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Abstract: Ribosome profiling and mass spectroscopy have identified canonical and noncanonical 

translation initiation codons (TICs) that are upstream of the main translation initiation site and used 

to translate oncogenic proteins. Here, we use a Kozak Similarity Score algorithm to find that nearly 

all of these TICs have flanking nucleotides closely matching the Kozak sequence. Remarkably, the 

nucleotides flanking alternative noncanonical TICs are frequently closer to the Kozak sequence than 

the nucleotides flanking TICs used to translate the gene’s main protein. Of note, the 5’ untranslated 

region (5‘UTR) of cancer-associated genes with an upstream TIC tend to be significantly longer than 

the same region in genes not associated with cancer. The presence of a longer than typical 5’UTR 

increases the likelihood of ribosome binding to upstream noncanonical TICs, and may be a distin-

guishing feature of a number of genes overexpressed in cancer. Noncanonical TICs that are located 

in the 5’UTR, although thought disadvantageous and suppressed by evolution, may translate onco-

genic proteins because of their flanking nucleotides. 
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1. Introduction 

Ribosome profiling and mass spectroscopy have demonstrated translation initiation 

within annotated regions in the human genome as well as outside of this region [1-6]. 

Codons that initiate translation in these positions may differ from the typical ATG se-

quence [7-10]. A recent study investigating a model of SOX2, which is inducibly expressed 

in oncogenic RAS-associated cancers, showed that translation initiation is upregulated at 

these unconventional upstream sites [11]. This noncanonical translation may express on-

cogenic proteins, thereby leading to tumor formation [11].  

We previously introduced the Kozak Similarity Score (KSS) as a metric to compare 

nucleotides flanking a putative initiation codon with the Kozak sequence that surrounds 

an optimal ATG TIC [12]. The algorithm of KSS includes ten nucleotides preceding and 

following the codon: 
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In this equation, p denotes the position of a nucleotide bordering the codon. Values 

p=1, 2, 3, …, 10 designate the positions of the ten nucleotides (from left to right) on the left 

side of the codon, whereas values p=11, 12, 13, …, 20 designate the positions of ten nucle-

otides (from left to right) on the right side of the codon. Furthermore, bits is the assigned 

height of a particular nucleotide with reference to the Kozak sequence logo, related to the 

observed probability for a particular nucleotide to be at a certain position, as well as the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 August 2022                   doi:10.20944/preprints202208.0413.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202208.0413.v1
http://creativecommons.org/licenses/by/4.0/


 

 

impact of the position on the efficiency of translation initiation. KSS_bitsmax is the maxi-

mum possible value of 
20
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Of note, KSS values are positively correlated with the likelihood of a canonical or 

noncanonical codon to initiate translation [12]. In the present study, we assess the ability 

of the KSS scoring system to identify noncanonical and canonical TICs implicated in trans-

lation of oncogenic proteins. KSS effectively identifies these initiating codons, especially 

noncanonical TICs. 

2. Results 

2.1. Canonical TICs that translate the main protein as well as upstream noncanonical TICs in 

genes associated with cancer  

We reviewed data from ribosome profiling and mass spectroscopy upstream of TICs 

used to translate the main protein from annotated genes [13]. Of note, ribosome profiling 

can predict TIC location on a large scale, while mass spectroscopy can confirm whether 

such TICs indeed induce measurable protein [14]. Although there are limitations to both 

methods of TIC identification [13,15,16], cross-verification by the two techniques is valu-

able.  

A total of 101 unique TICs, of which the majority are noncanonical, were initially 

retrieved along with their mRNA sequences (see Methods). To find trends more specific 

for noncanonical TICs, we excluded seven instances in which the upstream TIC was an 

ATG. As a result, 94 unique noncanonical TICs in 87 genes were identified (Supplemental 

Table 1). Although these genes were not investigated for links to cancer in the original 

publication [13], we found that all but one gene are associated with oncogenesis and all 

but seven of the genes (that are not well studied) are overexpressed in cancer. All of the 

TICs of the 87 genes were near-cognate, i.e., differing from ATG by only one nucleotide. 

Eighty of the 94 TICs initiate an N-terminally-extended variant of the main protein, with 

12 initiating novel upstream proteins, and 2 initiating novel downstream proteins. All of 

the TICs were present in the 5’UTR except for two genes, EPB41L3 and SEPTIN9 (Fig. 1). 

