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A B S T R A C T

Non-coding RNAs have long been recognized for their regulatory roles in various cellular processes, including 
cancer development and progression. Recent advancements have shed light on a novel aspect of non-coding RNA 
biology, revealing their ability to encode endogenous peptides also named micropeptides or microprotein 
through short open reading frames (sORFs). These small proteins play crucial roles in oncogenic processes, acting 
as either tumour suppressors or tumour promoters, and hold enormous potential as biomarkers for early diag
nosis of cancer and as therapeutic targets. This comprehensive review highlights the state of the art on peptides 
encoded by long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and circular RNAs (circRNAs), elucidating 
their regulatory functions and implications in different cancer types, including breast cancer, hepatocellular 
carcinoma and colorectal cancer. The review also discusses challenges and future directions in the exploration of 
these emerging players in cancer biology, emphasizing the importance of further investigation for their clinical 
translation in diagnosis and therapy.

1. Introduction

The human genome contains a large number of short open reading 
frames (sORFs), usually smaller than 100 codons that encode a distinct 
class of peptides named micropeptides or microproteins [1–5]. Unlike 
conventional peptides, which frequently arise from post-translational 
cleavage of longer polypeptides, micropeptides are directly translated 
from their messenger RNA (mRNA) as mature functional proteins 
without undergoing proteolytic digestion [6]. Recent studies based on 
genomic and proteomic analyses identified thousands of microproteins 
derived from mRNAs lacking the typical features of canonical ORFs, 
such as the start codon (AUG) and stop codons (UAA, UAG, or UGA). 
Indeed, the non-canonical ORFs initiate the translation from non-AUG 
codons or through alternative mechanisms and may encode micro
peptides characterized by a relatively small size and key biological 
functions that have been previously overlooked [7]. Micropeptides 
typically lack N-terminal signalling sequences and are mainly localized 
within the cytoplasm [7]. However, emerging studies have shown that 

micropeptides can also be found in other cellular compartments, such as 
the nucleus, where they may participate in the transcriptional regulation 
or chromatin remodelling processes, or in the membrane of cellular 
organelles such as mitochondria, suggesting a potential role in energy 
metabolism and signalling pathways [8–10]. Recent studies have iden
tified diverse forms of non-canonical ORFs encoding peptides, which 
derive from the complex family of non-coding RNAs including long 
non-coding RNA (lncRNA), microRNA (miRNA) and circular RNA 
(circRNA) (Fig. 1), [11–13]. Similarly to the conventional protein cod
ing mRNAs, the structural basis of most lncRNAs contains a 5′-m7GpppN 
cap structure and a polycistronic A tail, which are essential for the 
translation of lncRNAs [13]. Also miRNAs, which are usually produced 
from their precursor pri-miRNAs, are subjected to processes of cap 
addition and polyadenylation [14]. On the other hand, circRNA is a 
special group of non-coding RNAs originating from linear precursor 
RNAs undergoing unconventional splicing processes that allow exons to 
form circles, whose length ranges from less than 100 nucleotides to 
several thousands. CircRNAs lack the 5′-cap structure, which is essential 
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for the recruitment of the ribosomal complex near the 5′ end of coding 
mRNAs and protein translation. However, there is a growing evidence 
that circRNAs are involved in a cap-independent protein translation 
mediated by structures such as the internal ribosome entry site (IRES) 
and N6-methyladenosine (m6A) [13,15]. Therefore, the translation of 
sORFs and production of micropeptides is an important aspect of 
non-coding RNA biology [8].

Short ORFs may express a large number of peptides which are 
involved in a wide range of physiological and pathological processes [6,
16,17]. Several micropeptides have shown to be involved in multiple 
oncogenic activities, such as neoplastic transformation, angiogenesis, 
abnormal signalling pathway transduction and cancer metabolism 
[18–21]. Micropeptides can act as tumour suppressors [20,22], such as 
the HOXB-AS3 peptide encoded by the lncRNA HOX-AS3, which was 
shown to inhibit the growth of colorectal cancer cells by regulating 
tumour energy metabolism [23]. In addition, the FBXW7-185aa peptide 
encoded by circular FBXW7, was shown to inhibit the proliferation and 
migration of malignant cells derived from triple negative breast cancer 
via c-Myc degradation and ubiquitination of proliferating cell nuclear 
antigen (PCNA) [24]. The primary microRNAs (pri-miRNAs) in plants 
have been found to contain functional sORFs that are translated into 
small peptides called miPEPs (microRNA-encoded peptides). Initially 
identified in Arabidopsis thaliana and Medicago truncatula, miPEPs have 
been recently found to be encoded by pri-miRNAs in several plants and 
animals species [25]. Then miPEPs are more common than previously 
thought and may be a common feature of pri-miRNAs. Few proteins or 
peptides belong to this group and only a few show activity on tumour 
cells such as miPEP133, which inhibited the migration and invasion of 
cancer cells [26].

This comprehensive review describes the current understanding of 
non-coding RNA-derived peptides across various cancer types. Specif
ically, it recapitulates the state of the art on the biology of peptides 
encoded by lncRNAs, miRNAs and circRNAs, elucidating their regula
tory functions and implications in cancer pathogenesis.

2. Discovery of peptides encoded by non-coding RNA

Recent advancements in omics-based technologies have revolution
ized our knowledge of the coding potential embedded within the human 
genome. Through these studies, a plethora of unannotated ORFs 
dispersed throughout the genomes have been unveiled. Contrary to the 
traditional understanding of protein-coding genes, these non-canonical 
ORFs possess the capacity to translate novel micropeptides and may 
also harbour regulatory functions. Despite their genomic abundance, the 
broader scientific community has only begun to scratch the surface in 
characterizing these enigmatic elements [1,27].

The limited functional characterization of non-canonical ORFs can 
be attributed, at least in part, to their under-recognition. Nevertheless, 
the indispensable roles of a few of them in diverse critical biological 
processes have been well characterized [6]. More recently, the ad
vancements in high-throughput sequencing technologies, coupled with 
sophisticated bioinformatics tools, have facilitated the identification 
and characterization of non-canonical ORFs on a genome-wide scale. 
These efforts have revealed a myriad of non-canonical ORFs exhibiting 
diverse characteristics, including various lengths, genomic locations, 
and regulatory elements [13,28]. Three main methods are used to 
identify potential sORFs, namely mass spectrometry, ribosome profiling 
and bioinformatics tools [29]. In addition, machine-learning tools spe
cific for the identification of micropeptides showed clear advantages 
over existing prediction methods based on coding potential for micro
peptides [27,30].

