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Abstract

targets.

The human genome harbors approximately twenty thousand protein-coding genes, and a significant portion of
life science research focuses on elucidating their functions and the underlying mechanisms. Recent studies have
revealed that small open reading frame (sORF), originating from non-coding RNAs or the 5’ leader sequences

of messenger RNAs, can be translated into small peptides called microproteins through cap-dependent or cap-
independent mechanisms. These microproteins interact with diverse molecular partners to modulate gene
expression at multiple regulatory levels, thereby playing critical roles in various biological processes. Notably,
sORF-encoded microproteins exhibit aberrant expression patterns in cancer and are implicated in tumor initiation
and progression, expanding our understanding of cancer biology. In this review, we introduce the translational
mechanisms and identification methods of microproteins, summarize their dysregulation in cancer and their
biological functions in regulating gene expression, and emphasize their roles in driving hallmark events of cancer.
Furthermore, we discuss their clinical significance as diagnostic and prognostic biomarkers, as well as therapeutic

Introduction

The majority of human genome sequences can be tran-
scribed into RNA molecules. However, only approxi-
mately 3% of them are capable of encoding proteins,
indicating most transcripts belong to non-coding RNAs
(ncRNAs) [1]. Compelling evidence demonstrate that
ncRNAs function as dynamic regulators to play cru-
cial roles in different cellular processes, and their
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dysregulation is associated with disease pathogenesis
[2, 3]. With the advancement in bioinformatics analysis
and experimental technologies, an increasing number
of ncRNAs with small open reading frame (sORF) have
been discovered to encode small peptides called micro-
proteins, typically fewer than 100 amino acids [4]. Besides
ncRNAs, including long non-coding RNA (IncRNA) [5],
circular RNA (circRNA) [6] and primary microRNA (pri-
miRNA) [7], the 5’ leader sequences of messenger RNAs
(mRNAs) [8] have also been identified as the sources of
microprotein.

The sORF-encoded microproteins are conserved
among species and exhibit tissue- or development-spe-
cific expression patterns. Growing evidence indicate that
sORF-encoded microproteins play important biological
functions under physiological conditions, such as signal
transduction and intercellular communication during

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-025-02278-x&domain=pdf&date_stamp=2025-3-31

Zhang et al. Molecular Cancer (2025) 24:105

embryonic development [9, 10], regulation of autoim-
mune responses and control of muscle performance
[11, 12]. Notably, aberrant expression of sORF-encoded
microproteins has been observed in human diseases,
such as cardiovascular diseases, muscular dystrophy
and cancer [13-18]. In cancer progression, dysregulated
microproteins may play oncogenic or tumor suppressive
roles, highlighting their potential to serve as diagnostic
and prognostic biomarkers and promising therapeutic
targets for cancer management [19, 20].

In this review, we briefly introduce the translational
mechanisms and identification methods of sORE-
encoded microproteins, summarize how microproteins
are dysregulated in cancer and regulate gene expression,
emphasize their biological functions during tumorigen-
esis, and finally highlight their clinical significance.

Translational mechanisms of sORF-encoded
microprotein

Cap-dependent translation

Eukaryotic mRNAs are linear RNA molecules usually
with a 7-methylguanosine (m7G) cap at the 5’ end and a
poly(A) tail at the 3’ end. Typically, mRNAs are translated
into proteins in a cap-dependent fashion. In this pro-
cess, the small ribosomal subunit (40 S) first associates
with the eIlF4F complex, which includes the translation
initiation factor eIF4E, to recognize the 5’ cap, followed
by ribosome scanning along the mRNA to locate the first
start codon AUG [21, 22]. Upon recognizing the start
codon, the 40 S subunit recruits the large ribosomal sub-
unit (60 S) to form the 80 S translating ribosome for poly-
peptide synthesis [23].

Most IncRNAs have a 5’ cap structure and a 3’ poly(A)
tail, referred to as ‘mRNA-like’ ncRNA [24-26], indicat-
ing that the sSORF-encoded microproteins from IncRNA
are translated in the cap-dependent manner (Fig. 1A).
Employing the RiboTaper algorithm [27], it was found
that although 96% of these mRNA-like ncRNAs can
interact with the translational machinery, about 1% have
the potential to produce proteins [24].

Leaky scanning serves as an alternative translation
mechanism similar to the traditional cap-dependent
translation. In leaky scanning, the 40S ribosomal sub-
unit recognize the start codon of upstream open reading
frame (UORF) located within the 5-untranslated region
(UTR) of mRNA in a cap-dependent manner, where it
recruits the 60 S ribosomal subunit and translation initia-
tion factors to trigger the translation of the uORF into a
microprotein (Fig. 1B) [28]. Alternatively, the 40 S sub-
unit can bypass upstream start codons and continue to
scan downstream until it reaches the main ORF (mORF),
resulting in the initiation of mORF translation [29, 30].

The proteins from these two translation modes may
have distinct localizations. For example, the mORF of
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SLC35A4 mRNA encodes a 324-amino-acid protein
localized to the Golgi apparatus, while the uORF of the
same mRNA is translated into a 103-amino-acid micro-
protein localized to the mitochondrial inner membrane,
known as SLC35A4-MP [31, 32]. Typically, the transla-
tion of uORF can be initiated by either AUG or non-AUG
codons. For example, Na et al. showed that the transla-
tion of uORF within LAMA3 mRNA begins at non-AUG
codon AGG, producing the alt-LAMA3 protein [33].

IRES-dependent translation

Due to the lack of 5" cap structure and 3’ poly(A) tail,
circRNAs and certain IncRNAs are translated through
a cap-independent mechanism. Internal ribosome entry
sites (IRESs), typically located upstream of their cor-
responding OREF, are highly structured cis-acting RNA
elements that enable the recruitment of ribosomes to
or near start codon, thereby facilitating protein transla-
tion through a cap-independent pathway [34]. Increas-
ing studies have reported that circRNAs and certain
IncRNAs are translated via IRES-dependent translation
(Fig. 1C). For example, Xiao’s group reported that circP-
DHK1 had an ORF with an AUG start codon and an IRES
sequence with ~150 nucleotides in length, and experi-
mentally validated that circPDHK1 promoted tumor
growth and metastasis in clear cell renal cell carcinoma
(ccRCC) through encoding a functional peptide termed
PDHK1-241aa [35]. Yu et al. proved that DNA damage
facilitated the association of ribosome with the IRES
region of IncRNA CTBP1-DT, thus enabling the transla-
tion into the novel DDUP protein with 186 amino acid
residues [36]. Noteworthy, the activities of IRESs often
require assistance from other factors known as IRES-
transacting factors (ITAFs). In melanoma cells, hetero-
geneous nuclear ribonucleoprotein A1 (hnRNP-A1) has
been reported to promote the IRES-dependent transla-
tion of the IncRNA meloe to produce the microprotein
MELOE-1, a melanoma-specific neoantigen [37].

m®A-dependent translation

N6-methyladenosine (m®A) is a type of RNA modifica-
tion in which the N6 position of adenosine (A) within
RNA molecules is methylated [38, 39]. m®A modification
is dynamically regulated by methyltransferases called
writers and demethylases termed as erasers, and this
modification plays important roles in protein transla-
tion of sORF (Fig. 1D). For example, Zheng et al. found
that overexpression of methyltransferases METTL14
and METTLI16 significantly increased the m°®A levels of
circMIB2 and promoted the expression of its encoded
microprotein MIB2-134aa [40]. In contrast, knockdown
of the demethylase ALKBH5 dramatically increased
LINC00278 mP°A level and LINC00278-encoded
21-amino-acid microprotein [41].
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Fig. 1 Translational mechanisms of microproteins. (A) Some IncRNAs with a 5’ cap structure and a 3’ polyA tail are translated into microproteins in a cap-
dependent manner; (B) The 5'UTR of mRNAs is translated by leaky scanning; (C) IRES-mediated transaltion; (D) m®A modification-mediated transaltion

m®A modification may be specifically recognized and
bound by certain RNA-binding proteins called readers,
such as IGF2BP1 and YTHDF1/2/3, to recruit transla-
tion machinery to facilitate the translation of sORFs [16,
42-44]. For example, Zeng et al. reported that YTHDEF3
bound to the m®A sites of circ-YAP and recruited eIF4G2
translation initiation complex, thus facilitating ribo-
some assembly to produce the protein YAP-220aa [44].
Besides, YTHDF?2 is reported to recognize the m°A mod-
ification of circMET and regulate the expression of circ-
MET-encoded microprotein [16].

Interestingly, the IncRNA HNF4A-AS1 produces a
small 51-amino acid peptide (sPEP1) using a mechanism

different from either IRES- or m®A-mediated transla-
tion. Song et al. revealed that miR-409-5p interacted
with HNF4A-AS1 to facilitate sPEP1 translation through
recruiting the translation initiation factor elF3G [45].
However, it remains unclear whether it operates with the
cap-dependent translation.

