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Abstract 

Recent advancements in computational, genomic, and proteomic techniques have 

revealed the potential of unannotated small open reading frames (sORFs) that are 

capable of encoding peptides. These small open reading frame-encoded microproteins 

(SEPs), also known as alternative proteins (AltProts) or microproteins, are directly 

translated from sORFs and exhibit no similarity to the canonical reference proteins 

(RefProts) of the same gene. Microproteins have been demonstrated to contribute to the 

progression of various diseases by affecting cellular signaling and disease progression. 

Despite the growing recognition of their biological significance, microproteins have 

historically been overlooked because of their short length and relatively low abundance, 

which complicates their identification through mass spectrometry (MS). 

The liver, a vital organ during embryonic development, plays a crucial role in hepatic 

organogenesis and hematopoiesis. It is essential for cell proliferation, immune function, 

and the synthesis and transport of proteins and nucleic acids. Despite its significance, 

many biological processes involved in liver development remain poorly understood. 

Understanding the molecular mechanisms that govern liver development can facilitate 

the development of regenerative medical strategies to treat liver injuries and diseases. 

Hepatocellular carcinoma (HCC), a major focus in hepatology, ranks among the most 

prevalent cancers worldwide, facing challenges due to limited treatment options and a 

high rate of drug resistance. Therefore, it is essential to develop therapeutic strategies 

that can effectively address drug resistance to improve patient outcomes and increase 

survival rates in patients with advanced HCC. Microproteins play vital roles as 
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biological regulators and are involved in numerous biological processes. However, 

their roles in liver development and drug resistance have not been fully explored. 

In this study, we focused on the role of microproteins in the field of hepatology, aiming 

to provide a robust foundation for the development of novel therapeutic strategies and 

diagnostic tools. We accomplished two key objectives: (i) to develop and refine a 

systematic methodological approach for the proteogenomic discovery of microproteins 

in liver tissue across various developmental stages, resulting in a comprehensive 

proteomic dataset for future functional studies, and (ii) to optimize both DIA and DDA 

MS-based proteomics methodologies to identify novel microproteins in 

lenvatinib-resistant HCC cells. This study allowed us to explore the microproteins 

associated with drug resistance in liver cancer, thereby enhancing our understanding of 

their mechanisms of action, particularly in relation to drug resistance. This has the 

potential to facilitate the development of novel strategies for future clinical 

interventions. 

First, we reported an approach utilizing size-exclusion chromatography (SEC) for the 

simultaneous enrichment and fractionation of microproteins from complex proteomes. 

This method greatly simplified the variance of microprotein discovery by enriching 

proteins smaller than 40 kDa. In a systematic comparison between the ten methods, our 

approach facilitated the discovery of more microproteins with overall higher intensities, 

while requiring less time and effort compared to other workflows. By applying this 

approach, we successfully identified 89 novel microproteins in the mouse liver, with 39 

showing differential expression between the embryonic and adult stages. During 
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embryonic development, upregulated microproteins were mainly involved in biological 

pathways related to RNA splicing and processing, whereas microproteins involved in 

metabolism were more active in adult livers. Our study not only presents an effective 

approach for identifying microproteins but also highlights novel microproteins that are 

potentially important in developmental biology. 

We also presented a novel approach combining Ribo-seq and multiple MS methods, 

identifying and quantifying 815 microproteins from human HCC cells. Notably, we 

found one microprotein PPGlue was downregulated in resistant cells. Functionally, 

PPGlue sensitized HCC to lenvatinib treatment both in vitro and in vivo, with enhanced 

apoptosis, suppressed proliferation and less cancer stemness. Mechanistic studies 

showed that PPGlue acted as a molecular glue to facilitate the assembly of the protein 

phosphatase complex PPP2R3C/PP5, reducing a drug exporter P-glycoprotein and 

subsequently increasing intracellular drug accumulation. Synthetic PPGlue also 

displayed a synergistic effect with P-glycoprotein’s substrate such as lenvatinib, 

pazopanib and doxorubicin, highlighting its potential therapeutic value. Our study not 

only provides a practical proteogenomic methodology to identify microproteins in 

large scale, but also underscores the potential of microproteins as promising modalities 

in cancer treatment with PPGlue as a representative. 

In summary, we presented a comprehensive methodological optimization of the 

microprotein discovery workflow, which includes both sample preparation and 

MS-based analytical identification. As a result, we identified new molecular 

participants that are crucial for liver development and cancer biology. Our work offers a 
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comprehensive framework for exploring microproteins, highlighting their 

identification methodologies and functional characteristics within the context of 

hepatopathy, thereby paving the way for future research and therapeutic development.  
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Chapter 1. Overview 

1.1 Overview of small open reading frame-encoded microproteins (SEPs) 

According to the central dogma of molecular biology, DNA is transcribed into RNA 

and translated into proteins. However, less than 2% of the human genome is known to 

encode proteins, and a significant portion of detectable transcripts remains 

unannotated. These transcripts were previously considered non-functional or "junk"[1]. 

It was not until this decade that advances in computational, genomic, and proteomic 

techniques revealed the potential of non-annotated small open reading frames (sORFs) 

capable of encoding proteins[2]. Although sORFs have been detected in various 

species, they have historically been overlooked for several reasons. First, sORFs in 

non-coding RNA (ncRNAs) often lack traditional start codons and are not limited to 

AUG, which initially obscures their coding potential[3]. Second, the length of sORFs 

typically does not exceed 300 nucleotides, an arbitrary threshold defined as the 

minimum for open reading frames (ORFs)[3, 4]. Moreover, the translational role of 

sORFs was initially overlooked because of (1) their ability to be translated into 

non-canonical modes, (2) their instability and rapid degradation, and (3) their highly 

specific expression patterns that exhibit significant temporal and spatial variation[5]. 

Small open reading frame-encoded microproteins (SEPs), also known as AltProts or 

microproteins, are directly translated from sORFs. In contrast to peptide hormones 

and neuropeptides, which are derived from large precursor proteins through 
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proteolysis[6], SEPs exhibit no similarity to canonical reference proteins (RefProts) of 

the same gene. Recent technological advancements, including ribosome profiling 

(Ribo-seq) and mass spectrometry (MS), have substantiated the existence of sORFs 

and SEPs[7, 8]. These discoveries have facilitated the integration of numerous 

characterized sORFs into databases such as SmProt and OpenProt[9, 10]. An analysis of 

these repositories reveals that SEPs encoded by long non-coding RNAs (lncRNAs) 

typically consist of approximately 54 amino acids, while those located within 

untranslated regions (UTRs) average about 39 amino acids[11]. SEPs are 

systematically classified into several categories based on the characteristics of their 

encoding transcripts: (i) upstream ORFs (uORFs) in the 5′-UTRs, (ii) upstream 

overlapping ORFs (uoORFs), (iii) internal ORFs (intORFs) that overlap canonical 

mRNAs but are translated into an alternative reading frame, (iv) downstream 

overlapping ORFs (doORFs), (v) downstream ORFs (dORFs) in the 3′-UTRs, and (vi) 

lncRNA-ORFs[7]. This classification underscores the diverse genomic origins of SEPs, 

as illustrated in Figure 1-1. Collectively, the accumulation of ribosome profiling 

studies and databases has provided compelling evidence for the prevalence of SEPs. 

The primary challenge is the functional characterization of these candidates. 

https://www.sciencedirect.com/science/article/pii/S1535947623001421#fig1
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Figure 1-1 Summary of various types of non-canonical sORFs[7]. 

 

The biological functions of various mammalian SEPs have been explored in humans 

and other vertebrates, revealing their involvement in DNA repair, mitochondrial 

activity, stress responses, and muscle development. Furthermore, SEPs have also been 

discovered in other organisms, such as bacteria, where they play critical biological 

roles. Given that sORFs make up at least 5-10% of genomes, a considerable number 

of functional SEPs remain to be identified and studied. The discovery of novel SEPs 

will deepen our understanding of the essential components within both the genome 

and proteome. Moreover, functional characterization of these SEPs is expected to 

provide valuable insights into fundamental biological processes, ultimately facilitating 

translational applications. 

1.2 Methodologies for the prediction of SEPs 

The small size, low abundance, and high environmental dependency of SEPs present 

significant challenges for their detection and functional analysis. Recently, researchers 
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have successfully isolated various SEPs from a range of biological sources using 

diverse methodologies[12-14]. Currently, the reported methods for discovering new 

SEPs can be classified into three main approaches: ribosome profiling, computational 

approaches, and mass spectrometry (MS) (Figure 1-2). Notably, the integration of 

sequencing results and computational predictions has significantly enhanced the 

efficacy of MS-based techniques for identifying SEPs within a comprehensive 

workflow. The following section summarizes and discusses the latest advancements in 

SEP discovery methodologies and provides insights into the future directions of this 

field. 

 

Figure 1-2 Overview of the workflow for the discovery of SEPs[15]. 

 

https://www.sciencedirect.com/science/article/pii/S1535947623001421#fig1
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1.2.1 Ribosome profiling 

Ribosomes serve as molecular machines responsible for protein translation within 

cells. They bind to processed mRNA transcripts and connect amino acids in a specific 

order according to the genetic code of the transcripts, resulting in protein products. 

Translation starts when the 40S ribosomal subunit binds to the 5'-m7GpppG cap of 

the mRNA and scans the 5' UTR from the 5' end to the 3' end until it finds the start 

codon AUG. At this point, the 60S ribosomal subunit joins to form an 80S ribosomal 

elongation complex, thereby initiating translation elongation. The translation process 

concludes when the ribosomal complex encounters a stop codon, leading to the 

termination of translation and the release of the ribosomal complex from the 3' UTR 

(Figure 1-3). 

 

 

Figure 1-3 Overview of mRNA translation[16]. 

 

Ribosome profiling (Ribo-Seq) is an advanced technique developed to investigate 

ribosomal translation dynamics. This method involves the use of translation inhibitors 

to pause the translation process in cells, followed by the treatment of samples with 

https://www.sciencedirect.com/science/article/pii/S1535947623001421#fig1
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nucleases. The robust structure of ribosomes allows them to remain attached to 

mRNA even after treatment, effectively protecting approximately 20 to 30 nucleotides 

from nuclease degradation.  

This protection enables researchers to capture a snapshot of active translation, thereby 

providing valuable insights into gene expression and novel peptide identification[17]. 

Ribo-Seq results indicate that while most ribosomal footprints are located within 

known coding sequences, a significant number are associated with non-coding 

transcripts, including 3' UTRs, 5' UTRs, pseudogenes, and ncRNAs. 

An analysis of 194,407 non-canonical ORF fragments from the OpenProt and SmProt 

databases revealed that 19,909 (10.2%) were derived from ncRNA-encoded sORFs, 

with an average length of approximately 54 amino acids. Additionally, 28,067 (14.4%) 

sORFs were found in 5' UTRs, with an average length of approximately 39 amino 

acids, whereas 5,509 (2.8%) sORFs were located in 3' UTRs[11]. The increasing 

development and application of analysis tools based on Ribo-Seq data, such as 

ORF-RATER[18] and RiboTaper[19], are continuously enhancing the data analysis 

ability and uncovering hidden ORFs within the genome. These advancements have 

significantly improved our ability to identify novel protein-coding regions and deepen 

our understanding of proteomes. 

However, ribosomal occupancy does not necessarily correlate with protein translation. 

Many transcript translation processes may not result in stable functional peptides. 

Instead, they may influence the translation of downstream ORFs or simply be 
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considered "transcriptional noise"[20].  

1.2.2 Computational approaches 

Bioinformatic analysis of genome sequences is crucial for predicting sORFs. Various 

methodologies have been employed for these predictions, including purifying 

selection identification, similarity comparisons with known protein sequences, and 

machine learning algorithms (Table 1-1). PhyloCSF is a widely used tool that 

identifies evolutionarily conserved coding ORFs by aligning transcripts from multiple 

species using phylogenetic codon models[21]. Other tools with similar functions 

include RNAcode[22], uPEPeroni[23], and micPDP[24]. Additionally, tools such as 

CRITICA[25], PhastCons[26], and sORF Finder[27] can predict coding ORFs by 

evaluating the nucleotide composition and considering sequence conservation. Tools 

such as BLAST[28], HMMER[29], and PFAM[30] assess the similarities between sORFs 

and known sequences. Emerging machine learning tools such as DeepCPP[31] and 

miPepid[32] are becoming prominent. Notably, miPepid achieves a remarkable 96% 

accuracy rate in predicting the coding potential of sORFs without requiring 

alignment[32]. 

Although bioinformatic tools are valuable, they have certain limitations. For instance, 

tools that focus on exon features may overlook SEPs with non-AUG initiation 

codons[33], whereas those dependent on phylogenetic conservation may suffer from 

poor-quality alignments. Moreover, tools that focus on known functional polypeptides 

may not identify newly emerging or tissue-specific SEPs[34]. Therefore, the use of a 

https://www.sciencedirect.com/science/article/pii/S1535947623001421#fig1
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combination of tools based on different principles is crucial for the accurate and 

comprehensive identification of SEPs. 

 

Table 1-1 Representative bioinformatic tools for SEP prediction. 

Tools Year Functions 

RNAcode 2011 Codon substitution 

uPEPeroni 2014 Codon substitution 

micPDP 2014 Codon substitution 

CRITICA 1999 Nucleotide composition 

PhastCons 2005 Nucleotide composition 

sORF Finder 2009 Nucleotide composition 

BLAST 1990 sequence similarity to known proteins 

HMMER 1995 sequence similarity to known proteins 

PFAM 2019 similarity to linear proteins 

DeepCPP 2020 machine Learning algorithms 

miPepid 2019 machine Learning algorithms 

PhyloCSF 2011 

Codon substitution, evolutionary conservation, multispecies transcript 

alignment 

 

1.2.3 MS-based proteogenomic methods for identification of SEPs 

Although ribosome profiling and computational prediction can reveal the prevalence 
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of sORFs, they cannot directly detect SEPs. Currently, MS is the only method that can 

directly detect SEPs[35]. This method is effective for detecting low-abundance peptides 

and post-translational modifications, which significantly improves the identification 

of SEPs within complex biological samples. 

The identification of SEPs follows a standard workflow of traditional bottom-up 

proteomics studies (Figure 1-4). Current efforts to optimize SEP identification focus 

primarily on key aspects, including sample extraction and enrichment, digestion and 

fractionation, mass spectrometry (MS) analysis, and data analysis. 
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Figure 1-4 The MS-based workflow for the identification of SEPs contains several 

key steps. Initially, SEPs were extracted from complex biological samples and 

enriched in the total proteome. These peptides were digested with trypsin (or multiple 

enzymes), followed by fractionation. Subsequently, the tryptic peptides were 

subjected to MS data acquisition and analysis, enabling the accurate identification of 

SEPs. 
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1.2.3.1 Sample extraction and enrichment  

The first crucial step in SEP identification using proteomic techniques is extraction 

from complex biological samples (Figure 1-4A). The extraction of SEPs is more 

challenging than that of canonical proteins because SEPs are particularly susceptible 

to hydrolysis by peptidases and may be masked by the degradation products of 

unwanted proteins. To maintain the integrity of SEPs, various strategies have been 

developed, such as heating in aqueous solutions or lysis buffers or using protease 

inhibitors to diminish protease activity[13, 36]. Nevertheless, such inhibition is not 

entirely effective. Another approach to prevent SEP degradation is the use of 

hydrochloric acid or acetic acid to induce protein precipitation, which inactivates both 

peptidases and proteases. The combination of these techniques has been widely 

employed for SEP extraction. A recent study by Cardon et al.[12] demonstrated that 

novel SEPs were successfully extracted using boiling water and RIPA lysis buffer and 

then enriched by acetate precipitation. This finding indicates that the blood marker 

AltEDARADD is associated with the diagnosis and prognosis of ovarian cancer. In 

summary, the selection of an appropriate extraction method prior to the enrichment of 

SEPs is critical and should be guided by specific research objectives and the stability 

of biological samples of interest. 

Following the extraction of SEPs, it is crucial to enrich them with other proteins in the 

same sample (Figure 1-4B). This enrichment is typically achieved by employing a 

range of methodologies that utilize the diverse physical characteristics of SEPs, 
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including size, hydrophobicity, and charge (Figure 1-5). 

(1) Selective precipitation 

It has been demonstrated that organic solvents such as methanol[12], acetonitrile[12, 37, 

38], trichloroacetic acid[39], acetic acid[13], and chloroform[37] can remove larger 

proteins, while effectively retaining low-molecular-weight proteins, including SEPs, 

in the supernatant[13]. Cassidy et al.[38] employed acetonitrile for protein precipitation, 

which resulted in a reduction in sample complexity and the enrichment of small 

molecular weight proteins. This approach enabled the detection of 11 SEPs of 

Methanosarcina mazei with molecular weights lower than 15 kDa.  

(2) Size selection 

Ultrafiltration methods using membranes with a molecular weight cutoff (MWCO) of 

10 or 30 kDa are commonly used for size selection. In this process, 

low-molecular-weight SEPs pass through the membrane, while 

higher-molecular-weight proteins are retained. Nevertheless, ultrafiltration has some 

limitations. First, concentrated macromolecules can clog the membrane pores, which 

diminishes the filtration efficiency. Second, nonspecific adsorption of proteins onto 

membranes is often unavoidable. Third, processing large sample volumes can be time 

consuming.  

The other method for molecular weight-based separation is SDS-PAGE, which 

enables the excision of gel bands corresponding to the desired molecular weights for 

subsequent MS analysis. Ma et al. identified 90 and 94 SEPs using 30 kDa MWCO 
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Amicon filters and tricine gels, respectively[40]. He et al.[41] integrated four specific 

enrichment strategies to enhance the sequence coverage and identification rates of 

SEPs: HCl-Tricine, Urea-Tricine, HCl-MWCO, and Urea-MWCO. Among these, the 

urea-tricine method yielded the highest number of identified SEPs, and all four 

strategies demonstrated complementary benefits. Zhang et al. employed two 

complementary enrichment methods, including a 30 kDa MWCO filter and C8 

solid-phase extraction columns[36], which successfully identified 762 novel SEPs 

across 19 different biological samples. 

Size exclusion chromatography (SEC) is an important method for separating proteins 

according to their size, and has been successfully utilized in peptidomics[39, 42]. 

Harney et al. demonstrated that SEC can effectively remove large molecular 

interferences from plasma samples, thereby markedly enhancing the detection 

sensitivity of low-abundance proteins with molecular weights below 10 kDa[43]. This 

approach has resulted in the identification of novel biomarkers, including C5ORF46. 

In a lung squamous cell carcinoma study, the combination of SEC with acetonitrile 

precipitation streamlined the sample processing workflow, reduced the risk of protein 

degradation, and ensured the reliability of subsequent analytical methods[44]. 

Consequently, this combined approach successfully facilitated the identification of 

potential tumor-associated peptides.  

(3) Solid phase extraction (SPE) 

SEPs can be separated based on their hydrophilic and hydrophobic properties. 
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Although the C8 SPE method may result in the loss of hydrophilic proteins[36], the 

number of SEPs identified by combination with acetate precipitation exceeded the 

number identified by 30 kDa MWCO[13]. Zhang et al. employed C8 SPE and 30 kDa 

Amicon filters, either individually or in combination, and found that these methods can 

enhance the overall identification of SEPs[36]. In conclusion, each extraction and 

enrichment method have its own unique benefits and drawbacks, and no single 

approach has been proven to consistently outperform the others. Therefore, it is 

crucial to develop a systematic sample preparation strategy to effectively identify 

SEPs. 
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Figure 1-5 General enrichment methods for the identification of SEPs using a MS-based 

workflow. To isolate microproteins with a molecular weight of less than 30 kDa prior to MS 

analysis, several sample preparation methods were employed, including four distinct 

enrichment techniques: acid precipitation, solid-phase extraction, size exclusion, and 

hexagonal mesoporous silica material. Following the enrichment process, peptide 

fractionation was performed to reduce sample complexity, thereby enhancing sequence 

coverage and reducing background noise in mass spectrometry.  

 

1.2.3.2 Enzyme digestion and fractionation  

The choice of enzyme, whether using a single enzyme or a combination, plays a 

crucial role in the identification of SEPs (Figure 1-4C). Most studies used trypsin 

alone or in combination with Lys-C. However, if there are large or no lysine/arginine 

residues in the protein, trypsin may not provide a complete picture. Additionally, the 

intricate structure of SEPs may hinder trypsin accessibility, resulting in incomplete 

cleavage. Trypsin specifically hydrolyzes peptide bonds at the C-terminus of lysine 

and arginine, producing N-terminal tryptic peptides that are mainly double-charged, 

whereas C-terminal peptides are generally single-charged. This difference in charge 

makes the detection of C-terminal peptides challenging using MS[45]. Therefore, 

relying solely on trypsin may not provide a comprehensive identification of SEPs. A 

multi-protease digestion approach that incorporates trypsin, Lys-C, chymotrypsin, and 

Glu-C has been demonstrated to improve SEP identification, particularly in terms of 
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the number of peptides identified, spectrum counts, and overall sequence coverage[46]. 

Given the complexity of the resultant peptide mixture after digestion, a variety of 

offline fractionation techniques have been employed to improve the sequencing depth 

before MS analysis. Techniques such as electrostatic repulsion-hydrophilic interaction 

chromatography (ERLIC)[40, 47], high-pH reverse-phase fractionation[37, 48-50], strong 

cation exchange (SCX)[51], and OFFGEL fractionation[52] have been shown to 

significantly enhance the identification of SEPs. 

1.2.3.3 Data acquisition with mass spectrometry 

Currently, MS is the exclusive technique for the direct detection and quantification of 

SEPs (Figure 1-4D). Among the MS methods employed, data-dependent acquisition 

(DDA), data-independent acquisition (DIA), and parallel reaction monitoring (PRM) 

are the most prominent. DDA operates on a shotgun approach, selectively 

fragmenting the top N most abundant precursor ions for analysis, making it suitable 

for both labeled and label-free quantification[53]. DIA, also known as SWATH[54], was 

developed by Aebersold's team and has become a key tool in proteomics. This method 

allows for the simultaneous fragmentation of all precursor ions by sequential isolation 

and fragmentation of specific mass-to-charge (m/z) ranges, which improves the 

identification rates and facilitates comprehensive data reanalysis using various 

spectral libraries. PRM focuses on the targeted fragmentation of precursor ions, 

producing unique spectra that are particularly beneficial for analyzing analytes, 

regardless of their concentration in the samples[55].  
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DDA is the most widely used label-free MS method and plays a crucial role in the 

identification of SEPs across various species, including humans[36, 56], Escherichia 

coli[57], and plants[58]. Although DDA is a relatively straightforward method with an 

efficient workflow, its stochastic nature means that it can only fragment ion peaks 

with the highest intensity, potentially leading to the omission of low-intensity ions. In 

contrast, DIA covers a wider dynamic range and exhibits enhanced sensitivity and 

reproducibility, making it highly effective for SEP identification and quantification. 

For instance, Pak et al.[59] reported a threefold increase in the number of 

immunopeptides identified using the DIA workflow. 

Labeled quantitation is also crucial for the detection of SEPs. Zhu et al.[60] and Zhang 

et al.[48] have employed Tandem Mass Tags (TMT) to identify hundreds of SEPs, 

thereby highlighting the potential biological functions of specific peptides, including 

TATDN2P1 and BRAWNIN[48, 60].  

PRM, known for its improved sensitivity and accuracy, is particularly suited for 

validating the presence of SEPs identified in preliminary studies[8, 36, 37]. It enables 

precise quantification and comparison of SEPs with synthetic peptides, utilizing prior 

data, such as m/z values and retention times. For example, Zhu et al.[60] validated 110 

out of 117 SEPs using PRM MS. Additionally, Delcourt et al.[61] employed PRM and 

isotope labeling to quantify two translation products of the MIEFI gene, revealing 

AltMiD51 as a significant regulatory element. This demonstrates the capability of 

PRM in both the validation and functional analysis of SEPs. 
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1.2.3.4 Database search strategy and database construction 

Effective database search strategies are crucial for the identification of proteins, 

including SEPs[62]. The successful identification of SEPs depends heavily on the 

quality of the reference databases. Ideally, these databases should encompass all 

relevant sample-specific SEPs, while minimizing the presence of irrelevant sequences 

to reduce false positives and enhance search efficiency[47, 63]. As most SEPs are not 

included in commonly used databases, such as RefSeq and UniProtKB, it is crucial to 

develop tailored reference databases to discover new SEPs[47, 63].  

