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Novel start codons introduce novel
coding sequences in the human
genomes

He Zhang™ & Yang Xie™*

Start-gain mutations can introduce novel start codons and generate novel coding sequences that
may affect the function of genes. In this study, we systematically investigated the novel start codons
that were either polymorphic or fixed in the human genomes. 829 polymorphic start-gain SNVs were
identified in the human populations, and the novel start codons introduced by these SNVs have
significantly higher activity in translation initiation. Some of these start-gain SNVs were reported to
be associated with phenotypes and diseases in previous studies. By comparative genomic analysis,
we found 26 human-specific start codons that were fixed after the divergence between the human
and chimpanzee, and high-level translation initiation activity was observed on them. The negative
selection signal was detected in the novel coding sequences introduced by these human-specific start
codons, indicating the important function of these novel coding sequences.

Genetic mutations play key roles in the evolution of genes by providing resources for novel functions. Mutations
can cause genetic polymorphism in the population, and contribute to the genetic diversity of the individuals'.
During evolution, some mutations were fixed in the species and became species-specific genetic markers that
contribute to both genetic and phenotypic differences distinguishing different species?. Single-Nucleotide Vari-
ant (SNV) is the most common type of variation in the population, and more than 80 million SN'Vs have been
genotyped in large-scale genetic studies'. Many SNV can alter the function of the gene by changing the protein
sequence and are associated with phenotype diversities and diseases®. Several kinds of protein-altering SNVs
were reported frequently in genetic studies, including missense SNVs*, nonsense SNV, read-through SNVs®,
and splicing-relevant SNVs’. Besides these SNVs, start-gain SNVs®, which was located in the 5 untranslated
region (5UTR) of the mRNA, can also change the protein sequences via converting triple-nucleotides to a novel
start codon before the original start codons of the coding sequence (CDS).

The translation of coding sequence in mRNA to protein is a key step in the central dogma, and the start
codon plays an important role in translation initiation®. The stat-gain SNV can introduce a novel CDS before the
original CDS, which may alter the function of this gene, and some start-gain SNV are associated with human
diseases'™!!. However, the start-gain SNVs were not studied as commonly as other types of protein-altering
SNVs, because such SNVs were usually annotated as non-coding SNVs in 5’UTR. During evolution, a start-gain
SNV can be fixed in the population and become a species-specific start codon. However, there was no systematic
genome-wide study on the human species-specific start codons.

In this study, we tried to investigate the novel start codons in the human genomes at both population-level
and species-level. First, we wanted to know how many potential start-gain SN'Vs can be found in the natural
human populations, and whether they were active in translation initiation. Second, we wanted to know whether
there were human-specific start codons generated and fixed in the human genome after the divergence with the
chimpanzee.

Results

Start-gain SNVs exist in the natural human populations.  From 62 Yoruba individuals, 110 potential
start-gain SN'Vs were identified, and each individual possessed 13 to 26 novel start codons in the genome (Sup-
plementary Table 1). For each start-gain SNV, the 62 Yoruba individuals can be split into two groups according
to whether the individual had a start-gain allele or not. Then we examined the ribosome occupancy for the sites
with the start-gain allele and without the start-gain allele. To facilitate the analysis, only 86 start-gain SNV that
passed the following three criteria were used in the ribosome occupancy analysis: (1) at least five codons between
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the NSC and original start codon, (2) at least three individuals possessed NSC allele, and (3) from autosomes.
Based on the aggregated results across 86 start-gain SNVs, the ribosome occupancy on the novel start codons
in the individuals with the start-gain allele was four times higher than the homologous sites in the individuals
without the start-gain allele (P=0.0093) (Fig. 1). For the sites upstream of the novel start codons, the ribosome
occupancy was extremely low, which means almost no ribosome was stacked before the novel start codons. The
pattern of ribosome occupancy around the novel start codons is similar to the pattern observed around the
start codons of all coding transcripts in the genome (Supplementary Fig. 4). In contrast, the sites following the
novel start codons showed some signal of ribosome occupancy but not as much as the novel start codons. That
was a common pattern observed around the canonical start codons. Instead, the ribosome occupancy around
the sites without NSS alleles didn’t show a similar pattern (Fig. 1), and more uniform ribosome occupancy was
observed across different positions, which may represent random background noises. This observation suggests
some novel start codons indeed have the potential to accumulate ribosomes and further initiate the translation.

