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Abstract

Conventionally, eukaryotic messenger ribonucleic acid (mRNAs) were thought to be
monocistronic, leading to the translation of a single protein. However, large-scale proteomics
has led to a massive identification of proteins translated from alternative open reading frame
(AItORFs) in mRNAs. AltORFs are find in addition to predicted reference ORF (RefORF) or
from non-coding RNA (ncRNAs). AltProts are not represented in the conventional protein
databases and this “Ghost proteome” was not considered until recently. Some of these
proteins are functional and there is growing evidence that they are involved in central
functions in physiological and physiopathological context. Here, we review how this ghost
proteome fills the gap in our understanding of signaling pathways, establishes new markers of
pathologies and highlights therapeutic targets.
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The hidden side of the eukaryotes protein landscape

Proteins are key players of cell regulation and modern Mass Spectrometry (MS) offers
the access to their large-scale identification; though large-scale proteomic strategies rely on
the comparison of experimental MS data to theoretical prediction through protein database
interrogation. Therefore, since the mid 80’s, there has been a tremendous effort from the
scientific community to provide reliable protein databases [1-3]. Most proteins included in
databases are predicted from gene annotations according to well established rules. By
convention, for eukaryotes, unlike prokaryotes, annotations only consider genes or transcripts
with ORFs longer than 100 codons, shorter products are disregarded as being noncoding
RNAs (ncRNAs). Moreover, only a single ORF per coding gene or coding transcript, referred
as the reference ORF (RefORF), is considered, since eukaryotes are known to be
monocistronic (see Glossary) [4,5]. However, it was demonstrated that a significant number
of proteins take their origins from alternative ORF (AItORFs) and were missing from
databases, making them invisible to the scientific community for a long time [6,7]. Most
importantly, these unknown products from AItORF, have been shown to be functionally
active. Because they are from different mechanisms and originate from differently classified
RNAs, we will use the term Alternative Proteins (AltProts) regardless of their origin and
amino acids length (see Box 1) [8]. This missing part of the proteome, called the Ghost
proteome, is the hidden part of the iceberg. This review will be devoted to these Ghost
proteins; reviewing their origin, the approaches used for their identification and to unveil their
functions, and the impact they have on the biochemical landscape of the cell, including the
pathophysiological functions.

Origin of the Ghost proteome
The monocistronic mRNA dogma

In eukaryotes, mRNAs carry the genetic information that is translated by ribosomes into
protein. Briefly, the main steps of translation are i) the formation of the 43S preinitiation
complex, i1) preparation of the mRNA and iii) RNA scanning and the association of the
ribosome subunits (Figure 1A). These steps are subjected to regulations, like inhibition by
protein binding RNA or activation by stimulation of the initiation, resulting in the
modification of the protein expression. Regulation can also be affected by modifications of
the translation actors (e.g. hydrolysis of elF2, phosphorylation of eIF4E or elF1, 3 or 5), of
the mRNA due to the binding of other proteins at the 5' UTR region causing inaccessibility of
the 43S ribosome. But also, to the micro-RNA binding and blocking the accessibility of
mRNA regions to the translation factors [9]. Despite knowledge of these regulation
mechanisms, eukaryotic mRNA has always been considered as monocistronic, leading to the
translation of a single protein named RefProt. An important amount of work aiming to predict
protein sequences was performed by Dr. M. Kozak to understand which sequence is translated
into a protein. This work has led Kozak to introduce a scanning model for translation in 1992
[4,5,10], where the ribosome is moving along the mRNA sequence from the 5° down to the 3’
UTR. In this model, the first “AUG” start codon read is generally the one to initiate
translation. Kozak was describing a strong context favoring the initiation of the translation
[11], such as the sequence “gccPccAUGG” in which the capital letters are highly conserved, P
being a purine (most frequently an adenosine). The strong and weak context described by
Kozak explain the possible translation from other codons than the first “AUG” through
alternative mechanisms of translation notably by reinitiation or leaky scanning [4]. This
model has served as structure for the creation of the first protein database, with the
UniProtKB/Swiss-Prot database following the same rules for translation. According to these
rules, the coding DNA sequence (CDS) region is the longest nucleotide sequence flanked on
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each side by a start and a stop codon. CDS defines the RefORF which is translated into the
RefProt.

