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Abstract

Motivation: Translation is a key biological process controlled in eukaryotes by the initiation AUG codon.
Variations affecting this codon may have pathological consequences by disturbing the correct initiation of
translation. Unfortunately, there is no systematic study describing these variations in the human genome.
Moreover, we aimed to develop new tools for in silico prediction of the pathogenicity of gene variations
affecting AUG codons, because to date, these gene defects have been wrongly classified as missense.
Results: Whole-exome analysis revealed the mean of 12 gene variations per person affecting initiation
codons, mostly with high (> 0.01) minor allele frequency (MAF). Moreover, analysis of Ensembl data
(December 2017) revealed 11,261 genetic variations affecting the initiation AUG codon of 7,205 genes.
Most of these variations (99.5%) have low or unknown MAF, probably reflecting deleterious consequences.
Only 62 variations had high MAF. Genetic variations with high MAF had closer alternative AUG downstream
codons than did those with low MAF. Besides, the high-MAF group better maintained both the signal
peptide and reading frame. These differentiating elements could help to determine the pathogenicity of
this kind of variation.
Availability: Data and scripts in Perl and R are freely available at
https://github.com/fanavarro/hemodonacion
Contact: jfernand@um.es
Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction
Initiation of translation is a crucial step that is subject to substantial
regulation to guarantee correct formation of a protein by an mRNA (Lorsch
and Dever, 2010). This is a complex process that involves different
elements and steps. Briefly, the pre-initiation complex – formed by the
small subunit of the ribosome, by the tRNA that transports methionine, and
by several initiation factors – is built. Then, this pre-initiation complex is
brought to an mRNA in its 5′-terminal cap to start a scanning process from

5′ to 3′ to find a translation initiation site (TIS), whose main component
is the initiation AUG codon. The sequence flanking the initiation codon is
important for the pre-initiation complex to recognise AUG as an initiation
codon. The consensus sequence GCC(A/G)CCAUGG, also known as the
Kozak sequence (Kozak, 1986), whose most important nucleotides are
boldfaced, describes an optimal context for recognition of the underlined
AUG as an initiation codon. Thus, the ribosomal large subunit is added to
the complex, which proceeds to the next stage of translation: elongation
(Preiss and W Hentze, 2003).

Accordingly, most of the genetic variations affecting the initiation
codon should have pathological consequences owing to the biological
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importance of this codon. Indeed, there are numerous examples of
mutations of this codon associated with various diseases (Kozak, 2002;
Cazzola and Skoda, 2000). Nonetheless, common polymorphisms
affecting the initiation codon without pathological significance have been
observed (González-Conejero et al., 2002; Corral et al., 2000, 2010).
Therefore, there may be mechanisms that mitigate the effect of this kind of
genetic variation, such as the use of an alternative initiation codon located
downstream of the wild-type one.

To the best of our knowledge, there is no global study on mutations
affecting the initiation codon in the human genome. Therefore, our main
objectives are 1) to perform a descriptive analysis by extracting all data
about these genetic variations from the Ensembl database; 2) to conduct
a comparative analysis between frequent and rare variations, considering
the features of the open reading frames (ORFs) provoked by the use of
alternative initiation codons, to identify differentiating factors; and 3) to
measure the impact of these variations on a concrete individual through
analysis of complete exomes of 5 subjects.

2 Methods

2.1 Data collection

We used the Ensembl data (Yates et al., 2016) to create a TSV file
containing all variations affecting translation initiation codons in any
transcript. Ensembl imports data from different databases such as dbSNP
(Sherry et al., 2001), COSMIC (Forbes et al., 2015), or ClinVar
(Landrum et al., 2016). The data were retrieved using the Ensembl
Perl API (Yates et al., 2015). We provide a full description of the
method for identifying variants and for determining their position in
Supplementary File 1. The source code of the scripts developed is available
at https://github.com/fanavarro/hemodonacion.

