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Abstract
Short ORF-encoded peptides and small proteins in eukaryotes have been hiding in the
shadow of large proteins for a long time. Recently, improved identifications in MS-based
proteomics and ribosome profiling resulted in the detection of large numbers of small
proteins. The variety of functions of small proteins is also emerging. It seems to be the right
time to reflect on why small proteins remained invisible. In addition to the obvious technical
challenge of detecting small proteins, they were mostly forgotten from annotations and they
escaped detection because they were not sought. In this review, we identify conventions that
need to be revisited, including the assumption that mature mRNAs carry only one coding
sequence. The large-scale discovery of small proteins and of their functions will require
changing some paradigms and undertaking the annotation of ORFs that are still largely
perceived as irrelevant coding information compared to already annotated coding sequences.

Introduction
There is definitively some buzz around the largely unexplored territory of short ORFs,
generally defined as ORFs below 100 codons, and their translation products in prokaryotes
and in eukaryotes [1–13]. Here, we will focus our discussion on eukaryotes, mainly
mammals. Based on the weight of the size criterion in the way annotations are performed,
annotated coding ORFs or protein-coding sequences (CDSs) are virtually always the longest
ORFs within a coding gene or transcript [14,15]. Thus, unannotated ORFs within coding
genes and transcripts are obligatory shorter than CDSs, and although most of these ORFs are
shorter than the conventional 100 codons cut-off used to qualify as short ORFs, a fraction of
them are longer [16–20]. We previously used the terms alternative ORFs or altORFs for all
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unannotated ORFs because they require alternative initiation compared to canonical
translation initiation sites mapped to CDSs, a large fraction overlap annotated CDSs in an
alternative reading frame, and they may generate alternative translation products different
from annotated protein [16]. In this review, we extend our discussion to unannotated ORFs
and their translation products in general.
Unannotated ORFs are generally classified in different groups (figure 1). These ORFs,
particularly short ORFs, are disturbing. They violate some basic concepts in genome and
transcriptome annotations, including the conventional 100 codons cut-off used to identify
non-coding ORFs [14,15,21,22] and the one mature mRNA - one protein paradigm [23].
They have been hiding and remained undetected until large scale mapping of ribosome
occupancy using ribosome profiling exposed unexpected large numbers of translated ORFs
[24–31]. Many small proteins translated from ORFs have now been detected by MS-based
proteomics [29,32–34]. Although the physiological function of the majority of these novel
small proteins is not known, some have important functions in muscle contraction [35–37],
development [38,39] and signaling [40,41]. Finally, the field is recent and it is difficult to
predict the implications of the discovery of this new genetic information that has been hiding
in genomes.
Here, we mainly discuss some elements of the modern view of protein translation that are
definitively not compatible with the recent discoveries of small proteins, and we briefly
present some strategies that are used to improve the exploration of this new territory of the
proteomic world.
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Basic concepts and corollaries of the modern view of the protein coding information
Annotations of protein-coding genes have greatly contributed to the development and the
application of omics-based technologies in modern experimental biology and medicine. Each
annotated gene, CDS, transcript and protein has a specific entry in databases that are
routinely used for research, and these databases are indispensable in the emerging approach
of precision medicine. For example, protein databases are central to the success of MS-based
protein identification [42].Unfortunately, databases have a dark side; they limit the scope of
discoveries that can be made since any unannotated information cannot be detected in a
biological sample. Here, we highlight some general concepts in annotations, some of which
are clearly hampering the discovery of small proteins.
Coding and non-coding genes and transcripts
Several strategies are used for the annotation of coding sequences (CDSs), including CDS
identification based on known protein sequences and ab initio predictions of the most likely
CDS [43,44]. And typically, genes are annotated as coding or non-coding. For example, the
Ensembl human gene annotation (Genome Reference Consortium Human Build 38) contains
20,310 coding genes and 37,118 non-coding genes (including 14,589 pseudogenes).
In eukaryotes, alternative splicing, alternative transcription and alternative polyadenylation
are mechanisms that produce different RNA isoforms with possible variations in the CDS