Identification methods of sORF-encoded
microproteins

Bioinformatics tools for microprotein prediction
Bioinformatics tools are commonly employed to predict
microproteins by analyzing genomic or transcriptomic
data from databases. These tools identify microproteins
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either by analyzing ORF or by coordinating analysis of  supervised machine learning software called CPAT (Cod-
m®A modifications or IRES elements with the presence of  ing-Potential Assessment Tool), which utilizes a logistic
OREF (Fig. 2A). regression model based on four sequence features: ORF

Currently, most tools predict ORFs by sequence align-  length, ORF coverage, Fickett score and hexamer usage
ments or alignment-free methods, as exemplified by bias, thus enabling accurate identification of coding and
OREF-FINDER, OrfPredictor, CPAT and GeneMarkS- noncoding transcripts from a pool of candidates [51].
T (Table 1). Among them, ORF-FINDER is the earliest Unlike CPAT, Borodovsky’s team developed an unsu-
developed tool for ORF searching in cDNA by sequence  pervised machine learning tool, GeneMarkS-T, which
alignments [46]. Subsequently, Min et al. developed makes manually curated preparation of training sets
OrfPredictor to predict protein-coding regions in EST-  unnecessary and is robust with respect to the presence
derived sequences. OrfPredictor utilizes BLASTX to  of transcripts assembly errors [48]. Besides, SORF Finder
guide the identification of coding regions with a hit and and MiPepid are specifically designed to predict sORF
predicts coding region ab initio for sequences without (smaller than 300 base pairs). sORF Finder evaluates
a hit [47]. With the advent of next-generation sequenc- sORF coding potential based on the nucleotide composi-
ing, the prediction of ORF in bulk transcriptomic data tion bias between coding and non-coding sequences [52],
requires faster and more accurate analytical tools, boost- ~ while MiPepid, a machine-learning tool, demonstrates
ing the development of machine learning-based ORF  superior performance in evaluating the coding poten-
prediction techniques. Notably, Wang et al. introduced a  tial of the test set, achieving an overall accuracy of 0.96,
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Table 1 Tools for prediction of ORF, IRES and m®A sites
name advantage disadvantage website ref.
ORF Finder simple and user-friendly, suitable for beginners. ack advanced analysis tools. https://www.ncbi.nlm.nih.gov/  [46]
orffinder/
ORF Predictor  provide detailed ORF information. limited ability to predict non-standard https://fungalgenome.concordi  [47]
start codons. a.ca/tools/OrfPredictor.html
GeneMarkS-T  specialize for transcriptome-based ORF prediction  require high-quality RNA-seq dataand  http://topaz.gatech.edu/GeneM  [48]
in eukaryotes and prokaryotes. less accurate for low-expression genes.  ark/license_download.cgi
PhyloCSF base on evolutionary conservation, suitable for high computational resource require- http://compbio.mit.edu/Phyl [49]
cross-species ORF prediction. ments and less effective for non-con- oCSF/
served regions.
PhyloCSF++  improve version of PhyloCSF with better perfor- require significant computational https://github.com/cpockrandt/  [50]
mance and support large-scale data analysis. resources. PhyloCSFpp
CPAT fast and accurate for coding potential assessment.  primarily suitable for known transcripts ~ http://lilab.research.ocm.edu/cp  [51]
and less accurate for novel transcripts. at/index.php
SORF Finder  specialize for SORF prediction in multiple species.  require high-quality input data. http://evolver.psc.riken.jp/ [52]
MiPepid provide functional annotations. limit scope, mainly for microbes and less  https://github.com/MindAl/M [53]
effective for eukaryotes. iPepid
uPEPperoni specialize for uUORF prediction. limited ability to predict downstream http://upep-scmb.biosci.ug.e [54]
ORFs. du.au.
IRESite provide a comprehensive IRES database. without prediction function. http://www.iresite.org/ [55]
IRESfinder specialize for IRES prediction in multiple species. high computational resource https://github.com/xiaofengson  [56]
requirements. g/IRESfinder
VIPS integrate multiple prediction tools. less effective for complex genomes. http://140.135.61.250/vips/ [57]
IRESPred high accuracy for IRES prediction using machine require large training datasets. http://bioinfo.net.in/IRESPred/ [58]
learning and support multiple species.
SRAMP specialize for RNA modification site prediction and  mainly suitable for known modification  http://www.cuilab.cn/sramp/ [59]
support multiple modification types. types.
M6AMRFS high accuracy for m®A modification prediction high computational complexity. http://server.malab.cn/M6AM [60]
using multi-feature fusion. RFS/
MethyRNA provide comprehensive predictions for RNA limited ability to predict complex http:/lin.uestcedu.cn/server/ [61]
methylation sites and their potential biological modifications. methyrna
functions.
M6APred-EL  superior performance for m°A prediction using require significant computational http://server.malab.cn/M6APr [62]

ensemble learning and support multiple species.

resources and less accurate for low-
expression transcripts.

ed-EL/

compared to sORF Finder that attains an overall accuracy
of 0.87 [53].

As mentioned above, IRES sites located upstream of the
OREF in IncRNA and circRNA could recruit ribosomes to
initiate the translation of downstream ORF. IRESite, IRE-
SPred and IRESfinder are currently the most commonly
used tools for IRES prediction. IRESite provides a col-
lection of experimentally validated IRES sequences and
related information, allowing users to query whether the
RNA sequence of interest contains known IRES elements
[55]. However, it cannot predict novel IRES elements for
the subjected sequences. IRESPred predicts IRES ele-
ments via machine learning model, which was built based
on sequence and secondary structure characteristics of
UTRs and the probabilities of interactions between UTRs
and small subunit ribosomal proteins [58]. However, IRE-
SPred has some limitations, such as the use of unvali-
dated non-IRES sequences as negative samples, a small
training dataset, and the inability to handle large-scale
data. Subsequently, Song’s team developed IRESfinder,

which leverages 19 carefully selected k-mer features to
construct a logistic regression model, achieving 80%
precision and 73% accuracy in independent testing [56].
IRESfinder is also employed in CircBank database for
IRES prediction within circRNA [63].

Various m°A site prediction tools have been reported,
including SRAMP [59], MethyRNA [61], M6AMRES
[60] and M6APred-EL [62]. These tools primarily predict
mPA sites based on RNA sequence features (i.e., nucleo-
tide patterns, m°A consensus motifs), RNA secondary
structures and translation-related signals. These tools
have been widely applied to the studies of micropro-
tein-encoding transcripts. For instance, Duan et al. used
SRAMP to show that circMAP3K4 has a high potential
for m®A modifications, which may be involved in circ-
MAP3K4 translation [43].

Despite the development of these bioinformatics tools
for microprotein prediction, the results may include
false positives. To address this challenge, techniques
such as ribosome profiling sequencing (Ribo-Seq), which
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provides direct evidence of translation activity, and mass
spectrometry (MS), which directly proves the presence of
microproteins, can be combined with bioinformatics pre-
dictions to improve the accuracy and reliability of micro-
protein identification.

Ribo-Seq

Ribo-Seq is a high-throughput sequencing-based tech-
nology to study global translation activity within cells
[64]. The experimental workflow includes cell lysis to
release ribosomes and their bound mRNAs, followed by
nuclease digestion of free mRNAs unprotected by ribo-
somes. Ribosomes and their protected mRNA fragments
are then isolated using ultracentrifugation or affinity
purification. The ribosome-protected fragments, typically
28-32 nucleotides in length, are extracted to construct a
c¢DNA sequencing library for high-throughput sequenc-
ing. Subsequent data analysis involves mapping the short
fragments to the reference genome to identify translation
initiation and termination sites, translation efficiency and
potential coding regions. This technique is widely used in
exploring the translational potential of sORFs (Fig. 2B)
[65].

Table 2 Tools for ORF prediction in ribo-seq data
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To analyze Ribo-Seq results, various software tools
have been developed to explore the translational poten-
tial of ORFs (Table 2). RiboTaper, RibORF and RiboCode
detect actively translated regions by utilizing the trip-
let periodicity of ribosome-protected fragments (RPFs)
[27, 67, 69]. These tools have proven instrumental in
microprotein research. For example, van Heesch et al.
employed bioinformatics tools including RiboTaper to
identify 1,090 microproteins encoded by IncRNAs and
circRNAs in human heart [80], while Jackson et al. used
RibORF and RiboCode to identify 224 microproteins in
mouse bone marrow-derived macrophages [81]. How-
ever, the output of these methods could be affected by
low-quality or low-coverage data. To address these issues,
the computational method called PRICE was developed,
which employs the Expectation-Maximization (EM)
algorithm to model experimental noise and accurately
infer codon activity probabilities [70]. Additionally, tools
like RiboToolkit and GWIPS-Viz enable online analysis of
Ribo-Seq data [77, 78].