Then we investigated the distribution of novel start codons in the natural populations using the dataset from
the 1000 Genomes Project. Across all 2,504 individuals from 26 populations, 829 SNVs can introduce a poten-
tial novel start codon, and the frequencies of the start-gain alleles were from 0.019 to 99.94% (Supplementary
Table 2). Although around 78.5% of these start-codon SNV's were rare (allele frequency less than 0.1%) in the
populations, there were still 69 start-gain SNV with a frequency greater than 1%, and 32 of them were common
(>5%) in the populations. On average, each individual carried 23 candidate novel start codons in the genome,
and that number was 15 if we only considered the common start-gain SNVs with allele frequency greater than
5% (Supplementary Table 3). The median length of the novel coding sequences between the novel start codons
and the original canonical start codons was 48nt (16 codons), and some of them can even reach hundreds of
codons (Supplementary Table 2).

Interestingly, 12 start-gain SN'V's were reported associated with diseases or phenotypes according to the
records in the ClinVar database!?, but all of these SN'Vs were annotated as non-coding SNVs in 5’UTR (Sup-
plementary Table 4). Based on the finding in this study, a potential explanation can be provided for the effect of
these SN'Vss since these potential start-gain SN'Vs may introduce novel start codons and novel peptides which
may affect the function of the protein products.

Novel start codons were generated and fixed in the human genome after the divergence
between the human and chimpanzee. Start-gain SNPs are polymorphic in the human populations, and
can only be found in some individuals. Next, we wanted to investigate whether some novel start codon mutations
have been fixed in human populations. By a comparative genomics analysis of the human, chimpanzee, gorilla,
and orangutan, 26 human-specific start codons were identified in the human genome (Supplementary Table 5).
These start codons were fixed in the human populations but not observed in the chimpanzee, gorilla, and oran-
gutan genomes, which means they were fixed in the human genome after the divergence between humans and
chimpanzees. The length of the novel coding sequence between the human-specific start codon (hSSC) and the
ancestral start codons (hASC) varied from 3 to 186nt, with a median value of 30nt (10 codons). To test whether
the human-specific start codons initiate the translation, ribosome occupancy was evaluated for each human-
specific start codon and their orthologous sites in the chimpanzee genome. 16 of 26 human-specific start codons
had at least five codons between the human-specific start codon (hSSC) and the ancestral start codon (hASC),
and they were used in the ribosome occupancy analysis.

For the ribosome-profiling dataset from 62 Yoruba individuals, the aggregated ribosome occupancy at the
human-specific start codons (hSSC) was more than 4.9 times higher than the ancestral start codons (hASC)
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Figure 1. Ribosome occupancy around the start-gain SN'Vs in the 62 Yoruba individuals. For each polymorphic
start-gain SNV, some individuals (red) possessed the start-gain allele introducing a novel start codon, and the
other individuals (black) possessed an allele not introducing a start codon. Each position represents a codon or
a segment of triple-nucleotides. ‘0’ represents the novel start codons (AUG) for individuals with the start-gain
allele or the corresponding triple-nucleotides for the individuals without the start-gain allele. Y-axis represents
the mean RPM of ribosome occupancy aggregated across all start-gain SN'Vs.
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which were the orthologous sites of the start codons of the chimpanzee genome (Wilcoxon signed-rank test,
P=7.4x107'%) (Fig. 2a—c). A similar pattern was observed for four Yoruba individuals from the other independent
ribosome-profiling dataset (P=0.0043) (Supplementary Fig. 1a, 1b), confirming the pattern was not due to the
random effect in different experiments. That suggests more ribosomes were accumulated at the human-specific
start codons (hSSC) than the ancestral start codons (hASC) in some genes, and the human-specific start codons
(hSSC) were more active in the translation initiation than the ancestral start codons (hASC). Then we examined
the ribosome occupancy in the chimpanzee genomes, and the ribosome occupancy at the orthologous sites of
human-specific start codons (cOSC) was not higher than the start codons (cSC) (Fig. 2d, e). Combining the
pattern of ribosome occupancy for both the human and chimpanzee, we can conclude that the orthologous sites
of the human-specific start codons in the chimpanzee genome (cOSC) were not as active as human-specific start
codons (hSSC) in recruiting ribosomes to initiate the translation.

