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Abstract

Some noncoding RNAs (ncRNAs) carry open reading frames (ORFs) that can be translated into micropeptides,

although noncoding RNAs (ncRNAs) have been previously assumed to constitute a class of RNA transcripts without

coding capacity. Furthermore, recent studies have revealed that ncRNA-derived micropeptides exhibit regulatory

functions in the development of many tumours. Although some of these micropeptides inhibit tumour growth,

others promote it. Understanding the role of ncRNA-encoded micropeptides in cancer poses new challenges for

cancer research, but also offers promising prospects for cancer therapy. In this review, we summarize the types

of ncRNAs that can encode micropeptides, highlighting recent technical developments that have made it easier

to research micropeptides, such as ribosome analysis, mass spectrometry, bioinformatics methods, and CRISPR/

Cas9. Furthermore, based on the distribution of micropeptides in different subcellular locations, we explain the

biological functions of micropeptides in different human cancers and discuss their underestimated potential as

diagnostic biomarkers and anticancer therapeutic targets in clinical applications, information that may contribute

to the discovery and development of new micropeptide-based tools for early diagnosis and anticancer drug

development.
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cancer detection methods are required [3]. Notably, with
advances in ribosomal blotting and various histological
analysis techniques, RNA, previously considered to be a
noncoding nucleotide, is useful for early detection. RNAs
previously annotated as incapable of encoding have also
been identified as capable of encoding micropeptides
with vital biological functions and are closely related to
cancer development.

Many unique RNA transcripts known as noncoding
RNAs (ncRNAs) have been discovered in eukaryotic
genomes, and they are essential for numerous cellular
and physiological processes [4]. These RNAs include long
noncoding RNAs (IncRNAs), circular RNAs, microR-
NAs, and small nucleolar RNAs (snoRNAs) [5]. Small
open reading frames (sORFs) are found to be abundant
in the molecular sequences of ncRNAs. In previous stud-
ies, the majority of ORF finding algorithms set the mini-
mum size for detection to 300 nucleotides or 100 amino
acids, which resulted in certain small sORFs being undis-
covered due to their short sequence length and limita-
tions of research techniques [6]. The rapid development
of histological analysis, ribosome analysis, and bioin-
formatics has revealed that some small open reading
frames (sORFs) in ncRNAs show the potential to encode
micropeptides.

Micropeptides are small peptides encoded by sORFs,
are less than 100-150 amino acid sequences in length,
and exhibit the advantages of small size, high specific-
ity, and low cytotoxicity [7, 8]. sORF-encoded micropep-
tides play significant roles in tumour progression and are
involved in various cellular processes, including signal
transduction, calcium transport, mitochondrial regula-
tion, DNA repair, transcriptional regulation, inflamma-
tory immunity, and embryonic development [9]. Both
tumour inducers and tumour suppressors are found
among these micropeptides. Understanding the func-
tion of ncRNA-encoded micropeptides in cancer may
lead to new perspectives on the clinical management and
prognosis of the disease. In this review, we describe the
sources of micropeptides, how they are identified, and
the roles they play in various subcellular localizations in
the context of cancer. Finally, we discuss the potential
clinical value of these micropeptides and how they might
be used in the detection and treatment of cancer. This
information may be useful for the discovery and optimi-
zation of micropeptides based on cancer-specific target
molecules for the assessment of cancer prognosis and the
development of new therapeutic strategies.

Sources of micropeptides

Using a combination of ribosome analysis, peptide label-
ling, and bioinformatics analysis, recent studies have
reported noncoding transcripts containing sORFs with
the potential to encode micropeptides, including long
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noncoding RNA (IncRNA), mRNA (5-upstream, coding
structural domain and 3-downstream), circular RNA,
and miRNA [10-12].

LncRNAs

LncRNAs, mainly transcribed by RNA polymerase II (Pol
II), are recognized as RNAs with a length of more than
200 nucleotides (nt) and play important roles in many
physiological functions through a variety of mechanisms.
To control chromosome shape and function, regulate
gene transcription in cis or trans, and influence mRNA
splicing, stabilization, and translation, they interact with
a variety of components, including DNA, RNA, and pro-
teins [13, 14]. Due to the lack of canonical open read-
ing frames (ORFs>100 aa), IncRNAs had been widely
believed to be untranslatable. However, IncRNAs struc-
tures are comparable to mRNA structures; IncRNAs
carry a poly(A) tail at the 3’ end and a 7-methylguano-
sine triphosphate (m7G-cap) at the 5 end, suggesting
that they may show translation activity similar to that of
mRNA [15]. Researchers discovered that yeast ncRNAs
carrying sORFs were more susceptible to nonsense-
mediated RNA decay (NMD) by finding ncRNAs. The
authors proposed that some ncRNAs in yeast also encode
proteins because only RNAs that encode proteins are
vulnerable to NMD [16]. Additionally, other evidence
pointed to IncRNAs encoding proteins or small peptides
with distinct biological activity and that sORFs initi-
ate the translation of IncRNAs. Recently, with the iden-
tification of many micropeptides encoded by IncRNAs,
an expanded view of the scope and action of IncRNAs
has been recognized, with some have been found to be
involved in metabolism, inflammation, and cancer.

CircRNAs

CircRNAs constitute a class of circular RNA molecules
transcribed by Pol II that lack a 5" cap or 3’ poly(A) tail.
Because of their circular structure, circRNAs are resis-
tant to digestion by the exonuclease RNase, making
them more stable than linear RNAs. CircRNAs undergo
mRNA splicing and facilitate, protein location regulation,
and transcription control [17, 18]. Numerous micropep-
tides encoded by circRNAs have been discovered, includ-
ing circ-LINC-PINT, circ0000437, and circPPP1R12A.
These micropeptides have been translated in vivo, and
their functions have been identified and described as a
result of cutting-edge deep sequencing technologies and
computational methods [19-21].

Recent studies have shown that specific endogenous
circRNAs can encode peptides via three mechanisms: 1,
by m6A modification to initiate translation: m6A is an
adenosine methylation modification of RNA. It is gener-
ally considered a key component of circRNA involved in
the translation initiation. Modified circRNA is recognized
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by the YTHDF3 protein, which binds to translation ini-
tiation factor eIF4G2, which in turn, recruits eIF4A and
elF4B to form the translation initiation complex and ulti-
mately initiate circRNA translation. In contrast, the m6A
demethylase FTO inhibits circRNA translation, and the
methyltransferase METTL3/14 increases the translation
rate.2, Initiation of translation by IRES: IRESs are com-
mon factors that affect circRNA translation. An IRES is
an RNA regulatory element that folds into a tRNA-like
structure, is recognized by eIF4G2, and recruits ribo-
somes, thereby initiating direct translation of a protein
independent of the 5’ cap structure.3, Rolling loop ampli-
fication: An circRNAs sequence, in which the number of
total nucleotides is divisible by 3, an infinite open reading
frame (iORF) but not stop codon or IRES; therefore, it
can be continuously translated produce high molecular-
weight proteins. iORF translation is terminated when
a -1 ribosome shift produces a stop codon [22, 23]. The
crucial functions of these mechanisms in cellular stress
response, development, apoptosis, and cell cycle regula-
tion indicate that the products resulting from circRNA
translation also exert a significant influence on these bio-
logical processes.

miRNAs

miRNAs are small noncoding RNAs with an average
length of 22 nucleotides. miRNAs prevent the translation
of messenger RNAs into proteins, thereby inhibiting the
expression of specific target genes [24, 25]. Two matura-
tion phases characterize the synthesis of miRNAs: tran-
scription by RNA polymerase II produces pri-miRNAs,
which are subsequently processed into pre-miRNAs,
which are then transformed into mature miRNAs [26].
miRNAs are essential for normal biological development
and are involved in many biological processes [27]. Pre-
viously, miRNAs were thought to be ncRNAs and not
converted into peptides or proteins. However, increas-
ing evidence is showing that pri-miRNAs carry sORFs
that encode regulatory polypeptides, also called miPEPs,
which promote the transcription of corresponding miR-
NAs and function through a novel molecular mechanism.
Some miPEPs have been reported to exhibit biologi-
cal processes in plants [28—30]. These miPEPs boost the
transcription of target pri-miRNAs, increasing the con-
centrations of the associated miRNAs that suppress the
expression of target genes in plant cells. Therefore, it has
been demonstrated that miPEPs impact miRNA regula-
tory networks, affecting plant growth and development.

UTRs

In addition to these aforementioned noncoding RNAs
shown to encode micropeptides, sORFs have identified
in sequences originally identified as untranslated regions
(UTRs), with sORFs in the 5UTR called upstream (u)
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ORFs and sORFs in the 3’UTR called downstream (d)
OREFs; these uORF/dORFs located in mRNA have also
been shown to be translated into micropeptides [12].
Multiple functional micropeptides are encoded by
uORFs, and Chen et al. discovered that these micropep-
tides interact with proteins encoded downstream in the
same mRNA sequence [31]. In addition, uORF-encoded
peptides play an essential role in tumorigenesis. Huang et
al. identified a micropeptide MP31, in mitochondria and
that is encoded by the PTEN 5’ UTR, which can inhibit
the lactate-pyruvate conversion, and its deletion pro-
motes lactate metabolism and oxidative phosphorylation
in glioblastoma cells [32]. Hundreds of dORFs have been
in 3UTRs and to affect classical ORF translation, and
dORF encoding, which is not usually conserved, exerts
its effect, not through the function of the conserved
small peptide, it encodes but through the translational
activity of the dORF itself [33]. In conclusion, translat-
able uORFs/dORFs are widespread in both plants and
vertebrates, and are involved in ribosome translation.
uORFs commonly repress the translation of downstream
CDS regions, while translatable dORFs contribute to the
enhanced translation efficiency of the mRNAs that carry
them, leading to critical functional repression. These
uORFs/dORFs encode micropeptides that exhibit a range
of biological functions and that warrant further study.

Prediction of micropeptide coding potential
Although we have learned that some sORFs show the
potential to encode micropeptides, we know little about
the function of the vast majority of sORF-encoded
micropeptides because distinguishing between coding
and noncoding sORFs is not easy. Many methods for
identifying proteins used to identify micropeptides are
insufficient, and numerous sORFs have unusual start
codons that make identifying them even more difficult.
However, in recent years, technological advances based
on methods such as “histology” have pushed the field
forward. Herein, we provide a brief overview of these
methods, which can be divided into computer simula-
tion techniques, ribosomal analysis techniques and mass
spectrometry techniques.

Ribosome blotting based sequencing analysis technology

Ribosome sequencing (Ribo-Seq) is a deep sequencing-
based tool first described by Ingolia et al. that has been
increasingly used to identify potential small peptides in
organisms. The process depends on the ability of actively
translated ribosomes to prevent nuclease digestion of
RNA fragments that are 20-30 nucleotides in length.
These ribosome-protected fragments, or “ribosomal
footprints,” can be used to map the positions of ribo-
some sequences. These fragments can also be used to
analyse translational activity and identify modifications
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in translation in response to environmental stress [34,
35]. In recent years, Ribo-Seq and related software have
played a crucial role in identifying potential micropep-
tides in organisms [36—38]. It is important to remember
that ribosomal occupancy does not always imply true
coding potential or protein function. It has been dem-
onstrated that not all translation events result in stable,
functioning peptides. For instance, the H19 mouse tran-
script is associated with a polypeptide but functions as a
ncRNA that controls the translation of the mRNA encod-
ing hormone insulin-like growth factor 2 [39]. Thus,
ribosome occupancy is not the only factor used to ascer-
tain whether a ncRNA codes a protein. Recently, many
enhanced methods have been developed, and Aspden et
al. addressed the complexity of identifying coding from
ncRNA by improving the biochemical basis of ribosome
analysis. Their technique, known as poly-RIBO-Seq,
explicitly enables the detection of transcripts that are
actively translated and coupled to multiple ribosomes by
taking advantage of the capacity of numerous ribosomes
to attach to the same RNA transcript during translation
and form a multimer [40]. Moreover, based on ribosome
analysis, many databases have been successively created,
including SmProt [41], TISdb [42] and sORFs.org [43],
which have contributed greatly to the study of micrope-
ptides. In conclusion, with the ongoing advancement of
biological technology, proteogenomic approaches com-
bining RNA sequencing, ribosome analysis, and mass
spectrometry are critical methods for extending the
validity of the data collected and examining the roles of
novel micropeptides encoded by ncRNAs.

Mass spectrometry techniques

By creating, separating, and detecting gas-phase ions,
mass spectrometry (MS), a specialized method used for
identifying molecules, can be used identify various sub-
stances [44]. When using mass spectrometry, charged
atoms, molecules, or molecular fragments are arranged
according to their mass-to-charge ratio, and correspond-
ing spectral lines are generated. The gold standard for
protein identification is mass spectrometry-based protein
histology, which can directly evaluate the protein-coding
capability of transcripts by detecting peptides translated
from sORF [45]. Notably, many MS fragment profiles are
unidentifiable through proteomics studies, because, for
one reason, some of the features of micropeptides have
not yet been annotated. Another drawback of MS-based
micropeptide identification is the loss of tiny proteins
during sample preparation and purification [6, 46]. There-
fore, MS proteomics is frequently employed along with
genomic techniques such as RNA sequencing to achieve
reliable results for identifying micropeptides [47, 48].
Researchers have characterized micropeptides in several
cell lines using proteogenomic or MS-based approaches
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[49]. Slavoff et al. used proteomics to combine peptido-
mics with RNA sequencing data to characterize sORFs
in K562 cells. Based on the annotated translatome of
the human genome, they built a custom database of all
sequences with the potential to encode small peptides
with more than eight amino acids. They compared their
proteomics data to their custom sequencing database and
employed liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) to find sORF-encoded peptides
(SEPs) frequently missed using other strategies. Using the
aforementioned techniques, they eventually identified 86
previously uncharacterized peptides in K562 cells [49].
In summary, mass spectrometry-based proteomics is a
powerful approach that facilitates the discovery and iden-
tification of small, uncharacterized proteins. In general,
identifying MS-generated small peptides can provide
reliable evidence for the presence of SEPs. However, the
failure to identify a SEP does not mean that that a Sorf
has not been translated. Therefore, in the future, we need
to use computational science based on integrated inter-
disciplinary and experimental studies to characterize
small peptides precisely and efficiently.