[45]. Therefore, there are more CDSs than protein-coding genes, and most genes encode
multiples protein isoforms. CDSs are annotated in databases such as RefSeq [46], Ensembl
[47] and the Consensus CDS [48]. As of April 2017, the consensus CDS database contains
18,889 coding genes and 32,524 CDSs for Homo sapiens.
This article is protected by copyright. All rights reserved.
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If a transcript generated from a protein-coding gene does not contain the annotated CDS or a
variation of this CDS, or if it contains a retained intron, it is labeled as a transcript without
ORF or non-coding. Thus, according to current annotations, a coding gene can generate both
coding and non-coding RNAs. An example is illustrated in figure 2 for the centromere
protein A, CENPA. Transcripts 1 and 2 code for the canonical 140 amino acid CENPA
protein and a shorter 114 amino acid isoform, respectively. Annotations indicate that the third
transcript does not contain any protein-coding ORF. Thus, CENPA is annotated as a codinggene expressing coding and non-coding transcripts. One could imagine that transcripts 1 and
2 are not expressed in a specific tissue; in that tissue, this gene would functionally be a noncoding gene. One could also imagine that in the same tissue, CENPA could be protein-coding
in conditions where transcripts 1 and 2 are expressed and non-coding in conditions where
transcript 3 only is expressed. This example illustrates how annotations simplify the
information and may not reflect the biology.
The presence of unannotated ORFs adds another level of complexity. An overlapping
ORFCDS in the +2 reading frame is not annotated (figure 2). Yet, ribosome profiling data
detect initiating ribosomes with a number of reads similar to reads on the annotated CDS
[49]. Thus, transcript 3 may be a coding transcript after all. Examples of transcripts for which
annotation changed from non-coding to coding are shown in table 1.
One mRNA, one protein
Protein synthesis is one of the most complex and energetically demanding cellular processes
[50]. The eukaryotic ribosome is a molecular machine with four RNA molecules and at least
80 proteins. Ribosome biogenesis and assembly demands major cellular resources, including
200 assembly protein factors and 80 small nucleolar RNAs [51,52]. Every stage of
translation, initiation, elongation, termination and recycling is also regulated by a large
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number of specific factors. Overall, if ribosome biosynthesis is not taken into account, more
than 100 protein-coding genes and 60 non-protein-coding genes are involved in translation.
The aim of this elaborate translation machinery is to interact with mRNAs and decode CDSs.
In the current view of protein synthesis, mRNAs harbour a tripartite structure with a unique
CDS and two untranslated regions (5‟- and 3‟-UTRs). Thus, although the life of an mRNA is
complex [53], its function would be to carry a single coding message, the annotated CDS.
The 100 codons cut-off
ORFs are expected to occur by chance in a long nucleotide sequence, and establishing a 100
codon cut-off has been one of the key criteria for the annotation of CDSs, and for the
separation of mRNAs from non-coding RNAs [21,22]. Although additional criteria are used
to identify likely CDSs, including conservation and known protein domains, the 100 codons
cut-off is the main bottleneck that has prevented short ORFs from being included in
annotation databases.
Implications
These concepts have an important corollary: the complete set of the coding information is
restricted to annotated CDSs, and the proteome is primarily determined according to this
assumption. Thus, short ORFs are excluded from the transcriptome coding potential, and the
predicted corresponding proteins are omitted from the reference proteome. Consequently,
short ORFs and small proteins are not well represented in current databases. The size
distribution of the current set of human consensus CDSs indicates that median and average
lengths are 434 and 569 codons, respectively (figure 3), confirming previous results obtained
with the analysis of a collection of cDNAs [54], GENCODE annotated CDSs [20], and a
protein database [7]. The fraction of CDSs with a maximum length of 100 codons is only
This article is protected by copyright. All rights reserved.
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2.5%. Interestingly, this observation was used as evidence supporting the 100 codons cut-off
to discriminate coding from non-coding RNAs [21,22]. Our discussion below suggests that it
is rather because the contribution of small proteins has been largely overlooked that they are
few in databases.
Since the fraction of small proteins in databases is so low, there is a generally unrecognized
perception that small proteins have less important functions than large proteins. This issue
will not be addressed here but it is interesting to note small proteins of 100 amino acids or
less are structural subunits or key regulators of two vital molecular machines, the FO-F1 ATP
synthase and the sarcoplasmic reticulum Ca2+-ATPase, respectively (table 2).