MS-based approaches
MS-based proteomics can provide direct and robust
evidence to identify sORF-encoded microproteins by

name advantage disadvantage website ref.
RiboTaper high accuracy in detecting translated ORFs. require high-quality ribosome profiling https://ohlerlab.mdc-berlin.de/softwa
data. re/RiboTaper_126 [27]
Ribotricer specialize for identifying novel ORFs. limit to specific organisms or datasets.  https://github.com/smithlabcode/rib
otricer/releases/tag/v1.3.3 [66]
RiboCode support multiple species and provide compre-  require extensive computational https://github.com/xryanglab/Ribo
hensive ORF annotation. resources. Code [67]
SPECtre focuse on detecting sORFs with high sensitivity. produce false positives without proper https://github.com/mills-lab/spectre
filtering. [68]
RiboORF suitable for eukaryotic genomes. require high-quality data and less ef-  https://github.com/zhejilab/RiboORF
fective for prokaryotic genomes. [69]
PRICE high precision in identifying coding sequences  require advanced bioinformatic skills.  https://github.com/erhard-lab/price
in ribosome profiling data. [70]
ORF-RATER quantify translation efficiency and compatible ~ computationally demanding. https://github.com/alexfields/ORF-R
with multiple ribosome profiling tools. ATER [71]
Ribo-TISH detect translation initiation sites (TIS) with high  require high-depth ribosome profiling  https://github.com/zhpn1024/ribo
accuracy. data. tish [72]
Ribowave analyze ribosome profiling data by wavelet require expertise in data analysis. https://ribowave.ncrnalab.org/
transforms with high resolution. [73]
RiboHMM use hidden Markov models for ORF detection ~ may not perform well on novel or https://github.com/djf604/RiboHMM
and robust for noisy data. poorly annotated genomes. [74]
ORFquant detect and quantifies the translation of ORFs require high-quality ribosome profiling  https://github.com/Icalviell/ORFquan
across different transcript isoforms. data. t/releases/tag/1.02 [75]
RP-BP focuse on ribosome-protected fragment analy-  require advanced bioinformatic skills.  https://github.com/dieterich-lab/r
sis with high specificity. p-bp [76]
RiboToolkit comprehensive for ribosome profiling analysis  low-quality data affects analysis ac- http://rnainformatics.org.cn/RiboTool
and user-friendly. curacy or leads to failure. kit/analysis.php [77]
GWIPS-Viz provide visualization of ribosome profiling data  require pre-processed data for analysis. https://gwips.ucc.ie/cgi-bin/hgGat
and integrates with public datasets. eway [78]
smORFer specialize for sSORF detection with high may require additional validation for https://github.com/AlexanderBarthol
sensitivity. novel predictions. omaeus/smORFer [79]
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detecting specific peptide fragments of microproteins
[82]. The workflow for MS-based identification of SORF-
encoded microproteins includes microprotein enrich-
ment, MS sample preparation, MS data acquisition and
raw data analysis (Fig. 2C).

Due to the low abundance of microproteins, different
methods are developed to enrich microproteins from
complex biological samples. Based on the properties of
microproteins (e.g., size, hydrophobicity and charge),
diverse enrichment methods can be employed, such
as gel separation, molecular weight cutoff filters (10 or
30 kDa), precipitation with organic solvents (e.g., aceto-
nitrile, methanol acetic acid), C8 solid-phase extraction
(C8-SPE), and size-exclusion chromatography (SEC)
[83—-85]. The differences in enrichment methods leads to
biases in microprotein identification. For instance, Zhang
et al. found that C8-SPE and molecular weight cutoff
methods had only a 7.58% overlap in identified micro-
proteins, but combination of both methods successfully
identified 762 novel microproteins across multiple tissues
and cell lines [86]. Moreover, fractionation can effectively
reduce sample complexity and improve microprotein
identification [85, 87]. For example, Yang et al. used
the SEC fractionation to enrich mouse microproteins,
achieving a 1.4-fold increase in microproteins compared
to unfractionated method [85].

Because of their small molecular weight, microproteins
could be subjected to MS without enzymatic digestion
into peptides. For example, Wang et al. identified 241
microproteins from Hep3B cells using undigested protein
samples [88]. Despite this, enzymatic digestion is usu-
ally employed for the identification of microproteins. For
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enzymatic digestion, trypsin is commonly used to cleave
peptide chains at the carboxyl side of lysine (K) and argi-
nine (R) residues. However, microproteins may have
few arginine and lysine residues, resulting in compro-
mised sequence coverage detected by MS. Therefore, a
multi-enzyme digestion strategy combining trypsin with
other proteases, such as Glu-C, Lys-C or Asp-N, can be
employed. Kaulich et al. demonstrated that digestion of
multiple proteases in LC-MS/MS analysis improved the
sequence coverage and the number of identified peptides
for microproteins [89].

Data-Dependent Acquisition (DDA) is a commonly
used MS data acquisition mode that selects precursor
ions for data collection based on signal intensity, which
has successfully identified thousands of microproteins
in different species [86, 87, 90]. However, DDA tends to
favor the detection of precursor ions with strong signals,
often overlooking low-abundance molecules. Another
acquisition mode, Data-Independent Acquisition (DIA),
fragments ions across all mass ranges, capturing of
both low- and high-abundance molecules and thereby
enhancing its suitability for microprotein detection. For
example, Martinez et al. successfully identified 85 micro-
proteins in mouse adipocytes using DIA [91]. Because
the spectra generated by DIA are complex to analyze
[92], directDIA was thus developed to simplify the work-
flow and improve sensitivity and accuracy [93].

Currently, some publicly available databases have been
developed for the analysis of MS raw data to identify
microproteins, such as SmProt [94], sORFs.org [95] and
OpenProt [96] (Table 3). Data in sORFs.org are derived
from ribosome profiling, while SmProt and OpenProt

Table 3 Biological functions of INcRNA-encoded microproteins in cancer

database resource features website ref.
SmProt Human, - include 638,958 unique small proteins from 370 cell lines or tissues in 8 species.  http://bigdata.ibp.ac.cn/SmPr  [94]
other - offer comprehensive annotations of small proteins identified through ribosome  ot/index.html
species profiling, literature, mass spectrometry, and other sources
sORFs.org Human - include 263 354 sORFs from HCT116 (human), E14_mESC (mouse) and S2 (fruit  http://www.sorfs.org [95]
and other fly).
species - investigate the potential of SORFs identified by ribosome profiling.
OpenProt Human - include all known proteins (RefProts), newly predicted isoforms (Isoforms), and  https://www.openprot.org/ [96]
and other novel proteins derived from alternative ORFs (AltProts), providing comprehensive
species support for the annotation of thousands of predicted ORFs.
- retrieve supporting evidence for all proteins from MS, ribosome profiling, pro-
tein conservation, functional domain prediction and related proteins.
NCPbook Human -include 180,676 noncanonical peptides from 29 species of plants, animals,and  https://ncp.wiki/ncpbook/ [97]
and other microbes.
species
FuncPEP Human -include 152 functional short peptides translated from non-coding RNA, high- https://bioinformatics.mdan [98]
v2.0 and other lighting their roles in immune regulation and tumorigenesis. derson.org/Supplements/Fu
species ncPEP/
LncPepAtlas  Human - integrate multi-source evidence to annotate and explore the translational http://www.cnitbiotool.net/Ln  [99]
potential of INcRNA and their encoded peptides. cPepAtlas/
TransCirc Human - an interactive database integrating multi-omics evidence to predict and ana- https://www.biosino.org/tra
lyze the translational potential of circRNA and their encoded peptides. nscirc/ [100]
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integrate additional data sources like genomic and MS
data. These databases provide detailed microprotein
information, such as their sequences, genomic loca-
tions and start codons. Notably, SmProt and sORFs.
org include both AUG and non-AUG initiated micro-
proteins, while OpenProt only has AUG-initiated ones.
Given the overlap between these databases is relatively
low [88], combination of multiple databases may improve
the identification of microproteins.

In MS data analysis, some spectra may fail to match
peptides in the database. For unmatched spectra, de
novo sequencing can be employed to identify micropro-
teins [101], as exemplified by the pNovo software, which
conducted de novo peptide sequencing and mapped
1,682 peptides to 2,544 sORFs randomly distributed
across human chromosomes [88]. In addition, Pan et
al. combined database-dependent analysis with de novo
sequencing to successfully identify 1074 microproteins in
mouse tissues [102].

Experimental validation of microproteins

Microproteins predicted or detected as above are sub-
sequently validated using two experimental strategies:
exogenous expression and endogenous detection. For
exogenous expression, sORF is fused with fluorescent
protein (e.g., GFP, mCherry) or epitope tag (e.g., FLAG,
HA, Myc) to construct its expression plasmid, which is
then introduced into cells to express the microprotein of
interest [5, 103]. Specifically, epitope tag or fluorescent
protein lacking start codon is cloned into the C-terminus
of target sORE, and antibodies against the fluorescent
protein or epitope tag are then used to detect the expres-
sion of microprotein by immunoblotting and immunoflu-
orescence. For instance, Zhang et al. demonstrated that
four IncRNA with sORF may encode microproteins by
ectopic expression of microproteins with FLAG and GFP
tags [85].

The endogenous microproteins can be detected
through the specific antibodies developed against these
microproteins. For instance, Li et al. validated the expres-
sion of microprotein MIAC using customized monoclo-
nal antibodies [104]. However, due to the small molecular
weight and low antigenicity of certain microproteins, it
is challenging to develop specific and effective antibod-
ies. In this case, CRISPR/Cas9-mediated gene editing can
be employed to insert fluorescent or epitope tags into the
target DNA sequence, enabling the detection of micro-
protein expression and localization by the corresponding
tag antibodies. For example, Na et al. generated Cas9-
directed knock-in HEK293T cell lines with a 3xGFP11-
FLAG-HA tag appended to the 3’ end of corresponding
ORF and validated the endogenous expression and sub-
cellular localization of tagged microprotein, shedding
light on their potential biological functions [33].
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Dysregulation of sORF-encoded microproteins in
cancer

Accumulating evidence has demonstrated that the
expression of SORF-encoded microproteins is widely dys-
regulated in a variety of malignancies. These alternations
are often associated with disruptions in the regulatory
mechanisms governing RNA abundance, translation effi-
ciency, or protein stability, as outlined in Tables 4 and 5.

