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ABSTRACT: Advanced analytic techniques, such as ribosome profiling and mass
spectrometry, as well as improved bioinformatics technology, have promoted the
field of genome annotation forward and have identified thousands of likely coding
short open reading frames (sORFs) in the human genome. The discovery of sORFs
and their products allows us to realize that the complexity of the human genome is
far greater than previously assumed. Here, we provide a review of human
micropeptides encoded by various transcripts such as mitochondrial rRNAs, long
noncoding RNAs, circular RNAs, upstream of mRNAs, and so on.
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■ INTRODUCTION

Open reading frames (ORFs), hidden in various transcripts,
containing a start codon, a line of codons less than 100, and a
stop codon, are categorized as short/small open reading frames
(sORFs/smORFs).1−3 Products produced by sORFs/smORFs
are named micropeptides or sORFs-encoded peptides
(SEPs).1,3,4 Hundreds of translated, yet nonannotated sORFs
derived from long noncoding RNAs (lncRNAs), mRNAs,
circular RNAs (circRNAs), pri-miRNAs, and rRNAs have been
revealed by using advanced computational methods and large-
scale sequencing techniques.2 Meanwhile, some micropeptides
have been identified in a wide range of species from bacteria to
humans.4 Classical bioactive peptides, cleaved from larger
precursor proteins, are targeted directly toward the secretory
pathway through an N-terminal signaling sequence. However,
micropeptides encoded by sORFs are immediately released in
the cytoplasm after translation because of the lack of a
signaling sequence.1

In recent years, strategies for identification of putative
translated sORFs have been developed and have disclosed
several micropeptides in some organisms. These strategies are
based on analyzing sORF sequences by computational
methods, ribosome sequencing, and mass spectrometry
(MS).5 The coding potential of sORFs is evaluated by
computational methods by analyzing the composition of
nucleotides or ORF qualities and conservation.6−10 Ribosome
profiling is a method that sequences the fragments protected
by the ribosome and then assesses the coding potential by
various computational algorithms. This method can identify
the actively translated regions of genes.11−18 MS peptidomics

and proteomics are the third widely used technique which has
been used to directly identify micropeptides.19−21

The emerging world of sORFs forms a new part of biological
genomes, and the products of these sORFs could have various
important functions in cells (Figure 1). Although reviews
focused on micropeptides have been published during last
several years,1,3−5,19,22−26 this field is rapidly growing, and
regular updates are justified by the pace of advances in this
important area. Here, we provide an overview of the
micropeptides identified from Homo sapiens in recent years
(Table 1).

■ MICROPEPTIDES ENCODED BY sORFs DERIVED
FROM MITOCHONDRIAL DNA

Human mitochondrial DNA (mtDNA) encodes 37 classically
known genes, including 2 rRNAs, 22 tRNAs, and 13
polypeptides which are subunits of the ETC complexes.
Recent studies have revealed that the mtDNA contains sORFs
that can encode functional micropeptides, named mitochon-
dria-derived peptides (MDPs).27

The first MDP, designated as humanin, encoded by a 75bp
sORF within the mtDNA, is a 21−24 amino acid peptide that
was first identified from an Alzheimer patient.28,29 There are a
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positive-charged N-terminal, a central hydrophobic region, and
a negatively charged C-terminal in the sequence of human-
in.29,30 The roles of the amino acid residues of the peptide have
been identified through the alanine scanning technique. Leu9
to Leu11, and Pro19 to Val20 are responsible for extracellular
secretion, and amino acids Pro3−Pro19 are the functional core
domain; Pro3, Ser7, Cys8, Leu9, Leu12, Thr13, Ser14, and
Pro19 are also key sites for humanin’s function.31 Another
research proved that Phe6 and Lys21 are responsible for
binding to its interacting partner.32 In many tissues, including
testis, colon, vascular walls, neurons, skeletal muscles, and
blood, humanin is widely expressed.33−35 The wide localization
of humanin indicates its important biological function in
organisms. To date, many research results have demonstrated
that, in different cells, tissues, and animal models, humanin
showed versatile properties such as antiaging, neuroprotection,
antiapoptosis, anti-inflammatory, and antifibrilogenic.36−39