These two genes, which are associated with cancer [17-20], have noncanonical TICs down-

stream and not upstream from the gene’s canonical TIC.  

 

Figure 1. Noncanonical TICS from selected cancer genes. 

We calculated the KSS for: a) ATG TICs used by the 87 genes for conventional trans-

lation of the main protein, b) upstream noncanonical TICs used for translation of genes 

associated with cancer (Fig 2). As a baseline for comparison, we calculated the KSS of all 

codons of the 87 gene transcripts that amounted to ~364,000, with one transcript per gene. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 August 2022                   doi:10.20944/preprints202208.0413.v1

https://doi.org/10.20944/preprints202208.0413.v1


 

 

In addition, 100,000 randomly chosen codons from 25,000 randomly chosen human 

mRNA sequences were obtained from the NCBI Nucleotide database (that contains se-

quences from other sources, including the GenBank [21], RefSeq [22], TBA, and PBD [23] 

databases). The baseline distribution had a median KSS of 0.58. Of note, the noncanonical 

TIC distribution was left-skewed, with a median KSS of 0.794. Although a small propor-

tion of randomly chosen codons have a KSS above 0.80, ~50% of the upstream, noncanon-

ical TICs implicated in cancers have a score above this value. The distribution of KSS for 

the annotated ATG TICs used for the main gene protein product in the 87 genes is also 

left-skewed, with a median of 0.746 (Fig. 2).  

 

Figure 2. KSS distribution of codons. 

Remarkably, the sequences surrounding the ATG codons used for the main protein 

translation tend not to be as close to the Kozak sequence as those surrounding the up-

stream noncanonical TICs. A one-sided Mann-Whitney U test showed that the noncanon-

ical TICs had a higher KSS compared to the KSS of the canonical TICs (p=0.027 or p=0.020) 

assuming that the lowest noncanonical value is an outlier and is therefore removed.  

2.2. KSS and the identification of TICs associated with cancer 

We assigned a rank for each TIC based on its KSS value relative to the KSS of all other 

noncanonical and ATG codons upstream from the main TIC used by the gene transcript. 

If the identified TIC has the highest KSS among all upstream near-cognate and ATG co-

dons in the same sequence, it was assigned a rank of one, i.e., most likely to initiate trans-

lation. If it has the second highest KSS, then the rank is two, etc. We repeated the same 

procedure for the annotated canonical TICs; however, we only compared these TICs to 

other ATGs in the same sequence [24,25]. When plotted on a graph, the distribution of 

ranks of upstream noncanonical TICs is visibly right-skewed (Fig. 3). The ranks of 
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noncanonical TICs are distinctly low, with a mode of 1 and median of 3. As in the case for 

noncanonical codons, the canonical TICs had ranks clustered at low values with a left-

skewed distribution (Fig. 3), a mode of 1, and a median of 5. Of an average of 31 potential 

initiation codons in the upstream region of transcripts of analyzed genes, the three trans-

lation codons with the highest KSS contained a noncanonical TIC in about 55% of cases. 

From an average of 75 potential ATG TICs in the full transcript of these genes, the top five 

codons with the highest KSS contained the canonical translation initiation codon in 54% 

of cases. Overall, more TICs were assigned a KSS rank of 1 than any other rank. The low 

value of the rank of noncanonical TICS and canonical TICs are striking when compared 

to an average of 31 and 75 codons present in the 5’UTR and full gene transcript, respec-

tively. In a few cases, however, the KSS of the annotated TIC was low compared to other 

putative codons in the same sequence. For example, in the most extreme case, one of the 

annotated TICs had a KSS that was less that the KSS of 193 ATGs in the same sequence. 

Of note, some genes have a second identified upstream translation initiation codon in their 

mRNA. In the latter case, the rank value of one of the two TICs must be lower than 1 since 

no more than one TIC can be ranked 1 from the same sequence. The results of the analysis 

show that KSS effectively identifies TICs. 

 

Figure 3. Rank of TICs in genes associated with cancer. 