Existence of mechanisms leading to more than one protein from a single gene is an
evolutionary sign that is already established in Bacteria, Archaea, and Viruses. In viruses,
multiplicity of AUG initiation sites for translation in the RNA lead to express several proteins
in a well-coordinated manner [12]. In eukaryotes, genes which possess multiple initiation site
have already been described [13]. They are mostly proteins involved in regulation, such as
translation factors, proto-oncogenes, hormone receptors, growth factors, inflammatory
mediators, and proteins involved in signal transmission [14—16]. Despite these mechanisms
are now considered by prediction algorithms for building databases (e.g. TrTEMBL) [17] and
identify new proteins including their mechanisms; a large part of the proteome has still
remained unreferenced.

Non-coding RNAs translates into Ghost proteins

If translation is highly complex, the transcriptional landscape of organisms is as complex.
Majority of DNA genomic sequences are transcribed into RNA sequences which are
classified between protein-coding RNAs and ncRNAs [18]. Among ncRNAs, the RNA
transcripts >200 nucleic acids are called long non-coding RNAs (IncRNAs). They were
believed to be molecular relics from the last universal common ancestor of the RNA world
and considered as nonfunctional nucleic acid sequences. However, ncRNAs are conserved
across most of the cellular life and it was shown that ncRNAs have a vital importance in cells.
Although not allowing the translation of proteins, they were demonstrated to be almost
uniquely involved in the regulation of the information flow from DNA to protein [19,20].
ncRNAs have been shown to play on epigenetic regulation by modulating the accessibility of
chromatin by polymerase, on histone methylation [21], and on transcriptome regulation to
control protein expression. But they have also been demonstrated to exert other functions,
such as assembling an IncRNA with the RNA-binding protein, TLS [22], as a cofactor
modulating transcription factors. Involved in, the protein expression [23] or influencing the
choice of RNA polymerase II binding site [24]. Finally, IncRNAs also enable post-
transcriptional regulation, as described in ZEB2. The fixation of an LncRNA at the 5' UTR
region of RNA causes a modification in the RNA splicing with preservation of the fixation
site to the ribosome leading to the production of ZEB2 [25]. Interestingly, ZEB2 expression is
subjected to several regulations by IncRNAs, including i.e. SPRY4-IT1 [26], LINC00461
[27], HOTAIRMI [28]. Function of these IncRNAs is also associated with pathophysiological
mechanisms. For example, IncRNA imatinib-upregulated (IncRNA-IUR) is described as a
tumor suppressor which inhibits STATS-CD71 signaling pathway [29].

However, it has recently been shown that some of these RNAs considered in first place as
non-coding, are translated into proteins [30,31]. Ribosome profiling experiments have shown
that ribosomes are able to bind and translate ncRNAs [32—34]. These additional functions of
ncRNAs have pushed forwards the development of new databases, including additional
protein sequences translated from ncRNA and IncRNA, and has contributed to the emergence
of a new field of research, the proteogenomics. Moreover, peptides and proteins encoded by
ncRNAs (HOXB-AS3, encoded by IncRNA; FBXW7-185aa, PINT-87aa, and SHPRH-146aa,
encoded by circular RNA; and miPEP-200a and miPEP-200b, encoded by primary miRNAs)
have been shown to be critical players in cancer development and progression, affecting the
altered regulation of glucose metabolism, the epithelial-to-mesenchymal transition (EMT),
and the ubiquitination pathway [35]. Thus, clearly establishing the role and function of the
proteins translated from ncRNAs in the physiological and physiopathological context can be
considered as the novel challenge in clinical and research areas, a major effort is necessary to
achieve this goal.
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AltORFs in mRNA translate into Ghost proteins

