
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translated ORFs encoded within genes currently annotated as lncRNAs7, 
some of these might encode yet-to-be-characterized de novo proteins. 
For several putative de novo genes, studies have reported evidence of 
protein synthesis through western blots with custom antibodies20,25–27, 
or from public mass spectrometry databases89–91. We would like to 
stress that we did not re-evaluate the spectra identified to corroborate 
the unique peptide evidence. We are aware of frequent false-positive 
spectrum assignments to new ORFs and know that not all reported 
protein-level evidence meets the Human Proteome Organization’s 
criteria92.

Looking at the genomic location, over 50% of the putative de novo 
genes were found to have overlap with another gene, either on the 
opposite strand (53%) or on the same strand (10%; Fig. 2d). This fre-
quent overlap could be the result of promoter hijacking, in which the 
de novo gene is transcribed through the usage of a nearby promoter of 
a conserved gene, to facilitate the acquisition of transcriptional capa-
bilities. Over time, such sense–antisense transcript overlaps might be 
undesired and selected against, as observed for metazoan genomes93. 
Most of the genes we compiled (53 out of 82) had evolved de novo 
in the past 25 million years and are specific to the hominoid lineage  
(Fig. 2c). More than a quarter were found to be human-specific (25 out 
of 82). Similar to de novo gene evolution in various rice species17, we 
found the majority of de novo genes (46 out of 82) to be ‘enabled’ by 
small deletions or insertions, often extending the ORF sufficiently to 
be embraced as a de novo gene.

De novo genes in human physiology and cancer
As compared with other human tissues, a large number of putative 
human de novo genes were found to be primarily expressed in the brain 
(24 out of 82). This is consistent with previous observations18,94, and one 
de novo gene has been associated with Alzheimer’s disease, suggesting a 
possible brain-related role26. There are several factors that could explain 
why the brain expresses such a high number of de novo genes. First of 
all, the brain is an immune privileged tissue, which prevents putative 

new proteins from being recognized by the immune system as foreign 
antigens95. Additionally, the brain is a complex organ with different 
regions defined by specific chromatin accessibility profiles that are 
highly variable during neurogenesis96–98. Young genes may acquire 
critical roles in human brain development, as was previously shown 
for new genes that arose through duplication events (Supplementary 
Information). Putative de novo genes expressed in the brain are often 
absent from the genomes of other primate species (Supplementary 
Table 1). Two recent studies, published after this Review was submit-
ted99,100, have now identified two putative de novo genes (LINC00632 
(ENSG00000203930) and LINC00634/SMIM45 (ENSG00000205704)) 
that might have roles in cortical expansion during human brain develop-
ment. A recent study that profiled the translatomes of developing, pae-
diatric and adult human brains identified several novel human-specific 
short ORFs unique to developing brain tissues101. Like duplicated genes, 
de novo genes with brain-restricted expression patterns might facilitate 
evolutionarily recent morphological changes to our cerebral neocortex 
and, consequently, help to explain our enhanced cognitive abilities.

In addition to the brain, a relatively large group of human de novo 
protein-coding genes are primarily expressed in the testes (19 out of 
82; Supplementary Table 1). The observation that many de novo genes 
were selectively expressed in testicular tissue was initially investigated 
in D. melanogaster102, but also held true for evolutionarily young genes 
in humans19,103,104. This led to the ‘out-of-testis’ hypothesis, a model in 
which the testes can act as a catalyst for the evolution of new genes10 
(Fig. 3). Spermatocytes and spermatids might facilitate new gene 
formation due to their open chromatin state, which allows pervasive 
transcription of DNA that might otherwise not be transcribed10,105. In 
further D. melanogaster studies, it was seen that young genes with a 
putative de novo origin had different expression patterns in the testes 
than genes that had formed through recent duplications106,107. Addi-
tionally, two genes with a putative de novo origin in D. melanogaster 
are crucial for sperm production and function, and their knockdown 
causes infertility79,80,108. Their molecular and evolutionary origin has 

Gain of expression Improved
survival

Spermatogenesis

Tumorigenesis

Nucleosome

(Cancer) cell

Spermatozoa

Inactive promoter

Active promoter

De novo gene

Transcripts

Fig. 3 | De novo genes expressed in the testis could be positively selected for, 
despite their tumour-promoting role. During spermatogenesis (top panel), 
the chromatin opens, which could allow de novo genes without endogenous 
promoters to be expressed (out-of-testis hypothesis). When this de novo 
gene has an implication in preventing apoptosis and improving cell survival 

in spermatocytes, it can be positively selected for. However, when this gene is 
aberrantly expressed during tumorigenesis (bottom panel), it can have a cancer-
promoting role. Despite this negative effect on overall fitness by being disease-
promoting, it can still be under positive selection due to its positive effect on 
spermatocyte survival.
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been extensively studied, although definitive proof of their de novo 
status could not be given due to difficulties with syntenic align-
ments in non-Drosophila species, making it impossible to identify the 
non-coding regions in these species108. These putative D. melanogaster 
de novo genes could be excellent examples of how de novo genes evolve 
through testis-related expression. De novo genes are also expressed 
at higher levels than expected in post-meiotic testicular tissue in  
D. melanogaster106,109, suggesting that their ability to escape the 
expected RNA degeneration in these cells could benefit their poten-
tial for rapid natural selection. Similar results were found in mice tes-
tes, where genes expressed in post-meiotic tissue were more often 
lineage-specific and those with cis-regulatory elements showed 
higher expression changes between species, both important char-
acteristics of de novo genes110. This could lead to the establishment 
of proto-genes, of which some could then evolve further into new 
biologically relevant de novo protein-coding genes. Concurrently, new 

genes that have a positive influence on traits like sperm competitive-
ness in post-meiotic cells can quickly undergo positive selection and 
get fixed in the population10,109.

