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Abstract

Advances in computational biology and large-scale transcriptome analyses have revealed that a 

much larger portion of the genome is transcribed than was previously recognized, resulting in the 

production of a diverse population of RNA molecules with both protein-coding and non-coding 

potential. Emerging evidence indicates that a number of RNA molecules have been mis-annotated 

as non-coding and actually harbor short open reading frames (sORFs) that code for functional 

peptides, which have evaded detection until now due to their small size. sORF encoded peptides, 

or micropeptides, have been shown to play important roles in fundamental biological processes 

and in the maintenance of cellular homeostasis. These small proteins can act independently, for 

example as ligands or signaling molecules, or they can exert their biological functions by engaging 

with and modulating larger regulatory proteins. Given their small size, micropeptides may be 

uniquely suited to fine-tune complex biological systems.
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Introduction

Innovative work over the past decade using DNA sequencing and proteomic approaches has 

revolutionized the field of genomics, enabling a comprehensive look into genes, transcripts 

and their translated protein products. Numerous large-scale genomic studies have revealed 

that a much larger fraction of the genome is transcribed and translated than was initially 

appreciated and increasing attention has been placed on identifying the complete set of 

mammalian genes, both protein-coding and non-protein-coding[1–17].

Proteins are obtained from the translation of an open reading frame (ORF) on an mRNA 

transcript, which consists of a sequence of in-frame codons beginning at a start codon and 
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ending with a stop codon. A major challenge in the field of gene annotation is the ability to 

accurately identify ORFs that code for bona fide protein products and distinguish them from 

the exponentially higher number of spurious non-coding ORFs that occur randomly 

throughout the genome simply by chance and are not translated. This obstacle becomes 

especially pronounced when focusing on short ORFs (sORFs) that code for small proteins or 

peptides. Since the likelihood that an ORF encodes a genuine protein increases with its 

length, most ORF-finding algorithms have historically set a threshold length of 300 

nucleotides, or 100 amino acids, as the minimum size for detection. An unintended 

reprocussion of this filtering was that some transcripts with legitimate protein coding 

potential were erroneously classified as members of a much larger class of non-coding 

RNAs (ncRNAs). A critical and defining feature of all ncRNAs is their inherent lack of 

protein coding potential. Therefore, recent findings by several groups that some ncRNA 

transcripts actually harbor sORFs that code for functional small proteins, often referred to as 

micropeptides, underscores the likelihood that additional transcripts currently annotated as 

ncRNAs encode proteins with important biological activities[1, 10, 18–30].

In this review, we provide an overview of the methods that have been developed and fine-

tuned to identify novel coding sORFs. We will show how these innovative techniques have 

led to the discovery of biologically active small proteins that play important roles in a 

number of cellular processes and highlight the exciting implications of these studies. Lastly, 

we will detail some of the experimental techniques that have been developed and 

successfully implemented to verify the coding potential of sORFs and decipher the 

biological function of the micropeptides they generate.

Identification of Protein-Coding sORFs

Recent technological advances have increased our ability to identify sORFs and reliably 

predict the likelihood that these sequences are translated to produce stable protein products. 

Both computational and experimental approaches have been successfully developed and 

implemented to infer protein coding potential, analyze the transcriptional and translational 

state of a given region, and detect the putative protein product generated from translation. 

Recently, combinations of these techniques have been used to generate robust data sets[1–3, 

8, 10, 12, 13].

Computational Approaches

One complicating factor in distinguishing protein-coding mRNAs from lncRNAs is that the 

transcripts resemble each other on many levels. Just like protein-coding mRNAs, lncRNAs 

are transcribed by RNA polymerase II, capped on their 5′ end, spliced via canonical splice 

motifs, and frequently polyadenylated (Figure 1A). LncRNAs are also typically associated 

with epigenetic signatures common to protein-coding genes, such as trimethylation of 

histone H3 lysine 4 (H3K4me3) at the transcriptional start site and trimethylation of histone 

H3 lysine 36 (H3K36me3) throughout the gene body[31]. One important difference between 

lncRNAs and protein-coding mRNAs is their low level of nucleotide sequence conservation 

[4, 5, 32]. Similar to other protein-coding transcripts, a hallmark of functional sORFs is 

evolutionary conservation of the protein sequence. As a result, computational techniques that 
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are largely based on sequence conservation have been developed to attempt to identify true 

protein-coding sORFs from non-coding regions.