Dysregulation of specific transcription factors can lead
to abnormal expression of microprotein-coding tran-
scripts. For example, the transcription factor GATA3 has
been shown to suppress the transcription of LINC00887
by binding to two responsive elements within its pro-
moter. In ccRCC, reduced GATA3 expression results in
the upregulation of LINC00887 and its encoded micro-
protein, ACLY-BP [106]. Conversely, in hepatocellular
carcinoma (HCC), the TGF-B-activated transcription fac-
tor SMAD3 promoted the transcription of LINC02551,
leading to a marked upregulation of its encoded micro-
protein, JunBP [122].

Unlike linear RNAs, circRNAs are generated by the
back-splicing of primary transcripts, a process regulated
by cis-acting elements (e.g., Alu repeats) in the flank-
ing introns and diverse tramns-acting factors. Dysregula-
tion of these factors probably contributes to the aberrant
biogenesis of circRNAs encoding microproteins. For
instance, the DExH-box helicase 9 (DHX9) specifically
binds to Alu repeats, thereby inhibiting circularization
by disrupting the pairing of these repeats [184]. In intra-
hepatic cholangiocarcinoma (ICC), DHX9 expression
is decreased upon IL-6 stimulation, leading to elevated
levels of the circRNA ¢cGGNBP2 and its encoded micro-
protein, cGGNBP2-184aa [154]. In addition to helicase
like DHXO9, splicing factors also exert indispensable roles
in governing circRNA biogenesis. Song et al. demon-
strated the splicing factor SLU7, which was significantly
downregulated in triple-negative breast cancer (TNBC),
bound to Alu elements within primary transcripts of
circCAPG to inhibit its circularization, ultimately result-
ing in reduced expression of its encoded microprotein,
CAPG-171aa [151]. However, how these trans-acting fac-
tors selectively regulate the biogenesis of certain micro-
protein-coding circRNAs remains poorly understood and
warrant further investigation.

Cellular RNAs undergo extensive structural and chemi-
cal modifications, many of which are essential for their
biogenesis and function regulation. Consequently, dys-
regulation of RNA modifications in cancer leads to
aberrant expression of transcripts encoding micropro-
teins. METTL14 plays a pivotal role in rewiring RNA
behavior by introducing m®A modifications on target
transcripts. In HCC, METTL14-mediated m®A modi-
fication on circSTX6 is found to suppress its expres-
sion, leading to the significant downregulation of the
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Table 4 Representative databases for microprotein research

microprotein IncRNA size cancer expre- biological function ref.
(aa) types ssion?
AC115619- AC115619 22 HCC l impair m°A methyltransferase complex assembly by interacting with WTAP. [105]
22aa
ACLY-BP LINC00887 91 ccRCC 1 promote lipid metabolism and cancer cell proliferation by maintaining ACLY ~ [106]
acetylation.
AF127577 4- AF1275774 29  GBM | reduce METTL3 stability by disrupting METTL3-ERK2 interaction. [107]
ORF
APPLE ASHTL-AS1 90 AML 1 enhance mRNA circularization and elF4F initiation complex. [108]
ASAP LINC00467 94 CRC ) regulate ATP synthase activity. [109]
ASRPS LINC00908 60  TNBC | suppress tumor progression by reducing VEGF levels. [110]
ATMLP AFAP1-AS1 90  NSCLC 1 disrupt mitochondrial homeostasis and suppress autophagosome formation.  [111]
BVES-AS1- BVES-AST 55 CRC 1 promote cell viability, migration and invasion via activating SRC/mTOR signal-  [112]
201-50aa ing pathway.
C200rf204- LINC00176 189 HCC 1 promote cell proliferation by interacting with nucleolin. [113]
189AA
CASIMO1 CASIMO1 83 TNBC 1 promote cell proliferation by modulating lipid droplet formation. [114]
CIP2A-BP LINCO0665 52 TNBC l suppress the PI3K/AKT/NFkB pathway. [115]
DDUP CTBP1-DT 186 OC | promote cisplatin resistance. [36]
ENSEP3 NEAT1 9 ESCC | suppress cancer growth by reducing RAFHSP90B complex stability. [116]
FORCP LINC00675 79 CRC | induce apoptosis upon ER stress. [17]
HCP5-132aa HCP5 132 TNBC 1t inhibit ferroptosis pathways by regulating GPX4 expression and lipid ROS [118]
levels.
HCP5-132aa HCP5 132 GC 1 inhibit ferroptosis via increasing SLC7AT1 and G6PD mRNA stability. [119]
HDSP HOXA10-HOXA9 112 GC 1 drive gastric cancer progression through the MECOM-SPINK1-EGFR signaling  [120]
axis.
HOXB-AS3 HOXB-AS3 53 CRC | suppress glucose metabolism reprogramming. [121]
JunBP LINC02551 174 HCC ) promote cancer metastasis by increasing c-Jun phosphorylation and SMAD3  [122]
expression.
KRASIM NCBP2-AS2 99 HCC | inhibit oncogenic signaling via decreasing KRAS protein level. [123]
LINC0O0511- LINCO0511 133 TNBC 1t promote cell invasion and stemness through the Wnt/3-catenin pathway. [124]
133aa
LINCO0665_ LINC00665 18 0S | inhibit cell proliferation and migration via the regulation of CREB1/RPS6KA3 [125]
18aa interaction.
Linc013026- Linc013026 68 HCC 1 promote cell proliferation. [126]
68AA
MBOP LINC01234 85  CRC ) activate MEK1/ERK/MMP2/MMP9 pathway. [127]
MIAC RP11-469H8.6 51 HNSCC | inhibit SEPT2/ITGB4 signaling. [104]
MIAC RP11-469H8.6 51 CcRCC | inhibit cell growth and metastasis via reducing EREG/EGFR expression. [128]
MRP LncRNA LY6E-DT 153  BC ) stabilize EGFR mRNA via interacting with HNRNPC. [129]
NBASP FAM201A 155 NB l inhibite FABP5-mediated MAPK pathway activation. [130]
NOBODY LINC01420 71 - - regulate P-body quantity and mRNA decay. [131,
132]
N1DARP LINC00261 41 Pancre- 1 promote N1ICD degradation. [133]
atic
cancer
PACMP CTD-2256P152 44 TNBC | maintain CtIP protein stability and promote PARP1-dependent poly(ADP- [134]
ribosylation.
pep-AKR1C2 INcAKR1C2 163 GC 1 promote FAO and ATP production. [135]
pep-AP Lnc-AP 37 CRC | enhance oxaliplatin sensitivity by inducing ROS accumulation and apoptosis.  [136]
Pep-KDM4A- LncRNA 61 ESCC | regulate fatty acid metabolism and redox processes. [137]
AST KDM4A-AS1
PRDM16-DT LINC00982 148  CRC | inhibit CRC metastasis and oxaliplatin resistance by regulating CHEK2 splicing. [138]
pTINCR TINCR 87  Various | increase CDC42 SUMOylation and trigger a pro-differentiation cascade. [139]
cancers
RBRP LINC00266-1 71 CRC ) stabilize MYC mRNA by binding to m°A reader protein IGF2BP1. [140]

SMIM26 LINC00493 26 ccRCC | regulate mitochondrial function and inhibit AKT signaling. [141]
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Table 4 (continued)
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microprotein IncRNA size cancer expre- biological function ref.
(aa) types ssion?
SMIM30 LINC00998 59  HCC ) induce SRC/YEST membrane anchoring and MAPK pathway activation. [5]
SP0495 KIAA0495-ORF2 201  Various | bind to phosphoinositide to inhibit AKT phosphorylation and its downstream  [142]
cancers signaling.

SPEP1 HNF4A-AS1 51 NB inhibit SMAD4 transcription via interaction with eEFTAT. [45]

SRSP INcRNA 130 CRC promote oncogenic L-Sp4 expression while suppressing non-oncogenic [143]
LOC90024 S-Sp4 level.

TINCR TINCR 120 HNSCC | suppress tumorigenesis. [144]

TP53LCO2 AC010501.1 109 - 1 inhibit cell proliferation. [145]

XBP1SBM INcRNA 21 TNBC 1 activate VEGF transcription. [146]
MLLT4-AS1

YY1BM LINC00278 21 ESCC | enhance eEF2 activity and induce apoptosis. [41]

- LINC02381 23 GBM - regulate ferroptosis by SLC2A10. [147]

a Symbols: 1, upregulation; |, downregulation

circSTX6-encoded microprotein, circSTX6-144aa. This
observation is further supported by the negative corre-
lation between METTL14 expression and the levels of
circSTX6 and circSTX6-144aa in HCC tissues [167]. In
contrast, in breast cancer (BC), METTL14 is shown to
upregulate the expression of IncRNA LY6E-DT and its
encoded microprotein MRP. Notably, the knockdown
of IGF2BP1, a well-characterized m°A “reader” protein,
reversed METTL14-induced upregulation of LY6E-DT,
suggesting that METTL14-mediated m®A modifications
promote LY6E-DT expression in an IGF2BP1-dependent
manner [129]. These findings highlight the dual roles of
METTLI14 in regulating target RNA abundance, likely
mediated by the recruitment of distinct m®A reader pro-
teins to the modified transcripts. Furthermore, it would
be of interest to investigate how other types of modifica-
tions contribute to the regulation of microprotein-coding
RNAs.