2.3. Proximity to the mRNA 5’ terminus is not a determinant of noncanonical translation 

initiation 

According to the leaky scanning model of translation initiation in eukaryotes, im-

portant factors that favor translation initiation include the proximity of the translation 

initiating codon to the 5’ end of the transcript as well as an appropriate nucleotide context 

flanking the codon [26]. While these statements are true for ATG codons, our results show 

that codon position is not a determinant of TIC selection of noncanonical codons upstream 

of the main translation initiating codon. In the present study, 55 of the 87 genes (63%) had 

a canonical TIC as the ATG that was nearest the 5’ end of the mRNA. In contrast, however, 

the median number of ATGs and noncanonical codons upstream of the identified non-

canonical TIC is only 13. Whereas translation initiation from canonical ATGs tend to 
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prefer the first such codon in a transcript, initiation from noncanonical TICs is less strin-

gent. Fig. 4 shows the position of upstream noncanonical TICs in addition to the position 

of the canonical TICs used for translation of the main protein, with the position relative to 

the 5’UTR and the full mRNA sequence. Noncanonical TICs identified for EPB41L3 and 

SEPTIN9, which are downstream of the main, canonical TIC of the gene are not included 

in Fig. 4. Although transcript length varies from 510 to 14,805 nucleotides with a median 

of 3,351 nucleotides, the furthest that a canonical TIC is annotated is 1,287 nucleotides 

from the start of a transcript. Of note, noncanonical TICs are present across all regions of 

the 5’UTR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Position of upstream noncanonical TICs in the 5’UTR (blue) and canonical TICs in the 

mRNA transcript (orange). 

We speculate that the reason that position in the 5’UTR appears less important for 

the selection of an upstream noncanonical TIC may relate to the fact that a large number 

of ribosomes scan but remain unbound to the transcript in this upstream region. These 

ribosomes may complex with noncanonical TICs, particularly near-cognate codons that 

have a favorable nucleotide context. On the other hand, if ribosomes find a canonical TIC 

in good context, significantly fewer will be available to complex with ATG and noncanon-

ical codons in the remainder of the coding region. In fact, at least 20 times as many ribo-

somes attach to a canonical TIC compared to a noncanonical TIC [24]. A favorable KSS of 

a canonical TIC may be the reason that alternative translation initiation is unlikely to occur 

downstream of the main TIC used for the gene protein. We observed no trend regarding 

the distance between the upstream noncanonical TIC and the canonical TIC used for trans-

lation of the gene’s main protein. 

2.4. Cancer-associated genes with alternative upstream TICs have a longer 5’UTR than genes not 

associated with cancer 

We questioned whether the mRNAs investigated in this study that had upstream 

TICs and links to cancer tend to have a long 5’UTR. Since upstream TICs can initiate trans-

lation from any position in the 5’UTR (Fig. 4), a longer 5’UTR may be more conducive to 
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upstream translation initiation events. We compared 5’UTR length between the 85 tran-

scripts with upstream TICs (excluding EPB41L3 and SEPTIN9) with the mRNA sequences 

of 3,615 genes that had no recorded link to cancer. We did not use other cancer-associated 

genes outside of this study. Remarkably, the cancer-associated genes had a statistically 

significant longer 5’UTR than non-cancer-associated genes according to a one-sided 

Mann-Whitney U test (p-value=9.96e-10). Compared to a median 5’UTR length of 205 nu-

cleotides for genes associated with cancer, the genes not associated with cancer had a me-

dian 5’UTR length of 112 nucleotides. In summary, it appears that genes with a long 5’UTR 

tend to be upregulated in cancer and have upstream noncanonical TICs. 

2.5. Use of the KSS algorithm to identify TICs in other cancer genes  

One question that arises is whether the KSS algorithm can identify alternative TICs 

used in cancer in genes unrelated to the 87 we analyzed. As shown below, we focused on 

three genes that are associated with cancer: MAPKAPK2 [27-29], ATF4 [30,31], and BCL2 

[32].  

MAPKAPK2  has a noncanonical TIC upstream of the annotated TIC [33]. We ana-

lyzed a transcript of MAPKAPK2 (Nucleotide accession: NM_004759.5) using the KSS al-

gorithm, and selected for near-cognate and ATG codons (Fig. 5). Codons are color-coded 

blue, teal, green, orange, or red to reflect low to high KSS following that color order, i.e., 

blue has very low KSS while red has the highest KSS. The highest KSS score identifies a 

CTG upstream of the ATG TIC that initiates translation of the main gene product.  

 

 

 

 

 

 

Figure 5. 5’UTR of MAPKAPK2 transcript with near-cognate and ATG codons color-coded. In this 

figure and subsequent ones, the KSS is in parentheses after the codon. 

