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Abstract 

In the present era, noncoding RNAs (ncRNAs) have become a subject of considerable scientific interest, with peptides 
encoded by ncRNAs representing a particularly promising avenue of investigation. The identification of ncRNA-
encoded peptides in human cancers is increasing. These peptides regulate cancer progression through multiple 
molecular mechanisms. Here, we delineate the patterns of diverse ncRNA-encoded peptides and provide a synopsis 
of the methodologies employed for the identification of ncRNAs that possess the capacity to encode these pep-
tides. Furthermore, we discuss the impacts of ncRNA-encoded peptides on the biological behavior of cancer cells 
and the underlying molecular mechanisms. In conclusion, we describe the prospects of ncRNA-encoded peptides 
in cancer and the challenges that need to be overcome.

Introduction
Previously, ncRNAs were assumed to be incapa-
ble of encoding proteins. However, recent discoveries 
have challenged this view, with the identification of a 

significant number of small open reading frames (sORFs) 
in noncoding regions of the genome [1]. These sORFs are 
known to produce peptides through translation [2]. Some 
peptides are conserved, stabilized within the cell, and 
perform crucial functions independently of their paren-
tal RNAs [3]. NcRNA-encoded peptides diverge from 
the category of “traditional” small bioactive peptides 
(comprising natural peptides, neuropeptides, peptide 
hormones, and antimicrobial peptides) in that the major-
ity of the former are encoded by long noncoding RNAs 
(lncRNAs), circular RNAs (circRNAs), and precursor 
microRNAs (pri-miRNAs), whereas the latter are derived 
from messenger RNAs (mRNAs) [4, 5]. In this review, we 
focus on the description of biologically active peptides or 
proteins encoded by ncRNAs in tumors and collectively 
refer to these peptides as ncRNA-encoded peptides. Typ-
ically, peptides encoded by lncRNAs and pri-miRNAs are 
less than 100 amino acids (aa) in length, and studies refer 
to them as peptides, micropeptides, polypeptides, short 
peptides or miRNA-encoded peptides (miPEPs). Peptides 
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encoded by circRNAs are longer than 100 aa, and stud-
ies refer to them as peptides, proteins, or microproteins. 
Here, we refer to the coding products of these ncRNAs 
uniformly as ncRNA-encoded peptides, and summarize 
the expression, subcellular localization, function, mecha-
nism, and application of these peptides in cancer (Figs. 1 
and 2).

Initially, RNAs transcribed from the genome that could 
not be translated into proteins but were capable of per-
forming their biological functions at the RNA level were 
classified as ncRNAs. In the early twentieth century, 
some researchers proposed that the traditional approach 
of simply classifying transcripts into coding and non-
coding categories was too one-sided and limited [6–8]. 
With the advancement of technologies such as ribosome 
sequencing, it has been increasingly recognized that ncR-
NAs contain sORFs capable of translating into bioactive 
peptides [9, 10]. Certain ncRNA-encoded peptides have 
also been gradually discovered and given specific names. 
For example, in 2002, researchers studying Alzheimer’s 
disease and tumors discovered that an ORF located in 
the mitochondrial 16S rRNA gene encodes a functional 

peptide named Humanin (24 aa) [11]. This discovery was 
the first to overturn the conventional wisdom that ncR-
NAs have no coding function. Subsequently, lncRNA-
encoded peptides and pri-miRNA-encoded peptides 
were sequentially discovered in 2015. The ORF (138 
nt) present in an lncRNA (LINC00948 in humans and 
AK009351 in mice) can encode a highly conserved pep-
tide (46 aa) named myoregulin (MLN) [12]. Researchers 
have identified a 63 nt ORF in pri-miR171b from alfalfa 
and a 57 nt ORF in pri-miR165a from Arabidopsis thali-
ana encoding miPEP171b (20 aa) and miPEP165a (18 aa), 
respectively [13]. These results indicate that the nascent 
field of ncRNA-encoded peptide research is on the rise. 
Subsequent studies reported examples of other types of 
ncRNA-encoded peptides. For example, circ-ZNF609 
contains an ORF beginning with a start codon identi-
cal to a linear transcript and ending with an in-frame 
stop codon that is translated into a protein in a splice-
dependent and cap-dependent manner [14]. In another 
study, a database of E. coli tRNA-encoded peptides was 
constructed and screened for a tREP-18 molecule with 
antiparasitic activity [15]. These findings contradict 

Fig. 1 Identification of ncRNA-encoded peptides and their aberrant expression in various types of human primary tumors. Red arrows: 
Up-regulated. Green arrows: Down-regulated
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traditional concepts, and more attention has been given 
to ncRNA-encoded peptides, which also implies that new 
technological methods are urgently needed to character-
ize ncRNA-encoded peptides (Fig. 3).

Currently, several technical tools can be used to predict 
the coding capacity of ncRNAs. Bioinformatics tools are 
convenient for predictions, and several databases (CPC2 
[16], CPAT [17], sORFfinder [18], and PhyloCSF [19]) can 
be used to evaluate the coding capacity of ncRNAs based 
on the transcript sequences and structural features. Sev-
eral databases (FuncPEP [20] and ncEP [21]) contain 
experimentally validated ncRNA-encoded peptides. In 
addition, databases are available for condition-specific 
searches: LncPEP [22] for lncRNA-encoded peptides, 
circRNADb [23] for circRNA-encoded peptides, and 
SPENCER [24] for ncRNA-encoded peptides in cancer. 
Mass spectrometry screens and ribosomal profiling tech-
niques provide important technical support for the study 
of ncRNA-encoded peptides [25–27]. sORFs are often 
easily missed in traditional gene annotation, and mass 

spectrometry screens are able to detect peptides that are 
actually present. An affinity-based algorithm for chemical 
proteomics enables the enrichment and identification of 
cysteine-containing human sORF-encoded polypeptides 
(ccSEPs) derived from uncharacterized sORFs in cells 
[27]. In addition, MicroID, a novel technology, facilitates 
the discovery of entirely new microproteins in specific 
organelles [28]. Ribosomal profiling, which is based on 
the behavior of ribosomes during translation, is able to 
detect the presence of specific regions enriched for ribo-
some-protected fragments on ncRNAs, indicating the 
translational capacity of ncRNAs. Another study showed 
that ribosome occupancy alone is not sufficient to cate-
gorize transcripts as coding or noncoding [29]. In addi-
tion, validating the existence of ncRNA-encoded peptides 
is now feasible through a combination of methodolo-
gies, including sucrose density gradient centrifugation, 
reporter gene systems, gene editing technologies, spe-
cific antibody verification, and mass spectrometry. In the 
future, the development and maturation of technologies 

Fig. 2 Identification of ncRNA-encoded peptides in various organelles. A subset of studies have reported on the subcellular localization 
of ncRNA-encoded peptides, which are mainly localized to the nucleus, cytoplasm, plasma membrane, mitochondria, Golgi apparatus, 
and endoplasmic reticulum. Some ncRNA-encoded peptides can be sorted to endosomes and exosomes. In addition, a small number 
of ncrna-encoded peptides can be secreted extracellularly
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such as NAP-seq [30], NERD-seq [31] and nBAT [32] are 
expected to further aid in the characterization of ncRNA 
coding ability (Fig. 4).

Types of ncRNA‑encoded peptides
Approximately 93% of the nucleotide sequence of human 
genomic DNA can be transcribed into RNA [33]. Among 
the transcribed products, only 2% are translated into pro-
teins, whereas the remaining 98% are ncRNAs [34, 35]. 
Indeed, ncRNAs are primarily classified into several cat-
egories, including lncRNAs, circRNAs, miRNAs, rRNAs, 
tRNAs, piRNAs, snRNAs, and snoRNAs, based on their 
lengths and biological functions [36, 37]. To date, more 
attention has been given to peptides encoded by lncR-
NAs, circRNAs and pri-miRNAs [38–40]. Additionally, 
a limited number of rRNAs and tRNAs have also been 
identified as potential peptide-encoding molecules, 
although their functional roles remain largely uncharac-
terized [41, 42].

LncRNA‑encoded peptides
LncRNAs are a common type of ncRNA with coding 
capacity [43]. LncRNAs are typically more than 200 
nt in length and are transcribed by RNA polymerase 

II (Pol II) or other RNA polymerases [44, 45]. Their 
biogenesis occurs via capping at the 5’ end (7-meth-
ylguanosine (m7G)) and polyadenylation at the 3’ end 
(polyA), in a process that is similar to the biogenesis 
of mRNAs. The analogous physiological configura-
tion results in the capacity of ribosomes to recognize 
these lncRNA transcripts in a manner analogous to 
that of mRNAs [46]. In addition, ribosome profiling 
revealed that, on average, 39.17% of human lncRNAs 
and 48.16% of mouse lncRNAs interact with ribosomes 
[47]. These findings suggest that lncRNAs have coding 
potential. However, the ability of lncRNAs to bind to 
ribosomes does not mean that they can encode pep-
tides [29]. Another study suggested that the binding of 
lncRNAs to ribosomes may affect the stability of lncR-
NAs [48]. Despite the poor overall sequence conser-
vation of lncRNAs, some locally conserved sequences 
may be present in these transcripts and contain coding-
competent sORFs. Notably, although AUG is the most 
common start codon, the sORF of an lncRNA does not 
use the common AUG as a start codon but uses other 
codons, such as CUG and GUG, to initiate translation, 
which makes its translation mechanism relatively com-
plex [49, 50].

Fig. 3 Timeline of the discoveries in ncRNA-encoded peptides. Timeline of first reports of different types of ncRNA-encoded peptides and first 
reports of different types of ncRNA-encoded peptides in cancer
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Tumor-associated lncRNA-encoded peptides were ini-
tially identified in 2015, when researchers identified an 
lncRNA, CRNDE, encoding a conserved 84-aa peptide, 
CRNDEP. CRNDEP has been observed in the HeLa cell 
line and in a range of human tissues (epithelial ovarian 
cancer, normal proliferative endometrium, tonsils, para-
basal squamous epithelium and intestinal crypts) [51]. In 
2017, a study revealed that the lncRNA HOXB-AS3 can 
encode a 53-aa peptide and described the function and 
molecular mechanism of this peptide in colorectal can-
cer (CRC) [38]. This finding highlights the important 
roles that lncRNA-encoded peptides play in tumorigen-
esis. Subsequently, additional tumor-associated lncRNA-
encoded peptides that regulate tumor development 
through multiple pathways have been identified.

