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Abstract  

Short Open Reading Frames (sORFs) are ubiquitous genomic elements that have been overlooked for 

years, essentially due to their short length (< 100 residues) and the use of alternative start codons (other 

than AUG). However, some may encode functional peptides, so-called sORF-encoded peptides (sPEPs), the 

functions of which remain mainly unknown.  

In this study, we propose a system approach to determine the functions of sPEPs in monocytes. We first 

predicted the interactions of sPEPs with canonical proteins and analyzed the interfaces of interactions as 

well as the set of canonical proteins interacting with sPEPs. Second, by joining these sPEP-canonical 

proteins interactions with the human interactome, we predicted the first sPEP interactome network to 

date. Based on its topology, we then predicted the function of the sPEPs. Our results suggest that the 

majority of sPEPs are involved in key biological functions, including regulatory functions, metabolism, and 

signaling. Overall, the diversity in the predicted functions of the sPEPs underline the prevalence of their 

role in different biological mechanisms, suggesting that they are major regulatory actors. 

https://www.google.com/maps/place//data=!4m2!3m1!1s0x12ca159d5c774eb1:0xbfef8c0d20ced9a2?sa=X&ved=1t:8290&ictx=111
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Introduction  

Open reading frames shorter than 100 codons were initially thought to be nonfunctional and discarded in 

most gene annotation programs with the notion they had no coding potential (1–5). More recent studies 

demonstrated that these sequences, called short open reading frames (sORFs), may actually encode 

functional peptides (5–9). sORF-encoded peptides (sEPs or sPEPs, a.k.a. micropeptides) have notably been 

described in eukaryotic cells and are encoded by sORFs located on all classes of RNAs (including 

presumptive ncRNAs) (5,6,10). Because (i) messenger RNAs (mRNAs) are usually considered as 

monocistronic, (ii) the use of alternative start codons and (iii) their short sizes, sPEPs have been missed for 

long (11).  

However, due to the growing body of evidences that sPEPs are stable within cells and have regulatory 

functions, the study of this novel class of peptides has intensified (12). Recent studies have demonstrated 

sPEPs to be involved in various cellular processes and diseases, notably cell proliferation, signaling, cell 

growth, death, metabolism or development (5). It has even been suggested that sPEPs may constitute a 

new pool of cancer-related peptides that could be targeted by immunotherapy (8). As an example, 168 

novel major histocompatibility complex class I (MHC-I)-associated peptides derived from sORFs have been 

identified (13), demonstrating that sPEPs can also be involved in specialized functions such as antigen 

presentation.  

Human monocytes are a heterogenous population of innate immune cells that may differentiate into 

macrophages and play a major role in the initiation of immune responses. They are able to express 

molecules of the MHC-I and MHC-II, which make them of particular interest as numerous sPEPs have been 

determined to be able to fixate the MHC-I. Indeed, they may be presented as self-antigens with high 

predicted binding affinities (10,13,14). Additionally, because the presentation of peptides by MHC 

molecules is largely independent of the amino acid sequence, and many sPEPs may not need proteosomal 

degradation before entering the MHC-I presentation pathway, a certain fraction of sPEPs is likely to be 

involved in immunological functions (10,13). 

We recently gathered 664,771 unique sORFs in the full human genome among which 10,475 have been 

identified to be transcribed in monocytes according to ribosome profiling experiments (15). Although for 

most of them there is no strong insight about their actual translation into functional sPEPs, it has been 

suggested that a sizable fraction of sORFs is translated (9). Hence, sPEPs could constitute a major pool of 

functional peptides overlooked so far.  
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Whilst some methods (such as proteogenomics) succeed at identifying large pool of peptides, there is 

currently a lack of experimental method leading to the systematic determination of the functions of novel 

peptides. Only recently, a mass-spectrometry-based interactome screen with motif resolution, allowed 

predicting the functions of 226 sORF-encoded small peptides (16). However, no systematic large-scale 

annotation of sPEPs has been performed so far. To overcome this obstacle, we propose here to study the 

interactions of the sPEPs with the canonical proteins for which the functions are known and functional 

annotations are available. Indeed, protein-protein interactions (PPIs) drive biological functions and it has 