Two TICs have been identified in the mouse ortholog of ATF4 that are located up-

stream of the TIC used for translation of the main gene protein [34]. Importantly, both 

upstream open reading frames are conserved in human sequences [34]. Part of a transcript 

of this gene (Nucleotide Accession: NM_009716.3) containing the TICs was analyzed for 

ATG codons by the KSS algorithm (Fig. 6). Three experimentally identified TICs with the 

highest KSS in the ATF4 transcript are in red. Of note, the two upstream ATG TICs have 

a higher KSS than the ATG used for translation for the main gene product.  
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Figure 6. Mouse ATF4 transcript with ATG codons color-coded. 

All isoforms of BCL2 have a number of ATGs upstream of the ATG that initiates 

translation of the main gene product (Fig. 7). An internal ribosome entry site (IRES) me-

diates translation initiation of the latter ATG [35] (Nucleotide Accession XM_047437733.1). 

Furthermore, this initiating ATG has a higher KSS than other ATG codons upstream and 

within the coding region, as well as in other isoforms of the BCL2 transcript that have 

varying numbers of ATGs upstream from the annotated translation initiation codon. The 

low KSS of ATGs upstream of the ATG that initiates translation of the main gene product 

suggests that there may be no canonical translation initiated upstream of this main ATG, 

although upstream noncanonical TICs are a possibility.   
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Figure 7. Part of a transcript of BCL2 isoform X1 with color-coded TICs and ATG codons. The TIC 

shown in red has a higher KSS than all ATGs in comparable parts of BCL2 isoform transcripts. 

2.6. Identifying potential upstream TICs in cancer genes  

In addition to the genes analyzed above, we used the KSS algorithm to identify po-

tential TICs in the 5’UTR of transcripts of 48 genes associated with cancer and overex-

pressed in solid tumors [36] (Supplemental File 1). 

3. Materials and Methods 

3.1. Mapping TICs  

A recently published study that employed ribosome profiling and mass spectroscopy 

provided noncanonical TICs upstream of the TICs used for main protein translation [13]. 

The study also detailed the amino acid sequences of peptides translated in vitro from the 

upstream region of the genes as well as the database accession numbers for most of their 

associated gene transcripts. Python code was then used to: a) retrieve each nucleotide se-

quence from the NCBI Nucleotide or the Ensembl database via their accession numbers, 

b) translate possible reading frames of each sequence, c) and finally find regions that over-

lap with the proteins uncovered in the study. The KSS of the TICs was then calculated 

using the 10 flanking nucleotides on each side of the codon. The TICs of two genes, 

RANBP2 and RGPD6, had ten nucleotides preceding and following the initiating GTG 

codon that were identical.  

Polypeptide sequences were not included if they could not be mapped to mRNA 

transcripts in the Nucleotide database. Nearly all unique sites mapped from the ribosome 

profiling data overlapped with sites mapped from the mass spectroscopy data. Of note, 

we excluded mass spectroscopy data whenever both of the following were true: a) the 

acetylated peptide did not have methionine in the N-terminal position, b) there was no 

ATG or near-cognate codon as the very next upstream codon of the nucleotide sequence 

to which the peptide was mapped. A total of 29 data instances were excluded because 

they either met these criteria or could not be mapped to an mRNA transcript annotated in 
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the Nucleotide database. We used these criteria because of issues related to proteolytic 

cleavage that occurs with mass spectroscopy, as follows [13]. In some cases, the N-termi-

nal methionine is cleaved - and perhaps a few more amino acids - during or following 

translation in eukaryotes [13,16]. Since methionine is usually the first amino acid trans-

lated [13,37], an acetylated peptide that does not have a methionine in this position likely 

had methionine cleaved after translation initiation. If the next codon upstream of the po-

sition to which the peptide is mapped is near-cognate or ATG, we assume that the codon 

is the TIC. If the upstream codon is not near-cognate or ATG, then it is likely that addi-

tional amino acids besides methionine are cleaved, and therefore the data are discarded. 

Translation initiation from noncanonical codons that are not near-cognate is unlikely due 

to ribosome destabilization at the codon since codons that diverge by even one nucleotide 

from ATG have much less stable ribosome base pairing, making translation initiation 

much less energetically favorable [25]. All peptides we analyzed in this study that had 

methionine in the N-terminal position mapped to ATGs or near-cognate codons.  

