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I 

Abstract 

The discovery of non-canonical proteins, such as small open reading frame-encoded 

peptides (sORF-encoded peptides, SEPs), alternative proteins (AltProts), and cryptic 

immunopeptides, has challenged the traditional boundaries of proteomics, revealing a 

hidden layer of the proteome. These biomolecules, often overlooked due to their small 

size, low abundance, and origins in genomic regions previously considered non-coding, 

challenge traditional proteomic paradigms. To overcome detection barriers, we 

developed advanced mass spectrometry-based approaches, integrating data-

independent acquisition (DIA) proteomics, immunopeptidomics, and CRISPR-based 

functional screening. These methods, applied across three distinct studies 

corresponding to the core chapters of this thesis, provide novel insights into the 

biological roles of non-canonical proteins and establish robust tools for their 

characterization. 

 

First in Chapter 2, we optimized a DIA-based proteomics workflow to enhance AltProt 

detection in mouse cardiac development. Recognizing the limitations of conventional 

data-dependent acquisition, we employed computationally predicted spectral libraries 

to improve sensitivity, achieving a twofold increase in AltProt identifications with 

reduced missing values. Applied to embryonic and adult mouse heart tissues, this 

approach identified over 50 differentially expressed AltProts enriched in pathways 

linked to cellular differentiation. Through targeted validation using Western blotting 

and parallel reaction monitoring, we confirmed ASDURF, an upstream open reading 
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frame (uORF)-derived protein, as a regulator of cardiomyocyte maturation, 

highlighting the developmental importance of AltProts and establishing a reliable 

pipeline for their study in other biological contexts. 

 

Next in Chapter 3, we addressed the challenges of identifying MHC-presented peptides 

from non-canonical sources by developing a Pseudo-DIA Library Search Strategy for 

immunopeptidomics. This method, combining unrestricted DIA searches with in silico 

predicted libraries, increased immunopeptide detection by up to 3.8-fold compared to 

standard approaches. In human cell lines, we identified cryptic peptides and 

neoantigens encoded by sORFs, assessing their immunogenic potential for personalized 

cancer immunotherapy. To facilitate broader adoption, we created a user-friendly 

graphical interface for generating spectral libraries from MSFragger outputs, validated 

across independent datasets. This work expands the scope of immunopeptidomics and 

supports the development of targeted cancer therapies. 

 

Finally in Chapter 4, we conducted a large-scale analysis of over 36,000 microproteins 

across 86 public mass spectrometry datasets, revealing their predominant origins in 

long non-coding RNAs and frequent proximity to oncogenes. Conservation analyses 

across 100 species indicated diverse evolutionary pressures, with mammalian-specific 

patterns suggesting adaptive roles. Using a CRISPR knockout library in three cancer 

cell lines, we demonstrated that several microproteins independently regulate 

proliferation, distinct from their associated canonical proteins, as evidenced by 
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comparisons with public DepMap data. These findings position microproteins as 

potential therapeutic targets in oncology. 

 

Collectively, this thesis advances our understanding of the proteome’s complexity by 

uncovering the functional roles of non-canonical proteins in development and disease. 

The methodologies developed provide practical tools for future studies, while the 

biological insights open new avenues for precision medicine and developmental 

biology research.  
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Chapter 1. Overview 

1.1 Overview of Microproteins Derived from Small Open Reading Frames 

Microproteins are a class of proteins encoded by small open reading frames (sORFs) 

within regions of the genome previously considered noncoding.1 Historically, 

approximately 98% of the genome was thought to be noncoding and largely ignored in 

proteomic studies. However, emerging evidence has challenged this view, revealing 

that these regions can give rise to functional proteins with distinct biological roles in 

the cell. AltProts represent an exciting frontier in biology, as they expand our 

understanding of the proteome and its complexities. 

 

Microproteins are implicated in a wide range of biological processes. To date, their 

functions have been increasingly uncovered, including their roles in RNA and protein 

processing, signaling, cancer cell survival, cellular trafficking, metabolism, cell 

communication, and apoptosis. For instance, Lima et al.2 identified a novel 

microprotein that interacts with mRNA decapping proteins, facilitating the removal of 

the 5' cap and promoting 5'-3' decay, which directly influences RNA processing and 

expression in the cytoplasm. Similarly, Ray et al.3 discovered a specific micropeptide 

in Drosophila that contributes to a molecular complex and plays a critical role in 

embryonic segmentation in the latter. These studies highlight the potential roles of 

microproteins in RNA and protein processing. 

 

Niu et al.4 identified a 17-amino-acid microprotein that cooperates with heat shock 
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cognate proteins to facilitate the transportation and presentation of major 

histocompatibility complex antigens. Exogenous injection of this microprotein 

significantly enhanced the immunological response in a mouse model, providing 

evidence of its involvement in cellular trafficking in vivo. Matsumoto et al.5 identified 

a conserved microprotein localized in lysosomes that interacts with lysosomal v-

ATPase in response to amino acid stimulation, thereby negatively regulating mTORC1 

activation. This finding underscores the important role of microproteins in the process 

of signal transduction. 

 

Stein et al.6 and Zhang et al.7 independently discovered microproteins localized in 

mitochondria, where they participate in the respiratory chain, enhance respiratory 

efficiency, and maintain mitochondrial homeostasis. Knockout experiments of genes 

encoding these microproteins in animal models have resulted in metabolic disorders, 

including TCA cycle perturbations, lactic acidosis, and early death, demonstrating their 

critical role in metabolism. 