The second origin of AltProts is from the translation of AItORFs from mature mRNA
which translate a RefProt. Alternative translation mechanisms were already foreseen from the
work of Kozak, but these were considered then as minor events by comparison to the
translation of RefProt. Nevertheless, translation products from the non-coding 5° and 3’ UTR,
overlapping between CDS and 5’ or 3’ UTR or reading frame shifts of one or two nucleotides
according to the reference CDS (referred as CDS +2 or +3, CDS +1 being the reference CDS)
are observed (Figure 1B, 1C). For example, AItMRV 11 protein is located at the 3' UTR of
the mRNA translated from the MRVI1 gene. AItMRVI1EST? was cloned and transfected into
HeLa cells. AItMRVIIFS™ was found to be localized in the nucleus [36] when MRVII is
cytoplasmic, reflecting that AItMRVII1 is not a proteoform of MRVII, but represents a
completely different sequence to MRVI1. Furthermore, these proteins may represent sequence
homologies with other RefProts issued from another mRNA or even ncRNA (Figure 1D).
AltMRVII, presents a sequence homology with BRCAI1 interacting protein 3 (BRCA1-1P3)
[37] and was demonstrated to interact with BRCA1. AItMRVII1 is, therefore, possibly a novel
BRCALI interacting partner that was already identified by yeast two hybrid, but mistakenly
rejected as a false positive hit [38].

Ghost proteins: from identification to function
Approaches to AltProt Detection

MS-based proteomic strategies have so far demonstrated to be the most efficient
approach to reach massive identification of the Ghost proteome if using a suitable databases,
containing predicted sequence of AltProts. Most conventionally, non-targeted large-scale
proteomic approaches are performed by bottom-up. The usually used bottom-up shotgun
approaches which involve trypsin digestion of all proteins can be limited for smallest AltProts
which do not always present enzymatic cleavage sites and other limitations like the ion charge
state of peptides avoiding the identification [39]. This often limits the identification of
AltProts because proteins identified on a single peptide match are normally not considered to
be of confidence in standard proteomic processing workflow. Using large databases including
AltProts have also shown to push the currently used algorithms for protein identification to
their limit, in term of FDR calculation and potential false positive identification and
redundancy in some peptide sequence based on the AltProt/RefProt homology. Those have
been established for a few tens thousands of proteins included in databases but not for
hundred thousand ones. It is foreseen that considering AltProts in future studies can push
forwards the development of new bio-informatic solutions. Another central aspect of AltProt
identification is the sample preparation. Optimized sample preparation protocols, adapted
from peptides extraction, using MeOH or boiling water have shown to increase by 30% the
number of identified AltProts [40—-42]. Top-down proteomics, is another efficient strategy for
identifying small proteins such as AltProts. From ovarian cancer tissues, spatially-resolved
Top-down proteomics led to identify 15 AltProts which were then back-correlated to the
MALDI-MS imaging [43].
Ribosome profiling is an alternative approach to proteomics that was used by different groups
to unveil AltProts. Nicholas T.Ingolia and coworkers have used ribosome profiling to
demonstrate that noncoding regions of mRNA and also 90% of ncRNA have translation sites
capable of producing proteins [33]. Combining Ribosome profiling analysis to the prediction
of ribosome binding sites on mRNA, enables to define a score of similarity between
prediction and observation, named ‘“Fragment Length organization similarity score”




197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

(FLOSS) [33]. The measurement of this score gives additional weight to the probability of
protein production in noncoding regions as well as in ncRNAs.