3.2. Randomized sampling of codons to establish a KSS baseline 

A selection of random codons in this study served as a baseline for the KSS distribu-

tion (Fig. 2). The random codons were obtained from Entrez ESearch [38] by retrieving 

200,000 accession numbers of the total ~9.1 million accessions for annotated human 

mRNA in the NCBI Nucleotide database. Of note, Entrez cannot return accessions at ran-

dom, and therefore consistently fetches accessions in the same order by an arbitrary meas-

ure of relevance. For this reason, we randomly sampled 25,000 accession numbers of the 

200,000 total. We then retrieved the mRNA sequences of the 25,000 accessions via Entrez 

EFetch, and randomly selected four codons with flanking sequences from each transcript 

to compute the KSSs. 

3.3. Retrieving sequences not associated with cancer 

The Ensembl FTP tool pulled data for all genes currently annotated in the human 

genome (from the GRCh38 assembly). The names of 19,349 genes listed as protein-coding 

were extracted. Next, Entrez eSearch provided the number of publications for each gene 

in PubMed that contained the gene name as well as the word “cancer” in either title or 

abstract. 3,725 genes had no recorded link to cancer mentioned in the titles or abstracts of 

published literature. Entrez eSearch then retrieved accession numbers for mRNA se-

quences of these remaining genes; accessions of predicted mRNA sequences were ex-

cluded. eFetch was then used to retrieve the actual sequences of the mRNA from NCBI 

Nucleotide, and one mRNA sequence was kept per gene for analysis. In total, 3,615 of the 

3,725 genes without a recorded link to cancer had a confirmed mRNA sequence in the 

database and were analyzed. 

4. Discussion 

The results of this study indicate that the KSS algorithm is effective at identifying 

both noncanonical and canonical TICs in cancer genes upstream of the ATG used for 

translation of the main gene protein. The KSS algorithm frequently narrowed the possible 

location of the TIC of the alternative and main gene product to one codon. In some cases, 

the KSS significantly reduced the number of codons that could initiate translation per 

gene. It is important to note that the analyzed genes may still have additional noncanoni-

cal or ATG TICs that have not yet been identified. 

The results of the present study show that nearly all upstream TICs associated with 

cancer have flanking nucleotides that closely match the Kozak sequence. In fact, the up-

stream noncanonical TICs have a statistically significant better match to the Kozak se-

quence than the canonical codons used for translation of the main protein of the gene. 

Contrary to the leaky scanning model of translation initiation for ATGs [26], the proximity 

of the noncanonical TIC to the 5’ end of the transcript does not appear to be a significant 

factor in determining whether the codon is used for translation initiation. Furthermore, it 
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may be that the similarity of sequences flanking the noncanonical codon to the Kozak 

sequence has more predictive value than its position in the sequence. 

Because of the success of the KSS algorithm in identifying upstream TICs used in 

cancer, we employed this same algorithm to make predictions about upstream TICs in 

cancer genes. The KSS algorithm appeared to be useful in this regard.  

Importantly, we found the mRNA from cancer-associated genes had substantially 

longer 5’UTRs than genes not associated with cancer. This finding raises the question of 

whether longer 5’UTRs are a defining characteristic of many genes overexpressed in can-

cer. The longer 5’UTR presents more opportunities for ribosome binding at upstream non-

canonical TICs, which may drive tumor formation. [11]. 

A limitation in this study is that other factors were not assessed that may enhance 

noncanonical translation initiation in oncogenic genes. For example, secondary structure 

of the mRNA might impact translation initiation from codons that do not have a high KSS 

[9]. Still, a high KSS along with optimal secondary structure may enhance translation ini-

tiation more than secondary structure alone. This may, for example, be the case for the 

BCL2 TIC, which has an IRES as part of the secondary structure as well as a high KSS. 

In summary, the KSS algorithm appears to be an effective tool for identification of 

TICs associated with cancer. Importantly, this machine learning algorithm can predict 

noncanonical and canonical TICs in mRNA sequences [12]. 

An interactive KSS calculator that computes scores in input nucleotide sequences is 

available at https://www.tispredictor.com/kss. 

Supplementary materials: Supplemental File 1: Predicted Upstream TICs Identified in Cancer 

Genes; Supplemental Table 1: Genes Investigated; Supplemental Table 2: Alternative TICs in Genes 

Associated with Cancer. 

Author Contributions: Conceptualization, A.C.G, G.G., Y.S., and R.P.R.; Methodology, A.C.G.; Soft-

ware, A.C.G; Validation, A.C.G and R.P.R.; Formal Analysis, A.C.G; Investigation, A.C.G. and 

R.P.R; Resources, A.C.G., G.G, Y.S., and R.P.R.; Data Curation, A.C.G and R.P.R; Writing – Original 

Draft, A.C.G.; Writing – Review & Editing, A.C.G. and R.P.R.; Visualization, A.C.G and R.P.R; Su-

pervision, R.P.R; Project Administration, R.P.R. 