CircRNA‑encoded peptides
Recently, circRNAs have been widely reported to have 
coding ability. During gene transcription, introns form 
lasso structures as linear precursor mRNAs are spliced. 
Specifically, the 3′ end of the upstream exon is covalently 

linked to the 5’ end of the downstream exon, “loop-
ing out” the intron to form a circRNA consisting of the 
exon alone [52]. Therefore, if circRNAs are formed by the 
cyclization of the same exonic regions as linear RNAs, 
they are likely to contain the same open reading frames, 
leading to the possibility that circRNA-encoded peptides 
may have amino acid sequences similar to those of pro-
teins encoded by linear RNAs. CircRNAs are covalently 
closed circular RNAs that lack a 5′ cap [53]. Some circR-
NAs possess internal ribosome entry sites (IRESs), which 
are RNA secondary or tertiary structures that recruit the 
40S subunit to the 5′ untranslated region (UTR), thereby 
facilitating mRNA translation through a cap structure-
independent mechanism [54, 55]. The m6A modifica-
tion and the eIF4 or exon junction complex (EJC) play 
important roles in regulating the translation of circRNAs 
[56–59]. Notably, one study constructed unmodified 
and m6A-modified circRNAs separately to evaluate the 
effect of m6A on circRNA translation and reported that 
unmodified circRNAs and circRNAs containing 5% m6A 
exhibited comparable translation [60]. Thus, revealing 

Fig. 4 Methods for prediction and characterization of ncRNA-encoded peptides. A Bioinformatics prediction of sORF. B Ribo-seq screening 
of ncRNAs with coding potential. C Mass spectrometry identification of peptide sequences. D Detection of TAG for mutated start codon fusions 
in ncRNA sORFs. E CRISPR/Cas9 knock-in TAG to detect endogenous expression of ncRNA-encoded peptides. F Generation of target antibodies 
to detect endogenous expression of ncRNA-encoded peptides. G Sucrose density gradient separation to detect ribosomal enrichment on ncRNAs
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the process by which circRNAs encode peptides is 
challenging.

In contrast to linear RNAs, the coding products of cir-
cRNAs may have identical, analogous, or chimeric amino 
acid sequences [61]. This phenomenon can be attrib-
uted to the intrinsic characteristics of the sORFs present 
in circular RNAs. The production of chimeric proteins 
may occur when the stop codon is situated three nucleo-
tides upstream of the start codon and three nucleotides 
downstream of the back-splicing junction (BSJ) [62]. In 
addition, in-frame termination codons that are solely 
present following the second round of translation may 
also result in the generation of chimeric proteins [63]. 
One of the characteristics of circRNA-encoded proteins 
is rolling translation. In normal linear mRNA translation, 
the ribosome recognizes the start codon at the 5′ end of 
the mRNA, moves along the mRNA for translation, and 
terminates when it encounters the stop codon. In the 
absence of well-defined 5′ and 3′ ends, multiple rounds 
of translation occur when a ribosome binds to an IRES 
or other translation initiation element on the circRNA 
and begins translation along the circRNA, which involves 
multiple rounds of translation when the start codon and 
stop codon in the sORF of a circRNA overlap [64]. Fur-
thermore, in the absence of a termination codon within 
the sORF, the loaded ribosome continues to synthesize 
proteins in the unterminated ORF, a process known 
as rolling circle translation [65]. Notably, rolling circle 
translation results in significantly larger proteins, but due 
to the limited number of studies on these proteins, we 
still use peptides to refer to the circRNA-encoded prod-
ucts in this review.

In 2018, researchers identified the first circRNA-
encoded peptide in tumors. This peptide, named 
SHPRH-146aa, is encoded by circ-SHPRH [66, 67]. A 
variety of circRNA-encoded peptides have subsequently 
been identified in tumors. Due to the distinctive charac-
teristics of circRNA-encoded peptides (rolling transla-
tion), these peptides typically possess extended amino 
acid sequences, leading to their classification as circRNA-
encoded peptides or circRNA-encoded proteins.

Pri‑miRNA‑encoded peptides
Pri-miRNAs are primary transcripts of miRNAs [68]. In 
addition to being cleaved by nucleases to yield mature 
miRNAs, specific pri-miRNAs are capable of encoding 
peptides, thereby acquiring functional properties [69]. 
Pri-miRNAs can be described as a special class of lncR-
NAs because they have similar secondary structures 
with lengths ranging from several hundred to one thou-
sand nucleotides [70, 71]. These molecules contain short 
open reading frames (sORFs) that encode functional 
peptides. To date, the mirEX database has included only 

the complete sequences of pri-miRNAs from a limited 
number of plant species [72]. However, the vast major-
ity of pri-miRNAs lack complete sequence informa-
tion. DMS-MaPseq and RACE assays can be employed 
to amplify and identify the complete sequences of pri-
miRNAs and secondary structures in both plants and 
animals [73, 74]. In light of technological and financial 
constraints, every pri-miRNA is unlikely to be subjected 
to the aforementioned characterization methods. In most 
cases, the sequence of the pri-miRNA can be obtained 
by extending the pre-miRNA sequence by hundreds 
to thousands of base pairs toward each of the 5′ and 3′ 
ends. The sequences of some pri-miRNAs overlap with 
the sequences of a specific class of lncRNAs, often called 
miRNA host genes [75]. Consequently, the peptides 
encoded by the sORFs of these lncRNAs can be regarded 
as analogous to those encoded by the sORFs of pri-miR-
NAs [76].

Typically, pri-miRNA-encoded peptides are referred to 
as miPEPs [77]. Currently, research on miPEPs has been 
largely confined to the field of plant biology [78]. How-
ever, a small number of miPEPs have also been iden-
tified in human cells and are associated with human 
diseases [75, 79]. The significance of miPEPs in the con-
text of tumors cannot be overlooked. MIR22HG and pri-
miR-497 can encode peptides in human-derived tumor 
cell lines, including A549 and HeLa cells [71, 80]. The 
expression of miPEP133, a peptide encoded by pri-miR-
34a, is downregulated in NPC [40]. miPEP133 has been 
shown to inhibit tumor growth and metastasis by regu-
lating mitochondrial function and enhancing the tran-
scriptional activity of p53 [40]. Although only a limited 
number of miPEPs have been documented in tumors, 
given the evolutionary conservation of miRNAs, the 
hypothesis that additional pri-miRNAs could encode 
functional peptides is reasonable, but their existence 
remains to be confirmed, along with their associated 
functions.

Other types of ncRNA‑encoded peptides
rRNA is a type of RNA that is integral to the ribosome 
and is regarded as the molecular machine that catalyzes 
protein synthesis [81]. The number of studies on rRNA-
encoded peptides is relatively limited, with the majority 
of research concentrating on 12S rRNA, 16S rRNA, and 
23S rRNA [41, 82, 83]. As early as 1996, a pentapeptide 
open reading frame, which encodes a peptide that medi-
ates resistance to erythromycin, was identified in the 23S 
rRNA of Escherichia coli [84]. Furthermore, the mito-
chondrial 16S rRNA gene encodes a functional peptide, 
humanin, which is a potential drug for the treatment of 
Alzheimer’s disease [11, 85]. Additionally, humanin has 
the ability to modulate the endoplasmic reticulum and 
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oxidative stress within the retinal pigment epithelium, 
and these factors might be potential therapeutic mole-
cules for age-related macular degeneration [86]. Another 
functional peptide, SHLP, is encoded by 16S rRNA and 
includes six isoforms, designated SHLP1-6 [87, 88]. The 
mitochondrial open reading frame of the 12S rRNA-
C type (MOTS-c) is a mitochondria-derived peptide 
encoded by the 12S rRNA region of the mitochondrial 
genome [89–91]. It consists of 16 amino acids with meta-
bolic functions.

rRNA-encoded peptides are anticipated to play a grow-
ing role in the diagnosis and prognosis of tumors. The 
study revealed that the serum levels of MOTS-c were 
markedly elevated in lung cancer patients who had 
undergone radiotherapy, whereas the serum levels of 
Humanin were significantly decreased in breast cancer 
patients who had undergone radiotherapy [92]. Another 
study revealed that a reduction in serum SHLP2 levels 
was linked to an elevated risk of prostate cancer in white 
males [93, 94]. Additionally, a study of adrenal tumors 
revealed elevated serum MOTS-c protein levels in adren-
ocortical adenoma and pheochromocytoma patients but 
not in adrenocortical carcinoma patients. Intriguingly, 
the results of tissue biopsies indicated that the expression 
of MOTS-c protein decreased with the progression of 
adrenocortical carcinoma (stages III and IV). The distinct 
patterns of serum MOTS-c and tissue MOTS-c levels 
might be associated with the posttranslational modifica-
tion of the MOTS-c protein [95]. These results indicate 
that rRNA-encoded peptides can be secreted into serum, 
exhibit robust biological stability, and possess the poten-
tial to serve as tumor biomarkers.

The prevailing view is that transfer RNA (tRNA) mol-
ecules are housekeeping molecules whose primary func-
tion is to transport amino acids into the ribosome [96]. 
tRNA typically comprises 73 to 90 nucleotides and 
assumes a cloverleaf-like configuration through a fold-
ing process that incorporates four structural elements: 
the anticodon arm, D arm, TψC arm, and amino acid 
receptor arm [97, 98]. tRNA is capable of forming hydro-
gen bonds with messenger RNA (mRNA) and ester 
bonds with amino acids [99]. In this way, tRNA acts as 
a “bridge” between nucleotide and amino acid sequences 
during the process of translation [100]. Notably, sORFs 
are also present in transfer RNAs (tRNAs) and these mol-
ecules have the potential to translate their own sequences 
[15]. Despite the absence of direct evidence indicating 
that tRNAs in the human genome are capable of encod-
ing peptides, tRNA-encoded peptides derived from bac-
terial tRNA sequences designed to encode peptides may 
be widely utilized in the future. The tREP-18 molecule, 
which has been designed against the tRNA sequence 
of Escherichia coli, is anticipated to be a potential 

antiparasitic peptide [15]. In addition, the extraction of 
epitope vaccines from tRNA-encoded peptides (tREPs) 
may provide a solution to the safety and specificity issues 
that arise during the development of vaccines [42]. The 
tREP anticancer therapeutic modality, which targets the 
estrogen receptor (ER) and peroxisome proliferator-acti-
vated receptor alpha (PPAR) in breast cancer, represents 
a novel approach in this field of research [101].