 

Pauli et al.8 identified a conserved micropeptide in zebrafish embryogenesis that 

interacts with G protein-coupled APJ/apelin receptors as an activator, driving 

gastrulation movements. This discovery provides strong evidence for the involvement 

of microproteins in signal transduction and cellular communication. Finally, Guo et al.9 

identified a specific micropeptide involved in BAX protein-induced apoptosis that 

prevents apoptosis by interacting with and blocking BAX. Additionally, this 
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micropeptide inhibits the translocation of BAX from the cytosol to the mitochondria, 

further reducing apoptosis. 

 

In contrast to the extensively studied large proteins, the biology of small proteins 

remains largely unknown. Although an increasing number of small proteins with 

significant biological functions have been identified, most annotated small proteins still 

lack direct evidence of their existence at the protein level, limiting the ability to study 

their functions in depth. This challenge primarily arises from the technical difficulties 

associated with the identification of small proteins in proteomics. However, as our 

understanding of the nature of small proteins continues to grow, advancements in 

sample preparation techniques and mass spectrometry are paving the way for more 

efficient and innovative identification strategies to be developed. These developments 

are expected to provide deeper coverage of small proteins, establishing a robust 

technical foundation for comprehensive investigations of their roles in biological 

processes. 

 

1.2 Microprotein Identification Based on DIA Mass Spectrometry 

1.2.1 Introduction 

With advancements in technology and the development of novel instruments, mass 

spectrometry has become a widely used tool in proteomics10, metabolomics11, and 

lipidomics12. This powerful technique enables the identification of hundreds of 

biomolecules across a wide range of abundances, providing critical qualitative data for 
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life science research13. 

 

In omics research, the shotgun technique is one of the most classical and commonly 

employed analytical strategies14. In proteomics, this approach is referred to as Data-

Dependent Acquisition (DDA). In DDA analysis, biological samples are first ionized 

via electrospray ionization (ESI), after which the ions pass through the quadrupole of a 

mass spectrometer and are analyzed in the orbitrap. This process generates a primary 

spectrum known as MS1. Subsequently, the quadrupole selects the top N most abundant 

ions, which are fragmented in the collision cell during the next scan, producing 

secondary spectra (MS2 spectra). The mass spectrometer then repeatedly cycled 

through this process until the sample analysis was complete. Since DDA selectively 

generates MS2 spectra based on ion abundance, an alternative non-selective strategy, 

known as Data-Independent Acquisition (DIA)15, has also been developed. 

 

In DIA, the MS1 scan is similar to that of DDA; however, during the MS2 scan, DIA 

fragments all MS1 ions within multiple pre-defined isolation windows. This generates 

co-eluting MS2 spectra for a comprehensive analysis. By capturing all MS2 ion 

information16, DIA enables the collection of significantly more data than DDA. As a 

result, DIA offers several advantages, including higher identification rates, fewer 

missing values, and a broader quantitative dynamic range17, making it increasingly 

popular in proteomics research. However, the DIA strategy imposes higher demands on 

the speed, accuracy, and stability18. Moreover, the massive datasets generated by DIA 
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present significant challenges for bioinformatics analysis19. 

 

 

Figure 1-1 Comparison of Principles and MS1/MS2 Spectra Between DDA and 

DIA 

 

1.2.2 Mass Spectrometry Scanning Methods 

Numerous DIA analytical methods have been developed based on the DIA strategy by 
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various mass spectrometry manufacturers. These include, but are not limited to, 

SWATH16, Scanning SWATH20, DIA21, IDA22, PulseDIA23, MSX24, diaPASEF25, and 

plexDIA26. Although all these methods adhere to the core principles of the DIA strategy, 

they are tailored to accommodate the specific technical features of different 

manufacturers' instruments and analytical requirements. 

 

The Ruedi group pioneered the development of SWATH16, a classic DIA method. 

Building on this, Guo et al. 27 were the first to combine pressure cycling technology 

(PCT) with DIA, enabling the detection of over 2,000 proteins in kidney samples with 

excellent reproducibility. Their approach successfully differentiated cancer subtypes in 

kidney tissues, demonstrating the clinical significance of the method. 

 

Christoph et al. 20 enhanced the SWATH method by optimizing MS1 ion transport. Their 

improved Scanning SWATH allows simultaneous ion transport via the quadrupole and 

ion detection using time-of-flight (TOF). This innovation achieves exceptionally fast 

scanning speeds, detecting 40,000 peptides within a 5-minute gradient and nearly 

20,000 peptides within 1 min in human cell line samples. These advancements hold 

great promise for clinical mass spectrometry applications.  

 

The MacCoss group refined the MS2 window design by introducing the Multiplexed 

DIA (MSX) method24. This approach divides the MS2 window into five smaller 4 m/z 

windows, which are sequentially selected, accumulated, and scanned by an orbitrap. 
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MSX improves data quality and accuracy by reducing co-elution interference and 

contaminants in the MS2 spectrum.  

 

Guo et al.23 developed Pulse-DIA, a method that extends DIA scan times by splitting a 

complete DIA run into five separate runs. This strategy increased peptide identification 

by 50%, thereby enhancing the depth and coverage of proteomic analysis. 