Funding: This research received no external funding. 

Data Availability Statement: Code to reproduce findings is accessible at 

https://github.com/Agleason1/Alternative-TICs-Implicated-in-Cancers/. A DOI was assigned to the 

repository using Zenodo: http://doi.org/10.5281/zenodo.6987364. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Chen, J.; Brunner, A.-D.; Cogan, J.Z.; Nunez, J.K.; Fields, A.P.; Adamson, B.; Itzhak, D.N.; Li, J.Y.; Mann, M.; Leonetti, M.D.; et 

al. Pervasive functional translation of noncanonical human open reading frames. Science 2020, 367, 1140–1146. 

2. Ingolia, N.T.; Brar, G.A.; Stern-Ginossar, N.; Harris, M.S.; Talhouarne, G.J.; Jackson, S.E.; Wills, M.R.; Weissman, J.S. Ribosome 

profiling reveals pervasive translation outside of annotated protein-coding genes. Cell Rep 2014, 8, 1365-1379, 

doi:10.1016/j.celrep.2014.07.045. 

3. Raj, A.; Wang, S.H.; Shim, H.; Harpak, A.; Li, Y.I.; Engelmann, B.; Stephens, M.; Gilad, Y.; Pritchard, J.K. Thousands of novel 

translated open reading frames in humans inferred by ribosome footprint profiling. eLife 2016, 5, e13328, doi:10.7554/eLife.13328. 

4. Calviello, L.; Mukherjee, N.; Wyler, E.; Zauber, H.; Hirsekorn, A.; Selbach, M.; Landthaler, M.; Obermayer, B.; Ohler, U. 

Detecting actively translated open reading frames in ribosome profiling data. Nat Methods 2016, 13, 165-170, 

doi:10.1038/nmeth.3688. 

5. Fields, A.P.; Rodriguez, E.H.; Jovanovic, M.; Stern-Ginossar, N.; Haas, B.J.; Mertins, P.; Raychowdhury, R.; Hacohen, N.; Carr, 

S.A.; Ingolia, N.T.; et al. A Regression-Based Analysis of Ribosome-Profiling Data Reveals a Conserved Complexity to 

Mammalian Translation. Mol Cell 2015, 60, 816-827, doi:10.1016/j.molcel.2015.11.013. 

6. Ji, Z.; Song, R.; Regev, A.; Struhl, K. Many lncRNAs, 5’UTRs, and pseudogenes are translated and some are likely to express 

functional proteins. eLife 2015, 4, e08890, doi:10.7554/eLife.08890. 

7. Fritsch, C.; Herrmann, A.; Nothnagel, M.; Szafranski, K.; Huse, K.; Schumann, F.; Schreiber, S.; Platzer, M.; Krawczak, M.; 

Hampe, J.; et al. Genome-wide search for novel human uORFs and N-terminal protein extensions using ribosomal footprinting. 

Genome research 2012, 22, 2208-2218, doi:10.1101/gr.139568.112. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 August 2022                   doi:10.20944/preprints202208.0413.v1

https://doi.org/10.20944/preprints202208.0413.v1


 

 

8. Ingolia, N.T.; Lareau, L.F.; Weissman, J.S. Ribosome profiling of mouse embryonic stem cells reveals the complexity and 

dynamics of mammalian proteomes. Cell 2011, 147, 789-802, doi:10.1016/j.cell.2011.10.002. 

9. Lee, S.; Liu, B.; Lee, S.; Huang, S.X.; Shen, B.; Qian, S.B. Global mapping of translation initiation sites in mammalian cells at 

single-nucleotide resolution. Proc Natl Acad Sci U S A 2012, 109, E2424-2432, doi:10.1073/pnas.1207846109. 

10. Zur, H.; Tuller, T. New universal rules of eukaryotic translation initiation fidelity. PLoS Comput Biol 2013, 9, e1003136, 

doi:10.1371/journal.pcbi.1003136. 

11. Sendoel, A.; Dunn, J.G.; Rodriguez, E.H.; Naik, S.; Gomez, N.C.; Hurwitz, B.; Levorse, J.; Dill, B.D.; Schramek, D.; Molina, H.; et 

al. Translation from unconventional 5' start sites drives tumour initiation. Nature 2017, 541, 494-499, doi:10.1038/nature21036. 