In summary, a set of transcript variation allele (TVA) objects was
retrieved from Ensembl. These objects are tuples of the form <transcript,
variation, allele>, so that each TVA identifies an allele of a variation that
affects a concrete transcript. Each row in the TSV file stores information
on a TVA. The same variation may appear more than once because it can
affect several transcripts and may have several alleles.

Alternative initiation codons were searched for each TVA in the
mutated sequences according to 3 approaches:

1. The first AUG codon found in the coding region.
2. The first AUG codon in the coding region whose context has efficiency

greater than or equal to 87 according to one study (Noderer et al. 2014).
That study provides a list with all possible TISs spanning positions
-6 to +5 together with an efficiency measure. This efficiency was
calculated taking into account dinucleotide interactions.

3. The first AUG found in a strong Kozak context in the coding
region. To identify the Kozak context in transcripts, a position
weight matrix was compiled by means of 10 nucleotides per side
around the initiation codon from 14,160 transcript samples retrieved
from Ensembl (see Supplementary File 2). After that, the formed
matrix (see Supplementary File 3) was used for scanning the mutated
transcripts by means of the R library PWMEnrich.

The consequences of the mutation were also calculated by comparing
the length, reading frame, and signal peptide conservation of the wild-
type ORF with those caused by the use of the alternative initiation codon
found by approaches 1, 2, and 3. The Phobius software (Käll et al., 2004)
was employed for predicting the positions relative to the signal peptide
in the wild-type transcript. This strategy allowed us to calculate signal
peptide conservation according to the alternative initiation codon used.

Additionally, methionines in the 5′ untranslated region (UTR) of the wild-
type transcript were analysed. Their positions and reading frames with
respect to the wild-type initiation codon were obtained. We also identified
existence of a termination codon before the coding region.

The new reading frame of alternative initiation codons was compared
with the reading frame of the wild type. This task consists of the following
steps:

• Determining the percentage of the wild-type ORF conserved in the
mutated ORF. This percentage is obtained by comparing the lengths
of the 2 sequences.

• If the percentage is ≤ 1%, then we assume that ORFs produced by
the wild-type initiation codon and the alternative initiation codon are
not in the same frame.

• If the percentage is > 1%, then mutated and wild-type ORFs are
translated into amino acid sequences.

• In the case of a deletion, the same number of amino acids that
has been deleted is removed from the N terminus of the wild-type
sequence.

• In the case of an insertion, the same number of amino acid residues
that appeared because of the insertion plus 1 are removed from the
N terminus of the mutated sequence as amino acid residues.

• If the mutated sequence is contained in the wild-type one or vice
versa, then we assume that both are in the same reading frame.

This method can be applied to variations affecting the initiation codon.
This method can detect cases like the following deletion, whose deleted
region is enclosed in parentheses:

AT(GGAGAGTAA)GGATGAGTAG→M(ESK)DE-

Although the mutated amino acid sequence (MDE-) is not contained in the
wild-type sequence (MESKDE-), both are in the same reading frame. The
described method will check whether ‘DE-’ is included in both sequences,
thus returning a positive result. This method may provide false positives
without length checking when comparing very short sequences with a
longer one. These short sequences could be produced when the reading
frame is lost and then a premature termination codon is found. The length
comparison between ORFs is needed to detect these false positives. A
threshold of 1% was selected after analysis of our dataset; this threshold is
sufficient to prevent the majority of false positives. Hence, if the length of
the mutated ORF is shorter than 1% of the wild-type one, then the method
will assume a lost reading frame.

2.2 Data analysis

Firstly, each TVA is classified according to its MAF value: high MAF
(MAF ≥ 0.01) or low MAF (MAF < 0.01). Variations without MAF
data are excluded from subsequent analysis. Both groups were compared
on the following features:

1. The position of the first alternative initiation codon.
2. The percentage of signal peptide conservation.
3. Consequences for the wild-type reading frame.
4. The number and positions of AUG codons found in the 5′ UTR of the

wild-type transcript.