Translation outside of annotated CDSs: delinquent translation machinery or outdated
concepts?
Do ribosomes interact with transcripts annotated as mRNAs but not those annotated as noncoding? Do ribosomes decode annotated CDSs only when they interact with mRNAs? Do
only annotated CDSs code for functional proteins? These questions, which might have
seemed senseless a few years ago, are now fundamental questions and the answers are no. A
large number of studies clearly show that cells can decode both annotated CDSs and
unannotated ORFs, and some databases now include information about ORFs with evidence
of expression [29,49,55–57]. Two databases are specific for short ORFs and proteins shorter
than 100 amino acids in eukaryotic species [56,57].
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The role of serendipity in the discovery of overlapping ORFs
Since ORFs are not annotated and the modern view of an mRNA is still a transcript carrying
a single annotated CDS, the discovery of small proteins translated from unconventional ORFs
is often associated with serendipity [1,2,5,23]. In my laboratory, we stumbled upon a first
small protein following a combination of circumstances using a green fluorescent protein
(GFP) tagged cytosolic form of the prion protein (CyPrP), CyPrPGFP [58,59]. In this
construct, GFP is inserted into a natural restriction site within the unstructured N-terminal
domain of CyPrP (figure 4A). Cells transfected with CyPrPGFP display RNA aggregates in the
cytoplasm [60], and the expression of several RNA helicases, including DDX3 was tested by
western blot using a commercial anti-DDX3 antibody, Ab37160 (figure 4B). DDX3 was
detected at the expected size in mock-transfected cells, but a second band labeled X appeared
in cells expressing CyPrPGFP. The hypothesis of a novel DDX3 isoform was unlikely based
on the observation that three other antibodies directed against different regions of DDX3,
Ab50703, NB-200-194 and NB200-195 did not detect protein X (figure 4B). This experiment
was later repeated with CyPrPGFP C-terminal deletion mutants (figure 4C). Strikingly, the
electrophoretic mobility of protein X increased with the deletions. Eventually, we discovered
that PrP CDS contains an ORFCDS in the +3 reading frame [18] (figure 4A, C). In our
experiments, the GFP CDS was inserted inside the ORFCDS. We realized that there are no
stop codons in the +3 reading frame of GFP CDS, and that a chimeric small protein
containing frameshifted GFP might be expressed. In a control experiment, transfected cells
expressing frameshifted GFP displayed an epitope that was detected with antibody Ab37160
(figure 4D). Thus, protein X was a chimeric protein containing the Ab37160 epitope
translated from an ORFCDS in the prion protein CDS. If a commercial anti- DDX3 antibody
different from Ab37160 had been used in the first place, the expression of this novel small
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protein would have gone unnoticed, and researchers expressing the prion protein in their
experiments would not have known that both a large and a small protein are co-expressed in
their experiments. These observations are proof of principle that ribosomes are able to
translate two overlapping messages from the same transcript. As discussed below, many
studies have confirmed this feature.
Overlapping viral ORFs decoded by the human translation machinery
Some of the earliest evidence that mammalian ribosomes may translate ORFsCDS comes from
viruses which use unusual strategies to optimize their coding capacity in small genomes. For
space constraints, we provide below a few examples for human viruses only. The hepatitis C
virus (HCV) combines the polyprotein and the overlapping strategies. The 10 canonical
proteins of the hepatitis C virus are coded in a long CDS that is translated into a large
polyprotein. Further proteolytic cleavage results in the production of 7 non-structural and 3
structural proteins. In addition to these proteins, additional smaller proteins encoded by CDSs
overlapping the main CDS in a different reading frame are also produced. Such alternative
reading frame proteins can be detected in patients developing specific antibodies [61]. One of
these proteins, the alternate F protein seems to modulate the immune system [62–64]. West
Nile Virus also generates alternative reading frame proteins [65]. Many other RNA viruses
express multiple proteins translated from ORFsCDS within their mRNAs [66]. Oncogenic
viruses such as Kaposi's sarcoma-associated herpesvirus and Epstein-Barr virus also produce
alternative reading frame proteins encoded in alternative CDSs overlapping the latencyassociated nuclear antigen and Epstein-Barr nuclear antigen 1 CDSs, respectively [67].
Whether these novel proteins have a function in the oncogenic activity of these viruses
remains to be determined. Importantly, these observations indicate that small ORFsCDS hiding
in large annotated viral CDSs are translated in infected human cells. Ribosome profiling
This article is protected by copyright. All rights reserved.
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confirmed the translation of a large number of viral annotated CDSs and short ORFsCDS in
human cells infected with cytomegalovirus and Kaposi's sarcoma-associated herpesvirus
[68]. In this study, a fraction of the small proteins were also confirmed by MS-based
proteomics.
Overlapping ORFs (ORFsCDS) in mammals
There is accumulating evidence of functional ORFsCDS in mammalian mRNAs [16,18,19,69–
72], and computational approaches predict a large number of ORFsCDS in human and murine
cDNAs and transcripts [73–75]. Several cDNAs containing the annotated CDS and an
ORFsCDS ligated into expression vectors generate a small protein in addition to the larger
annotated proteins in cultured cells [16,18,19,69–71] and in vivo [76,77]. These remarkable
observations confirm a counterintuitive feature of mammalian ribosomes which are able to
decode ORFsCDS in addition to annotated CDSs in the same transcripts. The translation of
both the CDS and the ORFsCDSs can be easily tested. Generally, an epitope tag fused in-frame