In the chimpanzee genome, the ribosome occupancy at the orthologous sites (cOSC) of human-specific
start codons still was higher than the nearby region, although it was lower than the canonical AUG start codons
(cSC). We found that the ribosome occupancy at cOSC sites was majorly contributed by the CUG codon, which
was known as the non-AUG start codon in mammalian genomes'?. Considering that situation, we excluded
two novel AUG start codons converted from CUG in the next round of analysis of ribosome occupancy. For the
remaining 14 human-specific start codons, the ribosome occupancy in the human-specific start codons (hSSC)
was still higher with the ancestral start codons (hASC) (Wilcoxon signed-rank test, P=1.3x107°) (Fig. 2f, g;
Supplementary Fig. 1c, 1d), but the ribosome occupancy at the orthologous sites of the human-specific start
codons in chimpanzee (cOSC) was much lower than that on the canonical start codons (cSC) (Wilcoxon signed-
rank test, P=2.4x10™*) (Fig. 2h, i). That suggests the non-CUG orthologous sites of human-specific start codons
(cOSC) have very low activity of translation initiation, while the human-specific start codons (hSSC) showed
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Figure 2. Ribosome occupancy for the human-specific start codons and adjacent positions in the 62 Yoruba
individuals and 5 chimpanzee individuals. (a) The diagram shows the sites evaluated for ribosome occupancy.
The mean ribosome occupancy was calculated across (b) 16 human-specific start codons (hSSC), (c) the
corresponding downstream human ancestral start codons (hASC), (d) the orthologous sites in the chimpanzee
(cOSC), and (e) start codons in the chimpanzee (cSC). After excluding human-specific start codons originated
from CUG, the mean ribosome occupancy was calculated across (f) 14 non-CUG originated human-specific
start codons (hSSC), (g) the corresponding downstream human ancestral start codons (hASC), (h) the
orthologous sites in the chimpanzee (cOSC) and i) start codons in the chimpanzee.
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a strong activity comparable with ancestral start codons (hASC). These observations supported the hypothesis
that some human-specific start codons acquired significant activity to initiate the translation after mutating from
their orthologous sites in the chimpanzee genome.

Negative selection acts on the new coding sequences introduced by the human-specific start
codons. Since we observed significant translation initiation activity in the human-specific start codons, the
novel peptides may be generated by the novel coding sequences between the human-specific start codons (not
included) and the ancestral start codons (not included). If these novel peptides were generated in the translation
elongation and have a function in the protein product, the evolution constraints can be expected on these novel
peptides. To test that hypothesis, we examined the negative selection signals on these novel CDSs.

For each novel CDS following the human-specific start codons, the alignment with its orthologous sequences
in the chimpanzee genome and gorilla genome was extracted from the genome alignment. Since the number of
mutations observed in each CDS was limited, alignments for 15 CDSs, which is longer than 15nt, were combined
to make a more reliable estimation of the mutation rates among branches. Although the orthologous sequences
of these novel CDSs probably are not coding sequences in the chimpanzee genome and gorilla genome, we still
treated them as ‘coding sequences’ to inspect the possible selection during evolution.

Branch models from PAML' were used to test whether the negative selection signals can be observed on the
CDSs introduced by the human-specific start codons. In the first model, a fixed Ka/Ks value (w,) was assumed
across all branches (Fig. 3a) to represent the null hypothesis that the Ka/Ks value was the same for each branch.
In the second model, a foreground Ka/Ks value (w,) was assigned to the human branch, and the other branches
shared the same background Ka/Ks value (w,) (Fig. 3b). In the second model, the estimated w, was 0.36 for the
human branch (Fig. 3¢), while the w, was 2.74 for other branches (Fig. 3d). The Chi-squared test (P=0.028)
showed that the second model with two Ka/Ks values is significantly better than the first model with a fixed Ka/
Ks ratio (w,=0.97) across all branches. That indicates purifying selection has been operating in these human-
specific CDSs to exclude nonsynonymous mutations altering the protein sequence. To check whether we can
observe a similar pattern in the chimpanzee and gorilla branches, we also tested the third model in which the
chimpanzee branch was assigned a foreground w, and the fourth model in which the gorilla branch was assigned
a foreground w,. In both models, the w, was greater than one (Supplementary Figs. 2c and 2d), indicating no
overall negative selection signal was observed on the chimpanzee or gorilla branch. That suggests some of the
peptides generated from the CDSs introduced by human-specific start codons may play important functions in
the final protein product, and the nonsynonymous mutations that change the protein sequences were not favored
during human evolution. That provides another layer of evidence that human-specific start codons are functional
in the translation initiation, and the novel CDSs following the novel start codons are functional.