(1) Database construction from genomic and transcriptomic data 

An efficient method for constructing reference databases is the in silico six-frame 

translation of whole-genome sequences. This method has been used to improve 

protein identification in organisms such as Escherichia coli[64], and has been applied 

to various species, including Saccharomyces cerevisiae[41] and Arabidopsis 

thaliana[65]. However, six-frame translation databases are typically limited to 

organisms with small intronless genomes, because the inclusion of non-canonical 

sequences can significantly increase database size and search times[66, 67]. To refine 

the database, integration of genomic annotations and transcriptomic data through 

three- or six-frame translations facilitates SEP discovery. Tools such as 

PeptideClassifier[68] and iPtgxDB[69] have successfully identified novel SEPs by 

combining six-frame genome translations with annotations. Further refinements have 

been achieved by incorporating evidence from bioinformatic predictions and Ribo-seq 
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data, which improve the reliability of custom SEP databases and facilitate the 

discovery of novel SEPs across various species[58, 70, 71]. 

(2) Database construction from Ribo-seq data 

Since its introduction in 2009, Ribo-seq has become a powerful tool for identifying 

actively translated regions in mRNAs, providing insights into the peptide-coding 

potential of sORFs at a single-codon resolution[72, 73]. Unlike traditional in silico 

methods, Ribo-seq does not rely exclusively on canonical start codons or transcript 

annotations, thus facilitating the inclusion of AUG- and non-AUG-initiated peptides 

in reference databases[74, 75]. 

Tools such as RiboTaper have utilized the 3-nucleotide periodicity of 

ribosome-protected fragments (RPFs) to identify actively translated regions, which 

have been incorporated into proteogenomic pipelines, leading to the discovery of 

hundreds of novel proteins[19, 76]. Subsequent tools, including PRICE, RibORF, and 

RiboCode, have further enhanced the prediction and validation of sORFs from 

Ribo-seq data, thereby facilitating the identification of numerous novel SEPs[77, 78]. 

Despite these advancements, challenges remain in the elimination of 

translation-irrelevant ribosome binding. To address this, a comprehensive approach 

that combines bioinformatics analysis, RNA sequencing, and genome-scale CRISPR 

screening is recommended[79]. Additionally, publicly available databases of sORFs 

predicted from Ribo-seq data, including OpenProt[9] and sORFs.org[80], serve as 

important resources for SEP identification, facilitating the construction of reference 
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databases for SEP discovery in various samples. 

1.3 Reported biological functions of SEPs 

Recent technological advancements have enabled the discovery of an increasing 

number of SEPs, which display a wide range of biological functions. These functions 

include embryonic development[81-87], tumorigenesis[88-94], regulation of calcium 

homeostasis[95-97], mitochondrial metabolism[98-101], and immune modulation[102-107]. 

There is growing evidence that SEPs have broad potential applications in several 

areas, including disease management, diagnostics, and drug development.  

1.3.1 Embryonic development 

Toddler, a microprotein consisting of 58 amino acids encoded by lncRNA 

LOC100506013, has been discovered in zebrafish (Danio rerio). It acts as an activator 

of APJ/Apelin receptor signaling, which is crucial for cardiovascular development and 

various physiological processes, thereby facilitating the gastrulation process[81]. Pauli 

et al. demonstrated that zebrafish deficient in Toddler exhibit impaired heart and 

circulatory system development, highlighting its indispensable role in early 

embryonic development. Furthermore, microproteins associated with embryonic 

development have been identified in Drosophila melanogaster (fruit flies)[82, 83]. For 

instance, Kondo et al.[82] discovered that lncRNA polished rice (pri) in the epithelial 

tissue of fruit flies is transcribed into multi-exonic mRNA, which encodes a 

microprotein Pri of either 11 or 32 amino acids. This microprotein plays a crucial role 

in the regulation of F-actin and the development of epithelial morphology, conversely, 



 

21 

 

the absence of Pri function leads to the deterioration of epidermal structure. Galindo 

et al.[83] identified the gene tarsal-less (tal) as essential for embryonic development 

and morphogenesis in fruit flies, which generates a microprotein as short as 11 amino 

acids that modulate gene expression and tissue folding. In other species, including 

vertebrates and Drosophila, a microprotein called Sarcolamba (consisting of 11 amino 

acids) influences the activity of the calcium transporter protein SERCA, which in turn 

affects muscle contraction and cardiac development[84]. Chng et al. identified an sORF, 

ELABELA, in human embryonic stem cells, which was present in the outer layer of 

embryonic cells in zebrafish zygotes. The 32-amino acid peptide hormone encoded by 

ELABELA interacts with the receptor APLNR, thereby establishing a critical signaling 

axis for early cardiovascular development[85]. Numerous review articles further 

emphasize that these newly identified SEPs play significant roles in plant growth, 

development, stress responses, and signal transduction[86, 87]. 

1.3.2 Cancer progression 

The in-depth study of sORFs has led to the discovery of numerous SEPs that play a 

crucial role in cancer biology, as outlined in Table 1-2. These small proteins not only 

play significant roles in the metabolism and proliferation of cancer cells but also hold 

promise as novel biomarkers and therapeutic targets. For instance, in colorectal cancer 

(CRC) cells, lncRNA HOXB-AS3 has been demonstrated to encode a conserved 

53-amino acid microprotein, HOXB-AS3[88]. This microprotein, but not its lncRNA 

precursor, inhibits the splicing of pyruvate kinase M (PKM) by regulating hnRNPA1, 
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which in turn suppresses aerobic glycolysis. Immunohistochemical (IHC) analysis 

revealed that CRC patients with lower HOXB-AS3 expression levels tended to have a 

poorer prognosis. Additionally, LINC00675, an lncRNA known to inhibit gastric 

cancer proliferation, encodes a 79-amino acid microprotein named FORCP (FOXA1 

regulated conserved small protein)[89]. FORCP is highly expressed in normal human 

colon and stomach tissues and is found at elevated levels in more differentiated CRC 

cell lines. FORCP inhibited CRC cell growth by promoting apoptosis under 

endoplasmic reticulum stress. Conversely, FORCP depletion promotes cancer cell 

growth and tumorigenicity. Additionally, lncRNA LOC90024 encodes a 130-amino 

acid microprotein that interacts with the splicing regulator SRSF3, thereby modulating 

mRNA splicing[90]. This interaction correlates positively with malignant phenotypes 

and poor outcomes in CRC patients, indicating its potential as a prognostic biomarker 

and therapeutic target.  

Pang et al.[91] conducted RNA immunoprecipitation and sequencing analysis on RNAs 

directly bound to ribosomal protein RPS6 across four cancer cell types. This study led 

to the identification of LINC00998, a lncRNA that is highly expressed in liver cancer 

tissues and binds directly to ribosomal proteins. LINC00998 encodes a peptide known 

as SMIM30 (Small integral membrane protein 30), which is localized to the cell 

membrane. The peptide SMIM30 promotes HCC cell proliferation, migration, and 

invasion by binding to the SRC/YES1 tyrosine kinase and activating the MAPK 

signaling pathway[91]. In contrast, LINC00278 is downregulated in male esophageal 
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squamous cell carcinoma (ESCC). LINC00278 encodes a microprotein, YY1BM, 

which interacts with Yin Yang 1 (YY1) and modulates the ESCC progression by 

inhibiting the interaction between YY1 and the androgen receptor (AR), leading to a 

reduction in the expression of eEF2K. The decreased expression of YY1BM is 

associated with smoking, thereby providing a novel mechanistic understanding of the 

interplay between smoking and the AR signaling pathway[92].  

The lncRNA TINCR encodes a conserved microprotein known as pTINCR, which is 

widely expressed in epithelial tissues[93]. This microprotein enhances the 

SUMOylation modification of CDC42, thereby regulating epithelial cell 

differentiation and inhibiting the proliferation of epithelial tumors. As an anti-cancer 

agent in epithelial cells, low pTINCR expression correlates with poor prognosis in 

patients. Conversely, overexpression of pTINCR promotes cytoskeletal remodeling, 

strengthens intercellular connections, and upregulates epithelial differentiation 

markers. Conversely, knockout of pTINCR impedes epithelial cell differentiation[93]. 

The microprotein MIAC, encoded by lncRNA AC025154.2, is significantly 

downregulated in renal cell carcinoma (RCC). Its expression levels are notably 

correlated with tumor malignancy and patient prognosis[94]. Further research has 

revealed that MIAC plays a role in inhibiting the proliferation and metastasis of renal 

cancer cells by directly interacting with the AQP2 protein, thereby inhibiting the 

activation of the EREG/EGFR signaling pathway. Synthetic MIAC peptides have 

displayed considerable anti-tumor efficacy both in vitro and in vivo, outperforming 
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the clinical agents sunitinib and axitinib. These results highlight the potential of 

MIAC as a novel approach for the diagnosis and treatment of RCC[94].  

FBXW7-185aa plays a pivotal role in the pathophysiology of glioblastoma by 

inducing cell cycle arrest at the G0/G1 phase and inhibiting cellular proliferation[108]. 

This protein functions by competitive inhibition of the deubiquitinase USP28, 

promoting the degradation of c-Myc, which further suppresses tumor growth. Clinical 

evidence indicates that decreased levels of circ-FBXW7 and FBXW7-185aa in 

glioblastoma are positively correlated with patient survival, indicating their potential 

as prognostic biomarkers. Additionally, PINT-87aa, encoded by circPINTexon2, 

induces cell cycle arrest at the G1 phase and inhibits cell proliferation[109]. This 

protein functions by interacting with the polymerase-associated factor complex 

(PAF1c), which inhibits the transcriptional elongation of oncogenes, thereby 

decelerating glioblastoma progression. The low expression of PINT-87aa in brain 

tumor tissues further supports its potential as a prognostic indicator for glioblastoma.  

In summary, SEPs such as HOXB-AS3, FORCP, FBXW7-185aa, and PINT-87aa 

play significant roles in cancer progression by regulating critical processes, such as 

cellular metabolism, proliferation, and apoptosis. These findings not only provide new 

insights into the molecular mechanisms of cancer but also lay the groundwork for the 

development of novel diagnostic and therapeutic strategies.  
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Table 1-2 Summary of microproteins with regulatory roles in human cancers. 

Microproteins Transcript 

Length 

(AA) 

Subcellular 

location 

Cancer Peptide function Ref 

APPLE ASH1L-AS1  90 

Endoplasmic 

reticulum  

Acute 

myeloid 

leukemia 

Regulates translocation 

initiation and promotes 

hematopoietic 

malignancy 

[110] 

ASAP LINC00467 94 Mitochondria  

Colorectal 

cancer 

Modulates ATP synthesis 

activity, thereby 

promoting colorectal 

cancer proliferation 

[111] 

ASRPS LINC00908 60 Cytoplasm 

Breast 

cancer 

Inhibits angiogenesis in 

triple-negative breast 

cancer 

[112] 

DIDO1 CircDIDO1 529 Nucleus 

Gastric 

caner 

Regulates PARP1 

activity 

[113] 

FBXW7 circ-FBXW7 185 Cytoplasm Glioma  

Induces G0/G1 cell cycle 

arrest, thereby inhibiting 

proliferation in glioma 

[108] 

FORCP LINC00675 79 

Endoplasmic 

reticulum  

Colorectal 

cancer 

Inhibits proliferation and 

tumorigenicity in 

[89] 



 

26 

 

colorectal cancer cells 

HOXB-AS3 HOXB-AS3 53 Cytoplasm 

Colorectal 

cancer 

Regulates metabolic 

reprogramming, which in 

turn inhibits 

tumorigenesis 

[88] 

KRASIM NCBP2-AS2 99 Cytoplasm Liver cancer 

Regulates the ERK 

signaling pathway, 

resulting in the 

suppression of 

hepatocarcinoma cell 

proliferation 

[114] 

MIAC AC025154.2 51 Cytoplasm 

Head and 

neck 

squamous 

cell 

carcinoma 

Suppresses tumor growth 

and metastasis 

[94] 

NoBody LINC01420 68 Cytoplasm 

Lung cancer, 

breast 

cancer  

Promotes tumor invasion 

by modulating the 

mRNA decapping 

process 

[56] 
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PACMP Lnc15.2 44 Nucleus 

Breast 

cancer 

Activates 

PARP1-dependent 

poly(ADP-ribosyl)ation, 

which promotes breast 

cancer growth and 

PARPi resistance 

[115] 

PINT87aa 

LINC-PINT 

(circPINT-exon2) 

87 Nucleus Liver cancer 

Inhibits transcriptional 

elongation in multiple 

oncogenes 

[116] 

pTINCR  TINCR 87 Nucleus 

Epithelial 

tumors 

Induces epithelial 

differentiation 

[93] 

RBRP LINC00266-1 71 Nucleus 

Colorectal 

cancer  

Binds to m6A reader 

IGF2BP1 to increase 

c-Myc stability, thereby 

promoting colorectal 

cancer metastasis and 

tumorigenesis 

[117] 

SHPRH Circ- SHPRH 144 Cytoplasm Glioma 

Maintains stable 

full-length SHPRH 

[118] 

SMIM22 CASIMO1 83 Endosome 

Breast 

cancer 

Induces SQLE protein 

accumulation and 

[119] 
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promotes cancer 

proliferation 

SMIM30 LINC00998 59 

Cell 

membrane 

Liver cancer 

Activates the MAPK 

pathway and promotes 

hepatocellular carcinoma 

tumorigenesis 

[91] 

SRSP LOC90024 130 Nucleus 

Colorectal 

cancer 

Interacts with the 

splicing regulator 

SRSF3, thereby 

modulating mRNA 

splicing 

[90] 

YY1BM LINC00278 21 Cytoplasm 

Esophageal 

squamous 

cell 

carcinoma 

Under nutrient 

deficiency, promotes 

cancer cell apoptosis 

[92] 

 

1.3.3 Calcium homeostasis regulation 

Calcium ions (Ca2+) are essential regulators of muscle contraction and influence 

muscle growth, metabolism, and pathological remodeling[120]. Myoregulin (MLN), a 

microprotein consisting of 46 amino acids and encoded by a skeletal muscle-specific 

lncRNA, directly interacts with the sarcoplasmic reticulum Ca2+-ATPase (SERCA). 
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This interaction reduces SERCA's affinity for Ca2+, resulting in a reduced uptake of 

Ca2+ into the sarcoplasmic reticulum and a subsequent decrease in muscle 

contractility[95]. MLN has been identified as a SERCA-inhibitory microprotein within 

skeletal muscle. Conversely, a 34-amino acid microprotein encoded by the 

cardiac-specific lncRNA dwarf open reading frame (DWORF) enhances the 

sarcoplasmic reticulum's capacity for Ca2+ uptake by alleviating SERCA inhibition[96]. 

Furthermore, Anderson et al.[97] identified two additional SERCA-inhibitory 

microproteins in non-muscle cells: endoregulin (ELN) and another-regulin (ALN). 

These microproteins share structural and functional similarities with MLN, suggesting 

that Ca2+-related microproteins are conserved across various cell types and play 

critical roles in the regulation of Ca2+. 

1.3.4 Mitochondrial metabolism 

Mitochondria are essential organelles for metabolism and energy supply and contain 

sORFs within their DNA[98]. Makarewich et al.[99] identified a microprotein named 

MOXI (micropeptide regulator of β-oxidation) in the mitochondrial inner membrane. 

MOXI has been shown to interact with mitochondrial trifunctional protein (MTP), 

thereby enhancing the β-oxidation of long-chain fatty acids. Furthermore, Stein et al. 

discovered a mitochondrial transmembrane protein named Mitoregulin (Mtln), also 

encoded by the lncRNA LINC00116, in skeletal muscle and cardiac tissues[100]. Mtln 

serves as an adhesive molecule that improves mitochondrial respiratory efficiency by 

promoting the assembly and stability of mitochondrial protein complexes. 
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Additionally, a 16-amino acid microprotein, MOTS-c (mitochondrial open reading 

frame of the 12S rRNA-c), encoded by 12S rRNA, has been shown to inhibit the 

folate cycle and the de novo synthesis of purine nucleotides. This inhibition activates 

AMP-activated protein kinase (AMPK) and influences insulin sensitivity[101]. 

Collectively, these findings highlight the significant role of mitochondria in the 

regulation of metabolic homeostasis through microproteins at both cellular and 

organismal levels. 

1.3.5 Immunomodulation and other functions 

In recent years, SEPs encoded by sORFs have been increasingly recognized for their 

critical roles in immune regulation. A notable example is miPEP155[102], a 

microprotein consisting of 17 amino acids encoded by lncRNA MIR155HG. This 

microprotein is known to interact with the heat shock protein HSC70, which is crucial 

for the modulation of major histocompatibility complex class II (MHC II), thereby 

significantly contributing to antigen presentation and attenuation of autoimmune 

inflammation. Another microprotein, C15ORF48, consists of 83 amino acids and is 

encoded by NMES1, which is predominantly expressed in monocyte-derived 

macrophages in a mouse model[103]. This microprotein modulates mitochondrial 

function by competitively binding to the mitochondrial cytochrome c oxidase 

NDUFA4, facilitating NDUFA4 degradation under LPS stimulation, which 

subsequently affects mitochondrial energy metabolism and immune response. 

Additionally, Mm47, a 47-amino acid peptide encoded by 1810058I24Rik, is 
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involved in the activation of the Nlrp3 inflammasome[104]. Its increased expression 

following LPS stimulation and its regulatory effect on interleukin-1 beta (IL-1β) 

release in mouse models highlight its importance in immune response. Aw112010 

interacts with KDM5A to regulate the demethylation of IL-10, thereby influencing 

IL-6 expression and demonstrating its immunoregulatory function in bone 

marrow-derived macrophages[105]. Collectively, these findings highlight the 

significant biological importance of microproteins in immune regulation, laying the 

groundwork for the development of novel immunotherapeutic strategies. 

Moreover, microproteins have been identified as key factors in the degradation of 

substances, particularly wastes and toxins. The small regulatory polypeptide for 

amino acid response (SPAR) is a conserved microprotein comprising 90 amino acids 

encoded by lncRNA LINC00961[106]. It is localized within late endosomes and 

lysosomes, where it interacts with the four subunits of the vacuolar ATPase 

(v-ATPase) complex on the lysosomal membrane. This interaction negatively 

regulates activation mTORC1, consequently inhibiting muscle regeneration. These 

findings suggest that microproteins exhibit a range of biological functions, thereby 

providing a foundation for the development of innovative therapeutic approaches. 

1.4 Exploration on the role of SEPs in the development of novel cancer 

therapeutics  

The pressing requirement in the field of clinical oncology is to discover more 

effective therapeutic agents for precision and personalized treatment approaches. 
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Peptides, which function as crucial biomolecular mediators, have several advantages 

over conventional chemotherapeutic agents, including improved efficacy, selective 

targeting, and reduced toxicity. SEPs may serve as novel repositories for screening 

anti-cancer peptides or protein-based therapeutics. Currently, there are approximately 

80 peptide drugs on the global market[121], with an additional 150 undergoing clinical 

trials and 400 to 600 in preclinical development stages[122-124]. 

1.4.1 SEPs as diagnostic indicators of early disease and effective 

therapeutic targets for cancer 

The objective of cancer research is to identify specific molecular targets for tumor 

treatment and to develop vaccines that can prevent the initiation and progression of 

cancer. Additionally, the field is seeking to develop innovative diagnostic tools and 

biomarkers for early detection of cancer. Recently, there has been growing recognition 

of the important role of SEPs in cancer progression and development, which has 

paved the way for the development of anti-cancer therapeutics[88-90]. These SEPs play 

a crucial role in regulating tumor energy metabolism, metastasis, and growth, thereby 

presenting themselves as promising candidates for use as biomarkers in cancer 

diagnosis and therapeutic targets. For instance, such as No body[125], RBRP[117], 

SMIM22[119], SMIM30[91], FBXW7-185aa[108], PINT-87aa[109] and SRSP[90] are 

aberrantly expressed in tumor tissues and are closely associated with prognosis, 

suggesting their potential as biomarkers and targets for inhibiting tumor growth. 

Specifically, FBXW7-185aa induces G0/G1 cell cycle arrest and inhibits cell 
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proliferation by promoting c-Myc degradation. Clinical evidence suggests that lower 

levels of circ-FBXW7 and FBXW7-185aa in glioblastoma are associated with 

improved patient survival, highlighting their prognostic significance[108]. Similarly, 

PINT-87aa, which is encoded by circPINTexon2, arrests the cell cycle at the G1 phase 

and suppresses cell proliferation through its interaction with the 

polymerase-associated factor complex (PAF1c), thereby inhibiting oncogene 

transcription[109]. Its diminished expression in brain tumor tissues further supports its 

potential as a prognostic indicator for glioblastoma. Therefore, SEPs may serve as 

novel diagnostic markers for tumors, potentially facilitating early diagnosis, 

enhancing the efficiency of tumor detection, improving disease surveillance, and 

increasing the accuracy of cancer prognostic predictions. 

1.4.2 The potential of SEPs as anti-cancer drug candidates 

In addition to their noteworthy potential in tumor diagnosis and prognosis, SEPs may 

also function as promising cancer therapeutic agents owing to their small size, high 

specificity, and low cytotoxicity. These SEPs demonstrate notable anti-tumor activity 

and possess considerable potential as anti-cancer drugs by inhibiting tumor metabolic 

reprogramming, regulating oncogenic protein stability, and disrupting the 

epithelial-mesenchymal transition (EMT) process. For instance, microproteins such as 

HOXB-AS3[88], KRASIM[114], YY1BM[92], and ASRPS[112], which exhibit 

tumor-suppressive effects, can be developed as potential therapeutic agents. 

Furthermore, several SEPs, including Aw112010[126], miPEP155[127], and 
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C15ORF48[103], have shown significant efficacy in enhancing cancer immunogenicity, 

thereby enabling T lymphocytes to accurately identify tumor cells. In summary, SEPs 

represent a valuable source of targetable tumor-specific antigens, offering 

considerable promise for the development of tumor vaccines, and demonstrating 

significant potential as therapeutics to improve cancer immunogenicity. 

However, the development of these drugs has several challenges. First, over 90% of 

peptide drugs are unsuitable for oral administration and must be injected, which is a 

limitation that impacts the development and application of specific peptide drugs 

(SEPs). Second, the low expression levels of SEPs complicate their isolation and 

purification, resulting in high production costs that hinder their clinical application. 

Moreover, the effective and safe delivery of peptides to targeted organs and cells 

presents a considerable challenge. To address these issues, researchers have proposed 

various strategies, including chemical modifications (cyclization, glycosylation, 

esterification, etc.), to improve the pharmacokinetic properties of peptides and 

enhance membrane penetration ability[128]. Second, the assembly of nanocarriers and 

recombinant adenoviral vectors, which are then injected into the patient and 

subsequently mixed with exosomes for delivery, can achieve a sustained release of 

peptides, thus enhancing the specificity and efficacy of the drug for cancer treatment. 

Such approaches can also be employed to improve the therapeutic efficacy, targeting 

capability, and bioavailability of SEPs. Furthermore, SEPs can be utilized in 

conjunction with traditional anti-cancer therapies, including radiotherapy and 
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chemotherapy drugs, to increase treatment efficacy. Peptide-drug conjugates (PDCs) 

have emerged as novel targeted cancer therapies and attracted significant attention[129]. 

SEPs represent promising reservoirs for the discovery of novel peptides capable of 

forming PDCs with advantageous pharmacological properties. 

In conclusion, SEPs have emerged as important players in the field of cancer research, 

serving as potential biomarkers, therapeutic targets, or therapeutic agents. These 

microproteins are characterized by their unique biological activities, high specificity, 

efficiency, and minimal adverse effects, thereby representing a valuable resource for 

the discovery of novel anti-cancer drugs. Undoubtedly, the exploration of novel and 

biologically active SEPs has paved the way for cancer diagnosis and treatment, 

thereby addressing the urgent need for more effective and precise therapeutic 

approaches in clinical practice. Further research and technological advances are 

expected to improve the role of these peptides in future cancer treatments, thereby 

expanding their applicability and effectiveness. 

