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Small Open Reading Frames
Tiny Treasures of the Non-coding Genomic Regions
A Yazhini
Open Reading Frames (ORFs) are the DNA sequences in the
genome that has the potential to be translated. Generally,
only long ORFs (≥ 300 nucleotides or nt) are thought to be
protein coding regions and are considered as genes in the
genome annotation pipeline. Until recent years, small ORFs
(smORFs) of less than 100 codons (< 300 nt) were regarded as
non-functional on the basis of empirical observations. However, recent work on ribosome profiling and mass spectrometry have led to the discovery of many translating functional
small ORFs and presence of their stable peptide products.
Further, examples of biologically active peptides with vital
regulatory functions underline the importance of smORFs
in cell functions. Genome-wide analysis shows that smORFs
are conserved across diverse species, and the functional characterization of their peptides reveals their critical role in a
broad spectrum of regulatory mechanisms. Further analysis of small ORFs is likely throw light on many exciting, unexplored regulatory mechanisms in diﬀerent developmental
stages and tissue types.
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1. Introduction
Gene is the protein encoding functional unit in the genome. It
consists of promoter, protein coding (exon) and terminal regions.
The protein coding regions of the gene are called the ‘open reading frames’ (ORFs). It contains series of 3 nucleotide (nt) codons
which determines the sequence of amino acids (aa) in a protein.
Depending on the codon sequence and the translation initiation
position in the ORFs, the amino acid composition is determined.
The advent of next-generation sequencing technology has led to
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Recently, ORFs with less
than 100 codons, called
small ORFs have been
identified from what was
originally believed as the
non-coding regions of
the genome. smORFs
are functional and are
seen to produce
biologically significant
peptides.

enormous growth in whole genome sequencing. Hence today,
genome sequence of many organisms are available for functional
characterization. In genome annotation, one of the functional
characterization methods is gene identification by looking at the
presence of ORFs. In general, ORF length of at least 100 codons
(300 nt) – an arbitrary cut-oﬀ – is considered for gene identification, and ORFs of less than 100 codons are excluded. Also,
it is observed that many long non-coding regions in the genome
contain such short length ORFs, and they are usually ignored during functional analysis as such short stretches are deemed as random occurrences [1]. Recently, ORFs with less than 100 codons,
called small ORFs (smORFs) have been identified from what was
originally believed as the non-coding regions of the genome. smORFs
are functional and are seen to produce biologically significant
peptides [2, 3]. Few functional analyses have elucidated that
smORFs are involved in gene expression regulation, and peptides
from them showed essential role in many biological pathways [4].
This article deals with the presence of smORFs in what is believed to be the non-coding regions of genome, diﬃculties in
distinguishing functional smORFs from non-functional randomly
occurring short stretches of DNA, and its biological significance
in a wide range of cellular functions.

2. smORFs in lncRNAs

1 UTR refers to untranslated region.
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Long non-coding RNAs (lncRNAs) are RNA transcripts from noncoding regions which are only functional as an RNA and do not
undergo translation to produce proteins. Unlike small RNAs such
as miRNAs, siRNAs and snRNAs, lncRNAs are longer with at
least 200 nt. They consist of 5‘UTR1 , ORFs, 3’UTR and introns
(in the case of eukaryotes) [1, 5]. Generally, ORFs in lncRNAs
are very small, less than 100 codons (300 nt). It was assumed that
these smORFs do not undergo translation and such short stretches
could easily occur by chance. Recently, functional characterization of lncRNAs evidenced that peptides are synthesized from
smORFs located within lncRNAs and showed biologically sig-
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Figure 1. Regulatory function of Pri peptide during
fruit fly embryogenesis.

nificant regulatory role . For example, in fruit flies, polished rice
(Pri) or tarsal-less (Tal) – a 11 aa short peptide produced from
lncRNA – promotes the activation of Svb (Shavenbaby) transcription factor by triggering the N-terminal cleavage of Svb repressor
(Figure 1). This activation of Svb is essential for controlled gene
expression during embryogenesis [6].

Apart from lncRNA
mediated gene
regulation, translation of
smORFs from lncRNAs
shows vital functions in
cell survival under
various stress conditions.

Similarly, during the embryo development of zebrafish, 58 aa
long toddler polypeptide produced by a short ORF within a lncRNA,
regulates cell migration during the gastrulation period [7]. Apart
from lncRNA mediated gene regulation, translation of smORFs
from lncRNAs have also showed vital functions in cell survival
under various stress conditions. It was observed that smORFs
facilitate localization of lncRNAs in the cytoplasm and enhance
their translation [8].