2.1. Mass spectrometry-based proteomics

Mass spectrometry is the gold standard to identify and quantify 
peptides and proteins as well as to detect post-translational modifica
tions. It has been recently shown that peptidomic assays based on mass 
spectrometry, compared to ribosome profiling method, are able to 
directly detect peptides generated by ORFs allowing to validate their 

Fig. 1. Schematic representation of micropeptides derived from non-coding RNAs that were shown to have a role in different cancer types. Micropeptides encoded by 
long non-coding RNA (lncRNA), circular RNA (circRNA) and pri-microRNA (pri-miRNA) are listed and divided into tumour promoters and tumour inhibitors. BC, 
breast cancer; LC, lung cancer; HCC, hepatocellular carcinoma; CRC, colorectal cancer; COAD, colon adenocarcinoma; OC, ovarian cancer; ESCC, esophageal 
squamous cells carcinoma; CC, cervical cancer; SKCM, skin cutaneous melanoma; PAAD, pancreatic adenocarcinoma; OS, osteosarcoma; GC, gastric cancer; GBM, 
glioblastoma multiform; EC, endometrial cancer; NPC, nasopharyngeal carcinoma.
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origin [31]. However, less than 1 % of lncRNA-encoded peptides have 
been experimentally characterized using mass spectrometry-based pro
teomic. Nonetheless, mass spectrometry has a bias toward detecting 
abundant proteins, limiting the identification of micropeptides. Addi
tionally, small proteins are often lost during sample preparation since 
standard protein purification protocols tend to exclude proteins smaller 
than 10 kDa [31]. For this reason, the analysis of micropeptides with 
mass spectrometry requires several phases of sample preparation, 
including tryptic fragmentation of proteins, size exclusion methods to 
enrich peptides, reduction and de-salting. Furthermore, the combination 
of mass spectroscopy with liquid chromatography has been shown to 
enhance the separation and analysis of micropeptides significantly [27]. 
Validation of newly discovered micropeptides is crucial, particularly 
when only one peptide is detected. One common validation method is 
based on the use of isotopically labelled standards, which are chemically 
identical to the native peptides but have a mass shift due to the label. 
Another approach involves siRNA-mediated silencing of the transcript, 
followed by targeted mass spectrometry with peptide standards, and 
confirmation through RT-qPCR [27].

2.2. Ribosome profiling

Ribosome profiling (Ribo-seq) is an innovative technique that maps 
ribosome positions on all mRNAs by sequencing ribosome-protected 
mRNA fragments that have the potential to encode peptides [32–34]. 
Ribo-seq involves sequencing of mRNA fragments approximately 30 
nucleotides long that are protected by ribosomes after nuclease diges
tion. The resulting reads are aligned to the transcriptome, providing a 
genome-wide view of ribosome occupancy. This technique allows to 
identify where translation occurs and has revealed unconventional and 
sORF translation in regions once considered to be non-coding [27]. 
Ribo-Seq studies in Drosophila, zebrafish, mice, and humans have un
covered widespread translation on lncRNAs, as well as in upstream, 
downstream, and overlapping coding regions. Since ribosome profiling 
cannot reliably differentiate between non-coding and coding transcripts, 
advanced metrics and algorithms like ORF-RATER, PROTEOFORMER, 
ORFscore, and FLOSS have been developed to enhance 
ribosome-profiling data analysis [19,35–38]. Important databases col
lecting ribosome-profiling data include FASTA, RPFdb, GWIPS-viz, and 
TISdb [39–41]. They have been constructed with computational tools 
that use distinct approaches to maximize sensitivity and specificity and 
have significantly expanded the possibility to annotate novel sORFs 
from ribosome profiling data. However, only few sORFs have been 
further characterized, unveiling their specific roles in cellular processes. 
By combining standardization and systematic annotation of sORFs with 
the development of comprehensive tools to dissect their potential 
functions, the approaches will likely shed light on which sORFs impact 
health and disease.

2.3. Bioinformatics tools

Currently, there are few bioinformatics tools specifically designed to 
predict the coding potential of sORFs. The web server uPEPperoni is 
designed to identify sORFs in the 5′ untranslated regions (5′-UTR) of 
mRNAs [42]. It detects conserved sORFs without explicitly predicting 
their coding potential. Although 5′-UTR sORFs are an important 
component of the sORF population, many of them are located elsewhere, 
such as within the coding region of mRNAs, in lncRNAs, etc. The sORF 
finder was designed to identify sORFs on the basis of nucleotide fre
quency conditional probabilities of the sequence, however it was 
developed years ago and the server is no longer accessible [43]. In the 
past decade, many new micropeptides have been discovered, allowing 
the construction of larger training datasets, which should improve pre
diction accuracy. Traditional coding potential prediction tools, like 
CPC2, CPAT, CNCI, and PhyloCSF, were trained on datasets of 
normal-sized proteins, making them less effective at predicting sORFs. 

These tools tend to penalize sORFs and those lacking similarity to known 
proteins, reducing their ability to accurately predict sORFs. However, 
some techniques like Ribo-Seq and mass spectrometry have led to the 
experimental identification and validation of an increasing number of 
micropeptides [27,30].

Comparative genomic analyses have highlighted the evolutionary 
conservation of some non-canonical ORFs across mammalian species, 
which reinforces their importance in cognate biological roles [1]. For 
instance, some studies have highlighted the involvement of 
non-canonical ORFs in crucial cellular processes such as transcriptional 
regulation, alternative splicing, protein homeostasis, and signal trans
duction as well as in disease pathogenesis, including cancer progression 
and neurodegenerative disorders [44]. Microproteins identified through 
bioinformatic tools must be validated experimentally, for example by 
using sequence-specific antibodies. However, due to their small size, 
designing effective antigen targets for antibody production is chal
lenging, and transmembrane or protein-associated microproteins may 
limit antibody accessibility in methods such as immunoprecipitation 
and immunocytochemistry. Alternatively, CRISPR/Cas9 genome editing 
can be used to insert a coding sequence for an epitope tag (e.g., HA, 
FLAG, myc) in-frame with the sORF of interest via homology-directed 
repair (HDR) [45]. It is recommended to screen clones with the tag 
inserted both at the N- and C-terminus, as the tags can affect the 
microprotein localization and function [6].