with a CDS facilitates the detection of a protein of interest by western blotting or
immunofluorescence (figure 5). However, this approach does not allow the detection of a
small protein co-expressed from an ORFCDS. Addition of a second epitope in-frame with the
ORFCDS makes the small protein detectable (figure 5). In other words, what you see is what
you‟ve tagged; you won‟t see what you haven‟t tagged.
ORFs in regions annotated as untranslated: mRNA UTRs, long non-coding RNAs
(lncRNAs), and pseudogenes RNAs
A combination of computational and experimental approaches provide strong evidence for
the translation of ORFs present in regions classified as untranslated, from yeast to human
[16,26,28,78–85]. These unannotated ORFs include ORFs5‟ upstream of the CDS, also
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termed upstream ORFs [86], ORFs3‟ downstream of the CDS, and ORFsnc in long non-coding
RNA and pseudogenes transcripts (figure 1). A number of studies demonstrate function in
development [38,39,87], DNA repair [88], muscle contraction [35–37], cell signaling
[40,41,89], mRNA decapping [90] and phagocytosis [91]. As a consequence of these
discoveries, an update is performed in databases and the annotation of some genes and their
transcripts switches from non-coding to coding (table 1). Once in the databases, the small
proteins are officially in the reference proteome and can be detected in routine MS-based
proteomics experiments.
Mechanisms for the translation of ORFs
Similar to mRNAs, many lncRNAs are transcribed by RNA polymerase II and are modified
with a 5‟cap structure and a 3‟ poly A tail [92]. From the ribosome perspective, there is no
specific mechanism requirement for the translation of ORFsnc. Possible mechanisms for the
translation of several ORFs within the same transcript have already been reviewed [23] and
will not be detailed here. Briefly, these mechanisms can be separated into two classes. In the
first class, leaky scanning and translation reinitiation are compatible with the widely accepted
ribosome scanning model for translation initiation [93,94]. The second class includes the
recruitment of ribosomes on translation initiation sites by tethering, cap-assisted internal
initiation and RNA looping [95–97].
The regulation of the translation of ORFs is still unknown but, some insights into the
translation of ORFs5‟ have recently been published. In contrast to annotated CDSs, translation
of ORFs5‟ is resistant to oxidative stress [78], and glucose and oxygen deprivation [98].
Unconventional translation of ORFs5‟ mediated by the alternative initiation factor eiF2A
seems to be crucial in tumor initiation [99].
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Taking on the challenges of unifying the nomenclature, annotating, detecting and
deciphering the function of currently unannotated ORFs and proteins
Challenge 1: the nomenclature
The heterogeneity in the nomenclature of short ORFs and their translation products in the
literature is a good indication that this rapidly expanding research domain is relatively new.
ORFs below 100 codons are termed short ORFs (sORFs) [100], small ORFs (smORFs)
[5,28,57,80,82,84,101,102], or upstream ORFs (uORFs) when they are located in 5‟UTRs.
The cutoff may reach 150 codons in some studies [100]. Their translation products are
labeled peptides [8,36,38,39,83,87], small proteins [1,2,9,103,104], sORF-encoded peptides
or SEP [34,88,100], micropeptides [105], and microproteins [90]. We have termed
unannotated ORFs and proteins, alternative ORFs and alternative proteins, respectively to
highlight the fact that they represent different ORFs and translation products compared to
current annotations [16,18,19,23].
In the short term, it will be useful to introduce a unified nomenclature to avoid confusion and
to better organize the field of small proteins.
Challenge 2: the detection
There is no straightforward protocol to detect the short proteome, and it is not as simple as
“just mass spec your protein gel dye fronts to death” [11]. Recent computational and
biochemical advances, and reduction in the size cutoff for potential coding-ORFs are helping
the discovery of small proteins. The different approaches include ribosome profiling
[20,25,26,28,30,49,55,57,72,81,105,106] and proteogenomics [16,29,32–34,107–109].
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Proteogenomics involve the extraction of ORFs from genomic or transcriptomic data and the
generation of custom-made protein databases for MS-based proteomics identification [110].
Challenge 3: the function
There have been recent successes in the discovery of the function of small proteins [35–
41,88–91]. Yet, undertaking the functional analyses of small proteins is a multi-level
challenge. First, the selection of an unannotated ORF for functional investigation is tricky.
ORFs are more likely to occur by chance in the genome [102,111]. Computational tools to
find homologs were developed with large proteins but may not perform as well on short
ORFs [112]. Protein domains such as those annotated by the InterPro database were
determined with annotated and mostly large proteins [113], and the majority of small proteins
are unlikely to contain these conventional domains. Second, it is technically challenging to
work with small proteins. For example, the use of tags with small proteins is always a
concern as it can modify some biochemical features and interfere with normal localization
[114]. Third, knockdown experiments to validate function are not possible with standard
small interfering or short hairpin RNAs (siRNAs or shRNAs respectively) approaches when
the small protein under investigation is encoded in an already annotated mRNA. siRNAs or
shRNAs would reduce the expression of both the small and the annotated large proteins at the
same time. Here, gene editing methods are required to remove an initiation site or introduce a
stop codon to specifically stop the expression of the short ORF. Gene editing may be
particularly tricky for ORFsCDS because it would be preferable not to modify the sequence of
the annotated protein.