3. smORFs in mRNAs
Messenger RNAs (mRNAs) undergo translation and produce functional proteins. They consist of ORFs (canonical) with minimum
100 codons flanked by 5 UTR and 3 UTR. Interestingly, smORFs
are observed to be present in the UTR regions of mRNAs. Based
on their location, smORFs are classified as uORFs, dORFs and
sORFs (Figure 2).
Functional characterization of smORFs in the UTR regions has
revealed that they are responsible for the regulation of translation
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Figure 2.

Classification
of smORFs based on their
location in the non-coding
regions of the genome.
uORF–smORF in 5 UTR;
dORF–smORF in 3 UTR;
sORF–smORF that overlaps
with canonical long ORF in
diﬀerent reading frame.

of canonical ORFs [9]. In Arabidopsis, regulation of translation
of canonical ORFs by 5 UTR smORFs is elucidated as follows
(also see Figures 3, 4 and 5):
a) Regulated canonical ORF translation and ribosome stalling
Translation of uORFs negatively regulates the translation rate of
canonical ORFs [10]. smORF-encoded peptides cause ribosomal stalling which bring down the rate of translation of canonical
ORFs [11].
b) Regulated reinitiation
Environmental factors or metabolic changes cause translation reinitiation of canonical ORFs following the translation of uORFs
[12].
c) Regulated mRNA decay
Transcription of uORF followed by canonical ORF leads to the
synthesis of long mRNA containing uORF and canonical ORF
Figure 3.

uORF mediated canonical ORF translation. Translation of canonical ORF is reduced by actively translating uORF located in the upstream region.
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Figure 4. Reinitiation of
translation at canonical ORF
start codon. uORF controls
the initiation of canonical
ORF translation in response
to the presence and absence
of environmental factors.

Figure 5. uORF mediated
mRNA decay. Stability of
mRNA is controlled by the
uORF of canonical ORF.

regions. Presence of uORF region introduces the stop codon at
5 end of the mRNA and mark it as an aberrant transcript. Such
mRNA with premature stop codon is recognized by nonsense mediated decay (NMD) and gets degraded immediately. By this
mechanism, uORF regulates mRNA viability [13].

4. Diﬃculties in Identifying smORFs
Genetic screening and mutagenesis2 are the general methods used
to identify and characterize functional regions of the genome.
However, introduction of random mutations to smORFs is a very
rare event, and hence it is not possible to detect smORFs through
mutation studies. Several findings have showed that peptides
from smORFs are expressed at specific developmental stages and
are restricted to specific tissue types [14, 15]. However, their low
abundance and small size make them extremely diﬃcult to detect
by mass spectrometry because they may get washed out during
sample preparation. Conservation analysis by homologue search
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The recent discovery of
high-throughput
transcript expression
techniques have
evidenced that lncRNAs
indeed undergo
translation and produce
stable peptides from
their smORFs.

methods like BLAST is also not suitable for smORFs since these
methods are biased towards sequence length. If a query is very
short (less than 100 aa), there is a high chance of detecting false
positives with significant e-values. Analysis of randomly computer generated nucleotide sequences showed that occurrence of
ORFs with less than 100 codons could be by chance and most of
the protein coding regions have at least 100 codons in their ORFs
[1, 15]. Thus, all the gene prediction methods (e.g., Glimmer,
GeneMark and GenSCAN) are restricted to define transcript as
mRNA only if ORF length is ≥ 100 codons. Also, 100 codon
cut-oﬀ is used as the main criterion to distinguish mRNA from
lncRNA in transcript expression analysis. So far, researchers
thought that smORFs in lncRNA do not produce proteins and
have been ignoring them in genome annotation pipeline. The
recent discovery of high-throughput transcript expression techniques have evidenced that lncRNAs indeed undergo translation
and produce stable peptides from their smORFs [8, 16, 17, 18].

5. Techniques for Identification of smORFs
RNA-sequencing (RNA-seq) is a whole transcriptome sequencing technique used to quantitatively measure the entire RNA transcript expression under the given cell conditions. In this experiment, fragments per kilobase of transcript per million mapped
reads (FPKM) is used to quantify RNA transcript expression and
is applicable for identifying short RNA transcripts from smORFs
[16]. In 2012, ribosome profiling (Ribo-seq) technique was discovered to holistically identify translating RNA transcripts. It
captures the snapshot of all the translating RNA regions [2, 16,
17]. Hence, Ribo-seq identifies truly translating smORFs which
indirectly indicate their protein synthesizing ability. Further, functional importance of smORFs is examined by their conservation
across species. There are many evolutionary conservation scores
developed to find conserved elements in the genome. For example, PhastCons (PHylogenetic Analysis with Space/Time models Conservation score) is a phylo-HMM based method to analyze nucleotide sequence conservation using multiple genome
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sequence alignment. High PhastCon score indicates that the genomic region is highly conserved among species. dN/dS or Ka/Ks3
analysis is another conservation scoring method to analyze conservation at protein sequence level. It is calculated by taking the
ratio of non-synonymous mutation rate to synonymous mutation
rate in the given genomic region. Lower the score, higher is the
protein sequence conservation with preference for synonymous
mutations over non-synonymous mutations [2, 8, 18]. Although
the above-mentioned scoring methods are applicable for the conservation analysis of smORFs, another method named PhyloCSF
(Phylogenetic Codon Substitution Frequencies) was developed to
accurately analyze conservation of smORFs as well as their protein coding potential. It considers the codon frequency, composition of genomic region, transition (A↔T or G↔C) and transversion (A/T↔G/C) rate and dN/dS ratio to calculate phyloCSF score.
It examines whether a given genomic region is conserved as well
as has coding potential or not. High phyloCSF score indicates that
the region is well conserved and has potential to encode protein
[19]. All aforementioned experiments and conservation scoring
methods are currently applied to identify functional smORFs in
whole genome analysis.