The steps 1, 2, and 3 are carried out according to the ORFs resulting from
the use of the alternative initiation codons found by approaches 1, 2, and
3.

Statistical analysis included the non-paired Wilcoxon test (Wilcoxon,
1945) for comparison of the alternative initiation codon position, the
percentage of signal peptide conservation, and the number of AUG codons
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in the 5′ UTR as well as Yates χ2 tests (Yates, 1934) for the maintenance
of the reading frame. Moreover, Gene Ontology (GO) gene set enrichment
analysis of the groups of genes with high and low MAF was carried out
using the R Cluster Profiler library (Yu et al., 2012).

2.3 Exome analysis

Complete exomes of 5 patients were analysed to estimate the presence of
variations affecting initiation codons in a concrete individual. Ion Proton
Platform (Ion Torrent) was employed for sequencing. The software of this
platform outputs CSV files with information about genomic variations
found in the patient. This information includes the position of a variation
in a coding region, which allows researchers to apply a filter to obtain
the variations affecting initiation codons. Furthermore, variations with
coverage < 20 were removed to avoid possible lecture errors.

3 Results

3.1 Variations affecting initiation codons

The TSV file with all variations affecting initiation codons contains 15,312
TVAs, including 11,261 different variations, which affect 9,591 transcripts
of 7,205 genes. Each gene had the mean of 2.12 related TVAs affecting
initiation codons. Supplementary File 4 contains the complete dataset,
whereas a simplified version is provided in Supplementary File 5. This
simplified version contains the minimal information necessary to perform
the analysis described in section 2.2. Supplementary File 1 describes the
format of these files.

PAX5 was the most affected gene, with 72 TVAs (9 different variations),
all present in COSMIC, affecting 8 transcripts of the gene. This gene
is a transcription factor whose function is essential for commitment of
lymphoid progenitors to the B-lymphocyte lineage (Cobaleda et al., 2007).
The second most affected gene is DTNA, with 38 TVAs (8 different
variations), 1 present in dbSNP and 7 in COSMIC, affecting 8 different
transcripts. This gene encodes a protein of the dystrobrevin family playing
structural and signaling roles at the plasma membrane of many cell types
(Böhm et al., 2008). Table 1 contains the top 10 affected genes.

Table 1. Top 10 genes affected by variations
in initiation codons in the order of the
number of affected TVAs for each gene.

Gene TVAs affected in the
initiation codon

PAX5 72
DTNA 38
MAX 35
BRCA1 33
EIF3J 30
SDHD 27
SIGLEC7 27
RBMX 26
ELN 24
LEPR 24

Our study identified 87 TVAs (62 variations affecting 75 transcripts)
with MAF > 0.01, with rs11107 (dbSNP) being the most frequent
variation identified (MAF = 0.48742). This SNP (ATG/ATA) affects
1 transcript of the FBXO7 gene, which encodes an F-box protein whose
function is involved in ubiquitination processes (Cenciarelli et al., 1999).
The second most frequent variation (MAF = 0.463841) is rs3764880
(dbSNP). This is another SNP (ATG/GTG) that affects only 1 transcript

Table 2. Top 10 high-MAF variations affecting initiation codons in the order
of MAFs (descending order) together with the affected gene and transcripts.

Gene Transcript Variation MAF

FBXO7 ENST00000397426 rs11107 0.4874200
TLR8 ENST00000218032 rs3764880 0.4638410
HIBCH ENST00000392332;

ENST00000359678
rs291466 0.4317090

HRNR ENST00000368801 rs561299511 0.3881790
ADSSL1 ENST00000332972 rs80097179 0.3761980
ATP6V1B1 ENST00000234396 rs11681642 0.3688100
NFU1 ENST00000303698 rs4453725 0.3170930
PRAM1 ENST00000423345 rs968502 0.3119010
HADHB ENST00000317799 rs147970487 0.2905350
ZFP62 ENST00000512132 rs705441 0.2863420

Table 3. A sample of 10 low-MAF variations affecting
initiation codons together with the affected gene and
transcripts.

