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Abstract

From the discovery of upstream open-reading frame(s) (uORFs) and post-translational regulation 
to functional small/short open reading frames (smORFs)-encoded peptides (SEPs), mounting 
evidence suggests the necessity of updating genome databases to include small proteins 
derived from smORFs that are often overlooked. Functional studies across various species have 
demonstrated that SEPs can play pivotal regulatory roles in numerous basic biological activities. 
However, our understanding of the regulatory mechanisms underlying SEPs in human diseases 
remains limited. Given the escalating burden of liver diseases, including hepatitis B virus (HBV) 
infection, hepatitis C virus (HCV) infection, liver steatosis, liver fibrosis, and liver cancer, among 
others, it is imperative to investigate the mechanisms involved. The expression of downstream 
coding sequences is regulated by individual uORFs through complex secondary structures. Given 
the conservation and essential effects of SEPs across species, comprehending the regulation of 
SEPs holds significant potential for unraveling the mechanisms underlying diverse liver diseases. 
In this review, we provide an overview of recent research and primarily focus on the function and 
regulation of SEPs in liver diseases.

Abbrevations: uORF(s), upstream open-reading frame(s); smORF(s), small/short open reading frame(s); SEP(s), 
small/short open reading frames (smORFs)-encoded peptides; HBV, hepatitis B virus; HCV, hepatitis C virus; 
NASH, non-alcoholic steatohepatitis; aa, amino acid(s); SgrS, sugar transport small RNA; UTRs, untranslated 
regions; mORF, main ORF; main ORF; NMD, nonsense mediated decay; pgRNA, pregenomic RNA; ARF, 
alternative reading frame; FFA, free fatty acid; ER, endoplasmic reticulum; eIF2, eukaryotic initiation factor 2; 
ATF4, activating transcription factor 4; UPR, unfolded protein response; mTORC1, mammalian target of rapamycin  
complex  1;  LIP, liver inhibitory protein; MTP, microsomal triglyceride transfer protein; MOTS-c, mitochondrial 
open-reading- frame of the twelve S rRNA –c; PPP1R15A, protein phosphatase 1 regulatory subunit 15A; mEH, 
microsomal epoxide hydrolase; FH, familial hypercholesterolemia; HJV, hemojuvelin; ASNSD1, asparagine 
synthetase domain- containing 1; LAP, liver activating protein; PRL, phosphatase of regenerating liver
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Introduction
Within every eukaryotic genome, there exist tens of thousands 
to millions of small/short open reading frame (smORF) 
DNA sequences, encoding less than 100 amino acids (aa), 
surpassing the number of annotated genes. For instance, the 
mouse genome is estimated to contain a staggering 40,700,000 
smORFs (Couso, 2015). Recent omics analyses have revealed 
the translation of many previously unannotated smORFs, 
leading to the application of the term "dark matter" to these 
newly discovered RNAs and proteins (Baboo & Cook, 2014). 
Moreover, recent research has unveiled a class of small peptides 
directly encoded by smORFs, distinct from classical peptides 
that are initially translated into larger precursor proteins and 
undergo limited proteolytic processing. These smORF-encoded 
polypeptides are referred to as Small ORF-encoded Peptides 
(SEPs) (Chu et al., 2015).

SEPs have been identified in diverse organisms, ranging 
from viruses, yeasts, worms, flies, to humans (Chu et al., 
2015; Plaza et al., 2017). The earliest studies on smORFs date 
back to 1989 when investigation into the class II restriction-
modification system of Serratia marcescens revealed a smORF 
of 252 bp within the gene encoding an endonuclease, where 
the smORF's translation initiation codon was GUG. However, 
despite attempts to detect the smORF-encoded protein in 
phosphocellulose column eluates of S. marcescens or E. coli 
extracts transformed with relevant plasmids, it remained elusive 
(Heidmann et al., 1989). Subsequently, the discovery of the first 
SEP came during research on Escherichia coli to understand 
the role of non-coding RNA, specifically the sugar transport 
small RNA (SgrS). It was found that the 5'-untranslated regions 
(UTRs) of SgrS encoded a SEP, a 43-aa peptide called SgrT, 
which played a crucial role in cell metabolism by directly 
binding and inhibiting SgrS to regulate glucose influx (Chu 
et al., 2015). Human genomes harbor hundreds of smORFs, 
and it has been reported that smORFs and SEPs may regulate 
fundamental biological processes, such as pathogen defense, 
innate immunity, cell communication, and signal transduction, 
due to their small size (Frith et al., 2006).