 

The Mann group, in collaboration with Bruker, introduced diaPASEF25, a novel method 

that leverages the high-speed scanning ability of TOF and integrates it with an ion 

mobility device. This innovation adds an additional dimension of ion mobility to mass 

spectrometry data, resulting in the concept of “4D proteomics” diaPASEF delivers 

exceptional sensitivity, deep proteome coverage, and high reproducibility, even with as 

little as 10 µg of sample25.  

 

Slavov's group developed the plexDIA26 technique by integrating the labeled 

quantification method mTRAQ with DIA analysis. This approach quantifies mTRAQ-

labeled MS1 parent ions, reducing missing values by more than two-fold and 

exponentially decreasing the detection time for mixed samples. These advancements 

render plexDIA a powerful tool for high-throughput proteomics. 
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Table 1-1 The list of mainstream DIA methods. 

Method MS2 window MS instrument Author Year Highlights 

SWATH 25 AB Sciex TripleTOF Series Aebersold Group 2012 Classic 

Scanning 

SWATH 
5 AB Sciex TripleTOF Series Ralser Group 2019 Super-fast 

DIA 10-25 Thermo Orbitrap Series Thermo Fisher Company 2004 Classic 

PulseDIA 4 Thermo Orbitrap Series Guo Group 2020 
Improved sensitivity and 

reproducibility. 

MSX 4 Thermo Orbitrap Series MacCoss Groups 2013 Less interruptions 

diaPASEF 25 Bruker timTOF Series 
Mann Group 

Bruker Company 
2019 high sensitivity and reproducibility 

plexDIA 12.5,25,62.5 Thermo Orbitrap Series Slavov Group 2021 Low cost and multiplex 



 

9 

1.2.3 Library Construction for DIA search analysis 

The mainstream solution for analyzing the vast and complex datasets generated by DIA 

still relies on the use of spectral libraries. Retention time, m/z, and ion intensity 

information from a pre-established library can be utilized to annotate and resolve mixed 

MS2 spectra in DIA. Following filtering and scoring15, the identified peptides were 

used to construct a proteome map. Several methods are available for library 

construction. 

 

One common approach is DDA library construction, in which fractionation experiments 

are employed to reduce sample complexity. Multi-fractionated samples are analyzed 

using DDA to generate a deep proteomic dataset, and proteins are identified using 

traditional search engines such as Sequest28, Mascot, Maxquant29, and MSFragger30. 

The resulting identification data were converted into formats compatible with DIA 

library search software using tools such as SpectraST31, easypqp, and TPP32. 

 

Another approach is DIA library construction, which focuses on directly interpreting 

DIA MS2 spectra, despite their complexity. Tools such as PECAN33, which is integrated 

into the Walnut software34, enable direct DIA data searching. DIAmeter35, developed 

by Nobel's group, is a spectrum-centric search engine that analyzes DIA MS2 spectra 

using the Tides search engine, selects the top five Peptide-Spectrum Matches (PSM), 

and refines the results through multidimensional filtering and scoring. DIA-Umpire36 

adopts a different approach by converting DIA data into pseudo-tandem spectra based 
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on MS1 and MS2 features, enabling analysis using traditional DDA workflows. Once 

identification data are obtained, reformatting tools such as SpectraST can export them 

into a library for DIA workflows.  

 

The third strategy is predicted library construction, which leverages machine learning 

to predict libraries with details comparable to experimental libraries. Using algorithms 

such as Long Short-Term Memory (LSTM) and Convolutional Neural Networks (CNN), 

tools such as Prosit37, DIA-NN38, deepDIA39, and pDeep40 can predict key ion 

properties, such as retention time, intensity, and ion mobility, contributing significantly 

to library construction. These advancements underscore the growing utility of 

computational methods in proteomics research. 

1.2.4 DIA Data search tools 

The mainstream strategy for DIA data searching is the target-decoy approach, which 

involves creating a decoy library by inverting PSM spectra. To obtain the final 

identification information, the MS2 spectra in DIA were compared with the target-

decoy library to generate matching scores. These scores were then used for spectrum 

filtering, typically applying a 1% false discovery rate (FDR) threshold. Tools such as 

OpenSWATH41, Skyline42, Maxquant29, DIA-NN38, Spectronaut, EncyclopeDIA34, and 

PEAKS43 are among the most widely used search engines for DIA library analyses. 

 

The interpretation of co-eluting MS2 spectra is crucial for the accurate analysis of DIA 

data. Comprehensive high-quality spectrum libraries combined with robust search 
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engines play a vital role in enabling detailed and reliable protein profiling in proteomics 

research. 

 

Figure 1-2 The schematic DIA workflow of library construction and data 

searching 

 

1.3 Research goals and objectives 

The primary goal of this research is to deepen our understanding of non-canonical 

proteins and peptides, such as microproteins, alternative proteins (AltProts), 

immunopeptides, and neoantigens, which represent a largely unexplored layer of the 

proteome with significant functional and therapeutic potential. These biomolecules, 

often overlooked in conventional proteomics workflows due to their small size, low 

abundance, and non-canonical origins, play critical roles in processes such as immune 

regulation, cancer progression, and cardiac development. By integrating advanced 

proteomics techniques, including data-independent acquisition (DIA) mass 
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spectrometry, immunopeptidomics, and CRISPR screening, we aim to establish robust 

methodologies for the identification and characterization of these peptides while 

uncovering their biological and therapeutic relevance. 