This article is protected by copyright. All rights reserved.
13

www.proteomics-journal.com

Page 14

Proteomics

Conclusion and perspective
Only long CDSs and large proteins made it through into current annotation databases
routinely used to detect the coding genome and the proteome. Yet, there is strong evidence
from ribosome profiling and proteogenomics that there are within our cells new genetic
information and novel proteins the vast majority of which remains invisible, similar to a
genomic and a proteomic dark matter. The exploration of this dark matter requires
questioning the assumptions on which the annotations were based, including (1) that mRNAs
carry a single CDS because only one CDS is annotated; and (2) that RNAs annotated as noncoding are necessarily non-coding. Just as annotations are not rigid and change according to
new experimental evidence, assumptions should not be interpreted as absolute dogmas either.
The extent of the proteomic dark matter made of small proteins is difficult to assess. Flooding
current databases used for MS-based proteomics with all possible ORFs is not an option; the
majority of short ORFs may represent expected biological noise [7], and inserting great
numbers of irrelevant ORFs would result in large databases that cause challenges for peptide
identification [110]. The trend in recent years has been to create customized databases based
on a proteogenomic approach. Parallel to the identification of small proteins with this
approach, it will be important to facilitate access to and update a database containing the
sequences of all detected small proteins. This will enable the MS-based proteomics
community to validate and detect the expression of small proteins in routine experiments, an
important advance towards the democratization and functional characterization of the small
proteome.
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Table 1: the discovery of small proteins leads to changes in annotations

Annotationa
GRCh37
GRCH38
GRCh37
GRCH38
GRCh37
GRCH38

Gene
APELA/ELABELA
(ENSG00000248329)
MRLN
(ENSG00000227877)
SLC35A4
(ENSG00000176087)

Gene type

Ensembl
Transcript

b

Non coding
Coding

ENST00000507152

ENST00000414264

Protein
(aa)

lincRNA

-

Coding

54
b

Non-coding
Coding

Transcript
type

lincRNA

-

Coding

46

Coding

ENST00000323146c

Coding

324

Coding

ENST00000623481

Novel coding

103d

a

Ensembl human genome assembly.

b

lincRNA refers to long intergenic non-coding RNAs in Ensembl annotations

c

Although this canonical transcript contains both the CDS and a short ORF encoding a novel

103 amino acids protein, and was proposed to be a bicistronic mRNA [78], it is annotated as
coding the 324 aa SLC35A4 protein only.
d

This small protein is not an isoform, and SLC35A4 is a dual-coding gene.

This article is protected by copyright. All rights reserved.
30

www.proteomics-journal.com

Page 31

Proteomics

Table 2: Small proteins and molecular machines

Protein

Size (aa)