Dysregulation of SEPs can contribute to disease phenotypes, 
and many SEPs have emerged as potential therapeutic targets 
for various conditions, including heart failure, obesity, diabetes, 
and cancer (Hassel et al., 2023). However, liver diseases and 
their complications, recognized as major causes of mortality, 
demand greater attention in this field. Liver diseases, including 
hepatitis B virus (HBV) infection, hepatitis C virus (HCV) 
infection, and non-alcoholic steatohepatitis (NASH), can 
progress to chronic liver cirrhosis and liver cancer. The absence 
of definitive therapies for most liver diseases places a heavy 
burden on patients. Hence, in this review, we present recent 
findings on smORFs and SEPs, highlighting their unexpected 

significance and ongoing efforts to unravel their potential 
regulation in different liver diseases. This exploration aims 
to provide novel insights into the underlying pathological 
processes and identify potential drug targets in complex liver 
diseases.

Characteristics and Regulation of SEPs
1. Distinct Features of SEPs
The analysis of discovered SEPs has revealed several distinguishing 
characteristics. Proteomics studies have shown that the first 
downstream in-frame stop codons in smORFs encoding SEPs 
serve as termination sites. The start codon can be the closest 
upstream in-frame AUG or a near-cognate non-AUG codon 
(e.g., CUG) within a Kozak-consensus sequence. In cases 
where neither of these conditions is met, the codon immediately 
following an upstream stop codon is designated as the start site. 
SEPs typically range in length from 8 to 149 amino acids, with 
the majority being less than 100 amino acids long (Chu et al., 
2015).

2. Diversity of smORF Locations and Types
It has been observed that the majority of RNA transcripts 
containing smORFs encoding SEPs are not derived from the 
RefSeq database, indicating their presence in unannotated 
regions of the genome. SEPs have been identified in various 
types of transcripts, including mRNAs, pre-mRNAs, long non-
coding RNAs (lncRNAs), miRNAs, and rRNAs. Additionally, 
smORFs can be found in upstream (5'-UTR), downstream (3'-
UTR), or within the coding sequence of main ORFs, often 
referred to as uORFs, dORFs, or CDS-ORFs, respectively 
(Plaza et al., 2017). However, the discovery of uORFs encoding 
conserved peptides in humans remains limited (Dever et al., 
2020).

3. Mechanisms of smORF and SEP Function
Post-transcriptional regulation, particularly through uORFs, 
plays a crucial role in gene expression control. uORFs are among 
the most common regulatory RNA elements in mammalian 
transcripts (Somers et al., 2013). The translation of uORFs 
can repress the downstream coding sequence through various 
mechanisms, including ribosomal subunit dissociation, 
ribosome stalling, nonsense-mediated decay (NMD) induction, 
and ribosome stalling with dissociation. Conversely, uORF 
translation can facilitate main ORF translation through 
reinitiation or ribosomal leaky scanning (Barbosa et al., 2013; 
Silva et al., 2019). The regulation of uORF-mediated translation 
repression is influenced by various features, such as the 
distance between the 5'-cap and the uORF, the AUG context, 
uORF length and secondary structure, conservation across 
species, the number and location of uORFs, and the length 
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of intercistronic regions (Barbosa et al., 2013). Furthermore, 
studying the potential associations between SEPs and other 
regulators involved in the same phenotype offers an effective 
approach to understanding SEP function. Investigating the 
identified binding proteins of SEPs can provide insights into 
their functions based on the known impact of the interaction 
partners (Chu et al., 2015).