Cross-species comparisons are a powerful technique in gene prediction as most genes are 

subject to evolutionary pressure to maintain sequence conservation and display a prevalence 

of synonymous codon substitutions (nucleotide substitutions that do not change the coded 

amino acid) versus nonsynonymous substitutions[33–35]. Metrics have been developed that 

calculate the ratio of nonsynonymous (KA) to synonymous (KS) substitutions (KA/KS) and a 

value of <1 typically satisfies the requirement for protein-coding potential[36]. However, in 

the case of micropeptides, it can be difficult to score statistically significant values due to the 

very short length of the sequences and the fact that the number of possible changes is 

low[11]. As a result, other techniques are required to adequately distinguish coding potential 

for small peptides hidden in lncRNAs.

PhyloCSF is a particularly vigorous computational method that has been integrated into the 

UCSC Genome Browser, which makes for free and easy access for all researchers[2, 13, 37]. 

The program examines evolutionary signatures characteristic of alignments of conserved 

coding regions, similar to the methods described above, and provides a phylogenic 

assessment of codon substitution frequencies. PhyloCSF provides a conservation score for 

all six potential reading frames (three on the positive strand and three on the negative strand) 

of a given stretch of nucleotides providing a robust way to evaluate evolutionarily conserved 

protein-coding regions (Figure 1B).

Recent studies have utilized these computational methods to identify multiple sORFs 

embedded in the genome. Mackowiak et al. developed and implemented an integrated 

pipeline that computationally identified sORFs with high accuracy by using conservation 

features specific to known micropeptides[12]. The authors concentrated on the idea that 

evolutionary conservation is a strong indicator for functionality and focused on features 

including depletion of non-synonymous mutations, an absence of frame-shifting indels, and 

characteristic steps in sequence conservation around start and stop codons to identify true 

sORFs from random non-coding ORFs[12]. Using this approach, the authors identified 

hundreds of previously unknown conserved sORFs in major model organisms (both 

vertebrate and invertebrate). While computation approaches have been invaluable in aiding 

the search for sORFs, there are other techniques that have also helped shed light on the 

protein coding potential of sORFs embedded in non-coding elements.

Ribosome profiling

Ribosomes are complex molecular machines that link amino acids together in the exact 

order specified by the nucleotide code within a transcript in order to produce a protein 

product. Ribosome profiling (Ribo-Seq) is a deep-sequencing-based tool that provides a 

genome-wide snapshot of active translation with single nucleotide resolution. The method 

hinges on the ability of translating ribosomes to protect RNA segments of 20–30 nucleotides 

in length from nuclease digestion[7–9, 38–41]. Cytoplasmic lysates are prepared in the 

presence of translation inhibitors and mRNA-ribosome complexes are treated with nucleases 

to generate ribosome protected fragments (RPFs), also frequently referred to as ribosome 

footprints (Figure 1C). These RPFs can be isolated and purified for subsequent sequencing, 

Makarewich and Olson Page 3

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which allows for the identification of the precise position of the ribosome at the time at 

which translation was halted. In addition to revealing the identity of ribosome-bound 

transcripts, measuring the density of RPFs on a given transcript can provide valuable 

information on the quantitative dynamics of translation and the rates of protein synthesis 

within translated regions[9, 10]. Additionally, to eliminate technical noise, other features are 

analyzed such as length and trinucleotide periodicity, positioning of the ORF within a 

transcript and responsiveness to translation inhibitors[1, 3, 8, 42–44]. Poly-Ribo-Seq is a 

modified ribosome profiling method that enriches in polysomes, which are complexes of 

mRNA molecules and two or more ribosomes, has also been developed and was successfully 

implemented to identify a number of sORFs in the Drosophila genome[22, 45, 46].