Recent advances in understanding the diversity and functional 
relevance of non-coding RNAs have shed new light on the complexity of 
the mammalian genomes. While much remains to be explored, these 
findings underscore the importance of further investigating sORFs to 
unravel their intricate roles in cellular processes and disease patho
genesis. Furthermore, the ability to synthesize and chemically modify 
endogenous micropeptides opens opportunities for drug development 
[46]. Modified micropeptides can be radiolabelled or conjugated to 
clinically effective drugs (doxorubicin, paclitaxel, etc.) to directly target 
tumours for diagnosis or therapy. Furthermore, they could be modified 
with cell penetrating peptide (CPP) sequences capable of conveying the 
modified peptides into various cellular compartments (nucleus, mito
chondrion, and cytoplasm) where the micropeptides carry out their 
antitumour activity. Moreover, different approaches have been consid
ered to improve the binding activity and to prevent degradation 
including the use of liposomes, micro- and nanoparticles or unnatural 
amino acids [47].

3. LncRNA-encoded peptides with oncogenic or oncosuppressor 
functions

Diverse peptides encoded by non-coding RNAs have been shown to 
play a key role in several oncogenic processes [21]. LncRNAs were 
initially defined as non-coding RNAs without protein-coding capability. 
More recently, it has been shown that many lncRNAs contain sORFs 
translated into functional peptides that play crucial roles either as 
tumour promoters or tumour suppressors in diverse cancer types. 
Currently known cancer-promoting and cancer-inhibiting peptides 
encoded by lncRNAs are listed in Table 1.

3.1. Peptides encoded by lncRNAs in breast cancer

The peptide CASIMO 1 (cancer-associated small integral membrane 
open reading frame 1) is a 10 kDa molecule mainly overexpressed in 
hormone-positive breast cancer [48]. CASIMO 1, characterized by a 
small transmembrane conserved domain, was shown to promote cellular 
proliferation in three cell lines MCF7, KPL1, and T47D, as well as in 
non-transformed MCF10a breast cells [48]. The peptide CASIMO 1 was 
able to interact with squalene epoxidase (SQLE), an enzyme involved in 
cholesterol synthesis and known to act as an oncogene in breast cancer 
[48]. The accumulation of SQLE protein promoted by the over
expression of CASIMO1 suggests that these micropeptide plays a crucial 
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Table 1 
Selected peptides encoded by LncRNAs with oncogenic and oncosuppressor functions.

Peptides sequence 
names

Peptide 
AA 
lenght

Cancers Lnc-RNA symbols Lnc-RNA name Cellular 
compartment

Biological Function Cell lines References

Micropeptides with oncogenic functions ​ ​
CASIMO1 83 Breast cancer SMIM22 small integral 

membrane protein 
22

cytoplasm Promotes cell 
proliferation and 
migration

MCF7, 
KPL1, 
T47D, 
MCF-10A,

[42]

LINC00511- 
133aa

133 Breast cancer LINC00511 long intergenic non- 
protein coding RNA 
511

nucleus Regulates breast cancer 
cell invasion

MCF7, 
MDA-MB- 
231

[43]

UBAP1-AST6 117 Lung cancer UBAP1 
(MN_033243:1.1)

ubiquitin associated 
protein 1

nucleus Promotes cell 
proliferation and colony 
formation

A549 [47]

SMIM30 59 Hepatocellular 
carcinoma

SMIM30 small integral 
membrane protein 
30

cytoplasm, 
endoplasmic 
reticulum and 
mitochondria, 
membrane

Promotes tumour 
growth

SK-HEP-1 [50,51]

C20orf204- 
189AA

189 Hepatocellular 
carcinoma

C20orf204 chromosome 20 open 
reading frame 204

nucleus Promotes cell 
proliferation

HeLa, 
Huh7, 
HepG2

[52]

Linc013026- 
68AA

68 Hepatocellular 
carcinoma

LINC013026 ​ cytoplasm promotes cell 
proliferation

HepG2, 
HeLa

[53]

JunBP 174 Hepatocellular 
carcinoma

LINC02551 long intergenic non- 
protein coding RNA 
2551

cytoplasm Promotes cell 
proliferation

97H, 
Hep3B

[54]

STMP1 47 Hepatocellular 
carcinoma

STMP1 short transmembrane 
mitochondrial 
protein 1

mithocondria Promotes cell 
proliferation

Hepa1-6, 
Huh7, 
Sk-Hep-1

[55]

BVES-AS1-201- 
50aa

50 Colorectal cancer BVES-AS1 BVES antisense RNA 
1

nucleus Promotes tumour cell 
viability, migration, and 
invasion in vitro

HCT116, 
SW480

[60]

SRSP 130 Colorectal cancer FLJ20021 uncharacterized 
LOC90024

nucleus Promotes tumorigenesis 
and progression

HCT-116, 
SW480, 
SW620

[61]

RBRP 71 Colon cancer SEPTIN14P20 septin 14 
pseudogene 20

nucleus Promotes proliferation 
and metastasis

SW620, 
SW480

[62]

Micropeptides with oncosuppressor functions ​ ​
CIP2A-BP 52 Breast cancer LINC00665 long intergenic non- 

protein coding RNA 
665

cytoplasm inhibited triple-negative 
breast cancer 
progression

MDA-MB- 
231, 
Hs578T, 
MCF-10A, 
BT549

[44]

ASRPS 60 Breast cancer LINC00908 long intergenic non- 
protein coding RNA 
908

cytoplasm Inhibits triple-negative 
breast cancer 
angiogenesis

MDA-MB- 
231, 
Hs578T

[45]

EPR-encoded 
peptide (EPRp)

71 Breast cancer SMIM31 small integral 
membrane protein 
31

cytoplasm Reduces breast cancer 
cell proliferation

NMuMG 
HEK-293

[46]

KRASIM 99 Hepatocellular 
carcinoma

NCBP2-AS2 NCBP2 antisense 2 
(head to head)

cytoplasm Inhibits oncogenic 
signals, cancer cell 
growth and 
proliferation

HuH-7, 
SK-HEP1

[56]