 

A key objective of this study was to expand the known repertoire of microproteins using 

immunopeptidomics. By analyzing large-scale datasets comprising over 36,000 

microproteins, we sought to determine their genomic origins, translation mechanisms, 

and functional roles in cellular processes, particularly in cancer biology. We aimed to 

investigate how microproteins regulate oncogenic signaling pathways, modulate 

immune responses, and contribute to cellular homeostasis. Furthermore, we will 

validate their existence and activity using experimental evidence, such as peptide-

spectrum matches (PSMs) and co-immunoprecipitation, to ensure the reliability of our 

findings. 

 

We also aim to optimize DIA-based workflows for the discovery of AltProts by 

addressing technical challenges, such as library construction, database redundancy, and 

false discovery rates. By systematically comparing library-building strategies, ranging 

from predicted spectral libraries to experimental fraction-based libraries, we sought to 

identify the most efficient and accurate approach for AltProt detection. Our research 

aims to demonstrate the superiority of DIA over traditional data-dependent acquisition 

(DDA) methods, with a particular focus on improving AltProt identification rates, 

reducing the number of missing values, and enhancing quantitative accuracy. These 
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optimized workflows will be applied to study AltProts in biological systems, such as 

their roles in mouse cardiac development, where we aim to uncover their contributions 

to embryonic and adult heart-tissue differentiation. 

 

Another critical objective is to identify cryptic immunopeptides and neoantigens, which 

are essential for advancing cancer immunotherapy. Using our Pseudo-DIA Library 

Search Strategy, we aimed to detect cryptic peptides derived from small open reading 

frames (sORFs) and assess their potential as biomarkers for personalized cancer 

vaccines. By integrating public datasets and performing in silico mutation predictions, 

we aimed to identify neoantigens with high immunogenic potential and validate their 

existence using mass spectrometry and motif analysis. This study contributes to the 

development of novel immunotherapeutic strategies that harness the immune system to 

target tumor cells more effectively. 

 

The functional characterization of non-canonical proteins is another major focus of this 

study. By employing CRISPR screening, we aimed to systematically evaluate the roles 

of microproteins and AltProts in cancer cell proliferation and survival. We will 

investigate whether these non-canonical proteins function independently of their 

canonical counterparts or exhibit co-regulatory mechanisms. For example, we aim to 

identify microproteins located near oncogenes or involved in cancer-related pathways 

and determine whether they serve as independent regulators of tumor progression, 

metastasis, and therapy resistance. This study provides insights into the functional 
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independence and biological significance of non-canonical proteins in diverse cellular 

contexts. 

 

To validate our findings and ensure their translational relevance, we cross-referenced 

the identified proteins and peptides with public human datasets and performed 

conservation analyses across species. By examining the evolutionary conservation of 

non-canonical proteins, we sought to clarify their functional importance and potential 

roles in higher-order biological processes. Experimental validation, including PRM, 

Western blotting, and overexpression studies, will further confirm the existence and 

biological activity of key AltProts and microproteins, such as ASDURF, which has been 

implicated in cardiac development and protein synthesis. 

 

Finally, we aim to apply our findings to address broader questions in biology and 

medicine, such as the dynamic regulation of the proteome during development and in 

disease. For instance, we will investigate the role of AltProts in mouse heart 

development, focusing on their differential expression in embryonic and adult tissues. 

By integrating proteomic data with transcriptomic analyses, we aimed to uncover novel 

regulatory mechanisms involving AltProts and their host genes. Additionally, we will 

explore the functional roles of cryptic peptides and neoantigens in cancer 

immunotherapy and identify potential therapeutic targets that could pave the way for 

personalized medicine. 

In conclusion, our research aims to establish a comprehensive framework for studying 
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non-canonical proteins and peptides, from their discovery and validation to their 

functional characterization and therapeutic applications. By innovating proteomic 

methodologies and applying them to biological systems, we aim to contribute to 

fundamental scientific knowledge and address pressing challenges in cancer research, 

immunotherapy, and developmental biology. Through these efforts, we hope to unlock 

the full potential of non-canonical proteins as key players in cellular processes and 

promising targets for future therapeutic interventions. 

 

1.4 Outline of this thesis 

This thesis is organized into four chapters, each addressing a critical aspect of the 

discovery, characterization, and functional analysis of small open reading frame-

encoded microproteins (SEPs) and related non-canonical proteins. The following is an 

outline of the thesis, summarizing the focus and contributions of each chapter. 

 

Chapter 1: Introduction and Overview 

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

microproteins (SEPs) and the broader category of non-canonical proteins, such as 

alternative proteins (AltProts) and immunopeptides. This highlights the growing 

recognition of these biomolecules as functional entities encoded in genomic regions 

that were previously considered non-coding. This chapter provides an overview of their 

roles in cellular processes, including immune regulation, cancer progression, and 

metabolic homeostasis. Furthermore, this chapter reviews the current methods for 
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identifying non-canonical proteins, particularly mass spectrometry-based approaches, 

such as data-independent acquisition (DIA) proteomics and immunopeptidomics. The 

advantages and challenges of these technologies are discussed, including the critical 

need for optimized workflows, robust spectral libraries, and advanced computational 

tools for data analysis. The chapter concludes by stating the research goals and 

objectives, which aim to bridge the existing gaps in the systematic discovery and 

functional characterization of SEPs and related biomolecules. 