Bioinformatics-based technology

Ribosome analysis (Ribo-Seq) and mass spectrometry
experiments are currently the most commonly used
methods to detect misannotated noncoding RNAs, but
these experiments are cell-type dependent and expensive.
Therefore, some algorithms have been created to evalu-
ate the coding capability of sORFs derived from ncRNAs.
Bioinformatics prediction tools are based on different
algorithms and used to examine data and forecast func-
tional unopen reading frames. Coding and noncoding
sequences are difficult to distinguish because these tran-
scripts are similar in many respects. However, the low
nucleotide sequence conservation of noncoding regions
is a crucial distinction, whereas evolutionary conserved
protein sequences are distinguishing features of func-
tional sORFs [50]. Therefore, to separate true protein-
coding sORFs from noncoding sequences, computational
methods based mostly on sequence conservation have
been devised. For example, phylogenetic codon substitu-
tion frequency (PhyloCSF) analysis is a powerful compu-
tational approach. It is used to examine the evolutionary
features of nucleotide sequence comparisons to deter-
mine the likelihood that a protein-coding region con-
served, as indicated by formal statistical comparisons of
phylogenetic codon models [51]. Nabi et al. established a
system that is based on training dynamics of deep learn-
ing models to assess whether a specific IncRNA tran-
script is likely to carry sequences that code a protein.
This framework aids investigators in identifying previ-
ously undiscovered proteomes. This approach can be
employed for any species that carries a sufficient number
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of coding and noncoding sequences. It does not require a
prelabelled dataset consisting of positively identified but
misannotated IncRNAs. In contrast, it is based on Ribo-
Seq data, which are used to discern IncRNAs that have
been previously misannotated [52]. Of course, although
bioinformatics approaches are essential for identifying
sOREFs, relying on only one technique to predict the cod-
ing potential of sORFs in a specific study is insufficient,
and other experimental methods should be combined
as appropriate to confirm whether these sORFs can be
translated into small functional proteins.

Validation of micropeptide coding and function

We have outlined several ways to discover sORFs. How-
ever, translated peptides with evolutionary conserved
sequences do not necessarily exhibit a specific biologi-
cal function. Despite their small size, micropeptides play
vital roles in many biological processes, and therefore
further experiments are needed to verify and determine
whether micropeptides are functional. A targeted anti-
body can be designed to confirm whether a micropep-
tide is endogenously expressed in a specific cell type, as
antibodies can specifically recognize a protein [6]. Low
expression of micropeptides, may make detection chal-
lenging, similar to difficulty of identifying other pro-
teins. Developing an epitope for antibody targeting can
also be challenging due to the small micropeptide size
[31].Therefore, it is not always true that an endogenous
micropeptide cannot be detected by an antibody that
specifically targets it.

The coding capacity of a SORF can be evaluated via an
in vitro translation assay when it is challenging to pro-
duce specific antibodies against a micropeptide [53, 54].
The principle is that full-length micropeptide cDNA is
cloned into a plasmid containing a T7 or SP6 promoter.
Protein translation verifies vector expression in a protein-
free environment and in the presence of 35 S-methionine.
For detecting the generation of 35 S-methionine-tagged
peptides, gel electrophoresis, and autoradiography, which
are used to detect proteins expression, can be used dis-
criminate between coding and noncoding transcripts.
The results should be interpreted cautiously because
sequences can be translated in vitro but not in vivo; how-
ever, this technique can be instructive and beneficial for
screening potential coding sORFs. On the other hand, a
vector that does not produce a stable peptide in vitro may
still encode a potential peptide in vivo.

In addition to the methods described above, CRISPR
(Clustered Regularly Interspaced Short Palindromic
Repeats)-Cas9 (CRISPR-Associated Protein 9)-mediated
gene editing strategies have played an important role in
the studies of micropeptide encoding and functional vali-
dation [55, 56]. Using CRISPR-Cas9 technology, epitope
tag sequences can be inserted into endogenous motifs of
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the micropeptide of interest. Fusion proteins generated
by CRISPR/Cas9 can be detected using protein blot anal-
ysis and immunoprecipitation assays [57, 58]. However, it
is crucial to take into account tag location (N-terminal,
C-terminal, or internal) as well as the size and biochemi-
cal characteristics of the amino acids it encodes when
developing epitope tag knock-in because in some circum-
stances, additional peptides or proteins may change the
physiological characteristics or impair the function of a
micropeptide [59]. These methods offer a thorough pro-
cesses for finding novel micropeptides that are presumed
to be translated by noncoding RNAs. The validation of
the coding potential and function of these micropeptides
entails numerous experimental procedures. However, not
every putative noncoding RNA or the micropeptide it
encodes may be useful in every experiment. The CRISPR-
Cas9 system might not function well in the intended
cell line, or some micropeptides might be too small for
MS identification (Table 1). Therefore, the experimental
design must be changed appropriately Fig. 1.

Tumour-associated micropeptides localize to
different subcellular organelles

The cell of an organism is a highly ordered structure, and
the interior of the cell can be divided into different organ-
elles or cellular regions according to the spatial distribu-
tion and functions of these compartments, including the
cell membrane, cytoplasm, mitochondria, the endoplas-
mic reticulum, the nucleus, etc. All subcellular regions
cooperate closely with each other to ensure normal phys-
iological activities. Although the distribution of proteins
plays a key role in determining their biological functions,
the diverse subcellular location of micropeptides in can-
cer cells are summarized in this section, reflecting their
widespread involvement in critical pathways and essen-
tial cellular activities in cancer cells.

Micropeptides that localize to the cell membrane

Cell membranes are important structures to multiple life
activities and maintain the homeostasis of the intracel-
lular environment. A large proportion of the smORFs
that have been translated carry transmembrane a-helical
motifs, suggesting that their function may be related to
an organelle membrane [60]. Micropeptides that are
concentrated at the cell membrane are crucial to cancer
growth. Water channel protein 2 is a protein localized
to the cell membrane that assists in the transmembrane
transport of water. The micropeptide MIAC interacts
with AQP2 and suppresses the production of ITGB4 and
SEPT2, which are essential for the actin cytoskeleton
and to control cell mobility; moreover, they prevent the
development and metastasis of HNSCC tumours [61].
In renal cell carcinoma, MIAC binds to the AQP2 pro-
tein, inhibits EREG/EGFR expression, and activates the
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Table 1 Advantages and disadvantages of micropeptide
identification techniques

Techniques Advantages Disadvantages Reference
Ribosome Accurate identifica- False positives can
sequencing tion of translation  be produced due
start sites to nonspecific
binding
Enables protein rRNA and tRNA 39,40
synthesis processes produce Ribo-Seq
monitoring invivo  noise
Useful to inves- Since RNase
tigate extension digests rRNA, it
speed, cotransla-  can damage ribo-
tion processing, etc  some integrity and
cause experimen-
tal bias
Mass Direct verification ~ Small protein
spectrometry of the protein- can be lost

coding potential of
transcripts

during sample
preparation and
purification

Dependsondata 4546
from protein
databases
Bioinformatics A wide range of Micropeptides are
emerging tools easy to miss due
enables, choices to their small size
to best meet the
need
Experiments are 51,52
needed to confirm
the translatability
of the identified
SORFs
Other ex- Direct verification ~ The experimental
perimental of micropeptides  process is tedious
verification Determination 6,53,57

of the subcel-

lular location of
micropeptides and
micropeptide inter-
actions with other
macromolecules

downstream pathways PI3K/AKT and MAPK to mediate
antitumour effects [62]. In addition, MIAC dysregulation
is involved in the development of other tumours, sug-
gesting that MIAC may have broad implications in can-
cer occurrence and development. According to a study
by Cao et al, the DLEU1 IncRNA is encoded by two
encoding ORFs (ORF1 and ORF8) and can form a pen-
tameric structure with ion channel activity. This penta-
meric structure increases glioma cell permeability, which
in turn increases brain oedema and even increases the
risk of cancer cell growth, invasion, and metastasis [63].
The mitogen-activated protein kinase (MAPK) pathway
is stimulated by SMIM30, a micropeptide comprising 59
amino acids that is encoded by 1inc00998; it enables HCC
tumour cells to proliferate and metastasize [54]. Notably,
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SMIM30 expression levels are associated with low sur-
vival rates in HCC patients, suggesting that SMIM30 may
be a new therapeutic target for HCC and a novel marker
for the diagnosis and prognosis of HCC. In addition to
these cancer-related micropeptides, other micropeptides,
such as Myomixer, localize to cell membranes [64]. The
micropeptides that localize to cell membranes may show,
enhanced stability and may resist rapid degradation
because of their small molecular weight. On the other
hand, their biological functions involve regulating more
complex systems through protein-protein interactions.
To date, only a fraction of membrane micropeptides have
been identified. There may be a large number of micro-
peptides that localize to cell membranes waiting to be
discovered. The elucidation of their functions may drive
new advances for regulating life activities via membrane
micropeptides.

Micropeptides that localize to the cytoplasm

The functions of micropeptides that localize to the cyto-
plasm are generally related to the regulation of RNA
decay and are involved in protein phosphorylation, etc.
Processing bodies (P-bodies) are cytoplasmic ribonu-
cleoprotein (RNP) particles, consisting mainly of trans-
lationally repressed mRNA and proteins associated with
mRNA decay, suggesting a role in posttranscriptional
regulation [65]. The endogenous micropeptide NoBody
controls cellular RNA decapitation by interacting with
decapitated proteins directly via the EDC4 and DCP1A
proteins and localizing to P-bodies [66]. Although its
action is not directly related to cancer, NoBody can affect
underlying processes in cancer cells by regulating mRNA
decay.

In addition, a number of micropeptides are involved
in the phosphorylation of other proteins. CIP2A-BP, a
micropeptide encoded by LINCO00665, binds directly to
the tumorigenic gene CIP2A and activates protein phos-
phatase 2 A (PP2A), which inhibits the PI3K/AKT sig-
nalling pathway, leading to a decrease in the expression
levels of MMP-2, MMP-9, and Snail. Therefore, it inhib-
its the metastasis and invasion of triple-negative breast
cancer [67]. Additionally, in triple-negative breast cancer,
a micropeptide named ASRPS has been identified and
shown to regulate the STAT3/VEGF signalling pathway,
bind directly to STAT3, inhibits STAT3 phosphoryla-
tion, and reduce VEGF expression, thereby inhibiting
tumour angiogenesis [58]. In conclusion, CIP2A-BP and
ASRPS can be used in vivo as potential anticancer treat-
ments for triple-negative breast cancer. KRASIM, a 99aa
micropeptide encoded by the IncRNA NCBP2-AS2, is
expressed differently in HCC cells than healthy hepato-
cytes. Binding and localizing with KRAS protein in the
cytoplasm of human HuH-7 hepatoma cells, KRASIM
inhibits the growth and proliferation of HCC cells [68].
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Fig. 1 Several techniques for the identification of micropeptides. (A) Ribosome sequencing: identifying sORFs with coding potential. (B) Liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) provides reliable evidence for the presence of sORF-encoded peptides (SEPs). (C) CRISPR-Cas9: Deter-
mining the function of micropeptides by knocking down the sORF of non-canonical peptides. (D) In vitro translation: assessing the encoding capacity
of Sorf. (E) Bioinformatics analysis: algorithmic analysis and database search to obtain potential micropeptides. (F) Western Blot:Perform micropeptide

coding and functional validation

Moreover, overexpressed KRASIM in HCC cells lowers
KRAS protein levels and decreases ERK signalling activ-
ity, offering new insights into the mechanisms controlling
oncogenic signalling and HCC treatment. AKT3 -174aa,
which is produced by circ-AKT3, competes with phos-
phorylated PDK1 by attaching to it, thereby suppressing
the phosphorylation of AKT-thr308, ultimately down-
regulating PI3K/AKT signalling pathway activity [69].

CircPPP1R12A-73aa is another circRNA-encoded pep-
tide that stimulates the Hippo-YAP signalling pathway to
promote colon cancer (CC) cell proliferation, invasion,
and migration [21].

There are also micropeptides that localized in the cyto-
plasm that have been shown to harbour cancer-inhib-
itory potential. The growth of esophageal squamous
cell carcinoma (ESCC) is facilitated by YY1BM, a 21 aa
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micropeptide encoded by LINC00278, which blocks the
connection between YY1 and androgen receptor (AR),
reducing eEF2K production through the AR signalling
pathway. Intratumoral injection of this purified micro-
peptide showed therapeutic effects in xenograft models,
indicating its potential as a tumour suppressor [70]. In
conclusion, whether through their involvement in RNA
decay or protein phosphorylation, regulatory micropep-
tides in different cancer settings can use the regulatory
functions of micropeptides to influence the development
of tumour disease, and therefore, in the future, we may
be able to use the properties of micropeptides to study
clinically targeted drugs and ultimately treat tumours by
targeting phosphorylation pathways.