been demonstrated that protein functions can be assigned on the basis of the annotation of their 

neighbors in the PPI network (17). Hence, we hypothesize that analyzing the interactions between sPEPs 

and canonical proteins will allow performing a systematic functional annotation of the sPEPs. As we 

recently developed mimicINT (18), a computational method that allows inferring PPIs based on the 

presence of Short Linear Motifs (SLiMs) and globular domains in amino acid sequences, we herein 

predicted interactions between sPEPs and canonical proteins using this method, integrated those 

predicted interactions with the human interactome and studied network modularity to predict sPEP 

functions. We then investigated whether sPEPs do participate to specific functions in monocytes. For this, 

(i) we identified the SLiMs and domains with the highest occurrences as sPEP interaction interfaces to 

assess the biological processes to which sPEPs are participating; (ii) we predict sPEP functions, by analyzing 

the functional annotations of their protein partners in network clusters.  

Methods  

1- Collection of sPEPs identified in monocytes  

The sequences of sPEPs have been collected from MetamORF (15) (https://metamorf.hb.univ- amu.fr), a 

repository of unique short open reading frames identified by both experimental and computational 

approaches we recently developed. Using the web interface, amino acid sequences of all 10,475 sORFs 

identified in human monocytes by ribosome profiling have been downloaded as fasta format (Fig. 1A). 

MetamORF provides classes for the registered ORFs, using an homogeneous nomenclature we previously 

described (15). This nomenclature is based upon the ORF length (sORF), transcript biotype (e.g. intergenic, 

ncRNA), relative positions (e.g. upstream, downstream) and reading frames (alternative) information.  

2- Collection of canonical proteins expressed in monocytes  

All reviewed sequences of proteins experimentally identified in monocytes according to the Human 
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Proteome Atlas (19) have been downloaded from UniProtKB (20) as fasta format (Fig. 1B).  

3- Prediction of sPEP-canonical proteins interactions  

Interaction predictions between sPEPs and canonical proteins with mimicINT. Initially, mimicINT is a 

workflow for microbe-host protein interactions inference we recently developed (18). It performs large-

scale interaction inferences between microbe and human proteins by detecting putative molecular 

mimicry elements that can mediate the interactions with host proteins. These elements are host-like short 

linear motifs (Fig. 1D) i.e. SLiMs, extracted from the ELM database (21) and globular domains (Fig. 1E) 

predicted using the existing PFAM signatures (22). Overall, 7086 SLiM occurrences have been detected on 

sPEPs (using SLiMProb (23)) and filtered based on p-values computed by Monte-Carlo simulations; 28 Pfam 

signatures of globular domains have been detected on canonical proteins and sPEPs (using InterProScan 

(24)); templates of domain-domain interactions (DDIs, from 3DID (25)) and of domain-SLiM interactions 

(DMIs, from ELM) were used to infer 3938 DDIs (17 domains interacting) and 78776 DMIs (5455 SLiMs 

interacting) between 1816 sPEPs and 1603 canonical proteins (Fig. 1F). DMIs were then filtered based on 

domain scores computed by looking for Hidden Markov Models. Because sPEPs and canonical proteins 

belong to the same species, we may reasonably expect that human sPEPs display interfaces of interactions 

that resemble structures of the canonical proteins at the molecular level. Based on this assumption, 

interactions between sPEPs and canonical proteins have been inferred using mimicINT. sPEPs containing 

truncated domains (with 10 missing aa allowed), possibly impairing the ability of the domain to mediate 

the predicted interactions, were discarded (i.e. 310/336 sPEPs-containg domains).   

Clusterisation of the sORFs sequences. As many sORFs overlap on the same transcript, sequences have 

been clustered with CD-Hit (26) (95% identity) to enable us to investigate further only the representative 

sequence of the cluster. Interactions of all cluster members have been transferred to the cluster 

representative (the sORF with the longest sequence)  

4- Functional annotations of the sPEPs based on network clustering  

Merging the sPEP interactions network with the canonical protein-protein interaction network. The 

sPEP-canonical protein interactions network has been merged with the canonical PPI network downloaded 

from MoonDB (27) (2021 update, unpublished release) and restricted to the canonical proteins expressed 

in monocytes according to the Human Proteome Atlas (19). For the sake of clarity, the resulting network 

is referred hereafter as the “merged interactome”.  
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Clustering of the “merged interactome”. The largest connected component has been extracted from the 