 

Chapter 2: Enhanced Discovery of Alternative Proteins (AltProts) in Mouse 

Cardiac Development Using DIA Proteomics 

Chapter 2 focuses on the development and application of an optimized DIA workflow 

for the discovery of AltProts. This workflow incorporates predicted spectral libraries, 

enabling a twofold increase in AltProt identification compared to traditional data-

dependent acquisition (DDA) methods while reducing missing values by 50%. This 

chapter systematically evaluates the impact of different spectral library construction 

strategies, including experimental and predicted libraries, on AltProt detection. Using 

mouse cardiac tissue as a model, this study identified over 50 differentially expressed 

AltProts, highlighting their roles in embryonic and adult heart development. Among 

these, ASDURF, a uORF-encoded AltProt, has been validated as a novel regulator of 

cardiac development. This chapter establishes a comprehensive and reproducible DIA-

based framework for AltProt analysis and highlights the biological significance of 

AltProts in organ development. 
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Chapter 3: A Pseudo-DIA Library Search Approach for Improving 

Immunopeptidomics and Neoantigen Discovery 

Chapter 3 introduces a novel Pseudo-DIA Library Search Strategy designed to address 

the challenges of immunopeptidomics and neoantigen discovery. Immunopeptides 

presented on major histocompatibility complex (MHC) molecules play critical roles in 

immune surveillance and cancer immunotherapy. The Pseudo-DIA strategy combines 

unrestricted DIA database searches with predicted spectral libraries to achieve up to 3.8 

times more immunopeptide identifications than conventional approaches. This chapter 

demonstrates the method’s ability to identify cryptic immunopeptides and neoantigens 

derived from small open reading frames (sORFs), which are crucial for advancing 

personalized cancer-immunotherapy. Additionally, this chapter describes the 

development of a user-friendly executable tool to streamline spectral library generation 

from MSFragger results, facilitating the broader adoption of this methodology in 

immunopeptidomics research. The robustness and versatility of the Pseudo-DIA 

strategy are validated using multiple independent datasets, emphasizing its potential to 

expand the landscape of immunopeptides and neoantigens. 

 

Chapter 4: Large-Scale Identification of Functional Microproteins with 

Immunopeptidomics and CRISPR Screening 

Chapter 4 presents a large-scale investigation of functional microproteins using a 

combination of immunopeptidomics, CRISPR screening, and bioinformatic analyses. 

By analyzing 86 datasets containing over 5,000 raw mass spectrometry files, the study 
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identified 36,494 microproteins, representing one of the most comprehensive datasets 

to date. These microproteins are categorized based on their genomic origins, start codon 

usage, and conservation across species. Functional screening using CRISPR knockout 

(KO) libraries in three cancer cell lines revealed that many microproteins play critical 

roles in cell proliferation, with some exhibiting functional independence from their 

canonical protein counterparts. This chapter highlights specific examples of 

microproteins that regulate oncogenic pathways, offering insights into their potential as 

therapeutic targets. It also discusses the evolutionary conservation of microproteins, 

particularly in mammals, and their preferential enrichment near oncogenes, 

highlighting their biological and clinical relevance. 

 

Chapter 5: Overall conclusions and future perspectives 

The thesis concludes by summarizing the key findings and contributions of each 

chapter, emphasizing the power of advanced proteomics techniques, such as data-

independent acquisition (DIA) and immunopeptidomics, in uncovering the hidden 

proteome. This highlights the functional and therapeutic potential of SEPs, AltProts, 

and immunopeptides, particularly in cancer and developmental biology. The conclusion 

also outlines future research directions, including the need for further validation of the 

identified microproteins, exploration of their underlying mechanisms, and development 

of innovative therapeutic strategies targeting non-canonical proteins. The 

methodologies and findings presented in this thesis provide a solid foundation for future 

studies aimed at unlocking the full potential of non-canonical proteomes. 
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Chapter 2. Enhanced Discovery of Alternative Proteins (AltProts) 

in Mouse Cardiac Development Using Data-Independent 

Acquisition (DIA) Proteomics  

2.1 Introduction 

Over the past decades, 98% of the human genome has been presumed to be noncoding 

regions and remained largely unexplored44-46,47. However, emerging evidence suggests 

that many of these noncoding regions are translated, giving rise to what is known as 

alternative open reading frames (AltORFs). The proteins derived from these AltORFs, 

which have been termed alternative proteins (AltProts), are widely translated and 

perform unique functions in events such as respiratory chain reaction,7 embryogenesis,8 

apoptosis9, and signal transduction.5 The novelty and importance of AltProts 

underscores the urgent need for their further investigation with advanced 

methodologies.48, 49 

 

Although ribosome sequencing (Ribo-seq) is powerful in predicting the potential 

translation of AltProts, it does not provide direct evidence of translation products. In 

contrast, mass spectrometry (MS) can sequence and quantify AltProts with high 

confidence. Traditionally, the data-dependent acquisition (DDA) MS method has made 

great contribution to the constructing of the human proteome map,50-55 the human 

protein Atlas56, etc and has remained the mainstream method for detecting canonical 

proteins5, 7, 8, 57-59.  In contrast, data-independent acquisition (DIA) has been 

demonstrated in recent years to outperform DDA in canonical protein analysis,60-62. 