1.5 Research goals and objectives 

In this study, we focused on the role of SEPs within the field of hepatology, aiming to 

provide a solid foundation for the development of new therapeutic strategies and 

diagnostic tools. The liver, an important organ during embryonic development, plays a 

critical role in hepatic organogenesis and hematopoiesis, and is essential for cell 

proliferation, immune function, and the synthesis and transport of proteins and nucleic 

acids[130, 131]. Despite its importance, many biological processes involved in liver 
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development remain poorly understood. A comprehensive understanding of the 

molecular mechanisms underlying liver development may facilitate the development 

of novel regenerative medical strategies. SEPs are important regulators involved in 

various biological processes, but their role in liver development has not been fully 

explored. By developing an optimized proteomic method to identify novel SEPs 

during mouse liver development, we aimed to identify new molecular participants that 

are crucial for liver development and function. 

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality and 

morbidity worldwide, with a particularly high incidence and mortality rate among 

men. It is the second leading cause of cancer-related death among men and the sixth 

leading cause among women[132]. Most new cases are diagnosed in developing 

countries, with over 400,000 new cases diagnosed annually in China alone. However, 

the incidence is also rapidly increasing in developed nations owing to multiple risk 

factors, such as cirrhosis, hepatitis C virus infections, and rising obesity rates[132, 133]. 

Owing to the absence of specific clinical symptoms in the early stages, over 70% of 

patients are diagnosed at an advanced stage[133]. HCC represents a significant public 

health challenge, particularly given the limited treatment options available for 

advanced stages, as existing therapies frequently result in drug resistance, which in 

turn leads to poor survival outcomes[134-136]. Consequently, it is essential to understand 

the underlying mechanisms of drug resistance and develop novel therapeutic 

strategies to enhance patient outcomes, mitigate drug resistance, and improve survival 
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rates in individuals with advanced HCC. 

SEPs have been shown to play a role in liver pathology by affecting cellular signaling 

and disease progression[137]. Despite the growing recognition of their biological 

importance, systematic studies of SEPs within liver tissue face difficulties owing to 

their low prevalence and the technical constraints associated with their detection. 

Consequently, the aims of this study are outlined as follows:  

(1) Systematic development and optimization of proteomic methodologies for the 

discovery of SEPs in liver tissues at different developmental stages. By employing this 

methodology, we will discover novel SEPs that play key roles in liver development and 

provide a comprehensive proteomic dataset that will serve as a valuable resource for 

further functional studies on liver development. 

(2) To optimize DIA and DDA MS-based proteomics methodological workflow 

while simultaneously integrating Ribo-seq technology. This integration aims to 

optimize the identification and quantification of novel SEPs in 

lenvatinib-resistant HCC cells. By employing these newly developed workflows, 

we aim to identify these SEPs and clarify their roles associated with drug 

resistance in liver cancer. 

(3) To further clarify the mechanistic functions of these SEPs in liver cancer and 

their contribution to drug resistance, providing potential new strategies for 

future clinical interventions. 



 

38 

 

1.6 Overview of projects 

This thesis is organized into four sections, as outlined below: 

Chapter 1 introduces the essential concepts of small open reading frame-encoded 

microproteins (SEPs) and provides an overview of the current methods employed for 

their identification, including three key technologies. We provide a comprehensive 

overview of mass spectrometry (MS) detection methods and workflows, focusing on 

four main points. We summarize the functional SEPs that have been investigated thus 

far, emphasizing their associations with embryonic development, tumorigenicity, 

calcium homeostasis, and mitochondrial metabolism. Additionally, we delve into the 

role of SEPs in the development of anti-cancer drugs, underscoring their considerable 

potential in disease treatment and drug discovery, given their broad application 

prospects. 

Chapter 2 describes the optimization of a MS-based workflow for the effective 

extraction and enrichment of SEPs from biological matrices. Given the typically low 

abundance of SEPs, it is necessary to use substantial quantities of homogenous 

protein samples, a condition that can be satisfied by employing liver tissues. This 

study endeavors to establish an optimized proteomic methodology to identify novel 

SEPs across various developmental stages of the mouse liver, with the objective of 

revealing new molecular participants that play a vital role in liver development. The 

details of this chapter are as follows. 

Optimization of Protein Extraction: Comparison of various protein extraction 



 

39 

 

methods to enhance overall efficiency. 

Development of Protein Enrichment Methods: A comparison of ten methods from 

four categories was conducted to find the most efficient method for enriching 

microproteins from total proteins. Finally, we employ a novel size exclusion 

chromatography (SEC) method for SEPs enrichment, which separates proteins by size 

using gel filtration. 

Optimization of Fractionation Processes: To improve protein fractionation 

techniques to effectively separate SEPs from other proteins and provide purified 

samples for MS analysis. 

Construction of Databases: Use ribosomal sequencing data from the same tissue 

samples to customize a high-specificity database and enhance SEP discovery. 

Comparison and Evaluation of Methods: To evaluate the efficacy of different 

protein enrichment and extraction methods for specific types of SEPs, which will 

inform and direct future research efforts. 

In summary, we systematically optimized the entire workflow, which includes protein 

extraction, enrichment, fractionation, and database construction, leading to a notable 

increase in the identification efficiency of SEPs. We also identified novel molecular 

participants that are crucial for liver development and function. 

Chapter 3 delves into the urgent need for more effective treatments, as our 

understanding of tumorigenicity mechanisms deepens. In recent years, the role of 

SEPs in tumor development and progression has become a focus of attention, offering 
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new avenues for the development of novel anti-cancer therapeutic strategies. 

Therefore, in addition to the optimization of sample processing methods discussed in 

Chapter 2, we have refined the MS and Ribo-seq-based workflow for the SEP 

discovery, specifically screening for functional SEPs in lenvatinib-resistant liver 

cancer cells. The details of this chapter are outlined below: 

Application of an Optimized Proteogenomic Workflow: Following the 

optimization of sample processing methods, as detailed in Chapter 2, we proceeded to 

further enhance the MS-based proteogenomic workflow. We employed a combination 

of two MS methodologies: DIA for comprehensive identification, and DDA for 

reliable identification and quantification. Furthermore, we integrated an 

experimentally generated spectral library with an in silico predicted spectral library to 

maximize SEP identification. Through these improvements, we were able to achieve 

comprehensive characterization and precise quantification of SEPs within liver cells, 

enabling in-depth identification and precise quantification and facilitating the 

discovery of SEPs that influence sensitivity to drugs. 

Validation of the Expression of SEPs: Detection of the presence and variation levels 

of SEPs in drug-resistant liver cancer cells using PRM MS method, and validation of 

their translational potential through plasmid transfection. 

Discovery of the Biological Functions of SEPs: Both in vivo and in vitro 

experiments to validate the functions of the identified SEPs, thereby confirming their 

involvement in drug resistance of liver cancer. This research aims to establish a 
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scientific foundation for the identification of future therapeutic targets or agents. 

Chapter 4 explores the molecular mechanisms by which SEPs contribute to drug 

resistance in HCC. Additionally, we explore the potential roles of SEPs across various 

cancer types and suggest possible applications for these peptides. The details of the 

chapter are outlined as follows: 

Biological Significance of SEPs: Experimental validation of the functions of the 

identified SEPs, confirming their involvement in drug resistance in liver cancer. 

Exploration of the Molecular Mechanisms of SEPs: A 

co-immunoprecipitation-based affinity purification coupled with mass spectrometry 

(AP-MS) workflow was employed to investigate the interactions and molecular 

mechanisms underlying the actions of SEPs. 

Investigation of the Broad Applications: Application of the discovered SEPs to 

other disease models or drugs to evaluate their generalizability and effectiveness 

across diverse biological contexts. 

In summary, we have presented a comprehensive methodological optimization of the 

SEP discovery workflow, which includes both sample preparation and MS-based 

analytical identification. Based on this, we have identified new molecular participants 

that are crucial for liver development and cancer biology. This thesis provides a 

comprehensive framework for the investigation of SEPs, detailing their identification 

methodologies and functional characteristics within the context of hepatopathy, 

thereby paving the way for future research and therapeutic development. 
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Chapter 2. The optimization of proteomic approaches reveals 

novel microproteins in mouse liver development  

2.1 Introduction 

Small open reading frames (sORFs) are translated sequences that have traditionally 

been excluded from genome annotation and are also known as AltORFs or smORFs, 

which contain any unannotated coding sequence of any reading frame of mRNA or 

alleged ncRNA[7, 138]. The translation products of sORFs are termed small open reading 

frame-encoded microproteins (SEPs), also known as AltProts or microproteins, which 

differ from canonical reference proteins (RefProts) of the same gene. Recently, 

microproteins have been shown to play essential roles in a variety of physiological 

processes and diseases[139-142], such as metabolism[143], transcriptional[144]/translational 

regulation[145], ion signaling[96], and development[81, 145]. 

However, the discovery of functional microproteins is mostly serendipitous. To date, 

we still lack a systematic approach to directly identify microproteins from biological 

specimens on a large scale[146]. The Ribosome profiling (Ribo-seq) technique 

sequences ribosome-protected RNA fragments and thus enables the prediction of 

thousands of sORFs using bioinformatics pipelines[147]. Currently, mass spectrometry 

(MS) is the only method that allows direct identification of microproteins[148]. However, 

only tens to hundreds of microproteins per sample can be identified using MS[138, 149-151]. 

The large difference in identification numbers between the two methods calls for urgent 

improvements in MS-based methodologies to detect microproteins. The discovery of 
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microproteins by MS is challenging, partly because of their short length and 

interference from large canonical proteins[152]. Another major obstacle is the lack of 

well-established microprotein databases. The efficiency of microprotein discovery is 

far inferior to that of RefProts, which uses public databases that combine all 

translational products from various samples. Considering the high temporal/spatial 

specificity of microprotein translation, it is important to use a customized database of 

the same specific samples for mining novel microproteins. Although several prior 

works have improved the microprotein sample preparation procedures or database 

construction, there is still a vast room for improvement[138, 151, 153].  

Protein translation plays a crucial role in embryonic development and is regulated 

precisely[145, 154]. Although many canonical proteins and their mechanisms in 

developmental biology have been thoroughly investigated, only a few microproteins 

have been studied[81, 145]. Considering that microproteins could also play pivotal roles in 

development, either independently or through the regulation of canonical proteins, 

large-scale and accurate identification of microproteins is crucial for understanding the 

mechanisms of embryonic development.  

Herein, we report an optimized approach that integrates MS and Ribo-seq techniques to 

identify microproteins with improved depth and efficiency. Using this optimized 

approach, we discovered and quantified stage-dependent microproteins in embryonic 

and adult livers that were enriched in specific biological pathways. Our study not only 

provides a proteomics approach, but also novel microproteins as new players in liver 
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development. 

2.2 Materials and methods 

2.2.1 Chemicals and reagents 

Acetonitrile, methanol, formic acid, trichloroacetic acid, water (HPLC grade), 16% 

Tricine gel, and Tricine SDS running buffer were purchased from Thermo Fisher 

Scientific (Massachusetts, USA). Acetic acid, ethanol, and chloroform were from 

DUKSAN (Gyeonggi-do, Korea). Lysyl endopeptidase (Lys-C, mass spectrometry 

grade) and trypsin (sequencing grade) were purchased from Promega (Madison, USA). 

Ammonium formate, ammonium bicarbonate, DL-dithiothreitol (DTT), and 

iodoacetamide (IAM) were from Sigma Aldrich (Missouri, USA) and all other reagents 

were from Sigma Aldrich. 

2.2.2 Animals and tissue collection 

To compare microprotein enrichment and fractionation methods from liver total lysates, 

C57BL/6 mice weighing between 18 and 22 g were purchased from Centralized 

Animal Facilities, The Hong Kong Polytechnic University, Hong Kong. Adult mice 

were anesthetized and perfused with isotonic saline containing protease inhibitors 

(0.120 mM EDTA, 0.2 mM PMSF, and Roche Complete Protease Inhibitor tablets, pH 

7.4) before decapitation. Livers were quickly dissected and immediately snap-frozen in 

liquid nitrogen. All animal experiments were approved by the Hong Kong Polytechnic 

University Animal Subjects Ethics Subcommittee (Approval No: 
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20-21/275-ABCT-R-STUDENT) and performed in accordance with the Institutional 

Guidelines and Animal Ordinance of the Department of Health. 

For discovery of microproteins in embryonic liver development, livers were harvested 

separately from embryonic (E15.5) and adult (P42) C57BL/6 mice and immediately 

snap-frozen in liquid nitrogen. The mice were purchased from the Guangdong Medical 

Experimental Animal Center (Guangdong, China; License No: SCXK (YUE) 2018 

0002). All experimental procedures were approved by the Animal Ethics Committee of 

the Zhongshan Ophthalmic Center, Sun Yat-sen University (Guangzhou, China; 

License No: SYXK (YUE) 2018 0189) and in accordance with the institutional animal 

welfare guidelines and Animal Protection Law of China. 

2.2.3 Protein extraction and microprotein enrichment 

Mouse liver tissues were obtained from The Hong Kong Polytechnic University25%ree 

different microprotein extraction methods were compared: (1) RIPA lysis buffer (50 

mM Tris-HCl, 150mM Sodium chloride (NaCl), 2mM EDTA, 1% NP40, 1% Sodium 

Deoxycholate), (2) acid lysis buffer (50 mM hydrochloric acid (HCl), 0.1% 

β-mercaptoethanol; 0.05% Triton X-100)[151], and (3) boiling water[151]. The extracts 

were then centrifuged at 16,000 × g for 20 min at 4 °C to remove residual debris.  

We tested 10 enrichment methods in triplicates from four categories, (1) precipitation, 

(2) size selection, (3) solid phase extraction (SPE) enrichment method, (4) hexagonal 

mesoporous silica materials, using equal amounts of lysates.  
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2.2.3.1 Precipitation category 

Precipitation methods precipitate larger proteins to decrease supernatant complexity 

and enrich small proteins, according to previous protocols.  

(1) Acetic acid (AA) at 0.25% or AA at 25% precipitation 

AA (0.25%, v/v) [151] or (25%, v/v) in water[138] was added to the tissue homogenate 

supernatant followed by centrifugation at 16,000g for 20 min at 4 °C. The supernatant 

was then collected. 

(2) Trichloroacetic acid (TCA) precipitation 

TCA 20% was added to the samples as 1:1 (v/v), followed by chloroform (CHCl3) 1:1 

(v/v). The sample was centrifuged at 1,500 g for 10 min at 4 °C and the supernatant 

was transferred to a new tube. The lower sample was then washed with 100 μL of 

Milli-Q water and 100 μL of methanol, followed by vortexing and centrifugation at 

1,500 g for 10 min at 4 °C. Subsequently, both supernatants were combined[42].  

(3) Acetonitrile (ACN) precipitation 

A 3.2-fold volume of ACN spiked with 0.1% trifluoroacetic acid was added to the 

sample and then vortexed for 30 s and incubated for 1 h. Then the sample was 

centrifuged at 16,000g for 20 min and the supernatant was transferred to a new 

tube[38].  

(4) Methyl tert-butyl ether (MTBE)-based sequential precipitation 

We used a single-phase buffer MTBE/methanol/water (5:3:1, v/v) and two-phase 

buffer MTBE/methanol/water (5:1:1, v/v) for precipitation and delipidation as 
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described previously[155]. MTBE/methanol/water (5:3:1, v/v) was first added and 

incubated for 30 min at 4 °C for precipitation, and the supernatant was transferred into 

a new tube after centrifugation at 21,000 g for 20 min at 4 ℃. Then 

MTBE/methanol/water (5:1:1, v/v) was added. After vortex, the small proteins in the 

lower phase were collected by centrifugation at 1,000 g for 10 min at 4 °C. 

Subsequently, both were combined. 

2.2.3.2 Size selection category 

(1) 30-kDa-molecular weight cut-off ultrafiltration (30-kDa-MWCO) 

The liver homogenate supernatant was loaded into a 30-kDa-MWCO (Millipore) for 

centrifugation at 12,000 g for 20 min, and the flow through was collected[151].  

(2) Size-exclusion chromatography (SEC) enrichment 

To isolate proteins <30 kDa from liver lysates, a GE AKTA Explorer FPLC System 

(GE Healthcare) was combined with a Sephadex 75 Increase 5/150 GL column (GE 

Healthcare) for both enrichment and fractionation. The column was equilibrated with 

3 column volumes of SEC running buffer (ammonium bicarbonate) prior to sample 

analysis. Low molecular weight standards (GE Healthcare) were used for mass 

calibration. Each SEC separation run was performed at a flow rate of 0.2 mL/min at a 

wavelength of 254 nm for 15 min. Only fractions between 8 min and 15 min of 

retention time were collected into a low protein binding tube (Eppendorf). These 

fractions corresponded to proteins of molecular weight <30 kDa in a total volume of 

1.6 mL. For SEC enrichment purpose, these fractions were combined into one tube 
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and lyophilized before use.  

2.2.3.3  Solid phase extraction (SPE) category 

(1) C8 SPE-based enrichment 

C8 SPE cartridges (Agilent Technologies) were activated with one column volume of 

methanol and then equilibrated with two-column volumes of triethylammonium 

formate (TEAF) buffer (pH 3.0) before the lysate was applied. The cartridges were 

then washed with two column volumes of TEAF buffer (pH 3.0) and the enriched 

proteins were eluted with ACN: TEAF buffer (3:1, pH 3.0)[151]. 

(2) Hydrophilic-lipophilic-balanced SPE (HLB SPE, Waters)-based enrichment 

HLB SPE cartridges (Waters) were activated with methanol and then equilibrated with 

water before the lysate was applied. The cartridges were then washed with water and 

eluted with 60% ACN.  

2.2.3.4 Hexagonal mesoporous silica materials MCM-41 (MCM-41) 

MCM-41 beads were mixed with liver lysates and small proteins were extracted as 

described by Du et al[156]. After incubation and shaken for 30 min, the protein 

adsorbed was eluted with ACN/0.5 M HCl (1:1, v/v) by centrifugation at 12,000 g for 

10 min.  

After enrichment, to compare the enrichment effect of different methods for small 

proteins, all samples need to be concentrated by speed-vac. Braford protein assay was 

used to measure protein concentration, and an equal amount of total protein was 

analyzed by Tricine 4-12% and BisTris SDS-PAGE gel. 
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2.2.4 Protein sample cleanup with the SP3 method 

For each 20 μg sample, Sera-Mag SpeedBeads Carboxyl Magnetic Beads, hydrophobic 

and Sera-Mag SpeedBeads Carboxyl Magnetic Beads, hydrophilic (GE Healthcare) 

were gently combined in a ratio of 1:1 (v/v) and used as described by Hughes et al.[157]. 

The samples were then reduced and alkylated using DTT and IAM. The bead slurries 

were then transferred to samples. Subsequently, absolute ethanol was added at a final 

concentration of 50% (v/v). Beads were resuspended in 50 mM ammonium bicarbonate 

supplemented with Lys-C enzymes at an enzyme-to-protein ratio of 1:100 (w/w). After 

4 h of incubation, trypsin was added at an enzyme-to-protein ratio of 1:20 (w/w), as 

1:25 was recommended by Hughes et al., for complete digestion, and the sample was 

incubated at 37 °C for 12 h. The peptide concentration was determined using a Pierce 

Quantitative Fluorometric Peptide assay (Thermo Fisher Scientific). For each sample, 

the peptides were labeled with TMT6plex (including channels 126, 127N, 127C, 128N, 

128C, and 129N; Thermo Fisher Scientific) according to the manufacturer’s 

instructions. 

2.2.5 SDS-PAGE tricine gel analysis of enriched microproteins samples 

After enrichment, the protein content was quantified by the Bradford assay, and the 

same amount (25 µg) of protein was loaded onto each lane of the gel. The samples were 

analyzed using 16% tricine-SDS-PAGE and separated at a constant voltage of 60 V 

until they completely entered the separating gel from the stacking gel. Then, a constant 
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voltage of 110 V was maintained until the tracking dye reached the gel bottom. Finally, 

the gel was stained with Coomassie Brilliant Blue R-250 (Bio-Rad). 

2.2.6 Comparison of fractionation methods after SEC enrichment  

2.2.6.1 SEC enrichment into 4 fractions (SEC-fraction) 

Mouse liver samples were loaded onto the SEC column, and the final four fractions of 

the low-molecular-weight range were collected and injected separately into the MS for 

detection. 

2.2.6.2 High-pH reversed-phase fractionation 

After SEC enrichment, the obtained proteins were digested and the peptides were 

fractionated using a Waters Acquity UPLC Peptide BEH C18 column (2.1 × 100 mm, 

1.7 μM, Waters) on an Agilent 1290 Infinity LC system (Agilent Technologies) 

operating at 50 μL/min. Buffer A consisted of 10 mM ammonium formate and buffer B 

consisted of 10 mM ammonium formate and 90% ACN, both of which were adjusted to 

pH 9 using ammonium hydroxide, as described previously[158]. Fractions were collected 

every 1 min from 6 min to 100 min retention time (96 fractions, finally concatenated 

into 8 fractions). Peptides were separated using a linear gradient as follows: 0-10 min, 1% 

B; 10-38 min, 1-8% B; 38-75 min, 8-62% B; 75-85 min, 62-95% B; 85-100 min, 95% B. 

The final eight fractions were concentrated and analyzed by LC−MS/MS. 

2.2.6.3 ERLIC fractionation 

After SEC enrichment, the obtained protein was digested, and the peptides were 

fractionated using an Agilent 1290 Infinity LC system equipped with a PolyWAX 
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ERLIC column (200 × 2.1 mm, 5 μM, 300 Å, PolyLC), as described previously[159]. 

Buffer A consisted of 90% acetonitrile and 0.1% acetic acid, and buffer B consisted of 

30% acetonitrile and 0.1% formic acid. From 6 min to 100 min retention time, fractions 

were collected every 1 min (96 fractions, finally concatenated into 8 fractions). 

Peptides were separated by a stepwise gradient as follows: 0-10 min, 0% B; 10-22 min, 

0-8% B; 22-38 min, 8-45% B; 38-50 min, 45-80% B; 50-68 min, 80-98% B; 68-100 

min, 98% B. The final eight fractions were concentrated and analyzed by LC−MS/MS. 

2.2.7 LC-MS/MS analysis 

For data-dependent acquisition, all mass spectrometry data were collected on an 

Orbitrap Exploris 480 mass spectrometry equipped with the FAIMS interface and 

coupled with an Ultimate 3000 RSLC nano system (Thermo Fisher Scientific). The 

digested samples were re-dissolved in 0.1% FA and separated on a self-packed capillary 

column packed with Reprosil-Pur C18 1.9 μM particles (Dr. Maisch GmbH). Mobile 

phase A (0.1% formic acid) and mobile phase B (80% ACN and 0.1% formic acid) were 

used to separate the peptides with the following gradients: 2 min, 8–10% B; 2-120 min, 

10−35% B, 120-140 min, 35-90% B; 140-150 min, 90%B in bottom-up proteomics, at 

a constant flow rate of 300 nL/min. Full-scan spectra were measured with a resolution 

of 120,000 within a maximum injection time of 50 ms, followed by MS2 scans with a 

resolution of 30,000 within a maximum injection time of 55 ms. The isolation window 

of the MS2 scan was set to 1.6 m/z, and only ions with 2-6 charges were triggered 

during the MS2 event. The normalized collision energy (NCE) was set to 32. The 
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dynamic exclusion time was set to 45 s. The compensation voltages were set at -45 V 

and -65 V to remove singly charged ions. 

2.2.8 Construction of a putative microproteins database  

This study used the previously reported Ribo-seq dataset[145]. Briefly, preprocessing of 

Ribo-seq raw data included adaptor removal using Cutadapt[160] (v 2.4, with parameters 

“--minimum-length 6 --discard-untrimmed --match-read-wildcards --max-n=0.5”), 

low-quality trimming using Sickle[161] (v 1.33, with parameters “se -x -t sanger”). rRNA 

and tRNA contaminants were removed by aligning the trimmed reads to mouse tRNA 

and rRNA sequences (5S, 5.8S, 18S, and 28S ) using Bowtie 2[162] (v1.0.1, with 

command “-q -L 20 --phred33 --end-to-end”). All remaining reads were mapped to the 

mouse reference genome GRCm 38 with a GTF annotation file (GENCODE vM25) 

using STAR (v 2.7.2 a)[163], and further unique mapped reads were extracted. Ten 

pipelines, RiboTISH (v 0.2.1)[164], ORFquant (v 0.99.0)[165], ORFRATER[18], RiboCode 

(v 1.2.11)[166], riboHMM[167], Ribotricer (v 1.3.1)[168], RiboWave (v 1.0)[169], RP-BP (v 

2.0.0)[170], RibORF (v 1.0)[171] and PRICE (v 1.0.3b)[75], were used to perform ORF and 

sORF detection with the longest strategy under the default threshold setting (Table 2-1). 