In addition to humanin, other MDPs have also been
identified. MOTS-c is a 16 aa peptide located in the 12S rRNA
gene. It regulates diabetes, obesity, longevity, and exercise and
represents a novel signaling mechanism regulating metabo-
lism.40 Subsequently, multiple studies demonstrate that
MOTS-c facilitates metabolic homeostasis and reduces obesity
and insulin resistance,41 suppresses ovariectomy-induced bone
loss,42 increases survival and decreases bacterial load in MRSA-
infected mice,43 modulates mitochondrial function during
cellular senescence,44 and regulates nuclear gene expression
under the condition of metabolic stress via AMPK activation.45

In addition, we have found that, in the mouse formalin test,
MOTS-c exerts antinociceptive and anti-inflammatory effects
via activating AMPK pathway46 and protects the lungs from
LPS-induced acute lung injury in mice, probably by activating

AMPK and SIRT1 signaling pathways and inhibiting ERK,
JNK, p65, and STAT3 signals.47 Another six small humanin-
like peptides (SHLP 1−6) within the same 16S rRNA gene
where humanin is located have been identified. They are
involved in the activities of mitochondria.48

Moreover, a sORF in the C12ORF73 gene encodes a
mitochondrial-localized micropeptide termed BRAWNIN.
BRAWNIN, identified by analyzing ribosome profiling data
combined with a prediction and validation pipeline, is highly
expressed in cardiac and skeletal muscle cells and plays key
roles in the assembly of respiratory chain complex III (CIII).
The AMPK pathway can induce the production of BRAWNIN,
and the production of ATP is impaired when this micropeptide
is depleted in human cells. These findings suggest that
BRAWNIN is necessary for human oxidative phosphoryla-
tion.49

Most recently, Lee reported a mitochondrial 83-aa micro-
peptide termed MOCCI.50 MOCCI is an analogue of the
cytochrome C oxidase (Complex IV) NDUFA4 subunit.
During inflammation and infection, the expression of the
micropeptide is upregulated to promote a host-protective
resolution.50 MOCCI displaces NDUFA4 in Complex IV to
decrease the mitochondrial membrane potential and reduce
ROS production, resulting in a diminished cytoprotective and
immune response during inflammation.50

■ MICROPEPTIDES ENCODED BY lncRNA-DERIVED
sORFs

Although long noncoding RNAs (lncRNAs) previously have
been annotated as noncoding RNAs, several studies have
demonstrated that a small part of putative sORFs within
lncRNAs are translated.51

Figure 1. Different functions performed by micropeptides.
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SPAR, identified by proteomics analysis, is a 90 aa peptide
encoded by the lncRNAs LINC00961. SPAR inhibits amino
acid-induced mTORC1 activation by interacting with the
lysosomal v-ATPase, and then it regulates the skeletal muscle
regenerative response following injury.52 A sORF within
LINC01420/LOC550643 (updated gene symbol NBDY)
RNA encodes a micropeptide termed NoBody (NBDY).
mRNA decapping proteins are responsible for promoting 5′-3′
decay via removing the 5′ cap from mRNAs and participating
in the turnover of mRNA and nonsense-mediated decay.
Endogenous NBDY regulates cellular RNA decapping by
directly interacting with the decapping proteins via EDC4 and
DCP1A proteins and localizing to P-bodies.53,54 In addition, in
vitro, in the presence of RNA, NBDY undergoes liquid−liquid
phase separation.55 NBDY phosphorylation promotes liquid
phase remixing in vitro and macroscopic P-body segregation in
cells that undergo growth factor signaling and cell division.55

Moreover, STORM, a linc00689-derived micropeptide,
induced by TNF-α-induced and MST1-mediated eIF4E
phosphorylation of eIF4E, exhibits molecular mimicry of
SRP19 and thus competes for 7SL RNA.56