Tumor‑associated ncRNA‑encoded peptides
It is crucial to acknowledge that in the study of ncRNA-
encoded peptides and their relationship with tumors, 
researchers predominantly concentrate on the biological 
behavior of cancer cells and delve into their molecular 
mechanisms. However, not all studies encompass inter-
acting proteins, downstream molecules, or signaling 
pathways associated with ncRNA-encoded peptides, nor 
do they all consider the subcellular localization of these 
peptides. Therefore, we have systematically summarized 
the cancer-related ncRNA-encoded peptides discovered 
to date, categorizing them based on the biological behav-
ior of cancer cells (Fig. 5 and Table 1).

NcRNA‑encoded peptides regulate proliferation 
and metastasis
Unregulated cellular proliferation, tissue invasion, and 
distant metastasis are fundamental characteristics of 
tumors. In studies of ncRNA-encoded peptides associ-
ated with tumors, researchers typically test the effects 
of ncRNA-encoded peptides on cancer cell proliferation 
and invasion at the same time to assess whether these 
peptides have oncogenic or tumor-suppressing functions. 
Notably, these peptides have different characteristics and 
molecular mechanisms; therefore, these studies should 
be generalized from multiple perspectives.

A systematic summary of the impacts of ncRNA-
encoded peptides on the proliferation and metastasis 
of cancer cells by categorizing them according to dis-
tinct signal transduction pathways is beneficial. Cer-
tain ncRNA-encoded peptides can modulate multiple 
signaling pathways, such as CM-248aa, a novel peptide 
encoded by circMTHFD2L that can compete with PP2A2 
for binding to the acidic domain of SET, thereby inhib-
iting the AKT/ERK/P65 pathway and gastric carcinoma 
(GC) cell growth and metastasis [102]. In glioblastoma 
(GBM), upregulated circ-HGF can encode C-HGF, which 
promotes GBM cell growth and metastasis by binding to 
c-MET to activate the STAT3/AKT/MAPK signaling axis 
[103]. Most often, studies of ncRNA-encoded peptides 
focus on a particular signaling pathway.

MAPK signaling. NcRNA-encoded peptides can regu-
late cancer cell proliferation and metastasis by activating 
or inhibiting MAPK signaling. A novel peptide, SMIM30, 
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encoded by LINC00998 promotes hepatocellular carci-
noma (HCC) cell growth and metastasis by driving the 
membrane-anchored activation of the MAPK pathway 
by Src/YES1 [104]. CAPG-171aa (encoded by circCAPG) 
binds to STK38 and activates the MEKK2-MEK1/2-
ERK1/2 pathway to promote breast cancer (BC) cell 
growth and metastasis [105]. The FAM201A-encoded 
peptide NBASP inhibits the MAPK pathway by inter-
acting with FABP5, thereby inhibiting the proliferation 
and metastasis of neuroblastoma (NB) cells [106]. The 
ncRNA-encoded peptide may also regulate MAPK sign-
aling through a direct interaction with key molecules 
in the MAPK pathway. LINC01234 encodes a peptide 
called MBOP, which interacts with MEK1 to upregulate 
the MEK1/p-ERK/MMP2/MMP9 axis and promotes the 
growth and metastasis of CRC cells [107]. CircMAPK14-
175aa, encoded by circMAPK14, downregulates FOXC1 
protein expression by competing with MAPK14 to bind 
MKK6, thus inhibiting the proliferation and invasion of 
CRC cells [108].

PI3K/AKT/mTOR signaling. The ncRNA-encoded pep-
tides capable of activating PI3K/AKT/mTOR signaling 
are relatively more numerous. GSPT1-218aa, encoded 

by circGSPT1, directly binds to vimentin and forms 
complexes with Beclin1 and 14-3-3, thereby inhibiting 
the PI3K/AKT/mTOR pathway and GC cell growth and 
metastasis [109]. A study of CRC revealed that BVES-
AS1 can encode a 50-aa peptide and named it BVES-
AS1-201-50aa [110]. This peptide can interact with Src, 
thereby activating the Src/mTOR pathway and promot-
ing the proliferation and invasion of cancer cells [110]. 
C-E-Cad, which is encoded by Circ-E-Cad, can promote 
the proliferation and metastasis of GC cells by activat-
ing the PI3K/AKT pathway [111]. CircPPP1R12A-73aa 
has a procarcinogenic effect on non-small cell lung can-
cer (NSCLC) through the activation of the AKT signal-
ing pathway [112]. CircPDHK1-encoded PDHK1-241aa 
is capable of interacting with PPP1CA, thereby leading 
to the nuclear translocation of PPP1CA, activation of the 
AKT/mTOR pathway, and facilitation of the proliferation 
and invasion of clear cell renal cell carcinoma (ccRCC) 
cells [113].

Wnt/β-catenin signaling. In NSCLC, circβ-catenin-
370aa, which is encoded by circβ-catenin, is localized 
to the cell membrane and cytoplasm. It can prevent the 
interaction between GSK3β and β-catenin and facilitate 

Fig. 5 Effects of ncRNA-encoded peptides on the biological behavior of cancer cells. NcRNA-encoded peptides can affect cancer cell proliferation, 
metastasis, the tumor vasculature, stemness, malignant differentiation, senescence, ferroptosis, chemoresistance, target drug resistance 
and radioresistance
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Table 1 Effects of ncRNA-encoded peptides on the biological behaviors of tumors and their molecular mechanisms

Cancer Peptide NcRNA Interacting 
protein

Downstream 
pathways/
molecules

Function Biological 
behavior

References

GC CM-248aa circMTHFD2L SET AKT/ERK/P65 Tumor suppres-
sor

Proliferation 
and metastasis

[102]

GBM C-HGF circ-HGF c-MET STAT3/AKT/
MAPK

Tumor promotor Proliferation 
and metastasis

[103]

HCC SMIM30 LINC00998 Src/YES1 MAPK Tumor promotor Proliferation 
and metastasis

[104]

TNBC CAPG-171aa circCAPG STK38 MEKK2-MEK1/2-
ERK1/2

Tumor promotor Proliferation 
and metastasis

[105]

NB NBASP FAM201A FABP5 MAPK Tumor suppres-
sor

Proliferation 
and metastasis

[106]

CRC MBOP LINC01234 MEK1 MEK1/p-ERK/
MMP2/MMP9

Tumor promotor Proliferation 
and metastasis

[107]

CRC circMAPK14-175aa circMAPK14 MKK6 FOXC1 Tumor suppres-
sor

Proliferation 
and metastasis

[108]

GC GSPT1-218aa circGSPT1 Vimentin PI3K/AKT/mTOR Tumor suppres-
sor

Proliferation 
and metastasis

[109]

CRC BVES-AS1-201-50aa BVES-AS1 Src Src/mTOR Tumor promotor Proliferation 
and metastasis

[110]

GC C-E-Cad circ-E-Cad PI3K/AKT Tumor promotor Proliferation 
and metastasis

[111]

NSCLC circPPP1R12A-73aa circPPP1R12A AKT Tumor promotor Proliferation 
and metastasis

[112]

ccRCC PDHK1-241aa circPDHK1 PPP1CA AKT/mTOR Tumor promotor Proliferation 
and metastasis

[113]

NSCLC circβ-catenin-370aa circβ-catenin GSK3β β-catenin Tumor promotor Proliferation 
and metastasis

[114]

TNBC EIF6-224aa circ-EIF6 MYH9 Wnt/β-catenin Tumor promotor Proliferation 
and metastasis

[115]

ICC cGGNBP2-184aa circGGNBP2 STAT3 Tumor promotor Proliferation 
and metastasis

[116]

GC RNF217-AS1 ORF3 RNF217-AS1 TLR4/NF-κB/ 
STAT1

Tumor suppres-
sor

Proliferation 
and metastasis

[117]

Colon cancer circPPP1R12A-73aa circPPP1R12A Hippo-YAP Tumor promotor Proliferation 
and metastasis

[118]

GBM rtEGFR-83aa circ-EGFR EGFR Tumor promotor Proliferation 
and metastasis

[119]

RCC MIAC RP11-469H8.6 AQP2 EREG/EGFR Tumor suppres-
sor

Proliferation 
and metastasis

[120]

HCC SMIM30 LINC00998 CDK4/
cyclinE2/p-Rb/
E2F1

Tumor promotor Proliferation [121]

NB SHPRH-146aa circ-SHPRH RUNX1 NFKBIA Tumor suppres-
sor

Proliferation 
and metastasis

[122]

NB SHPRH-146aa circ-SHPRH P21-CDK path-
way

Tumor suppres-
sor

Proliferation 122

BC MAG2-AS3 ORF5 MAG2-AS3 ECM-related 
proteins

Tumor suppres-
sor

Proliferation 
and metastasis

[124]

HCC circMRCKα-227aa circMRCKα USP22 HIF-1α Tumor suppres-
sor

Proliferation 
and metastasis

[130]

Colon cancer HOXB-AS3 peptide HOXB-AS3 hnRNPA1 PKM2 Tumor suppres-
sor

Proliferation 
and metastasis

[38]

ESCC HOXB-AS3 peptide HOXB-AS3 IGF2BP2 c-Myc Tumor promotor Proliferation 
and metastasis

[224]

ESCC Pep-KDM4A-AS1 KDM4A-AS1 SDC/FASN Tumor suppres-
sor

Proliferation 
and metastasis

[134]
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Table 1 (continued)

Cancer Peptide NcRNA Interacting 
protein

Downstream 
pathways/
molecules

Function Biological 
behavior

References

BC CASIMO1 NR_029453 SQLE Tumor promotor Proliferation [135]

CRC circINSIG1-121 circINSIG1 CUL5-ASB INSIG Tumor promotor Proliferation 
and metastasis

[136]

CRC ASAP LINC00467 ATP5A/ATP5C Tumor promotor Proliferation [137]

NB p113 circRNA of CUX1 ZRF1/ BRD4 Tumor promotor Proliferation 
and metastasis

[138]

NPC miPEP133 pri-miR-34 HSAP9 TOM20/DRP1/
MFN1/OPA1

Tumor suppres-
sor

Proliferation 
and metastasis

[40]

HCC LINC013026-68AA LINC013026 Tumor promotor Proliferation [140]

HCC C20orf204-189AA LINC00176 Tumor promotor Proliferation [141]

HCC TP53LC04 lncAC022075.1 Tumor promotor Proliferation [142]

ESCC YY1BM LINC00278 YY1 eEF2K Tumor suppres-
sor

Proliferation [143]

TNBC CIP2A-BP LINC00665 CIP2A P13K/AKT/NF-KB Tumor suppres-
sor

Proliferation 
and metastasis

[144]

HCC CIP2A-BP LINC00665 Tumor promotor Proliferation 
and metastasis

[223]