Micropeptides that localize to the endoplasmic reticulum
The endoplasmic reticulum is the site of protein synthe-
sis, processing, and modification in eukaryotic cells and
plays a pivotal role in maintaining protein homeostasis.
Endoplasmic reticulum stress plays an important role in
tumour cell growth, survival, and differentiation and is
involved in all aspects of tumour metastasis [71]. APPLE
is a micropeptide that localizes to the endoplasmic retic-
ulum and is encoded by the IncRNA ASHIL-ASI. It
stimulates PABPC1-elF4G interactions, mRNA recycling,
and the assembly of the eIF4F initiation complex, all of
which contribute to the development of various subtypes
of AML malignancy [72]. FORCP is an ER-localized pro-
tein that is highly expressed in highly differentiated CRC
cells and whose transcription is controlled by FOXAL.
FORCP inhibits basal cell proliferation and induces apop-
tosis in response to endoplasmic reticulum stress [73].
Dysregulation of Ca?" homeostasis is a recently charac-
terized feature of malignancy and plays an important role
in the development and progression of malignancy. In
contrast, the endoplasmic reticulum is a major intracellu-
lar calcium store that coordinates calcium levels in other
organelles (e.g., mitochondria and lysosomes) to regulate
calcium homeostasis. Cancer cells express cancer mark-
ers after the expression and activity of Ca* regulators is
altered [74]. Sarco-endoplasmic reticulum Ca?* -ATPase
(SERCA), a transmembrane pump that transports Ca?*
from the cytoplasm to the sarcoplasmic reticulum, plays
an important role in the maintenance of Ca®>* homeo-
stasis, cell survival and tumour proliferation [75]. MLN,
PLN, and SLN function as inhibitors of SERCA in muscle
cells, inducing the reuptake of Ca’" into the sarcoplas-
mic reticulum and muscle relaxation. Conversely, ELN
and ALN, two transmembrane micropeptides, function
directly as inhibitors of SERCA pump activity in cells
in muscle tissue [53, 76]. By replacing and neutraliz-
ing the inhibitory peptides PLN, SLN, and MLN, a dif-
ferent micropeptide called DWORF increases SR Ca**
absorption [77]. In summary, noncoding RNA-encoded
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micropeptides can regulate Ca®* transport by functioning
as activators or inhibitors of SERCA, providing potential
theoretical support for developing related drugs.

Micropeptides that localize to endosomes

Endosomes are membrane-encapsulated vesicular struc-
tures that are critical for signalling and cellular regulation
and play a fundamental role in many diseases and patho-
genic states [78]. CASIMOL1 is a micropeptide that local-
izes to endosomes and interacts with squalene epoxidase
(SQLE) to influence cell proliferation and cycle progres-
sion and regulates lipid droplet accumulation in breast
cancer cells [79]. A recognized oncogenic gene in breast
cancer, SQLE is a crucial enzyme in the production of
cholesterol. MTOR is a serine/threonine kinase that inte-
grates multiple environmental signals and is activated
under favourable conditions to promote cell growth and
survival. The endosome-localized micropeptide SPAR
exerts antitumour effects in the cells of specific cancer
types, such as lymphoma, by reducing the amino acid-
sensing pathway activated by mTORC1 [80, 81]. In addi-
tion to its expression in vivo in humans, a transmembrane
micropeptide Hemotin, encoded by a specific smOREF,
88aa, located in the early endosomes in Drosophila mac-
rophages, has been shown in Drosophila to regulate
endosomal maturation during phagocytosis by inhibit-
ing 14-3-3( in synergy with specific phosphatidylinositol
(PI) enzymes [82]. Interestingly, Stannin (Snn), as Hemo-
tin homologue in vertebrates, also regulates endosomal
maturation by inhibiting 14-3-3(-mediated stimulation of
PI kinase function. These findings imply that this regula-
tory system may have remained unchanged throughout
evolution.

Micropeptides that localize to mitochondria

Mitochondria are the power plants in the cell, function-
ing as primary energy sources. Since alterations in energy
metabolism are common features of cancer, mitochon-
dria may be involved in carcinogenesis. In addition,
mitochondria play essential roles in other biological
processes intrinsically linked to tumorigenesis, such as
biosynthesis, signalling, cell differentiation, apoptosis,
maintenance of the cell cycle, and control of cell growth
[83, 84]. According to recent research, a large number
of micropeptides have been found in mitochondria or
show a direct connection to their activity. ASAP, encoded
by LINCO00467, is a micropeptide that localizes to the
mitochondrial inner membrane, and is highly expressed
in colorectal cancer (CRC) cells or tissues, increasing
mitochondrial ATP production and ATP levels through-
out the cell. It is also associated with poor prognosis in
rectal cancer patients. Another study showed that ASAP
enhances ATP binding by interacting with subunits a
and y (ATP5A and ATP5C). The interaction of ASAP
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with subunits a and y (ATP5A and ATP5C) enhances
the expression of ATP synthase, increasing ATP synthase
activity and the mitochondrial oxygen consumption rate,
and thus promotes the proliferation of colorectal can-
cer cells [85]. According to Xiao et al., the micropeptide
MPM, which is encoded by LINC00116, was markedly
downregulated in human hepatocellular carcinoma tis-
sues, and this decrease was linked to HCC metastasis
and recurrence. Additional research has suggested that
decreased MPM expression may facilitate hepatocellular
carcinoma spread by boosting complex I mitochondrial
activity and the NAD+/NADH ratio [86]. PIGBOS is a
micropeptide that localize to the outer mitochondrial
membrane and interacts with CLCC1, a putative chlo-
ride channel in the endoplasmic reticulum. The absence
of PIGBOS in cells markedly increases cell sensitivity to
UPR signalling and induces apoptosis [87]. Although the
molecular mechanism of PIGBOS function has not been
described, this protein clearly sensitizes cells to the UPR
and drives their apoptosis; therefore, it is reasonable to
assume that inhibition of PIGBOS in cancer cells may
exert a therapeutic effect.

Researchers say that in the presence of cancer cells,
mitochondria are driven to unnaturally divide, los-
ing their normal shape and disintegrating around the
nucleus, ultimately creating an environment conducive
to cancer cell growth [88]. If this process can be blocked,
new strategies to arrest tumour growth can be devel-
oped. STMP1, a micropeptide of 47 aa localized to the
inner mitochondrial membrane, promotes G1/S stage
progression and cell proliferation by enhancing the activ-
ity of mitochondrial complex IV. In addition, STMP1
upregulates and activates DRP1 in cells of various types
of cancer, thereby promoting mitochondrial division
and enhancing tumour cell migration [89, 90]. Overall,
STMP1 has been identified as a key regulator of tumour
metastasis and a novel unit of the mitochondrial division
protein machinery. Therefore, it is worthwhile to develop
specific inhibitors of STMP1, thereby providing a poten-
tial therapeutic target for blocking tumour growth. The
tricarboxylic acid (TCA) cycle, a source of energy for
cancer, is aided by the mitochondrial conversion of lac-
tate to pyruvate. The micropeptide MP31, which com-
petes with mitochondrial lactate dehydrogenase (mLDH)
for nicotinamide adenine dinucleotide (NAD+), lim-
its lactate-pyruvate conversion in mitochondria. It is
encoded by the upstream open reading frame (uORF)
of homologous phosphatase-tensin (PTEN) [32]. MP31
deficiency promotes lactate metabolism and oxidative
phosphorylation (OXPHOS) in glioblastoma, which also
suggests that MP31 plays a potential antitumour role.
As the sole ATPase in the mitochondrial protein import
machinery, HSPA9 controls carcinogenesis, cell prolif-
eration, differentiation, and other processes in addition
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to impacting mitochondrial function [91, 92]. MiPEP133
is a micropeptide encoded by a primary microRNA, and
MIiPEP133 is widely distributed in normal human tis-
sues and expressed at low levels in nasopharyngeal car-
cinoma. By interacting with heat shock protein 70kD
(HSPA9) in mitochondria, it obstructs HSPA9’s capacity
to engage with its binding partners. This effect reduces
both the mitochondrial membrane potential and mass
[93]. This study suggests that miPEP133 shows tumour
suppressive activity and potential value as a prognostic
indicator and therapeutic target in nasopharyngeal car-
cinoma. In summary, ncRNA-encoded micropeptides
can influence tumorigenesis and tumor development by
regulating mitochondrial metabolism, oxidative phos-
phorylation, mitochondrial division, mitochondrial respi-
ratory activity, and the assembly of protein complexes in
mitochondria Fig. 2. The discovery of these mitochon-
drion-localized micropeptides reveals a complex mito-
chondrial regulatory network and suggests potential
targets for the future treatment of tumour diseases.

Micropeptides that localize to the nucleus
The nucleus is the control centre of the cell and plays
an important role in cell metabolism, growth, and dif-
ferentiation, and is the regulatory centre of intracellular
genetics and metabolism. The functions of micropeptides
that localize to the nucleus are mainly related to DNA
replication, repair, transcription and precursor mRNA
splicing. Human CtIP is an 897 amino acid nuclear bridg-
ing protein with multiple roles in DNA metabolism and
genomic stability. As a tumour suppressor gene and an
oncogene with predictive value for tumour progression
and therapeutic response, CtIP plays a dual role in can-
cer [94]. The micropeptide PACMP, which is encoded by
IncRNA CTD-2256P15.2, not only inhibits DNA metabo-
lism by inhibiting the association of CtIP with KLHL15
to prevent CtIP ubiquitination, but it also directly binds
to DNA damage-induced poly(ADP-ribose) chains to
enhance PARP1-dependent poly(ADP-ribose) chemo-
taxis, functioning in two ways to preserve CtIP [95].
Notably, PACMP is nucleophile-rich and its downregula-
tion can lead to ectopic NPM1 distribution and reduced
47 S pre-rRNA expression, revealing the functional sig-
nificance of PACMP in maintaining nucleolus homeo-
stasis. Serine and arginine-rich splicing factor 3 (SRSF3)
and other splicing regulators interact with IncRNA
LOC90024, which encodes SRSP, to control mRNA splic-
ing. Increased SRSP levels are linked to CRC. A malig-
nant phenotype and poor prognosis in CRC patients
positively correlate with upregulated SRSP levels [96].
SRSP may be a potential prognostic symptom biomarker
and therapeutic target for patients with colorectal cancer.
One of the most frequently activated proto-onco-
genes is C-Myc, and chromosomal translocation
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rearrangements and amplification are two significant
factors in the appearance, growth, and evolutionary
retreat of tumours in particular tissues [97]. RBRP is a 71
amino acid micropeptide that is encoded by the IncRNA
linc00266-1. It exerts an oncogenic effect by binding to
the m6A reader IGF2BP1 and improves the recognition
of m6A on RNA by IGF2BP1 to increase the stability and
production of c-Myc [57]. In colorectal cancer patients,
RBRP levels are increased, indicating a more aggressive
clinicopathological phenotype and shorter survival time.
Thus, the RBRP peptide may be a potential cancer prog-
nostic biomarker and therapeutic target. HOXB-AS3, a
micropeptide encoded by IncRNA HOXB-AS3, has been
shown to promote cell proliferation in oral squamous cell
carcinoma by maintaining the stability of c-Myc mRNA
by directly binding to IGF2BP2, and increased expression
of HOXB-AS3 is associated with poor prognosis in oral
squamous cell carcinoma [98]. FBXW7-185aa, a protein
encoded by Circ-FBXW?7 with no clear subcellular local-
ization identified to date, reduces the half-life of c-Myc
by antagonizing USP28-induced stabilization of c-Myc,
thereby impeding the development of malignant gliomas
[99].

Heterogeneous nuclear ribonucleoproteins (hnRNPs),
the most abundant nuclear proteins in higher eukary-
otes, constitute a class of RNA-binding proteins that
play important roles in RNA formation and metabolism
[100]. In colon cancer, the micropeptide HOXB-AS3
inhibits PKM2 isoform production and reprogrammes
glucose metabolism by blocking hnRNP A1l-dependent
PKM splicing, miR-18a processing, and thus CRC growth
[101]. In addition to affecting the development of oral

squamous cell carcinoma and colon cancer, HOXB-AS3
has also been shown to be significantly elevated in non-
small cell lung cancer tissues and cells, promoting the
growth of radiation-induced lung cancer tumours by
regulating the PISK/AKT pathway [102]. In conclusion,
HOXB-AS3 may contribute to the development of radi-
ation-induced lung cancer tumours by targeting PI3K/
AKT, providing a new perspective on treating radiation-
induced lung cancer.