ATP synthase subunit f

94

ATP synthase subunit
epsilon

51

ATP synthase subunit e

69

ATP synthase subunit g 2

100

Sarcolipin

31

Phospholamban

52

Description
ATP synthase, H+ transporting, mitochondrial Fo complex
subunit F2
ATP synthase, H+ transporting, mitochondrial F1 complex,
epsilon subunit
ATP synthase, H+ transporting, mitochondrial Fo complex
subunit E
ATP synthase, H+ transporting, mitochondrial Fo complex
subunit G2
Sarcoplasmic reticulum Ca2+-ATPase (SERCA), negative
regulator
Sarcoplasmic reticulum Ca2+-ATPase (SERCA), negative
regulator
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Figure 1: Unannotated ORFs may be found in mRNAs or non-coding RNAs.
Molecules shown here represent mature or processed RNAs. Unannotated ORFs are found in
untranslated regions of the transcriptome. Within mRNAs, these regions include 5‟UTRs,
3‟UTRs, and alternative reading frames overlapping annotated CDSs. An ORF5‟ (also termed
upstream ORF or uORF) may be found outside the CDS in the three reading frames, or
partially overlapping a CDS in one of the two alternative reading frames. ORFCDS may be
found completely nested inside the CDS, or partially overlapping the 3‟UTR in one of the
two alternative reading frames1. An ORF3‟ may be in one of the 3 reading frames. Noncoding RNAs do not have a tripartite structure similar to mRNAs, and an ORFnc may be
found anywhere.
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Figure 2. Typical Ensembl transcripts annotation for a human gene.
Three transcripts from the CENPA gene are illustrated. Sequences annotated as coding
sequences are shown as gray boxes, and sequences annotated as untranslated regions are
shown as open boxes. Shaded boxes represent AUG translation initiation sites. Black boxes
represent stop codons. ENST00000335756 carries the canonical 420 bps CDS with 4 coding
exons. The end of exon 4 after the stop codon is non-coding. ENST00000233505 is an
isoform lacking exon 3 and carries a shorter version of the canonical CDS.
ENST00000472719 is an isoform lacking exon 1. In the absence of the translation initiation
site, the Ensembl annotation indicates the absence of a canonical CDS, and this transcript is
believed to be non-coding. An unannotated overlapping long ORF of 53 codons in the +2
reading frame starts with an AUG codon within exon 4 and ends with a stop codon in exon 5.
Translation initiation ribosome profiling data clearly show initiating ribosomes on both the
annotated CDS and the unannotated ORF with similar number of reads (graph below). Thus,
transcripts 1 and 2 might be bicistronic, and transcript 3 is likely a coding transcript for a
novel small protein.
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Figure 3: Distribution of the number and the size of human consensus CDSs.
Calculations were performed with consensus CDS release 20. Median, 434 codons; average,
570 codons.
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Figure 4: Translation of an overlapping ORF in the prion protein (PrP) CDS.
A. Diagram of CyPrPGFP CDS (+1 reading frame) and frameshifted alternative CyPrPGFP (+3
reading frame). GFP CDS is shown as an empty box, CyPrP CDS is shown in grey. B.
Western blot analysis of mock-transfected HEK293 cells (lane 1) and CyPrPGFP-transfected
cells (lane 2) with four antibodies directed against DDX3, as indicated. DDX3 is indicated by
an arrow above the 72 kDa marker. An unknown protein labeled X is detected in CyPrPGFPexpressing cells with antibodies Ab37160. C. Western blot analysis of different CyPrPGFP Cterminal deletion mutants with anti-PrP (left blot) or anti-DDX3 (right blot, Ab37160)
antibodies. Lane 1: Mock-transfected cells; lane 2: cells transfected with wild-type CyPrPGFP;
lanes 3-5: deletion mutants. A diagram of each construct is indicated on the right side of each
blot. C-terminal deletions within CyPrPGFP introduce C-terminal deletions within overlapping
alternative CyPrPGFP. D. Western blot analysis of cells transfected with CyPrPGFP (lane 1) or
frameshifted GFP (lane 2) with anti-DDX3 antibodies (Ab37160).
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Figure 5. A simple double epitope tagging strategy for the detection of ORFsCDS.
Upper panel: experimental design. (A) Empty vector. (B) Expression plasmid containing an
epitope tagged CDS (tag1). (C) Expression plasmid containing both an epitope tagged CDS
(tag 1) and an epitope tagged ORFCDS (tag 2). Tag 2 is in-frame with the ORFCDS, but out-offrame with the CDS. Tag 2 should not introduce a stop codon in the CDS frame.
Bottom panel: after transfection and expression, cell lysates are analyzed by western blot with
anti-tag 1 and anti-tag 2 antibodies. (A) No signals are detected in mock-transfected cells. (B)
Anti-tag 1 antibodies detect the expression of the protein of interest. A second protein
expressed from the ORFCDS remain invisible. (C) Anti-tag 2 antibodies detect the expression
of the unannotated small protein.
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