During translation, eukaryotic initiation factor 3 (eIF3),
a multiprotein complex composed of 13 distinct subunits
(eIF3a-m), plays a critical role in both cap-dependent and
cap-independent translation initiation. Notably, eIF3] has
been shown to exert an inhibitory effect on the transla-
tion of a subset of circRNAs by impeding the binding of
elF3a and elF3b to these circRNAs [185]. However, in
HER2-positive BC, the transcriptional repression of eIF3]
by NRF2 results in the enhanced translation of circ-p-
TrCP peptide that confers trastuzumab resistance [183].

Certain E3 ubiquitin ligases facilitate the transfer
of ubiquitin from ubiquitin carrier proteins to target
microproteins, thereby promoting their degradation
and reducing their abundance. For example, the micro-
protein circMAP3K4-455aa, encoded by circMAP3K4,
is highly expressed in HCC. Its stability is regulated by
the E3 ubiquitin ligase MIB1, which shortens its half-life
through ubiquitination [43].

Biological function of sORF-encoded microproteins
in cancer

Regulating gene transcription

Emerging studies have shown that certain SORF-encoded
microproteins can regulate gene expression through
directly interacting with transcription factors or their
associated binding partners (Fig. 3A). For example,
Xiang et al. reported that the microprotein PINT87aa,
encoded by LINC-PINT, bound to the DNA-binding
domain of the transcription factor FOXM1, effectively
inhibiting its transcription activity in HCC cells [177].
Similarly, the microprotein CORO1C-47aa, encoded by
hsa_circ_0000437, is shown to interact directly with the
PAS-B domain of ARNT to prevent ARNT from binding
to the transcription factor TACC3, ultimately suppress-
ing VEGF transcription in endometrium tumor [171].

Regulating RNA splicing

During cancer-associated transcriptome reprogramming,
sORF-encoded microproteins have been shown to pre-
cisely regulate alternative splicing by interacting with key
splicing factors, including members of the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, and the ser-
ine/arginine-rich splicing factor (SRSF) family (Fig. 3B).
For instance, the microprotein PRDM16-DT, encoded
by LINCO00982, competitively interacts with hnRNP
A2B1 to prevent the binding of hnRNP A2B1 to exon 9
of CHEK?2 transcript, leading to the formation of the long
isoform (L-CHEK2) while simultaneously suppressing
the production of the short CHEK2 variant [138]. Simi-
larly, another study demonstrated that the microprotein
SRSP, encoded by LOC90024, enhanced the binding of
SRSF3 to exon 3 of the Sp4 transcript. This enhanced
interaction facilitates the selective inclusion of exon 3 to
produce the oncogenic long isoform L-Sp4 protein while
inhibiting the expression of the non-oncogenic short
isoform S-Sp4 [143]. These findings highlight the ability
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Table 5 Biological functions of circRNA-encoded microproteins in cancer

microprotein circRNA size cancer expre- biological function ref.
(aa) type  ssion?
463aa circHECTD1 463  GBM l suppress the vasculogenic mimicry formation by promoting ubiquiti-  [148]
nation and degradation of NR2F1.
AKT3-174aa CircAKT3 174 GBM | reduce AKT phosphorylation. [149]
AXIN1-295aa CircAXINT1 295  GC ) promote Wnt pathway via interfering 3-catenin degradation. [150]
CAPG-171aa circCAPG 171 TNBC 1 activate MEKK2-MEK1/2-ERK1/2 pathway. [151]
c-E-Cad circ-E-Cad 254 GC 1 activate TGF-3/Smad/PI3K/AKT pathway. [152]
c-E-Cad circ-E-Cad 254  GBM 1 activate EGFR-STAT3 pathway. [153]
cGGNBP2-184aa cGGNBP2 184 ICC 1 promote IL-6/STAT3 pathway. [154]
c-IGF1R cIGF1R 66  NSCLC | inhibit Parkin-mediated mitochondrial autophagy and promote drug-  [155]
tolerant persister cell apoptosis
CircATG4B-222aa CircATG4B 222 CRC | promote oxaliplatin resistance by promoting autophagy. [156]
circCCDC7-180aa circCCDC7 180 PC l reduce cell migration, invasion, and viability by up-regulating FLRT3. [157]
(15,16,17,18,19)
circDDX17-63aa circDDX17 63 GC | suppress cell proliferation and migration. [158]
circFNDC3B-218aa circFNDC3B 218  CRC | suppress EMT by inhibiting Snail expression. [159]
circFOXP1-231aa circFOXP1 231 ICC | promote ferroptosis and suppress ICC recurrence. [160]
circINSIGT-121 circINSIG1 121 CRC 1 promote the ubiquitin-dependent degradation of INSIGT1. [1e1l
circLgr4-peptide circLgr4 - CRC ) promote Wnt/B-catenin signaling pathway. [162]
circMAP3K4-455aa circMAP3K4 455  HCC 1 prevent apoptosis via inhibiting AIF cleavage and nuclear distribution.  [43]
circMRCKa-227aa circMRCKa 227 HCC T promote glycolysis. [163]
circMRPS35-168aa circMRPS35 168 HCC 1 enhance cisplatin resistance by inhibiting the cisplatin-induced [164]
caspase-3 cleavage.
circPPP1R12A-73aa circPPP1R12A 73 CRC 1 activate Hippo-YAP pathway. [165]
circSRCAP-75aa circSRCAP 75 PC | stabilize AR-V7 and driving enzalutamide resistance. [166]
CircSTX6-144aa circSTX6 144 HCC 1 promote tumor growth and metastasis. [167]
circUBE4B-173aa circUBE4B 173 ESCC T activate MAPK/ERK pathway. [168]
circZKSaa CircZKSCAN1 206 HCC l promote mTOR degradation and enhance sensitivity to sorafenib [169]
treatment
circB-catenin-370aa  circB-catenin 370  NSCLC 1 stabilize 3-catenin and activate the Wnt pathway [170]
CORO1C-47aa hsa_circ_0000437 47 EC 1 reduce VEGF expression and angiogenesis. 71
EIF6-224aa circ-EIF6 224 TNBC 1 Stabilize MYH9 and activate Wnt/B-catenin pathway. [172]
FBXW?7-185aa circ-FBXW7 185 GBM | promote c-Myc degradation. [173]
HEATR5B-881aa circHEATR5B 881 GBM | suppress aerobic glycolysis by degrading JMJD5. [174]
MAPK1-109aa circMAPK1 109 GC 1 inhibit MAPK pathway. [175]
MET404 CirctMET 404 GBM 1 interact with the MET- subunit to activate MET receptor. [1el
PDE5A-500aa CircPDESA 500 ESCC | reduce PI3K/AKT pathway via promoting PIK3IP1 degradation. [176]
PDHK1-241aa circPDHK1 241 ccRCC 1 Interact with PPP1CA to inhibit AKT dephosphorylation. [35]
PINT87aa circ LINC-PINT 87  GBM | interact with PAF1c to inhibit transcriptional elongation of multiple (6]
oncogenes.
PINT87aa circ LINC-PINT 87  HCC l induce senescence and cell cycle arrest by inhibiting PHB2 [177]
transcription.
SHPRH-146aa circ-SHPRH 146 GBM | inhibit proliferating cell nuclear antigen activity. [178]
SHPRH-146aa circ-SHPRH 146 NB | promote P21 to inhibit CDKs. [179]
SMO-193aa circ-SMO 193  GBM 1 enhance SMO cholesterol modification and relieve its inhibition by [180]
patched transmembrane receptors.
SP3-461aa circSP3 461 ccRCC 1 stabilize MYH9 and activate PI3K-Akt pathway [181]
TRIM1-269aa CircTRIM1 269 BC 1 activate CaM-dependent MARCKS translocation and PI3K/AKT/mTOR  [182]
pathway.
B-TrCP-343aa circ-B-TrCP 343 BC 1 promote NRF2-mediated antioxidant pathway. [183]

a Symbols: 1, upregulation; |, downregulation
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Fig. 3 Examples of the biological functions of microproteins. (A) Microproteins bind to transcription factors to regulate gene transcription; (B) Micropro-
teins interact with splicing factors to regulate RNA splicing; (C) Microproteins interact with RNA-binding proteins to regulate the stability of target MRNAs;
(D) Microproteins recruit translational factors to regulate protein translation; (E) Microproteins influence the stability of target proteins

of microproteins to modulate splicing patterns, thereby
contributing to cancer progression.

Regulating mRNA stability

Certain RBPs, such as IGF2BP1 and HNRNPC, can spe-
cifically bind to the 3’-untranslated regions (3’-UTRs)
of target mRNAs to regulate RNA stability [186-188].
Emerging evidence indicates that certain sORFs-encoded
microproteins interact with these RBPs to influence the
stability and fate of target mRNAs (Fig. 3C). For example,
the microprotein RBRP, encoded by LINC00266-1, binds
to IGF2BP1 and enhances its ability to recognize m°®A
modifications on ¢-Myc mRNA, leading to the increased
stability and translation efficiency of c-Myc mRNA dur-
ing tumorigenesis [140]. Similarly, the microprotein
MRP, derived from the IncRNA LY6E-DT, interacts
with HNRNPC to strengthen the binding of HNRNPC

to epidermal growth factor receptor (EGFR) mRNA,
enhancing the stability of EGFR mRNA and the expres-
sion of EGFR protein in BC [129].