 

20 

Although there has been a report on the application of DIA in AltProt analysis, in which 

Martinez et al. used GPF and DDA to generate an experiment-specific spectral library, 

systematic comparisons and method optimization for DIA analysis of AltProts remain 

limited, likely due to several technical challenges63. First, DIA identification largely 

depends on the quality of the mass spectral library, particularly the accuracy of the 

peptide fragmentation spectrum and retention time (RT). Given the potentially high 

sample/temporal/spatial specificity of AltProts64, 65, there is significant uncertainty 

regarding the quantity and abundance of AltProts. Therefore, a sample-specific spectral 

library would be ideal, and the demand for instrument time and effort to construct this 

sample-specific spectral library of AltProts is presumably much higher than that of the 

DDA method. Second, the use of DIA analysis to identify proteins from mixed spectra 

is more challenging, and the workflow is more complicated than that of DDA. Third, 

there are currently fewer search engines and less software available for DIA than for 

DDA. Theoretically, DIA could offer higher identification numbers and quantification 

accuracy of AltProts because the DIA mode fragments all precursor ions instead of just 

the top abundant ions, generating mixed secondary spectra and thus providing more ion 

information for peptide identification and quantification.16, 66 However, its performance 

needs to be systematically evaluated. Therefore, an optimal and effective DIA-based 

workflow customized for AltProts analysis is urgently needed. 

 

In response to these needs, we systematically compared four widely used AltProt 

databases, four DIA-library building strategies, and three software programs to provide 
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an optimal workflow. Our results indicated that DIA outperformed DDA in terms of 

AltProt identification number and reproducibility. It is also worth noting that different 

library construction methods significantly influenced AltProts identification and 

yielded complementary discoveries of AltProts. Next, we applied the DIA method to 

study functional AltProts in mouse heart development and identified over 50 

differentially expressed AltProts. Among them, a representative ASDURF was 

validated to express a stable AltProt protein. The process involving ASDURF is likely 

to play a significant role in the development of the mouse heart67. Our work provides a 

reference for selecting an appropriate DIA data processing method for AltProt studies, 

as well as novel AltProts that potentially regulate heart development and have important 

functions. 

2.2 Materials and methods 

2.2.1 Sample collection 

The C57BL/6 mice were purchased from Guangdong Medical Experimental Animal 

Center (Guangdong, China; License No: SCXK (YUE) 2018–0002). The embryonic 

and adult heart samples were collected from embryonic (E15.5) and adult (P42) 

C57BL/6 mice respectively, and immediately frozen and preserved in liquid nitrogen. 

All animal experiments were authorized by the Hong Kong Polytechnic University 

Animal Subjects Ethics Subcommittee and conducted in accordance with the 

Institutional Guidelines and Animal Ordinance of the Department of Health guidelines. 
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2.2.2 Sample preparation 

Mouse heart samples were cut and homogenized with RIPA lysis buffer (50 mM Tris-

HCl, 150 mM NaCl, 2 mM EDTA, 1% NP40, 1% SDC) containing 1×cocktail protein 

inhibitor. Liquid nitrogen was added to the homogenizer (Bertin Technologies, France) 

according to the manufacturer's manual to avoid protein degradation. The cell sample 

was ultrasonicated with the same lysis buffer and cocktail inhibitor for 3min on ice. 

After extraction, the supernatant was collected after centrifugation at 16,000g, 4°C for 

25min. BCA protein assay (Thermo Scientific) was applied to measure protein 

concentration. Dithiothreitol (DTT) at a final concentration of 10mM was added first 

and placed at 37 °C for 45min, followed by iodoacetamide (IAM) at a final 

concentration of 30mM for 30min in a dark room. The sp3 digestion experiment was 

performed using Sera-Mag beads (Cytiva) based on a previous study. Briefly, washed 

beads were added to the lysed sample, then an equal volume of pure methanol was 

added to bind the proteins and beads. Next, the sample was placed on a magnetic rack 

and the waste solution was discarded and the beads were washed three times with 80% 

methanol. Then, 45 μl of 50 mM Ammonium bicarbonate was added with Lys-C 

(enzyme to protein ratio 1:100) at 37°C for 4 hours. Lastly, Trypsin (enzyme to protein 

ratio 1:40) was added at 37°C overnight. Beads were washed with ddH2O and the 

supernatant was collected for LC-MS analysis. 

2.2.3 LC-MS analysis 

LC-MS analyses were performed using Orbitrap Exploris™ 480 Mass Spectrometer 
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(Thermo Fisher Scientific) coupled with UltiMate 3000 HPLC system (Thermo Fisher 

Scientific). Peptides were injected into LC and separated by a 2-hour gradient using the 

25cm Aurora column (IonOpticks, Australia) with mobile phases buffer A (99.9% H2O, 

0.1% FA) and buffer B (80%ACN, 0.1% FA). The 2-hour gradient was 

(min, %B):0,8;3,8;104,32;113,90;120,90 and utilized by three different MS modes. For 

data-dependent acquisition (DDA) mode, MS1 resolution was set at 120,000 with 50ms 

max injection time (MIT) while MS2 was set at 30,000 with 50ms MIT. The isolation 

window was set as 1.6m/z and the cycle time of data-dependent mode was set as 3 

seconds. For the data-independent acquisition (DIA) mode, MS1 was set at 60,000 with 

50ms MIT and the precursor range starting from 400 to 1000. This range was evenly 

divided by 10m/z into 60 MS2 windows, each with an overlap of 1m/z. MS2 resolution 

was set as 30,000 at 32% HCD collision energy while desired minimum points across 

the peak were set as 8. For gas-phase fractionation (GPF) mode, the recommended 6× 

GPF-DIA acquisition settings were applied based on previous research.68 For (PRM) 

mode, the m/z of target peptides were set in the MS2 transition table with a 1.2 m/z 

isolation window and 80 ms MIT. 