Results of Ribo-Seq have challenged our understanding of the protein-coding potential of 

the genome and have provided evidence for translation of non-annotated ORFs[9, 10, 47]. 

Additionally, evidence for alternative start and stop codons for canonical proteins has been 

found as well as the use of non-AUG start codons, further complicating bioinformatic 

identification of bona fide small peptides[1, 21, 41, 47, 48]. Pseudogenes have also been 

shown to associate with ribosomes, suggesting that they could also be a potential source of 

translated proteins[16]. While ribosome profiling itself is an experimental approach, the 

evaluation of the coding potential of an identified region of interest is in fact mostly 

computational. An important concept to note is that ribosome occupancy does not 

necessarily imply true coding potential and function at the protein level. Studies have shown 

that not all translation events lead to stable, functional polypeptides and that the act of 

translation itself can have other important regulatory consequences, such as modulation of a 

downstream ORF[31, 49–51], or could simply represent technical or biological noise. 

Current techniques are continuously being modified and enhanced to more reliably identify 

protein-coding transcripts. Recently, the inclusion of a ribosome release score (RRS), which 

detects the termination of translation at the stop codon at the end of an ORF and has been 

shown to robustly distinguish protein-coding transcripts from non-coding RNAs[6], adding 

another tool to identify sORFs. Altogether, a number of excellent algorithms and metrics 

have been developed to help analyze and process ribosome profiling data to recognize and 

identify regions of translation including FLOSS [8], ORF score [1], PROTEOFORMER [52] 

and ORF-RATER[48].

In addition to the studies mentioned above, several databases have been created that collect 

ribosome profiling data and genome annotations derived from this data including TISdb[53], 

GWIPS-viz[54], RPFdb[55] and sORFs.org[56] and information about the large amounts of 

data contained in these databases as well as the techniques used to generate them have been 

nicely reviewed in several articles[27, 41, 57, 58]. Continued modification of these 

techniques will likely be used in combination with other emerging technologies to enhance 

the reliability and power of the data sets they generate to identify functional sORFs.

Mass Spectrometry

Mass spectrometry (MS) peptidomics and proteomics have recently been implemented in the 

discovery of micropeptides. MS is a powerful technique for direct detection and 

quantification of proteins and peptides and is the gold standard in proteomics research. MS 
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experiments differ from ribosome profiling in that MS is able to detect polypeptides that are 

translated from a sORF and can thereby directly validate the protein-coding potential of the 

transcript. It is interesting to note that in proteomics studies, there are currently many MS 

fragmentation spectra that are unidentified, and one potential reason for this is some of these 

signatures may belong to micropeptides that have not yet been annotated.

Proteomic-based discovery of micropeptides is greatly enhanced by the combination of 

proteomics and genomics (RNA-Seq), referred to as proteogenomics[59–61]. This technique 

was utilized by Slavoff et al., where the authors combined peptidomics and massively 

parallel RNA-sequencing using human K562 leukemia cells to identify sORFs[62]. The 

authors first created a custom database by integrating all of the possible polypeptides based 

on the annotated human transcriptome available in the Reference Sequence database 

(RefSeq) [63] and included an experimental RNA-Seq derived K562 transcriptome. They 

then performed liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) 

in an adapted design to enrich for small translation products and subsequently matched their 

proteomics data against their custom sequencing database. Using these custom polypeptide 

databases and four previously reported micropeptides as positive controls[64], 86 still 

uncharacterized micropeptides were discovered[62].

While substantial progress has been made with integrating MS-based proteomics studies 

with the identification of novel micropeptides, there are still technical problems with this 

method that are of concern. Notably, many small protein products are often lost in the 

sample preparation steps leading up to MS and therefore are not available for detection. 

Even when special precautions are taken to ensure small proteins are preserved for detection, 

there is an inherent bias against observing short proteins by MS due to the fact that there is 

often only one chance (or sometimes none) to detect the fragmented product, which often 

results in the protein being missed entirely. Depending on the specific protease used for 

digestion in sample preparation, micropeptides also may not be fragmented efficiently to 

generate large enough signatures that are required for identification. Furthermore, 

micropeptides may be relatively short lived, of low abundance and can have tissue- and time-

specific expression patterns, which further impedes their identification.