Gene Transcript Variation MAF

ITLN1 ENST00000326245 rs139267617 0.0002
SEMA6C ENST00000368914 rs587701888 0.0002
SLAMF8 ENST00000289707 rs149191301 0.0002
PGM1 ENST00000371084 rs200633484 0.0002
RCAN3 ENST00000412742 rs574730150 0.0002
MT1HL1 ENST00000464121 rs546118456 0.0002
CD1E ENST00000368167 rs201300311 0.0002
CAPZB ENST00000264203 rs568906973 0.0002
PANK4 ENST00000378466 rs201511268 0.0002
SEMA6C ENST00000368912 rs587701888 0.0002

of TLR8, a gene encoding Toll-like receptor 8 involved in the recognition
of foreign pathogens (Cervantes et al., 2012). Table 2 shows the top 10
variations ordered by MAF together with the affected genes and transcripts.

On the other hand, 1,446 TVAs (1,008 different variations affecting
1,190 transcripts) had low MAF (< 0.01). One of the rarest variations
(MAF = 0.0002) is rs139267617 (dbSNP), a single-nucleotide variant
[SNV] (ATG/GTG) affecting 1 transcript of ITLN1, a gene encoding
intelectin-1, which participates in the recognition of microbial glycans
(Wesener et al., 2015; Tsuji et al., 2001). Another rare mutation is
rs587701888 (dbSNP) (MAF = 0.0002), a SNV (ATG/GTG) that
affects 3 different transcripts of SEMA6C, a gene that encodes a protein of
the semaphorin family, which is involved in neural regeneration (Qu et al.,
2002). Table 3 shows a sample of 10 variations with the lowest MAF.

3.2 High-MAF versus low-MAF variations, a comparison

The alternative AUG codon found by approach 1 was closer to the wild-
type initiation codon in the group of variations with high MAF than in the
group with low MAF. Thus, variations with high MAF were associated
with an alternative AUG codon at a median distance of 26 bp from the
wild-type AUG codon, whereas the first AUG codon appeared at a median
distance of 49 bp from the wild-type one in genes affected by variations
with low MAF (p = 5.42e− 6) (see Figure 1A).

It should be noted that 2 TVAs in the high-MAF group (both affecting
the ENST00000391418 transcript of the KRTAP2-3 gene, which encodes
keratin-associated protein 2-3), and 3 TVAs in the group of low MAF
(affecting 2 transcripts: ENST00000335123 of the LEP1 gene, which
encodes late cornified envelope 1A protein, and ENST00000600213 of
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Fig. 1. Position (in base pairs [bp] from the wild-type initiation codon) of the alternative downstream AUG codon found by A) approach 1, B) approach 2, and C) approach 3.
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Fig. 2. A comparison of conservation percentages of the signal peptide when an alternative AUG codon is used that is found by A) approach 1, B) approach 2, and C) approach 3.

the HN2 gene, which codes for late MT-RNR2-like 12 protein) have
no downstream alternative initiation codon. All these affected transcripts
without alternative AUG codons have a single exon.

The alternative AUG codons found by approaches 2 and 3 were also
closer to the wild-type initiation codon for the variations with high MAF
than for those with low MAF (60 bp vs 116 bp ;p = 7.27e − 5 [Figure
1B] and 39 bp vs 66 bp; p = 1.81e− 5 [Figure 1C], respectively.

We next tested by means of Phobius whether the use of the alternative
AUG codon might affect the signal peptide. A signal peptide was detected
in the wild-type transcript of only 288 TVAs from the group of variations
with low MAF and 13 TVAs in the high-MAF group. The use of the
alternative AUG codon found by approach 1 in those TVAs resulted in the
mean conservation of the signal peptide for variations with low MAF of
32.2% and 51.0% for variations with high MAF (the conservation median
is 0% for low MAF and 45.7% for high MAF). The values were similar
when we considered the alternative AUGs found by approaches 2 and 3
although only those found by approach 2 reached statistical significance
(see Figure 2).