PINT87aa 87 Hepatocellular 
carcinoma

LINC-PINT long intergenic non- 
protein coding RNA, 
p53 induced 
transcript

cytoplasm Induces growth 
inhibition, cellular 
senescence, and 
decreases mitophagy

SMMC- 
7721, 
HepG2, 
HEK293

[57]

MPM 56 Hepatocellular 
carcinoma

MTLN mitoregulin mitochondria Suppresses migration 
and invasion 
capabilities of hepatoma 
cells

Hepa1-6, 
SK-HEP1 
SNU-449, 
HeLa

[58]

AC115619-22aa 22 Hepatocellular 
carcinoma

AC115619 ​ nucleus Inhibits growth and 
proliferation of cancer 
cells

PLC/PRF/ 
5, 
HUH7

[59]

HOXB-AS3 53 Colorectal cancer HOXB-AS3 HOXB cluster 
antisense RNA 3

nucleus Inhibits growth of 
cancer cells

HTC-116 [20]

CRNDEP 84 Ovarian cancer 
and colorectal

CRNDE colorectal neoplasia 
differentially 
expressed

nucleus Regulates 
carcinogenesis and cell 
proliferation

HeLa [63]

KDM4A-AS1 61 Esophageal 
squamous cell 
carcinoma

KDM4A-AS1 KDM4A antisense 
RNA 1

mitochondria 
membrane

Weakenes cancer cell 
viability and migratory 
capacity

KYSE150, 
TE-1

[64]

(continued on next page)
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role in breast cancer development.
The lncRNA LINC00511, which encodes a peptide of 133 amino acids 

(LINC00511), demonstrated to act as an oncogene by promoting pro
liferation and invasion of breast cancer cells [49]. Indeed, the trans
fection of LINC00511 into MCF-7 and MDA-MB-231 breast cancer cells 
was shown to promote increased cell proliferation and migration, 
whereas apoptosis was inhibited by the expression of Bax, c-myc, and 
CyclinD1 and localization of β-catenin protein into the nucleus. In 
addition LINC00511-transduced breast cancer cells showed an increased 
expression of Oct4, Nanog, and SOX2, through the activation of the 
wnt/β-catenin pathway, which are markers of tumour stem cell-like 
phenotype.

Among micropeptides acting as oncosuppressors in breast cancer, the 
52 amino acids CIP2A-BP, encoded by LINC00665, was identified by 
bioinformatics analysis [50]. The expression of CIP2A-BP was inhibited 
by TGF-β in breast cancer cell lines and downregulation of this micro
peptide in triple-negative breast cancer (TNBC) patients was found 
associated with reduced overall survival [50]. Conversely, high levels of 
CIP2A-BP were found to suppress breast cancer and to inhibit metastasis 
to the lung.

In addition, the 60 amino acids long ASRPS, an endogenous peptide 
encoded by LINC00908, was found differentially expressed in TNBC 
tissues [51]. The ASRPS was shown to reduce angiogenesis by inhibiting 
the expression of VEGF in a mouse xenograft breast cancer model. 
Therefore, the micropeptide ASRPS is considered an anti-tumour pep
tide and proposed as a candidate target for the treatment of TNBC [51].

Moreover, a peptide of 71 amino acids in length originating from the 
lncRNA SMIM31 was found to be expressed in epithelia tissues and 
shown to localize to the cell-junction and to reduce breast cancer cell 
proliferation [52]. The molecular mechanisms involved in such function 
are not clear, however, it was hypothesized that such peptide has spe
cific functions related to its cytoskeletal/junctional localization, such as 
participation in multiprotein complexes involved in the permeability 
barriers and/or implicated in the establishment of apical-basal polarity 
as well as in signal transduction [52].

3.2. Peptides encoded by lncRNAs in lung cancer

The study of the coding potential of lncRNAs in lung cancer cell lines, 
through several experimental techniques including translation studies, 
mass spectrometry, antibody validation and bioinformatics analysis, 
allowed to identify 308 small proteins encoded by lncRNAs [53]. Among 
these five lncRNA encoded microproteins, namely SNHG17, PAX8-AS1, 
OTUD6B-AS1, MBNL1-AS1 and MAPKAPK5-AS1, were also identified by 
other groups [54].

In addition, the micropeptide UBAP1-AST6, encoded by a new 
lncRNA, was also identified in the nucleoli of lung cancer cell lines and 

observed to have an important role in promoting the proliferation of 
tumour cells [53]. However, this effect was not observed with the 
UBAP1-AST6 RNA form.

3.3. Peptides encoded by lncRNAs in hepatocellular carcinoma

Peptides encoded by sORFs are emerging as important factor that 
influence various aspects of hepatocellular carcinoma (HCC) develop
ment and progression, providing new avenues for research and potential 
therapeutic strategies [55].

SMIM30 is an endogenous 59 amino acid peptide encoded by the 
lncRNA SMIM30, which modulates HCC cell proliferation and migration 
[56]. SMIM30 was found in the membranes of endoplasmatic reticulum 
and mitochondria [57]. High levels of this peptide were shown to in
crease the proliferation of hepatoma cells in vitro and the growth of 
tumour xenografts and N-nitrosodiethylamine-induced hepatomaby 
intervening in the control of cell cycle transcription during the G1 and S 
transition phases via the increased activity of the calcium ATPase of the 
sarco-endoplasmic reticulum and reducing calcium levels in the cytosol 
[57].

C20orf204 RNA, a splice variant of Linc00176, encompasses a 189 
amino acid (AA) long ORF known as C20orf204-189AA [58]. This 
peptide was predominantly expressed in the nuclei of cells in 14 out of 
20 primary HCC samples, whereas it was not present in normal liver 
tissues. Overexpression of C20orf204-189AA was shown to enhance cell 
proliferation and ribosomal RNA transcription. Additionally, it upre
gulates the protein level of nucleolin, a multifunctional nucleolar pro
tein involved in various aspects of ribosome biogenesis and cell 
proliferation. The level of nucleolin and C20orf204 mRNA in HCC are 
correlated with tumour differentiation grade and patient survival, 
indicating their potential as prognostic markers. Targeting 
C20orf204-189AA could lead to novel therapeutic strategies aimed at 
inhibiting tumour progression and improving patient outcomes in HCC 
[58].