Therefore, while great progress has been made in MS-based micropeptide identification, 

there are still major challenges that need to be addressed. While the presence of a 

micropeptide of interest in MS data can be relied on heavily as proof of its existence, the 

absence of a sequence should be considered cautiously and should not be taken as hard 

evidence against a particular protein being produced. As described in detail above, the best 

strategy for detecting micropeptides is likely a combination of computational and 

experimental techniques and, although these methods have room for further optimization, 

they have been successfully used to identify many putative micropeptides that could have 

very diverse biological functions.

Identification and Characterization of Biologically Active Micropeptides

Despite their diminutive size, peptides and small proteins play critical roles in many 

biological processes in living organisms[57, 65–67]. Known classical small peptides include 
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neuropeptides and peptide hormones, which are enzymatically cleaved from larger precursor 

proteins carrying an N-terminal signal sequence targeting them for the secretory 

pathway[65, 66, 68, 69]. Unlike these examples of larger proteins that are proteolytically 

processed to generate their biologically active small peptide products, micropeptides are 

translated directly from their precursor mRNA (Figure 2). A small number of well-studied 

micropeptides have indicated that these small proteins may act as important regulators in 

many fundamental events including development[25, 46, 70–73], DNA repair[74], RNA 

decapping[29], calcium homeostasis[18, 19, 22, 24, 75]), metabolism[26], stress 

signaling[23], myoblast fusion[76] and cell death[68, 77]. However, given the putative large 

number of micropeptides, relatively little is known about their biological activities and 

regulation.

Evolutionary conservation of a peptide sequence is suggestive of functionality, yet the mere 

existence of the putatively translated peptide does not necessarily imply that it has a critical 

biological function. In order to determine the physiological role of an identified 

micropeptide, experimental demonstration of a biological effect is required. While recent 

advances in computational biology and experimental techniques have led to the discovery of 

hundreds or even thousands of potential novel micropeptides, each of these putative proteins 

needs to be independently authenticated and studied for biological relevance. As a result, it 

is an exciting time for research in the field of micropeptides because there is a large amount 

of work that needs to be done to experimentally characterize each of these proteins, which 

provides many opportunities for researchers from all fields of science to contribute to the 

growing body of knowledge.

Working with Micropeptides: Validation of Protein Coding Potential

Validation of candidate-translated sORFs can be performed using several approaches[78]. 

Ideally, an antibody against a peptide of interest is generated and strictly validated to 

demonstrate its specificity. However, designing effective antibodies against micropeptides is 

extremely challenging for several reasons, most notably because their small size provides 

very few peptide choices for optimal antigenicity. Further complicating the matter, several 

micropeptides have been shown to contain transmembrane domains, which mask relatively 

large sections of their short sequences, limiting the region available for epitope design. An 

additional technical concern is that the techniques that rely on the use of antibodies, such as 

Western blot and immunocytochemistry, are not highly sensitive, and if a peptide is 

expressed at low levels, even the highest affinity antibody may not be sufficient to produce a 

strong enough signal for detection.

In cases where an antibody cannot be raised against a micropeptide of interest, there are 

several alternative methods that can be used to validate its coding potential. CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats)–Cas9 (CRISPR-Associated 

Protein 9)-mediated gene editing strategies can be designed to insert an epitope tag into the 

endogenous locus of the micropeptide in-frame with the predicted ORF using homology-

directed repair in vitro or in vivo (Figure 3A)[79]. This strategy has been used to engineer 

fusion proteins that can be detected by Western blot and provides convincing evidence that 

the micropeptide mRNA is actively transcribed from its native chromosomal context and 
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translated into a stable peptide[18, 23, 46]. In addition, in cases where several putative 

sORFs are identified within a single transcript, this method can be used to systematically 

distinguish the true micropeptide[23]. Successful implementation of this epitope knock-in 

technique also allows for useful downstream applications such as immunoprecipitations, 

immunocytochemistry, and Western blot. As discussed in detail below, when designing 

epitope tag knock-ins it is critical to consider the position of the tag (N-terminal, C-terminal 

or internal) as well as the size and biochemical properties of the amino acids it is coded by.