12. Gleason, A.C.; Ghadge, G.; Chen, J.; Sonobe, Y.; Roos, R.P. Machine learning predicts translation initiation sites in neurologic 

diseases with nucleotide repeat expansions. PLOS ONE 2022, 17, e0256411, doi:10.1371/journal.pone.0256411. 

13. Na, C.H.; Barbhuiya, M.A.; Kim, M.S.; Verbruggen, S.; Eacker, S.M.; Pletnikova, O.; Troncoso, J.C.; Halushka, M.K.; Menschaert, 

G.; Overall, C.M.; et al. Discovery of noncanonical translation initiation sites through mass spectrometric analysis of protein N 

termini. Genome Res 2018, 28, 25-36, doi:10.1101/gr.226050.117. 

14. Mudge, J.M.; Ruiz-Orera, J.; Prensner, J.R.; Brunet, M.A.; Calvet, F.; Jungreis, I.; Gonzalez, J.M.; Magrane, M.; Martinez, T.F.; 

Schulz, J.F.; et al. Standardized annotation of translated open reading frames. Nature Biotechnology 2022, 40, 994-999, 

doi:10.1038/s41587-022-01369-0. 

15. Brar, G.A.; Weissman, J.S. Ribosome profiling reveals the what, when, where and how of protein synthesis. Nature Reviews 

Molecular Cell Biology 2015, 16, 651-664, doi:10.1038/nrm4069. 

16. Wingfield, P.T. N-Terminal Methionine Processing. Curr Protoc Protein Sci 2017, 88, 6.14.11-16.14.13, doi:10.1002/cpps.29. 

17. Dafou, D.; Grun, B.; Sinclair, J.; Lawrenson, K.; Benjamin, E.C.; Hogdall, E.; Kruger-Kjaer, S.; Christensen, L.; Sowter, H.M.; Al-

Attar, A.; et al. Microcell-Mediated Chromosome Transfer Identifies EPB41L3 as a Functional Suppressor of Epithelial Ovarian 

Cancers. Neoplasia 2010, 12, 579-IN518, doi:https://doi.org/10.1593/neo.10340. 

18. Zeng, R.; Liu, Y.; Jiang, Z.J.; Huang, J.P.; Wang, Y.; Li, X.F.; Xiong, W.B.; Wu, X.C.; Zhang, J.R.; Wang, Q.E.; et al. EPB41L3 is a 

potential tumor suppressor gene and prognostic indicator in esophageal squamous cell carcinoma. Int J Oncol 2018, 52, 1443-

1454, doi:10.3892/ijo.2018.4316. 

19. Yuan, X.; Piao, L.; Wang, L.; Han, X.; Tong, L.; Shao, S.; Xu, X.; Zhuang, M.; Liu, Z. Erythrocyte membrane protein band 4.1-like 

3 inhibits osteosarcoma cell invasion through regulation of Snai1-induced epithelial-to-mesenchymal transition. Aging (Albany 

NY) 2020, 13, 1947-1961, doi:10.18632/aging.202158. 

20. Sun, J.; Zheng, M.Y.; Li, Y.W.; Zhang, S.W. Structure and function of Septin 9 and its role in human malignant tumors. World J 

Gastrointest Oncol 2020, 12, 619-631, doi:10.4251/wjgo.v12.i6.619. 

21. Benson, D.A.; Clark, K.; Karsch-Mizrachi, I.; Lipman, D.J.; Ostell, J.; Sayers, E.W. GenBank. Nucleic acids research 2015, 43, D30-

D35, doi:10.1093/nar/gku1216. 

22. Pruitt, K.D.; Tatusova, T.; Maglott, D.R. NCBI Reference Sequence (RefSeq): a curated non-redundant sequence database of 

genomes, transcripts and proteins. Nucleic Acids Research 2005, 33, D501-D504, doi:10.1093/nar/gki025. 

23. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data 

Bank. Nucleic Acids Res 2000, 28, 235-242, doi:10.1093/nar/28.1.235. 

24. Kozak, M. Context effects and inefficient initiation at non-AUG codons in eucaryotic cell-free translation systems. Molecular and 

cellular biology 1989, 9, 5073-5080, doi:10.1128/mcb.9.11.5073-5080.1989. 