Linc013026 encodes a 68 amino acid peptide whose localization in 
the perinuclear region implies its potential involvement in critical 
cellular processes near the nucleus, influencing cell growth and division. 
Given its specific expression in HCC cells and its role in enhancing cell 
proliferation, Linc013026-68AA may serve as an HCC-specific target 
molecule for therapeutic intervention [59].

LINC02551 is transcriptionally activated by TGF-β and encodes a 174 
amino acid peptide known as Jun binding peptide (JunBP) [60]. This 
peptide was identified in both HCC tissues and HCC-derived cell lines. 
The activation of LINC02551 by TGF-β and the presence of JunBP in HCC 
suggest a functional role in the pathogenesis of liver diseases. The 
interaction of JunBP with cellular components, particularly those 
involved in the Jun signalling pathway, could influence cell 

Table 1 (continued )

Peptides sequence 
names 

Peptide 
AA 
lenght 

Cancers Lnc-RNA symbols Lnc-RNA name Cellular 
compartment 

Biological Function Cell lines References

YY1BM 21 Esophageal 
squamous cell 
carcinoma

LINC00278 long intergenic non- 
protein coding RNA 
278

cytoplasm Regulates eEF2K 
expression and inhibites 
apoptosis

KYSE-30, 
Eca-109, 
TE-1

[65]

TLP18 18 Cervical cancer NKILA NF-kappaB 
interacting lncRNA

cytoplasm Reduces cancer cell 
proliferation

SiHa, 
HeLa

[66]

MELOE-3 54 Melanoma MGC16025 Uncharacterized 
LOC85009

nucleus Improves T cell targets 
for immunotherapy

M113, 
M117

[69]

N1DARP 41 Pancreatic 
cancer

LINC00261 long intergenic non- 
protein coding RNA 
261

cytoplasm Tumour suppressor Panc-1, 
Capan-1

[72]

LINC00665_18aa 18 Osteosarcoma LINC00665 long intergenic non- 
protein coding RNA 
665

nucleus Suppresses viability, 
proliferation, and 
migration of human 
cells in vitro and 
diminishes tumour 
growth in vivo

MNNG- 
HOS, 
U2OS OS

[73]
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proliferation and survival, contributing to HCC progression and metas
tasis. Therefore, targeting the TGF-β/LINC02551/JunBP axis might offer 
new therapeutic opportunities for treating HCC [60].

The STMP1 (small transmembrane protein 1) encodes a peptide of 47 
amino acids [61]. This peptide was found to be up-regulated in various 
malignancies, including HCC. Importantly, its elevated expression was 
associated with a shorter recurrence-free survival in HCC patients [61]. 
The transmembrane nature of STMP1 implies it may have functions 
related to cell membrane interactions or signalling pathways critical for 
cancer progression. Its association with poor recurrence-free survival 
highlights STMP1 as a potential prognostic biomarker in HCC, providing 
insights into disease progression and potential therapeutic targets for 
improving patient outcomes. Further research into the molecular 
mechanisms and biological roles of STMP1 in HCC is warranted to fully 
understand its implications and therapeutic potential. Mechanistically, 
STMP1 enhances the mRNA and protein levels of key regulators 
involved in cell cycle progression and proliferation, namely CCNE2 
(cyclin E2), CDK2 (cyclin-dependent kinase 2), and E2F1 (transcription 
factor E2F1). These proteins play crucial roles in regulating the cell cycle 
and promoting cell proliferation. Furthermore, STMP1 interacts with 
mitochondrial complex IV (cytochrome c oxidase), a key enzyme 
involved in the electron transport chain and oxidative phosphorylation. 
This interaction leads to enhanced activity of mitochondrial complex IV, 
potentially boosting cellular energy production and supporting 
increased cell proliferation and tumour growth [61].

Among micropeptides characterized by oncosuppressor features, 
KRASIM is a conserved 99-amino acid micropeptide, differentially 
expressed in normal hepatocytes and HCC cells, which is encoded by 
NCBP2-AS2 [62]. It is localized in the cytoplasm where it interacts with 
the KRAS protein carrying out a regulatory activity of oncogenic sig
nalling. High levels of KRASIM corresponded to a decrease of KRAS 
protein level, causing the inhibition of ERK signalling activity in HCC 
cells [62]. The peptide PINT encoded by LINK-PINT in the cytoplasm 
played an important role in cellular senescence of HCC, induced growth 
inhibition and reduced elimination of dysfunctional mitochondria 
(mitophagy) both in vivo and in vitro [63]. It was also shown that shorter 
peptides from 2 to 39 amino acids performed the same activity of PINT, 
demonstrating that it can be considered a new therapeutic target for 
HCC [63].

Micropeptide in mitochondria (MPM) regulated myogenic differen
tiation and muscle development, but its role in cancer development is 
unknown. In HCC tissues, MPM was significantly downregulated, 
correlating with increased metastasis potential and recurrence. Studies 
showed that restoring MPM expression inhibited, while silencing MPM 
enhanced, hepatoma cell migration, invasion and liver metastasis to the 
lung. MPM interacted with NDUFA7, inhibiting the activity of mito
chondrial complex I. This inhibition was reversed by siMPM, and the 
effect of siMPM was reduced by knocking down NDUFA7. MPM caused 
the reduction of NAD+/NADH ratio, while siMPM determined an in
crease. The NAD + precursor nicotinamide eliminated the inhibitory 
effect of MPM on hepatoma cell migration [64].

The micropeptide AC115619-22aa inhibited HCC progression by 
binding to WTAP and by disrupting the assembly of the N6- 
methyladenosine (m6A) methyltransferase complex, which controls 
the expression of tumour-associated genes like SOCS2 and ATG14. 
AC115619 was co-transcribed with the upstream gene APOB, and their 
transcription was repressed under hypoxia via HIF1A/HDAC3 and 
HNF4A signalling. In animal and patient-derived models, AC115619- 
22aa reduced the global m6A levels and suppressed tumour growth, 
suggesting that AC115619 and its encoded peptide could be potential 
prognostic markers and therapeutic targets for HCC patients [65].