In addition to antibody-based validation of micropeptides, the coding potential of a sORF 

can also be assessed by in vitro translation assays (Figure 3B)[18, 19]. In these experiments, 

the full-length cDNA of a putative micropeptide transcript is cloned into a vector containing 

a phage polymerase promoter (usually T7 or SP6), and then expression of these constructs is 

evaluated using a cell-free protein synthesizing system in the presence of 35S-methionine. 

The protein products are then analyzed by gel electrophoresis and autoradiography is 

performed to visualize the synthesis of an 35S-labeled peptide of the predicted molecular 

weight. This technique hinges on the concept that ribosomes have the capacity to distinguish 

between coding and non-coding RNA transcripts, which is supported by several reports that 

lncRNAs are rarely translated[6, 51, 80] Introducing a frame-shift mutation in the suspected 

ORF and subsequently abolishing the production of a stable peptide can strengthen results 

from this method[18, 19]. While this technique can be informative and valuable in the 

process of screening potential coding sORFs, the results should be interpreted cautiously as 

it is possible that sequences can by translated in vitro but not in vivo. Conversely, if a 

construct does not produce a stable peptide in vitro, its coding potential in vivo cannot be 

ruled out.

Working with Micropeptides: Elucidating Biological Function

Once the coding potential of a micropeptide has been sufficiently demonstrated, the question 

of its biological relevance still remains. Several of the micropeptides that have been 

discovered and characterized thus far exert their biological functions by engaging with and 

modulating larger regulatory proteins. In this way, micropeptides can be thought of as 

singular protein domains with highly specialized roles and, therefore, the key to elucidating 

their function often lies in identifying their interacting partner or partners.

Functional proteomics has been successfully used by several groups to help identify 

interacting proteins of candidate micropeptides[23, 29]. By performing 

immunoprecipitations and mass spectrometry on the co-precipitated proteins, direct binding 

partners or components of a specific protein complex can be identified, which is strongly 

suggestive of the biological function of a micropeptide. As previously discussed, the use of 

CRISPR/Cas9-mediated gene editing to insert an epitope tag in the endogenous locus of the 

ORF encoding a micropeptide in frame with its protein product is a powerful technique that 

simplifies many useful downstream applications including immunoprecipitations to identify 

binding partners. Epitope tagging of the endogenous allele of a gene also allows for the 

analysis of the protein in its native context and reduces the chance that artificial binding 

partners are erroneously identified as a consequence of over-expression. 

Immunocytochemistry can also be performed in epitope-tagged samples to define the 
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subcellular localization of a micropeptide of interest and contribute additional support for 

the involvement in a particular biological process.

Alternatively, rather than assessing protein interactions using the endogenous micropeptide, 

transient overexpression of an epitope-tagged micropeptide in a cultured cell line can be 

used to identify interacting partners. However, it should be noted that non-physiological 

transcriptional regulation of proteins of any size often leads to substantial levels of over-

expression, which can lead to artificial mis-localization of the protein of interest and 

perturbations of normal cellular functions[81]. Protein interactions identified from these 

types of studies needs to be assessed cautiously and strictly validated.

While working with epitope-tagged micropeptides has many advantages, there are several 

important concerns that should be considered when designing a tagging strategy. Both N- 

and C-terminal tags should be designed and tested and stable expression and proper 

localization of your tagged fusion protein should be thoroughly assessed. In general, C-

terminal tags are less likely to interfere with N-terminal signal sequences or localization 

signals, while N-terminal tags often lead to better protein solubility[82]. Internal epitope 

tags can also be considered, particularly in cases where the N-terminal and C-terminal 

tagged proteins behave differently. In addition to considering the placement of a tag, the 

actual epitope used should be carefully deliberated. As micropeptides are extremely small, 

the tag alone can often be of similar size or even much larger than the micropeptide itself. 