The final set of actively translated ORFs with all near-cognate start codons (AUG, 

TUG, CUG, and GUG) followed by an in-frame stop codon in annotated transcripts 

was stringently filtered based on the requirement of a minimum length of 18 

nucleotides and the expression of the ORF-containing gene at an above-background 

level, as described in a previous report[145]. ORFs that passed the above filtering criteria 
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were classified into several categories based on their relative location with the nearest 

annotated CDS, as described previously[7]. In the classification results, ORFs were 

defined as annotated proteins. Upstream ORFs (uORFs) and downstream ORFs 

(dORFs) were defined as sORFs originating from the 5’UTRs and 3’UTRs of annotated 

protein-coding genes, respectively. Long non-coding RNA ORFs (lncRNA-ORFs) 

were defined as sORFs originating from transcripts currently annotated as long 

non-coding RNAs (lncRNAs). Upstream overlapping ORFs (uoORFs), downstream 

overlapping ORFs (doORFs), and internal out-of-frame ORFs (intORFs) were defined 

as sORFs located upstream, downstream, and intermediate of the CDS and out-frame 

overlapping with annotated CDSs, respectively. Finally, nucleic acid sequences of all 

actively translated sORFs were converted into amino acid sequences in FASTA format 

for the construction of protein databases. 
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Table 2-1 Summary of algorithms used for ORF prediction tools in Ribo-seq. 

Methods 

Prediction 

strategy 

Start codon  Cutoff PMID Version 

Installation: 

Language 

Year Source 

Ribotricer 

v1.3.1 

Low-dimensional 

projected vector 

NTG phase score > 0.4285 31750902 1.3.1 Conda: Python3 2020 

https://github.com/smithl

abcode/ribotricer 

RiboCode 

v1.2.11 

Wilcox single 

rank test 

NTG combined p-value < 0.05 29538776 1.2.11 Conda: Python2 2018 

https://github.com/xryan

glab/RiboCode 

RiboWave 

v1.0 

Wavelet 

transform 

NTG p-value < 0.05 29945224 1.0 

Git-Hub: Shell and 

R 

2018 

https://github.com/lulab/

Ribowave 

Ribo-TIS

H v0.2.1 

Wilcoxon 

rank-sum test 

NTG 

RiboQvalue 

(FrameQvalue) < 0.05 

29170441 0.2.1 

Git-Hub/Pip: 

Python2/3 

2017 

https://github.com/zhpn1

024/ribotish 

RP-BP 

v2.0.0 

Unsupervised 

Bayesian 

NTG #bayes_factor_mean > 5 28126919 2.0.0 Git-Hub: Python3 2017 

https://github.com/dieter

ich-lab/RP-BP 
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ORF-RAT

ER 

Linear regression 

and a random 

forest classifier 

NTG orfrating > 0.8 26638175 Git-Hub Git-Hub: Python2 2015 

https://github.com/alexfi

elds/ORF-RATER 

RibORF 

v1.0 

Percentage 

maximum 

entropy 

NTG pred. pvalue > 0.7 26687005 1.0 Git-Hub: perl 2015 

https://github.com/zhejil

ab/RibORF 

riboHMM 

Hidden Markov 

model (HMM) 

NTG posterior > 8000 27232982 Git-Hub Git-Hub: python 2016 

https://github.com/rajani

l/riboHMM 

ORFquant 

(SaTAnn) 

v0.99.0 

Splicing reads 

and multitaper 

method 

ATG only pval_uniq < 0.05 32601440 0.99.0 Git-Hub: R 2020 

https://github.com/lcalvi

ell/ORFquant 

(https://github.com/lcalv

iell/SaTAnn) 



 

56 

 

PRICE 

v1.0.3b 

EM algorithm 

and generalized 

binomial test 

NTG, ANG and ATN 

only 

FDR < 0.1 29529017 1.0.3b Git-hub: java 2018 

https://github.com/erhar

d-lab/gedi/wiki/Price 

 

https://github.com/erhard-lab/gedi/wiki/Price
https://github.com/erhard-lab/gedi/wiki/Price
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2.2.9 Identification of canonical proteins and microproteins 

The LC-MS/MS raw data were analyzed using MSFragger (version 3.3). The common 

parameters were set as follows: precursor mass tolerance: 10 ppm, fragment mass 

tolerance: 0.02 Da; trypsin as enzyme; 2 missed cleavages; oxidation (methionine), 

acetyl (protein N-term), and TMT-6plex (N terminus) as variable modifications; 

carbamidomethylation (cysteine) and TMT-6plex (lysine) as fixed modification; the 

validation was performed using PeptideProphet; the FDR was set as 1%. Two different 

protein databases were used in this study: (1) Mouse OpenProt and sORF databases 

were used for comparison of enrichment methods. Mouse OpenProt protein database 

was derived from OpenProt (https://openprot.org, version number 1.6, 01 Sep 2020)[172] 

and contains 563,275 entries consisting of RefProts, novel isoforms and microproteins 

predicted from both Ensembl and RefSeq. There were 503,679 entries in the Mus 

musculus microprotein protein database from sORF.org (http://www.sorfs.org, 

downloaded on 01 Jun 2021)[173]; (2) In-house mouse microprotein database had 

146,461 entries, which were used for microprotein discovery in TMT-labeled 

embryonic and adult livers. Identification of microproteins was always based on a 

peptide specific to the microprotein sequence and not common with the RefProts. The 

results from the custom database search were further filtered against the reference 

mouse proteins database (RefProt, containing Ensembl, NCBI RefSeq, and UniProtKB) 

using a stringent string-searching-based mapping algorithm to ensure that we did not 

report any known protein degradation, mutants, or isoforms.  

We performed Gene Ontology (GO) analysis mainly based on annotated sORFs, which 
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are in the same genes that encode the related upstream ORFs (uORFs), downstream 

ORFs (dORFs) and upstream overlapping ORFs (uoORFs), as well as lncRNA-ORFs 

that were encoded by the retained introns of protein coding genes with known functions. 

GO analysis was performed with R package clusterProfiler (v4.0.5). 

2.2.10 Validation of novel microproteins with parallel reaction 

monitoring  

For parallel reaction monitoring (PRM), the samples were separated on the same 

LC-MS system using a 150 min gradient. Full scan spectra were measured with a 

resolution of 120,000 within a 50 ms maximum injection time, followed by targeted 

peptide MS2 scans with a resolution of 30,000 within a 60 ms maximum injection time 

under the 1.2 m/z isolation window. The normalized collision energy was set to 30. 

PRM data (tier 3 level) were processed using Skyline (version 21.1) software, as 

described previously[174]. The predicted Rt and MS/MS spectra were calculated using 

two deep learning tools, DeepRT[175] and pDeep2[176], respectively. 

2.2.11 Identification of more microproteins using the PRM method 

Twenty-seven microproteins were selected from the Ribo-seq-based microprotein 

database for targeted PRM analysis (tier 3 level) to identify additional microproteins. 

Briefly, a fragmentation inclusion list of theoretically predicted tryptic peptides in the 

selected microprotein was generated to identify novel microproteins using 

high-resolution data-dependent scanning. A total of 51 unique peptide targets 

(corresponding to 27 microproteins) were selected in the inclusion list based on the 
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following stringent screening criteria: peptides uncommon to RefProts, sequence 

length greater than 7 amino acids, and the absence of methionine oxidation. 

2.2.12 Experimental design and statistical rationale 

To test the performance of different microprotein enrichment methods, we performed 

triplicate for each enrichment method using adult C57BL/6 mice liver samples. To 

investigate microprotein expression during liver development, the livers of embryonic 

(E15.5) and adult (P42) C57BL/6 mice were used in triplicate. Data were analyzed by a 

two-tailed unpaired Student's t-test (unless otherwise indicated), and p < 0.05 was 

selected as the statistical limit of significance. We selected * and ** for p < 0.05, and p 

< 0.01, respectively. Unless otherwise stated, all data in the graphs are expressed as 

arithmetic mean ± standard deviation (SD) from at least three repeated experiments. 
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2.3 Results 

2.3.1 Optimization of microprotein extraction methods 

Considering the distinct lengths and properties of canonical reference proteins 

(RefProts) and alternative proteins (microproteins)[177], the identification of 

microproteins using classical proteomic methods is analytically challenging. Therefore, 

we sought to improve the proteomics workflow at multiple steps, including protein 

extraction, microprotein enrichment, and peptide fractionation, by comparing various 

conditions.  

First, three widely employed protein extraction methods, RIPA lysis buffer, acidic lysis 

buffer, and boiling water, were tested for extracting microproteins from mouse liver 

homogenates. Significant protein loss was observed with acid lysis buffer and boiling 

water, although they have been reported for extraction of small proteins by 

preferentially causing aggregation of high-molecular-weight proteins[151, 152]. In 

contrast, RIPA lysis buffer offered a much higher efficiency for total protein extraction 

and was therefore adopted in all subsequent experiments (Figure 2-1).  
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Figure 2-1 Comparison of protein extraction efficiency (%, mg protein/mg tissue) in the 
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three lysis buffers using mouse liver tissues. 

 

2.3.2 Size-exclusion chromatograph is the most efficient method for 

microprotein enrichment 

Next, we tested ten methods from four categories to find the most efficient method for 

enriching microproteins from total proteins. In the first category “precipitation”, 

organic solvents or acids precipitated high-molecular-weight proteins and subsequently 

enriched microproteins. In the second category “size selection”, ultrafiltration tubes 

and size-exclusion chromatograph (SEC) enabled separation of proteins by size. In the 

third category “solid phase separation”, the non-polar reversed-phase sorbent trapped 

large hydrophobic proteins, while small and polar proteins were eluted and enriched. 

The fourth category is hexagonal mesoporous silica materials MCM-41, which enabled 

selectively enrich peptides and small protein through size selectivity and adsorptive 

mechanism. The efficiency of the methods was compared side-by-side based on gel 

images and/or MS analysis of the enriched proteins. Based on tricine gel and glycine 

gel images, most methods were able to remove proteins larger than 40 kDa efficiently. 

However, the enriched proteins displayed vastly different profiles (Figures 2-2).  
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Figure 2-2 Comparison of different extraction and enrichment methods using mouse 

liver tissues. (A) Liver lysates were lysed in RIPA lysis buffer followed by enrichment, 

including C8 SPE, HLB SPE, SEC, 30-kDa MWCO, AA precipitation, or TCA precipitation. 

The results from these enrichments were analyzed by SDS-PAGE (Coomassie staining). (B) 

Tricine SDS-PAGE results of boiling water extraction combined with different enrichment 

methods. (C) Tricine SDS-PAGE results of acid lysis buffer extraction combined with 

different enrichment methods. (D) (E) Tricine SDS-PAGE results of RIPA lysis buffer 

extraction combined with different enrichment methods. (F) Glycine SDS-PAGE results of 

RIPA lysis buffer extraction combined with different enrichment methods. 

 

Trichloroacetic acid (TCA) precipitation, acetic acid (AA) precipitation, C8 

Solid-phase extraction (C8 SPE), hydrophilic-lipophilic-balanced solid-phase 
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extraction (HLB SPE), 30-kDa-molecular weight cut-off ultrafiltration 

(30-kDa-MWCO), and SEC resulted in strong protein bands and therefore were chosen 

for the following comparison with MS. With equal protein amounts, the highest 

identification number was achieved using SEC enrichment, with an average of 51 

microproteins identified, which was more than twice that of the other methods (Figure 

2-3A). Meanwhile, although the intensity of RefProts was similar across all tested 

methods, the intensity of microproteins after SEC enrichment was five folds higher 

than that of other methods. SEC greatly reduced the difference between RefProts and 

microproteins in terms of MS intensity, which demonstrated its effectiveness in 

concentrating microproteins out of the total lysates (Figure 2-3B).  

 

Figure 2-3 Comparison of different enrichment methods for microproteins in mouse 

livers. (A) Average number of microproteins detected using different enrichment methods. (B) 

MS intensity of the identified microproteins and RefProts in each enrichment method.  
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2.3.3 Characteristics of microproteins enriched by various methods 

Given the complementary nature of these enrichment methods, there were only a few 

microproteins commonly identified by using different categories of methods (Figure 

2-4). Although the individual methods did not yield a high number of microproteins, 

the methods collectively contributed a greater variety of microproteins. In our study, we 

found that No-enrich and SEC method were complementary in identifying different 

categories of microproteins. The reproducibility was higher within the same category 

than between categories. For example, over 60% of microproteins identified with TCA 

precipitation were reproducibly identified with acetic acid precipitation. Among all the 

methods, SEC was found to be the most comprehensive. For microproteins that were 

identified by multiple enrichment methods, SEC resulted in the highest intensities 

(highlighted in red in Figure 2-4A). Next, we analyzed the hydrophobicity and 

isoelectric point (pI) to investigate whether microprotein identification was associated 

with their biophysical properties (Figures 2-4). As expected, the acid precipitation 

methods enriched more hydrophilic microproteins with lower GRAVY scores (Figures 

2-4C). TCA precipitation and acetic acid precipitation preferentially enriched more 

microproteins with a high pI compared to the other methods (Figure 2-4D). Such 

differential biophysical properties partially explained the observation that a 

complementary pool of microproteins was enriched with different methods. SEC-based 

method enriched microproteins with evenly distributed hydrophobicity and pI and 

therefore was the most efficient method. 
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Figure 2-4 Performance of different approaches for enriching microproteins. (A) 

Distribution of MS intensities of the identified microproteins from different enrichment 

methods. (B) Comparison of the identified microproteins between different categories of 

methods. (C, D) Distribution of hydrophobicity (C), and isoelectric point (D) of identified 

microproteins from different enrichment methods. *p < 0.05, **p < 0.01 compared to 

No-enrich by Student’s t test. 
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2.3.4 Fractionation improves microprotein discovery 

Peptide fractionation using electrostatic repulsion-hydrophilic interaction 

chromatography (ERLIC) and high-pH reverse phase (HpRP) has been reported to 

improve the discovery of microproteins in prior studies[159, 178]. SEC, which was found 

to be the most efficient and unbiased method for enrichment of microproteins in our 

study, could also serve for protein fractionation to obtain four fractions of different 

molecular weight ranges. Therefore, we evaluated four fractionation methods for 

improving the depth of microprotein discovery, including SEC enrichment without 

fractionation (SEC), SEC enrichment into 4 fractions (SEC-fraction), SEC enrichment 

followed by ERLIC fractionation (SEC-ERLIC), and SEC enrichment followed by 

HpRP fractionation (SEC-HpRP) (Figure 2-5). SEC-fraction and ERLIC fractionation 

increased the number of microproteins by 1.4 to 1.6 folds. SEC-ERLIC led to the 

highest number of microproteins while SEC-fraction was the most time- and 

effort-effective, as it could enrich and fractionate microproteins simultaneously within 

15 min (Figure 2-5A). The intensities of microproteins even showed a slight increase 

after SEC-fraction and SEC-ERLIC (Figure 2-5B).  
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Figure 2-5 The effect of fractionation methods on microprotein discovery. The number of 

identified microproteins (A) and MS intensity of microproteins (B) before and after 

fractionation. * indicates p < 0.05 for comparison by Student’s t test. 

 

2.3.5 An optimized workflow enables discovery of microproteins in 

embryonic liver development 

Next, we applied the optimized workflow in combination with TMT-based 

quantification to investigate microprotein expression during liver development (Figure 

2-6A). Total protein lysates were extracted from the livers of embryonic (E15.5) or 

adult (P42) C57BL/6 mice in triplicate followed by SEC-ERLIC and TMT-based 

quantification. As we previously studied the protein translation landscape of mouse 

livers during development by using Ribo-seq, we were able to construct a liver-specific 

protein database based on Ribo-seq results and search the MS data against it. Although 

our customized database was much smaller than public databases[172, 173], we were able 
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to reproducibly detect 5146 RefProts and 89 microproteins from embryonic and adult 

mouse livers. Even though MS and Ribo-seq were two completely different techniques, 

the measured fold change between embryonic and adult livers showed a positive 

correlation with R equals to 0.71 (Figure 2-6B), indicating that both techniques can 

precisely capture the overall changes in the proteome during development. A large 

majority of the microproteins identified were encoded by long non-coding RNA ORFs 

(lncRNA-ORFs,74%) and upstream overlapping ORFs (uoORFs, 22%), and some 

were encoded by upstream ORF (uORF), downstream ORF (dORF), and internal 

out-of-frame ORFs (intORFs) (Figure 2-6C). The identified microproteins showed 

similar hydrophobicity with RefProts (Figure 2-6D). Furthermore, 39 microproteins 

were differentially expressed (Figure 2-6E). Gene Ontology (GO) analysis of sORFs 

showed that microproteins upregulated in embryonic livers were involved in RNA 

splicing and processing, whereas microproteins upregulated in adult livers were 

enriched in metabolic pathways (Figure 2-7A). The biological pathways were 

consistent with those of RefProts, suggesting the functional importance of 

microproteins in liver development. We employed an alternative MS strategy, parallel 

reaction monitoring (PRM), to validate the identification and quantification of the 

novel microproteins. For example, the MS2 spectrum of the non-canonical peptide 

QLLLAGLQNAGR strongly agreed with the predicted spectrum (Figure 2-7B). The 

amount of this peptide was significantly downregulated in three embryonic livers 

compared to adult livers (Figure 2-7C). Finally, we sought to understand the 

relationship between microproteins and RefProts. We specifically searched for actively 
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translated sORFs within the 5’- and 3’-UTRs of canonical ORFs. With stringent criteria, 

6 pairs of microproteins and their primary RefProts from the same gene were detected 

by MS in the same experiment (Figure 2-7D, Table 2-2). Among them, dihydrofolate 

reductase (DHFR), ceruloplasmin (Cp), and beta-globin (Hbb-bs) and their 

corresponding microproteins were significantly changed between embryonic and adult 

mice, indicating a potential cis gene regulatory effect between sORFs and the 

corresponding primary ORFs.  
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Figure 2-6 Microprotein profiling in adult and embryonic livers via SEC-ERLIC and 

TMT-MS workflows. (A) SEC-ERLIC workflow for the discovery of microproteins in adult 

and embryonic livers using a TMT-based MS approach. (B) Correlation of differences in 

protein expression between embryonic and adult mice detected using two techniques: 

Ribo-seq and MS-based proteomic approaches. (C) RNA type distribution of identified 

microproteins. (D) Hydrophobicity of the identified microproteins and RefProts in adult and 

embryonic livers. (E) Volcano plot of the identified RefProts and microproteins in adult and 

embryonic livers. The orange and green dots represent upregulated and downregulated 
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RefProts, respectively. Red and dark gray dots represent significantly changed microproteins 

and stable microproteins, respectively. (p value < 0.05; |fold change (FC)| > 1.5).  

 

 

Figure 2-7 Discovery of microproteins in embryonic and adult livers. (A) GO analysis of 

significantly altered RefProts and microproteins. (B) Examples of the experimental and 

predicted spectra of the non-canonical peptide QLLLAGLQNAGR. (C) Corresponding peak 

areas of the representative non-canonical peptide QLLLAGLQNAGR in embryonic and adult 

livers using the PRM method. (D) Heatmap of MS intensity of pairs of microproteins and 

their primary RefProts from the same gene.  
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Table 2-2 List of 6 pairs of microproteins and their primary RefProts from the same gene that detected directly by TMT-based 

MS approach. 

Protein ID Peptide Gene ID Transcript ID Protein name Gene name 

Changes of 

RefProts 

Changes of 

microproteins 

RNA 

type 

chr13,+,ENSMUSG00000021707.5_92354728_92355099_123,uORF,E

NSMUST00000022218.5,5347,E15_liver_STAR_Rp-Bp 

AGLLGAR 

ENSMUSG00

000021707 

ENSMUST0000

0022218 

Dihydrofolate reductase Dhfr Down Up uORF 

chr3,+,ENSMUSG00000003617.16_19957284_19966254_53,novel,ENS

MUST00000128615.7,1877,E15_liver_STAR_Ribo-TISH-longest:E15_l

iver_STAR_RiboWave 

LISVDTSR 

ENSMUSG00

000003617 

ENSMUST0000

0128615 

Ceruloplasmin Cp Down Down 

lncRNA

-ORFs 

chr7,-,ENSMUSG00000052305.6_103826627_103826553_24,dORF,EN

SMUST00000023934.7,628,P42_liver_STAR_RiboCode:P42_liver_ST

TFENLSSDK 

ENSMUSG00

000052305 

ENSMUST0000

0023934 

Beta-globin Hbb-bs Up Down dORF 



 

73 

 

AR_Rp-Bp 

chr10,-,ENSMUSG00000020277.10_78009683_78009573_36,novel,EN

SMUST00000220304.1,2141,P42_liver_STAR_riboHMM:P42_liver_ST

AR_RiboWave 

AIGVLTSGG

DAQGDGTR 

ENSMUSG00

000020277 

ENSMUST0000

0220304 

ATP-dependent 

6-phosphofructokinase, liver 

type 

Pfkl None None 

lncRNA

-ORFs 

chr12,-,ENSMUSG00000020949.9_65073889_65065772_69,nested_OR

F,ENSMUST00000221913.1,600,E15_liver_STAR_Ribo-TISH-longest 

DHLVNAYN

HLFESKVQR

R 

ENSMUSG00

000020949 

ENSMUST0000

0221913 

Peptidyl-prolyl cis-trans 

isomerase FKBP3 

Fkbp3 None None intORFs 

chr7,+,ENSMUSG00000040466.16_27448064_27465877_265,N_extens

ion,ENSMUST00000108358.7,951,E15_liver_STAR_Ribo-TISH-bestfra

me:E15_liver_STAR_Ribo-TISH-longest:E15_liver_STAR_RiboWave 

VLGVLSFSG

PGPR 

ENSMUSG00

000040466 

ENSMUST0000

0108358 

Flavin reductase (NADPH) Blvrb None Up uoORFs 
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2.3.6 Integration of Ribo-seq and PRM for the discovery of additional 

microproteins 

It is noteworthy that the number of sORFs predicted by Ribo-seq was dramatically 

higher than that detected by MS (Figure 2-8A). Therefore, we tested an alternative 

approach by integrating Ribo-seq with a targeted MS method to discover additional 

microproteins that were undetectable using conventional shotgun proteomics (Figure 

2-8B). To provide a precise list of sORFs, we used ten different bioinformatics 

pipelines to predict possible translational sORFs and kept only those that were 

reproducibly reported with at least two pipelines. The full-length sequences of 

microproteins were subsequently generated by using 3-frame translation. Out of the 27 

selected microproteins with unique peptides, 11 were detectable with PRM (Table 2-3). 

The retention time (Rt) showed a high correlation between theoretical and experimental 

values (R=0.84-0.88), indicating a high confidence of microprotein identification 

(Figure 2-8C). Even though the identification rate was 40% with this approach, it 

could serve as a supplement to traditional shotgun proteomics and possibly allow 

detection of microproteins with low abundance. For example, peptide LALGPAAR 

was from a novel microprotein with 50 amino acids. This microprotein was encoded by 

the 5’-UTR sequence of Hnrnpa0 gene encoding Heterogeneous nuclear 

ribonucleoprotein A0 (HnRNPA0) (Figure 2-9A). Both this microprotein and RefProt 

HnRNPA0 were significantly upregulated in embryonic livers (Figures 2-9 B-D). 

Hnrnpa0 plays an important role in myeloid cell differentiation[179],as well as 
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neurodevelopment[180]. The identification of its upstream sORF could lead to novel 

regulatory mechanisms of this important protein.  