Unravelling the functions of Ghost Proteins

Identification of AltProts has revealed a new face of proteomics, challenging the one-
gene one-protein dogma. However, although many of previous studies (see Box2) have shown
the identification of translation sites and AltProts, in mammalian cell lines (HEK, HeLa,
NCHS82) and tissues (ovarian cancer, glioma, rat spinal cord), and even in extracellular
vesicles [44], their functions remain largely under-investigated. As a start, predictions based
on AltProt sequences can be achieved. Using homologies found between AltProts and
RefProts, domains, families, specific sites, or motif can be identified. This way, more than
~15,000 AltProts were identified with a transmembrane domain or in secreted forms [8]
supporting the idea that AltProts are involved in the cellular communication. Domains
research via InterProScan [45] and Gene Ontology (GO), makes possible to highlight
involvement of AltProts in signaling pathways, nucleic acid or protein metabolism, transport
or cell organization. Targeted studies, based on screening by CRISPR-Cas9, showed that
more than 2,350 AItORFs are involved in modification of cell phenotype. Specifically, co-
immunoprecipitation (co-IP) interactome of six IncRNAs has revealed, to name but one, that
AltProt derived from IncRNA RP11_469A15.2, is involved in cytochrome C oxidase (COX)
complex in the mitochondria [46]. Another way to explore AltProt functions is to search for
their RefProt interaction partners [46] and then use this protein-protein interaction (PPI) to
place them back into the signaling pathways. This strategy was experimented, first, by re-
interrogating publicly available data of cross-linking MS (XL-MS) performed form the nuclei
of HeLa cells [47,48]. Among the 1,679 cross-link interactions identified, 292 were shown to
involve AltProts. 44 of these AltProts were found to interact with 7 RefProts related to
ribonucleoproteins, ribosome subunits and zinc finger protein network. Among these AltProts
identified the heterotrimer between the RE/poly(U)-binding/degradation factor 1 (AUF1), the
Ribosomal protein 10 (RPL10) and AItATAD2 has been more deeply investigated. Docking
models suggest the attachment of AUF1 on the external part of RPL10 and the interaction of
AItATAD2 on the RPL10 region interacting with 5S ribosomal RNA as a mechanism of
regulation of the ribosome [48]. More recently, new interactome studies by XL-MS,
conducted on glioma cell lines in the context of cell transition [49]. have pointed out the
involvement of AltProts with the ribosome confirming previous observations [48], where
AItTRNAUI1AP, AItEPHAS and AItMAP2 are found in interaction with TPM4 protein [49].
Some of the identified AltProts and their function are listed in Supplementary Table 1. This
demonstrates that AltProts are largely involved in replication and translation modulation but
also in mitochondria, cell signaling and cell motility through cytoskeleton.

Ghost proteins and their function in physiological and physiopathological mechanisms
AltProt regulation dynamics

As of yet, only very few antibodies have been raised against AltProts for their detection,
hence limiting deep functional analysis of specific AltProt candidates. Large-scale analytical
pipelines such as above-mentioned XIL-MS have shown to be very useful to gather wealth of
information at global level on AltProt functions. Considering that AltProt average size is ~57
amino acid [36,50], some assumptions can be made based on their size and the dynamics of
their production. For example, AItTRP1 from CDS+3 or AItBING-4 from CDS+2 are
described to serve as “cryptic T-cell epitopes” which is of particular importance during
thymal selection of T lymphocytes, leading to selection of lymphocytes with antiviral or
antitumor activities [51]. Interestingly, it was shown, by studying the abundance of AltProts
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and their associated RefProts, that AltProt regulation can be independent from that of the
RefProt issued from same mRNA. For example, the main MIEF translational product is not
the canonical 463 amino acid MID51 protein but the small 70 amino acid alternative MID51
protein (AItMIDS51) which is 2-fold more abundant than MIDS51 [37] though AItMIDS1
appears to have a shorter lifetime. The re-analysis of data [49] assessing control cells vs. cells
under phenotypic transition upon Forskolin treatment (a protein kinase A activator inducing
cell differentiation and EMT), indicates major abundance variations between AltProts and
RefProts from same mRNA. For AItANKZF1 and AItVPS52 (Figure 2), AItANKZF1 is
found to be 10-fold more abundant than ANKZF1 in the control; however, after Forskolin
stimulation, there is an increase of ANKZF1 which reaches then to the same abundance as
AItANKZF1. Similar trend is observed with AItVPS52 and VPS52. In the control, AItVPS52
is 10-fold more abundant than VPS52 and after Forskolin treatment, AItVPS52 level remains
higher than that of VPS52. This reflects the dynamic of AltProt expression, suggesting their
potential implication in different signaling pathways. However, considering size similarities
between AltProts with a mean length of 50 amino acids and polypeptides or neuropeptides
typically 3 to 100 amino acids [52] (like the neuropeptide Y of 36 amino acids [53]) ; it can be
speculate that AltProts can show similar functions to these peptides. For example, it is well
known that snake, spider and Conus venoms contain venom peptides which are known to
interact with receptors such as nicotinic acetylcholine receptors and can interfere with
cholinergic transmission or have an impact on cardiac myocyte [54]. Neuropeptides also
present a comparable size than some of AltProts. Hence, it is conceivable that among other
functions, AltProts could be linked to the activation of orphan receptors.