3.4. Peptides encoded by lncRNAs in colorectal cancer and ovarian 
cancer

Bioinformatic analyses revealed that BVES-AS1-201is a peptide 

encoded by BVES-AS1 involved in promoting the growth, viability and 
migration of colorectal cancer (CRC) cells in vitro [66]. Splicing Regu
latory Small Protein (SRSP) is a small protein of 130 amino acids in 
length encoded by the uncharacterized lncRNA LOC90024. Over
expression of SRSP correlated with malignant phenotypes and poor 
prognosis in CRC patients [67].

The 71 amino acids peptide, called RNA-binding regulatory peptide 
(RBRP) for its interaction with RNA-binding proteins, is encoded by 
SEPTIN14P20 [68]. RBRP was observed to be upregulated in CRC tis
sues. In particular, this peptide binded to IGF2BP1 and improved the 
recognition of N6-methyladenosine, which increased the stability of 
mRNAs and c-Myc expression, thus exerting an oncogenic function [68]. 
Elevated levels of RBRP are associated with poor prognosis in CRC pa
tients [68].

The lncRNAs acting as oncosuppressors in colorectal cancer include 
the LncRNA HOX-AS3, encoding a 53 amino acids peptide, which is able 
to suppress CRC cell growth. The HOXB-AS3 peptide competitively 
binds to the arginine residues in the RGG motif of hnRNP A1, thereby 
antagonizing hnRNP A1-mediated regulation of the alternative splicing 
of pyruvate kinase M (PKM). This interaction blocked the binding of 
hnRNP A1 to the sequences flanking PKM exon 9, resulting in the 
reduced formation of PKM2 and suppression of glucose metabolism 
reprogramming [23].

The endogenous CRNDEP peptide (84 amino acids in length) 
exhibited strong nuclear expression in cancer cells and normal tissues 
characterized by a high proliferation rate, promoted the formation of 
stress granules and regulated cell proliferation [69]. The upregulation of 
CRNDEP in various malignancies, including colorectal, blood, brain, and 
ovarian cancers, underscores its significance in cancer biology. The 
identification of CRNDEP as a marker of poor prognosis in ovarian 
cancer adds to its potential utility in clinical practice, both for prognostic 
assessment and as a target for novel therapeutic approaches. Further 
research is needed to fully understand the mechanisms by which 
CRNDEP influences cancer progression and to explore its potential in 
cancer management [69].

3.5. Peptides encoded by lncRNAs in esophageal squamous cell carcinoma

Several lncRNA-coding peptides were identified in esophageal 
squamous cell carcinoma (ESCC) by using weighted gene co-expression 
network analysis (WGCNA), ribosome sequencing analyses, ORF pre
diction, MS dataset identification, and western blotting validation [70]. 
In particular, six lncRNAs, namely LINC01116, KDM4A-AS1, 
KMT2E-AS1, LINC00839, UBL7-AS1, and DLX6-AS1, were shown to 
encode peptides and among them the 61 amino acids long sequence 
identified as Pep-KDM4A-AS1 reduced cell viability and inhibited cell 
migration in ESCC by influencing fatty acid metabolism and the redox 
process [70].

LINC00278 and its encoded peptide YY1BM play crucial roles in the 
progression of male esophageal squamous cell carcinoma by modulating 
the interaction between YY1 and the androgen receptor, thereby 
affecting eEF2K expression [71]. Downregulation of YY1BM, influenced 
by cigarette smoking through decreased m6A modification, leads to 
increased eEF2K expression, reduced apoptosis, and enhanced cell sur
vival under nutrient deprivation. These findings offer new insights into 
the molecular mechanisms of ESCC progression and suggest potential 
therapeutic targets and biomarkers for this malignancy [71].

3.6. Peptides encoded by lncRNAs in cervical cancer

The peptide TLP18 (FKCRRWQWRMKKLGAPSI) derived from lac
toferricin, an antimicrobial peptide of 25 amino acids, which was iso
lated from cow’s milk and exhibited in vitro cytotoxic activity against 
many different types of mouse and human cancer cell lines, including 
leukemia cells, fibrosarcoma cells, various carcinomas, and neuroblas
toma cells [72]. In cervical cancer, TLP-18, was found to regulate SiHa 
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and HeLa cells proliferation through the lncRNA-NKILA/NF-κB feedback 
cancer This mechanism highlights the potential of TLP18 as a thera
peutic agent and the lncRNA-NKILA/NF-κB pathway as a target for 
cervical cancer treatment [73,74].

3.7. Peptides encoded by lncRNAs in melanoma

MELOE-1 and MELOE-2, are highly specific melanoma antigens that 
play a role in T cell immunosurveillance but are poorly expressed in 
melanoma cells. These antigens present potential targets for immuno
therapy and could serve as biomarkers for melanoma. Understanding 
and manipulating their expression levels may enhance immune system 
recognition against melanoma cells, offering new opportunities for 
treatment and diagnosis of this aggressive cancer [75,76]. A new pep
tide, MELOE-3 (54 amino acids long) encoded by MGC16025 (unchar
acterized LOC85009), was found highly expressed in melanoma cells but 
showed low immunogenicity [76]. In addition, the stimulation ex vivo 
of peripheral blood monocyte cells from healthy donors with MELOE-1 
or MELOE-3 overlapping peptides showed lower specificity of MELOE-3 
T cell repertoire as compared to that against MELOE-1. The weak 
immunogenicity of MELOE-3 and its expression in melanocytes is 
consistent with the immune tolerance towards a physiologically 
expressed protein.

3.8. Peptides encoded by lncRNAs in pancreatic cancer

The Notch receptor signalling pathway is implicated in malignant 
transformation, playing a critical role during the development of 
pancreatic ductal adenocarcinoma [77,78]. Notch1 peptide 
degradation-associated regulatory polypeptide (N1DARP) encoded by 
LINC00261 was found to be a tumour suppressor [79]. Low levels of 
N1DARP were shown to increase tumour progression and to enhance 
stem cell properties in pancreatic cancer organoids and LSL-Kras, 
LSL-Trp53, and Pdx1-Cre (KPC) mice [79]. The therapeutic potential 
of N1DARP was evaluated using the cell-penetrating stapled peptide, 

SAH-mAH2-5, which is structurally similar to N1DARP [79]. 
SAH-mAH2-5, a peptide that promotes the proteasome-mediated 
degradation of N1ICD, demonstrated significant therapeutic benefits 
in Notch1-activated pancreatic cancer models. The treatment is associ
ated with limited off-target and systemic adverse effects, making it a 
promising candidate for targeted therapy in pancreatic cancer [79].