In addition to the abovementioned micropep-
tides, there are also micropeptides that localize to
the nucleus and influence the progression of cancer.
Linc013026-68AA may be used as a target molecule for
treating liver cancer because it is expressed in hepatocel-
lular carcinoma cells and contributes to cell growth [103].
CRNDEP, encoded by the IncRNA CRNDE, is highly
endogenously expressed in tissues and may be associated
with cell proliferation because stress granule formation
is increased when CRNDEDP is highly expressed [104]. Lu
et al. found that overexpression of the IncRNA-encoded
novel protein UBAP1-AST6 significantly promoted lung
cancer cell proliferation [60]. Nucleolin is associated with
multiple steps in ribosome biogenesis, such as RNA pol I
synthesis of rIRNA and rRNA processing, and direct bind-
ing to rRNA. The c200rf204-189AA encoded by lincRNA
stabilizes nucleolin and promotes nucleosomal DNA
transcription, and overexpression of c200rf204-189AA
enhances HCC cell proliferation and nucleosomal DNA
transcription, suggesting that this molecule is a cancer-
specific micromodulators of HCC formation [105].
CORO1C-47aa is a functional peptide that is encoded by
Hsa-circ-0000437. By preventing the connection between
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ARNT and TACC3, which in turn prevents VEGFA pro-
duction and secretion and ultimately inhibits angiogene-
sis, CORO1C-47aa adversely affects tumour angiogenesis
[20] (Table 2). The anticancer effect of CORO1C-47aa on
EC progression raises the possibility that CORO1C-47aa
may be useful in the treatment of tumours, justifying fur-
ther research Fig. 3.

Other cancer-related micropeptides with no subcellular
location identified

There are also micropeptides, for which a clear specific
subcellular localization has not been identified to date,
but that also play key regulatory roles in cancer devel-
opment, suggesting opportunities for using them in the
development of cancer markers, drug targets and small-
molecule peptide drugs. Dysregulated glutamine metab-
olism is a distinct metabolic features of cancer cells but
not normal cells. Cancer cells consume glutamine (Gln)
to generate energy as well as to synthesize other mol-
ecules essential for cancer cell growth and progression
[106]. The micropeptide XBP1SBM, which is derived
from the IncRNA MLLT4-AS1 and highly upregulated in
a Gln-deficient environment, prompts the activation of
XBP1s and upregulation of VEGF expression by hinder-
ing the interaction between XBP1s and XBP1u, thereby
augmenting the nuclear localization of XBP1s. These
mechanisms ultimately boost the Gln supply and stimu-
late angiogenesis and metastasis in TNBC cells [107].
PINT87aa, encoded by LINC-PINT, has been found to
be overexpressed in senescent hepatocellular carcinoma
cells and to arrest the cell cycle, induce cellular senes-
cence and inhibit mitochondrial autophagy, providing
evidence for is potential use as a therapeutic target for
HCC [108]. Translational growth factor p (TGEF-P) is
a multifunctional cytokine that is closely linked to can-
cer pathogenesis [109]. JunBP, a micropeptide encoded
by LINC02551, which is upregulated in HCC cells upon
TGEF-B stimulation, supports hepatocellular carcinoma
metastasis by binding to c-Jun to promote its phosphory-
lation activation [110]. This pathway is a possible HCC
treatment target as well as predictive biomarker. The
micropeptide AC115619-22aa, encoded by the IncRNA
AC115619, can inhibit tumour growth by decreasing the
level of m6A modification and thereby inhibiting tumour
growth [111]. The micropeptide ACLY-BP, encoded by
the IncRNA LINCO00887, promotes tumour growth by
regulating lipid metabolism and promoting the prolifera-
tion of bright cell renal cell carcinoma cells [112]. CTS-
GDP-13, a novel peptide derived from Cathepsin G, has
been found to inhibit bladder cancer development by
promoting ferroptosis [113]. In summary, the study of
micropeptides can help to develop new diagnostic and
therapeutic targets, thus providing a broader perspective
for the treatment of tumours.
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Interestingly, Jiang et al. found that LINC02381-aa, a
micropeptide encoded by LINC02381, localizes to exo-
somes and may regulate iron concentration in GBM via
the action of the glucose transporter SLC2A10 [114].
Furthermore, it was found that exosomal IncAKR1C2
can encode a microprotein with biological functions in
recipient cells and promotes the expression of CPT1A
by regulating YAP phosphorylation, which leads to
enhanced fatty acid oxidation and ATP production. These
findings suggest that microproteins encoded by exo-
somal IncAKR1C2 could serve as therapeutic targets for
advanced gastric cancer [115]. To increase the precision
and effectiveness of drug therapy, the high biocompat-
ibility of exosomes may be leveraged to develop a deliv-
ery system that targets therapeutic factors. Thus, delivery
of micropeptides via exosomes is a potential therapeutic
strategy Fig. 4.

Prospects for the application of micropeptides for
tumour therapy

Micropeptides as diagnostic markers of early stage disease
and effective therapeutic targets for cancer

The goal of oncology research is to identify additional
target molecules for tumour therapy, and to develop
tumour vaccines that can be used to prevent tumour
occurrence, new technologies that can be used for early
tumour diagnosis, and new diagnostic indicators. With
the advancement of technology, an increasing number of
micropeptides have been identified, some micropeptides
such as RBRP and SRSP, are cancere-promoting peptides,
while some micropeptides such as KRASIM and ASRPS,
are cancer-suppressing peptides. As mentioned above,
in TNBC patients, the micropeptide ASRPS inhibited
tumor angiogenesis by modulating the STAT3/VEGF
pathway, and intratumoral injection of ASRPS also pro-
longed the survival time in TNBC mouse models. There-
fore, ASRPS could be a potential therapeutic target for
TNBC [58]. In CRC patients, the upregulation of SRSP
levels was significantly associated with poor progno-
sis and malignancy of the tumor. Therefore, it may be a
marker for early diagnosis and a potential therapeutic
target in CRC patients [96]. In addition, many micropep-
tides are also related to the prognosis of tumour patients.
Therefore, these micropeptides encoded by small reading
frames have potential to be new diagnostic markers for
tumours, which may facilitate early diagnosis or improve
the efficiency of tumour diagnosis, improve tumour dis-
ease monitoring and increase the accuracy of tumour
prognosis prediction.

Potential as a cancer treatment drug

In addition to their great potential in tumour diagno-
sis and prognosis, micropeptides may also show poten-
tial as cancer therapeutic agents due to their small size,
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Table 2 The function of ncRNA-encoded micropeptides in human cancer
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Subcellular NcRNAs Micropeptide Size Cancer Function Refer-
localization types ence
Membrane LncRNARP11-469H8.6 MIAC 5Taa  HNSCC Interacts with AQP2 and reduces the expres- 61
sion of ITGB4 and SEPT2, inhibiting tumour
growth and metastasis
LINC00998 SMIM30 50aa HCC Activates the MAPK pathway to promote 54
proliferation and metastasis of tumour
INcRNA DLEU1 ORF1,0RF8 - Glioma Forms a pentameric structure with ion 63
channel activity, increases brain oedema
and the risk of cancer cell development
Cytoplasm LINCO0665 CIP2A-BP 52aa  TNBC Directly binds to the oncogene CIP2Aand 67
inhibits the PI3K/AKT signalling pathway,
thus inhibiting the migration and invasion
of TNBC.
LINC00278 YY1BM 21aa  ESCC Inhibits the interaction of YY1 and androgen 70
receptor and reduces the expression of
Eef2k
LINC00908 ASRPS 60aa  TNBC Inhibits STAT3 phosphorylation, reduces 58
VEGF expression, and then inhibits tumour
angiogenesis
LINC01420 NOBODY 7kDa  Lungcancer Affect underlying cancer cells processes by 66
regulating the decay of mRNA
INcRNA NCBP2-AS2 KRASIM 99aa HCC Inhibits the growth and proliferation of HCC = 68
cells
Circ-AKT3 AKT3-174aa 174aa GBM Inhibits AKT-thr308 phosphory-lation and 69
PI3K/AKT signalling pathway activation
Endoplasmic INCRNA ASHTL-AS1 APPLE 90aa AML Promotes the development of different 72
reticulum subtypes of AML
LINCO0675 FORCP 79aa  CRC Inhibits basal cell proliferation and 73
tumorigenesis
Endosomes - CASIMO1 83aa BC Interacts with squalene epoxidase (SQLE) 79
to influence cell proliferation and cycle
progression
INcRNA LINC00961 SPAR 90aa Lymphoma  Reduces the effects of amino acid-sensing 80
pathway activated by mTORC1 and exerts
antitumour effects
Mitochondria LINCO0467 ASAP 94aa CRC Promotes cancer cell proliferation by requ- 85
lating the production of ATP
LINCOO116 MPM 56aa  HCC Promotes hepatocellular carcinoma metas- 86
tasis by increasing mitochondrial complex |
activity and the NAD+/NADH ratio
- PIGBOS 54aa - Regulates the unfolded protein response 87
and cell death
- STMP1 47 aa HCC Promotes G1/S conversion and cell prolifera- 89,90
tion by enhancing the activity of mitochon-
drial complex IV
5'UTR of PTEN MP31 31aa  GBM Limits lactate-pyruvate conversion in 32
mitochondria
miR-34a miPEP133 133aa  NPC Binds HSPA9 to reduce mitochondrial mem- 93

brane potential and mitochondrial mass,

and inhibits tumour growth




Zhou et al. Cancer Cell International (2024) 24:134

Table 2 (continued)
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Subcellular NcRNAs Micropeptide Size Cancer Function Refer-
localization types ence
Nucleus INcRNA PACMP 44aa  BC Maintains nucleolus homeostasis and pro- 95
CTD-2256P15.2 motes the DNA damage response
LOC90024 SRSP 130aa CRC Incerases SRSP levels, which are positively 96
correlated with a malignant phenotype and
poor prognosis
LINC00266-1 RBRP 71aa  CRC Promotes proliferation, colony formation, 57
migration and invasion of cancer cells
INcRNA HOXB-AS3 53aa CRC Inhibits the proliferation, migration and 101
HOXB-AS3 invasion of cancer cells
Linc013026 Linc013026-68AA 68aa HCC Promotes the proliferation of cancer cells 103
INcRNA UBAP1-AST6 117aa Lungcancer When overexpressed promotes the prolif- 60
eration of lung cancer cells
Linc00176 C200rf204-189AA 189aa HCC Stabilizes nucleolin and promotes nucleoso- 105
C200rf204 mal DNA transcription
circ-0000437 CORO1C-47aa 47aa  Endometrial  Inhibits endothelial cell proliferation and 20
cancer tumour angiogenesis

Y

Cancer proliferation
/metastasis

Cell proliferation

Nucleolus

r

20011204 N

8 A
: nucleolin

Tumorigenesis

Fig. 3 Subcellular localization and mechanism of action of micropeptides in cell nucleus

high specificity and low cytotoxicity [116]. Micropeptides
encoded by ncRNAs play important roles in regulating
tumour energy metabolism, c-Myc stability and tumour
angiogenesis, suggesting their promise as therapeutic
agents for tumours. Of course, micropeptides also have
some unavoidable shortcomings, such as short circulat-
ing half-life, low affinity, etc. Therefore, in the devel-
opment of corresponding cancer-targeting drugs, the
molecular structure of small peptides can be modified
through cyclization, glycosylation, esterification, manip-
ulation of the amino acid order, and polymer splicing
and other peptide chain modification methods, so as to
enhance the penetration ability of the biofilm, to increase
the affinity and metabolic stability of its binding to the

receptor, and to further reduce the immunogenicity [117,
118].

In addition, how to deliver micropeptides safely and effec-
tively to target organs and target cells is one of the current
challenges. Currently, the main methods applied to micro-
peptide delivery include: assembling with nano-vectors,
recombining with adenoviral vectors and injecting them
into patients, and delivering them in conjunction with exo-
somes, etc. By using these methods, we can realize the slow-
release and long-lasting delivery of micropeptides, thus
enhancing the specificity and effectiveness of the drugs for
cancer treatment. Notably, these micropeptides can also be
used in combination with conventional anticancer drugs or
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Fig. 4 The role of micropeptides in different types of cancer, red indicates tumor suppressor microproteins with potential pharmacological activity, while
green indicates cancer-promoting peptides that can be clinically targeted. HNSCC, head and neck squamous cell carcinoma; HCC, hepatocellular carci-
noma; GBM, glioblastoma; BC, breast cancer; TNBC, triple-negative breast cancer; CRC, colorectal cancer; EC, endometrial cancer

with radiotherapy and chemotherapy drugs to enhance the
effectiveness of cancer treatment [119-122].

A portion of the micropeptides that have been discovered
to date exhibit tissue specificity, making them potentially
effective at targeting the disease and limiting the growth and
survival of cancer cells without harming healthy cells. They
may exert their anticancer effects without negative impact
on cellular physiological pathways due to their high speci-
ficity for particular cancer cell-specific pathways. Micropep-
tides are key sources of targetable tumour-specific antigens,
showing considerable promise for use in the development of
tumour vaccines, and they exhibit great potential as treat-
ments to increase cancer immunogenicity. In addition,
studies have shown that targeting Inc15.2/PACMP can sup-
press tumour resistance by modulating CtIP abundance and
PARylation [95]. The expression of CTBP1-dt IncRNA and
its encoded microprotein DDUP was negatively correlated
with the prognosis of patients with cisplatin-resistant ovar-
ian cancer, which also provides new insights into the treat-
ment of cisplatin-resistant ovarian cancer [123]. MP31 is
a micropeptide localised in the mitochondria, it has been
found that MP31 disrupts the homeostasis of mitochondria
in cancer cells and sensitises GBM cells to chemotherapeu-
tic drugs, therefore, MP31 is promising to be used in the
treatment of GBM in the future [124]. Interestingly, it was

found that the IRX4-derived micropeptide IRX4. PEP1 pro-
motes the proliferation, migration and invasion of prostate
cancer cells by interacting with heterogeneous nuclear ribo-
nucleoprotein K. Not only that, IRX4_PEP1 plays an impor-
tant role in regulating PCa stem cells and chemotherapy
resistance, suggesting its potential as a therapeutic target
for PCa [125]. In the future, more micropeptides associ-
ated with tumor resistance may be discovered, and targeting
these micropeptides could offer new avenues for overcom-
ing tumor resistance in therapy.