AltProts in physiopathological mechanisms

AltProts have been described in various pathological contexts among which cancer
(Figure 3). In ovarian cancer, 15 AltProts have been highlighted, including 4 derived from
tumor region in ovarian cancer: AItCMBL, AItGNLI1, AltRP11-576E20.1, AItCSNKI1AI1L
[43]. In breast cancer, AltProt CASIMOI1, derived from an IncRNA, is described as an
oncogene involved in MAPK activation signaling pathway [55]. AI—REDARADD which is now
annotated by UniProt (accession number LOR849), is shown to be with a high level of
expression and associate with a poor prognosis for patients suffering from high grade serous
ovarian cancer [40]. In esophageal cancer, IncRNA LINCO00278 is described to promote the
expression of the YYIBM AltProt [56]. Some AltProts have been as well described in the
activation of the EMT [49,57]. AltProt designated as Humanin (HN) polypeptide, was found
in Alzheimer disease as a suppressor of genes involved in neuronal death [58]. These
evidences demonstrate that in many cases, AltProts are acting in regulation, playing for
example on translation of RNAs and therefore regulating gene expression (Figure 4.A).
AltProts are involved in mechanisms that were thought to be well understood, though
apparently one piece of the puzzle was missing. Cancer development is often driven by gene
mutations; among others mutations in P53 or BRCA1/BRCA?2 RefProts are well known. It is
very likely, though not yet demonstrated, that mutations on AltProts are also driving some
pathologies (Figure 4.B). AItGNL1 which results from a shift in the ORF of the mRNA
(nucleic acids 1487-1679) coding for RefProt GNLI1 is an excellent example. The COSMIC
database [59], which references the mutations of various cancers, describes 15 mutations in
the region of the mRNA coding both for GNL1 and AItGNL1. Among the 15 mutations
expected for AItGNLI1; 12 will modify an amino acid of the protein (Supplementary Table
2). The main one, which is a mutation of the nucleic acid 1646 (C>T, COSMS8898738)
impacts GNL1 by changing A>V. For AItGNLI, this mutation leads to the appearance of a
premature stop codon. Thus, upon the effect of this mutation, AItGNL1 (64 amino acids)
translates into a truncated proteoform of 53 amino acids, accordingly to the observations of
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mRNA expression in endometrium carcinoma. Such modifications can significantly change
their response and the cell phenotype. Therefore, tracking for mutations by co-analyses of
non-coding regions of mMRNA by RNA-seq together with AltProts identification will open the
door into new target in cancer induced by mutation.