“merged interactome” using python-igraph (v0.9.1). This component has been clustered with OCG (28) 

(default parameters). Each generated cluster has then been annotated either with the Gene Ontology (GO) 

biological process (BP) terms significantly enriched among the GO terms annotating the cluster proteins 

(hypergeometric test, BH corrected p-value < 0.00001) or with the GO terms annotating at least 50% of 

the annotated canonical proteins of the cluster, following a classical majority rule (29). In both cases, all 

cluster members, canonical proteins and sPEPs, inherited the annotation(s) of the cluster. Network 

visualization have been performed using Cytoscape (30). 

5- sPEPs’ interactor annotation enrichment analyses  

Enrichment analyses have been performed using gProfiler (31) (parameters: correction method = 

’Benjamini-Hochberg FDR’). False discovery rates (FDR) lower than 0.05 have been considered as 

significant. Simplification of GO:BP and REACTOME terms have been done using goSlim function from R 

package GSEAbase (doi:10.18129/B9.bioc.GSEABase) and the pathway hierarchy downloaded from the 

Reactome database (32). Representations of inferred GO terms annotations (Fig. 5) have been made with 

the R package ‘rrvgo’ (33). 

Results 

1- Interactions between sPEPs and canonical proteins have been inferred in monocytes  

We built here the first large-scale network of sPEP-protein interactions in human monocytes. For this, the 

amino acid sequences of 10475 putative sORF-encoded peptides (sPEPs) identified by ribosome profiling 

in monocytes and collected from MetamORF (15), — a repository of unique sORFs identified by 

computational and experimental methods that we previously developed (Fig. 1A) — and the amino acid 

sequences of the 11404 canonical proteins constituting the monocyte proteome according to the Human 

Protein Atlas (Fig. 1B), were used for interaction predictions. With mimicINT (18), a computational method 

we previously proposed to infer PPIs from sequences based on interaction templates made of SLiMs and 

domains (see Methods, Fig. 1C-E), 154407 binary interactions between 4393 sPEPs and 3981 canonical 

proteins have been predicted in monocytes (two interactions involving the same couple of sPEPs and 

canonical protein interactors but mediated through two different sets of interfaces are counted as two in 

the count of total interactions whilst counted as one in the number of binary interactions). After 

https://doi.org/10.18129/B9.bioc.GSEABase
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elimination of truncated domains and clusterization of the sequences (see Methods), 40% of the sPEPs 

(1816/4521) are predicted to interact with 15% of the canonical proteins (1717/11404) in monocytes, for 

a total of 49613 binary interactions (Table 1). 

 Tab. 1 : Counts of inferred sPEP-Canonical Protein interactions 

2- The SLiMs and domains mediating interactions in sPEPs are related to signaling and 

immunology processes  

We here aim at exploring sPEP functions by studying their interactions. First, interfaces of interactions 

(domains and SLiMs) provide information about the molecular functions of the proteins that harbor them. 

Indeed, interfaces may mediate interactions with other proteins that notably allow them to take part in 

complexes or pathways, to be addressed to certain subcellular compartments or to be submitted to post-

translational modifications. Hence, we investigated the most commonly used interfaces on sPEPs to 

predict their putative functions. 



7	
	

Fig. 1: From sPEPs to function. (A) 10475 sPEPs sequences identified in monocytes have been collected 

from MetamORF and (B) 11417 canonical proteins sequences expressed in monocytes have been 

collected from UniProtKB. (C) After clustering of the sPEP sequences using CD-Hit, 4521 representative 

sequences of sPEPs are kept. (D-F) 49613 binary sPEP-canonical proteins interactions have been inferred 

using the mimicINT workflow. (G) A system approach has finally been used to explore the functions to 

which sPEPs participate. 