2.2.4 MS Raw data searching 

Regarding the spectral library construction method for DIA analysis, four methods were 

designed: The first method involved collecting data from eight fractions and 

constructing a spectral library using the software MSFragger and FragPipe (v17.1)69 

(DDA-frac-library). In FragPipe, the tabs called “MSFragger”, “Validation”, and “Spec 

Lib” were utilized to generate the spectral library with default parameters. The second 
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method involved collecting data from six GPF datasets, employing DIA-Umpire70 and 

MSFragger for data searching and library construction (GPF-msf-library). In contrast 

to the first library construction strategy, this method utilized the “DIA-UMPIRE” tab. 

The third method also involved six GPF datasets, but it focused on searching against a 

fully predicted library using DIA-NN71 to generate a sub-library (GPF-diann-library). 

The *.speclib file was generated using default parameters of DIA-NN, which included 

a 1% false discovery rate (FDR), fixed modification of carbamidomethylation on 

cysteine residues, one missed cleavage and trypsin protease mode. The fourth one 

directly used a fully predicted library (predicted-library). After obtaining the library, 

DIA-NN was used to analyze DIA data with the Match-between-run(MBR) search 

mode to reduce the library's redundancy.72 For DDA, raw data were searched against 

different databases using Fragpipe(v17.1).69 After MSFragger target-decoy searching 

with ±10ppm MS1 tolerance, ±0.02 Da MS2 tolerance, Percolator73 and ProteinProphet 

were used for PSM validation and Protein Inference. EasyPQP was used for 

experimental spectral library generation. For PRM, raw data were analyzed by skyline 

(v21.2.0.369)74. After data searching, the identified peptides were classified as 

canonical peptides or AltProt peptides according to sequential mapping(Leucine and 

Isoleucine were treated as same) and BLAST75. All relevant raw data, fasta files, and 

DIA-NN search results have been uploaded and stored in the PRIDE database, with 

Accessing ID PXD045956. 

2.2.5 Differential expression analysis and spectra validation 

After log2 transformation, R package impute.knn (v1.66) was used to fill in the missing 
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values and those with more than 50% missing values were filtered out. However, if all 

missing values were present in the same biological group such as adult or embryonic, 

these proteins were considered differential proteins. In cases where all values were 

missing in either embryonic or adult samples, 13 differentially expressed proteins 

(DEPs) were identified in the analysis. We employed parallel reaction monitoring 

(PRM) to validate the absence of expression. Differentially expressed proteins were 

then filtered using a 2-fold change, 0.05 p-value, and the Benjamini-Hochberg 

algorithm to correct the p-value. The PCA plot was performed with R package 

pcaMethods(v1.84) and GO analysis was performed with R package 

clusterProfiler(v4.0.5).76 

Normalized spectral angle(SA) was used to validate spectra quality according to 

previous research.77, 78 Prosit79 was used for spectra prediction to compare experimental 

spectra with predicted spectra and the high and low SA values represented the 

spectrum's relative quality. 

2.2.6 Western blot analysis. 

For The over-expression experiment was performed with transfection of plasmids 

containing AltProt cDNA sequences in the CHO cell line. The plasmids were 

constructed based on PB510-P2A-EGFP-control-3 vector and ordered from Gene 

Universal company (Delaware, USA) 

 

Three micrograms plasmid of each candidate was diluted in 6μl Promega ViaFect™ 

Transfection Reagent and added to a 6-well plate. After 48 hours of transfection, 
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samples were collected and lysed with RIPA lysis buffer. 20ug proteins of cell lysed 

were separated by Tricine SDS-PAGE gel, followed by binding of anti-flag antibodies 

and anti-rabbit IgG antibodies. 

2.2.7 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 following stringent 

screening criteria: peptides uncommon to RefProts, sequence length greater than 7 

amino acids, and the absence of methionine oxidation. 

2.2.8 Public MS data reanalysis 

MS raw data of the three species mixed sample and HeLa sample were downloaded 

from ProteomeXchange with accession number PXD028735.80 For pseudo-targets 

FDR estimation, the rice(4124 entries, Swiss-Prot) and human(20394 entries, 

Swiss-Prot) databases were combined to build a predicted library using DIA-NN 

with the default parameters which was then used in the subsequent search of HeLa 

DIA data. The estimated FDR was calculated by evaluating the frequency of 

occurrence of the rice peptide at various FDR conditions. For LFQbench analysis, 

human, yeast (6050 entries, Swiss-Prot), and E. coli. (4519 entries, Swiss-Prot) 
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were merged and comparable mass spectrometry analysis was performed as stated 

previously. R package LFQbench(v1.0.0)66 was employed to generate scatter plots 

of proteins from three species.  