A group of micropeptides, translated from lncRNAs and
serving as oncogenes or tumor suppressors, have been
characterized. Several excellent articles have reviewed the
micropeptides identified in various cancers.57−59 Here, we
generally list the lncRNA-encoded micropeptides involved in
human cancer.
Our team has found that micropeptide MIAC, identified by

using computational approaches coupled with translation in
vitro and mass spectrometry, interacts with AQP2 and
decreases the expression of ITGB4 and SEPT2, which are
involved in actin cytoskeleton and modulate cell mobility, and
thereby inhibits tumor growth and metastasis of HNSCC.60

The association of the dysregulation of MIAC with the survival
of HNSCC patients and development of other tumors
indicates that MIAC may have a wide anticancer spectrum.60

BNLN, a highly conserved micropeptide encoded by a
lincRNA TUNAR (also known as TUNA, HI-LNC78, or
LINC00617) enriched in β and neural cells, was exper-
imentally verified by applying two computational tools in the
human pancreas.61 BNLN regulates Ca2+ homeostasis in
pancreatic β cells, consequently modulating GSIS.61 These
results suggest that BNLN dysregulation might be associated
with the obesity-related impairment of insulin secretion in the
pancreas.
SMIM30 is a micropeptide encoded by a sORF within

linc00998.62 In vivo and in vitro, SMIM30, but not the
lincRNA, promotes HCC cell proliferation, cell cycle, invasion,
and migration. The level of micropeptides is correlated with a
poor survival rate in HCC patients.62 Furthermore, increased
SMIM30 transcription by c-Myc activates the MAPK signaling
pathway through promoting the expression of the nonreceptor
tyrosine kinase SRC/YES1.62

RBRP is a 71 aa micropeptide encoded by lncRNA
linc00266-1.63 The micropeptide, but not the lncRNA, exerts
its oncogenic functions via binding to IGF2BP1 to enhance
m6A recognition of RNAs such as c-Myc mRNA, thus
increases mRNA stability and c-Myc expression. In vitro,
RBRP promotes proliferation, colony formation, migration,
and invasion of cancer cells; in vivo, it drives tumorigenesis and
metastasis.63

A LINC00665-encoded micropeptide named CIP2A-BP was
identified by Guo et al. using both bioinformatics and

experimental tools.64 CIP2A-BP directly binds to CIP2A, a
tumor oncogene, and replaces the B56γ subunit of PP2A,
thereby releasing PP2A activity and inhibiting the signal
pathway of PI3K/AKT, leading to the reduced expression
levels of MMP-2, MMP-9, and Snail.64 They proposed that
CIP2A-BP may be a TNBC prognostic biomarker and a
therapeutic target.64 Another micropeptide identified by the
same group is YY1BM.65 YY1BM, encoded by LINC00278, is
involved in the progression of esophageal squamous cell
carcinoma (ESCC), inhibits the interaction of YY1 and
androgen receptor, and then reduces the expression of Eef2k
via the AR pathway.65

LncRNA linc00908, an ERα-regulated lncRNA, encodes a
regulatory micropeptide named ASRPS.66 This micropeptide,
differentially expressed in triple-negative breast cancer
(TNBC), was identified by using bioinformatics tools. By
directly binding to STAT3 via the coiled coil domain in BC
cell lines and mouse models, ASRPS inhibits the phosphor-
ylation of STAT3, reduces the expression of VEGF, and then
suppresses tumor angiogenesis.66 Thus, ASRPS may be both a
prognostic biomarker and a novel therapeutic target for
TNBC.
KRASIM, a conserved micropeptide encoded by lncRNA

NCBP2-AS2, is differentially expressed in normal hepatocytes
and HCC cells.67 It inhibits the growth and proliferation of the
HCC cell by interacting and colocalizing with the KRAS
protein in the human HuH-7 hepatoma cell cytoplasm.67 In
addition, in HCC cells, overexpression of KRASIM reduces the
level of KRAS, resulting in the suppression of ERK signaling
activity.67

A potential sORF within the noncoding RNA NR_029453
encodes a transmembrane micropeptide, localized in endo-
somes, termed CASIMO1. CASIMO1 regulates the cytoske-
leton and affects cell migration at the transcriptional level.68