2.1- Most of the interaction interfaces on sPEPs are SLiMs related to housekeeping 

regulatory functions 

We predicted 82714 SLiM-domain and domain-domain interactions corresponding to 49613 binary 

interactions between unique sPEPs and canonical proteins (Table 1). Moreover, a total of 7114 interfaces 

among which 7086 SLiMs and 28 domains have been identified on sPEPs (Table 2). In accordance with the 
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presence of multiple SLiMs on sPEPs, sPEP-protein interactions are mainly mediated by SLiMs. Indeed, 

SLiM occurrences constituted 99% of the interfaces of interactions harbored by sPEPs (7086/7114), leading 

to 95% of the predicted interactions (78776/82714), SLiM-domain interactions. Some sPEPs contain 

several SLiMs. Whereas 99% (1799/1816) of the sPEPs harbor at least one SLiM able to mediate 

interactions with canonical proteins, 77% of the sPEPs harbor between 1 and 3 of those. Domains 

correspond to 0,4% (28/7114) of the interaction interfaces on sPEPs. Overall, only 1% of the sPEPs contains 

domains able to mediate interactions (17/1816) with canonical proteins through 15 different domain-

domain interaction templates. They account for 5% (3938/82714) of interactions between sPEPs and 

canonical proteins. 

 

Tab. 2 : Counts of domain and SLiM occurrences in sPEPs and Canonical Proteins 

Out of the six SLiM motif types defined in the ELM database (21) — ligand-binding sites (LIG), docking sites 

(DOC), subcellular targeting sites (TRG), post-translational modification sites (MOD), proteolytic cleavage 

sites (CLV) and degradation sites (DEG) —, the MOD class is preferentially used by the sPEPs to interact 

with canonical proteins (48%) whilst the DEG one is the less encountered (5%). This distribution differs 

from the one observed among canonical proteins, where the LIG and the CLV classes are the most and the 

fewest used, respectively (Fig. 2).  

Canonical Proteins 
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Fig. 2 : SLiM classes harbored by sPEPs. For each SLiM class type, the count of occurrences has been 

computed (A), as well as the count of occurrences for each individual SLiM class (B). This distribution 

differs from the count of occurrence for SLiMs class types observed in canonical proteins according to the 

ELM database (only the true positive SLiM instances were analyzed) (C).  

As the ELM classes of SLiMs most commonly used to mediate interactions with canonical proteins are likely 

to provide insight about the biological processes in which the sPEPs are involved, we first only considered 

the 10 most commonly used ones. These classes are involved in cell cycle regulation, DNA repair, signaling, 

transport, transcriptional regulation and protein metabolism (Table 3) whereas the 15 interacting domains 

contained in sPEPs are mainly related to immunological responses, protein targeting, transcriptional 

C	
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regulation and signaling (Table 4). Therefore, the analysis of the interaction interfaces comforts the 

hypothesis that sPEPs may be involved in signaling and in specific functions of monocytes, such as 

immunological responses. These findings are in line with our current knowledge of sPEP involvement 

notably in signaling and antigen presentation in eukaryotes (2,5,8,13,14).  

 

Tab. 3 : Top 10 SLiM classes based on occurrence counts in sPEPs 
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Tab. 4 : Domains in sPEPs 

2.2- The interacting partners of sPEPs inform on sPEPs ‘functions.   

To strengthen our hypotheses, we next investigated the biological process(es) in which the canonical 

proteins interacting with sPEPs are involved. To address this question, we  looked for GO term, KEGG and 

Reactome pathway statistical enrichments among the annotations of the canonical proteins interacting 

with at least one sPEP.  

First, SLiMs’ interactors are significantly enriched in 1794 GO:BP terms (Fig. 3A-B), most of  which are 

related with anatomical structure development (24% of the GO terms, including anatomical structure 

morphogenesis, multicellular organism development, cell morphogenesis, vasculature development, 
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nervous system development, etc.), immune system (immune response, inflammatory response, response 

to cytokine, leukocyte activation, etc.) and signaling (signaling, cell communication, intracellular signal 

transduction, regulation of signal transduction, etc.)  

 

Fig. 3 : Representation of the functional enrichment of SLiMs’ interactors. (A) Representation of the 30 

most enriched GO:BP terms and (B) percentage of GO:BP enriched terms according to GO slim terms. (D) 

Representation of the 30 most enriched Reactome terms and (C) percentage of Reactome terms enriched 

according to their root terms. 