4. Regulation of uORFs in Hepatitis B Virus Infection
The genome of the hepatitis B virus (HBV) encodes four 
major overlapping coding regions, including the core, surface, 
polymerase, and X genes. The presence of an uncharacterized 
short uORF, termed C0 ORF, conserved in all HBV subtypes 
has been identified. The C0 ORF negatively regulates core 
protein translation and promotes reinitiation of polymerase 
protein synthesis under optimal conditions. It serves as a 
determinant of the balance between core and polymerase 
protein synthesis (Chen et al., 2005; Zong et al., 2017). Similar 
short uORFs have also been identified in the related duck 
hepatitis B virus (DHBV), where ribosomes translating the P 
protein are shunted from the donor site near the 5'-UTR of the 
pregenomic RNA to receptor sites near the P AUG, facilitating 
initiation of P protein synthesis (Sen et al., 2004).

5. Regulation of smORFs in Hepatitis C Virus 
Infection
Hepatitis C virus (HCV) infection induces various changes 
in cellular gene expression. Studies have demonstrated the 
translation of uORFs in stress-responsive genes, such as C/
EBP homologous protein (CHOP) and protein phosphatase 1 
regulatory subunit 15A (PPP1R15A), which are involved in 
endoplasmic reticulum (ER) stress and HCV replication. These 
translated uORFs escape translational downregulation and 
play roles in ER stress and hepatocellular carcinoma (HCC) 
progression (Gerresheim et al., 2019). The HCV core ORF 
region can also produce an alternative reading frame (ARF)/
core+1 protein, distinct from the canonical polyprotein ORF. 
The ARF/core+1 protein, consisting of at least 99 amino acids, 
has been detected in patients with chronic HCV infection, liver 
cirrhosis, and liver cancer, suggesting its potential involvement 
in HCV pathogenesis (Niepmann & Gerresheim, 2020).

6. Regulation of uORFs and SEPs in Liver Steatosis
The translation regulation of uORFs plays a rapid and effective 
role in coping with various types of stress. In non-alcoholic 
steatohepatitis (NASH), which is characterized by inflammation 
and cell death induced by free fatty acids (FFAs), the uORFs 
of stress response genes, such as CHOP, selectively promote 
their translation by bypassing inhibitory uORFs, leading to the 
upregulation of genes associated with ER stress and NASH 
progression (Willy et al., 2015). The eukaryotic initiation 

factor 6 (eIF6) has also been implicated in the regulation of 
translation for adipogenic transcription factors involved in lipid 
metabolism. Its activation leads to enhanced levels of lipogenic 
and glycolytic enzymes (Brina et al., 2015). Moreover, 
uORFs have been found to regulate the translation efficiency 
and protein expression of microsomal triglyceride transfer 
protein (MTP), an essential component in the assembly of 
triglyceride-rich lipoproteins (Suzuki et al., 2016). Additionally, 
a mitochondrial SEP named MOTS-c has been identified, 
which regulates insulin sensitivity and metabolic homeostasis, 
offering potential insights into NASH pathogenesis (Lee et al., 
2015).

7. Regulation of uORFs and SEPs in Drug-Induced 
Liver Injury
The induction of detoxification pathways is a significant 
mechanism for liver chemoprevention. Microsomal epoxide 
hydrolase (mEH), a critical xenobiotic-metabolizing enzyme, is 
regulated by uORFs present in its mRNA. These uORFs inhibit 
mEH protein translation both in cis and in trans configurations, 
highlighting their role in regulating the detoxification process 
(Nguyen et al., 2013). Furthermore, drug-induced endoplasmic 
reticulum (ER) stress can lead to liver injury. The activation 
of the unfolded protein response (UPR) pathway, initiated 
by the effector PKR-like ER kinase (PERK), involves the 
translation of ATF4 mRNA, which contains specific uORFs. 
This translation induction leads to the synthesis of chaperones, 
proteins involved in autophagy, protein secretion, and amino 
acid metabolism, and contributes to the adaptive response to 
ER stress (Foufelle & Fromenty, 2016).