 

 

Figure 2-8 Discovery of additional microproteins using PRM method. (A) Venn diagram 

of non-canonical microproteins predicted by Ribo-seq and microproteins detected by targeted 

MS-based proteomics. (B) Flowchart of microprotein discovery using the PRM method. (C) 

Correlation between the experimental and theoretical retention times of the identified 

microproteins. Red dots represent the peptides found by targeted PRM, black dots represent 

the peptides found by SEC-ERLIC workflow and validated by PRM method.  
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Figure 2-9 Characterization of uORF-encoded microproteins in Hnrnpa0 via PRM 

analysis. (A) A typical schematic diagram of a microprotein expressed in the uORF of the 

Hnrnpa0 gene encoding HnRNPA0. (B) Example of the experimental spectrum and predicted 

spectrum of the non-canonical peptide LALGPAAR. (C, D) The chromatograph (C) and peak 

areas (D) of the representative non-canonical peptide LALGPAAR using PRM method.  

 



 

77 

 

Table 2-3 List of microproteins that detected by integrating Ribo-seq with targeted MS method. 

Protein ID Peptide Gene ID of RefProts 

Transcript ID of 

RefProts 

Protein name of 

RefProts 

Gene name 

of RefProts 

Changes of 

RefProts 

Changes 

of 

microprot

eins 

sORF 

type 

chr13,-,ENSMUSG00000007836.6_58128523_58128371_50,

uORF,ENSMUST00000007980.6,2678,E15_liver_STAR_Rib

oCode:E15_liver_STAR_Rp-Bp 

LALGPAAR; 

VAAAAAPVGF

QR 

ENSMUSG00000007

836 

ENSMUST0000000798

0.6 

Heterogeneous nuclear 

ribonucleoprotein A0 

Hnrnpa0 up up uORF 

chr2,-,ENSMUSG00000027185.15_103761261_103757791_7

1,uORF,ENSMUST00000028608.12,3879,P42_liver_STAR_

ORFquant:P42_liver_STAR_RiboTaper:P42_liver_STAR_Ri

bo-TISH-longest 

ASVVQLPGVG

R 

ENSMUSG00000027

185 

ENSMUST0000002860

8.12 

RNA cytidine 

acetyltransferase 

KRE33 Up down uORF 
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chr9,+,ENSMUSG00000010048.10_107587742_107587846_

34,uORF,ENSMUST00000010192.10,2056,E15_liver_STAR

_ORFquant:E15_liver_STAR_Ribo-TISH-longest:E15_liver_

STAR_Rp-Bp 

QSQLSTR 

ENSMUSG00000010

048 

ENSMUST0000001019

2 

 Interferon-related 

developmental regulator 

2 

Ifrd2 Down up uORF 

chr1,+,ENSMUSG00000037942.5_172699037_172699207_5

6,dORF,ENSMUST00000038495.4,1695,E15_liver_STAR_R

ibo-TISH-bestframe:E15_liver_STAR_Ribo-TISH-longest 

VSPEAPPGITFS

PLSR 

ENSMUSG00000037

942 

ENSMUST0000003849

5.4 

C-reactive protein CRP  Down none dORF 

chr17,-,ENSMUSG00000040048.14_24724427_24724338_29

,uORF,ENSMUST00000045602.8,732,E15_liver_STAR_Rib

o-TISH-longest:E15_liver_STAR_Rp-Bp 

GPASLAGPAD

PDVER 

ENSMUSG00000040

048 

ENSMUST0000004560

2.8 

NADH dehydrogenase 

[ubiquinone] 1 beta 

subcomplex subunit 10 

Ndufb10 Down down uORF 

chr7,+,ENSMUSG00000040824.3_19149734_19149871_45,u

ORF,ENSMUST00000049294.3,1420,E15_liver_STAR_Ribo

WYLVAQAPTE

VSR 

ENSMUSG00000040

824 

ENSMUST0000004929

4.3 

Small nuclear 

ribonucleoprotein Sm 

Snrpd2 Up down uORF 
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Code:E15_liver_STAR_Rp-Bp D2 

chr8,+,ENSMUSG00000069922.12_105058116_105058307_

63,dORF,ENSMUST00000093222.12,2046,P42_liver_STAR

_Ribo-TISH-bestframe:P42_liver_STAR_Ribo-TISH-longest:

P42_liver_STAR_Rp-Bp 

LDLPDWANPR 

ENSMUSG00000069

922 

ENSMUST0000009322

2.12 

Carboxylesterase 3A Ces3a  down up dORF 

chr13,+,ENSMUSG00000021210.16_4457192_4457269_25,d

ORF,ENSMUST00000021630.14,1396,P42_liver_STAR_PRI

CE:P42_liver_STAR_RiboCode 

LEVHFVPCAR 

ENSMUSG00000021

210 

ENSMUST0000002163

0.14 

Estradiol 17 

beta-dehydrogenase 5 

Akr1c6  down none dORF 

chrX,-,ENSMUSG00000031264.13_134583124_134583023_

33,uORF,ENSMUST00000033617.12,2540,E15_liver_STAR

_Ribo-TISH-longest:E15_liver_STAR_Rp-Bp 

SHLPSPGISR 

ENSMUSG00000031

264 

ENSMUST0000003361

7.12 

Tyrosine-protein kinase 

BTK 

Btk up down uORF 

chr3,-,ENSMUSG00000027782.10_69074084_69073953_43, VDPSSLAHGIC ENSMUSG00000027 ENSMUST0000002935 Importin subunit 
Kpna3 up none dORF 

https://m.ensembl.org/biomart/martview/uniprot_gn_id
https://m.ensembl.org/biomart/martview/uniprot_gn_id
https://m.ensembl.org/biomart/martview/uniprot_gn_id
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dORF,ENSMUST00000029353.8,8819,P42_liver_STAR_Rib

oTaper:P42_liver_STAR_Rp-Bp 

CCIK 782 3.8 alpha-3 

chr9,+,ENSMUSG00000064225.6_95559739_95559942_67,u

ORF,ENSMUST00000079597.6,8367,E15_liver_STAR_Ribo

Code:E15_liver_STAR_Ribo-TISH-bestframe:E15_liver_ST

AR_Ribo-TISH-longest:E15_liver_STAR_Rp-Bp 

SSSLPPGAPSP

R; PAPAVASR 

ENSMUSG00000064

225 

ENSMUSG0000006422

5 

Membrane progesterone 

receptor epsilon 

Paqr9 down none uORF 
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2.4 Discussion 

In this study, we tested various methods and found “RIPA extraction/SEC 

enrichment/ERLIC fractionation” was the most efficient strategy for identifying 

microproteins with MS. Consequently, we established an optimal proteomics detection 

workflow for microproteins, as illustrated in Figure 2-10. With this strategy we 

investigated novel microproteins in embryonic and adult mouse livers.  

Although a few elegant works using MS for microprotein detection have been reported 

in recent years, but the number of microprotein identified to our knowledge still varies 

widely, from tens[138, 149, 155] to hundreds[150, 151, 153]. This is probably explained by the 

different enrichment and analysis methods used, and the sample variation. In our study, 

89 novel microproteins were identified and compared between embryonic and adult 

mice, although not the highest, it is based on only one sample type. Our study is so far 

the most comprehensive one to optimize multiple steps and various combinations for 

microprotein identification and we found that different workflows favor different types 

of microproteins. According to our results, the SEC-based enrichment outperformed 

other methods in terms of identification number, specificity, and reproducibility of 

low-abundant microproteins. In contrast, sample loss and batch-to-batch variability 

were observed in the 30-kDa-MWCO method, probably due to non-specific protein 

binding to the filter membrane[152]. SPE cartridges extracted a limited number of 

peptides[181] probably due to the undesired retention of relatively large and hydrophobic 

proteins by non-polar materials.  

An additional advantage of the SEC approach is its capability to separate microproteins 
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by size[158, 182], enabling analysis depth comparable to HpRP or ERLIC fractionation 

without extra cost of time and effort. Besides, SEC does not require specific buffer 

conditions and therefore is usually compatible with downstream experiments like 

top-down MS and functional characterization. SEC-based approach has great potential 

in future microproteins studies.  

We also compared two types of SEC columns for microprotein enrichment, considering 

that flow rate, particle pore size, sample volume and column volume could all influence 

the separation efficiency. Conventional SEC requires relatively large amounts of 

proteins and more time due to the large column volume[158, 183]. Scaling-up the volumes 

would also dilute the proteins of interest, which impeded the detection sensitivity. We 

found that SEC column with smaller column volume (CV, 3 mL) outperformed the one 

with larger CV (24 mL). Smaller column is also more efficient to complete the 

enrichment and fractionation simultaneously within 15 min. 

We acknowledged that the identification number and confidence of microproteins are 

highly dependent on the size and quality of database, and therefore decided to use only 

a non-inflated, customized database. In this study, 89 microproteins were identified 

from embryonic and adult mouse livers. Our results showed that many microproteins 

that were up regulated in embryonic livers were involved in RNA splicing, RNA 

processing and regulation of cell cycle transition (Figure 2-7). RNA splicing is a 

crucial to changes mature mRNA into functional protein, a process that is required 

during mammalian embryogenesis to generate a viable organism from a single cell[184]. 

RNA processing maintains protein synthesis during early developmental stages[185]. 
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Cell cycle transition determines cell-fate transition and embryonic development[186]. 

All these biological pathways are important in embryonic development.  

One of the important roles that sORFs play is to regulate the translation of downstream 

canonical ORFs[145, 187]. The translation of uORFs of GCN4 promoted the release of 

ribosomes from the same transcript, preventing ribosomes from reaching start codon 

and subsequent inhibiting translation of the GCN4 gene[188]. Some other uORFs 

positively regulated the translation of the downstream canonical ORFs[189]. In our study, 

two uORFs and corresponding canonical ORFs of hnRNPA0 and hnRNPA2/B1 

showed significant activation in embryonic livers. The observation was highly 

consistent in both MS and Ribo-seq results. hnRNPA0 was reported to affect myeloid 

cell differentiation and neurodevelopment[179, 180]. hnRNPA2/B1 regulated mammalian 

embryonic development[190]. We speculate that microproteins encoded by uORF could 

promote the expression of downstream CDS, thereby regulating liver development. 

The detailed relationship in functions and mechanisms will be studied in due course.  

Although we have discovered interesting microproteins involved in embryonic 

development with an optimized approach, the total identification number of 

microproteins was not comparable to that of RefProts. One possible reason is that we 

used a small, specific database and stringent cut-offs to filter the findings. However, the 

intrinsic short length and low abundance of microproteins are more important factors. 

Therefore, improvement in MS instrumentation with high sensitivity is needed in future 

studies of microproteins. 
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Figure 2-10 Schematic illustration of the workflow for MS-based discovery of 

sORF-encoded microproteins in mouse liver tissue.   
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Chapter 3. Discovery of a microprotein PPGlue to restore 

lenvatinib sensitivity in Hepatocellular Carcinoma by 

proteogenomics 

3.1 Introduction 

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related deaths 

globally[191], particularly in developing countries such as China, which reports over 

400,000 new cases annually. The rising incidence is also observed in developed 

nations, driven by risk factors such as cirrhosis, hepatitis C virus, and obesity[192-194]. 

Given the lack of specific clinical manifestations for early-stage HCC diagnosis, over 

70% of patients are diagnosed at an advanced stage when symptoms become 

apparent[195]. 

Recent advancements in molecular targeted therapy and immunotherapy, including 

tyrosine kinase inhibitors (TKIs) such as sorafenib and lenvatinib, and the 

combination of atezolizumab and bevacizumab, offer new hope for patients with 

advanced HCC. Lenvatinib, the second authorized first-line medication for advanced 

HCC after sorafenib, is an orally administered multitarget tyrosine kinase receptor 

inhibitor. It inhibits VEGFR 1/2/3, FGFR 1/2/3/4, platelet-derived growth factor 

receptor α, and the proto-oncogenes KIT and RET. However, the relatively rapid 

emergence of resistance to lenvatinib treatment limits its overall therapeutic 

benefit[134-136], highlighting the urgent need to investigate the molecular mechanisms 

and identify new therapeutic strategies to overcome drug resistance. Owing to 

acquired drug resistance, a recent phase III clinical trial (NCT01761266) on 
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lenvatinib in HCC patients showed that lenvatinib had a similar overall survival rate 

to sorafenib in untreated advanced HCC patients, but it did not meet the expected 

outcomes[196]. Therefore, identifying and developing therapeutic strategies or 

combination therapies that can overcome lenvatinib resistance are critical for 

improving patient outcomes.  

Proteogenomics is an emerging field that integrates proteomics and genomics to 

provide a comprehensive understanding of the molecular mechanisms underlying 

various biological processes, including cancer. By combining mass spectrometry-based 

proteomics with genomic data, proteogenomics enables the identification and 

characterization of novel proteins, including those encoded by small open reading 

frames (sORFs), which are often overlooked in traditional genomic studies. The 

integration of proteomic and genomic data has led to the identification of novel 

therapeutic targets and candidates, including previously unannotated proteins and 

peptides encoded by sORFs. These targets can be exploited for the development of new 

cancer therapies. 

In recent years, the pivotal role of peptides in the development of anti-tumor drugs 

has garnered increasing attention. Small open reading frames (sORFs) encode 

microproteins, also referred to as alternative proteins (AltProts) or microproteins. 

These microproteins represent a novel reservoir for discovering anti-tumor peptides 

and protein-based therapeutics. Although advancements in RNA sequencing 

(RNA-seq) and ribosome profiling (Ribo-seq) have facilitated the prediction of 

sORFs, the direct detection and functional characterization of these short, 
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low-abundance microproteins remain challenging. Current large-scale microprotein 

identification efforts using mass spectrometry (MS) typically detect only 100-200 

microproteins per study, highlighting significant limitations in this field.  

Despite these challenges, recent studies have shown that microproteins play critical 

roles in various cellular processes, including proliferation, differentiation, metabolism, 

and immunity[56, 79, 106, 116, 126, 197-204]. For instance, NoBody is a microprotein that 

regulates mRNA decapping and degradation, implicating it in the regulation of gene 

expression in cancer cells, thereby influencing tumor growth and progression[56]. 

Similarly, HOXB-AS3, a peptide encoded by a long non-coding RNA (lncRNA), has 

been shown to inhibit colon cancer cell proliferation and metastasis by modulating 

glucose metabolism[204]. PINT87aa, another microprotein encoded by the lncRNA 

PINT, has been found to suppress tumor growth in glioblastoma by interacting with 

polycomb repressive complex 2 (PRC2)[116]. Additionally, SPAR is a microprotein 

that regulates autophagy and influences cancer cell survival and resistance to 

chemotherapy[106]. However, to date, only one microprotein, N1DARP, has been shown 

to inhibit chemoresistance in pancreatic cancer[205]. The vast number of microproteins 

associated with cancer drug resistance and their potential functions remain largely 

unexplored. 

In this study, we established a robust proteogenomic approach for the large-scale 

identification and quantification of novel microproteins. By analyzing 

lenvatinib-sensitive and resistant cancer cells using this approach, we identified 815 

novel microproteins encoded by various non-coding genomic sequences. After 
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extensive validation and functional screening, we discovered a microprotein, PPGlue, 

that is downregulated in drug-resistant cells and patient tissues and can significantly 

sensitize cancer cells to lenvatinib treatment both in vitro and in vivo. Leveraging the 

function of PPGlue, we designed a strategy that effectively sensitized multiple cancer 

drugs in HCC, non-small cell lung cancer (NSCLC), and renal cell carcinoma (RCC) 

cells. Our study not only provided a practical approach for studying microproteins but 

also used PPGlue as a representative to illustrate the distinct landscape of microproteins 

in different cancer status, demonstrating the important functions of these new players in 

cell signaling. 

3.2 Materials and methods 

3.2.1 Study approval 

The license to conduct experiments on animals was obtained from the Department of 

Health, Hong Kong SAR. Approval to conduct animal work at the Hong Kong 

Polytechnic University was obtained from the Animal Subjects Ethics Sub-Committee. 

The slides were from patient-derived tumor xenograft PY003 established previously 

[206]. The PY003 HCC tissues were obtained from patients undergoing hepatectomy at 

Pamela Youde Nethersole Eastern Hospital, Hong Kong. This process was conducted 

with approval from the Joint Institutional Review Board of the University of Hong 

Kong/Hospital Authority Hong Kong West Cluster (UW 17-056), and with informed 

consent obtained from each patient. 

3.2.2 Plasmid and reagents 

Lenvatinib was purchased from Selleckchem (in vitro experiments) and LC 

Laboratories (in vivo experiments). Doxorubicin and verapamil were kind gifts from 
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Prof. Larry Chow (The Hong Kong Polytechnic University). Regorafenib, pazopanib, 

and MG132 were purchased from MedChemExpress. 

3.2.3 Cell lines and cell culture 

Huh7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (PS). Huh7-lenvatinib resistant (LR) and Huh7-sensitive cells 

were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) 

containing 10% FBS, 1% PS, and 10 µM lenvatinib (Huh7-LR), or an equivalent 

amount of DMSO (Huh7-sensitive). All cell lines were incubated at 37 °C in a 5% (v/v) 

CO2 atmosphere.  

3.2.4 Enrichment of microproteins using Single-pot 

solid-phase-enhanced sample preparation (SP3) method 

The cell pellets were collected by centrifugation and lysed with RIPA lysis buffer (50 

mM Tris-HCl, 150 mM sodium chloride, 2 mM EDTA, 1% NP-40, 1% sodium 

deoxycholate) supplemented with 1× Complete Protease Inhibitor (Roche) on ice for 

15 min. The cell lysates were centrifuged, and proteins were collected. Protein 

concentration was determined by BCA assay, and 40 μg of protein was taken for 

subsequent reduction and alkylation using dithiothreitol and iodoacetamide, 

respectively. The protein sample was then subjected to SP3 beads clean-up to remove 

detergents as described previously[14]. In brief, Sera-Mag SpeedBeads Carboxyl 

Magnetic Beads, hydrophobic and Sera-Mag SpeedBeads Carboxyl Magnetic Beads, 
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hydrophilic (GE Healthcare) were mixed in a ratio of 1:1 (v/v), and the mixed beads 

were added to the protein sample followed by the addition of absolute ethanol to induce 

protein binding to the beads. The beads were washed with 6.5 M urea in 67% ethanol 

and 80% ethanol three times. The beads were resuspended in 50 mM ammonium 

bicarbonate with Lys-C at an enzyme-to-protein ratio of 1:100 (w/w) and incubated at 

37 °C for 4 h. Trypsin was added to the sample mixture at an enzyme-to-protein ratio of 

1:20 (w/w) and the mixture was digested at 37 °C for 12 h. The samples were 

centrifuged, and the supernatant containing the digested peptides was collected and 

dried for further analysis. 

3.2.5 High-pH reversed-phase fractionation 

Following trypsin digestion, peptide fractionation was performed as previously 

described (34). Briefly, peptides were combined, concentrated, and separated using a 

Waters Acquity UPLC Peptide BEH C18 column (2.1×100 mm, 1.7 µm) on an 

Agilent 1290 Infinity LC system at 50 μL/min. The mobile phase consisted of buffers 

A (10 mM ammonium formate, pH 9) and B (10 mM ammonium formate in 90% 

acetonitrile, pH 9). Peptides were eluted using the following gradient: 0 - 10 min, 1% 

B; 10 - 38 min, 1 - 8% B; 38 - 75 min, 8 - 62% B; 75 - 85 min, 62 - 95% B; 85 - 100 

min, 95% B. A total of 96 fractions were collected at each minute, starting from 6 min 

to 100 min. These small fractions were further combined into 8 fractions, 

concentrated, and analyzed by LC-MS/MS. For the sample-specific library, 10 µg 

tryptic peptides from each sample were combined and fractionated using the sample 

method to give the eight fractions for LC-MS/MS. 
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3.2.6 LC-MS/MS analysis (both DDA and DIA) 

All mass spectrometry analysis were performed on an Orbitrap Exploris 480 mass 

spectrometry coupled with an Ultimate 3000 RSLC nano system (Thermo Fisher 

Scientific). The mobile phase consisted of buffer A (0.1% formic acid) and buffer B 

(0.1% formic acid in 80% ACN). The digested samples were resuspended in buffer A 

and separated on a self-packed C18 capillary column. Peptides were eluted at a flow 

rate of 300 nL/min using the following gradient: 0 min, 8% B; 2 min, 10% B, 120 min, 

35% B, 140 min, 90% B; 150 min, 90% B; 151 min 8% B; 155 min, 8% B. For DDA, 

the full scan spectrum was measured with a resolution of 120,000 within 50 ms 

maximum injection time and the MS2 scans with a resolution of 30,000 within 120 ms 

maximum injection time. The isolation window of the MS2 scan was set to 1.6 m/z, and 

only ions with 2 to 6 charges were triggered for the MS2 event. The normalized 

collision energy was set to 30. For DIA, the same column and gradient were applied. 

The full scan spectra were measured in the range of 350–1200 m/z with a resolution of 

60,000 within a maximum injection time of 50 ms, and the MS2 spectra were collected 

in the range of 150–2000 m/z with a resolution of 30,000. The isolation width was set to 

10 m/z.  

3.2.7 Identification of microproteins  

The LC-MS/MS raw data were analyzed using DIA-NN. The parameters for searching 

were set as follows: a mass tolerance of 10 ppm for precursor ions; trypsin as enzyme 

with two missed cleavages allowed; oxidation (methionine), acetyl (protein N-term) as 
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variable modifications; carbamidomethylation (cysteine) as fixed modification; the 

FDR was set as 1%. The raw data were searched against two databases: (1) a public 

database from OpenProt (v1.6) and sORFs.org (downloaded on June 01, 2021). The 

OpenProt protein database consisted of RefProts (Ref_), novel isoforms (II_), and 

microproteins (IP_) predicted from both Ensembl and NCBI RefSeq with a total of 

698,963 entries. The sORFs.org consisted of 601,636 entries after removing duplicated 

peptide sequences; (2) in-house generated human sORF database predicted from 

Ribo-Seq which consisted of 409,009 entries. A two-step filtering was further applied 

to exclude (i) the peptides from the known coding sequence by mapping the identified 

peptide sequences against the human RefProts and (ii) the peptides with more than 80% 

sequence homology with annotated proteins.  

3.2.8 Validation of identified microproteins with targeted MS 

The same LC-MS system and elution gradient were applied for PRM validation. The 

full scan spectra were measured with a resolution of 120,000 within 50 ms maximum 

injection time and the targeted peptide MS2 scans with a resolution of 60,000 within 80 

ms maximum injection time under the 1.2 m/z isolation window. The normalized 

collision energy was set to 30. After PRM data acquisition, the data were imported into 

a skyline for analysis as described before. 

3.2.9 Establishment of stable cell lines expressing candidate 

microproteins 

pLVX plasmids were co-transfected into HEK293T cells with the packaging plasmids 
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psPAX2 and pMD2.G using polyethylenimine (Polysciences, 23966). The culture 

medium was collected after 48 h and centrifuged to remove any cell debris. The 

supernatant was further filtered through a 0.45 μM syringe filter to remove residual 

HEK293T cells. The filtered lentivirus-containing supernatant was supplemented with 

8 μg/mL hexadimethrine bromide and added to the target cells. The cells were 

incubated for 24 h to allow viral transduction, and fresh medium with FBS was added to 

replace the old medium. Cells with overexpression were selected with puromycin for at 

least four passages to establish stable cell lines. A single clone of Huh7-LR-PPGlue 

cells was selected and maintained for biological assays.  

3.2.10 Western blotting 

Total cell proteins were extracted using RIPA buffer. Protein concentration was 

measured by a BCA protein assay kit (Thermo Fisher Scientific, USA). Equal 

amounts of protein (20 μg) were separated by SDS-polyacrylamide gel 

electrophoresis, followed by transfer to a PVDF membrane using a wet-transfer 

apparatus for 45 min at 70 V, followed by 90 min at 110 V. The membrane was 

blocked for 1 h in Tris-buffered saline/Tween 20 (TBST) containing 5% non-fat milk, 

and then were probed overnight at 4 °C with a specific primary antibody (1:1000 

dilution). After that, the membrane was washed three times with TBST, followed by 

1h incubation with horseradish peroxidase-conjugated secondary antibody (1:2000) at 

room temperature. Protein bands were detected using an enhanced 

chemiluminescence detection kit and visualized using Bio-Rad ChemiDocTM MP 

Imaging System (Hercules, CA, USA). The band intensity was quantified using 
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ImageJ software. 