Discussion

In this study, we investigated the novel start codon at the species level and population level. Novel start codons
were generated continuously during evolution. 26 novel start codons have been fixed in the human genomes
after the divergence with the chimpanzee and became a part of genetic mutations distinguishing between the
human and other species. Besides that, we observed 829 polymorphic SNVs that potentially introduced novel
start codons in genomes of different modern human populations. These SNVs were not fixed in the human
genomes and contributed to the genetic diversity of human populations. Ribosome-profiling results strongly
indicate that some of the novel start-codon SNVs in human populations and the fixed human-specific start-
codons were active in translation initiation.

Mutations are important sources to generate novel phenotypes or functions in evolution. Novel start-codon
SNV can change the sequence of the protein product directly by adding an extra peptide to the N-terminal of
the original protein sequence, which may alter the function of the gene directly. Interestingly, several start-gain
SNVs were reported to be associated with phenotypes or diseases, and these SNV's were annotated as non-coding
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Figure 3. Different branch models were compared to address whether the human branch had a lower w value
than the other branches. (a) The first model assumed a fixed w value (w0) across all branches. (b) the second
model assumes the human branch had an independent w value (w1) and the other branches shared the same w
value (w0). The values of w were estimated for (c) the first model and d) the second model using PAML.
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mutations in 5’UTR. By assuming that these SNVs may introduce a novel start codon and an extra peptide that
changed or disrupted the function of these genes, we got a candidate interpretation of the genetic mechanism for
the association between these SNVs and phenotypes. That’s another layer of evidence that the start-gain SNVs
affected the function of the genes.

In the human genome, a lot of transcripts are involved in the nonsense-mediated mRNA decay (NMD)
process, thus a novel start codon may not affect the function if it is located in a transcript with NMD. Among all
829 transcripts with a novel start codon, only seven of them have stop codons located more than 50 nucleotides
upstream of the 3’ most splice-generated exon-exon junctions (Supplementary Fig. 5). That indicates most of
the start-codon gain transcripts are not likely undergoing NMD'?. Then we checked the expression pattern of
these 829 transcripts using the GTEx V8 (https://gtexportal.org). For each transcript, the maximum expression
level across all tissues was used to represent the expression level of this transcript. Among 829 transcripts, 605
have an expression level greater than 1 TPM in at least one tissue (Supplementary Fig. 6). The expression levels
of the 829 transcripts were significantly higher than the other transcripts in the human transcriptome (Wilcoxon
rank sum test P-value=2.07 x 107%).

It’s helpful to detect potential evolution selection signal to infer the potential role of these novel peptides
generated by the coding sequences following the novel start codons. Although we cannot assay the evolution
signal for each novel coding sequence due to the limited mutations observed after the divergence between the
human and chimpanzee, we still observed the negative selection signal if the novel coding sequences from dif-
ferent human-specific start codons were combined. That suggests at least some of the novel coding sequences
may play an important role in corresponding genes. However, some of the novel coding sequences may have a
role in the regulation of gene expression, although they were annotated as coding sequences. We can not exclude
the possibility that the negative selection signal observed on the human-specific novel coding sequences was
caused by the regulatory element on these sequences.

Although non-AUG start codons were discovered in the mammalian genomes, we still only consider AUG
as the start codon in this study since non-AUG start codons are rare in mammalian genomes. We did find that
the CUG start codon had considerable activity in the translation initiation of some genes, but the other potential
non-AUG start codons showed extremely low-level activity. Even in the situation where the AUG was converted
from CUG, the translation ignition activity on AUG was still much higher than the CUG as a start codon. Thus
it’s reasonable to consider AUG converted from other triple nucleotides as a candidate novel start codon in most
situations. If non-AUG triple nucleotides became AUG, that doesn’t necessarily mean it became an active start
codon, because usually some other sequence features such as Kozak sequence’® may be required to promote the
translation initiation. However, it’s not clear what features are essential to initiate the translation. Thus we didn’t
require the existence of any of those features to define a novel start codon. That would improve the sensitivity
to identify the candidate novel start codons, although some of the false positive ‘novel start codons’ may be
identified mistakenly.