3.9. Peptides encoded by lncRNAs in osteosarcoma

A short peptide, encoded by the lncRNA LINC00665, was recently 
identified that suppresses the proliferation and migration of human 
osteosarcoma cells [80]. The LINC00665_18aa peptide was identified by 
bioinformatics analysis. LINC00665_18aa was observed to interfere with 
the transcriptional activity, nuclear localization, and phosphorylation of 
cAMP response element binding protein 1 (CREB1), a key nuclear 
transcriptional factor. Furthermore, the short peptide was shown to 
disrupt the interaction between CREB1 and the ribosomal protein S6 
kinase A3 (RPS6KA3, RSK2) while increasing the CREB1 expression, 
reversing its inhibitory effects on osteosarcoma cell proliferation and 
migration [80].

4. Peptides encoded by circRNAs

CircRNAs, previously supposed to be untranslatable, were found to 
encode peptides that play crucial roles in cancer biology (Table 2). These 
findings challenge the traditional view of circRNAs and highlight their 
potential importance in tumorigenesis. The discovery of circRNA- 
encoded proteins opens new research directions for understanding 
cancer mechanisms and developing targeted therapies [81,82].

4.1. Peptides encoded by circRNAs in glioblastoma

circRNA LINC-PINT encodes a peptide of 87 amino acids in length 
that suppresses the proliferation of glioblastoma cells in vitro and in vivo 
by interacting with the polymerase-associated factor complex (PAFc) 

Table 2 
Selected peptides encoded by circRNAs and miRNAs with oncogenic and oncosuppressor functions.

Peptide 
sequence names

Peptide 
length

Cancers circRNA and 
miRNA 
symbols

circRNA and miRNA 
names

Cellular 
compartment

Biological function Cell lines References

PINT 87 Glioblastoma LINC-PINT long intergenic non- 
protein coding RNA, 
p53 induced 
transcript

cytoplasm Suppresses cancer cell 
proliferation

SW1783, 
Hs683, 
U251, 
293T

[76] 
[83]

SHPRH 146 Glioblastoma SHPRH SNF2 histone linker 
PHD RING helicase

cytoplasm Suppresses tumour 
growth

U251, 
U373

[77]

FBXW7 185 Breast cancer FBXW7-AS1 FBXW7 antisense 
RNA 1

cytoplasm Inhibits cancer cell 
proliferation and 
migration

BT549, 
4T1

[21]

AXIN1 295 Gastric cancer AXIN1 axin 1 cytoplasm Promotes cell 
proliferation and 
migration

AGS [78]

circPPP1R12A 73 Colorectal cancer PPP1R12A protein phosphatase 
1 regulatory subunit 
12A

cytoplasm Promotes 
proliferation and 
metastasis

HT-29, HCT-116, 
SW480, SW620, 
LoVo, SW48, 
DLD-1, Caco2, 
HCT-15, 
NCM460

[79]

circMAPK14 175 Colorectal cancer MAPK14 mitogen-activated 
protein kinase 14

cytoplasm Blocks the 
proliferation and 
metastasis in cancer 
cells

SW480, DLD-1, 
LoVo, HT29, 
HCT116, Caco2, 
NCM460

[80]

CORO1C 47 Endometrium tumour CORO1C coronin 1C nucleus Suppresses cell 
proliferation and 
migration

Ishikawa, 
HEC-1-B

[81]

miPEP133 133 Nasopharyngeal 
carcinoma, ovarian 
cancer and cervical 
cancer

miR-34a microRNA 34a mitochondria Induces apoptosis and 
inhibits migration 
and invasion of 
cancer cells

HNE3, C666–1, 
CNE2, CNE1, 
5–8F, TWO3, 
NP69

[23]
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causing inhibition of the transcriptional elongation of multiple onco
genes [84]. In addition, SHPRH encoding the peptide SHPRH is a new 
anti-tumour protein that blocks the proliferation and the tumorigenicity 
of glioblastoma cells. The mechanism involved in the oncosuppressor 
activity relies on the ability of SHPRHto interact with with denticleless 
protein homolog (DTL), thus promoting the ubiquitantion of the PCNA 
[83,85].

4.2. Peptides encoded by circRNAs in breast cancer

FBXW7AS1, already considered a tumour suppressor in glioma, was 
shown to inhibit the proliferation and migration of TNBCcells [24]. In 
particular, the peptide FBXW7 encoded by FBXW7AS1 was shown to 
inhibit the proliferation and migration capacity of TNBC cells by 
increasing the abundance of FBXW7 and inducing the degradation of 
c-Myc [24].

4.3. Peptides encoded by circRNAs in gastric cancer

AXIN1 encoding the novel peptide, AXIN1, was shown to promote 
the proliferation, migration, invasion, and metastasis of gastric cancer 
cells in vitro and in vivo [86]. It was found that AXIN1 competitively 
interacts with antigen presenting cells (APC) leading to dysfunction of 
the “destruction complex” of the Wnt pathway. Released β-catenin was 
shown to translocate to the nucleus and to bind the TCF consensus site 
on the promoter, inducing downstream gene expression [86].

4.4. Peptides encoded by circRNAs in colorectal cancer

The expression pattern of PPP1R12A mainly localized in the cyto
plasm of colorectal cancer cells was confirmed by real-time quantitative 
PCR and tissue microarray [87]. It was demonstrated that PPP1R12A 
encoding the peptide, circPPP1R12A, promoted the growth and metas
tasis of colorectal cancer via activating Hippo-YAP (Yes-associated 
protein) signalling pathway. Furthermore, Pep 17, a specific inhibitor of 
YAP, was shown to alleviate the promoting effect of circPPP1R12A on 
colorectal cancer cells [87]. Liquid chromatography and mass analysis 
combined with western blotting demonstrated the presence in the 
cytoplasm and relative expression of the circMAPK14 micropeptide with 
the property of inhibiting the expression level of colorectal cancer cells 
and control tissue samples [88].