3.2.11 Immunofluorescence staining 

Cells were seeded on a confocal dish, fixed in 4% paraformaldehyde (PFA) in PBS for 

30  min, and permeabilized with 0.2% Triton-X100 for 20  min. Cells were blocked 

with 1% bovine serum albumin (BSA) in PBS containing 0.1% Tween-20 (PBST) for 

one hour. Anti-FLAG (D6W5B) (1:500; Cell Signaling Technology) was applied and 

stained at 4 °C overnight. Goat anti-rabbit secondary antibody conjugated with Alexa 

568 (1:1000, Invitrogen) was applied for an hour at room temperature. Slides were 

counterstained with DAPI for nuclei, mounted, and subjected to Leica TCS SPE 

confocal microscope examination. 

3.2.12 Cell proliferation assay 

The various transfections of cells were seeded into 96-well plates at a density of 1,500 

cells per well in a complete culture medium with six replicates. The cells were then 

incubated for 24, 48, 72, or 96 h. CCK-8 solution was added to each well according to 

the manufacturer’s instructions. The cells were incubated for 2 h at 37 °C in a 5% (v/v) 

CO2 atmosphere before measurement. The absorbance at 450 nm was determined using 

a Varioskan LUX microplate reader (Thermo Fisher Scientific). 

3.2.13 Cell viability assay 

The cells were subjected to various transfections and treated with a series of 

concentrations of lenvatinib for 48 h at 37 °C, with three replicates. Subsequently, cell 

viability was assessed using a CCK-8 kit. Cell viability was quantified as a percentage 
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of the absorbance measured in the control cells. IC50 values were defined by non-linear 

regression (curve fit) analysis using GraphPad Prism 9.0.0 (121) version. 

3.2.14 Colony formation assay 

Cells from different transfections were seeded into 6-well plates. After a 24-hour period 

for cell attachment, the cells were treated with either a low lenvatinib dose (3 µM) or 

low lenvatinib dose (6 μM), while control cells were exposed to 0.5% DMSO. 

Following a 2-week incubation, colony formation was quantified by staining with 

crystal violet, and the experiment was conducted in triplicate. 

3.2.15 Cell apoptosis assay 

The cells were seeded overnight in six-well plates and then treated with or without 

lenvatinib (20 or 40 μM) for another 48 h. Cells were then harvested, stained with an 

Annexin V-FITC/PI kit (Abcam, ab14085) according to the manufacturer's instructions, 

and analyzed using a BD Accuri C6 flow cytometer and FACSDiva software (BD 

Biosciences). 

3.2.16 RNA extraction and quantitative PCR (qRT-PCR) analysis  

Total RNA was extracted using TRI Reagent (T9424, Sigma-Aldrich) according to the 

manufacturer’s protocol. The extracted RNA was reverse-transcribed to cDNA using 

the PrimeScriptTM RT Reagent Kit (RR047A, Takara). The qRT-PCR amplifications of 

target genes and internal control β-actin (ACTB) were performed using SYBR Green 

PCR Master Mix (Applied Biosystems) with primers specific to the sequences of 

interest. Amplifications were performed with a QuantStudioTM 5 Real-time PCR 



 

96 

 

system (Thermo Fisher Scientific). Relative expression differences were calculated 

using the 2−ΔΔCT method with reference to ACTB.  

PPGlue-forward, 5’-TTCTCGCTCAGCAGAGGTGG-3’;  

PPGlue-reverse, 5’-GGCCCTGTGTAGGCACCTT-3’.  

ABCB1-forward, 5’-GCTGTCAAGGAAGCCAATGCCT-3’; 

ABCB1-reverse, 5’-TGCAATGGCGATCCTCTGCTTC-3’. 

ACTB-forward, 5’-CACCATTGGCAATGAGCGGTTC-3’;  

ACTB-reverse, 5’-AGGTCTTTGCGGATGTCCACGT-3’. 

3.2.17 Transient transfection for PPGlue knockdown  

Huh7 cells were transfected with 50 nM targeting siRNA or non-target control siRNA 

(NC) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific). 

After 10 h, the medium containing the transfection reagent was removed and replaced 

with fresh complete DMEM supplemented with 10% FBS and 1% PenStrep. Cells were 

subsequently cultured for lenvatinib-induced apoptosis assays and harvested for 

real-time qPCR.  

siPPGlue-1, 5’-CTACAGAGATGGAATCTGA-3’. 

siPPGlue-2, 5’-GTATCCTAGGTGCTTGGTA-3’. 

3.2.18 Construct stable cells with PPGlue knockdown 

To establish PPGlue-knockdown clones, lentiviral particles were generated by 

co-transfecting HEK293T cells with shRNA-1 or non-target control (NC) plasmids and 

a packaging plasmid mix. Viral supernatants were collected for infection of Huh7 cells. 
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Plasmids for silencing PPGlue were cloned using the pLKO.1-puro lentiviral vector. 

Stable knockdown cell lines were generated by puromycin selection, and cell viability 

and apoptosis assays were performed. 

shPPGlue-1, 5’-CTACAGAGATGGAATCTGA-3’. 

3.2.19 Animal experiments 

All mice were housed in 12-hours light/dark cycles (8:00–20:00 light, 20:00–8:00 dark), 

with controlled room temperature (23 ± 2 °C) and humidity (30–70%), in groups 

according to stocking density as recommended. In vivo assays were performed in male 

BALB/c mice aged 4–6-week-old by induction of tumor xenografts. Cells were 

suspended in 1:1 ratio of serum-free DMEM and BD Matrigel Matrix (BD Biosciences) 

and subcutaneously injected into the nude mice, which were kept under observation. 

Briefly, each mouse received one injection of cells in the right flank, and cells from 

each experimental group (EV vs. PPGlue) were injected into different mice. Tumors 

were harvested at the end of the experiment for documentation. For the in vivo assay 

without lenvatinib treatment, either Huh7-LR-EV or -PPGlue (0.5×105 or 1×105) cells 

were injected, respectively. Tumor formation was confirmed when the tumor reached 

approximately 6 mm × 6 mm (length × width). Tumor volume and body weight were 

measured every three days. Tumor volume was calculated using the following formula: 

volume (mm3) = length × width2 × 0.5. The mice were monitored for 21 days before 

sacrifice, at which point the tumors were harvested for analysis. For the in vivo 

lenvatinib treatment assay, a total of either Huh7-LR-EV or -PPGlue (1 × 105) cells 

were injected. Once the tumors were established and reached approximately 
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6 mm × 6 mm (length × width), the mice were treated with lenvatinib (30 mg/kg) which 

was resuspended in 0.5% methylcellulose in saline. The mice were administered 

lenvatinib daily by oral gavage. Tumor volume and body weight were measured every 

three days. Tumor volume was calculated using the following formula: volume (cm3) 

= length × width2 × 0.5. The mice were treated for 30 days before sacrifice, at which 

point the tumors were harvested for analysis. 

The study protocol was approved and performed in accordance with the guidelines for 

the Use of Live Animals in Teaching and Research at Hong Kong Polytechnic 

University. For the subcutaneous tumor model, the tumor volumes did not exceed 10% 

of normal body weight. Mice were sacrificed if the percentage of body weight loss was 

greater than 20%. 

3.2.20 Immunohistochemistry in HCC specimens and resected mouse 

tumors 

The sections were deparaffinized in xylene and rehydrated in graded alcohols and 

distilled water. Slides were processed for antigen retrieval using a standard microwave 

heating technique in Tris-EDTA buffer. Endogenous peroxidase activity was quenched 

using 3% hydrogen peroxide. The sections were immersed in serum-free-protein block 

solution (DAKO). Specimens were subsequently incubated with primary antibodies 

(PPGlue, 1:250, customized) overnight at 4 °C. The sections were then washed 

thoroughly and incubated with anti-rabbit EnvisionTM HRP-conjugated secondary 

antibody (DAKO) for 1 h at room temperature. Positive signals were visualized using 

the Liquid DAB+ Substrate-Chromogen System (DAKO). Sections were 
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counterstained with Mayer’s hematoxylin followed by examination using a light 

microscope. The expression of PPGlue was quantified using ImageJ software. 

3.3 Results 

3.3.1 The approach to comprehensively profile microproteins in cancer 

cells 

To achieve large-scale identification of novel microproteins from cancer cells, we 

established a proteogenomic approach combining multiple mass spectrometry (MS) 

methods and comprehensive sORF databases based on Ribo-seq datasets and public 

Ribo-seq databases (OpenProt and sORF.org) (Figure 3-1A). The MS workflow 

combined data independent acquisition (DIA) for in-depth microprotein identification 

and data dependent acquisition (DDA) for robust identification and quantitation. We 

employed two pairs of HCC cells, Huh7-sensitive and -LR cells, PLC/PRF/5-sensitive 

and -LR cells, for unbiased identifying microproteins associated with drug resistance. 

Microproteins were extracted and processed following previously reported protocol[14], 

and the resulting tryptic peptides were divided into two portions: one for off-line 

HPLC fractionation and data acquisition in DDA mode to build the experimental 

spectral library, the other one for MS data acquisition in DIA mode. To increase the 

depth of microprotein identification, we supplemented the DDA-based experimental 

spectral library with an in-silico predicted spectral library derived from the sORF 

databased derived from Ribo-seq datasets[207]. DIA data was searched against the two 

spectral libraries to identify and quantify microproteins that are differentially expressed 

between the paired cell lines. To distinguish the identified peptides from canonical 
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proteins fragments, we first removed the sequences that align to known proteins. 

Secondly, we applied another stringent filtering criteria to the identified microproteins, 

requiring sequence similarity less than 80% compared to human canonical proteome. 

When we used canonical proteins as a benchmark to evaluate our workflow and data, 

the reproducibility between biological replicates was satisfactory, with Pearson 

correlation coefficients exceeded 0.94 (Figure 3-2A & B). Using this comprehensive 

workflow, we identified 815 microproteins with reliable and reproducible 

quantification (Figure 3-2C & D). In addition, we also used the retention time (RT) as 

another benchmark to assess the identification confidence of the workflow. The 

correlation between experimental and predicted RTs for the identified microproteins 

proteins was 0.95, which was as high as that for the identified canonical proteins 

(Figure 3-1B & 3-2E), indicating the identification of these microproteins were 

reliable and robust. Among the 815 identified microproteins, over 75% were commonly 

detected across the three replicates for each group and 273 were shared between the two 

cell types (Figure 3-2C, D, & F). The microproteins were encoded by a diversity of 

sORFs, with over 33% originating from long non-coding RNAs (Figure 3-1C). Most 

identified microproteins were typically initiated with the canonical ATG start codon 

(Figure 3-1D), and 97% of them were shorter than 300 amino acids (Figure 3-1E). 
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Figure 3-1 A proteogenomic approach customized for large-scale identification and 

quantification of microproteins. (A) Schematic diagram of an integrated workflow for 
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microprotein identification. (B) Correlation between the experimental and predicted retention 

times (RT) by DeepLC for the peptides that contributed to the identified microproteins. (C, D) 

Categorization of the sORF type (B) and start codon usage (C) for the identified 

microproteins. CDS, coding sequence; doORF, downstream overlapped ORF; dORF, 

downstream ORF; intORF, internal ORF; lncRNA, long non-coding RNA; uoORF, upstream 

overlapped ORF; uORF, upstream ORF. (E) Length distribution of the identified 

microproteins. 

 

 

Figure 3-2 Evaluation of MS data reproducibility and confidence in microprotein 
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identification. (A, B) Pearson’s correlation of the identified proteins in Huh7 (A) and PLC (B) 

cells as a benchmark. ST, sensitive cells; LR, lenvatinib-resistant cells. (C, D) Reproducibility 

of microproteins identified in triplicate from Huh7 (C) and PLC (D) cells. (E) Correlation 

between the experimental and predicted RT for the peptides which contributed to the 

identification of annotated proteins. (F) Venn diagram showing the microproteins that were 

identified in the two cell types. 

 

3.3.2 Analysis of differentially expressed microproteins in 

lenvatinib-resistant HCC 

There were 112 out of 571 microproteins in Huh7-LR cells, and 112 out of 517 

microproteins in PLC/PRF/5-LR cells differentially expressed with fold change greater 

than 1.5 and p-value below 0.05, respectively (Figure 3-3A-C). To validate the 

quantification results based on shot-gun proteomics, we employed an alternative MS 

technique called parallel reaction monitoring (PRM) to specifically focus on 

microproteins of interest and calculate their relative abundance across samples in high 

accuracy. Over 76% of the differentially expressed microproteins were detected with 

PRM, including 26 upregulated and 35 downregulated ones detected in both cell types 

(Figure 3-3D). For instance, the novel peptide SIVIHTITK, which contributed to the 

identification of IP_581119, was downregulated in Huh7-LR cells. We used PRM to 

validate and re-quantify this peptide, not only supporting the existence of IP_581119 

but also confirming its downregulation observed during initial profiling (Figure 3-4). 

Similarly, the peptide YSHESDWQWALR, which was validated using PRM, 
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confirmed the existence and upregulation of gawron_2016:390621 (Figure 3-4). These 

findings demonstrate the widespread involvement of these microproteins in lenvatinib 

sensitivity. 

To investigate the biological stability of these microproteins, we generated C-terminal 

Flag-tagged constructs for 10 microproteins (SEP1-10) with the most significant 

changes in abundance. Western blot analysis confirmed the expression of SEP1-9 as 

stable translation products in HEK293T (Figure 3-3E) and Huh7 cells (Figure 3-5A). 

The absence of SEP10 was likely due to protein degradation, making it difficult to 

detect; therefore, we were only able to detect it upon the addition of the proteasome 

inhibitor MG132 (Figure 3-5B). Next, we evaluated the potential impact of these 

microproteins on lenvatinib response in cells expressing the six microproteins (SEP3-7, 

9) that were downregulated in both Huh7-LR and PLC/PRF/5-LR cells. 

Overexpression of SEP9 drastically reduced cell viability when combined with 

lenvatinib treatment (Figure 3-3F); therefore, we focused further investigations on this 

microprotein. SEP9, a 54 amino acid microprotein, can be detected in various cell 

types including Huh7, PLC/PRF/5-LR, MHCC97L, 786-O and A549 using PRM 

(Figure 3-3G & 3-6A). The endogenous presence of SEP9 can also be verified with 

MS data from normal thyroid tissue (Figure 3-6B), and it is highly conserved among 

primates (Figure 3-3H). Interestingly, SEP9 remained largely uncharacterized, as no 

functional domain or motif was detected within its sequence. Based on its association 

with drug sensitivity and mechanism of action, SEP9 was designated as PPGlue 

hereafter.  
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Figure 3-3 The microproteins differentially expressed in drug-resistant HCC cells. (A, B) 

Volcano plot of the identified microproteins in Huh7-LR (A) and PLC-LR cells (B). Fold 

change (FC) was calculated with the microprotein intensity in Huh7-sensitive cells over LR 

cells. Differentially expressed microproteins were determined with a p value < 0.05, FC > 1.5, 

or < -1.5). (C) Summary of the identified microproteins from Huh7 and PLC/PRF/5 cells. (D) 

Differentially expressed microproteins from the two HCC cell lines were thoroughly validated 

using a targeted MS method (PRM). (E) Expression of selected microproteins in HEK293T 

cells. EV, empty vector; 1-10, SEP1-10. (F) Cell viability assay of Huh7 cells expressing 

microproteins that were downregulated by MS. The cells were treated with 50 μM lenvatinib 

or DMSO as solvent controls. The experiments were conducted in triplicate. Data are 

represented as the mean ± s.d. ***p < 0.001 by one-way ANOVA. Experiments were 
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conducted in triplicate. (G) Spectra of a synthetic peptide (ESFLSSIK) from SEP9 and its 

endogenous counterpart in Huh7 cells. (H) Conservation analysis by aligning SEP9 amino 

acid sequences across different primates. 

 

 

Figure 3-4 Representative PRM validation of the detected peptides from differentially 

expressed microproteins. SIVIHTITK and YSHESDWQWALR contributed to the 

identification of IP_581119 (SEP3) and gawron_2016:390621 (SEP8), respectively. ST, 

sensitive; LR, lenvatinib-resistant. 

 



 

107 

 

 

Figure 3-5 Expression validation of microproteins in Huh7 Cells. (A) Expression of the 10 

microproteins in Huh7 cells. EV, empty vector; 1–10, SEP1-10. (B) Expression of SEP1-10 in 

Huh7 cells treated with protease inhibitors and lysosome protease inhibitors. HCQ, 

hydroxychloroquine; CQ, chloroquine. 
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Figure 3-6 Validation and analysis of PPGlue across different cell types and conditions. 

(A) PRM analysis confirmed the presence of PPGlue in various cell types, including 

PLC/PRF/5, MHCC97L, 786-O, and A549 cells. (B) MS detection of endogenous PPGlue in 

normal thyroid tissue. 

 

3.3.3 PPGlue overexpression restores HCC’s sensitivity to lenvatinib 

To explore the role of PPGlue in LR cells, we generated lentiviral vectors for PPGlue 

overexpression with a C-terminal Flag tag (PPGlue), as well as a mutant construct 

(PPGluemut) with a disrupted start codon (ATG to ATT) and an empty vector control 

(EV). These constructs were then transfected into Huh7-sensitive and -LR cells, 

followed by antibiotic selection. Western blot analysis and immunofluorescence 

staining confirmed the stable expression of the tagged microprotein (Figure 3-7A-B, 

& 3-8A), which was abolished by the start codon mutation, indicating the functional 

recognition of PPGlue's start codon. We generated a customized antibody for PPGlue, 
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which was successfully validated in Huh7-LR cell lysates spiked with synthetic 

PPGlue peptides (Figure 3-8B). The overexpression of PPGlue was further 

validated using a customized PPGlue antibody, which was abolished by the start 

codon mutation (Figure 3-8C). Immunofluorescence staining further revealed the 

colocalization and distribution of PPGlue along the periphery of the cell membrane 

(Figure 3-7B). 

Next, we conducted cell viability assays to investigate the potential impact of PPGlue 

on lenvatinib sensitivity and cell proliferation. The results demonstrated that PPGlue 

overexpression significantly enhanced the efficacy of lenvatinib in both 

Huh7-sensitive and -LR cells, leading to an 8-fold decrease in lenvatinib IC50 values 

(Figure 3-7C & 3-8D). Furthermore, PPGlue overexpression suppressed cell 

proliferation and reduced colony formation, and the impact was even exaggerated in 

the presence of lenvatinib (Figure 3-7D–E). In Huh7-sensitive cells, PPGlue reduced 

colony formation with and without lenvatinib treatment (Figure 3-8E). Flow 

cytometry analysis revealed that PPGlue enhanced lenvatinib-induced apoptosis in 

different cell types in a dose-dependent manner, with 55% in Huh7-LR-PPGlue 

relative to 14% in Huh7-LR-EV cells and 91% Huh7-sensitive-PPGlue relative to 56% 

in Huh7-sensitive-EV cells, respectively (Figure 3-7F & 3-8F). All the sensitizing 

and suppressing effects of PPGlue required proper translation of this microprotein, 

which can be abolished by the start codon mutation in PPGluemut. The dependence on 

an effective start codon further indicates that the function of PPGlue should be 

derived from translation instead of transcription. 
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Figure 3- 7 PPGlue overexpression restored drug sensitivity. (A) Expression of PPGlue, 

and it could be abolished by mutating the start codon. Top, western blot of PPGlue 

overexpression; bottom, illustration of plasmids used to construct stable cells. (B) Membrane 

localization of PPGlue in Huh7-LR cells. Flag staining (green) and DAPI staining (blue). EV, 

empty vector. Scale bar = 25 μm. (C) Cell viability assay confirmed that overexpression of 

PPGlue sensitized the cells to lenvatinib treatment. (D, E) Overexpression of PPGlue 

suppressed cell proliferation (D) and enhanced the inhibitory effect of lenvatinib (Len) on 
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colony formation (E) in Huh7-LR cells. The cells were treated with DMSO or lenvatinib (3 

and 6 µM). ***p < 0.001 by two-way ANOVA. (F) Overexpression of PPGlue increased 

lenvatinib-induced apoptosis in Huh7-LR cells. Left, representative flow cytometry results; 

right, statistical analysis of lenvatinib-induced apoptosis rates in Huh7-LR cells. The 

experiments were conducted in triplicate. The experiments were conducted in triplicate. Data 

were presented as the mean ± s.d., *p < 0.05, ***p < 0.001 by two-way ANOVA. 

 

 

Figure 3-8 Overexpression of PPGlue restored drug sensitivity in Huh7 cells. (A) 
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Expression of PPGlue in Huh7 cells could be abolished by a start codon mutation, as verified 

by a Flag antibody. (B) Evaluation of the customized PPGlue antibody by spiking synthetic 

PPGlue peptides into the Huh7-LR cell lysate. synPPGlue, synthetic PPGlue. (C) 

Overexpression of PPGlue was validated using an anti-PPGlue antibody. (D) Cell viability 

assay confirmed that overexpression of PPGlue sensitized the cells to lenvatinib treatment. (E) 

Colony formation assay for Huh7-PPGlue cells. The experiments were conducted in triplicate, 

and data were presented as the mean ± s.d., *p < 0.05, **p < 0.01 by Student’s t-test. (F) 

Lenvatinib-induced apoptosis assay in Huh7-PPGlue cells. Left, representative flow 

cytometry results; right, statistical analysis of the lenvatinib-induced apoptosis rate in 

Huh7-sensitive cells. The experiments were conducted in triplicate, and data were presented 

as the mean ± s.d., *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. 

  

Lenvatinib plus pembrolizumab for the treatment of lung cancer is currently under 

phase 3 clinical trials[208], while it has been approved in combination with 

everolimus/pembrolizumab for the treatment of advanced renal cell carcinoma[209]. 

Therefore, we constructed cells stably expressing PPGlue in A549 (derived from lung 

adenocarcinoma) and 786-O (derived from renal carcinoma) cells to evaluate the 

potential drug sensitization effect of PPGlue in other cancer cells in addition to HCC 

(Figure 3-9A & B). Next, we conducted cell viability assays to investigate whether 

PPGlue also affects lenvatinib response and progression in cancers other than HCC. 

The results demonstrated that PPGlue overexpression significantly enhanced the 

efficacy of lenvatinib in both A549 (Figure 3-9C) and 786-O cells (Figure 3-9D), 
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leading to a two-fold decrease in lenvatinib IC50 values. Furthermore, PPGlue 

overexpression suppressed cell proliferation in both A549 (Figure 3-9E) and 786-O 

cells (Figure 3-9F). Similarly, overexpression of PPGlue enhanced 

lenvatinib-induced apoptosis in 786-O cells (Figure 3-9G). These findings 

collectively validate that PPGlue exhibits tumor suppression functions by inhibiting 

cell growth, promoting apoptosis, and sensitizing cells to lenvatinib treatment in a 

broad spectrum of cell types. 
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Figure 3-9 Overexpression of PPGlue restored drug sensitivity in other cancer cells. (A, 

B) Expression of PPGlue in A549 (A) and 786-O (B) cells. (C, D) Overexpression of PPGlue 

sensitized A549 (C) and 786-O (D) cells to lenvatinib. (E, F) Overexpression of PPGlue 
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inhibited cell proliferation in A549 (E) and 786-O (F) cells. ***p < 0.001 by Student’s t-test. 

(G) Apoptosis assay of 786-O cells. Len, lenvatinib. The experiments were conducted in 

triplicate. Data were presented as the mean ± s.d., **p < 0.01, ***p < 0.001 by Student’s 

t-test. 