This widely expressed micropeptide impacts proliferation and
cell cycle progression through interacting with SQLE and
regulates lipid droplet accumulation in breast cancer cells.68

LncRNA HOXB-AS3 encodes a conserved 53-aa micro-
peptide named HOXB-AS3.69 HOXB-AS3 antagonizes the
hnRNP A1-mediated pyruvate kinase M (PKM) splicing by
binding to the arginine residues in hnRNP A1 RGG motif to
ensure the formation of lower PKM2 and the suppression of
glucose metabolism reprogramming, thereby inhibiting colon
cancer growth.69

CRNDE, overexpressed in human malignancies, previously
has been annotated as long noncoding RNA.70 One of the
CRNDE transcripts encoded micropeptide, CRNDEP, has
been identified by using bioinformatics methods. CRNDEP is
mainly located within the nucleus and is increased in the
tissues of rapidly proliferating (e. g., intestine and spermato-
cytes).70 The translation of CRNDEP is inhibited by the
downregulation of CRNDE lncRNAs. Overexpression of the
fusion protein of the micropeptide with fluorescent tag
indicates that the micropeptide appears to induce the
formation and localization of the stress granules. The authors
speculate that CRNEDP may regulate cell proliferation and
oxygen metabolism based on their preliminary experimental
results and in silico results.70 But CRNDEP’s exact role needs
to be further elucidated.
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■ MICROPEPTIDES ENCODED BY sORFs DERIVED
FROM circRNAs

Owing to the advanced deep sequencing technique and
computational approaches, many circRNAs have been
identified, and their roles in regulation, neural development,
carcinogenesis, and as “microRNA sponges” have been
illustrated.71 Interestingly, certain synthetic circRNAs can be
translated into peptides or proteins.72,73 In addition, the
human circRNAs’ coding potential has been demonstrated by
computational methods.74 In the past few years, several
endogenous human circRNAs, circ-LINC-PINT,75 circ-
0000437,76 and circPPP1R12A,77 have been translated in
vivo, and the roles of their products have been identified and
characterized.
A circRNA-encoded micropeptide, named PINT87aa,

involved in glioblastoma, was identified by the Zhang group.
PINT87aa is translated from circular LINC-PINT and inhibits
the proliferation of glioblastoma cells in vitro and in vivo by
interacting with the PAF1c complex and suppressing the
transcriptional elongation of multiple oncogenes.75

CircRNA has-circ-0000437 is remarkably decreased in
endometrial cancer compared to matched paracancerous
tissue.76 There is a sORF in the circRNA encoding a
functional micropeptide termed CORO1C-47aa. The micro-
peptide presumably functions via negatively regulating tumor
angiogenesis by inhibiting the link between ARNT and
TACC3, then suppresses VEGFA expression and secretion,
and ultimately inhibits angiogenesis.76

CircPPP1R12A-73aa is a 73 aa micropeptide encoded by
Has_circ_0000423 (circPPP1R12A). As a transcriptional
regulator of the Hippo signaling pathway, Yes-associated
protein 1 (YAP1) plays a crucial role in the proliferation and
metastasis of tumor cells. The significant inhibiting effect of the
YAP1 specific inhibitor Peptide 17 on CircPPP1R12A-73aa-
induced tumor growth and metastasis indicates that the
promotive effect of circPPP1R12A-73 on cancer cells in vivo
and in vitro is through the activation of the Hippo-YAP
pathway.77

■ MICROPEPTIDES ENCODED BY uORFs DERIVED
FROM THE UPSTREAM OF mRNAs

Over one million uORFs have been identified by using
bioinformatic analyses in humans.78 Recent studies have
revealed several micropeptide encoded by uORF. Some of
these uORF-encoded micropeptides regulate the translation or
transcription of their mRNAs in response to a specific product
of metabolic processes via stalling ribosomes.79

Chen et al. discovered multiple uORFs encoding functional
micropeptides and revealed that these micropetides encoded
by uORFs bind to the protein encoded by the downstream of
the same mRNA by using a combined strategy.80 Although
they have identified hundreds of previously uncharacterized
functional micropeptides, including uORF-encoded micro-
peptides, in the human genome, the specific roles and
mechanisms of action of the most micropeptides remain
unclear.
Starck et al. traced translation using T cells to directly detect

the translation products of uORFs during the integrated stress
response.79 They verified the translation of uORFs in the
upstream of the binding immunoglobulin protein mRNA.79