Conclusions

In this review, we describe the origins of micropeptides,
review related studies on micropeptide identification tech-
niques, and summarize the functions of tumour-associated
micropeptides based on their different subcellular localiza-
tions, which may lead to the development of new drugs and
biomarkers for future use in tumour therapy and diagnosis.
The discovery of micropeptides has enrich and expanded
the understanding of the diverse roles played by noncod-
ing RNAs in tumour development. However, only a small
fraction of ncRNA-encoded micropeptides have been iden-
tified thus far, and although the functions of most micrope-
ptides have been determined, their mechanisms of action
in cancer remain unclear and need to be further elucidated.
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Therefore, micropeptides can be further explored in the
following respects: 1, Considering that in tumour cells a
variety of intercellular communication mechanisms alter
the microenvironment, influence the immune system, and
encourage metastasis, potential micropeptide involvement
in the local or distant microenvironment, particularly in
the communication between tumour cells and stromal cells,
merits our attention. Additionally, further understanding of
the function of micropeptides in normal cells and their dys-
regulation in cancer cells may provide important informa-
tion for further understanding carcinogenesis. 2, Because of
the small size and instability of micropeptides, and the diffi-
culty of preparing corresponding antibodies due to a limited
number of epitopes, many obstacles to the identification
of micropeptides remain, and overcoming these barriers
depends the identification of more micropeptide, which
requires further updates to the necessary technology. 3, All
researchers should think about how to design in vivo and in
vitro functional studies experiments to gain insight into the
mechanism underlying micropeptide production, expres-
sion, and action when the results are not initially obvious.

Abbreviations

ncRNAs noncoding RNAs

ORFs open reading frames

INcRNAs long noncoding RNAs

SORFs small open reading frames
NMD nonsense-mediated RNA decay

iORF infinite open reading frame

UTRs untranslated regions

Ribo-Seq Ribosome sequencing

MS mass spectrometry

LC-MS/MS liquid chromatography-tandem mass spectrometry

SEPs sORF-encoded peptides

PhyloCSF phylogenetic codon substitution frequency

CRISPR-Cas9  Clustered Regularly Interspaced Short Palindromic Repeats-
CRISPR-Associated Protein 9

P-bodies Processing bodies

PP2A protein phosphatase 2 A

ESCC esophageal squamous cell carcinoma

AR androgen receptor

SERCA Sarco-endoplasmic reticulum Ca?* -ATPase
SQLE squalene epoxidase

CRC colorectal cancer

TCA tricarboxylic acid cycle

mLDH mitochondrial lactate dehydrogenase
NAD+ nicotinamide adenine dinucleotide

PTEN phosphatase-tensin

OXPHOS oxidative phosphorylation

HSPAS heat shock protein family A member 9
SRSF3 serine and arginine-rich splicing factor 3
hnRNPs heterogeneous nuclear ribonucleoproteins

GIn glutamine

TGF-B Translational growth factor3

HNSCC head and neck squamous cell carcinoma
HCC hepatocellular carcinoma

GBM glioblastoma

BC breast cancer

TNBC triple-negative breast cancer

EC endometrial cancer

Acknowledgements
Not applicable.

Page 15 of 18

Author contributions

Jidong Zhang, Jun Tan, Zhixu He contributed to the conception of the
review;He Zhou wrote the manuscript; Yan Wu, Ji Cai, Dan Zhang, Dongfeng
Lan, Xiaofang Dai, Songpo Liu, performed manuscript preparation contributed
collection; Tao Song, Xianyao Wang, Qinghong Kong helped perform
constructive discussions.

Funding

This work was supported by the National Nature Science Foundation of China
(NSFC. 31960156, 32270848); the Collaborative Innovation Center of Chinese
Ministry of Education (2020-39); the Science and Technology Support Program
of Guizhou Province (QKH[2020]4Y192, QKH[2019]5406, QKH-ZK[2021]111); and
the Science and Technology Fund of Guizhou Provincial Health Commission
(gzwkj2022-019).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors agree with the final version of the manuscript and give their
consent for its publication.

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Received: 18 October 2023 / Accepted: 23 February 2024
Published online: 15 April 2024

References

1. Pavlova NN, Thompson CB, THE EMERGING HALLMARKS, OF CANCER
METABOLISM. Cell Metab. 2016;23:27-47. https://doi.org/10.1016/j.
cmet.2015.12.006.

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J
Clin. 2022;72:7-33. https://doi.org/10.3322/caac.21708.

3. Crosby D, Bhatia S, Brindle KM, Coussens LM, Dive C, Emberton M, Esener S,
Fitzgerald RC, Gambhir SS, Kuhn P, et al. Early detection of Cancer. Science.
2022;375:eaay9040. https://doi.org/10.1126/science.aay9040.

4. Guttman M, Amit |, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O,
Carey BW, Cassady JP, et al. Chromatin Signature Reveals over a Thousand
highly conserved large non-coding RNAs in mammals. Nature. 2009;458:223—
7. https://doi.org/10.1038/nature07672.

5. WangJ, ZhuS,Meng N, He Y, Lu R, Yan G-R. NcRNA-Encoded peptides or
proteins and Cancer. Mol Ther. 2019;27:1718-25. https://doi.org/10.1016/j.
ymthe.2019.09.001.

6. Makarewich CA, Olson EN. Mining for Micropeptides. Trends Cell Biol.
2017;27:685-96. https://doi.org/10.1016/j.tcb.2017.04.006.

7. Vitorino R, Guedes S, Amado F, Santos M, Akimitsu N. The role of Micropep-
tides in Biology. Cell Mol Life Sci. 2021,78:3285-98. https://doi.org/10.1007/
s00018-020-03740-3.

8. ChenY,Ho L, Tergaonkar VSORF-E, MicroPeptides. New players in inflam-
mation, metabolism, and Precision Medicine. Cancer Lett. 2021;500:263-70.
https://doi.org/10.1016/j.canlet.2020.10.038.

9. Hartford CCR, Lal A. When Long Noncoding becomes protein coding. Mol
Cell Biol. 2020;40:€00528-19. https://doi.org/10.1128/MCB.00528-19.

10. LiL-J, Leng R-X, Fan Y-G, Pan H-F, Ye D-Q. Translation of noncoding RNAs:
focus on LncRNAs, Pri-MiRNAs, and CircRNAs. Exp Cell Res. 2017;361:1-8.
https://doi.org/10.1016/j.yexcr.2017.10.010.

11. AmD,IN,Be K, MP,CB,McM,JkD,AA, JM, JjM, et al. Primate-specific ORFO
contributes to retrotransposon-mediated diversity. Cell. 2015;163. https://doi.
0rg/10.1016/j.cell.2015.09.025.


https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.3322/caac.21708
https://doi.org/10.1126/science.aay9040
https://doi.org/10.1038/nature07672
https://doi.org/10.1016/j.ymthe.2019.09.001
https://doi.org/10.1016/j.ymthe.2019.09.001
https://doi.org/10.1016/j.tcb.2017.04.006
https://doi.org/10.1007/s00018-020-03740-3
https://doi.org/10.1007/s00018-020-03740-3
https://doi.org/10.1016/j.canlet.2020.10.038
https://doi.org/10.1128/MCB.00528-19
https://doi.org/10.1016/j.yexcr.2017.10.010
https://doi.org/10.1016/j.cell.2015.09.025
https://doi.org/10.1016/j.cell.2015.09.025

Zhou et al. Cancer Cell International

20.

22.

23.

24.

25,

26.

27.

28.

29.

30.

32.

(2024) 24:134

Renz PF, Valdivia-Francia F, Sendoel A. Some like it translated: small ORFs

in the 5'UTR. Exp Cell Res. 2020;396:112229. https://doi.org/10.1016/j.
yexcr.2020.112229.

Beermann J, Piccoli M-T, Viereck J, Thum T. Non-coding RNAs in Development
and Disease: background, mechanisms, and therapeutic approaches. Physiol
Rev. 2016;96:1297-325. https://doi.org/10.1152/physrev.00041.2015.

Statello L, Guo C-J, Chen L-L, Huarte M. Gene regulation by long non-coding
RNAs and its biological functions. Nat Rev Mol Cell Biol. 2021;22:96-118.
https://doi.org/10.1038/541580-020-00315-9.

Zhang X, Wang W, Zhu W, Dong J, Cheng Y, Yin Z, Shen F. Mechanisms and
functions of long non-coding RNAs at multiple Regulatory levels. Int J Mol
Sci. 2019;20:E5573. https://doi.org/10.3390/ijms20225573.

Smith JE, Alvarez-Dominguez JR, Kline N, Huynh NJ, Geisler S, Hu W, Coller J,
Baker KE. Translation of Small Open Reading frames within unannotated RNA
transcripts in Saccharomyces Cerevisiae. Cell Rep. 2014;7:1858-66. https://
doi.org/10.1016/j.celrep.2014.05.023.

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems J.
The Biogenesis, Biology and characterization of circular RNAs. Nat Rev Genet.
2019;20:675-91. https://doi.org/10.1038/541576-019-0158-7.

Lei M, Zheng G, Ning Q, Zheng J, Dong D. Translation and functional roles of
circular RNAs in Human Cancer. Mol Cancer. 2020;19. https://doi.org/10.1186/
512943-020-1135-7.

Zhang M, Zhao K, Xu X, Yang Y, Yan S, Wei P, Liu H, Xu J, Xiao F, Zhou H, et al. A
peptide encoded by circular form of LINC-PINT suppresses oncogenic tran-
scriptional elongation in Glioblastoma. Nat Commun. 2018,9:4475. https://
doi.org/10.1038/541467-018-06862-2.

FLYCSD,LY,NL XC LJYZHL Apeptide CORO1C-47aa encoded by
the circular noncoding RNA Circ-0000437 functions as a negative Regulator
in Endometrium Tumor Angiogenesis. J Biol Chem. 2021,297. https://doi.
0rg/10.1016/},jbc.2021.101182.

Zheng X, Chen L, Zhou Y, Wang Q, Zheng Z, Xu B, Wu C, Zhou Q, Hu W, Wu

C, etal. A Novel protein encoded by a circular RNA CircPPP1R12A promotes
tumor pathogenesis and metastasis of Colon cancer via Hippo-YAP Signaling.
Mol Cancer. 2019;18. https://doi.org/10.1186/512943-019-1010-6.

He L, Man C, Xiang S, Yao L, Wang X, Fan Y. Circular RNAs' Cap-Independent
translation protein and its roles in Carcinomas. Mol Cancer. 2021,20:119.
https://doi.org/10.1186/512943-021-01417-4.

LuY,Li Z Lin C, Zhang J, Shen Z Translation role of CircRNAs in cancers. J Clin
Lab Anal. 2021;35:¢23866. https://doi.org/10.1002/jcla.23866.

Treiber T, Treiber N, Meister G. Regulation of MicroRNA Biogenesis and its
crosstalk with other Cellular pathways. Nat Rev Mol Cell Biol. 2019,20:5-20.
https://doi.org/10.1038/541580-018-0059-1.

Lauressergues D, Couzigou J-M, Clemente HS, Martinez Y, Dunand C, Bécard
G, Combier J-P. Primary transcripts of MicroRNAs Encode Regulatory pep-
tides. Nature. 2015;520:90-3. https://doi.org/10.1038/nature14346.

Achkar NP, Cambiagno DA, Manavella PA. MiRNA Biogenesis: a dynamic
pathway. Trends Plant Sci. 2016;21:1034-44. https://doi.org/10.1016/j.
tplants.2016.09.003.

JO,HH,YZ, CP Overview of MicroRNA Biogenesis, mechanisms of

actions, and circulation. Front Endocrinol. 2018,9. https://doi.org/10.3389/
fendo.2018.00402.

Chen Q-J, Deng B-H, Gao J, Zhao Z-Y, Chen Z-L, Song S-R,Wang L, Zhao L-P,
XuW-P, Zhang C-X, et al. A MiIRNA-Encoded small peptide, Vvi-MiPEP171d1,
regulates adventitious Root formation. Plant Physiol. 2020;183:656-70.
https://doi.org/10.1104/pp.20.00197.

Zhang QL, Su LY, Zhang ST, Xu XP, Chen XH, Li X, Jiang MQ, Huang SQ, Chen
YK, Zhang ZH, et al. Analyses of MicroRNA166 gene structure, expression,
and function during the early stage of somatic embryogenesis in Dimo-
carpus Longan Lour. Plant Physiol Biochem. 2020;147:205-14. https://doi.
0rg/10.1016/j.plaphy.2019.12.014.

Sharma A, Badola PK, Bhatia C, Sharma D, Trivedi PK. Primary transcript of
MiR858 encodes Regulatory peptide and controls flavonoid biosynthesis
and development in Arabidopsis. Nat Plants. 2020;6:1262-74. https://doi.
0rg/10.1038/s41477-020-00769-x.