HCC KRASIM NCBP2-AS2 KRAS KARS/ERK Tumor suppres-
sor

Proliferation 
and metastasis

[145]

CRC FORCP LINC00675 BRI3BP Tumor suppres-
sor

Proliferation 
and metastasis

[146]

PC circCCDC7-180aa circCCDC7 FLRT3 Tumor suppres-
sor

Proliferation 
and metastasis

[147]

CRC SRSP LOC90024 SRSF3 L-Sp4 protein Tumor promotor Proliferation 
and metastasis

[148]

HCC AC115619-22aa AC115619 WTAP WTAP/METTL3/
METTL14

Tumor suppres-
sor

Proliferation 
and metastasis

[149]

HNSCC MIAC RP11-469H8.6 AQP2 SEPT2/ITGB4 Tumor suppres-
sor

Proliferation 
and metastasis

[150]

OS LINC00665-18aa LINC00665 CREB1 RSK2 Tumor suppres-
sor

Proliferation [151]

GC circCOL6A3_030_198aa circCOL6A3_030 Tumor promotor Proliferation 
and metastasis

[152]

BC SEMA4B-211aa circSEMA4B p110 AKT Tumor suppres-
sor

Proliferation 
and metastasis

[153]

GBM SHPRH-146aa circ-SHPRH SHPRH PCNA Tumor suppres-
sor

Proliferation [66]

GC pep-AKR1C2 lncRKR1C2 FAO/ CPT1A Tumor promotor Lymph-angio-
genesis

[156]

TNBC XBP1SBM MLLT4-AS1 XBP1s/XBP1a XBP1/VEGF Tumor promotor Angiogenesis [158]

TNBC ASRPS LINC00908 STAT3 VEGF Tumor suppres-
sor

Angiogenesis [159]

EC CORO1C-47aa circ-0000437 ANRT TACC3/VEGF/
VEGFR

Tumor suppres-
sor

Angiogenesis [160, 161]

BC LINC00511-133aa LINC00511 Wnt/β-catenin Tumor promotor Stemness [162]

NB sPEP1 HNFF4A-AS1 eEF1A1 SMAD4 Tumor promotor Stemness [163]

GBM C-E-Cad circ-E-Cad EGFR EGFR/STAT3 Tumor promotor Stemness [164]

GBM SMO-193a.a circ-SMO SMO Hedgehog Tumor promotor Stemness [165]

OS KEAP1-259aa circKEAP ARIH1 Vimentin Tumor suppres-
sor

Stemness [166]

NSCLC ATMLP AFAP1-AS1 NIPSNAP1 Tumor promotor Malignant dif-
ferentiation

[167]

Epithelial tumors pTINCR TINCR SUMO/CDC42 p53 Tumor suppres-
sor

Malignant dif-
ferentiation

[168]
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the growth and metastasis of cancer cells [114]. In triple-
negative breast cancer (TNBC), EIF6-224aa, encoded by 
circ-EIF6, can bind to the MYH9 protein and activate the 
Wnt/β-catenin pathway to promote cancer cell growth 
and metastasis [115].

STAT signaling. cGGNBP2-184aa, a peptide encoded 
by circGGNBP2, promotes the proliferation and invasion 
of intrahepatic cholangiocarcinoma (ICC) cells through 
an interaction with STAT3 [116].

NF-κB signaling. A study showed that peptides encoded 
by ORF3 of RNF217-AS1 attenuate the proliferation 
and invasion of GC cells by inhibiting the TLR4/NF-κB/
STAT1 pathway [117].

Hippo signaling. CircPPP1R12A-73aa, encoded by 
circPPP1R12A, activates the Hippo–YAP pathway and 
promotes the growth and metastasis of colon cancer cells 
[118].

Several key proteins, while not integral components 
of the signaling pathway, nonetheless exert significant 

regulatory influences on tumor progression. The role of 
EGFR in tumors is self-evident. The membrane peptide 
rtEGFR-83aa, which is encoded by circ-EGFR, promotes 
GBM progression by reducing the degradation of ubiq-
uitinated EGFR through interactions with EGFR [119]. 
MIAC, a peptide encoded by RP11-469H.6, can directly 
interact with AQP2 and inhibit the growth and metastasis 
of renal cancer cells by regulating the EREG/EGFR axis 
[120]. Abnormal expression of cyclins is closely linked to 
the proliferation of cancer cells. SMIM30 promotes the 
G1/S transition of the cell cycle by decreasing cytoplas-
mic Ca2+ levels and upregulating the CDK4/cyclinE2/p-
Rb/E2F1 axis in HCC cells [121]. SHPRH-146aa, encoded 
by circ-SHPRH, not only upregulates the expression of 
p21 while downregulating the levels of CDK4, CDK6, 
Cyclin D, and CDK1 but also interacts with the transcrip-
tion factor RUNX1 to increase the expression of NFKBIA 
[122, 123]. Notably, the physicochemical properties of the 
extracellular matrix (ECM) are important for the survival 

Table 1 (continued)

Cancer Peptide NcRNA Interacting 
protein

Downstream 
pathways/
molecules

Function Biological 
behavior

References

CRC/ESCC SP0495 KIAA0495 phospho-
inositides

BECN1/p62/AKT Tumor suppres-
sor

Senecence [169]

HCC PINT87aa circPINTexon2 FOXM1 PHB2 Tumor suppres-
sor

Senecence [170]

ICC circFOXP1-231aa circFOXP1 OTUD4 NCOA4 Tumor suppres-
sor

Ferroptosis [173]

Melanoma circPIAS1-108aa circPIAS1 Ranbp2 STAT1/ SLC7A11/
GPX4

Tumor promotor Ferroptosis [174]

NSCLC LINC00954-ORF LINC00954 Tumor promotor Chemoresist-
ance

[175]

HCC circMAP3K4-455aa circMAP3K4 AIF Tumor promotor Chemoresist-
ance

[176]

CRC pep-AP lnc-AP TALDO1 Tumor suppres-
sor

Chemoresist-
ance

[177]

GBM SPECC1-415aa circSPECC1 ANAX2 EGFR/AKT Tumor suppres-
sor

Chemoresist-
ance

[178]

TNBC TRIM1-269aa circTRIM1 MARCKS PI3K/AKT/mTOR Tumor promotor Chemoresist-
ance

[179]

BC C-E-cad circ-E-Cad CXCL8/EGFR Tumor promotor Targeted drug 
resistance

[180]

PDAC RASON LINC00673 KRASG12D/V KRAS Tumor promotor Targeted drug 
resistance

[181]

NSCLC C-IGF1R cIGF1R VDAC1 Parkin Tumor suppres-
sor

Targeted drug 
resistance

[182]

HCC circZKSaa circZKSCAN1 FBXW7 mTOR Tumor suppres-
sor

Targeted drug 
resistance

[183]

GBM PINT87aa circPINTexon2 PAF1 CPEB1 Tumor promotor Radioresistance [184]

BC PACMP CTD-2256P15.2 KLHL15 CtIP Tumor promotor Chemoresist-
ance, targeted 
drug resistance 
and, radioresist-
ance

[185]
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and metastasis of cancer cells. A study conducted on BC 
cells revealed that ORF5 of MAG2-AS3 has the potential 
to encode an unreported peptide that can interact with 
ECM-related proteins, resulting in the inhibition of can-
cer cell proliferation and invasion [124].

Metabolic reprogramming represents a fundamental 
hallmark of tumors [125–127]. NcRNA-encoded pep-
tides can regulate cancer cell proliferation and metastasis 
by reprogramming metabolic pathways.

Glucose metabolism. One of the most prevalent meta-
bolic alterations observed in tumor cells is abnormally 
active glycolysis [128, 129]. CircMRCKα encodes a 227-
aa peptide, circMRCKα-227aa, which enhances gly-
colysis to promote HCC progression [130]. Researchers 
discovered that HOXB-AS3 encodes a 53-aa peptide 
that competitively binds to pro-nucleotide residues in 
the RGG motif of hnRNPA1, thereby blocking its bind-
ing to sequences in PKM exon 9. This process results in 
the downregulation of PKM2 expression, the inhibition 
of glucose metabolism and the suppression of CRC cell 
proliferation and invasion [38].

Lipid metabolism. The reprogramming of lipid metabo-
lism in cancer predominantly involves lipid uptake, lipid 
synthesis, fatty acid oxidation (FAO), and lipid storage 
[131–133]. KDM4A-AS1 and LINC01116 have been 
identified as the factors encoding Pep-KDM4A-AS1 and 
Pep-LINC01116, respectively, in esophageal squamous 
cell carcinoma (ESCC) cells [134]. Pep-KDM4A-AS1 
has been found to downregulate stearoyl coenzyme A 
desaturase (SCD) and fatty acid synthase (FASN), inhibit-
ing cancer cell viability and migration [134]. In BC, the 
peptide CASIMO1, which is localized to endosomes, is 
encoded by the lncRNA NR_029453 [135]. CASIMO1 
interacts with SQLE, a key enzyme involved in choles-
terol synthesis, leading to the aggregation of lipid drop-
lets, which promotes cancer cell proliferation [135]. 
circINSIG1-121, encoded by circINSIG1, induces choles-
terol synthesis and promotes CRC cell proliferation and 
invasion [136].

Mitochondrial metabolism. Mitochondrial metabolism 
is an extremely important physiological process within 
the cell that involves energy and material metabolism. 
ASAP is a mitochondria-distributed peptide encoded by 
LINC00467 [137]. ASAP can interact with ATP5A and 
ATP5C, resulting in increased ATP synthase activity 
and mitochondrial oxygen consumption, which in turn 
promote CRC cell proliferation [137]. A novel 113-aa 
nuclear peptide, p113, is encoded by a circRNA of CUX1 
[138]. p113 is upregulated and facilitates fatty acid oxida-
tion and mitochondrial activity through the formation 
of a trimeric complex with ZRF1 and BRD4. This com-
plex contributes to NB cell proliferation and metastasis 
[138]. Furthermore, a novel tumor-suppressor peptide, 

miPEP133, which is encoded by pri-miR-34, is distrib-
uted in the cytoplasm and mitochondria [40]. The func-
tion of miPEP133 in mitochondria is to interact with 
HSAP9, thereby regulating mitochondrial function (e.g., 
reducing ATP production) [40].

A number of ncRNA-encoded peptides have been 
identified as being present and able to influence can-
cer cell proliferation and metastasis, but the relevant 
molecular mechanisms have not been described in 
detail; for this reason, we describe them based on their 
subcellular localization. Indeed, the subcellular localiza-
tion of ncRNA-encoded peptides is intricately linked to 
their functional roles and underlying mechanisms [139]. 
Notably, not all studies of ncRNA-encoded peptides have 
described their subcellular localization, and we call for 
studies to refine their subcellular localization.