25. Kameda, T.; Asano, K.; Togashi, Y. Free energy landscape of RNA binding dynamics in start codon recognition by eukaryotic 

ribosomal pre-initiation complex. PLOS Computational Biology 2021, 17, e1009068, doi:10.1371/journal.pcbi.1009068. 

26. Kozak, M. Pushing the limits of the scanning mechanism for initiation of translation. Gene 2002, 299, 1-34, doi:10.1016/s0378-

1119(02)01056-9. 

27. Soni, S.; Saroch, M.K.; Chander, B.; Tirpude, N.V.; Padwad, Y.S. MAPKAPK2 plays a crucial role in the progression of head and 

neck squamous cell carcinoma by regulating transcript stability. Journal of Experimental & Clinical Cancer Research 2019, 38, 175, 

doi:10.1186/s13046-019-1167-2. 

28. Kumar, B.; Koul, S.; Petersen, J.; Khandrika, L.; Hwa, J.S.; Meacham, R.B.; Wilson, S.; Koul, H.K. p38 mitogen-activated protein 

kinase-driven MAPKAPK2 regulates invasion of bladder cancer by modulation of MMP-2 and MMP-9 activity. Cancer Res 2010, 

70, 832-841, doi:10.1158/0008-5472.Can-09-2918. 

29. Soni, S.; Anand, P.; Padwad, Y.S. MAPKAPK2: the master regulator of RNA-binding proteins modulates transcript stability and 

tumor progression. Journal of Experimental & Clinical Cancer Research 2019, 38, 121, doi:10.1186/s13046-019-1115-1. 

30. Wortel, I.M.N.; van der Meer, L.T.; Kilberg, M.S.; van Leeuwen, F.N. Surviving Stress: Modulation of ATF4-Mediated Stress 

Responses in Normal and Malignant Cells. Trends Endocrinol Metab 2017, 28, 794-806, doi:10.1016/j.tem.2017.07.003. 

31. Wang, M.; Lu, Y.; Wang, H.; Wu, Y.; Xu, X.; Li, Y. High ATF4 Expression Is Associated With Poor Prognosis, Amino Acid 

Metabolism, and Autophagy in Gastric Cancer. Front Oncol 2021, 11, 740120, doi:10.3389/fonc.2021.740120. 

32. Yip, K.W.; Reed, J.C. Bcl-2 family proteins and cancer. Oncogene 2008, 27, 6398-6406, doi:10.1038/onc.2008.307. 

33. Trulley, P.; Snieckute, G.; Bekker-Jensen, D.; Menon, M.B.; Freund, R.; Kotlyarov, A.; Olsen, J.V.; Diaz-Muñoz, M.D.; Turner, 

M.; Bekker-Jensen, S.; et al. Alternative Translation Initiation Generates a Functionally Distinct Isoform of the Stress-Activated 

Protein Kinase MK2. Cell Reports 2019, 27, 2859-2870.e2856, doi:https://doi.org/10.1016/j.celrep.2019.05.024. 

34. Vattem, K.M.; Wek, R.C. Reinitiation involving upstream ORFs regulates ATF4 mRNA translation in mammalian cells. Proc 

Natl Acad Sci U S A 2004, 101, 11269-11274, doi:10.1073/pnas.0400541101. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 August 2022                   doi:10.20944/preprints202208.0413.v1

https://doi.org/10.20944/preprints202208.0413.v1


 

 

35. Sherrill, K.W.; Byrd, M.P.; Van Eden, M.E.; Lloyd, R.E. BCL-2 translation is mediated via internal ribosome entry during cell 

stress. J Biol Chem 2004, 279, 29066-29074, doi:10.1074/jbc.M402727200. 

36. Pilarsky, C.; Wenzig, M.; Specht, T.; Saeger, H.D.; Grützmann, R. Identification and validation of commonly overexpressed 

genes in solid tumors by comparison of microarray data. Neoplasia 2004, 6, 744-750, doi:10.1593/neo.04277. 

37. Kozak, M. Initiation of translation in prokaryotes and eukaryotes. Gene 1999, 234, 187-208, doi:https://doi.org/10.1016/S0378-

1119(99)00210-3. 

38. Ostell, J.M. Entrez: The NCBI Search and Discovery Engine. In Proceedings of the Data Integration in the Life Sciences, Berlin, 

Heidelberg, 2012//, 2012; pp. 1-4. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 August 2022                   doi:10.20944/preprints202208.0413.v1

https://doi.org/10.20944/preprints202208.0413.v1