The micropeptides encoded by uORFs serve as MHC-I ligands

to label cells for adaptive immune system recognition during
the integrated stress response.79

A conserved uORF within the 5′UTR of CHOP encodes a
31 aa micropeptide. Mutating the 5′ leader region and the
sequence of the micropeptide indicate that the peptide
suppresses the downstream ORF expression by blocking
ribosomal access to downstream initiation sites.81 MIEF1-
MP, a 70 aa micropeptide encoded by the uORF within the 5′
untranslated region of the gene of MIEF1 (mitochondrial
dynamics protein MID51), has been identified in several cell
lines and intestinal tissues by proteomic analysis.82 MIEF1-MP
facilitates mitochondrial fission through the LYR domain and
is involved in regulating mitochondrial translation.82 ASDURF,
a recently discovered uORF derived from the 5′ UTR of
ASNSD1 mRNA, encodes a 97 aa micropeptide. ASDURF is
the twelfth subunit of the PAQosome, an 11-subunit
chaperone involved in the biogenesis of several human protein
complexes.83 The discovery of this uORF-encoded micro-
peptide provides an example for the micropeptides encoded by
the uORFs of eukaryotes. They can function in a more broad
range, including as a cis-acting translational regulator of the
downstream coding sequence. Therefore, it is important to
include the uORF products in proteomic studies.83

■ MICROPEPTIDES ENCODED BY sORFs DERIVED
FROM OTHER TRANSCRIPTS

In addition to the micropeptides encoded by mitochondrial
rRNAs, lncRNAs, circRNAs, and the upstream of mRNAs,
other transcripts (such as transcripts of unknown function
(TUFs), transcripts previously annotated as noncoding
transcripts) encoding micropeptides have also been identified
in human genomes.
Six novel TUFs have been identified by screening for TUFs

with controlled expression during the differentiation of
pluripotent hMSCs.84 One of these transcripts, overexpressed
in cancer tissues, is AGD3, previously annotated as noncoding
RNA.84 What is interesting is that a 63-amino-acid micro-
peptide is encoded by AGD3. AGD3 is suppressed by the PKA
pathway during adipogenesis.84 But the mechanism of action of
AGD3 in hMSC biology needs to be revealed.
ELABELA (ELA) is a secreted peptide hormone encoded by

the AK092578 gene which has been previously annotated as a
noncoding RNA.85 It is essential in vivo for heart development
signals via the apelin receptor. ELA is the first hormonal
peptide that is involved in the ability of naiv̈e blastomeres to
differentiate into one of the three embryonic germ layers.85

The C7orf49 (CYREN) gene encodes a 69 aa micropeptide,
MRI-2, which was identified by using peptidomics profiling of
K562 cells.21 As one of multiple isoforms produced by the
C7orf49 (CYREN) gene, MRI-2 interacts with two subunits of
Ku70 and Ku80 proteins of the heterodimeric protein Ku,
which is a key effector of the NHEJ pathway for DSBs repair.86

When a DNA double strand is broken, the Ku heterodimer
binds to the break, and this allows the recruitment of the
DNA-PK protein and other factors to repair the double strand
break.87 MRI-2 is recruited to the nucleus by theoverexpres-
sion of Ku and induction of DSBs and then enhances the rate
of NHEJ in vitro.86 As one member of the NHEJ cofactors,
MIR is required for specific DNA end processing and DNA
complex stabilizing.88 Another study reports that MRI is
intrinsically disordered, interacting with many DDR proteins
and the cNHEJ factors and then forming large multimeric
complexes dependent on its N- and C-termini and localized to
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DNA DSBs to promote DDR factor retention.89 They consider
that MRI is an adaptor that promotes cNHEJ by increasing the
affinity of DDR factors for DSB associated-chromatin through
multivalent interactions.89 It would be challenging to
deconvolute the roles of specific short versus longer isoforms
of the MRI protein.
PIGBOS is a 54-amino acid micropeptide which is translated

from the opposite strand of the PIGB gene and localizes to the
outer membrane of mitochondria.90 PIGBOS regulates the
unfolded protein response and endoplasmic reticulum (ER)
stress-induced apoptosis in the ER by interacting with the ER
protein CLCC1.90