4.5. Peptides encoded by circRNAs in endometrial tumour

CORO1C, encoding the peptide CORO1C, was demonstrated to be 
significantly downregulated in human endometrial cancer (EC) 
compared with matched para-cancerous tissues [89]. The over
expression of CORCO1Cinhibited the angiogenesis in the early phases by 
suppressing endothelial cell proliferation, migration, and differentiation 
by competing with the transcription factor TACC3 on the binding to 
ARNT and by suppressing VEGF expression [89].

5. Oncosuppressors peptides encoded by miRNAs

MiRNAs are small RNAs approximately 18–25 nucleotides in length 
that regulate gene expression by explicitly cleaving or inhibiting the 
translation of target miRNAs [90]. The biogenesis of miRNAs undergoes 
two main steps: 1) transcription into primary miRNA (pri-miRNAs) in 
the nucleus, 2) processing to form a pre-miRNA for translocation to the 
cytoplasm, and finally cleavage by the Dicer enzyme [90]. Furthermore, 
pre-miRNAs initiate a new phase of genetic regulation with peptides 
encoded by miRNAs (miPeps) [91]. Very few peptides encoded by 
miRNA (precursor of miR-34a) are reported in the literature. A micro
peptide of 133 amino acids in length, miPEP133, encoded by miR-34a 
precursor miRNA, was shown to act as tumour-suppressor in a xenograft 
nasopharyngeal carcinoma (NPC) model [26]. The overexpression of 

miPEP133 in cancer cell lines induced apoptosis and inhibited their 
migration and invasion. It can be considered a prognostic marker asso
ciated with advanced metastatic NPC [26].

6. Immunogenic micropeptides

In recent years, new cancer treatments have emerged, such as 
immunotherapy and targeted therapy, which associated with conven
tional treatments, including surgery, radiotherapy and chemotherapy, 
have greatly improved the prognosis of cancer patients. Particularly, 
neo-epitopes identified by screening technologies have attracted much 
attention as targets for immunotherapy against cancer and for devel
opment of personalized vaccines [92]. A novel source of neo-epitopes 
derived from cancer-specific lncRNAs and circRNAs, which have 
greatly expanded the pool for neo-antigen discovery [82,93]. The 
automated bioinformatics pipeline are able to predict circRNA-derived 
neo-epitopes on the basis of RNA sequencing data and their binding to 
leukocyte antigen types (HLA I and HLA II). Functional peptides enco
ded by circRNA showed important roles in the development of glio
blastoma multiforme (GBM), which is the most malignant and prevalent 
subtype of glioma. Particularly, it was shown that circ-AKT3 encodes a 
novel tumour suppressor micropeptide, Akt3-174AA, which can be a 
source of neo-epitopes [82,94]. FBXW7 already described in this article 
as a glioma suppressor and as an inhibitor of tumour cells in breast 
cancer can also be considered a source of neo-antigens encoding the 
peptide FBXW7-185AA, which contains eight overlapping peptides with 
high HLA I binding potential and 24 overlapping peptides with high 
binding potential to HLA II (Table 3) [82].

Furthermore, it was reported that the protein arginine methyl
transferase (PRMT) 5, which is over-expressed in many cancer types, 
and the master regulator E2F1 have a striking effect on the expression of 
lncRNAs. The selective pharmacological inhibition of PRMT5 with the 
small molecule active site inhibitor T1-44 qualitative alteration of 
lncRNA-derived antigens displayed by tumour cells [96]. In addition, 
lncRNA-derived peptides triggered a potent antigen-specific CD8 T 
lymphocyte response, which caused a significant delay in tumour 
growth. Thus, lncRNA genes encode immunogenic peptides that can be 
deployed as a cancer vaccine [96].

Two peptides (HEDTGNPGL and RLQEGLAAV) encoded by pseudo
gene RHOXF1P3 and by lncRNA lnc-SERPIND1-41:10 (DGCR9 intron) 
were found to be expressed at high levels in tumours compared to 
normal tissues [97]. These peptides, considered neo-antigens and called 
“dark antigens”, possess potent immunogenic activity and could be 
considered new candidates for cancer vaccines [97]. Furthermore, the 
circRNA FAM53B, which derives from the circularization of exon 2 of 
the human FAM53B gene, was shown to be specifically expressed in 
multiple human breast cancer cell lines, but not in normal breast 
epithelial MCF-10A cells [95]. In addition, circRNA FAM53B has been 
found expressed in the tumour tissue of 198 out of 212 (93.4 %) cases of 
invasive ductal carcinoma of the breast but was not detected in 29 
normal breast tissues by in situ hybridization. The circRNA FAM53B 
encodes a 219-amino-acid peptide, termed circFAM53B-219, which 
showed strong binding affinity to both HLA-I and HLA-II molecules. In 
vivo experiments demonstrated that vaccines made of tumour-specific 
circRNA or its encoded peptides enhanced the infiltration of 
tumour-antigen specific cytotoxic T cells, leading to effective tumour 
control in mice with breast cancer tumours or melanoma [95]. Peptide 
candidates circFAM53B (192–200) or circFAM53B(210–218) showed 
strong binding affinity to HLA-I and where present in HLAI peptidomes 
of 50 % of breast cancer patients tested. Additionally, peptides circ
FAM53B(190–204), circFAM53B(191–204) and circFAM53B(192–205), 
from an HLA-II peptide library displayed high affinity scores to 
HLA-DRB1. Both the full-length circFAM53B(181–219) and truncated 
peptides circFAM53B(190–204) induced strong CD4 T cell responses.
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7. Conclusion

Non-coding RNA-derived peptides, containing less than or slightly 
more than 100 amino acids, play a crucial role in the regulation of en
ergy metabolism, proliferation and migration of tumour cells. These 
molecules are considered novel candidate targets for drugs and immu
notherapeutic to inhibit tumour growth as well as novel diagnostic and 
prognostic biomarkers in cancer patients. Recent advances in omics 
technologies and bioinformatics have led to the identification of several 
sORFs from RNAs annotated as noncoding on a large genomic scale. 
Despite the presence of databases (https://metamorf.hb.univ-amu.fr/, 
https://github.com/MindAI/MiPepid, http://www.jianglab.cn/ncEP/, 
https://gwips.ucc.ie/cgi-bin/hgGateway) and technological support, to 
date few micropeptides have been identified. Therefore, novel methods 
and more sophisticated techniques are needed to better characterize and 
validate these molecules which have been shown to have key roles in 
various types of tumours.
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