Nucleus. LINC013026-68AA is a peptide encoded by 
LINC013026 that is localized in the perinuclear region 
and is capable of promoting the proliferation of HCC 
cells [140]. C20orf204-189AA, which is localized in the 
nucleus and encoded by LINC00176, has been shown 
to bind to nucleolin and rRNA, forming a trimeric com-
plex that promotes HCC cell proliferation [141]. Further-
more, a novel peptide, TP53LC04, which is encoded by 
lncAC022075.1 in the HepG2 cell line and is localized in 
the nucleus, promotes the proliferation of HepG2 cells 
[142]. YY1BM, encoded by LINC00278, is located in the 
nucleus, binds to YY1, inhibits the interaction between 
YY1 and AR, and promotes the apoptosis of ESCC cells 
[143].

Cytoplasm. Both CIP2A-BP and KRASIM are cytoplas-
mic peptides, the former encoded by LINC00665 and 
the latter by NCBP2-AS2 [144, 145]. CIP2A-BP interacts 
with CIP2A to inhibit the PI3K/AKT/NF-κB pathway 
and exert antitumor effects [144]. KRASIM interacts with 
KRAS to inhibit the KARS/ERK pathway and suppress 
the growth and metastasis of HCC cells [145].

Endoplasmic reticulum. FORCP, encoded by 
LINC00675, is localized in the endoplasmic reticulum 
(ER) and interacts with BRI3BP to impede the progres-
sion of CRC [146].

Cell membrane. CircCCDC7-180aa, encoded by circ-
CCDC7, is a secreted peptide localized to the Golgi 
apparatus and cell membranes that can inhibit the pro-
liferation and invasion of prostate cancer (PC) cells [147].

Furthermore, ncRNA-encoded peptides can influence 
cancer cell proliferation and metastasis through alter-
native mechanisms. The lncRNA LOC90024 encodes 
a peptide that interacts with SRSF3, thus earning the 
name SRSP. SRSP increases the binding of SRSF3 to 
exon 3 of the transcription factor Sp4, thereby facilitat-
ing the formation of the “cancerous” long Sp4 heterodi-
mer (L-Sp4 protein) and promoting CRC progression 
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[148]. AC115619-22aa, encoded by AC115619, inhibits 
the proliferation and metastasis of HCC cells by decreas-
ing global m6A levels [149]. MIAC directly interacts with 
AQP2 to inhibit the growth and metastasis of HNSCC 
cells by regulating the SEPT2/ITGB4 pathway [150]. 
LINC00665 encodes LINC00665-18aa, a peptide that 
weakens the interaction between CREB1 and RSK2 by 
blocking the nuclear localization of CREB1, thus inhib-
iting the growth of osteosarcoma (OS) cells [151]. In 
addition, circCOL6A3_030_198aa and SEMA4B-211aa 
can affect the proliferation and metastasis of cancer cells 
[152, 153] (Fig. 6).

NcRNA‑encoded peptides regulate the tumor vasculature
Tumor growth and metastasis are intimately associ-
ated with the tumor vasculature [154]. The vasculature 
furnishes oxygen and nutrients to tumor cells, and the 
novel vasculature might offer pathways for tumor cells 
to metastasize [155]. The tumor vasculature system is 

primarily composed of blood vessels and lymphatic ves-
sels [126]. NcRNA-encoded peptides have been estab-
lished as regulators of the tumor vasculature.

One study revealed that CM-248aa levels are corre-
lated with lymphatic metastasis in GC patients, suggest-
ing a relationship between circRNA-encoded peptides 
and tumor lymphatics [102]. Another study revealed 
that the exosomal lncAKR1C2, which is highly expressed 
in GC cells, can be secreted into HLEC cells, where it 
encodes pep-AKR1C2 [156]. This peptide interacts with 
and inhibits the phosphorylation of YAP, promotes the 
expression of FAO and CPT1A, and potentially induces 
lymphangiogenesis through fatty acid metabolism [156].

In addition to the encouraging results observed in 
anticancer therapy with antiangiogenic drugs such as 
bevacizumab, the targeting of ncRNA-encoded peptides 
may also prove to be an effective method of inhibiting 
tumor angiogenesis [157]. A novel molecular target for 
antiangiogenic therapy in TNBC, XBP1SBM, is encoded 

Fig. 6 Different perspectives summarize ncRNA-encoded peptides associated with proliferation and metastasis. A NcRNA-encoded peptides 
regulate cancer cell proliferation and metastasis through multiple signaling pathways. B NcRNA-encoded peptides regulate cancer cell proliferation 
and metastasis by affecting specific proteins. C NcRNA-encoded peptides regulate cancer cell proliferation and metastasis through metabolic 
reprogramming. D NcRNA-encoded peptides in different organelles can influence cancer cell proliferation and metastasis. E NcRNA-encoded 
peptides regulate cancer cell proliferation and metastasis through other mechanisms
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by MLLT4-AS1. XBP1SBM has the capacity to inhibit 
the interaction of XBP1s and XBP1a while simultane-
ously upregulating VEGF, thereby promoting angiogen-
esis [158]. Conceivably, certain endogenously expressed 
ncRNA-encoded peptides may serve as novel antian-
giogenic drugs. ASRPS is a tumor suppressor gene in 
TNBC with low endogenous expression. ASRPS, which 
is encoded by LINC00908, inhibits the phosphorylation 
of STAT3 by interacting with the coiled-coil domain of 
STAT3 [159]. This process results in the downregulation 
of VEGF expression and the inhibition of angiogenesis 
[159]. CORO1C-47aa, encoded by circ-0000437 in endo-
metrial cancer (EC), is a secreted peptide that is local-
ized within the nucleus. CORO1C-47aa competitively 
interacts with ARNT and TACC3, leading to the down-
regulation of VEGF expression and the inhibition of angi-
ogenesis [160, 161].

NcRNA‑encoded peptides regulate stemness 
and malignant differentiation
The majority of studies indicate that ncRNA-encoded 
peptides play roles in the maintenance of stemness in 
cancer cells and in the malignant transformation of epi-
thelial cells. Researchers discovered that LINC00511-
133aa, which is encoded by LINC00511, plays a role in 
the nuclear translocation of β-catenin and the subse-
quent activation of the Wnt/β-catenin pathway, lead-
ing to an increase in the stemness of BC cells [162]. In 
NB, HNFF4A-AS1 encodes a peptide designated sPEP1 
that interacts with eEF1A1 and facilitates its binding to 
SMAD4 [163]. This complex ultimately contributes to 
the promotion of cancer cell stemness and invasion. In 
GBM, circ-E-Cad encodes a secreted peptide, C-E-Cad, 
which promotes glioma stem cell tumorigenicity through 
the activation of EGFR/STAT3 signaling [164]. A further 
study of GBM revealed that circ-SMO encodes a peptide, 
SMO-193a.a., which is localized in the cytoplasm and cell 
membrane. The interaction between SMO-193a.a.  and 
SMO activates the downstream Hedgehog signaling 
pathway, contributing to the self-renewal ability of cancer 
stem cells [165]. At present, only one circRNA-encod-
ing peptide that has the capacity to inhibit cancer cell 
stemness has been identified. KEAP1-259aa, encoded by 
circKEAP, is able to bind to the E3 ligase ARIH1, leading 
to the ubiquitination and degradation of vimentin and 
inhibition of stemness in OS cells [166].

The role of the ncRNA-encoded peptide-mediated 
malignant transformation of epithelial cells in tumor evo-
lution must be acknowledged. ATMLP is a peptide that 
is localized to mitochondria and is encoded by AFAP1-
AS [167]. In NSCLC, ATMLP binds to NIPSNAP1 and 
traps it in the inner mitochondrial membrane, thereby 
antagonizing NIPSNAP1-mediated autophagic lysosome 

formation and promoting the malignant transformation 
of epithelial cells [167]. In epithelial histiocytocarcinoma, 
pTINCR is a ubiquitin-like protein encoded by TINCR 
that is localized to the nucleus [168]. pTINCR interacts 
with SUMO to promote the SUMOylation of CDC42, 
which in turn promotes epithelial cell differentiation 
[168] (Fig. 7).

NcRNA‑encoded peptides regulate senescence
Two studies have shown that ncRNA-encoded peptides 
can induce the senescence of tumor cells. The lncRNA 
KIAA0495 is downregulated in a variety of cancers, and 
it can encode the peptide SP0495, which induces senes-
cence in cancer cells [169]. Mechanistically, SP0495 
functions as a lipid-binding protein that interacts with 
phosphoinositides, thereby inhibiting AKT phospho-
rylation and its downstream signaling pathways [169]. 
Additionally, SP0495 plays a role in regulating the sta-
bility of BECN1 and p62, which in turn induces cellular 
autophagy [169]. PINT87aa was initially identified in 
GBM, and subsequent investigations revealed that PIN-
T87aa expression was diminished in HCC. PINT87aa 
binds to the DNA-binding domain of FOXM1, blocking 
FOXM1-mediated PHB2 transcription, inducing cellular 
senescence and reducing mitochondrial autophagy [170].

NcRNA‑encoded peptides regulate ferroptosis
Ferroptosis is a form of programmed cell death that 
depends on iron [171, 172]. In ICC, circFOXP1-227aa, 
which is encoded by circFOXP1, interacts with OTUD4 
to promote the expression of the NCOA4 protein and 
induce ferroptosis [173]. The circPIAS1 gene encodes 
the oncogenic peptide circPIAS1-108aa. This peptide has 
been shown to bind to the SUMO E3 ligase Ranbp2 in the 
nucleus, thereby enhancing the SUMOylation of STAT1 
at Lys703 and Glu705. Consequently, STAT1 phospho-
rylation (Tyr701) is inhibited, the SLC7A11/GPX4 signal-
ing pathway is activated, and IFNγ-induced ferroptosis in 
melanoma cells is hindered [174] (Fig. 8).

NcRNA‑encoded peptides regulate chemoresistance, 
targeted drug resistance and radioresistance
Drug resistance and radioresistance are critical factors 
contributing to the failure of tumor treatment. Enhanc-
ing the sensitivity of tumors to chemotherapy, targeted 
therapy, and radiotherapy remains a critical scientific 
challenge that requires innovative solutions. NcRNA-
encoded peptides are expected to solve this problem 
from a completely new perspective.