3 dN/dS

(non-synonymous
to synonymous rate ratio)
or Ka/Ks is the ratio of
substitution rates to quantify
evolutionary
pressure
on
protein coding region.

6. Applications
Genome-wide smORFs identification has been carried out in model
organisms such as Saccharomyces cerevisiae (yeast), Caenorhabditis elegans (roundworm), Danio rerio (zebrafish), Mus musculus (mouse) and Homo sapiens (human). Analysis of such predicted smORFs indicates that they are conserved across species
and prefer synonymous mutations over non-synonymous mutations to preserve the protein sequence composition [18]. Peptides from smORFs are involved in protein-protein interactions
and regulate signaling and metabolic pathways [19]. For example, SgrT, a 43 aa long peptide binds to glucose transporter membrane protein and negatively regulates glucose influx into cytoplasm in E. coli under glucose toxicity condition [20]. Similarly,
in mouse, myoregulin (MLN), phospholamban (PLN) and sar-
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indicates that they are
conserved across species
and prefer synonymous
mutations over
non-synonymous
mutations.
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Figure 6. SEPs in therapeutics. Chemically modified SEPs can potentially be
used as drugs for modulating protein-protein interactions as well as drug delivery
system.

Potential applications of
smORF-encoded
peptides include the
development of new
therapeutic approaches
to treat diseases
eﬃciently.
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colipin (SLN) peptides interacts with the sarcoplasmic reticulum
Ca2+ ATPase (SERCA) ion channel to regulate muscle contraction and relaxation [21]. Increasing functional characterization
of smORF-encoded peptides (SEPs) in recent times reveals that
they play a vital role in a broad range of biological regulatory
mechanisms [3, 4, 6, 7, 20]. Structural characterization of predicted SEPs have shown that they are mostly disordered peptides and have protein interacting motifs. In humans, a 24 aa
long peptide called humanin synthesized from smORF present
in the non-coding RNA is involved in apoptosis by interacting
with BAX (Bcl-2-associated X protein) [22]. Since SEPs are involved in protein-protein interactions and essentially regulate disease related pathways, they can be considered as potential drug
targets. Nonetheless, a major problem in using peptides as a drug
is that they have poor stability and they can be readily cleaved
by proteases. Chemically modified stable SEPs with improved
pharmacokinetic properties can be used as a drug to modulate
protein-protein interactions (Figure 6) and also cell-penetrating
peptide (CPP) tagged SEPs can act as potential drug delivery systems [23].
Hence, potential applications of smORF-encoded peptides include
the development of new therapeutic approaches to treat diseases
eﬃciently.
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Figure 7. Gene evolution
from non-coding regions in
the genome.

7. Conclusion
High throughput identification of smORFs in well-annotated
genomes has evidenced that functional smORFs are indeed present
in lncRNAs and putative non-coding regions of mRNAs. RNAseq and Ribo-seq techniques also show that smORFs undergo
transcription followed by translation to produce stable peptides.
Further functional characterization has to be carried out experimentally for individual cases to understand their biological importance. Their role in the regulation of gene expression, signaling pathways and tissue/developmental stage specific expression indicates that smORFs are highly essential for cell functions
and could be used to develop new therapeutics. In addition, the
presence of smORFs in the non-coding regions provides clue on
the theory behind gene evolution. It is believed that gene evolution occurs in two ways: (1) editing already existing gene to
make new protein coding genes and (2) protein/peptide coding
gene emerging from non-coding region (Figure 7). smORFs in
lncRNAs indicates that lncRNAs may be a birth pool of protein
coding genes by initially acquiring smORFs and extending them
during the course of evolution to make new protein coding genes
[24].
Further analysis of such interesting genomic features will improve our understanding of cellular functions and gene evolution.
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