Although the physiological and cellular roles of most human 
de novo proteins are unknown, many de novo genes have been asso-
ciated with various types of cancer (Supplementary Table 1). Genes 
related to tumour suppression and apoptosis were found to be under 
positive selection in humans and other primates, just as genes related 
to spermatogenesis103. It was theorized that genes associated with 
cancer can undergo positive selection due to their capability to repress 
apoptosis in spermatocytes32 (Fig. 3). De novo protein-coding genes 
could confer an advantage in the survival of germ cells and thereby be 
under positive selection. However, when these same genes become 
active in other cell types, it could lead to the promotion of tumorigen-
esis (Fig. 3). For example, the NCYM protein (encoded by the MYCNOS 
gene)—located in the direct vicinity of the n-myc oncogene—is normally 
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Fig. 4 | Evolutionary trajectories and expression characteristics of five 
human de novo genes associated with disease. a, Schematic depicting the 
gene locus with CDS highlighted. For two of the genes (C20orf203 and MYEOV), 
the CDS is annotated in Ensembl v104 (Ens104), while the CDS of the other three 
genes (TDRG1, LINC00266-1 and MYCNOS) is currently not annotated. aa, amino 
acids; Chr., chromosome. b, Expression pattern in adult human tissue. Figure 

prepared using the GTEx v8 portal. c, Expression patterns in various tissues 
during development. Vertical dashed lines indicate timepoints that denote new-
born tissues. RPKM, reads per kilobase of transcript per million reads mapped. 
Not all genes listed in a and b could be retrieved from the EvoDevo atlas135. 
Figure prepared using the EvoDevo atlas by the Kaessmann laboratory. See also 
Supplementary Information.
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specifically expressed in the testes, but is associated with various 
types of cancer78,111–113. MYC (c-myc) and MYCN (n-myc) have also been 
found to promote spermatogonial stem cell self-renewal in mice114. It 
could be that NCYM facilitates a survival advantage for spermatocytes 
through the stabilization of MYCN27, allowing it to become selected for 
and thereby kept in the population despite its role in tumorigenesis.

For MYCNOS and four other putative de novo genes with reported 
disease-associated roles (C20orf203, MYEOV, TDRG1 and LINC00226-1; 
Fig. 4), we provide detailed descriptions of their origin, putative roles 
and association with disease, including multiple alignment views that 
detail the enabling mutations underlying their de novo origin, in the 
Supplementary Information.

Considerations for future studies of de novo 
genes in humans
The complete and correct annotation of de novo protein-coding genes 
remains challenging and has been a topic of discussion in the field (Sup-
plementary Information). Additionally, major gene databases routinely 
annotated these genes as non-coding for not having conserved coding 
regions, unless manual curation and literature evidence suggested oth-
erwise. Protein annotation is traditionally a conservative and manual 
process that generally relies on strong signals of sequence conservation 
to demonstrate selection for the CDS. The widespread translation of 
ORFs has challenged this conservative way of annotating CDSs77,83,84, 
as current annotation strategies penalize evolutionarily young ORFs, 
including the ones translated in de novo genes. Displaying evidence of 
translation by ribosomes, but mostly no detectable signs of evolution-
ary constraints, 7,264 mostly young human ORFs have now been com-
piled and catalogued by GENCODE/Ensembl7. With support of other 
main reference gene and protein annotation projects, these ORFs will 
be evaluated for their protein-coding potential7. Reference annotation 
makes these ORFs visible and accessible to the scientific community in 
a centralized manner for the first time, to our knowledge, so that their 
regulatory or coding aspects can be better investigated. In addition 
to the new annotation of short ORFs in presumed non-coding RNAs, 
Ribo-seq can help to identify recent changes in translation initiation 
sites, estimate the frequency of near-cognate start codon usage, and 
pinpoint human- or primate-specific amino- and C-terminal extensions 
to CDSs, as well as recent out-of-frame translations that overlap, and 
possibly overprint, existing CDSs. This illustrates that standardization 
of the use of Ribo-seq data for gene and protein annotation can provide 
a powerful data-driven complementary means to existing computa-
tional strategies for the identification of ORFs. Ribo-seq signals are 
additionally capable of pinpointing young variations of, or alterations 
to, existing (that is, conserved) protein sequences. We would like to 
stress that capturing most translated ORFs for a given species requires 
good-quality data generated of a broad range of tissues, cell types, 
conditions and developmental stages.