 

3.3.4 PPGlue knockdown eliminates the sensitizing effect in LR HCC 

cells 

Based on our findings that higher expression of PPGlue corresponded to higher drug 

sensitivity, we anticipated that depletion of PPGlue would confer lenvatinib resistance 

to the cells. To verify this hypothesis, we employed siRNA and shRNA to reduce 

PPGlue levels in Huh7-sensitive cells (Figure 3-10A & C) and evaluated the apoptosis 

rate induced by lenvatinib in these cells. Our results demonstrated that lenvatinib (at 

both 20 and 40 μM) significantly induced apoptosis in control cells, while only a 

marginal change in the apoptosis rate was detected after both transient and stable 

PPGlue knockdown (Figure 3-10B & D). Subsequently, we investigated whether loss 

of PPGlue would impact cell proliferation, viability, and clonogenicity in the presence 

of lenvatinib. We detected a 2-fold increase in the IC50 value due to decreased drug 

sensitivity in cells with PPGlue knockdown (Figure 3-10E). Additionally, loss of 

PPGlue not only intrinsically promoted cell proliferation and clonogenicity but also 

enhanced cell survival during colony formation in the presence of lenvatinib (Figure 

3-10F-G). Taken together, these findings demonstrate that a decreased level of PPGlue 

facilitates the formation of lenvatinib resistance, highlighting its crucial role in 
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restoring drug sensitivity in cancer treatment. Further research into the molecular 

mechanisms underlying the role of PPGlue in cancer progression and drug resistance 

may provide valuable insights for the development of targeted therapies. 

 

 

Figure 3-10 PPGlue knockdown conferred drug resistance in sensitive HCC cells. (A) 

Transient knockdown efficiency with siRNAs targeting PPGlue (siPPGlue-1 and -2) or 

scramble siRNA as the non-targeting control (siNC). **p < 0.01, ***p < 0.001 by Student’s 
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t-test. (B) Transient PPGlue knockdown abrogated lenvatinib-induced apoptosis in Huh7 cells. 

*p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA. (C) Stable knockdown efficiency 

with shPPGlue targeting PPGlue in Huh7 parental cells or shNC as the non-targeting control. 

**p < 0.01 by Student’s t-test. (D) Stable knockdown of PPGlue abrogated lenvatinib-induced 

apoptosis in Huh7 cells. **p < 0.01, ***p < 0.001 by Student’s t-test. (E) Cell viability assay 

confirmed that knockdown of PPGlue (shPPGlue) conferred lenvatinib resistance to the cells. 

Non-targeting shNC was used as the control. (F) Stable knockdown of PPGlue (shPPGlue) 

increased the proliferation of Huh7 cells. Non-targeting shNC was used as the control. 

***p < 0.001 by Student’s t-test. (G) Stable knockdown of PPGlue (shPPGlue) alleviated the 

inhibitory effect of lenvatinib on colony formation in Huh7 parental cells. Non-targeting 

shNC was used as the control. The cells were treated with DMSO or lenvatinib (0.15 µM and 

0.3 µM). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. 

 

3.3.5 PPGlue serves as a sensitizer of HCC to lenvatinib treatment in 

vivo 

We examined the role of PPGlue in orchestrating tumor progression using a 

subcutaneous xenograft model derived from Huh7-LR cells in BALB/c nude mice 

(Figure 3-11A). We defined tumorgenicity as a size of 6 × 6 mm (length × width) in the 

corresponding xenografts. Tumor formation was confirmed on day 9 post inoculation 

with a mean tumor size of 158 mm3 in the control group, but it was delayed by 

overexpression of PPGlue until day 15 with a mean tumor size of 122 mm3 (Figure 

3-11B). We also observed much slower tumor progression in the presence of PPGlue. 
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The tumor volumes and variations in mice body weight were continuously monitored 

for 24 days. The mice were euthanized, and the tumor tissues were weighed and 

photographed (Figure 3-11C). Immunohistochemical (IHC) analysis of mouse tumor 

tissues using a custom PPGlue antibody confirmed the presence of PPGlue (Figure 

3-11D). PPGlue attenuated tumor growth and spheroid-forming ability by 2.4-fold, 

highlighting its tumor suppressive role both in vitro and in vivo.  

 

 

Figure 3-11 PPGlue overexpression slowed down tumor growth in lenvatinib resistant 

cell-derived xenografts in mice. (A) Schematic diagram of xenografted mice receiving 

subcutaneous injections of Huh7-LR cells overexpressing PPGlue. (B) Tumor progression 

curve of mice injected with 0.05 million of LR cells expressing PPGlue or empty vector (EV). 

Data were presented as the mean ± SEM (n = 5), *p < 0.05 by Student’s t-test. (C) 

Representative tumor photographs. (D) IHC staining of mouse tumor tissues using a custom 

PPGlue antibody. ***p < 0.001 by Student’s t-test. 
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To assess the effect of PPGlue on drug resistance in vivo, we examined tumor 

xenografts in response to lenvatinib administration (Figure 3-12A). Mice were divided 

into two subgroups for treatment: (1) Huh7-LR-EV cells and lenvatinib (30 mg/kg, 

resuspended in 0.5% methylcellulose) and (2) Huh7-LR-PPGlue cells and lenvatinib. 

Treatment was initiated once the tumor reached approximately 6 × 6 mm (length × 

width). Tumor volumes were monitored and measured continuously for 30 days after 

drug treatment. We observed that lenvatinib treatment without PPGlue failed to 

suppress tumor progression due to the resistance of Huh7-LR cells (Figure 3-12B & C). 

However, overexpression of PPGlue sensitized the xenografts to lenvatinib treatment, 

resulting in a 5-fold and 4-fold reduction in tumor volume and tumor weight, 

respectively (Figure 3-12B-D). We observed that the tumor size increased drastically 

by more than 3-fold in each untreated mouse. This indicated that PPGlue 

overexpression alone could slow tumor progression, but it was unable to eliminate the 

tumor. Even in the mice treated with lenvatinib, the tumors were still growing 2.9-fold 

faster due to resistance to lenvatinib. However, mice bearing Huh7-LR-PPGlue 

xenograft tumors showed significant shrinkage in tumor size by 28% on average after 

receiving lenvatinib (Figure 3-12E), suggesting that PPGlue exhibits a drug sensitizing 

effect greater than its effect on tumor progression. IHC staining of the tumor 

proliferation marker Ki-67 indicated that over 75% of the tumor cells were growing 

rapidly, while this level dropped to less than 10% in the presence of PPGlue, reflecting 

its potential in restoring drug sensitivity and decelerating tumor progression when 

combined with lenvatinib in vivo (Figure 3-12F). Meanwhile, terminal 
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deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) showed that more 

DNA fragmentation was generated during lenvatinib-induced apoptosis in the presence 

of PPGlue, but not in the presence of the empty vector (Figure 3-12G & H). 

Collectively, these results demonstrate the tumor-suppressive properties of PPGlue and 

validate that PPGlue overexpression enhances the efficacy of lenvatinib against LR 

HCC xenografts, implying its potential therapeutic role in restoring drug sensitivity. 

 



 

121 

 

 

Figure 3-12 PPGlue overexpression enhanced the efficacy of lenvatinib against resistant 

cell-derived xenografts in mice. (A) Schematic diagram of xenografted mice receiving 

subcutaneous injections of Huh7-LR cells overexpressing PPGlue and subsequent lenvatinib 

treatment. (B) Representative tumor photographs on day 30 post lenvatinib treatment. (C, D) 

Tumor progression curve (C), tumor size (D, left), and weight (D, right) in xenografted mice 

(n=6). Data were presented as the mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by 

Student’s t-test. (E) Waterfall plot showing the response of each tumor to lenvatinib treatment 
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for 30 days. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. (F) TUNEL assay (left) 

and its quantification (right) indicated apoptosis induced by lenvatinib treatment. 

***p < 0.001 by Student’s t-test. (G) Proliferation in tumors with PPGlue overexpression after 

lenvatinib treatment. Left, representative IHC staining of Ki-67; right, quantification based on 

IHC. ***p < 0.001 by Student’s t-test. (H) Haematoxylin and eosin stain of mouse tumor 

tissues after lenvatinib treatment at 30 mg/day for 30 days. 

 

3.4 Discussion 

HCC is recognized as one of the most aggressive and prevalent forms of cancer, 

resulting in approximately 780,000 deaths globally each year, according to the 2020 

global cancer statistics[210]. The early diagnosis of HCC relies on the use of one or 

more costly and advanced imaging techniques, such as computed tomography (CT) 

scans and magnetic resonance imaging (MRI), which complicates the diagnosis of 

many cases at an early stage[211]. The prognosis for most HCC patients is poor, as 

approximately 80% are diagnosed at intermediate or advanced stages, thereby missing 

the optimal opportunity for curative surgical intervention[212]. Lenvatinib, a 

multi-receptor tyrosine kinase inhibitor that approved by FDA in 2018, serves as an 

alternative first-line treatment to sorafenib for unresectable HCC. Patients undergoing 

treatment with lenvatinib demonstrated improved tumor responses and survival 

outcomes compared to those treated with sorafenib. Nevertheless, patients receiving 

lenvatinib still have unfavorable prognoses, primarily owing to the emergence of drug 

resistance[213]. Recently, significant efforts have been made within the scientific 
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community to understand the mechanisms underlying lenvatinib resistance and 

develop strategies to enhance its clinical effectiveness. Microproteins, which have 

been largely overlooked as potential therapeutic targets for lenvatinib resistance, may 

offer new avenues for treatment. Given that traditional protein-targeting approaches 

have shown limited success in overcoming lenvatinib resistance in HCC patients, 

there is an urgent need to investigate new targetable molecules within the largely 

unexplored realm of microproteins. 

In Chapter 1, we explored the unique characteristics of microproteins compared to 

traditional proteins and the challenges associated with studying them. In Chapter 2, 

we describe a successful approach for identifying novel microproteins from mouse 

tissue. By optimizing a MS-based proteogenomic workflow, we tried to identify new 

targetable microproteins associated with lenvatinib resistance in HCC. The 

identification of microproteins associated with lenvatinib resistance was based on 

gathering evidence from various levels of microprotein expression. We used public 

databases and Ribo-seq data to generate a customized database, integrating 

translatomics and proteomics data for both DIA and DDA searches. Huh7 and PLC 

are two widely used liver cancer cell models for research on lenvatinib resistance. We 

identified 815 microproteins in two lenvatinib-resistant cell lines and their 

corresponding parental cell lines, supported by translatomics and proteomics. These 

newly identified microproteins exhibit distinct characteristics compared to canonical 

proteins, with many originating from lncRNA or being nested within main ORFs with 

different translation frames. This phenomenon has been widely reported in other 
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research articles[214-216], indicating a huge unexplored group of proteins that could 

serve as therapeutic targets for lenvatinib resistance. Numerous studies have 

suggested that certain microproteins play significant roles in cancer development and 

progression[217]. Our results reveal widespread expression regulation of microproteins 

in the context of lenvatinib resistance in HCC, potentially filling a gap in 

understanding this resistance mechanism. Among the 815 microproteins identified, 61 

candidates were further validated using the PRM method and were significantly 

altered in both Huh7 and PLC cell lines. To further validate the differentially 

expressed microproteins, we overexpressed the top 11 most significantly changed 

microproteins in HEK293T and Huh7 cell lines. Notably, Huh7 cells overexpressing 

PPGlue demonstrated the most substantial recovery in lenvatinib sensitivity compared 

to other candidates, whereas endogenous PPGlue expression was reduced in both 

Huh7-LR and PLC-LR cells. This suggests that PPGlue plays a crucial role in the 

development of lenvatinib resistance in HCC. PPGlue is a small protein composed of 

54 amino acids, translated from lncRNA XR_001750712, which is derived from the 

uncharacterized gene LOC105370440, as annotated through automated computational 

analysis using the Gnomon gene prediction method[218]. Currently, there is a lack of 

literature regarding the function of XR_001750712 or its ability to encode PPGlue. 

Given the lack of prior research on PPGlue, we aimed to confirm its endogenous 

presentation. Our analysis revealed that the amino acid sequence of PPGlue is highly 

conserved among primates, suggesting its biological significance. Additional evidence 

supporting the existence of endogenous PPGlue was obtained from the A549 and 
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786-O cell lines, as well as thyroid tissue, through MS data. We believe that this 

evidence sufficiently substantiates the existence of endogenous PPGlue. Subsequently, 

we investigated the correlation between PPGlue expression and the 

lenvatinib-resistant phenotype in Huh7-sensitive and Huh7-LR cells. The results 

indicated that overexpression of PPGlue inhibited cell proliferation, increased 

lenvatinib-induced apoptosis, and sensitized Huh7 cells to lenvatinib treatment. 

Conversely, knockdown of PPGlue transcripts abrogated the sensitization effect of 

lenvatinib. The sensitizing effect of PPGlue overexpression was further validated in a 

patient-derived tumor xenograft model, in which we observed a significant tumor 

inhibitory effect of PPGlue in the lenvatinib treatment group. Collectively, these 

findings from both in vivo and in vitro studies suggest a strong correlation between 

PPGlue and lenvatinib resistance in HCC, positioning it as a promising therapeutic 

target for advanced HCC. 

In summary, we utilized an optimized proteogenomic pipeline to identify novel 

targetable microproteins in advanced HCC patients with lenvatinib resistance. A total 

of 815 microproteins were identified in two HCC cell lines, Huh7 and PLC. Of these 

differentially changed microproteins, 11 high-confidence candidates were evaluated 

through overexpression and in vitro assays. Notably, PPGlue displayed the strongest 

correlation with lenvatinib resistance in HCC compared to the other ten candidates. 

Furthermore, we confirmed the endogenous expression of PPGlue across various cell 

lines and tissues and observed that overexpression of PPGlue could reverse lenvatinib 

resistance in HCC cell lines. These findings underscore the effectiveness of our 
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proteogenomic pipeline for identifying novel microproteins as potential therapeutic 

targets, with PPGlue emerging as a significant candidate for restoring lenvatinib 

sensitivity in HCC. The mechanisms by which PPGlue mitigates lenvatinib resistance 

present an intriguing avenue for further research, which will be explored in a 

subsequent chapter. Additionally, other candidates identified within the cohort may 

also contribute to the development of lenvatinib resistance and could serve as 

promising targets for the HCC research community.  
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Chapter 4. Molecular mechanisms and therapeutic potential: 

PPGlue modulates P-gp through interaction with the 

PPP2R3C/PP5 complex  

4.1 Introduction 

Cancer is a leading cause of mortality globally, primarily owing to its considerable 

heterogeneity. Despite the continued use of chemotherapy and targeted therapies as 

primary treatments for cancer, the non-selective toxicity of mono-chemotherapy and 

drug resistance of targeted therapies have attracted significant criticism. Subsequently, 

several peptide-based therapeutics have been developed, which present notable 

advantages over conventional small-molecule targeted therapies. They exhibit higher 

specificity owing to their ability to precisely target tumor cells and receptors, thereby 

reducing off-target effects[121, 123]. Their small molecular size facilitates improved 

tissue penetration, particularly in solid tumors, and allows access to intracellular 

targets that are frequently unreachable by antibody therapies[219]. Moreover, 

peptide-drug conjugates facilitate enhanced targeting precision and therapeutic 

efficacy[129]. Furthermore, peptide synthesis is distinguished by enhanced flexibility 

and expediency, leading to shorter development timelines than the complex synthesis 

procedures necessitated by small molecules[220]. The high selectivity and reduced 

toxicity associated with peptide-based therapies frequently contribute to improved 

safety profiles and therapeutic outcomes, thereby rendering them a promising and 

increasingly utilized class of anti-cancer agents[122-124].  

The microprotein family represents a substantial and largely untapped reservoir of 
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potential peptide-based therapeutic agents. A complete understanding of the functions 

of microproteins is essential for the advancement of cancer research. To date, all the 

microproteins whose functions have been characterized are known to interact with 

other proteins. Affinity purification coupled with mass spectrometry (AP-MS) is the 

optimal approach for the unbiased identification of proteins that interact with a 

peptide or protein of interest[5]. The use of the AP-MS method allows us to effectively 

delineate the interaction networks of microproteins, thereby providing insight into 

their biological roles and mechanisms of action. A comprehensive understanding of 

these protein-protein interactions is vital for uncovering the therapeutic potential of 

microproteins. 

P-glycoprotein (P-gp) is a member of the ATP-binding cassette (ABC) transporter 

family, encoded by the multidrug resistance protein 1 (MDR1) gene, and is expressed 

as a glycoprotein with a molecular weight of 170–180 kDa located in the plasma 

membrane. This transporter is capable of transporting an extensive range of substrates 

with molecular weights between 250 and 1,250 Da, including phospholipids, sterols, 

cholic acids, peptides, metabolites, and various drugs, against their concentration 

gradients through ATP hydrolysis. P-gp serves as a critical plasma membrane 

transporter and plays a significant role in the multidrug resistance observed in 

cancer[221]. Lenvatinib has been identified as a specific substrate for ABCB1 and is not 

excreted by other transporters including OAT1, OAT3, OATP1B1, OATP1B3, OCT1, 

OCT2, MATE1, MATE2-K, or bile salt export pumps. P-gp function is dependent on 

phosphorylation, and its activity is regulated by post-translational modifications, 
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including glycosylation and phosphorylation[222-226]. A recent study identified 

PPP2R3C, a regulatory subunit of protein phosphatase 5 (PP5), as a binding partner for 

P-gp[227]. PPP2R3C is a regulatory subunit for protein phosphatase (PP) PP5[227], which 

is categorized as a serine/threonine-specific phosphoprotein phosphatase. PP5 plays a 

role in the regulation of several cellular processes including DNA replication, gene 

transcription, protein translation, metabolism, cell cycle progression, cell division, 

development, and apoptosis[227]. PPP2R3C is expressed in the fetal brain during 

various developmental stages[228] and is ubiquitously found across various tissues[229]. 

The structure of PP5 comprises three tetratricopeptide repeat (TPR) domains at the 

amino-terminus and a phosphatase domain at the carboxy-terminus. The low enzymatic 

activity of PP5 is attributed to the intramolecular interaction between the TPR domains 

and the carboxy terminus[230]. PPP2R3C enhances the activity of PP5 through its 

association with TPR domains, resulting in the formation of a PP5/PPP2R3C complex 

that exhibits phosphatase activity on substrates, such as casein, histone H1, and 

minichromosome maintenance complex component 3, similar to the 

PP2Ac/PR65/PPP2R3C complex[229]. It has been demonstrated that the PP5/PPP2R3C 

complex dephosphorylates P-gp, resulting in a reduction in P-gp functionality and, 

consequently, a decrease in drug efflux. Targeting this regulatory pathway represents a 

promising strategy for overcoming P-gp-mediated drug resistance in cancer therapy. 

This study explored the molecular mechanisms by which PPGlue contributes to lenvatinib 

resistance in HCC. An AP-MS approach was employed to conduct quantitative analysis of the 

interactome of PPGlue in resistant cell lines. Our findings indicate that PPGlue functions as a 
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molecular glue, stabilizing the protein complex composed of PPP2R3C, PP5, and 

P-glycoprotein (P-gp), which results in diminished P-gp activity and enhanced drug 

accumulation within cells. Consequently, PPGlue increases cellular sensitivity to 

pharmacological agents by facilitating intracellular drug retention. Furthermore, we 

synthesized a PPGlue peptide to mimic PPGlue overexpression in cellular models, thereby 

demonstrating its novel therapeutic potential in HCC. This may lead to improved efficacy of 

lenvatinib and other anti-cancer therapies. 

4.2 Materials and methods 

4.2.1 Study approval 

License to conduct experiments on animals was obtained from the Department of 

Health, Hong Kong SAR. Approval to conduct animal work at the Hong Kong 

Polytechnic University was obtained from the Animal Subjects Ethics Sub-Committee. 

4.2.2 Plasmids and reagents 

Lenvatinib was purchased from Selleckchem (in vitro experiments) and LC 

Laboratories (in vivo experiments). Doxorubicin and verapamil were kind gifts from 

Prof. Larry Chow (The Hong Kong Polytechnic University). Regorafenib, pazopanib, 

and MG132 were purchased from MedChemExpress.  

4.2.3 Cell lines and cell culture 

Huh7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, 

Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (PS). Huh7-LR and Huh7-sensitive cells were maintained in 
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Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 10% FBS, 1% 

PS, and 10 µM lenvatinib (Huh7-LR), or an equivalent amount of DMSO 

(Huh7-sensitive). All cell lines were incubated at 37 °C in a 5% (v/v) CO2 atmosphere.  

4.2.4 Stable isotope labeling by amino acid in cell culture (SILAC) 

Huh7-LR cells were cultured in arginine- and lysine-deficient DMEM (Thermo Fisher 

Scientific), and the medium was supplemented with either natural L-arginine and 

L-lysine or their stable isotope-labeled counterparts (Arg10, [13C6
15N4] arginine and 

Lys8, [13C6
15N2] lysine; both from Thermo Fisher Scientific). After at least 5 passages 

for SILAC labeling, cells were harvested to determine labeling efficiency. The 

incorporation rate of individual peptides was calculated manually using the formula 

(heavy intensity/total intensity) × 100%. Only cells with incorporation percentages 

exceeding 98% were considered for the subsequent pull-down MS analysis. 

4.2.5 Immunoprecipitation 

To identify the proteins that interact with PPGlue, Huh7-LR cells overexpressing an 

empty vector (EV) and PPGlue with SILAC were used. In brief, the cells cultured with 

isotope-labeled (heavy or light) lysine and arginine were lysed and combined in a 1:1 

ratio for reciprocal pulldown MS, including a forward sample (EV-light, PPGlue-heavy) 

and a reverse sample (EV-heavy, PPGlue-light). The protein lysate was incubated with 

anti-FLAG (D6W5B) antibody (Cell Signaling Technology) cross-linked to Protein A 

Mag Sepharose beads (Cytiva) at room temperature for 60 min with gentle agitation. 

The immobilized proteins were subjected to on-bead trypsin digestion at 37 °C 
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overnight. The resulting tryptic peptides were collected, dried down and analyzed using 

MS. 

To validate the proteins that interact with PPGlue, Huh7-LR cells overexpressing 

empty vector (EV) and PPGlue were used for anti-FLAG pulldown. The immobilized 

proteins were eluted by boiling in a 2× Tricine loading buffer for 10 min and then 

subjected to SDS-PAGE and immunoblotting analyses. To validate the effect of PPGlue 

in recruiting PP5 and PPP2R3C, 293T-PPP2R3C cells overexpressing an empty vector 

(EV) and PPGlue were used for anti-HA pulldown. Cell lysate was incubated with 

magnetic beads-conjugated anti-HA VHH Single Domain antibody (Abclonal, AE109) 

at room temperature for 60 min with gentle agitation. The immobilized proteins were 

eluted by boiling in a 2× Tricine loading buffer for 10 min and then subjected to 

SDS-PAGE and immunoblotting analyses.  

4.2.6 Drug accumulation assay 

Drug accumulation assay was performed as previously described with minor 

modifications [231]. Briefly, 1×106 cells in culture medium containing 20 μM of 

lenvatinib or pazopanib was added into an Eppendorf tube. DMSO was used as a 

solvent control. Subsequently, the cells were incubated at 37 °C for 2 h with gentle 

shaking at 250 rpm. Then, the cells were washed with cold PBS and lysed with lysis 

buffer (50 mM Tris-HCl, 150 mM sodium chloride, 2 mM EDTA, 1% NP-40, and 1% 

sodium deoxycholate). Intracellular drugs were extracted from cell lysates following 

the same protocol as previously described [232]. Briefly, each lysate (100 μL) was 

immediately mixed with 20 μL of methanol, 10 μL of trichloroacetic acid aqueous 
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solution, and 70 μL of acetonitrile. The resulting mixture was vortexed for 1 min and 

then centrifuged at 15,000 g for 10 min. The supernatant was subsequently injected into 

the UPLC-MS/MS system (AB SCIEX QTRAP 6500) and analyzed using an HSS T3 

C18 column (2.1 mm × 150 mm, 1.8 µm, Waters) maintained at 40 ℃. The mobile 

phase consisted of 0.1% v/v formic acid in water (A) and acetonitrile (B), with a flow 

rate of 0.32 mL/min. The elution was carried out with a gradient as follows: 0-1 min, 20% 

B; 1-4 min, 20-85% B; 4-4.1 min, 85-95% B; 4.1-7 min, 95% B. Lenvatinib and 

pazopanib were detected using tandem mass spectrometry in electrospray ion (ESI) 

positive mode via multiple reaction monitoring (MRM) mode. The MRM transitions 

for lenvatinib and pazopanib were 427.0/369.9 and 438.0/357.2, respectively.  

Regarding the parameters of the mass spectrometer, the ion spray voltage was set at 

5500 V, and the temperature was set at 550 °C. The curtain gas, nebulizer gas, and 

heater gas were all ultrahigh-purity (UHP) nitrogen, with pressures adjusted to 55, 55, 

and 30 psi, respectively. After the LC-MS/MS run, the acquired data were processed 

using Analyst® software version 1.4.2 (AB SCIEX). 