Chen J, Brunner A-D, Cogan JZ, Nufez JK, Fields AP, Adamson B, Itzhak DN, Li
JY, Mann M, Leonetti MD, et al. Pervasive functional translation of Noncanoni-
cal Human Open Reading frames. Science. 2020;367:1140-6. https://doi.
0rg/10.1126/science.aay0262.

Huang N, Li F, Zhang M, Zhou H, Chen Z, Ma X, Yang L, Wu X, Zhong J, Xiao F,
et al. An Upstream Open Reading Frame in Phosphatase and Tensin Homolog
encodes a circuit breaker of Lactate Metabolism. Cell Metab. 2021;33:128-
144e9. https://doi.org/10.1016/j.cmet.2020.12.008.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 16 of 18

Wu Q, Wright M, Gogol MM, Bradford WD, Zhang N, Bazzini AA. Transla-

tion of small downstream ORFs enhances translation of Canonical Main
Open Reading frames. EMBO J. 2020;39:e104763. https://doi.org/10.15252/
embj.2020104763.

Ingolia NT. Ribosome footprint profiling of translation throughout the
genome. Cell. 2016;165:22-33. https://doi.org/10.1016/j.cell.2016.02.066.
Ingolia NT, Ghaemmaghami S, Newman JRS, Weissman JS. Genome-wide
analysis in vivo of translation with Nucleotide Resolution using ribosome
profiling. Science. 2009;324:218-23. https://doi.org/10.1126/science.1168978.
Weaver J, Mohammad F, Buskirk AR, Storz G. Identifying Small Proteins by
Ribosome Profiling with Stalled Initiation Complexes. mBio 2019, 10, e02819-
18, https://doi.org/10.1128/mBi0.02819-18.

YanY,Tang R, Li B, Cheng L, Ye S, Yang T, Han Y-C, Liu C, Dong Y, Qu L-H, et

al. The Cardiac Translational Landscape reveals that micropeptides are New
players involved in Cardiomyocyte Hypertrophy. Mol Ther. 2021,29:2253-67.
https://doi.org/10.1016/j.ymthe.2021.03.004.

Budamgunta H, Olexiouk V, Luyten W, Schildermans K, Maes E, Boonen K,
Menschaert G, Baggerman G. Comprehensive peptide analysis of mouse
brain striatum identifies novel SORF-Encoded polypeptides. Proteomics.
2018;18:1700218. https://doi.org/10.1002/pmic.201700218.

Ingolia NT, Lareau LF, Weissman JS. Ribosome profiling of mouse embry-
onic stem cells reveals the complexity of mammalian proteomes. Cell.
2011;147:789-802. https://doi.org/10.1016/j.cell.2011.10.002.

Aspden JL, Eyre-Walker YC, Phillips RJ, Amin U, Mumtaz MAS, Brocard M,
Couso J-P. Extensive translation of Small Open Reading frames revealed by
poly-ribo-seq. Elife. 2014;3:e03528. https://doi.org/10.7554/eLife.03528.
SmpProt: A. Database of Small Proteins Encoded by Annotated Coding and
Non-Coding RNA Loci | Briefings in Bioinformatics | Oxford Academic Avail-
able online: https://academic.oup.com/bib/article/19/4/636/2962821login=
false (accessed on 14 February 2023).

Wan J, Qian S-B, TISdb. A database for alternative translation initiation

in mammalian cells. Nucleic Acids Res. 2014;42:D845-850. https://doi.
org/10.1093/nar/gkt1085.

Olexiouk V, Van Criekinge W, Menschaert G. An update on SORFs.Org: a
repository of small ORFs identified by ribosome profiling. Nucleic Acids Res.
2018;46:D497-D502. https://doi.org/10.1093/nar/gkx1130.

Leney AC, Heck AJR. Native Mass Spectrometry: what is in the name? J Am
Soc Mass Spectrom. 2017;28:5-13. https://doi.org/10.1021/jasms.8b05378.
Smits AH, Vermeulen M. Characterizing protein-protein interactions using
Mass Spectrometry: challenges and opportunities. Trends Biotechnol.
2016;34:825-34. https://doi.org/10.1016/j tibtech.2016.02.014.

Sousa ME, Farkas MH, Micropeptide. PLoS Genet. 2018;14:e1007764. https://
doi.org/10.1371/journal.pgen.1007764.

Castellana N, Bafna V. Proteogenomics to Discover the full coding content of
genomes: a computational perspective. J Proteom. 2010;73:2124-35. https://
doi.org/10.1016/j.jprot.2010.06.007.

Branca RMM, Orre LM, Johansson HJ, Granholm V, Huss M, Pérez-Bercoff A,
Forshed J, Kéll L, Lehti® J. HIRIEF LC-MS enables deep Proteome Coverage
and unbiased proteogenomics. Nat Methods. 2014;11:59-62. https://doi.
0rg/10.1038/nmeth.2732.

Slavoff SA, Mitchell AJ, Schwaid AG, Cabili MN, Ma J, Levin JZ, Karger AD,
Budnik BA, Rinn JL, Saghatelian A. Peptidomic Discovery of Short Open Read-
ing Frame-encoded peptides in human cells. Nat Chem Biol. 2013;9:59-64.
https://doi.org/10.1038/nchembio.1120.

@rom UA, Derrien T, Beringer M, Gumireddy K, Gardini A, Bussotti G, Lai F, Zyt-
nicki M, Notredame C, Huang Q, et al. Long noncoding RNAs with enhancer-
like function in human cells. Cell. 2010;143:46-58. https://doi.org/10.1016/j.
cell.2010.09.001.

Lin MF, Jungreis |, Kellis MPCSF. A comparative Genomics Method to distin-
guish protein coding and non-coding regions. Bioinformatics. 2011;27:275-
282. https://doi.org/10.1093/bioinformatics/btr209.

Nabi A, Dilekoglu B, Adebali O, Tastan O. Discovering Misannotated LncRNAs
using Deep Learning Training dynamics. Bioinformatics. 2022;39:btac821.
https://doi.org/10.1093/bioinformatics/btac821.

Anderson DM, Anderson KM, Chang C-L, Makarewich CA, Nelson BR, McA-
nally JR, Kasaragod P, Shelton JM, Liou J, Bassel-Duby R, et al. A Micropeptide
encoded by a putative long noncoding RNA regulates muscle performance.
Cell. 2015;160:595-606. https://doi.org/10.1016/j.cell.2015.01.009.

Pang, Liu Z, Han H, Wang B, LiW, Mao C, Liu S. Peptide SMIM30 promotes
HCC Development by inducing SRC/YEST membrane anchoring and MAPK
pathway activation. J Hepatol. 2020;73:1155-69. https://doi.org/10.1016/j.
jhep.2020.05.028.


https://doi.org/10.1016/j.yexcr.2020.112229
https://doi.org/10.1016/j.yexcr.2020.112229
https://doi.org/10.1152/physrev.00041.2015
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.3390/ijms20225573
https://doi.org/10.1016/j.celrep.2014.05.023
https://doi.org/10.1016/j.celrep.2014.05.023
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1186/s12943-020-1135-7
https://doi.org/10.1186/s12943-020-1135-7
https://doi.org/10.1038/s41467-018-06862-2
https://doi.org/10.1038/s41467-018-06862-2
https://doi.org/10.1016/j.jbc.2021.101182
https://doi.org/10.1016/j.jbc.2021.101182
https://doi.org/10.1186/s12943-019-1010-6
https://doi.org/10.1186/s12943-021-01417-4
https://doi.org/10.1002/jcla.23866
https://doi.org/10.1038/s41580-018-0059-1
https://doi.org/10.1038/nature14346
https://doi.org/10.1016/j.tplants.2016.09.003
https://doi.org/10.1016/j.tplants.2016.09.003
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1104/pp.20.00197
https://doi.org/10.1016/j.plaphy.2019.12.014
https://doi.org/10.1016/j.plaphy.2019.12.014
https://doi.org/10.1038/s41477-020-00769-x
https://doi.org/10.1038/s41477-020-00769-x
https://doi.org/10.1126/science.aay0262
https://doi.org/10.1126/science.aay0262
https://doi.org/10.1016/j.cmet.2020.12.008
https://doi.org/10.15252/embj.2020104763
https://doi.org/10.15252/embj.2020104763
https://doi.org/10.1016/j.cell.2016.02.066
https://doi.org/10.1126/science.1168978
https://doi.org/10.1128/mBio.02819-18
https://doi.org/10.1016/j.ymthe.2021.03.004
https://doi.org/10.1002/pmic.201700218
https://doi.org/10.1016/j.cell.2011.10.002
https://doi.org/10.7554/eLife.03528
https://academic.oup.com/bib/article/19/4/636/2962821?login=false
https://academic.oup.com/bib/article/19/4/636/2962821?login=false
https://doi.org/10.1093/nar/gkt1085
https://doi.org/10.1093/nar/gkt1085
https://doi.org/10.1093/nar/gkx1130
https://doi.org/10.1021/jasms.8b05378
https://doi.org/10.1016/j.tibtech.2016.02.014
https://doi.org/10.1371/journal.pgen.1007764
https://doi.org/10.1371/journal.pgen.1007764
https://doi.org/10.1016/j.jprot.2010.06.007
https://doi.org/10.1016/j.jprot.2010.06.007
https://doi.org/10.1038/nmeth.2732
https://doi.org/10.1038/nmeth.2732
https://doi.org/10.1038/nchembio.1120
https://doi.org/10.1016/j.cell.2010.09.001
https://doi.org/10.1016/j.cell.2010.09.001
https://doi.org/10.1093/bioinformatics/btr209
https://doi.org/10.1093/bioinformatics/btac821
https://doi.org/10.1016/j.cell.2015.01.009
https://doi.org/10.1016/j.jhep.2020.05.028
https://doi.org/10.1016/j.jhep.2020.05.028

Zhou et al. Cancer Cell International

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

(2024) 24:134

Cong L, Zhang F. Genome Engineering using CRISPR-Cas9 system. Methods
Mol Biol. 2015;1239:197-217. https://doi.org/10.1007/978-1-4939-1862-1_10.
Hryhorowicz M, Lipirski D, Zeyland J, Stomski RCRISPR. /Cas9 Immune
System as a Tool for Genome Engineering. Arch Immunol Ther Exp (Warsz).
2017;65:233-40. https://doi.org/10.1007/500005-016-0427-5.

Zhu S,Wang J-Z, Chen D, He Y-T, Meng N, Chen M, Lu R-X, Chen X-H, Zhang
X-L, Yan G-R. An Oncopeptide regulates M6A recognition by the M6A

reader IGF2BP1 and Tumorigenesis. Nat Commun. 2020;11:1685. https://doi.
0rg/10.1038/541467-020-15403-9.

Wang Y, Wu S, Zhu X, Zhang L, Deng J, Li F, Guo B, Zhang S, Wu R, Zhang Z, et
al. LncRNA-Encoded polypeptide ASRPS inhibits triple-negative breast Can-
cer Angiogenesis. J Exp Med. 2020,217:20190950. https://doi.org/10.1084/
jem.20190950.

Chu Q Rathore A, Diedrich JK, Donaldson CJ, Yates JR, Saghatelian A. Identi-
fication of microprotein-protein interactions via APEX tagging. Biochemistry.
2017;56:3299-306. https://doi.org/10.1021/acs.biochem.7b00265.

Lu'S, Zhang J, Lian X, Sun L, Meng K, Chen Y, Sun Z,Yin X, LiY, Zhao J, et al. A
Hidden Human Proteome encoded by non-coding genes. Nucleic Acids Res.
2019;47:8111-25. https://doi.org/10.1093/nar/gkz646.

Li M, Li X, Zhang Y, Wu H, Zhou H, Ding X, Zhang X, Jin X, Wang Y, Yin X,

et al. Micropeptide MIAC inhibits HNSCC progression by interacting with
Aquaporin 2.J Am Chem Soc. 2020;142:6708-16. https://doi.org/10.1021/
jacs.0c00706.

Li M, Liu G, Jin X, Guo H, Setrerrahmane S, Xu X, Li T, Lin Y, Xu H. Micropeptide
MIAC inhibits the Tumor Progression by interacting with AQP2 and inhibit-
ing EREG/EGFR signaling in renal cell carcinoma. Mol Cancer. 2022;21:181.
https://doi.org/10.1186/512943-022-01654-1.

CaoY,Yang R, Lee |, Zhang W, Sun J, Meng X, Wang W. Prediction of LncRNA-
Encoded small peptides in Glioma and Oligomer Channel Functional
Analysis Using in Silico Approaches. PLoS ONE. 2021;16:e0248634. https://doi.
0rg/10.1371/journal.pone.0248634.

Bi P, Ramirez-Martinez A, Li H, Cannavino J, McAnally JR, Shelton JM,
Sénchez-Ortiz E, Bassel-Duby R, Olson EN. Control of muscle formation by
the Fusogenic Micropeptide Myomixer. Science. 2017;356:323-7. https://doi.
org/10.1126/science.aam9361.

LuoY, Na Z, Slavoff SA. P-Bodies: composition, Properties, and functions. Bio-
chemistry. 2018;57:2424-31. https://doi.org/10.1021/acs.biochem.7b01162.
D'Lima NG, Ma J, Winkler L, Chu Q, Loh KH, Corpuz EO, Budnik BA, Lykke-
Andersen J, Saghatelian A, Slavoff SA. A human microprotein that interacts
with the MRNA Decapping Complex. Nat Chem Biol. 2017;13:174-80. https://
doi.org/10.1038/nchembio.2249.