Therefore, the length and biochemical properties (such as charge and hydrophobicity) of the 

tag alone should be taken into account. It may even be advantageous to add a small, inert 

linker sequence to distance the tag from the micropeptide to reduce the possibility that the 

tag disrupts the structure or function of the peptide[83]. Furthermore, many of the 

micropeptides that have been discovered thus far contain transmembrane domains that span 

relatively large portions of their sequences, and these transmembrane domains should be 

carefully considered when designing epitope tags. Together, these strategies will enable 

identification of a micropeptide’s subcellular localization, enabling insight into putative 

biological function.

While many of the functionally characterized micropeptides act as regulators of larger 

protein complexes, micropeptides have also been shown to act independently in a variety of 

different manners including as ligands to receptors[25, 73, 84], as cytoplasmic ribosomal 

proteins[70, 71], as stabilizers of protein-protein interactions[85–89] and as peptides that are 

presented on the cell surface by Major Histocompatibility Complex class I (MHC I) 

molecules[90–93](Figure 2B). As is particularly evident in these cases, the characterization 

of the function of a micropeptide will not only depend on its interaction partners, but also on 

its specific expression pattern and timing of expression, both of which add additional 

challenges to deciphering the biological functions of these novel small proteins.

Working with Micropeptides: Demonstrating Biological Relevance

As with the elucidation of the biological role of any novel protein coding gene, the truly 

cumbersome work comes in the form of demonstrating a physiological relevance for the 

protein. One of the most common ways to attempt to understand the function of a gene is to 

analyze a biological system lacking that gene. This loss-of-function approach can be 
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performed in cell lines or in animal models and rigorous phenotyping must be subsequently 

implemented. Importantly, it should be shown that rescue of the phenotype observed is 

accomplished by giving back the mRNA/protein that was lost in order to conclusively prove 

that the mutant phenotype is indeed due to loss of that particular protein. As discussed 

above, some micropeptides exert their function by interacting with and modulating much 

larger proteins and serve as a means to fine-tune complex biological processes. Therefore, 

loss-of-function studies may not reveal dramatic phenotypes due to potential complementary 

pathways. In such cases, stressing the physiological system in question in an appropriate 

manner may help to tease out the requirement for the micropeptide. Having supporting 

information available, such as potential interacting protein partners, will be extremely useful 

in helping steer you in the right direction of what to look for, where to look for it, and how 

to appropriately stress the system of interest.

Concluding Remarks

The recent discovery and characterization of multiple biologically active micropeptides 

hidden within mRNA transcripts incorrectly classified as ncRNAs indicates an additional 

level of complexity in the proteome that was previously unappreciated. Intricate 

computational and experimental techniques have been developed and optimized to identify 

novel sORF encoded peptides and these methods have uncovered a vast number of putative 

micropeptides. We have only just begun to decipher the biological roles of these important 

small proteins and explore the diversity of their functions (see Outstanding Questions). 

Future efforts will expand upon and refine micropeptide detection techniques, with 

considerable work needed to validate each candidate individually and elucidate its biological 

function.

Outstanding Questions

How can current technology be further optimized to reliably detect translation 

events from sORFs that generate stable bioactive peptides? Are there novel 

techniques on the horizon that will surpass what is presently used?

What is the fraction of putative sORF encoded peptides that are actually translated 

to stable micropeptide products versus those that are unstable byproducts of 

random translational events?

What is the best strategy for researchers to implement to systematically validate 

the vast numbers of prospective micropeptides that have been detected?

How will researchers overcome the many unique obstacles that come with 

working with tiny proteins (i.e. low protein abundance, protein instability, protein 

loss during sample preparation, lack of currently available antibodies and/or 

limited epitope options to generate custom antibodies, etc.)?

In cases where in vitro or in vivo loss-of-function studies result in no apparent 

phenotype, how can researchers gain insights into their system to design ways to 

Makarewich and Olson Page 9

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induce an appropriate stress to help elucidate the biological function of a 

micropeptide?
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Trends

• Recent advances in computational and experimental techniques have revealed 

that a much larger portion of the genome is translated than was previously 

recognized.

• Small open reading frames (sORFs) that produce functional, evolutionarily 

conserved peptides have been found hidden within transcripts annotated as 

“non-coding”.