Regulating protein translation

sORF-encoded microproteins can function as scaffold
to modulate the assembly and function of translation-
related complexes, therefore controlling specific trans-
lational programs in cancer (Fig. 3D). For example, the
microprotein APPLE, encoded by IncRNA ASH1L-ASI,
facilitates the interaction between PABPCI1 (poly(A)-
binding protein cytoplasmic 1) and eIF4G (eukaryotic
initiation factor 4G), consequently promoting mRNA
circularization and the assembly of the eIF4F initiation
complex to support a specific pro-cancer translation pro-
gram [108].
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Regulating post-translational modification
Post-translational modifications (PTMs), including
ubiquitination and phosphorylation, are critical regula-
tory mechanisms that govern protein abundance and
function. The ubiquitination modification is a dynamic
process governed by the bidirectional regulation of E3
ubiquitin ligases and deubiquitinases (e.g., USPs). sORF-
encoded microproteins have been shown to interact with
these enzymes, either facilitating or impeding their ability
to recognize and modify specific substrates. For instance,
the microprotein circZKSaa, derived from the circZK-
SCAN1, interacts with the E3 ubiquitin ligase FBXW7
to promote the ubiquitination and subsequent degra-
dation of mTOR, thereby suppressing mTOR signaling
[169]. In contrast, the microprotein N1DARP (Notchl
degradation-associated regulatory protein), encoded by
LINCO00261, disrupts the interaction between Notchl
intracellular domain (N1ICD) and the ubiquitin-specific
peptidase 10 (USP10), leading to the polyubiquitination
of N1ICD via K11 and K48 linkages and the inhibition of
both canonical and non-canonical Notch1 signaling path-
ways [133]. Additionally, microproteins also regulate pro-
tein stability through phosphorylation modification. For
example, the microprotein HEATR5B-881aa, encoded
by circHEATR5B, directly interacts with the Jumonji
C domain-containing protein (JMJD5) and reduces its
stability by promoting phosphorylation at the S361 site
[174]. However, the precise molecular mechanisms
underlying this process remain to be fully elucidated.
Given the importance of other PTMs, such as acetyla-
tion and methylation, in modulating protein stability and
function, it would be interesting to explore whether and
how microproteins influence protein homeostasis by reg-
ulating these modifications.

The roles of sORF-encoded microproteins in cancer
Emerging evidence has highlighted the oncogenic or
tumor-suppressive roles of SORF-encoded microproteins
in the onset and progression of various cancers. These
microproteins contribute to cancer biology through
distinct mechanisms, including: (i) the modulation of
proliferative signaling pathways, (ii) the evasion of pro-
grammed cell death, (iii) the regulation of angiogenesis,
(iv) the control of metastatic potential, and (v) the repro-
gramming of cellular metabolism.

Modulating proliferative signaling

c-Myc is a well-known oncogenic transcription factor
that potently initiates and sustains tumor growth pro-
grams. Its expression is frequently upregulated in cancer.
Recent studies reveal the involvement of sORF-encoded
microproteins in regulating c-Myc abundance, thereby
maintaining proliferative signaling for cancer growth. For
instance, the tumor-associated peptide RBRP, encoded
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by LINC00266-1, interacts to IGFBP1 to enhance the
interaction between IGFBP1 and c-Myc mRNA, increas-
ing mRNA stability and driving colorectal cancer (CRC)
progression [140]. Conversely, FBXW7-185aa, a micro-
protein encoded by the circular isoform of the E3 ligase
FBXW7a transcript, shortens the half-life of c-Myc
protein by accelerating FBXW7a-mediated c-Myc deg-
radation [173]. Furthermore, a recent study identified a
secretory 114-amino-acid microprotein, MPEP, encoded
by an ORF within 5-UTR of MYC mRNA. MPEP func-
tions as an agonistic ligand for the TRKB receptor tyro-
sine kinase to promote glioblastoma stem cell growth
independently of MYC protein function [189]. These
findings provide novel insights into biological signifi-
cance of noncanonical ORFs and their encoded micro-
proteins in cancer progression.

The MAPK/ERK signaling pathway, a critical pro-
proliferative cascade frequently dysregulated in various
cancers, can be modulated by multiple microproteins.
In esophageal squamous cell carcinoma (ESCC), the
microprotein circUBE4B-173aa has been identified as a
direct interactor of MAPK1, enhancing its phosphoryla-
tion and thereby promoting the MAPK/ERK-mediated
cell proliferation [168]. In addition, the MAPK gene
encodes a microprotein, MAPK1-109aa, which is derived
from its circular transcript of MAPKI. In gastric cancer
(GC), MAPK1-109aa exerts a tumor suppressive effect
by competitively binding to MEK1, the upstream kinase
of MAPKI1. This interaction inhibits the activation of
MAPK1 and its downstream pro-proliferative signals
[175].

Resisting cell death
Programmed cell death is an essential process for organ-
isms to maintain internal homeostasis, whereas cancer
cells have evolved diverse mechanisms to evade cell death
programs including apoptosis and ferroptosis. A growing
body of evidence highlights the important roles of can-
cer-associated microproteins in cell death (Fig. 4).
Apoptosis is a highly controlled process of cell death to
eliminate damaged or abnormal cells in a caspase-depen-
dent or caspase-independent ways. The expression of
caspases, key executioners of apoptosis, can be regulated
by specific microproteins. For example, the microprotein
YY1BM, encoded by m®A-modified IncRNA LINC00278,
has been shown to inhibit apoptosis in ESCC cells by
downregulating caspase-3 expression. Mechanistically,
YY1BM hinders the interaction between the transcrip-
tion factor Yin Yang 1 (YY1) and the androgen receptor
(AR), thereby suppressing the transcription of eukary-
otic elongation factor 2 kinase (eEF2K). The downregu-
lation of eEF2K relieves its inhibitory phosphorylation
of eukaryotic elongation factor 2 (eEF2), ultimately pro-
moting the translation and expression of caspase-3 in
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ESCC cells [41]. In caspase-independent apoptosis,
apoptosis-inducing factor (AIF), a mitochondrial pro-
tein, undergoes N-terminal cleavage to form a soluble
fragment upon apoptotic stimuli. Then the soluble AIF
translocates to the nucleus to induce cell death [190].
Notably, the microprotein circMAP3K4-455aa, encoded
by m®A-modified circMAP3K4 and upregulated in HCC,
has been demonstrated to confer resistance to cisplatin-
induced apoptosis by directly interacting with AIF to
prevent its N-terminal cleavage and subsequent nuclear
translocation, implicating microproteins in cisplatin
resistance [43].

Mitophagy is a selective form of autophagy that
removes damaged mitochondria to prevent mitochon-
drial outer membrane permeabilization. Wang et al.
revealed that C-IGF1R, a microprotein encoded by cir-
cRNA cIGF1R, suppressed mitophagy by interacting with
mitochondrial membrane protein VDAC1 to inhibit its
ubiquitination, thus promoting apoptosis in EGFR-TKIs-
resistant non-small cell lung cancer (NSCLC) cells [155].
Hence, these findings indicate that microproteins act as a

molecular switch to regulate the transition from a drug-
tolerant persister state to the apoptotic process.

Distinct from apoptosis, ferroptosis is an iron-depen-
dent cell death process characterized by uncontrolled
lipid peroxidation. Nuclear receptor coactivator 4
(NCOA4) is a selective cargo receptor mediating the
autophagic degradation of ferritin, a process essential for
iron homeostasis. Recently, Wang et al. revealed that the
microprotein circFOXP1-231aa promoted ferroptosis
in ICC cells by interacting with deubiquitinating prote-
ase OTUD4 to enhance the stability and expression of
NCOA4 [160]. On the contrary, the transcription fac-
tor NRF2 acts as a protective regulator against ferropto-
sis by targeting components of the ferroptosis cascades.
Employing machine learning, Jiang et al. predicted that
microprotein encoded by LINC02381 modulated ferrop-
tosis in glioblastoma through regulating NRF2 signaling
pathway [147], providing a new strategy for experimen-
tal design to validate microprotein functions. However,
the broader implications of microproteins in other forms
of cell death, such as necrosis and pyroptosis, remains
poorly understood.
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Regulating angiogenesis

The rapid growth of tumors requires a heavy supply of
both oxygen and nutrients, which necessitates the forma-
tion of new blood vessels from pre-existing vasculatures
via angiogenesis, a process predominately regulated by
growth factors including members of VEGF family [191].
Studies have shown the regulation of VEGF expression by
microproteins. For example, the microprotein XBP1SBM,
encoded by the IncRNA MLLT4-AS1, promotes VEGF
transcription by enhancing the nuclear localization of
transcription factor XBP1s, thereby driving angiogenesis
in TNBC [146]. Conversely, other microproteins, such as
ASRPS peptide encoded by LINC00908 and CORO1C-
47aa encoded by hsa_circ_0000437, act as negative regu-
lators of VEGF transcription. Specifically, ASRPS directly
binds to the coiled-coil domain (CCD) of STAT3 and
downregulates STAT3 phosphorylation and subsequent
VEGF transcription [110]. Similarly, CORO1C-47aa
competitively binds to ARNT and prevents its interaction
with the transcription factor TACC3, thereby inhibiting
TACC3-mediated VEGF activation [171]. Collectively,
these findings underscore the diverse and context-depen-
dent roles of microproteins in the regulation of tumor
angiogenesis.