4.2.7 Delivery of synthetic PPGlue into cells  

The synthetic microprotein was diluted and mixed with PULSin® (Polyplus) according 

to the manufacturer's instructions. Huh7-LR cells were transfected with 25 µg of 

synthetic PPGlue for 6 h in serum-free medium. Following this incubation period, cells 

were prepared for lenvatinib-induced apoptosis and cell viability tests. 
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4.3 Results 

4.3.1 PPGlue physically interacts with PPP2R3C/PP5 complex, leading 

to decreased P-gp levels and the increased intracellular drug 

concentration 

Subsequently, we aimed to understand the mechanism by which PPGlue restores drug 

sensitivity. Microproteins exert biological functions through protein-protein 

interactions with annotated proteins. For example, EMBOW regulates the cell cycle by 

binding to WDR5 and alters the WDR5 interactome (9). Therefore, we employed stable 

isotope labeling by amino acids in cell culture (SILAC) and anti-Flag pulldown MS to 

identify the interactome of PPGlue in LR cells (Figure 4-1A). In brief, the cells were 

cultured in media containing isotope-labeled (heavy or light) lysine and arginine. 

Thereafter, the cells were lysed and combined in a 1:1 ratio based on the total protein 

amount to create replicates for pull-down MS, including a forward sample (EV-light 

and PPGlue-heavy) and a reverse sample (EV-heavy and PPGlue-light). Anti-Flag 

immunoprecipitation was used to pull down PPGlue and its binding partners. The 

enriched proteins were analyzed by MS to determine the isotopic ratios (heavy/light). 

The top 10 hits showing substantial abundance changes are presented in the 

upper-right quadrant of the corresponding scatter plot (Figure 4-1B, Table 4-1). 

STRING analysis revealed that three of the identified interacting proteins were 

predominantly clustered together based on their physical interactions (Figure 4-1B). 

Among the three, protein phosphatase 2A regulatory subunit B gamma (PPP2R3C) 

was the most specifically enriched as it has never been reported in the contaminant 
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repository for affinity purification–mass spectrometry data (CRAPome)[233]. 

PPP2R3C forms a complex with protein phosphatase 5 (PP5), which negatively 

regulates P-gp abundance and activity, thereby regulating drug efflux[227].  

To validate the protein interactions involving PPGlue, PPP2R3C, and PP5, we 

conducted anti-Flag co-immunoprecipitation, and the results demonstrated that 

PPP2R3C, PP5, and P-gp were accompanied by PPGlue-Flag (Figure 4-1C), 

confirming the physical association among these proteins. Co-immunoprecipitation 

against HA-tagged PPP2R3C in HEK293T cells also validated the association of P-gp 

with PPP2R3C/PP5 complex and PPGlue (Figure 4-1D & 4-2). In addition, PPGlue 

increased the amount of PP5 and P-gp that could be co-immunoprecipitated with 

HA-tagged PPP2R3C, although P-gp levels were reduced in cells overexpressing 

PPGlue (Figure 4-1D). Therefore, we anticipated that PPGlue may act as a 

"molecular glue" that facilitates the interaction between PP5 and PPP2R3C, 

potentially by stabilizing the protein complex (Figure 4-1E). Therefore, we named 

this microprotein PPGlue based on its molecular mechanism of action.  

We hypothesized that PPGlue restores drug sensitivity by downregulating P-gp, since 

PPGlue overexpression correlated with a reduction in P-gp expression in both LR 

cells and xenografted tumors (Figure 4-1F-G). The observed change caused by 

PPGlue could be rescued by the proteasome inhibitor MG132 (Figure 4-3A), 

suggesting that PPGlue may play a role in the degradation of P-gp. Loss of PP5 has 

been reported to upregulate the expression and function of P-gp[227]. Since PPGlue is 

involved in the PPP2R3C/PP5 complex with P-gp, we investigated whether inhibiting 
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PP5 by okadaic acid (OA) would abolish the downregulation of P-gp by PPGlue. We 

detected a significant elevation in P-gp levels in cells overexpressing PPGlue after 

OA treatment (Figure 4-3B). Moreover, we evaluated both endogenous PPGlue and 

P-gp abundance in patient tumor-derived mouse xenografts. PPGlue was 

downregulated while P-gp levels were upregulated in LR tumors compared to 

lenvatinib-sensitive tumors (Figure 4-1H & I). Taken altogether, these results 

confirm that PPGlue mediated P-gp through the interaction with the PPP2R3C/PP5 

complex. 
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Table 4-1 List of binding proteins identified in SILAC-labeled cells by anti-flag 

immunoprecipitation. 

Protein 

ID 

Gene Protein Description 

Log2 

(Forward, 

H/L) 

-Log2 

(Reverse, 

H/L) 

CRA

Pome 

Q5VT06 CEP350 Centrosome-associated protein 350 1.52 2.05 0.04 

O95684 CEP43 Centrosomal protein 43 1.50 1.92 0.08 

PPGlue- 

Flag 

PPGlue PPGlue 0.60 1.78 0.00 

Q969Q6 PPP2R3C 

Serine/threonine-protein 

phosphatase 2A regulatory subunit 

B'' subunit gamma 

1.75 1.06 0.00 

Q03135 CAV1 Caveolin-1 2.20 0.86 0.04 

Q9H223 EHD4 EH domain-containing protein 4 1.38 0.80 0.02 

Q9H490 PIGU 

Phosphatidylinositol glycan anchor 

biosynthesis class U protein 

0.86 0.76 0.02 

Q9BRU

9 

UTP23 

rRNA-processing protein UTP23 

homolog 

0.64 0.74 0.01 

Q9UNQ

2 

DIMT1 

Probable dimethyladenosine 

transferase 

0.63 0.65 0.07 

Q6NZI2 CAVIN1 Caveolae-associated protein 1 0.78 0.64 0.04 
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Figure 4-1 The molecular mechanism through which PPGlue enhanced the drug 

sensitivity of HCC cells. (A) Schematic workflow for identifying PPGlue-binding proteins. 

(B) The identified PPGlue interacting proteins using the SILAC pulldown method, and the 

STRING analysis of the identified proteins with CRAPome frequency less than 10%. 

Log2(isotopic ratios) values of zero indicate no enrichment, while ratios exceeding log21.5 

were considered significant. (C, D) The interacting proteins were validated by performing 
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forward pulldown assays against PPGlue-Flag (C) and reverse pulldown assays with 

PPP2R3C-HA (D). WCL, whole cell lysate. (E) Proposed mechanism for PPGlue to enhance 

lenvatinib sensitivity. (F) Protein levels of P-gp quantified by MS in Huh7-LR-EV and 

-PPGlue cells. ***p < 0.001 by Student’s t-test. (G) Expression of P-gp in mouse tumors. EV, 

empty vector; PG, PPGlue. (H, I) Representative IHC staining of PPGlue (H, left) and P-gp (I, 

left) in patient tumor-derived xenografts (PY003). The levels of PPGlue (H, right) and P-gp (I, 

left) were quantified based on the IHC images. **p < 0.01, ***p < 0.001 by Student’s t-test. 

 

 

Figure 4-2 Overexpression of PPP2R3C in HEK293T cells. 

 

 

Figure 4-3 Effects of PPGlue on P-gp protein levels and degradation. (A) Protease 
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inhibitors (MG132) abrogated P-gp protein degradation in the cells with PPGlue 

overexpression. (B) Phosphatase inhibitors increased P-gp protein levels in cells 

overexpressing PPGlue. OA, okadaic acid.  

 

4.3.2 The effects of PPGlue on the enhanced efficacy of multiple drug 

molecules for the inhibition of various cancers 

We investigated whether the enhanced assembly of the PPP2R3C/PP5 complex with 

P-gp by PPGlue would prohibit drug efflux and revive drug sensitivity. We conducted 

drug accumulation assays, which revealed a significant increase in intracellular 

lenvatinib concentration in cells overexpressing PPGlue (Figure 4-4A). Inhibition of 

P-gp by verapamil led to a dose-dependent elevation in lenvatinib concentration in cells 

without PPGlue. Nonetheless, PPGlue overexpression resulted in the highest drug 

accumulation (Figure 4-4A). This finding indicated that PPGlue can modulate drug 

efflux through P-gp, emphasizing its importance in maintaining drug sensitivity and 

influencing intracellular lenvatinib levels. 

In addition to PPGlue overexpression, we also delivered exogenous synthetic PPGlue 

(synPPGlue) into LR parental cells and monitored its stability (Figure 4-4B). Our 

findings revealed that synPPGlue was gradually consumed after delivery, while it 

remained functional to downregulate P-gp levels and augmented lenvatinib-induced 

apoptosis in these cells (without exerting any influence on its transcription) (Figure 

4-4C & 4-5). These observations corresponded to our earlier findings where stable 

cells were used, indicating that synPPGlue also has the potential to resume drug 
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sensitivity in LR cells. 

Since P-gp is known to transport a number of anti-cancer chemotherapeutic drugs, we 

investigated how broad its substrate spectrum can be tuned by PPGlue through its 

regulation of P-gp. Our results showed that PPGlue could sensitize LR cells to 

doxorubicin, a P-gp substrate, by increasing the drug concentration and decreasing the 

drug IC50 (Figure 4-6A). Inhibition of P-gp by verapamil led to intracellular 

accumulation of doxorubicin, whereas overexpression of PPGlue alone resulted in the 

greatest accumulation without verapamil (Figure 4-4D). Moreover, flow cytometry 

results demonstrated that synPPGlue synergized with doxorubicin to enhance 

apoptosis in LR cells (Figure 4-4E). These data highlight the important role of PPGlue 

in modulating drug accumulation beyond lenvatinib. 

Drug resistance has been identified as a common challenge in targeted therapy – the 

emergence of innate or acquired resistance to TKIs, such as lenvatinib. Therefore, we 

assessed the impact of PPGlue on the efficacy of structurally similar drugs, pazopanib 

and regorafenib. According to the manufacturer, pazopanib is a substrate of P-gp, 

whereas regorafenib is not[205, 234, 235]. PPGlue overexpression induced a marginal 

change in the IC50 of regorafenib in the cell viability assays, while a striking 10-fold 

reduction in the IC50 of pazopanib was detected (Figure4-4F). In line with the 

difference in IC50 value, drug accumulation assays revealed minimal changes in 

intracellular regorafenib concentration, while a significant increase in pazopanib 

concentration was observed in the cells overexpressing PPGlue (Figure 4-4G & 4-6B). 

Pazopanib is transported by P-gp, resulting in a greater synergistic effect with PPGlue. 
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Consistently, flow cytometry analysis demonstrated that synPPGlue could lead to a 

higher apoptosis rate induced by pazopanib in LR cells (Figure 4-4H). Therefore, 

PPGlue is able to enhance the efficacy of drugs as long as they are P-gp substrates, and 

this offers an innovative strategy to combat drug resistance in cancer therapy. 

 

 

Figure 4-4 Effects of PPGlue on multiple cancer types in response to various drugs. (A) 

Intracellular lenvatinib accumulation in Huh7-LR-EV, -PPGlue, and -PPGluemut cells. 

Huh7-LR-EV cells treated with the indicated concentration of verapamil were used as 

positive controls. **p < 0.01, ***p < 0.001 by Student’s t-test. (B) WB confirmed the delivery 
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of synthetic PPGlue (synPPGlue) into Huh7-LR cells. (C) Synthetic PPGlue enhanced 

lenvatinib-induced apoptosis (40 µM). **p < 0.01, ***p < 0.001 by Student’s t-test. (D) 

Inhibition of P-gp by verapamil increased intracellular doxorubicin accumulation. **p < 0.01, 

***p < 0.001 by Student’s t-test. ns, no significance. (E) Synthetic PPGlue enhanced 

apoptosis induced by doxorubicin in Huh7-LR cells. **p < 0.01 by Student’s t-test. (F) Cell 

viability of Huh7-LR-PPGlue cells with doxorubicin (0.35 µM) treatment. (G) Pazopanib 

concentration in Huh7-LR-EV, -PPGlue, and -PPGluemut cells. **p < 0.01 by Student’s t-test. 

(H) Synthetic PPGlue enhanced pazopanib (40 µM) induced apoptosis in Huh7-LR cells. 

HEPES was used as a solvent control for peptide delivery. PAZ, pazopanib. ***p < 0.001 by 

Student’s t-test. 

 

 

Figure 4-5 Effects of PPGlue on P-gp protein levels and degradation. The synthetic 

PPGlue peptide modulated P-gp at the protein level (A) but had no effect on P-gp transcript 

level (B). The experiments were conducted in triplicate, and data were presented as the mean 

± s.d. 
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Figure 4-6 Impact of PPGlue overexpression on drug sensitivity and accumulation. (A) 

Cell viability of doxorubicin in Huh7-LR cells with PPGlue overexpression. (B) Regorafenib 

accumulation assay assessed using MRM. ns, no significance. The experiments were 

conducted in triplicate and data were presented as the mean ± s.d. 

 

4.4 Discussion 

Thus far, the molecular mechanisms underlying lenvatinib resistance in HCC remain 

elusive with multiple contributing factors, including altered signaling pathways, drug 

efflux, and tumor environment. While annotated proteins like EGFR[236], DUSP9[237], 

ITGB8[238], and CDK6[239] have been implicated, the role of microproteins in this 

context has not been explored. Our study represents an advancement in this field using 

an integrated proteogenomic approach to identify 815 microproteins in HCC cells. 

Among these, PPGlue, a novel microprotein, plays a crucial role in lenvatinib 

resistance. Overexpression of PPGlue restored lenvatinib sensitivity in LR cells, 

inhibited proliferation, and hampered colony formation. This discovery not only 

emphasizes the importance of comprehensive proteomic profiling in understanding 

cancer resistance mechanisms, but also offers a fresh perspective on restoring drug 
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sensitivity in HCC. We have thoroughly validated the functionality of PPGlue, 

demonstrating its ability to sensitize both lenvatinib-sensitive and-resistant HCC cells 

to the drug. This finding suggests that the therapeutic potential of PPGlue extends 

beyond its impact on lenvatinib resistance. Furthermore, our observation of lower 

PPGlue levels in LR patient-derived xenografts underscores its clinical relevance.  

Microproteins exert biological functions through protein-protein interactions with 

annotated proteins. For example, EMBOW regulates the cell cycle by binding to 

WDR5 and altering the WDR5 interactome[201]. Therefore, we anticipated that the 

mechanism of PPGlue would require a partner protein with relevant functions. Using 

SILAC pull-down, we identified PPGlue to be involved in the interaction between the 

PPP2R3C/PP5 complex and P-gp. A recent study has unveiled that PPP2R3C/PP5 

dephosphorylates P-gp and knocking down the complex leads to increased levels of the 

transporter. P-gp is a drug efflux pump that confers resistance to anti-cancer drugs, and 

modulating P-gp has emerged as a strategy to enhance the effectiveness of 

chemotherapy drugs. However, whether P-gp renders lenvatinib resistance in HCC has 

not been reported. In the present study, we revealed elevated P-gp levels in LR cells, 

leading to insufficient intracellular accumulation of lenvatinib. Furthermore, the 

inhibitory effect of PPGlue on P-gp also increased the accumulation of other P-gp 

substrate drugs in cells, such as pazopanib and doxorubicin, highlighting its broad 

therapeutic potential. 

Peptide therapy has emerged as a new and promising modality for the treatment of 

cancers with multidrug resistance. Shao et al. raised an effective strategy using a 
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synergistic combination of membranolytic anti-tumor β-peptide polymer and 

doxorubicin to promote drug uptake by multidrug-resistant cancer cells[240]. Bioactive 

peptides such as PPGlue possess desirable properties for therapeutic development, 

including good biocompatibility and target binding affinity[241]. This study investigated 

the therapeutic efficacy of synthetic PPGlue combined with lenvatinib, pazopanib, and 

doxorubicin. Future studies should focus on determining the core PPGlue sequence that 

is essential for interacting with the PPP2R3C/PP5 complex and inhibiting drug efflux. 

Moreover, mRNA therapy offers another exciting avenue for combating diseases. 

Recent advances in biotechnology and molecular medicine have enabled the 

production of almost all functional proteins/peptides in the human body as therapeutic 

agents[242]. mRNA nanoparticles encoding tumor suppressors have shown promise in 

inducing rapid tumor-suppressive protein expression. In particular, delivery of 

synthetic PTEN mRNA particles can restore functional proteins in PTEN-null human 

prostate tumor-bearing mice[243]. TP53 mRNA nanoparticles can markedly improve the 

sensitivity of tumor cells to rapamycin (mTOR) inhibitors for potent combinatorial 

cancer treatment[244]. Given PPGlue's tumor suppressive activity in both 

lenvatinib-sensitive and resistant cells, we propose that PPGlue and its transcript could 

also be used for developing mRNA-based therapeutics to target P-gp-mediated 

multidrug resistance in HCC. 

In conclusion, we identified PPGlue using an integrated proteogenomic workflow. We 

revealed a novel mechanism by which PPGlue acts as a molecular glue that enhances 

the efficacy of lenvatinib by potentially stabilizing the PPP2R3C/PP5/P-gp protein 
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complex, leading to reduced P-gp function and increased drug accumulation. 

Consequently, PPGlue restored lenvatinib sensitivity in drug-resistant HCC cells, 

inhibited their proliferation, and hampered colony formation, as illustrated in Figure 

4-7. Our findings suggest that targeting P-gp-mediated multidrug resistance with 

synthetic PPGlue could be an innovative therapeutic strategy for HCC, potentially 

improving the efficacy of lenvatinib and other anti-cancer drugs. 

 

 

Figure 4-7 Schematic illustration of PPGlue discovery using a proteogenomic workflow. 

PPGlue acts as a molecular glue that enhances the efficacy of lenvatinib by potentially 

stabilizing the PPP2R3C/PP5/P-gp protein complex, leading to reduced P-gp function and 
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increased drug accumulation.  
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Chapter 5. Conclusion and future perspective 

5.1 Conclusion 

In this study, we have successfully developed and optimized proteogenomic 

methodologies to reveal the roles of sORF-encoded microproteins in liver 

development and HCC. By integrating Ribo-seq with advanced MS-based proteomics, 

we established a comprehensive framework for the systematic identification and 

functional characterization of microproteins. This study not only broadens the 

microprotein landscape but also underscores their potential as key regulators in both 

developmental biology and cancer therapy. 

5.1.1 Discovery of microproteins involved in developmental regulation 

We have refined a workflow that integrates SEC and MS to enhance the enrichment 

and identification of microproteins within complex proteomes. This workflow 

enabled the discovery of 89 novel microproteins in mouse liver, with 39 exhibiting 

differential expression between embryonic and adult stages. These findings revealed 

that microproteins upregulated during embryonic development are primarily involved 

in RNA splicing and processing, while those active in adult livers are enriched in 

metabolic pathways. These results underscore the functional importance of 

microproteins in liver development and provide a foundation for future studies into 

their regulatory roles. 
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5.1.2 PPGlue: a novel therapeutic agent in HCC 

Utilizing  an integrated proteogenomic approach that incorporates multiple mass 

spectrometry techniques, we successfully identified 815 microproteins in human HCC 

cells, including PPGlue, a previously uncharacterized microprotein. Functional 

studies demonstrated that PPGlue sensitizes lenvatinib-resistant HCC cells to 

treatment by enhancing apoptosis, suppressing proliferation, and increasing 

intracellular drug concentration. Mechanistically, PPGlue acts as a molecular glue, 

facilitating the assembly of the PPP2R3C/PP5 protein phosphatase complex, which 

downregulates P-gp, a key drug efflux transporter. This leads to increased intracellular 

drug accumulation and enhanced sensitivity to P-gp substrate drugs, such as 

lenvatinib, pazopanib, and doxorubicin. Additionally, synthetic PPGlue exhibited 

synergistic effects with these drugs, underscoring its potential as a therapeutic agent 

for overcoming multidrug resistance. 

5.2 Future perspective 

5.2.1 Exploring the potential of PPGlue as a therapeutic target in HCC 

This study represents a significant step forward in the discovery and characterization 

of microproteins, highlighting their important roles in liver development and cancer 

resistance. By combining advanced proteogenomic approaches with functional studies, 

we have established a comprehensive framework for exploring the therapeutic and 

diagnostic potential of microproteins. PPGlue, as a representative microprotein, 
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exemplifies the untapped potential of this class of molecules in addressing unmet 

medical requirements.  

5.2.2 Exploring the potential of PPGlue-derived drugs and delivery 

systems as novel therapeutic strategies 

PPGlue represents a promising therapeutic candidate for restoring drug resistance in 

HCC. Its ability to modulate P-gp and improve the effectiveness of multiple 

anti-tumor drugs positions it as a novel therapeutical strategy in cancer treatment. 

Nevertheless, several challenges remain before PPGlue can be translated into clinical 

applications. Future studies should focus on the following areas: 

Structural characterization of PPGlue: As a noncanonical protein, PPGlue lacks 

structural information, which presents a significant challenge for understanding its 

action mechanism and optimizing its therapeutic potential. To address this, 

bioinformatics tools such as AlphaFold3 can be employed to predict its 

three-dimensional structure with high accuracy. These predictions can provide 

valuable insights into its functional domains, potential interaction sites, and overall 

stability. Nonetheless, it is imperative that computational predictions undergo 

experimental validation to confirm their accuracy. Techniques such as cryo-electron 

microscopy (cryo-EM) or nuclear magnetic resonance (NMR) spectroscopy can be 

used to determine the high-resolution structure. Cryo-EM is particularly suitable for 

studying protein complexes, which could reveal how PPGlue facilitates the assembly 

of the PPP2R3C/PP5 protein phosphatase complex. NMR, on the other hand, 

well-suited for smaller proteins, providing detailed insights into their dynamic 
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characteristics. These structural studies will not only deepen our understanding of 

PPGlue’s mechanism of action but also inform the rational design of synthetic 

variants with enhanced therapeutic properties. 

Structural optimization: Synthetic PPGlue requires further optimization to improve 

its potency, specificity, and stability. Employing rational design approaches, such as 

peptide stapling, cyclization, or chemical modifications (e.g., N-terminal acetylation), 

could enhance its resistance to proteolytic degradation and prolong its half-life in 

circulation. Furthermore, optimizing its structure characteristics could improve its 

pharmacokinetics properties. It is particularly essential to enhance PPGlue's capacity 

to penetrate cell membranes in order to maximize its intracellular activity. Utilizing 

strategies such as the conjugation of cell-penetrating peptides (CPPs) or the 

modification of hydrophobic residues could significantly augment its cellular uptake 

and therapeutic effectiveness. 

Delivery systems: Developing efficient delivery systems is crucial for ensuring that 

PPGlue arrives at its target site in a stable and bioactive form. Utilizing 

nanoparticle-based delivery platforms, such as liposomes or polymeric nanoparticles, 

can safeguard PPGlue from enzymatic degradation and promote its accumulation in 

tumor tissues through the enhanced permeability and retention (EPR) effect. 

Alternatively, conjugating PPGlue with tumor-targeting ligands, such as antibodies or 

small molecules that recognize tumor-specific markers, could improve its selectivity 

and minimize off-target effects.  

Peptide-drug conjugates (PDCs): PPGlue has the potential to be developed as part 
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of a PDC in conjunction with existing anti-tumor agents such as doxorubicin or 

lenvatinib. By chemically linking PPGlue to these drugs, the resulting PDC could 

enhance tumor targeting and produce synergistic therapeutic effects. For example, the 

PDC could utilize PPGlue’s ability to downregulate P-gp, increasing intracellular drug 

retention and overcoming multidrug resistance. This strategy represents a powerful 

avenue for combining the unique properties of PPGlue with the established efficacy of 

existing drugs. 

5.2.3 Exploring the potential applications of PPGlue in disease diagnosis 

In addition to its therapeutic applications, PPGlue may also function as a prognostic 

biomarker for drug resistance in HCC. Its expression levels could indicate the tumor's 

sensitivity to lenvatinib and other drugs that are substrates of P-glycoprotein. Future 

research should explore the relationship between PPGlue expression and clinical 

outcomes in HCC patients. This could pave the way for the development of diagnostic 

tools that guide personalized treatment strategies. 
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