Concluding Remarks

As a result of the rules defining the translation to predict proteins in eukaryotes, the entire
Ghost proteome has until recently, remained unknown. MS-based large-scale analysis and
identification of ribosome binding sites on RNA by ribosome profiling has revealed its
existence. It is now clear that, as in prokaryotes, eukaryote genes are polycistronic. This idea
challenges the paradigm in the view of proteomics, transcriptomics and genetics; though, not
radically a new idea since Kozak had already described this principle in 1999 [5]. The
polycistronic nature of RNA limits the necessary material for synthesizing proteins, hence the
production of AltProt is probably an evolutionary sign already carried out by bacteria [60],
plants [61] and even some insects [62]. However, this “Lost World” of proteins remains to be
thoroughly explored and might help explaining mechanisms that are still poorly understood.
For example, one could hypothesize that AltProts are ligands of orphan receptors. But
validating such an assumption will require functional analysis and unveiling the function of
AltProts is definitely the next challenge. The ability of AltProts to present post-translational
modifications [8] and mutations, establish protein-protein interactions [63], be active player in
cellular communication. This can be through by extra cellular vesicle release and bind to
membranes or cytoskeleton, demonstrates that they share a similar diversity and complexity in
their functions than RefProts. Global large-scale analyses is one way to rapidly predict
AltProts function by identifying domains and finding their interaction partners. However,
studies have only yet lifted the veil on this new world of proteins and there are still many
opened questions to be answered (see “Outstanding Questions”) and future challenges
ahead. Among others the role of AltProts in physiological and pathophysiological
mechanisms is one [64]. Another is to grasp knowledge about AltProt mutations in relation to
pathologies. Moreover, it is clear that AltProts can potentially interfere with inhibitors of
RefProt drug targets which would explain limited efficiency of certain drugs. Further,
potentiality of a part of the Ghost proteome to act as a rescue system for cell is a reasonable
assumption and something to be investigated. Finally, presence of a subset of mRNA products
also rises questions on the strategies developed to target protein expression at DNA level. In
particular, CRISPR-Cas9 technology shows a high frequency of off-target activity (=50%)
[65,66] which is a major concern to therapeutic and clinical applications [67]. In light of
alternative translation mechanisms, such off-targets can lead to the presence of several
AltProts with various specific biological functions. The downstream impact of releasing such
sub-products is unknown and might induces aberrant mechanisms and an opposite effect. In a
nutshell, by unlocking the Ghost proteome, researchers have opened the Pandora’s Box.
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Glossary

43S ribosome: The preinitiation complex (43S PIC) is a ribonucleoprotein complex that
exists during an early step of the translation. The formation of the 43s ribosome complex
arises from the recycling of the small ribosome 40S ribosomal subunit bound by the initiation
factors (eIF): elF1, elF3 and eIF1A. This is followed by the docking of eIF5 and elF2, itself
transporting the tRNA-MET, allowing the recognition of the START codon and the binding
of the first amino acid (methionine).

Bottom-up: Bottom-up is the most used large-scale proteomic approach for the identification
and relative quantification of proteins in a single experiment. It involves a digestion of the
proteins using one (generally trypsin) or several enzymes (e.g. LysC/trypsin) and the MS
identification of the proteins through measuring their digestion peptides.

Bottom-up shotgun: Shotgun is a sub-type of bottom-up approaches where the digestion of
all proteins together is performed after the extraction; the tryptic peptides being further
analyzed by LC-MS. In shotgun the protein identification is solely based on the molecular
weight of the peptides and the structural information collected in tandem MS spectra after gas
phase fragmentation of the ions.

Darkome: The Darkome designates transcripts, proteins and metabolites that are missing
annotation in the databases. For example, the AltProts and their transcripts showing mutations
that could be pathology drivers, such as for cancer, as still missing annotation. Indeed,
mutations which are considered as silent mutations because not in the region of the transcript
sequence related to the RefProt translation could be non-silencing for the AltProts.
Altogether, the Darkome represents still hundred thousand of unknown products.

Fragment Length Organization Similarity Score (FLOSS): The FLOSS is defined as,

34
05% > F(D) = frep (D
1=26

where f(I) is the fraction of reads of length 1 in the transcript histogram and frr(I) is the
corresponding fraction in the reference histogram (raw count excluding gene overlap and
noncoding).

Gene Ontology (GO): The GO is the largest world knowledgebase source of information,
across all species, on the functions of genes that is both human-readable and machine-
readable.