The 3 approaches yield a similar result on the reading frame status (see
Table 4): the proportion of alternative initiation codons that maintain the
reading frame is higher for high-MAF variations (60.92% vs 48.48% for
approach 1, 62.07% vs 41.01% for approach 2, and 67.82% vs 50.97% for
approach 3).

We searched for upstream AUG codons in the 5′ UTR of the wild-type
transcript. Of note, variations with high MAF had more 5′ UTR AUG
codons than variations with low MAF (mean of 1.9 vs 1.7) although these
differences did not reach statistical significance (p = 0.2128) (see Figure
3).

Finally, the GO gene set enrichment analysis did not yield any
statistically significantly enriched molecular function or biological process
at p-value and q-value cut-offs of 0.1. This result suggests that these
variations are not exclusive for some functional group of genes.

3.3 Exome analysis

The search for variations affecting initiation codons in whole exomes of 5
people revealed the mean of 12 variations with these characteristics from
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Table 4. A comparison of the reading-frame status between high-MAF and low-MAF variations using the AUG codons found by approaches 1,
2, and 3.

Alternative initiation
codon

Group TVAs maintaining
reading frame

TVAs losing reading
frame

TVAs without
alternative initiation
codon

Total TVAs

Found by approach 1
High MAF 53 (60.92%) 32 (36.68%) 2 (2.3%) 87
Low MAF 701 (48.48%) 742 (51.31%) 3 (0.2%) 1,446
p-value = 0.01844

Found by approach 2
High MAF 54 (62.07%) 29 (33.33%) 4 (4.60%) 87
Low MAF 593 (41.01%) 812 (56.15%) 41 (2.03%) 1,446
p-value = 7.27e-05

Found by approach 3
High MAF 59 (67.82%) 26 (29.88%) 2 (2.3%) 87
Low MAF 737 (50.97%) 700 (48.41%) 9 (0.62%) 1,446
p-value = 0.001695

Fig. 3. A density plot of the number of AUG codons found in 5′ UTRs.

the mean of 45,696 variations identified in each patient. Twenty-eight
different variations affecting initiation codons were identified in these 5
subjects, and 14 of the variations were identified in more than 1 patient
(see Figure 4 and Supplementary File 6). Seven of these variations did not
have MAF reported, whereas the remaining 21 mutations had a mean MAF
of 0.232. The variation identified in C6orf7 was detected in homozygosis
in all the subjects having a MAF of 0.006. We believe that this is an error
in the reference sequence, and consequently, there is no AUG initiation
codon at this position. The RefSeq entry of the transcript affected by
this variation (refSeqNM_001243308.1) reads ‘This RefSeq was removed
because currently there is insufficient support for the transcript and the
protein’, in agreement with our reasoning.

4 Discussion
Translation is a key biological process that probably has not received due
attention, particularly in the context of pathologies. Thus, it is quite normal
to find reports of mutations identified in patients with different diseases
that affect the initiation codon of many different genes still maintaining the
predicted missense change. This phenomenon is due to the simple analysis
of the primary sequence, when the consequences of this kind of variations
are regarded as a simple nucleotide change instead of considering possible
truncations or disruptions of the translational reading frame.

Many widely used variant effect predictors, such as SIFT (Ng and
Henikoff, 2003) or PolyPhen (Adzhubei et al., 2010), are mainly based
on the amino acid conservation level. These predictors perform a multiple
sequence alignment of the family of the affected proteins to estimate the

Fig. 4. Variations affecting initiation codons identified by whole-exome analysis of 5
patients.

potential amino acid changes that could occur without deleterious effects
for each position. Nonetheless, variations affecting initiation codons may
prevent translation from the canonical TIS and consequently a change of
the first methionine will rarely occur.