• It has been demonstrated that these sORF encoded peptides, or SEPs, play 

essential roles in many important biological processes and have been shown 

to act independently or as regulators of larger proteins.

• To date, biological roles have been assigned to a small fraction of the total 

putative SEPs that have been identified and a huge amount of work remains to 

be done to prove their existence and elucidate their functions.

Makarewich and Olson Page 14

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Tools and Methods for the Identification of Micropeptides
(A) Regardless of their coding potential, all mRNA transcripts contain multiple different 

open reading frames (ORFs) of varying lengths (grey arrows). Typically, the longest ORF 

within the transcript codes for the functional protein product (red arrow), and this is most 

readily seen in large protein coding genes (middle). However, in the case of very small 

proteins like micropeptides (right), finding the correct ORF is extremely challenging 

because the longest one is frequently not the actual coding region, and the coding ORF gets 

lost in the noise of other spurious non-coding ORFs. (B) Computational tools, such as 

PhyloCSF, have been developed to help identify potential coding genes based on the 

evolutionary conservation of their nucleotide sequence. The mouse Upperhand (Uph)-Hand2 

locus (Left) is a perfect example of a region of the genome that contains a conserved protein 

coding gene (Hand2) and a non-coding transcript (Uph). As depicted, Hand2 scores 

positively on PhyloCSF (red color, upward deflection) specifically in the region that codes 

for the functional Hand2 protein (exon 1 and 2, E1 and E2). Conversely, Uph scores 

negatively throughout its sequence as illustrated by the negative (blue) score. PhyloCSF has 

been used to identify several novel micropeptides including dwarf open reading frame 

(DWORF, right), whose strong sequence conservation can be seen prominently in exon 2 

(E2). (C) Experimental methods such as ribosome profiling have also been developed that 
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aid in the identification of novel protein coding genes. In this technique, active translation is 

halted by the addition of translation inhibitors and samples are treated with nucleases to 

generate ribosome protected fragments (RPFs), or footprints, that are protected from 

digestion by the presence of the ribosome. These footprints are then recovered, sequenced 

and mapped to the genome to reveal their origin.
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Figure 2. Micropeptide Processing and their Biological Functions
(A) Unlike classical examples of neuropeptides and peptide hormones that are synthesized 

as much larger proteins and later proteolytically processed to generate their mature active 

peptide product (Left), micropeptides are translated directly from their precursor mRNAs as 

functional molecules (Right). Micropeptides have been shown to work as key regulators of 

many fundamental biological processes and can act independently or exert their effects by 

engaging with and modulating much larger regulatory proteins (B).
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Figure 3. Methods for Verifying Micropeptide Coding Potential
(A) CRISPR/Cas9-mediated gene editing can be used to knockin an epitope tag into the 

endogenous locus of a putative micropeptide in-frame with the predicted sORF to test for 

coding potential. The Cas9 endonuclease (yellow) is targeted to a specific location on the 

genome via a single guide RNA (sgRNA, green) which is immediately adjacent to a 

protospacer adjacent motif (PAM) site. Upon recognition of the appropriate site, Cas9 will 

then unwind the DNA duplex and create a DNA double strand break. This double strand 

break can either be repaired by non-homologous end joining (NHEJ) or by homology-
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directed repair (HDR). To utilize HDR for editing, a donor template with homology to the 

targeted locus must be provided and this must contain the sequence of the epitope tag you 

wish to knockin (shown here as FLAG, red). Expression of your epitope tag can then be 

verified by Western Blot or immunostaining. (B) The coding potential of a sORF can also be 

assessed by in vitro translation. The full-length cDNA of your peptide of interest must be 

cloned into a plasmid containing a phage polymerase promoter (shown here as T7, Sp6 or 

T3) and cell-free protein synthesis is performed in the presence of 35S-methionine, which 

will radioactively label your micropeptide (35S-methionine is depicted as red circles in the 

polypeptide chain). These protein products are then subjected to gel electrophoresis and 

autoradiography and then analyzed to determine if a product of the predicted molecular 

weight is produced. As a control, a frame-shift mutant of your coding sequence should be 

cloned and this should not yield an 35S-labeled protein product.
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