 

Domains’interactors are significantly enriched in 2476 GO:BP terms (Fig. 4A-B) mainly related to the same 

categories. The most statistically enriched functions of proteins interacting with both types of interfaces 

are related to phosphorylation and phosphorus metabolism (protein phosphorylation, phosphate-

containing compound metabolic process, phosphorus metabolic process, protein autophosphorylation, 

etc.) This link with signal transduction is confirmed by the strong enrichment of both interactor types 

among Reactome signaling pathways (Fig.3C-D, Fig.4C-D, more than 31% among which signal transduction, 

signaling by VEGF, GPCR downstream signaling, signaling by Rho GTPases for the SLiMs’ interactors and 
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signal transduction, signaling by GPCR, Signaling by Interleukins and Signaling by Receptor Tyrosine Kinases 

for domains’ interactors). Immune system and disease related terms are also enriched. 

 

Fig. 4 : Representation of the functional enrichment of domains’ interactors. (A) Representation of the 

30 most enriched GO:BP terms and (B) percentage of GO:BP enriched terms according to GO slim terms. 

(D) Representation of the 30 most enriched Reactome terms and (C) percentage of Reactome categories 

enriched. 

3- sPEPs are major regulatory peptides 

Proteins involved in the same complexes or metabolic pathways are known to cluster in the canonical PPI 

network, and the topology of the PPI network has been successfully exploited in the past to perform 

assignment of cellular functions to uncharacterized proteins (17). Consequently, our second objective was 

to take advantage of the sPEP-protein interaction to predict sPEP functions by including those in the 

human PPI network. Then, we identified overlapping clusters in the merged network using our algorithm 

OCG (28) (see Methods).  
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Fig. 5 : Annotations of all network clusters containing at least one sPEP (A) according to the majority 

rule ≥ 50%, (B) with terms statistically over-represented (corrected pvalue ≤ 10-5). Each compartment is 

representing the proportion of clusters annotated to this term and its child terms. 
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Fig. 6 : Example of cluster statistically enriched in sPEPs. Cluster 302 contains 84 proteins among which 

48 are sORFs (corrected p-val 2,38.10-16). Purple nodes = sORFs; dark pink nodes = first neighbors; light 

pink = second neighbors. This cluster has been annotated with a majority rule ≥ 50%, the functions 

inferred to the proteins of this cluster are localization, cellular localization,  transport, establishment of 

localization, signal transduction, positive regulation of cellular process, cellular component organization, 

positive regulation of biological process, response to stimulus, cellular component organization or 

biogenesis, negative regulation of biological process, regulation of biosynthetic process, regulation of 

macromolecule metabolic process and regulation of metabolic process. None of these terms are 

statistically enriched. 

Clusters are then annotated with the Biological Process (GO:BP) terms either designating at least half of 

the canonical proteins of the cluster (majority rule) or with statistically over-represented GO:BP terms 

among those annotating the annotated cluster proteins (Fig.5). Among the 368 clusters composing the 

network, 201 (i.e. 54%) contain at least one sPEP and their size varies from 7 to 970 proteins per cluster 

(Fig.S1). These clusters are mainly annotated to metabolic and signaling functions, regulation of different 

cellular processes and localization/transport related functions (Fig. 5). Only 6 clusters of very large size 
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(containing from 84 to 826 proteins), annotated to terms related to signaling, localization and metabolism, 

are statistically enriched in sPEPs (e.g. Fig. 6). Cluster annotations are then transferred to the sPEPs they 

contain. By doing so, we predicted the function(s) of the 1816 sPEPs contained in the network (Fig.7).  As 

clusters are annotated with several GO:BP terms, sPEPs are multi-annotated as well (39 terms/sPEP on 

average). The annotation using GO:BP terms are in accordance with the annotation using Reactome terms. 