A comparison of predictions based on an amino acid residue and our
method may produce 2 results: agreement and disagreement. Agreement
means that the same prediction was obtained by applying completely
different methods. An example of agreement can be found for variation
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rs748970009 (ATG/ATA) affecting the canonical transcript of the RPA2
gene. On the one hand, alternative initiation codons found by our analysis
are at positions 2 and 25, thus changing the reading frame. Although MAF
is not available, these features seem to indicate a non-viable variation. On
the other hand, SIFT and PolyPhen find methionines in the protein family
matching the affected one, indicating high conservation. Consequently,
they also predict the variation as deleterious (SIFT) and possibly damaging
(PolyPhen).

A disagreement means that the predictions of different methods are
contradictory, for instance, variation rs11681642 (ATG/ACG) affecting
transcript ENST00000234396. This variation is predicted as ‘deleterious–
low confidence’ and ‘possibly damaging’ by SIFT and PolyPhen,
respectively. The reason is that the affected methionine is conserved in
the protein family. Nevertheless, the high MAF (0.37) seems to indicate
viability. In our method, approaches 1 and 3 (see the TSV file) suggest an
alternative initiation codon, located at 6 bp downstream of the wild-type
one, maintaining the reading frame and conserving 99.6% of the wild-
type protein. Approach 2 proposes an initiation codon 75 bp downstream
of the wild-type one, also maintaining the reading frame and conserving
95.1% of the wild-type protein. Based on our hypothesis, these codons
could serve as initiators of translation. Due to proximity to the 5′ region,
the AUG codon at position 6 is expected to be more efficient. This codon
could produce an isoform of the wild-type protein that loses only 2 amino
acid residues, without a significant loss of function. Although our analysis
contradicts SIFT and PolyPhen predictions, it explains the high MAF of
the variation.

Distortion of the initiation context, particularly if affecting the AUG
initiation codon, may result in a different start of translation that might
render quite a different protein. In this study, we explored all the variations
reported in Ensembl affecting the AUG initiation codon. We found
differentiating factors that may facilitate the development of new predictive
tools for calculating the deleterious effect of this kind of variation. These
factors can be summarised in 2 well-defined situations.

1. The presence of an alternative methionine with a high score
of translation and located near the wild-type AUG codon may
be considered a protective mechanism against the deleterious
consequences of mutations affecting the first AUG codon. These
variations may probably behave as benign mutations because of the
high MAF seen in most of these cases. We can speculate that these
small variants may already contribute to the protein heterogeneity
generated by the genome and accordingly will have limited, if any,
pathogenic relevance (Chorev et al., 2015; de Klerk and ’t Hoen, 2015;
Asano, 2014).

2. In contrast, variations in genes with a distant or null alternative
initiation methionine will cause a relevant modification of the affected
protein, and this action will probably have pathogenic consequences.
The low MAF described for these gene variations strongly supports a
pathogenic effect of these mutations. Moreover, the resulting protein,
if produced, will probably be shorter than the wild type. We may
predict 3 consequences for these kinds of mutations:

• If the alternative methionine maintains the wild-type reading
frame, the resulting proteins will lose the N-terminal domain
of the wild-type molecule, with the functional consequences of
the missing domain in each case. These mutations will follow a
classical loss-of-function pathogenic mechanism.

• If the deleted portion of the molecule includes or affects the signal
peptide, the resulting protein will probably have a different cell
location, probably intracellular. Thus, a protein that is originally
secreted or located at the cell membrane may reach unexpected
locations where it may perform completely new and unknown

functions. Our group recently characterised an example of this
type of mutation. The SERPINC1 c.3 G>T mutation, which is
not included in our TSV file because the Ensembl database does
not contain it, affects antithrombin, a key natural anticoagulant
serpin that is secreted into blood plasma. On the other hand,
mutation of the AUG initiation codon results in the use of 2
potential alternative downstream AUG initiation codons that are
located after the signal peptide. The resulting proteins, which are
expressed abundantly, are expressed in the cytoplasm and may be
involved in the severe clinical phenotype observed in the carriers
of this mutation (Navarro-Fernández et al., 2017).