Regulating metastasis
The TGF-B/Smad signaling pathway is widely charac-
terized as a pivotal pro-metastatic signaling cascade,
primarily through enhancing epithelial-mesenchymal
transition (EMT), a critical early step enabling primary
tumors to gain invasive and metastatic capabilities.
Recent studies reveal the roles of TGF-f/Smad-regulated
microproteins in EMT and tumor metastasis. In GC,
activation of the TGF-B/Smad pathway upregulates the
expression of the circular RNA transcript of E-cadherin
(circ-E-Cad) and its encoded microprotein C-E-Cad
[152]. Elevated levels of C-E-Cad subsequently enhance
the expression of transcription factors Snail and Slug,
leading to the downregulation of E-cadherin and the
upregulation of N-cadherin and vimentin, thereby driv-
ing EMT and promoting tumor metastasis (Fig. 5, Left).
Conversely, TGF-B/SMAD signaling has been reported
to downregulate the expression of LINC00665-encoded
microprotein CIP2A-BP in TNBC metastasis. CIP2A-BP
directly binds with CIP2A to replace PP2A’s B56y sub-
unit, thus releasing PP2A activity, which inhibits PI3K/
AKT/NFkB pathway, resulting in decreased levels of
MMP-2, MMP-9, and Snail and impairment of EMT pro-
cess. Clinically, downregulation of CIP2A-BP in TNBC
patients is associated with metastasis and poor survival
in TNBC patients [115].

The Wnt/p-catenin signaling represents another criti-
cal pathway to drive tumor metastasis. The stability of
cytoplasmic [B-catenin is tightly controlled by the APC/
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AXIN/GSK-3B complex and serves as a critical regu-
latory switch in Wnt activation. Within this context,
microproteins derived from components of this pathway
have emerged as key regulators of Wnt-mediated metas-
tasis. The microprotein AXIN1-295aa, encoded by a cir-
cular transcript of AXINI, is highly expressed in GC and
promotes Wnt/B-catenin signaling and metastasis [150].
Mechanistically, AXIN1-295aa competitively interacts
with APC to inhibit GSK3p-mediated degradation of
B-catenin, allowing cytoplasmic [B-catenin to accumu-
late and translocate into the nucleus, where it drives the
transcriptional activation of genes associated with GC
metastasis (Fig. 5, Middle). Similarly, the microprotein
circp-catenin-370aa, encoded by circular -catenin, pro-
motes Wnt/B-catenin signaling by competitively binding
to GSK3p and protected -catenin from GSK3p-induced
degradation [170]. Additionally, the abundance of GSK3p
itself can be regulated by microproteins. In TNBC,
the microprotein EIF6-224aa interacts with MYH9 to
prevent its degradation. This stabilization enhances
MYH9-mediated destruction of GSK3p via the ubiquitin-
proteasome pathway, thereby amplifying B-catenin sig-
naling and facilitating TNBC metastasis [172].

The pro-inflammatory cytokine IL-6 initiates a signal-
ing cascade by binds to its cognate receptor (IL-6R) to
activate JAK kinase, thereby leading to the phosphory-
lation and nuclear translocation of STAT3 [192]. In
ICC, IL-6 has been shown to upregulate the circRNA
GGNBP2 and its encoded microprotein, cGGNBP2-
184aa [154]. This microprotein directly interacts with
STATS3 to facilitate STAT3™"7% phosphorylation. Thus,
IL-6/cGGNBP2-184aa/STAT3 forms a positive feedback
loop to sustain constitutive activation of IL-6/STATS3 sig-
naling and promote ICC metastasis (Fig. 5, Right), under-
scoring the complexity of cancer metastatic networks.

Reprogramming cellular metabolisms

Metabolic reprogramming represents a hallmark of can-
cer, characterized by the dynamic adjustments of meta-
bolic pathways for nutrients (e.g., glucose, fatty acid) in
cancer cells to meet their demands for rapid proliferation,
enhanced survival and invasive capabilities [193]. Several
sORF-encoded microproteins have been identified as
effective regulators of cancer metabolic reprogramming
(Fig. 6).

The “Warburg effect” is a defined feature of metabolic
reprogramming in cancer, characterized by the prefer-
ential reliance of cancer cells on glycolysis for energy
production, even in the presence of sufficient oxygen
[194]. Glycolysis, a multi-step enzymatic process involv-
ing the breakdown of glucose, is catalyzed by a series of
enzymes, such as hexokinase 2 (HK2), phosphoglycer-
ate kinase 1 (PGK1), pyruvate kinase M (PKM) and lac-
tate dehydrogenase A (LDHA). The abundance of these
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enzymes can be regulated by microproteins through both
transcriptional and post-transcriptional mechanisms. For
example, Fang et al. revealed that the transcription fac-
tor Myeloid Zinc Finger 1 (MZF1) promoted the tran-
scription of HK2 and PGKI, thereby promoting aerobic
glycolysis in neuroblastoma, whereas a 21-amino acid
microprotein derived from the 5-UTR of MZFI mRNA
(termed MZF1-uPEP) functioned as a negative regula-
tor of the MZF1/HK2/PGK1 signaling axis. Specifically,
MZF1-uPEP interacts with YY1 to inhibit its transacti-
vation activity, leading to the downregulation of MZF1
and its downstream glycolytic targets [195]. LDHA
catalyzes the conversion of pyruvate to lactate and is
frequently upregulated in various cancers. In glioblas-
toma, the microprotein P4-135aa, encoded by the pseu-
dogene MAPK6P4, promotes the translocation of KLF15

into nucleus, where KLF15 directly binds to the pro-
moter region of LDHA and enhanced its transcription
[196]. Similarly, the microprotein circMRCKa-227aa,
encoded by circMRCKa, enhances LDHA transcription
and glycolysis in HCC. Mechanistically, circMRCKa-
227aa enhances USP22-mediated deubiquitinating and
upregulation of HIF-1a, driving HIF-1a-induced LDHA
transcription [163]. Alternative splicing of PKM pre-
mRNA determines cellular metabolic phenotypes. The
inclusion of exon9 generates the PKM1 isoform, which
favors oxidative phosphorylation, while the exclusion of
exon 9, mediated by the splicing factor hnRNP Al, pro-
duce the PKM2 isoform, which promotes aerobic gly-
colysis. In CRC, the microprotein HOXB-AS3, encoded
by the IncRNA HOXB-AS3, competitively binds to
hnRNP A1, and this interaction antagonized the hnRNP
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Al-mediated production of PKM2 and subsequent
aerobic glycolysis [121]. These findings provide novel
mechanistic insights in the complex regulatory networks
governing glucose metabolic reprogramming in cancer.
The abundance of fatty acids is elaborately controlled
by the dynamic equilibrium between their synthesis and
oxidation, with the disruptions in this metabolic balance
being a recurrent feature in cancer [197]. In ESCC, the
activity of key anabolic enzymes, including fatty acid
synthase (FASN) and stearoyl-CoA desaturase (SCD), is
significantly elevated to boost fatty acid synthesis. Con-
versely, the microprotein pep-KDM4A-AS1, encoded by
IncRNA KDM4A-AS1, has been shown to suppress fatty
acid anabolism in ESCC by inhibiting the expression of
FASN and SCD [137]. During fatty acid catabolism, car-
nitine palmitoyl transferase I (CPT1A) facilitates the
transport of long-chain fatty acids into the mitochon-
dria for f-oxidation [198]. Zhu et al. demonstrated that
the microprotein pep-AKR1C2, encoded by exosomal
IncAKR1C2, promoted CPT1A expression through
reducing YAP phosphorylation and subsequently
enhancing YAP-induced transcriptional activation of
CPT1A, leading to an accelerated fatty acid oxidation
and increased ATP production in GC [135]. However, the
role of sORF-encoded microproteins in regulating other

@ 4
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-
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Monounsaturated fatty acids

ASAP

enzymes involved in fatty acid metabolism remains to be
further elucidated.

Mitochondria are pivotal in metabolic reprogramming,
primarily through their role in generating ATP via oxida-
tive phosphorylation (OXPHOS), a fundamental process
that can be assessed by oxygen consumption rate (OCR),
membrane potential, and ATP production rate [199].
Several sORF-encoded microproteins have been identi-
fied to interact with mitochondrial proteins to regulate
their functions. For example, the mitochondria-located
microprotein SMIM26, encoded by LINC00493, inter-
acts with acylglycerol kinase (AGK) and the glutathione
transporter regulator SLC25A11. This interaction traps
AGK within mitochondria and subsequently inhib-
its AGK-mediated AKT phosphorylation [141]. Thus,
SMIM26 exerts a tumor suppressive role in ccRCC, and
its low expression correlates with poor prognosis for
ccRCC patients. Similarly, the microprotein miPEP133,
derived from the primary miR-34a transcript, functions
as an anti-cancer agent in mitochondria. It interacts
with mitochondrial heat shock protein 70 kDa (HSPA9)
to prevent the binding of HSPAY to its partner proteins,
leading to a decrease in mitochondrial membrane poten-
tial across multiple cancer types [7]. In contrast, the
microprotein ASAP, encoded by LINCO00467, promotes
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CRC progression by elevating ATP synthase activity.
Specifically, ASAP interacts with ATP synthase subunits
a and y (ATP5A and ATP5C) to promote the assembly
of ATP synthase, thereby increasing mitochondrial OCR
and ATP production [109]. Hence, the interplay between
microprotein and mitochondria highlights the complex-
ity of energy metabolism in cancer cells.