Chemotherapy is one of the most widely used forms of 
tumor treatment. Several studies have reported the rela-
tionship between ncRNA-encoded peptides and chemo-
therapy. The LINC00954-ORF encoded by LINC00954 
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Fig. 7 The role of ncRNA-encoded peptides in vasculature, stemness and malignant differentiation. A NcRNA-encoded peptides regulate 
lymphangiogenesis and angiogenesis through various molecular mechanisms. B NcRNA-encoded peptides regulate stemness through various 
molecular mechanisms. C NcRNA-encoded peptides regulate malignant differentiation through various molecular mechanisms

Fig. 8 The role of ncRNA-encoded peptides in senescence and ferroptosis. A NcRNA-encoded peptides regulate senescence through various 
molecular mechanisms. B NcRNA-encoded peptides regulate ferroptosis through various molecular mechanisms
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increases pemetrexed resistance in A549 cells [175]. 
However, the molecular mechanism has not been eluci-
dated. NcRNA-encoded peptides can also influence the 
efficacy of platinum compounds. CircMAP3K4-455aa, 
encoded by circMAP3K4, interacts with AIF, thereby 
reducing the N-terminal cleavage and nuclear distribu-
tion of AIF and inhibiting the cisplatin-induced apoptosis 
of HCC cells [176]. Pep-AP, which is encoded by lnc-AP, 
binds to TALDO1 and downregulates TALDO1 expres-
sion. Mechanistically, pep-AP can attenuate the pentose 
phosphate pathway (PPP), decrease NADPH/NADP+ 
and GSH levels, and increase ROS levels, increas-
ing oxaliplatin sensitivity in CRC [177]. Furthermore, 
ncRNA-encoded peptides can influence the efficacy of 
two categories of chemotherapy agents: alkylating agents 
and antitumor antibiotics. In GBM, circSPECC1 encodes 
the SPECC1-415aa protein, which precludes the binding 
of ANAX2 to EGFR, inhibits EGFR/AKT signaling, and 
increases the sensitivity of GBM cells to temozolomide 
(TMZ) [178]. The circTRIM1-encoded TRIM1-269aa 
peptide interacts with MARCKS, resulting in the trans-
location of MARCKS from the cell membrane to the 
cytoplasm [179]. This process activates the PI3K/AKT/
mTOR pathway and induces DOX resistance in TNBC 
cells [179]. A common feature of these chemotherapeutic 
agents is that they can disrupt DNA structure; therefore, 
whether these ncRNA-encoding peptides can directly 
alter the spatial conformation of DNA remains to be 
determined.

Molecularly targeted agents are more selective and 
effective than traditional chemotherapeutics and cause 
less damage to normal cells. The objective of anti-PD-1 
therapy is to target PD-1 on the surface of T cells, thereby 
activating these cells to increase their ability to eliminate 
tumor cells. C-E-cad can impede the functionality of 
CD4+ and CD8+ T cells by recruiting myeloid-derived 
suppressor cells (MDSCs), particularly PMN-MDSCs. 
Based on this phenomenon, researchers have shown 
that combined therapy with anti-C-E-cad and anti-PD-1 
could increase anti-PD-1 antibody efficacy [180]. These 
findings suggest that treatments targeting ncRNA-
encoded peptides could help to enhance the effects of 
targeted drugs. The majority of studies on the effects of 
ncRNA-encoded peptides on targeted drug sensitivity 
have focused on EGFR-TKIs. Researchers have reported 
increased expression of RASON, which is encoded 
by LINC00673, in pancreatic ductal adenocarcinoma 
(PDAC). The direct binding of RASON to KRASG12D/V 
facilitates the maintenance of KRASG12D/V in a highly 
active GTP-bound state. The deprivation of RASON has 
been shown to sensitize KRAS-mutant pancreatic cancer 
cells and patient-derived organoids to EGFR-TKIs [181]. 
cIGF1R encodes the antitumor peptide C-IGF1R that 

interacts with VDAC1, resulting in reduced ubiquitina-
tion of VDAC1 and limiting mitosis in NSCLC cells in 
the EGFR-TKI drug-tolerant persister (DTP) state [182]. 
Sorafenib is a multikinase inhibitor. One study suggested 
that circZKSaa, which is encoded by circZKSCAN1, 
can form a trimeric complex with FBXW7 and mTOR 
[183]. This complex promotes the degradation of ubiq-
uitinated mTOR and increases sorafenib sensitivity in 
HCC [183]. Since some other ncRNA-encoded peptides 
(e.g., rtEGFR-83aa) can also directly or indirectly regulate 
the expression of these target proteins, further investiga-
tions of whether these ncRNA-encoded peptides can also 
affect the sensitivity of targeted drugs are worthwhile.

The effect of ncRNA-encoded peptides on the radio-
sensitivity of tumor cells was initially reported in GBM. 
The peptide PINT87aa encoded by circPINTexon2 is 
located in the nucleus, and PINT87aa increases the affin-
ity of PAF1 for the CPEB1 promoter by interacting with 
the 150–300 aa sequence of PAF1, thereby increasing the 
radiosensitivity of cancer cells [184]. The DNA damage 
response is associated with anticancer therapeutic bene-
fits. A study of BC indicated that PACMP, a novel peptide 
encoded by CTD-2256P15.2, may represent a promis-
ing target for anticancer therapy. The dual function of 
PACMP is to maintain the CtIP abundance and promote 
poly(ADP-ribosyl)ation. Targeting PACMP alone has 
been shown to inhibit tumor growth through a synthetic 
lethal interaction between CtIP and PARP inhibition and 
to confer sensitivity to PARP/ATR/CDK4/6 inhibitors, 
ionizing radiation, epirubicin, and camptothecin [185] 
(Fig. 9).

NcRNA‑encoded peptides regulate biological 
behaviors of cancer cells through PTMs
Researchers have generally accepted that ncRNA-
encoded peptides perform their biological functions by 
binding to a specific protein and affecting the expression 
or activity of that protein. This finding raises the question 
of how ncRNA-encoded peptides regulate the expres-
sion or activity of their interacting proteins. Posttransla-
tional modifications (PTMs) likely play a significant role 
in this process and warrant further investigation. Com-
pared with proteins, ncRNA-encoded peptides have a 
smaller three-dimensional structure, which is reflected 
in the fact that ncRNA-encoded peptides typically inter-
act with only certain amino acids or regions of a protein. 
This spatial conformational binding can expose or mask 
modification sites on the protein. Even if the ncRNA-
encoded peptide binds to the modifying enzyme, it may 
affect the interaction between the modifying enzyme 
and the substrate protein, thereby affecting the PTM. 
NcRNA-encoded peptides are attracting attention for 
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their ability to regulate the biological behavior of cancer 
through PTMs (Table 2).

NcRNA‑encoded peptides regulate phosphorylation
Protein phosphorylation is a process that is catalyzed by 
a protein kinase (PK) to transfer the phosphate group at 
the γ-site of ATP or GTP to the amino acid residues of a 
substrate protein [186, 187]. The reverse of this process is 
the removal of the corresponding phosphate group by a 
protein phosphatase [188, 189]. Protein phosphorylation 
is capable of influencing protein activity, protein subcel-
lular localization, and the activation of numerous signal-
ing pathways [190–193].

NcRNA-encoded peptides can interact with protein 
kinases or protein phosphatases to indirectly regulate 
protein phosphorylation in an enzyme-mediated man-
ner and affect the proliferation and metastasis of can-
cer cells. The peptide SMIM30 serves as an adapter for 
the membrane anchoring and activation status of SEC/
YES1 [104]. SRC/YES1 is a member of the nonrecep-
tor tyrosine kinase family [194, 195]. SMIM30 binds 

to the N-terminal membrane association domain of 
SRC/YES1, leading to increased phosphorylation at site 
P-416 and decreased expression at site P-527 of SRC/
YES1, thereby activating MAPK signaling and promot-
ing HCC cell growth and metastasis [104]. The peptide 
PDHK1-241aa can induce the phosphorylation of AKT 
at Thr308 to promote the proliferation and invasion of 
ccRCC cells. However, PDHK1-241aa does not directly 
bind to AKT. Instead, the H-ATPase domain of PDHK1-
241aa interacts with PPP1CA (serine/threonine protein 
phosphatase), facilitating the nuclear translocation of 
PPP1CA and inhibiting the dephosphorylation of AKT 
[113].

NcRNA-encoded peptides have the capacity to bind 
directly to protein phosphorylation sites, which can 
impede the attachment of the phosphate group to the 
protein. One study revealed that the 62–122 aa region of 
cGGNBP2-184aa is capable of interacting with the DNA-
binding domain of STAT3 to induce phosphorylation 
at the Tyr705 site of STAT3 and promote the prolifera-
tion and invasion of ICC cells [116]. The peptide ASRPS 

Fig. 9 The role of ncRNA-encoded peptides in therapeutic resistance and therapeutic sensitivity. A NcRNA-encoded peptides act as oncogenes 
that promote DOX, cisplatin, pemetrexed, PARP/ATR/CDK4/6 inhibitors, EGFR-TKI, IR, epirubicin and camptothecin resistance in cancer cells. B 
NcRNA-encoded peptides act as tumor suppressor genes that promote oxaliplatin, sorafenib, TMZ, EGFR-TKI and IR sensitivity in cancer cells
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inhibits angiogenesis by blocking the phosphorylation of 
STAT3 at Tyr705 [159]. On the one hand, ASRPS inhib-
its STAT3 phosphorylation by blocking the interaction 
between JAK2 (a typical kinase of STAT3) and STAT3 
[159]. On the other hand, ASRPS binds to the STAT3 
coiled-coil domain, a structural domain that is also the 
region where R116 (a STAT3 allosteric inhibitor) inter-
acts with STAT3, suggesting that ASRPS may directly 
mask the phosphorylation site of STAT3 [159].