For many young genes or transitory proto-genes with evidence of 
translation into potential proteins, it remains challenging to define the 
most reasonable gene biotype: protein-coding or non-coding? Several 
well-studied examples of de novo protein-coding genes (described in 
more detail in the Supplementary Information) could all have a role in 
the promotion of cancer in the form of a protein or as RNA molecules. 
The fact that RNA can have a role in cancer has become evident and 
many lncRNAs have been found to be dysregulated in cancer115, though 
this may hold true for any gene investigated in this context116. This 
suggests that the RNA transcripts of some de novo genes can fulfil a 
dual role117–119. It is possible that genes that have recently evolved from 
non-coding sequences of DNA by acquiring an ORF can retain their 
lncRNA functionality. Therefore, it is crucial to investigate and dissect 
both the coding and non-coding capabilities of a gene.

As of yet, only 9% (7 out of 82) of the putative human de novo 
genes we compiled were annotated as protein-coding in the Ensembl 
database, despite additional evidence suggesting the presence of a 

translated CDS (for example, via previously reported mass spectrom-
etry data, western blots, or Ribo-seq) for 80 out of 82 de novo genes 
(Supplementary Table 1 and Fig. 2d). Recognition and awareness of the 
possible translational capacity of these evolutionarily young genes 
would stimulate more studies to focus on the implications of both 
coding and non-coding gene functions that might turn out to be spe-
cific to humans or primates, having roles in developmental conditions 
or diseases that rarely or never occur outside our species. There are 
multiple databases that have aimed to enhance the annotation of these 
genes and ORFs120–122, and an ongoing effort has recently joined these 
and other scientists worldwide to establish standardized and central-
ized ORF annotation7. This effort aims to ensure ORFs in lncRNAs and 
additional ORFs in protein-coding genes no longer go unnoticed7. It 
advocates for more comprehensive annotation of ‘non-canonical’ ORFs 
when evidence of translation by Ribo-seq and/or mass spectrometry 
exists. We anticipate and hope this will result in a broader and better 
understanding of the coding and non-coding capabilities of evolu-
tionarily young genes.

While studying newly discovered putative de novo genes in 
more detail, scientists should ideally adhere to a consensus defini-
tion of ‘functionality’—an often difficult term or claim to assign to 
genes that emerged recently and lack clear signs of evolutionary con-
straint32,76,123. Because sequence conservation can be a consequence 
of functionality, (parts of) a gene and (domains in) a protein are 
often labelled as important when they are conserved across multiple 
species123. However, when investigating genes that have originated 
de novo, definitions of functionality are notoriously hard to prove 
through interspecies conservation, because conservational proof of 
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Sub- or extracellular

localization

Interaction
potential

Age
and

origin

Tissue or condition
specific expression

Role in development
or disease

Fig. 5 | Open questions for de novo genes in humans. How and when did de novo 
genes evolve? When, where and under what circumstances are they expressed? 
Do the proteins translated from de novo genes possess structure or motifs, and 
with that inherit biological activity, readily at birth? Are proteins translated from 
de novo genes stably expressed, and to what subcellular compartments do they 
localize? Do young proteins have the capacity to interact with their much older 
and more conserved environment, such as important pathways and cellular 
processes? Do these genes have roles in recent evolutionary adaptations specific 
to humans, such as dedicated developmental processes (for example, neocortex 
formation), and can they contribute to disease? The protein structure is an 
AlphaFold136 prediction of the protein encoded by the de novo gene IL32.
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functionality invalidates the de novo definition. It is possible to look 
at genetic variation across human populations to determine selec-
tion and thereby functionality124. However, because of the relatively 
short length of de novo genes, it could be hard to achieve significant 
results. Evidence of translation of the gene is not enough as proof for 
functionality either, as neutrally evolving peptides have been found 
to be translated as well13. Therefore, experimental assays might be 
the most conclusive way to determine de novo gene functionality32, 
and validating each gene separately will yield the best insights. This 
can be approached from various angles (Fig. 5): interactome profiling 
(for instance, through immunoprecipitation coupled with mass spec-
trometry)83, localization mapping (through immunofluorescence or 
proximity labelling)83, protein structure investigations73, cell viability 
assays in human-tissue-derived organoids77,101,125, transgenic studies in 
mice using de novo gene knock-ins126–128, and investigations focused on 
development and disease. Especially organoids are a unique in vitro 
model for studying the roles of de novo genes and the proteins they 
encode in a close-to-natural environment, as they mimic healthy and 
diseased tissues129. Organoids can be expanded while maintaining the 
(epi)genetic architecture and cellular composition of the tumour or 
tissue sample they were derived from. They can be genetically engi-
neered to create lines with endogenously tagged de novo proteins or 
deletion mutants130,131. Studies investigating the role of human-specific 
genes that originated through gene duplication have previously used 
organoids132–134 and transgenic mice126–128, illustrating the strength and 
importance of advanced in vitro model systems to properly dissect the 
roles of young human genes and proteins. With these ideas in mind, 
future studies should be performed to answer the remaining open 
questions in the field of de novo gene evolution and determine which 
fraction of de novo protein-coding genes is functional in humans, and 
in what way.
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