InterProScan: InterProScan is a free software that provides functional analysis of proteins by
classifying them into families and predicting domains and important sites. It uses predictive
models and kown signatures from several different databases from the InterPro consortium.
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Monocistronic: refers to the ability of an mRNA to be translated into a single protein chain.
Eukaryotes are considered monocistronic.

Reinitiation and leaky scanning: These are 2 mechanisms explaining the translation of
AItORFs. The reinitiation mechanism is due to the formation of the 80S ribosome upstream of
the most likely AUG site. This small region, formerly called upstream ORF (upORF) is
described as not exceeding 30 codons, if its length is greater (more than 120 codons) it no
longer allows linking with the main ORF. The upORF region allows the regulation of the
transcription of the downstream protein (RefProt), however the role of the small protein is
generally attributed to a non-functional peptide. The leaky scanning allows to pass the rule of
the first codon “AUG”. The second or third Start codon will then be used. The mechanism is
due to the absence of an optimal initiation context. Indeed, if the Kozak context around the
AUG codon is not strong enough, the 40S subunit does not stop at the expected Start codon
and translates the following region.

TrEMBL: Translation of the EMBL (TrEMBL) is a large protein database in SwissProt
format generated by computer translation of all coding sequences in the EMBL Nucleotide
Sequence Database database, that are not in SWISS-PROT. Unlike SWISS-PROT, TrEMBL
entries are manually annotated.
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Text Boxes:

Box1: The Alternative Protein kingdom.

The alternative proteins terminology encompasses a large number of proteins issued from
alternative mechanisms (e.g. reinitiation and leaky scanning) and various origins (mRNA
and ncRNA). These translation products give rise to proteins (as experimentally evidenced)
which are in average of small size (<57 amino acids). Currently, there is a clear lack of
consensus regarding the terminology of this novel class of proteins in the literature, one
reason being the different approaches and angles by which they were initially studied by
different groups. Indeed, in the literature, they can be referred to as, short ORFs (sORFs)
originating i.e. SORF-Encoded Polypeptides (SEPs) [68], Small Proteins (smPROT) [69],
polypeptides [70] or AltProts [71]. Indeed, sORFs from the sORFs.org repository [72], are
described as ORF in the range of 10 to 100 codons, issued from ribosome profiling analysis,
therefore accepting other than AUG start codon, but not including shifts in the CDS. While,
AItORF coding AltProt are described as >30 codons, starting with an AUG codon but also
found in reading frame shifts [73]. In 2012, 17,096 AltProts sequences were predicted from
~31,422 mRNAs or 8,744 genes from the human genome and referenced as the “Human
alternative Open Reading Frame” (HaltORF) database [6]. In this initial database, 83% of
predicted AltProts were in the CDS+2 and 17% in the CDS+3 (CDS+1 corresponding to the
RefProt). However, this was only taking into account the reading offsets, without referencing
the predicted translation products in the 5°, 3 UTR regions or ncRNA. In 2019, all of the
predictions were included and are now available in the public "OpenProt" database [71]. It is
currently predicted ~450,000 proteins in human, without considering post-translational
modifications. AltProt prediction from other species such as mice, rat and zebrafish are also
now accessible in OpenProt. Because we wish to keep here the big picture on these novel
proteins independently of their length in amino acids or nucleotides, their origin (mRNA,
ncRNA) or their initiation by an AUG start codon, we prefer to refer to them as proteins
issued from alternative mechanisms to the RefProts, or as Alternative Proteins (AltProts).