Guo B,Wu'S, Zhu X, Zhang L, Deng J, Li F Wang Y, Zhang S, Wu R, Lu J, et al.
Micropeptide CIP2A-BP encoded by LINC00665 inhibits triple-negative breast
Cancer Progression. EMBO J. 2020;39:e102190. https://doi.org/10.15252/
embj.2019102190.

XuW, Deng B, Lin P, Liu C, Li B, Huang Q, Zhou H, Yang J, Qu L. Ribosome
profiling analysis identified a KRAS-Interacting Microprotein that represses
Oncogenic Signaling in Hepatocellular Carcinoma cells. Sci China Life Sci.
2020;63:529-42. https://doi.org/10.1007/511427-019-9580-5.

Xia X, Li X, Li F, Wu X, Zhang M, Zhou H, Huang N, Yang X, Xiao F, Liu D, et al.
A novel tumor suppressor protein encoded by circular AKT3 RNA inhibits
Glioblastoma Tumorigenicity by competing with active phosphoinositide-
dependent Kinase-1. Mol Cancer. 2019;18. https://doi.org/10.1186/
$12943-019-1056-5.

Wu'S, Zhang L, Deng J, Guo B, Li F,Wang Y, Wu R, Zhang S, Lu J, Zhou Y. A
Novel Micropeptide encoded by Y-Linked LINC00278 links cigarette smoking
and AR Signaling in male esophageal squamous cell carcinoma. Cancer Res.
2020;80:2790-803. https://doi.org/10.1158/0008-5472.CAN-19-3440.

Chen X, Cubillos-Ruiz JR. Endoplasmic reticulum stress signals in the Tumour
and its Microenvironment. Nat Rev Cancer. 2021;21:71-88. https://doi.
0rg/10.1038/541568-020-00312-2.

Sun L, Wang W, Han C, Huang W, Sun Y, Fang K, Zeng Z, Yang Q, Pan Q, Chen T,
et al. The Oncomicropeptide APPLE promotes hematopoietic malignancy by
enhancing translation initiation. Mol Cell. 2021;81:4493-4508e9. https://doi.
0rg/10.1016/j.molcel.2021.08.033.

Li XL, Pongor L, Tang W, Das S, Muys BR, Jones MF, Lazar SB, Dangelmaier EA,
Hartford CC, Grammatikakis |, et al. A small protein encoded by a putative
LncRNA regulates apoptosis and tumorigenicity in human colorectal Cancer
cells. Elife. 2020,9:253734. https://doi.org/10.7554/eLife.53734.

Zheng S, Wang X, Zhao D, Liu H, Hu Y. Calcium homeostasis and Cancer:
insights from endoplasmic reticulum-centered Organelle communications.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Page 17 of 18

Trends Cell Biol. 2022,50962-8924(22):00174-X. https://doi.org/10.1016/].
th.2022.07.004.

Sharma A, Ramena GT, Elble RC. Advances in intracellular Calcium Signaling
reveal untapped targets for Cancer Therapy. Biomedicines. 2021,9:1077.
https://doi.org/10.3390/biomedicines9091077.

Anderson DM, Makarewich CA, Anderson KM, Shelton JM, Bezprozvannaya
S, Bassel-Duby R, Olson EN. Widespread Control of Calcium Signaling by a
family of SERCA-Inhibiting Micropeptides. Sci Signal. 2016;9:ra119. https://doi.
0rg/10.1126/scisignal.aaj1460.

Nelson BR, Makarewich CA, Anderson DM, Winders BR, Troupes CD, Wu F,
Reese AL, McAnally JR, Chen X, Kavalali ET, et al. A peptide encoded by a tran-
script annotated as long noncoding RNA enhances SERCA activity in muscle.
Science. 2016;351:271-5. https://doi.org/10.1126/science.aad4076.

Huotari J, Helenius A, Endosome Maturation. EMBO J. 2011;30:3481-500.
https://doi.org/10.1038/emboj.2011.286.

Polycarpou-Schwarz M, Grol M, Mestdagh P, Schott J, Grund SE, Hildenbrand
C, Rom J, Aulmann S, Sinn H-P, Vandesompele J, et al. The Cancer-Associated
Microprotein CASIMOT1 controls cell proliferation and interacts with Squalene
Epoxidase modulating lipid droplet formation. Oncogene. 2018;37:4750-68.
https://doi.org/10.1038/541388-018-0281-5.

Matsumoto A, Pasut A, Matsumoto M, Yamashita R, Fung J, Monteleone E,
Saghatelian A, Nakayama KI, Clohessy JG, Pandolfi PP. MTORC1 and muscle
regeneration are regulated by the LINC00961-Encoded SPAR Polypeptide.
Nature. 2017;541:228-32. https://doi.org/10.1038/nature21034.
Ortega-Molina A, Deleyto-Seldas N, Carreras J, Sanz A, Lebrero-Ferndndez C,
Menéndez C, Vandenberg A, Ferndndez-Ruiz B, Marin-Arraiza L, de la Arregui
C. Oncogenic rag GTPase signaling enhances B Cell activation and drives
follicular lymphoma sensitive to pharmacological inhibition of MTOR. Nat
Metab. 2019;1:775-89. https://doi.org/10.1038/542255-019-0098-8.

Pueyo JI, Magny EG, Sampson CJ, Amin U, Evans IR, Bishop SA, Couso

JP. Hemotin, a Regulator of phagocytosis encoded by a small ORF and
conserved across metazoans. PLoS Biol. 2016;14:21002395. https://doi.
org/10.1371/journal.pbio.1002395.

Nunnari J, Suomalainen A, Mitochondria. In sickness and in Health. Cell.
2012;148:1145-59. https://doi.org/10.1016/j.cell.2012.02.035.

Spinelli JB, Haigis MC. The multifaceted contributions of Mitochondria to
Cellular Metabolism. Nat Cell Biol. 2018;20:745-54. https://doi.org/10.1038/
s41556-018-0124-1.

Ge Q, JiaD,Cen D, QiY, ShiC, LiJ, Sang L, Yang L-J, He J, Lin A, et al. Micrope-
ptide ASAP encoded by LINC00467 promotes Colorectal Cancer Progression
by directly modulating ATP synthase activity. J Clin Invest. 2021;131:2152911.
https://doi.org/10.1172/JCI152911.

Xiao M-H, Lin Y-F, Xie P-P, Chen H-X, Deng J-W, Zhang W, Zhao N, Xie C, Meng
Y, Liu X, et al. Downregulation of a mitochondrial micropeptide, MPM, pro-
motes Hepatoma Metastasis by enhancing mitochondrial complex | activity.
Mol Ther. 2022;30:714-25. https://doi.org/10.1016/j.ymthe.2021.08.032.

Chu Q, Martinez TF, Novak SW, Donaldson CJ, Tan D, Vaughan JM, Chang

T, Diedrich JK, Andrade L, Kim A, et al. Regulation of the ER stress response
by a mitochondrial microprotein. Nat Commun. 2019;10:4883. https://doi.
0rg/10.1038/541467-019-12816-z.

Kashatus JA, Nascimento A, Myers LJ, Sher A, Byrne FL, Hoehn KL, Counter
CM, Kashatus DF. Erk2 phosphorylation of Drp1 promotes mitochondrial fis-
sion and MAPK-Driven Tumor Growth. Mol Cell. 2015,57:537-51. https://doi.
0rg/10.1016/j.molcel.2015.01.002.

Xie C, Wang F-Y, Sang Y, Chen B, Huang J-H, He F-J, Li H, Zhu Y, Liu X, Zhuang
S-M, et al. Mitochondrial micropeptide STMP1 enhances mitochondrial fis-
sion to promote Tumor Metastasis. Cancer Res. 2022,82:2431-43. https://doi.
0rg/10.1158/0008-5472.CAN-21-3910.

Sang Y, Liu J-Y, Wang F-Y, Luo X-Y, Chen Z-Q, Zhuang S-M, Zhu Y. Mitochon-
drial micropeptide STMP1 promotes G1/S transition by enhancing mitochon-
drial complex IV activity. Mol Ther. 2022;30:2844-55. https://doi.org/10.1016/j.
ymthe.2022.04.012.

Yang H, Zhou X, Liu X, Yang L, Chen Q, Zhao D, Zuo J, Liu W. Mitochondrial
Dysfunction Induced by Knockdown of Mortalin is rescued by Parkin.
Biochem Biophys Res Commun. 2011;410:114-20. https://doi.org/10.1016/j.
bbrc.2011.05.116.

Xu L, Voloboueva LA, Ouyang Y, Emery JF, Giffard RG. Overexpression of
mitochondrial Hsp70/Hsp75 in rat brain protects Mitochondria, reduces
oxidative stress, and protects from focal ischemia. J Cereb Blood Flow Metab.
2009;29:365-74. https://doi.org/10.1038/jcbfm.2008.125.


https://doi.org/10.1007/978-1-4939-1862-1_10
https://doi.org/10.1007/s00005-016-0427-5
https://doi.org/10.1038/s41467-020-15403-9
https://doi.org/10.1038/s41467-020-15403-9
https://doi.org/10.1084/jem.20190950
https://doi.org/10.1084/jem.20190950
https://doi.org/10.1021/acs.biochem.7b00265
https://doi.org/10.1093/nar/gkz646
https://doi.org/10.1021/jacs.0c00706
https://doi.org/10.1021/jacs.0c00706
https://doi.org/10.1186/s12943-022-01654-1
https://doi.org/10.1371/journal.pone.0248634
https://doi.org/10.1371/journal.pone.0248634
https://doi.org/10.1126/science.aam9361
https://doi.org/10.1126/science.aam9361
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1038/nchembio.2249
https://doi.org/10.1038/nchembio.2249
https://doi.org/10.15252/embj.2019102190
https://doi.org/10.15252/embj.2019102190
https://doi.org/10.1007/s11427-019-9580-5
https://doi.org/10.1186/s12943-019-1056-5
https://doi.org/10.1186/s12943-019-1056-5
https://doi.org/10.1158/0008-5472.CAN-19-3440
https://doi.org/10.1038/s41568-020-00312-2
https://doi.org/10.1038/s41568-020-00312-2
https://doi.org/10.1016/j.molcel.2021.08.033
https://doi.org/10.1016/j.molcel.2021.08.033
https://doi.org/10.7554/eLife.53734
https://doi.org/10.1016/j.tcb.2022.07.004
https://doi.org/10.1016/j.tcb.2022.07.004
https://doi.org/10.3390/biomedicines9091077
https://doi.org/10.1126/scisignal.aaj1460
https://doi.org/10.1126/scisignal.aaj1460
https://doi.org/10.1126/science.aad4076
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1038/s41388-018-0281-5
https://doi.org/10.1038/nature21034
https://doi.org/10.1038/s42255-019-0098-8
https://doi.org/10.1371/journal.pbio.1002395
https://doi.org/10.1371/journal.pbio.1002395
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1172/JCI152911
https://doi.org/10.1016/j.ymthe.2021.08.032
https://doi.org/10.1038/s41467-019-12816-z
https://doi.org/10.1038/s41467-019-12816-z
https://doi.org/10.1016/j.molcel.2015.01.002
https://doi.org/10.1016/j.molcel.2015.01.002
https://doi.org/10.1158/0008-5472.CAN-21-3910
https://doi.org/10.1158/0008-5472.CAN-21-3910
https://doi.org/10.1016/j.ymthe.2022.04.012
https://doi.org/10.1016/j.ymthe.2022.04.012
https://doi.org/10.1016/j.bbrc.2011.05.116
https://doi.org/10.1016/j.bbrc.2011.05.116
https://doi.org/10.1038/jcbfm.2008.125

Zhou et al. Cancer Cell International

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

10

104.

105.

106.

107.

108.

109.

110.

w

(2024) 24:134

MK BT JL ZZ KL RW,ZJ FB,DP DK, et al Identification of MiPEP133 as
a novel tumor-suppressor Microprotein encoded by MiR-34a Pri-MiRNA. Mol
Cancer. 2020;19. https://doi.org/10.1186/512943-020-01248-9.

Mozaffari NL, Pagliarulo F, Sartori AA. Human CtIP: a‘Double Agent’in DNA
repair and Tumorigenesis. Semin Cell Dev Biol. 2021;113:47-56. https://doi.
0rg/10.1016/j.semcdb.2020.09.001.

Zhang C, Zhou B, Gu F, Liu H, Wu H, Yao F, Zheng H, Fu H, Chong W, Cai S, et
al. Micropeptide PACMP Inhibition elicits synthetic Lethal effects by decreas-
ing CtIP and poly(ADP-Ribosyl)ation. Mol Cell. 2022;82:1297-1312€8. https.//
doi.org/10.1016/j.molcel.2022.01.020.

Meng N, Chen M, Chen D, Chen X, Wang J, Zhu S, He Y, Zhang X, Lu R, Yan

G. Small protein hidden in LncRNA LOC90024 promotes cancerous RNA
splicing and Tumorigenesis. Adv Sci (Weinh). 2020;7:1903233. https://doi.
0rg/10.1002/advs.201903233.

Dang CV, Le A, Gao P. MYC-Induced Cancer Cell Energy Metabolism and
Therapeutic opportunities. Clin Cancer Res. 2009;15:6479-83. https://doi.
0rg/10.1158/1078-0432.CCR-09-0889.