• If the alternative initiation methionine changes the reading frame
of the wild-type molecule, a new protein may be generated. In
the last 2 frameworks, the protein generated by the mutated allele
may gain completely new and potentially unpredictable functions
that may be involved in completely new mechanisms of gain-
of-function in unexpected disorders where the wild-type protein
will never be involved. Therefore, current enrichment methods
used to identify pathogenic mutations by whole-exome or whole-
genome analysis associated with various disorders might fail with
mutations affecting initiation codons. Further analysis of exome
or genome results must be conducted with this new perspective in
mind, particularly among cases where the causative mutation has
been elusive.

Nevertheless, our study also identified examples that do not fit
this classification. Thus, there are examples of very close alternative
methionines that however have very low MAF. The best example is
SNP rs149191301 (ATG/TTG; MAF = 0.0002) affecting the canonical
transcript of the SLAMF8 gene, which produces a CD2 family protein that
may participate in B-lineage commitment and/or modulation of signaling
through the B-cell receptor (Kingsbury et al., 2001). According to our
TSV file, this transcript has a signal peptide along its first 68 bp of the
coding region. It also contains an alternative initiation codon, found by
approaches 1 and 3, maintaining the reading frame at 6 bp downstream
of the wild-type initiation codon. An isoform could be formed when the
alternative initiation codon is employed, maintaining 99.3% of the wild-
type protein length and 91.3% of the wild-type signal peptide. Despite
these features, the low MAF may indicate a pathological consequence,
maybe due to the relevance of the 2 codons lost. Our approach may help to
identify key N-terminal domains in proteins. Further experimental analysis
must be conducted to check the relevance of the residues eliminated by
these mutations.

On the other hand, there are also examples of high-MAF variations
affecting AUG initiation codons in transcripts without viable alternative
TISs. An example is SNP rs80097179 (ATG/CTG, ATG/GTG) (MAF
= 0.376) affecting the canonical transcript of the ADSSL1 gene, which
encodes a muscle-specific enzyme with strong expression in skeletal
muscle. The lack of this enzyme may cause severe distal myopathy
(Park et al., 2016). The nearest alternative AUG initiation codon is
found 250 bp downstream of the wild-type one in a different reading
frame. The high MAF of this variation is indicative of the existence
of protection mechanisms against variations in the initiation codon. We
recently proposed that these mutations might be bypassed if alternative
non-AUG codons are used (Navarro-Fernández et al., 2017). Strong Kozak
sequences may enable translation initiation from non-AUG codons (Ivanov
et al., 2011). Under these conditions, mutations affecting AUG initiation
codons may be classified as silent genetic or missense depending on the
use of Met-tRNA to initiate translation, regardless of the codon present in
the RNA (Peabody, 1989; Starck et al., 2012).

Another interesting example is variation rs11107, discussed in section
3.1; rs11107 is predicted to be non-deleterious by PolyPhen and SIFT.
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This variation affects transcript ENST00000397426, which produces
isoform 3 of the FBX7 protein. The first methionine of this protein is
aligned to an isoleucine at position 114 of Q2T9S7 by the SIFT and
PolyPhen algorithms. Therefore, the change M1I is supposed to be benign.
Nonetheless, translation will never start at the ‘ATA’ codon. The features
included in our TSV file show an alternative initiation codon at 7 bp
downstream of the wild-type one, losing the reading frame, found by the 3
approaches. These characteristics seem to indicate that the variation does
not permit the production of isoform 3 of FBX7. The high MAF of this
variation may be explained by the existence of several isoforms in which
the affected methionine is not the initiation codon; therefore, the change
M/I becomes viable in these cases. Moreover, the TSV file includes links
to publications that discuss this variation.

In conclusion, the data shown in this manuscript suggest that we are
lost in translation. New tools that take into account the features shown in
this study are necessary to predict the effect of gene variations affecting
AUG initiation codons. This effect may be absolutely unexpected and not
related to the functions originally assigned to the wild-type protein.
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