Intriguingly, ncRNA-encoded peptides can regulate 
protein phosphorylation either through receptor–ligand 
binding or by influencing second messengers. The pep-
tide C-E-Cad is associated with the CR2 domain of EGFR 
via the specific 144-amino-acid carboxyl terminus, which 
activates EGFR independently of EGF and promotes 
EGFR phosphorylation. This process helps to increase the 
tumorigenicity of glioma stem cells [63]. SEMA4B-211aa, 
a cytoplasmic peptide, competitively interacts with p85 

Table 2 Effects of ncRNA-encoded peptides on PTMs and their functions

Cancer Peptide PTM of protein Site and influence Function Biological behavior References

HCC SMIM30 SRC/YES1 phosphoryla-
tion

Promotion at P-416 
Inhibition at P-527

Tumor promotor Proliferation and metas-
tasis

[104]

ccRCC PDHK1-241aa AKT phosphorylation Promotion at Thr-308 Tumor promotor Proliferation and metas-
tasis

[113]

ICC cGGNBP2-184aa STAT3 phosphorylation Promotion at Tyr-705 Tumor promotor Proliferation and metas-
tasis

[116]

BC ASRPS STAT3 phosphorylation Promotion Tumor suppressor Angiogenesis [159]

GBM C-E-Cad EGFR phosphorylation Promotion Tumor promotor Stemness [164]

BC SEMA4B-211aa AKT phosphorylation Inhibition at Thr-308 Tumor suppressor Proliferation and metas-
tasis

[153]

NB NBASP FABP5 ubiquitination Promotion Tumor suppressor Proliferation and metas-
tasis

[106]

BC EIF6-224aa MYH9 ubiquitination Inhibition Tumor suppressor Proliferation and metas-
tasis

[115]

BC PACMP CtIP K48-ubiquitination Inhibition Tumor promotor Chemoresistance, tar-
geted drug resistance 
and, radioresistance

[185]

CRC circINSIG1-121 INSIG1 K48-ubiquit-
ination

Promotion at K-156 
and K-158

Tumor promotor Proliferation and metas-
tasis

[136]

HCC circMRCKα-227aa HIF-1α ubiquitination Inhibition Tumor promotor Proliferation and metas-
tasis

[130]

ICC circFOXP1-231aa NCOA4 ubiquitination Inhibition Tumor suppressor Ferroptosis [173]

NSCLC C-IGF1R VADC ubiquitination Inhibition at K-110 Tumor suppressor Targeted drug resist-
ance

[182]

HCC circZKSaa mTOR ubiquitination Promotion at K-631 
and K-635

Tumor suppressor Targeted drug resist-
ance

[183]

GBM SHPRH-146aa SHPRH and PCNA ubiq-
uitination

Inhibition of SHPRH 
and promotion of PCNA

Tumor suppressor Proliferation [66]

BC CAPG-171aa MEKK2 ubiquitination Inhibition Tumor promotor Proliferation and metas-
tasis

[105]

NSCLC circβ-catenin-370aa β-catenin phosphoryla-
tion and ubiquitination

Inhibition Tumor promotor Proliferation and metas-
tasis

[114]

BC PACMP PARylation Promotion Tumor promotor Chemoresistance, tar-
geted drug resistance 
and, radioresistance

[185]

GBM SMO-193a.a SMO phosphorylation 
and cholesterol modi-
fication

Promotion Tumor promotor Malignant differentia-
tion

[165]

Melanoma circPIAS1-108aa STAT1 SUMOylation 
and phosphorylation

Promote SUMOylation 
at Lys-703 and Glu-705 
Inhibit phosphorylation 
at Tyr-701

Tumor promotor Ferroptosis [174]

Epithelial tumors pTINCR CDC42 SUMOylation Promotion Tumor promotor Malignant differentia-
tion

[168]
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to p110, reducing the generation of the second messen-
ger PIP3 and thereby suppressing the phosphorylation of 
AKT at Thr308 and the proliferation and metastasis of 
BC cells [153].

NcRNA‑encoded peptides regulate ubiquitination
The primary function of ubiquitination is to induce the 
degradation of substrate proteins by the 26S proteasome 
[196, 197]. The ubiquitin-activating enzyme E1, ubiq-
uitin-conjugating enzyme E2, ubiquitin-ligase E3 and 
deubiquitinating enzymes are involved in the process of 
protein ubiquitination [198–201]. In addition, according 
to the quantity of ubiquitin bound to the substrate, ubiq-
uitination can be divided into monoubiquitination and 
polyubiquitination, among which the polyubiquitination 
of K48-linked chains and K63-linked chains is of particu-
lar interest [202–204].

Recent research has indicated that ncRNA-encoded 
peptides may regulate tumor progression by modulating 
protein ubiquitination. The peptide NBASP can interact 
with FABP5, promoting its ubiquitination, thereby inhib-
iting the proliferation and metastasis of neuroblastoma 
(NB) cells [106]. Conversely, the peptide EIF6-224aa 
interacts with the regions 1–500 aa and 1461–1960 aa 
of MYH9, inhibiting the ubiquitination of MYH9 and 
thereby inhibiting the proliferation and metastasis of 
TNBC cells [115]. However, these two studies did not 
identify the relevant ubiquitination sites or modifying 
enzymes. Notably, a study revealed that SHPRH-146aa 
can safeguard SHPRH from degradation by the ubiqui-
tin–proteasome system. Consequently, stabilized SHPRH 
functions as an E3 ligase to promote the ubiquitination of 
PCNA, thereby inhibiting the proliferation and tumori-
genicity of GBM [66].

The majority of studies have shown that the ubiquit-
ination of ncRNA-encoded peptide regulatory proteins 
is achieved by E3 ligases or deubiquitinating enzymes 
(DUBs). The peptide PACMP can inhibit the K48 poly-
ubiquitination of CtIP by blocking the binding of CtIP to 
KLHL15 [185]. Mechanistically, KLHL15 is a substrate-
specific adapter for the CUL3 E3 ligase [205, 206]. The 
kelch domain of KLHL15 and the PACMP compete for 
binding to the C-terminal domain of CtIP, resulting in 
a reduction in CtIP ubiquitination. This process can 
cause cancer cells to become resistant to multiple treat-
ment modalities [185]. The peptide circINSIG1-121 
promotes the K48-linked ubiquitination of the key cho-
lesterol metabolism regulator INSIG1 at the K156 and 
K158 sites by recruiting the CUL5-ASB6 complex. This 
process contributes to the proliferation and metastasis 
of CRC cells [136]. The USP family of proteins is a com-
mon class of DUBs [207]. The 1–113 aa region of the 
peptide circMRCKα-227aa can interact with the 1–160 

aa region of USP22, which contains a zinc finger struc-
tural domain, to increase the protein level of USP22 and 
mediate the deubiquitination of HIF-1α. This process 
enhances glycolysis to promote HCC progression [130]. 
The peptide circFOXP1-231aa induces ferroptosis, and 
mechanistically, circFOXP1-231aa interacts with the 
1–976 aa region of OTUD4, resulting in the deubiquit-
ination of NCOA4 [173].

NcRNA-encoded peptides can directly bind to lysine 
residues on proteins, thereby influencing their ubiquit-
ination. A study revealed that the peptide C-IGF1R can 
interact with the 91–136 aa region of VADC. Moreover, 
K110 plays a pivotal role in the regulation of VADC1 
ubiquitination by C-IGF1R [182]. The interaction of 
C-IGF1R with VADC1 impedes the accessibility of this 
ubiquitination site, which in turn inhibits the ubiquitina-
tion of VADC. Additionally, C-IGF1R disrupts the inter-
action of VADC1 with Parkin, thereby preventing the 
Parkin-mediated ubiquitination of VADC1 and increas-
ing EGFR-TKIs sensitivity in NSCLC [182]. The peptide 
circZKSaa increases sorafenib sensitivity in HCC cells. 
Mechanistically, K631 and K635 of mTOR are key sites 
recognized by the E3 ligase FBXW7. circZKSaa can bind 
directly to the K631 and K635 sites of mTOR and amplify 
the FBXW7-mediated ubiquitination of mTOR [183].

NcRNA‑encoded peptides regulate 
phosphorylation‑mediated ubiquitination
Phosphorylation is a critical component of the ubiquit-
inated protein degradation signaling pathway [208, 209]. 
A considerable number of ubiquitinated substrate pro-
teins are initially subjected to phosphorylation before 
being recognized by the corresponding ubiquitin ligases, 
which then induce the degradation of the ubiquitinated 
protein [210, 211]. Currently, studies of ncRNA-encoded 
peptides that affect phosphorylation-mediated ubiquit-
ination are related mainly to cancer cell proliferation and 
metastasis. SMURF1 is a SMAD-specific E3 ligase that 
regulates the ubiquitination of MEKK2 [212]. The pep-
tide CAPG-171aa can inhibit MEKK2 ubiquitination by 
weakening the interaction between STK38 (a member 
of a subfamily of the AGC kinase family) and SMURF1, 
which promote proliferation and metastasis in BC [105]. 
Researchers have hypothesized that the stability of 
β-catenin depends on its phosphorylation status [213, 
214]. β-catenin phosphorylated by GSK-3β (a serine/
threonine kinase) can be ubiquitinated by β-TrCP and 
then degraded by the proteasome [215]. The interaction 
between circβ-catenin-370aa and GSK-3β inhibits the 
phosphorylation of β-catenin by GSK-3β, consequently 
reducing the ubiquitination and degradation of β-catenin. 
This process facilitates proliferation and metastasis of 
NSCLC cells [114].
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Phosphorylation-mediated ubiquitination is a complex 
process. For example, when cells are exposed to exter-
nal stimuli (e.g., radiotherapy, photodynamic therapy, 
thermotherapy, etc.), protein phosphorylation can occur, 
which in turn triggers ubiquitination modifications that 
lead to protein degradation or functional changes at spe-
cific times and in specific locations. Therefore, exploring 
the relationship between ncRNA-encoded peptides and 
phosphorylation-mediated ubiquitination may provide 
new insights to improve the efficacy of antitumor therapy.

NcRNA‑encoded peptides regulate other PTMs
Poly(ADP-ribosyl)ation (PARylation), the earliest PTM 
occurring during double-strand break (DSB) repair and 
lasting for only approximately 15 min, significantly con-
tributes to the repair of damaged DNA [216–218]. The 
peptide PACMP may regulate cancer progression and 
drug resistance by regulating the DNA damage response 
(DDR). As mentioned previously, PACMP can orches-
trate the ubiquitination of CtIP. Notably, PACMP can also 
directly bind DNA damage-induced poly(ADP-ribose) 
chains to facilitate PARP1-dependent PARylation follow-
ing DNA damage [185].

The SMO protein serves as a crucial signal transmitter 
within the Hedgehog signaling pathway [219, 220]. The 
peptide SMO-193a.a. is capable of binding directly to 
the N-terminus of SMO and increasing SMO phospho-
rylation and cholesterol modification through unknown 
mechanisms that are independent of GRK2 and CKIα 
[165]. This process can increase the stemness of GBM 
cells [165]. The peptide circPIAS1-108aa, which binds 
to the SUMO E3 ligase Ranbp2 in the nucleus, increases 
STAT1 SUMOylation (Lys703 and Glu705)) and thus 
blocks STAT1 phosphorylation (Tyr701) [174]. This pep-
tide can inhibit the ferroptosis of melanoma cells [174].