■ CONCLUSION AND FUTURE PERSPECTIVES
We have reviewed micropeptides identified recently in the
human genome in this review. These micropeptides have been
shown to play important roles in many important biological
processes. MDPs are important in regulating inflammation,
cellular metabolism, apoptosis, and ion homeostasis. The
deficiency of MDPs leads to development defects and even
cardiovascular or neurodegenerative diseases.27 The role of
micropeptides, especially uORF-encoded peptides, in human
pathology has been demonstrated. Recent studies have shown
that uORF-encoded peptides play important roles in tumori-
genesis. The changes induced by oncogenin alter the landscape
of uORF translation, thus allowing a set of mRNAs associated
with cancer to remain efficiently translated and evade the
overall inhibition of protein synthesis.78 In addition, the
identification of lncRNA-encoded peptides, which play crucial
roles in tumorigenesis, inflammation, and metabolism, expand
the scope and mode of action of lncRNA.24 Moreover, the
important roles of circRNA-encoded micropeptides have
begun to be disclosed. CircRNAs have great application
potential in the field of disease diagnosis and treatment. More
circRNA-encoded micropeptides and novel functions of these
peptides will be identified and characterized in the future.91

The sORFs that may play crucial roles are dispersedly
distributed in the human genome, a finding that challenges our
notion that one gene only encodes one protein and that
transcripts without a canonical ORF are noncoding. Likewise,
it may be functionally important to use alternative initiation
codons, which adds complexity to understanding and
annotating genes.4 Distinguishing these small characteristics
from the statistical noise that has so far impeded their
annotation is another challenge. Fortunately, advanced
technologies and new approaches, such as ribosome profiling,
improved bioinformatics strategies, and multiomics identifica-
tion approaches, are helping us gradually solve these problems.
Exploring the function mode of micropeptides is another

challenge. Combining XL-MS with bioinformatics docking
predictions provides a promising method for identifying
micropeptide−protein interactions at the proteomic scale
that can aid in deciphering micropeptide functions. CRISPR-
Cas9 combined with single-cell transcriptomics is a con-
spicuous functional screen strategy.92 Moreover, loss-of-
function in vitro or in vivo is an effective way to decipher
the biological roles of micropeptides. This strategy is not
suitable when there are no apparent phenotype changes for
some micropeptides.
To mine for new micropeptides or proteins from genetic

variations associated with disease is another direction for this
field. The peptides or proteins translated from genetic
mutations could give us important clues for understanding

the etiology of human diseases, and some of these products
may be potential drug candidates for therapy.4 Micropeptides
are particularly suitable as targeted drugs or targets based on
their relatively smaller sizes, tissue-specific expression pattern,
and low cytotoxicity. In addition, because advanced
peptidomic analysis enables the discovery of more biological
properties of peptides, mainly including their biological roles
and druggability, this approach will certainly facilitate and
enhance the use of peptides in the pharmaceutical industry for
therapeutic, prognostic, and diagnostic elements.93,94

Interestingly, the functions of all trans-acting micropeptides
known to date depend on specific interactions with larger
proteins.92 By inducing conformational changes, masking
functional and regulatory sites, masking nucleic acid-binding
sites and/or cofactor-binding sites, or serving as adaptors that
enhance specific interactions, micropeptides modulate their
partners’ activity.5 Furthermore, they can also mimic the
binding domains of their partners, which are associated with
multi-subunits, and modulate their activity via significant
negative mechanisms.5 In the future, the developments of
integrated pipelines including information based on the
structure of the proteins interacting with each other should
help to predict the molecular targets of micropeptides (Figure
1).
To date, only a small part of the putative micropeptides’

biological roles have been illustrated. There is still much work
to do to prove their existence and clarify their functions.
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