8. Regulation of uORFs and SEPs in Liver Genetic 
Diseases and Cancer
Mutations in uORFs of proto-oncogenes and tumor suppressor 
genes have been associated with malignancies. The balance 
between CCAAT/enhancer-binding protein α (C/EBPα) and 
C/EBPβ isoforms, regulated by mTOR kinase signaling and 
uORF translation, has been implicated in cell differentiation 
and cancer progression (Wethmar et al., 2010). Exonic cancer 
mutations can affect uORF start codons, disrupting their 
regulatory role in genes such as MYC, BCL-2, tumor protein 
p53, phosphatase and tensin homolog, mutS homolog 5 
(MSH5), and others (McGillivray et al., 2018). Additionally, 
the uORFs present in the longer transcript of the oncogene 
MDM2 dampen its translation (Brown et al., 1999). The 
magnesium-regulated phosphatase of regenerating liver 
(PRL) has been found to be posttranscriptionally regulated 
through a uORF, suggesting its potential involvement in liver 
cancer pathogenesis (Hardy et al., 2019). Recent studies have 
identified numerous SEPs in liver cancer cells, providing 
further insights into the role of SEPs in liver cancer biology 
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(Wang et al., 2021).

9. Regulation of uORFs and SEPs in Liver Fibrosis
While limited information is available regarding the function 
and regulation of SEPs in liver fibrosis, a 96 amino acid 
cytoplasmic peptide named ASDURF (ASNSD1-SEP) has been 
identified from the uORF of asparagine synthetase domain-
containing 1 (ASNSD1). The conservation of this SEP across 
mammals suggests its potential involvement in liver fibrosis 
(Chu et al., 2015; Slavoff et al., 2013).

Conclusions and Prospects
The characterization and regulatory mechanisms of small 
open reading frames (smORFs) and small peptides (SEPs) 
in liver diseases represent an exciting and rapidly evolving 
field of research. These SEPs and smORFs play crucial 
roles in the pathogenesis of various liver diseases, offering 
potential avenues for the development of novel therapeutic 
strategies. The presence of a vast reservoir of smORFs and 
the conservation of SEPs within human genes emphasize their 
essential regulatory functions in liver diseases. However, it is 
important to acknowledge that our current knowledge of SEPs 
is limited by the methodologies employed. Therefore, there is 
a high likelihood that many more SEPs remain undiscovered. 
Advancements in detection techniques are crucial to uncovering 
additional SEPs and gaining a deeper understanding of their 
roles in diverse biological processes.

Systematic screening of smORFs holds great promise 
for discovering disease-associated SEPs and facilitating 
the development of innovative therapeutic approaches. By 
exploring the functional and regulatory properties of these SEPs, 
new targets can be identified and harnessed to modulate disease 
pathways effectively. Furthermore, the exploration of SEP-
protein interactions emerges as a valuable strategy for targeting 
pathways involved in liver diseases. Leveraging the knowledge 
gained from these interactions can guide the development of 
targeted interventions. However, it is essential to note that our 
understanding of SEP functions from unannotated genomes is 
still limited, warranting further investigation.

In conclusion, the study of SEPs and smORFs in liver 
diseases represents a frontier in biomedical research. Continued 
exploration of the regulatory landscape of upstream open 
reading frames (uORFs) and SEPs in liver diseases will enhance 
our understanding of their functional significance and provide 
novel therapeutic opportunities. By improving detection 
strategies and uncovering the hidden potential of SEPs, we can 
unlock new insights into liver disease pathogenesis and pave 
the way for innovative treatments that target these enigmatic 
regulatory elements.
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