The peptide pTINCR is a ubiquitin-like protein, and the 
C-terminal part of pTINCR contains two well-conserved 
and overlapping SUMO-interacting motifs (SIMs). The 
binding of pTINCR and SUMO facilitates the interaction 
with CDC42 and increases the SUMOylation and activity 
of CDC42. This process promotes the malignant differen-
tiation of epithelial cells [168].

Notably, the types of PTMs are not limited to those 
mentioned above, and ncRNA-encoded peptides may 
regulate tumor progression through other types of PTMs 
that are yet to be discovered (Fig. 10).

Perspectives and conclusions
NcRNA-encoded peptides have garnered significant 
attention because of their observed biological functions 
in tumors. Notably, a minority of lncRNA-encoded pep-
tides exhibit opposing functions to those of their parental 
lncRNAs. A previous study revealed that AF127577.4 is 

associated with a higher GBM grade and shorter patient 
survival, whereas the peptide AF127577.4-ORF encoded 
by AF127577.4 is negatively correlated with the GBM 
grade [221]. Furthermore, AF127577.4-ORF has the 
capacity to form a complex with ERK2 and METTL3, 
thereby reducing the interaction between ERK2 and 
METTL3 and inhibiting the growth of GBM cells 
[221]. The peptide CIP2A-BP encoded by LINC00665 
is a potential tumor suppressor gene for BC [144], but 
another study showed that LINC00665 promotes BC pro-
gression via the miR-379-5p/LIN28B axis [222]. Impor-
tantly, identical peptides can exert contrasting effects 
across different tumor types. For example, CIP2A-BP 
functions as a tumor suppressor gene in TNBC but acts 
as an oncogene in HCC [144, 223]. Similarly, the 53-aa 
peptide encoded by HOXB-AS3 has opposite effects on 
CRC and ESCC [38, 224]. This phenomenon underscores 
the importance of precision medicine.

In recent years, the development of cancer vaccines 
based on ncRNA-encoded peptides has been impressive 
[225]. Peptides derived from noncanonical ORFs, par-
ticularly those of lncRNAs, are highly specific to hepa-
tocellular carcinoma (HCC) [226]. Some peptides are 
capable of participating in the process of tumorigenesis 
or of activating T-cell responses following vaccination or 
blockade by checkpoint inhibitors [226]. A study of CRC 
revealed that lncRNA PVT1-encoded peptides presented 
by HLA-1 molecules were recognized by patients’ CD8+ 
tumor-infiltrating lymphocytes and peripheral blood 
mononuclear cells, indicating immune surveillance in 
patients [227]. Another study used proteogenomics to 
identify lncRNA-encoded peptides that are presented 
by class I HLA from melanoma and EGFR-mutated lung 
adenocarcinomas [228]. Similarly, circRNA-derived pep-
tides have been identified in the immunopeptidome of 
melanoma and lung cancer samples [229]. The results 
of these studies collectively indicate that ncRNAs may 
encode peptides that bind to human leukocyte antigens 
(HLAs) and function as cryptic antigens, thereby stimu-
lating adaptive immunity [229]. A recent study identified 
a specific cryptic antigen. By employing HLA-1 immu-
noprecipitation and mass spectrometry, whole-exome 
sequencing, Ribo-seq, and RNA-seq, the researchers 
were able to ascertain that circFAM53B is capable of 
encoding circFAM53B-219, a peptide whose expression 
in BC and melanoma enhances adaptive immunity and 
improves the prognosis of patients with tumors [39, 230].

NcRNA-encoded peptides with anticancer effects 
may represent a novel modality for anticancer therapy 
[231, 232]. Given that ncRNA-encoded peptides that 
act as tumor suppressor genes are typically endogenous, 
this finding suggests a reduced risk of rejection and 
side effects, with the added benefit of high biosafety. 
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The administration of peptides (such as CIP2A-BP and 
MIAC) to animals has shown the potential for signifi-
cant inhibitory effects on cancerous tissue growth [120, 
144]. Direct incorporation of the anticancer peptide 
AC115619-22aa (500  mg/ml) into the culture medium 
inhibits the proliferation and invasion of hepatocellular 
carcinoma (HCC) cells. Furthermore, the administration 
of AC115619-22aa via a physical hydrogel is anticipated 
to represent an efficacious approach for the treatment 
of cancer with ncRNA-encoded peptides [149]. Fortu-
nately, the combination of targeted ncRNA-encoded 
peptides and targeted drugs has improved the efficacy 
of the latter. Notably, the combination of an anti-C-E-
cad antibody targeting the oncogene C-E-cad and an 

anti-PD-1 antibody has the potential to increase the effi-
cacy of the anti-PD-1 antibody [180]. The utilization of 
ASOs that are specifically designed to target and reduce 
the levels of circPIAS1 (which is equivalent to reducing 
circPIAS1-108aa levels) in conjunction with PD-1 inhibi-
tors significantly improves the efficacy of immunotherapy 
[174]. Combination therapy with cetuximab and RASON 
shRNA increases cetuximab sensitivity in KRAS-mutant 
PDAC cells [181]. However, the development and clini-
cal application of such peptides remain challenging and 
ongoing processes. A more detailed understanding of 
their toxicity and side effects is necessary (Fig. 11).

NcRNA-encoded peptides may serve as biomarkers for 
the early diagnosis and prognosis of tumors. For example, 

Fig. 10 NcRNA-encoded peptides regulate the biological behavior of cancer cells through PTMs. A NcRNA-encoded peptides can regulate 
protein phosphorylation by affecting protein kinases or protein phosphatases, binding to protein phosphorylation sites, affecting receptor-ligand 
binding, and affecting second messengers, which in turn modulates cancer cell proliferation, metastasis, angiogenesis, stemness, and ferroptosis. 
B NcRNA-encoded peptides can regulate protein ubiquitination by affecting E3 ligases or deubiquitinating enzymes and binding to protein 
ubiquitination sites, which in turn modulates cancer cell proliferation, metastasis, EGFR-TKI sensitivity, sorafenib sensitivity and ferroptosis. 
C NcRNA-encoded peptides can regulate cancer cell proliferation and metastasis by affecting phosphorylation-mediated ubiquitination. D 
NcRNA-encoded peptides can regulate cancer cell targeted drug resistance, radioresistance and chemoresistance by affecting PARylation. E 
NcRNA-encoded peptides can regulate cancer cell stemness by affecting phosphorylation and cholesterol modification. F NcRNA-encoded 
peptides can regulate protein SUMOylation by affecting SUMO E3 ligases and binding to SUMO protein, which in turn modulate cancer cell 
malignant differentiation and ferroptosis
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the peptide CRNDEP, which is encoded by the lncRNA 
CRNDE, is overexpressed in highly aggressive ovar-
ian cancers compared with benign tumors. CRNDEP is 
a negative, independent, prognostic, and predictive fac-
tor in patients with high-grade ovarian cancer (hgOvCa) 
[233, 234]. In addition, some ncRNA-encoded peptides 
(e.g., circCCDC7-180aa and C-HGF) can be detected 
in conditioned media [103, 147]. Although the relevant 
secretion mechanism remains unclear, these findings 
are encouraging and suggest that ncRNA-encoded pep-
tides in body fluids may be novel biomarkers. Indeed, 
a study established a computational–proteogenomic 
workflow and observed upregulated expression of five 
lncRNA-encoded polypeptides in COAD tissues [235]. 
Furthermore, COAD patients were classified by clinical 
stratification. Moreover, researchers have identified dis-
parities in the concentrations of these polypeptides in the 
plasma of prostate cancer patients, underscoring their 
potential as plasma biomarkers [235]. Another study 
employed an ELISA to detect markedly elevated levels 
of ATMLP in the serum of NSCLC patients compared 
with healthy individuals [167]. In the future, the devel-
opment of kits to monitor the levels of specific ncRNA-
encoded peptides in the body fluids of cancer patients 

will facilitate early diagnosis and prognostic judgments 
(Table 3).

Importantly, ncRNA-encoded peptides may result 
in false-positive or false-negative outcomes because 
of their low molecular weight, low abundance, and 
unstable half-life. Additionally, this review explores the 
impacts of ncRNA-encoded peptides on PTMs of inter-
acting proteins, a regulatory process that researchers 
now frequently investigate using AI-simulated molecu-
lar docking. However, the simulated peptide structures 
inevitably deviate from their real structures. In future 
studies, the use of cryo-electron microscopy, X-ray 
crystal diffraction, and nuclear magnetic resonance 
analyses to obtain detailed structural information on 
ncRNA-encoded peptides is crucial for research on 
ncRNA-encoded peptides [236, 237]. Importantly, the 
PTMs of ncRNA-encoded peptides are likely pivotal 
for their structural integrity and biological functions. 
In a previous study, the peptide LINC013026-68AA 
was identified as a factor that promotes the prolifera-
tion of HCC cells. LINC013026-68AA has five potential 
serine phosphorylation sites, two threonine phospho-
rylation sites, and one tyrosine phosphorylation site. 
The researchers observed two additional bands on 

Fig. 11 Potential applications of ncRNA-encoded peptides. The prospective role of ncRNA-encoded peptides in cancer clinical treatment: 
therapeutic targets, diagnostic and prognostic biomarkers, cancer vaccines, drug synergism, and anticancer therapy
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SDS‒PAGE gels after the cell lysates with proteins con-
taining phosphorylated tyrosine, serine, and threonine 
residues were dephosphorylated by lambda protein 
phosphatase (Lambda PP), which may indicate the 
possible phosphorylation of LINC013026-68AA [140]. 
Like proteins, ncRNA-encoded peptides may undergo 
extensive PTMs, which are crucial for maintaining the 
structural and biological functions of these peptides. 
However, this area remains largely unexplored. In the 
future, the development of ncRNA-encoded peptides 
as therapeutic agents for tumor treatment, along with 
engineering modifications such as glycosylation and 
lactylation of ncRNA-encoded peptides, may increase 
their stability and targeting capabilities, thereby 
improving both biosafety and efficacy.

In conclusion, this review systematically summarizes 
the latest research advancements regarding ncRNA-
encoded peptides in oncology. We present the impacts 
of ncRNA-encoded peptides on the biological functions 
of cancer cells and describe their molecular mecha-
nisms. Particular emphasis is placed on the effects of 
these peptides on PTMs and their promising appli-
cation prospects. These findings not only enrich our 
understanding of ncRNA-encoded peptides but also 
provide novel insights for the early diagnosis, precise 
treatment, and prognostic monitoring of cancer.
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