Methods

Identification of candidate novel start codon SNVs in the human populations.  All of the genome
positions in this study were based on the human reference genome GRCh38'”. Genotypes were get from the 1000
Genomes Project'. The annotation of the human genome was from GENCODE v30'%. Firstly, we identified all
SNVs that changed non-AUG triple nucleotides to AUG in the 5’UTR of a transcript. Then an SNV can be kept
only if the AUG was in the same reading frame with the downstream coding sequence and no stop codon was
observed between the AUG and downstream original start codon. Furthermore, SNVs located in any known
coding sequences were excluded. The remaining SN'Vs were considered as the start-gain SN'Vs.

Identification of human-specific start codons. Pairwise genome alignments (Syntenic Net) between
the human (hg38) and chimpanzee (panTro6), gorilla (gorGor4), and orangutan (ponAbe3) were downloaded
from the USCS genome browser'. The annotation of the human genome was from GENCODE v30'8, and the
annotation for the chimpanzee genome (NCBI.105) was from NCBI RefSeq®.

To reduce the possible false positives caused by misalignment and non-orthologous alignment, only the
‘one-to-one’ alignments (reciprocal single hit) were kept. Based on the filtered genome alignments, we identi-
fied all mutations which have different alleles between the human and chimpanzee genomes. If a mutation was
located in the annotated start codon of a transcript and its homologous sequence in the chimpanzee genome was
within the 5’UTR of a transcript, it was identified as a candidate mutation that introduced a human-specific start
codon. Then the alleles at the mutation position in the human genomes were compared with their orthologous
alleles in gorilla and orangutan, and a mutation was dropped if either gorilla or orangutan had the same allele as
the human. Then we examined the remaining mutations in 2,504 individuals from the 1000 Genomes Project,
and only the ones that were monomorphic in all of the 2,504 individuals were considered as fixed in the human
populations. Finally, only the mutations fixed in the human populations were kept, and the start codons gener-
ated by those remaining mutations were considered human-specific start codons.

Processing of ribosome profiling dataset. The ribosome profiling data of 62 Yoruba individuals were
from dataset GSE61742%' of the NCBI GEO database. The ribosome profiling data of four Yoruba individuals and
five chimpanzee samples were from dataset GSE71808>? of the NCBI GEO database.

All reads were mapped to the curated non-coding RNA (including rRNAs, tRNAs, and snRNAs)*-% databases
using STAR (2.7.1a)*, and the reads mapped to any non-coding RNA were dropped. Then, the remaining reads
were mapped to the reference genome using STAR, and only the uniquely mapped reads with a length between
26 and 32nt were kept. The starting position of the P-site for each read was estimated using the 12th nucleotide
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from 5’ end for the reads with a length between 26 and 29nt and the 13th nucleotide from 5end for the reads
with a length between 30 and 32nt. Read counts at P-sites were normalized to the unit ‘reads per million’ (RPM)
across the genome to represent the ribosome occupancy at every single nucleotide. Obvious periodicity was
observed for the normalized read count at coding sequences (Supplementary Fig. 3). To calculate the ribosome
occupancy for each codon, the RPMs at the first nucleotide of the codon, the second nucleotide of the codon,
and the nucleotide before the first nucleotide of the codon were added up to tolerate error in the cleavage of
ribosome footprint.

Estimation of evolution rate. PAML (4.9j)! was used to estimate the ratio between the nonsynonymous
mutation rate and synonymous mutation rate, which is known as Ka/Ks or w. Different branch models were
compared to address whether the human branch had a higher Ka/Ks value than the other branches. The first
model assumed a fixed Ka/Ks value (w,) across all branches (Fig. 3a), and the second model assumes the human
branch had an independent Ka/Ks value (w,) and the other branches shared the same Ka/Ks value (w,) (Fig. 3b).
The third and fourth models assumed the chimpanzee branch or the gorilla brand had independent Ka/Ks values
correspondingly (Supplementary Fig. 2a and 2b). The significance of the difference between the likelihoods of
models was evaluated using the Chi-squared test.

Data availability
The SNPs analyzed during the current study are available in the 1000 Genomes Project (https://www.internatio
nalgenome.org/). The expression data used in this study are available in the GTEx Portal (https://gtexportal.org).
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