For example, the cluster 81 has been annotated with both GO:BP and Reactome terms related to RNA 

metabolic process (nucleic acid metabolic process/transcription initiation at RNA polymerase II promoter 

for GO:BP and RNA Polymerase II Pre-transcription Events/RNA Polymerase II Transcription 

Initiation/mRNA Splicing - Major Pathway for Reactome). It is to note that although numerous, these terms 

describe related functions for a single sPEP. From the distribution of the terms annotating all the sPEPs 

(Fig.7), 50% of the inferred terms relate to metabolism, 30% to the regulation of different cellular 

processes, 15% to signaling and 3% to transport/localization. A vast majority of sPEPs has been annotated 

with such general terms (1714 sPEPs are annotated with ‘primary metabolic process’, 1647 with ‘positive 

regulation of metabolic process’, 837 with ‘intracellular signal transduction’ and 544 with ‘vesicle 

mediated pathway’), but looking at the exact terms inferred to our sPEPs allows getting a more precise 

knowledge of their specific functions (Fig.S2). Strikingly, the diversity of the regulation in which sPEPs are 

predicted to be involved suggests they are major regulatory peptides.  

 

https://reactome.org/content/detail/R-HSA-674695
https://reactome.org/content/detail/R-HSA-75953
https://reactome.org/content/detail/R-HSA-75953
https://reactome.org/content/detail/R-HSA-72163
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Fig. 7 : Inferred sPEP functions. Percentages in the pie slices < 2% are not shown. Functions are ordered in 

the legend horizontally in a decreasing order.  

Discussion  

To our knowledge, this study is the first to present a network of sPEP-canonical proteins interactions in H. 

sapiens as well as GO term annotations for human sPEPs at a large-scale. We first looked at the domain 

and SLiM usage by the sPEPs and noticed that most of the short linear motifs and domains mediating 

interactions are involved in several fundamental regulatory functions, such as metabolism, signaling or 

immunology processes. Then, we investigated the topology of the sPEP-canonical protein interaction 

network to propose sPEP annotations based on cluster identification. This allowed us to annotate most of 

the sPEPs with GO:BP terms related to metabolic processes, regulation of different processes, signal 

transduction and localization. Overall, our results suggest that most of the sPEPs are likely to be involved 

in biological processes both central to the cell and related to specialized biological functions such as 

immunological responses. 

However, this study has been performed exclusively on human monocyte data, and our findings have been 

discussed in the scope of this particular species and cell type. It should be noticed that the list of sPEPs in 

monocytes has been inferred from the list of sORFs identified by ribosome profiling methods. Hence, as it 

has been previously highlighted, some of them may not be translated as stable and functional peptides 

under normal conditions because the ribosome occupancy is not necessarily associated with an effective 

translation of a functional protein (12,35).  

The interactions of sPEPs with canonical proteins have been inferred by a computational method that is 

based on the detection of interface interaction. This method, based on mimicINT has the great advantage 

to provide a comprehensive inference of putative sPEP-canonical protein interactions based solely on 

amino acid sequences. This is of particular interest as experimental data are missing about sPEP biophysical 

properties (e.g. profiles of hydrophobicity) and structures. However, it should be noticed that this method 

does not consider the subcellular location of canonical proteins and sPEPs nor the accessibility of the 

interaction interfaces for the interactors, making it prone to over-estimation of interactions. During the 

course of this study, the first dataset of experimentally determined interactions of sPEPs has been released 

(16). Although this could have allowed us to assess the quality of our predictions, the absence of common 

sPEPs between the two datasets (60 vs. 1816 sPEPs) hinders any comparison. A future development of the 

project in which the interactomes of sPEPs translated in other tissues are investigated should allowed us 
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to reach this goal.  

Overall, our findings on the function of the sPEPs underline their importance for the regulation of cellular 

processes. Indeed sPEPs, although overlooked so far, should now be considered as novel major regulation 

actors.  

Availability and Implementation 

Third party softwares and data are available on the editor’s website or using the links provided by the 

authors in the original publications. The scripts used in this study are available on GitHub 

(https://github.com/TAGC-NetworkBiology/InteractORF).  
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Supplementary figures: 

 

Fig. S1 : Distribution of cluster size. Size of the 201 clusters containing at least one sPEP, ranging from 7 

up to 970 proteins . 
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Fig. S2 : Percentage of exact terms inferred to sPEPs. Percentage and count of sPEPs annotated with 

terms corresponding to the parent terms “regulation of metabolic process (A)” and “protein 

phosphorylation” (B). The percentage of sPEPs annotated with the function are represented in the x axis, 

and count of sPEPs annotated for each child term is shown overlapping with the bar.  