Leng F, MiuY-Y, Zhang Y, Luo H, Lu X-L, Cheng H, Zheng Z-G. A Micro-peptide
encoded by HOXB-AS3 promotes the proliferation and viability of oral squa-
mous cell Carcinoma Cell lines by directly binding with IGF2BP2 to stabilize
c-Myc. Oncol Lett. 2021;22:697. https://doi.org/10.3892/01.2021.12958.

Yang Y, Gao X, Zhang M, Yan S, Sun C, Xiao F, Huang N, Yang X, Zhao K, Zhou
H, et al. Novel role of FBXW?7 circular RNA in repressing Glioma Tumorigen-
esis. J Natl Cancer Inst. 2018;110. https://doi.org/10.1093/jnci/djx166.
Kedzierska H, Piekietko-Witkowska A. Splicing factors of SR and HnRNP fami-
lies as regulators of apoptosis in Cancer. Cancer Lett. 2017;396:53-65. https://
doi.org/10.1016/j.canlet.2017.03.013.

Huang J-Z, Chen M, Chen D, Gao X-C, Zhu S, Huang H, Hu M, Zhu H, Yan
G-R. A peptide encoded by a putative LncRNA HOXB-AS3 suppresses Colon
cancer growth. Mol Cell. 2017;68:171-184e6. https://doi.org/10.1016/j.
molcel.2017.09.015.

Jiang W, Kai J, Li D, Wei Z, Wang Y, Wang W. LncRNA HOXB-AS3 exacerbates
Proliferation, Migration, and Invasion of Lung Cancer via activating the
PI3K-AKT pathway. J Cell Physiol. 2020;235:7194-203. https://doi.org/10.1002/
jcp.29618.

Polenkowski M, Burbano de Lara S, Allister AB, Nguyen TNQ, Tamura T, Tran
DDH. Identification of Novel Micropeptides Derived from Hepatocellular
Carcinoma-Specific Long Noncoding RNA. Int J Mol Sci. 2021;23:58. https://
doi.org/10.3390/ijms23010058.

Szafron LM, Balcerak A, Grzybowska EA, Pienkowska-Grela B, Felisiak-Golabek
A, Podgorska A, Kulesza M, Nowak N, Pomorski P, Wysocki J, et al. The Novel
Gene CRNDE encodes a nuclear peptide (CRNDEP) which is overexpressed
in highly proliferating tissues. PLoS ONE. 2015;10:¢0127475. https://doi.
0rg/10.1371/journal.pone.0127475.

De Burbano S, Tran DDH, Allister AB, Polenkowski M, Nashan B, Koch M,
Tamura T. C200rf204, a Hepatocellular Carcinoma-Specific protein interacts
with Nucleolin and promotes cell proliferation. Oncogenesis. 2021;10:31.
https://doi.org/10.1038/541389-021-00320-3.

Halama A, Suhre K. Advancing Cancer Treatment by Targeting glutamine
Metabolism—A Roadmap. Cancers (Basel). 2022;14. https://doi.org/10.3390/
cancers14030553.

Wu'S, Guo B, Zhang L, Zhu X, Zhao P, Deng J, Zheng J, Li F, Wang Y, Zhang S,
et al. A Micropeptide XBP1SBM encoded by LncRNA promotes angiogenesis
and Metastasis of TNBC via XBP1s Pathway. Oncogene. 2022;41:2163-72.
https://doi.org/10.1038/541388-022-02229-6.

Xiang X, Fu'Y, Zhao K, Miao R, Zhang X, Ma X, Liu C, Zhang N, Qu K. Cellular
Senescence in Hepatocellular Carcinoma Induced by a long non-coding
RNA-Encoded peptide PINT87aa by blocking FOXM1-Mediated PHB2. Ther-
anostics. 2021;11:4929-44. https://doi.org/10.7150/thno.55672.

Baba AB, Rah B, Bhat GR, Mushtaq |, Parveen S, Hassan R, Hameed Zargar

M, Afroze D. Transforming growth factor-Beta (TGF-f) signaling in Cancer-A
Betrayal within. Front Pharmacol. 2022;13:791272. https://doi.org/10.3389/
fphar.2022.791272.

Zhang H, Liao Z, Wang W, LiuY, Zhu H, Liang H, Zhang B, Chen X. A Micro-
peptide JunBP regulated by TGF-3 promotes Hepatocellular Carcinoma
Metastasis. Oncogene. 2022. https://doi.org/10.1038/541388-022-02518-0.

113.

114.

115.

116.

120.

122.

Page 18 of 18

. Zhang Q,WeiT,Yan L, Zhu S, Jin W, Bai Y, Zeng Y, Zhang X, Yin Z, Yang J, et al.

Hypoxia-responsive LncRNA AC115619 encodes a Micropeptide that sup-
presses M6A modifications and Hepatocellular Carcinoma Progression. Can-
cer Res. 2023;83:2496-512. https://doi.org/10.1158/0008-5472.CAN-23-0337.

. Zhang S, Zhang Z, Liu X, Deng Y, Zheng J, Deng J, Wang Y, Guo B, Li F, Chen

X, et al. LncRNA-Encoded Micropeptide ACLY-BP drives lipid deposition and
cell proliferation in Clear Cell Renal Cell Carcinoma via maintenance of ACLY
Acetylation. Mol Cancer Res. 2023;21:1064-78. https://doi.org/10.1158/1541-
7786.MCR-22-0781.

LiW, ShenY,Yang C, Ye F, Liang Y, Cheng Z, Ou Y, Chen W, Chen Z, Zou

L, et al. Identification of a Novel ferroptosis-inducing micropeptide in

bladder Cancer. Cancer Lett. 2024;582:216515. https://doi.org/10.1016/j.
canlet.2023.216515.

Jiang L, Yang J, Xu Q Lv K, Cao Y. Machine learning for the Micropeptide
encoded by LINC02381 regulates ferroptosis through the glucose transporter
SLC2A10 in Glioblastoma. BMC Cancer. 2022;22:882. https://doi.org/10.1186/
$12885-022-09972-9.

Zhu K-G,Yang J, Zhu Y, Zhu Q, Pan W, Deng S, He Y, Zuo D, Wang P, Han Y, et al.
The Microprotein encoded by Exosomal LncAKR1C2 promotes gastric Cancer
Lymph Node Metastasis by regulating fatty acid metabolism. Cell Death Dis.
2023;14. https://doi.org/10.1038/541419-023-06220-1.

Bakhti SZ, Latifi-Navid S, Non-Coding. RNA-Encoded Peptides/Proteins

in Human Cancer: the Future for Cancer Therapy. Curr Med Chem.
2022;29:3819-35. https://doi.org/10.2174/0929867328666211111163701.

. Wang X, Zhang Z, Shi C, Wang Y, Zhou T, Lin A. Clinical prospects and research

strategies of long non-coding RNA encoding micropeptides. Zhejiang
Da Xue Xue Bao Yi Xue Ban. 2023,52:397-405. https://doi.org/10.3724/
zdxbyxb-2023-0128.

. Setrerrahmane S, Li M, Zoghbi A, Lv X, Zhang S, Zhao W, Lu J, Craik DJ, Xu

H. Cancer-Related Micropeptides encoded by NcRNAs: promising drug
targets and prognostic biomarkers. Cancer Lett. 2022;215723. https://doi.
org/10.1016/j.canlet.2022.215723.

. Zhu S,Wang J, He Y, Meng N, Yan G-R. Peptides/Proteins encoded by non-

coding RNA: a Novel Resource Bank for drug targets and biomarkers. Front
Pharmacol. 2018;9:1295. https://doi.org/10.3389/fphar.2018.01295.

Wu P, MoY, Peng M, Tang T, Zhong Y, Deng X, Xiong F, Guo C, Wu X, Li Y, et al.
Emerging role of Tumor-related functional peptides encoded by LncRNA and
CircRNA. Mol Cancer. 2020;19. https://doi.org/10.1186/512943-020-1147-3.

CFX,SDHoH, Xy LWIZ Qj L, JM, XIL, WX, Gy L, et al. Effects and mecha-

nisms of Innate Immune molecules on inhibiting nasopharyngeal carcinoma.
Chin Med J. 2019;132. https://doi.org/10.1097/CM9.0000000000000132.
Deng J, XuW, Jie Y, Chong Y. Subcellular localization and relevant mecha-
nisms of Human Cancer-Related Micropeptides. FASEB J. 2023;37:€23270.
https://doi.org/10.1096/f,.202301019RR.

. RenL, Qing X, Wei J, Mo H, LiuY, Zhi Y, Lu W, Zheng M, Zhang W, Chen Y, et al.

The DDUP protein encoded by the DNA damage-Induced CTBP1-DT LncRNA
confers Cisplatin Resistance in Ovarian Cancer. Cell Death Dis. 2023;14.
https://doi.org/10.1038/541419-023-06084-5.

. Huang N, Chen Z, Yang X, Gao Y, Zhong J, LiY, Xiao F, Wang X, Shi Y, Zhang N.

Upstream Open Reading Frame-encoded MP31 disrupts the mitochondrial
quality control process and inhibits tumorigenesis in Glioblastoma. Neuro
Oncol. 2023;25:1947-62. https://doi.org/10.1093/neuonc/noad099.

. Achala F, Chamikara L, Srilakshmi S, Panchadsaram J, Jyotsna B. Identification

of a Micropeptide Linked to Cancer Stem Cell Regulation and Chemoresis-
tance. bioRxiv. [Preprint] March 14,2023 [accessed 2024 February 5]. https://
doi.org/10.1101/2023.03.14.532696.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s12943-020-01248-9
https://doi.org/10.1016/j.semcdb.2020.09.001
https://doi.org/10.1016/j.semcdb.2020.09.001
https://doi.org/10.1016/j.molcel.2022.01.020
https://doi.org/10.1016/j.molcel.2022.01.020
https://doi.org/10.1002/advs.201903233
https://doi.org/10.1002/advs.201903233
https://doi.org/10.1158/1078-0432.CCR-09-0889
https://doi.org/10.1158/1078-0432.CCR-09-0889
https://doi.org/10.3892/ol.2021.12958
https://doi.org/10.1093/jnci/djx166
https://doi.org/10.1016/j.canlet.2017.03.013
https://doi.org/10.1016/j.canlet.2017.03.013
https://doi.org/10.1016/j.molcel.2017.09.015
https://doi.org/10.1016/j.molcel.2017.09.015
https://doi.org/10.1002/jcp.29618
https://doi.org/10.1002/jcp.29618
https://doi.org/10.3390/ijms23010058
https://doi.org/10.3390/ijms23010058
https://doi.org/10.1371/journal.pone.0127475
https://doi.org/10.1371/journal.pone.0127475
https://doi.org/10.1038/s41389-021-00320-3
https://doi.org/10.3390/cancers14030553
https://doi.org/10.3390/cancers14030553
https://doi.org/10.1038/s41388-022-02229-6
https://doi.org/10.7150/thno.55672
https://doi.org/10.3389/fphar.2022.791272
https://doi.org/10.3389/fphar.2022.791272
https://doi.org/10.1038/s41388-022-02518-0
https://doi.org/10.1158/0008-5472.CAN-23-0337
https://doi.org/10.1158/1541-7786.MCR-22-0781
https://doi.org/10.1158/1541-7786.MCR-22-0781
https://doi.org/10.1016/j.canlet.2023.216515
https://doi.org/10.1016/j.canlet.2023.216515
https://doi.org/10.1186/s12885-022-09972-9
https://doi.org/10.1186/s12885-022-09972-9
https://doi.org/10.1038/s41419-023-06220-1
https://doi.org/10.2174/0929867328666211111163701
https://doi.org/10.3724/zdxbyxb-2023-0128
https://doi.org/10.3724/zdxbyxb-2023-0128
https://doi.org/10.1016/j.canlet.2022.215723
https://doi.org/10.1016/j.canlet.2022.215723
https://doi.org/10.3389/fphar.2018.01295
https://doi.org/10.1186/s12943-020-1147-3
https://doi.org/10.1097/CM9.0000000000000132
https://doi.org/10.1096/fj.202301019RR
https://doi.org/10.1038/s41419-023-06084-5
https://doi.org/10.1093/neuonc/noad099
https://doi.org/10.1101/2023.03.14.532696
https://doi.org/10.1101/2023.03.14.532696

	﻿Micropeptides: potential treatment strategies for cancer
	﻿Abstract
	﻿Introduction
	﻿Sources of micropeptides
	﻿LncRNAs
	﻿CircRNAs
	﻿miRNAs
	﻿UTRs

	﻿Prediction of micropeptide coding potential
	﻿Ribosome blotting based sequencing analysis technology
	﻿Mass spectrometry techniques
	﻿Bioinformatics-based technology

	﻿Validation of micropeptide coding and function
	﻿Tumour-associated micropeptides localize to different subcellular organelles
	﻿Micropeptides that localize to the cell membrane
	﻿Micropeptides that localize to the cytoplasm
	﻿Micropeptides that localize to the endoplasmic reticulum
	﻿Micropeptides that localize to endosomes
	﻿Micropeptides that localize to mitochondria
	﻿Micropeptides that localize to the nucleus
	﻿Other cancer-related micropeptides with no subcellular location identified

	﻿Prospects for the application of micropeptides for tumour therapy
	﻿Micropeptides as diagnostic markers of early stage disease and effective therapeutic targets for cancer
	﻿Potential as a cancer treatment drug

	﻿Conclusions
	﻿References