Clinical significance of sORF-encoded
microproteins in cancer

The expression profiles of sSORF-encoded microproteins
are closely associated with cancer progression and clini-
cal outcomes, highlighting their potential as diagnostic
and prognostic biomarkers. Furthermore, the important
functions of microproteins during cancer pathogen-
esis underscore their therapeutic potential for cancer
treatments.

sORF-encoded microproteins as potential diagnostic and
prognostic biomarkers
Compared to normal tissues, sORF-encoded micro-
proteins exhibit distinct expression patterns in cancer
samples, making them ideal candidates as diagnostic bio-
markers. For example, the microprotein MRP is found to
be significantly upregulated in BC tissues. Its expression
levels effectively distinguish patients with lymph node
metastasis from those without, achieving an area under
the curve (AUC) value of 0.7112, indicating its potential
in predicting lymph node metastasis in BC [129]. Nota-
bly, microproteins encoded by ncRNAs are detectable
not only in tumor tissues but also in various body fluids,
highlighting their potential as non-invasive biomarkers.
In a study by Pei et al., the levels of microproteins in the
serum of NSCLC patients and healthy donors were com-
pared, revealing that the microprotein ATMLP, encoded
by IncRNA AFAP1-AS, is significantly upregulated in
NSCLC patients. Importantly, ATMLP exhibits supe-
rior diagnostic efficiency (AUC=0.852) compared to the
conventional biomarker CEA (AUC =0.746), underscor-
ing its potential for early NSCLC detection [111]. Nev-
ertheless, the diagnostic applicability of microproteins
in other body fluids, such as saliva and urine, remains
underexplored.

sORF-encoded microproteins also hold promise as
prognostic markers for cancer progression and patient
outcomes. In glioblastoma, high levels of microproteins
such as MET404 and C-E-Cad are associated with poor
overall survival (OS), suggesting their potential as prog-
nostic indicators for glioblastoma [16, 153]. Similarly,
high expression of other microproteins including ASAP
[109], RBRP [140] and SRSP [143] is correlated with poor
OS of CRC patients. Notably, RBRP and SRSP are fur-
ther identified as independent prognostic factors associ-
ated with advanced clinical stages and higher histological
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grades [140, 143]. Conversely, high levels of micropro-
teins such as ASRPS encoded by LINC00908 in TNBC
and circATG4B-222aa encoded by circATG4B in CRC
are correlated with improved OS [110, 156]. The prog-
nostic significance of sORF-encoded microproteins has
also been explored in other malignancies, including pan-
creatic ductal adenocarcinoma (PDAC) [17], HCC [167],
ovarian cancer (OV) [36] and acute myeloid leukemia
(AML) [108].

Although microproteins have emerged as promising
biomarkers for cancer diagnosis and prognosis, their
translation into clinical practice still faces several chal-
lenging issues, such as the identification of robust, repro-
ducible and cancer type-specific biomarkers, along with
the establishment of standardized detection protocols.
Additionally, it is essential to develop more efficient, spe-
cific, and reliable analytical techniques for microprotein
detection in clinical samples.

sORF-encoded microproteins as therapeutic targets

Given that sORF-encoded microproteins exhibit either
oncogenic or tumor-suppressive functions, inhibiting
oncogenic microproteins or restoring/enhancing the
function of tumor-suppressive microproteins could be
promising strategies for cancer therapy.

To achieve effective anti-cancer effects, many
researches focus on restoring and enhancing the func-
tion of microproteins with the tumor suppressive role.
For example, Zhai et al. found that LINC00261-endoced
microprotein N1DARP inhibited tumor growth through
regulating the USP10-Notchl signaling axis [133].
Based on this discovery, the researchers developed
SAH-mAH2-5, a cell-penetrating peptide designed to
mimic the helical structure of NIDARP while exhibit-
ing enhanced physicochemical stability. Moreover, SAH-
mAH2-5 demonstrates potent anti-tumor activity against
Notchl-activated PDAC cells, with minimal off-target
and systemic toxicity [133]. Similarly, Dong et al. identi-
fied a conserved 9-amino acid peptide, ENSEP3, encoded
by NEATI1, suppressed ESCC proliferation through
inhibiting RAF expression and its downstream MAPK
pathway. In patient-derived xenograft (PDX) models,
synthetic ENSEP3 peptides specifically inhibits MAPK
pathway activation, leading to significant suppression of
ESCC tumor growth [116]. In addition, delivering plas-
mids encoding microproteins using nanocarriers can
enhance the tumor-suppressive efficacy of microproteins.
For example, Lei et al. identified that the circPDE5A-
encoded microprotein PDE5A-500aa exerted the tumor-
suppressive functions, and the delivery of its expression
plasmid using a reduction-responsive nanoplatform
(Meo-PEG-S-S-PLGA) effectively suppressed ESCC
growth and metastasis both in vitro and in vivo [176].
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Increasing studies have demonstrated that targeting
oncogenic microproteins by shARNA or CRISPR/Cas9 sys-
tem can effectively suppress tumor growth. For instance,
Song et al. demonstrated that lentivirus-mediated deliv-
ery of shRNA targeting the oncogenic microprotein
sPEP1, administered via intravenous injection, remark-
ably inhibited tumor growth [45]. Ge et al. reported that
intratumoral injection of CRISPR/Cas9 vectors target-
ing the microprotein ASAP significantly inhibited CRC
growth in PDX mouse models [109]. Similarly, an AAV-
mediated Cas9/sgRNA delivery system is successfully
applied for in vivo knockdown of the oncogenic HCP5-
132aa microprotein, yielding substantial tumor growth
inhibition in PDX models [119].

In addition to genetic modification approaches, target-
ing oncogenic microproteins with specific antibodies has
also emerged as a promising strategy in cancer treatment.
For example, Gao et al. reported that antibodies target-
ing the circ-E-Cad-encoded microprotein C-E-Cad effec-
tively reduced STAT3 phosphorylation and inhibited the
proliferation of glioma stem cell (GSC) [153]. Given that
C-E-Cad activates EGFR signaling through its interaction
with the CR2 domain of EGFR, the combination admin-
istration of C-E-Cad-targeting antibodies and EGFR
-targeting antibodies dramatically suppressed tumor
growth and improved survival rates in GSC-xenograft
models. Similarly, the combination of MET404Ab, an
antibody targeting circMET-encoded peptide MET404,
with Onartuzumab, an FDA-approved MET antibody,
demonstrated significant efficacy in inhibiting glioblas-
toma progression [16]. Owing to their small molecular
weight and inherent immunogenic properties, micropro-
teins may serve as potential antigens, enabling immune
system to generate antibodies against tumors in vaccine
therapy. For instance, Zeng et al. identified the RNF10
uPeptide, derived from the 5’-UTR of RNFI0 mRNA, as
an immunogenic antigen in a CT26 murine tumor model,
where it was specifically recognized by CD8" T cells to
confer significant anti-tumor activity in mice. Notably,
HLA-A2-restricted cytotoxic T lymphocytes (CTLs)
isolated from pancreatic cancer patients recognizes the
RNF10 uPeptide epitope (RLFGQQQRA) and then lysed
HLA-A2" pancreatic cancer cells expressing the RNF10
uPeptide [200]. Similarly, Kikuchi et al. identified the
PVT1 peptide, encoded by IncRNA PVTI, as a novel
tumor-specific antigen in CRC. The PVT1 peptide is pre-
sented by HLA class I molecules and recognized by CD8*
tumor-infiltrating lymphocytes (TILs) and peripheral
blood mononuclear cells (PBMCs) from CRC patients,
highlighting its potential application in CRC vaccine
development [201].
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Summary and perspectives

Advances in high-throughput sequencing and MS tech-
nologies have revealed a vast repertoire of previously
undetected microproteins, significantly contributing
to the complexity and diversity of proteomes. Many
of these microproteins are encoded by sORFs located
within ncRNAs or the UTRs of mRNAs. Despite sub-
stantial progress in this field, the identification of micro-
proteins remain challenging due to their short length
and low abundance. Thus, a concerted effort is required
to optimize approaches such as MS and Ribo-seq to
enhance detection sensitivity and specificity. Further-
more, the integration of multi-omics data holds prom-
ise for enabling a comprehensive characterization of the
microprotein landscape. However, findings derived from
such high-throughput screening approaches necessitate
rigorous downstream validation to rule out false-positive
results. Therefore, the development of highly specific and
efficient antibodies against the microprotein of interest is
essential to support experimental research and facilitate
clinical validation.

Dysregulation of sORF-encoded microproteins
has been increasingly implicated in various cancers.
Although some microproteins have been demonstrated
to play oncogenic or tumor-suppressive functions during
tumor progression, the precise molecular mechanisms
underlying their roles remain incompletely elucidated.
Thus, it is essential to identify novel microproteins
involved in tumorigenesis and to investigate their poten-
tial as therapeutic targets in cancer. Although multiple
strategies have been explored to target microproteins for
cancer therapy, proteolysis-targeting chimeras (PROT-
ACs) has not yet been applied to oncogenic micropro-
teins. Given the unique advantages of PROTAC:, such as
their ability to overcome drug resistance [202], develop-
ing highly specific and effective PROTAC degraders that
selectively target cancer-associated microproteins while
minimizing off-target effects represents a promising
direction for future research.
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ccRCC Clear cell renal cell carcinoma
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