Box2: History of the Ghost proteome evidence

Despite the general dogma on the monocistronic nature of eukaryotes mRNAs, it was already
demonstrated 20 years ago that mRNA as well as certain ncRNA could translate into several
proteins. Indeed, in 2000 the assessment of the ribosome profiling has led to prove the
capacity of the ribosome to bind on noncoding region of mRNAs and ncRNAs [32,33].
Before the advent of large-scale proteomics, few proteins issued from other ORFs than the
RefORF have been punctually discovered and identified such as id peptide [74], RPS21 [75],
AItATF4 [76] or BCL-2 [77]. Since protein databases used in large scale proteomic
approaches (e.g. UniprotKB [3] or NCBI [78]) are based on genomic annotations, which rule
out AltORFs and ncRNA, AltProts have been missing and hence, could not be identified
through MS-based proteomics. More recently, it was demonstrated that proteins issued from
AltORFs were far more common than initially expected. The first massive identification of
AltProts was obtained in 2011 at the protein level by shotgun proteomics using high-
resolution (HR) LC-MS. Surprisingly, large scale proteomic bottom-up experiments were
always showing more than 10% of tandem MS data remaining unmatched after protein
database interrogation. This has led to consider alternative translation mechanisms in the
protein predictions and to generate a first database of human AltProts (HaltORF) [6]; though
this was far from being complete. A total of 1,259 AltProts were initially identified by
shotgun proteomics from human cell lines, FFPE tissues and fluids, both from normal and
pathological samples [43]. These results have opened the door to several in silico studies to
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assess these AltProt databases, leading to the protein interrogation in large-scale proteomic
experiments and further evaluate their physiological and pathophysiological roles.

In the following years (Figure I), high-throughput genome and transcriptome sequencing was
used to validate an important number of SORFs and AltORF containing less than 100 codons
that were previously arbitrary considered as noncoding sequences. The translation of these
sORFs into peptides or small proteins (AltProts, microproteins, SEPs) was demonstrated by
different strategies such as ribosome profiling [70,79-81] and/or peptidomics coupled to
massively parallel RNA-seq [39]. This accumulating evidence both demonstrated by genome
annotation and protein translation, has largely questioned the validity of the gene-protein
dogma pushing forward the development of new databases including the AltProts as a
mandatory step for their identification in large-scale proteomic studies.
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Figure Legends:

Figure 1.

Scheme of AltProts expression regions. A) The conventional vision of the eukaryotic
protein translation: where the RefProt expression comes from the first START codon "AUG",
with a CDS framed by a 5°& 3’UTR region. B) The 5° & 3° UTR regions can also be the
location of the ribosome binding, allowing the translation of AltProt> VTR or AltProt® VR, C)
The ribosome can also shift of the reading frame with a fixation at +2 or +3 of the reference
START codon, thus allowing the translation of AltProt“PS*? or AltProt“®5*3, D) The last
AltProt translation source is ncRNA and IncRNA.

Figure 2.

Variation of the relative abundance (LFQ) of AltProt vs. RefProt associated with a same
mRNA. Each condition has been performed in triplicates A) AItANKZF1 vs. ANKZF1. The
RefProt ANKZF1 shows a lower relative abundance than its AltProt in the control condition,
while they show the same abundance under FRSK stimulation, meaning that FRSK
stimulation increase the level of ANKZF1 but does not influence AItANKZF1. B) AltVPS52
vs. VPS52. AltVPS52 has a higher abundance than the reference VPS52 but both protein
show the same regulation trend under FRSK stimulation.

Figure 3.

Pathophysiological implication and identification of AltProt. The Ghost proteome drives
different proteins involved in the development of cancer. AltProts are plotted back on cancer
hallmarks showing that already identified AltProt covers most of hallmarks (in blue circle)
and cancers (in red square).

Figure 4.

Proteins expression is multi-layered, involving genes, mRNAs, and allowing the translation
of RefProts and AltProts. A) The conventional representation admits the expression of a
single RefProt derived from an mRNA transcript itself derived from a DNA gene, however
the presence of AltProt is now proven. B) Genetic mutations impact the transcriptome. If
some mutations are silencing mutation to the RefProt they will impact region involved in
AltProts translation. The study of AltProt mutations in pathologies is a yet unexplored field
that could be highly beneficial and provide massive answers to pathophysiological
mechanisms.

Figure I.
The key events of the Ghost proteome timeline.
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