Human MS raw data were downloaded from ProteomeXchange with accession number 

PXD016999.81 The raw data was searched by MSFragger with N-terminal TMT 

modification, 229.16293. The PSMs were also validated by Percolator and 

ProteinProphet as mentioned above. 

2.2.9 AltProts database construction 

For the riboseq database, the previous Ribo-seq data82 was reanalyzed by ten 

different softwares. After the adaptor removing using Cutadapt (v1.8), rRNA and 

tRNA removing using Bowtie2, as well as low-quality trimming using Sickle 

(v1.33), all remaining reads are mapped to GENECODE (version 28) using 

Tophat2. Ten softwares including RiboTISH (v0.2.1), ORFquant (v0.99.0), 

ORFRATER (v1.3.1), RiboCode (v1.2.11), riboHMM, Ribotricer (v1.3.1), 

RiboWave (v1.0), Rp-Bp (v2.0.0), RibORF (v1.0), and PRICE (v1.0.3b) were 

utilized for ORF and sORF detection using the longest strategy with the default 

threshold value. These ORF fasta sequences detected by different software were 

compiled into a complete riboseq database. For three databases(3db), the three 

public databases including Openprot83, sORFs.org84, and SmProt85 were merged 

directly while identical ORFs were deleted. 
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2.2.10 Spectral angle calculation 

For the riboseq Using the Prosit tool, the MS2 spectrum of a peptide’s precursor 

ion is predicted. Concurrently, the experimental spectrum is extracted from Thermo 

*.raw files based on the scan number. After obtaining both spectra, the spectral 

angle score is calculated following established methods from prior research77.  

SA = 1 −
2cos−1(𝑆1 · 𝑆2)

𝜋
 

 

2.3 Results and Discussion 

2.3.1 The design of comparative evaluation of different MS-based 

workflows for AltProt analysis. 

First, we designed a systematic scheme to evaluate commonly used DDA and DIA 

methods in terms of AltProts detection. As illustrated in Figure 2-1A, two distinct 

sample types, the HCT116 cell line and the adult mouse heart tissue, were chosen to 

ensure unbiased evaluation of methods. Subsequently, we compared three mass 

spectrometry scanning modes, DDA, DIA, and gas phase fractionation(GPF) 86, with 

four technical replicates. Additionally, we collected eight fraction data and six GPF data 

from two samples to assist DIA data analyses with various library construction methods. 

Three complementary databases were then selected to ensure a comprehensive 

coverage of AltProts and minimize false-negative discovery commonly caused by 

incomplete reference database. The first database was a reviewed RefProt database 

from UniProt87 and the second database was a combined AltProt database that included 
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OpenProt,83 sORFs.org,84 and SmProt,85 while the third one was our in-house Ribo-seq-

based database82. Lastly, four different library construction methods (see methods) were 

designed to evaluate the impact of several DIA library construction methods on protein 

identification. Briefly, the four library construction methods were as follows: the first 

approach is to build a predicted spectral library based on machine learning; the second 

and third approaches involve using DIA-NN and MSFragger, respectively, to search 

gas-phase fractionation data to generate spectral libraries, while the last approach is to 

construct a sample-specific spectral library from experimental fractionated samples. In 

summary, we conducted a comprehensive evaluation of the impact of various data 

processing parameters on the identification and quantification of canonical proteins and 

AltProts. The assessment involved the use of two biological samples (human HCT116 

cell line and mouse heart), two mass spectrometry data acquisition modes (data-

independent acquisition and data-dependent acquisition), three protein sequence 

databases (RefProt DB, AltProt DB, Ribo-seq DB), and four spectral library 

construction methods. By employing these multiple factors, it provided a 

comprehensive assessment of the impact of different data processing parameters on the 

identification and quantification of canonical proteins and AltProts. 

2.3.2 DIA outperformed DDA in identification and quantification of 

AltProts. 

To evaluate the effectiveness of DIA proteomics with DDA proteomics in terms of 

AltProt analysis, we selected the traditional DDA-assisted spectral library construction 

method, named DDA-frac-library, for DIA data analysis and compared it with 
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traditional TopN DDA proteomics. Our results showed that DIA outperformed DDA 

both qualitatively and quantitatively in AltProt analysis (Fig. 2-1C). DIA identified 

1.48 times more peptides than DDA in mouse heart samples, with an average of 41,890 

and 28,340 peptides, respectively. In addition, the missing values of canonical peptides 

identified by DIA (5.8%) were 2.64 times lower than those of DDA (15.3%). 

Meanwhile, for the AltProt peptides, DIA and DDA identified 22 peptides and 59 

peptides on average (Fig. 2-1B, C), respectively, and the number of AltProt peptides in 

DIA was 2.67 times more than DDA. As shown in Figure 2-1C, the missing values of 

DIA and DDA were 26.4% and 12.3% respectively, the former being 2.14 times greater 

than the latter. 

 

Apart from identification, we also observed that DIA had a broader quantitative range 

and better quantitative correlation than DDA (Fig. 2-1D, E). The broader distribution 

area of low abundance proteins detected by DIA implied its superior quantitative 

performance for these proteins in comparison with DDA. A similar trend was observed 

in HCT116 data for both canonical and AltProt peptides (Fig. 2-2). Collectively, the 

mass spectrometry data from the mouse heart and HCT116 provided direct evidence 

for the superiority of the DIA method in the identification of canonical and AltProt 

peptides. 
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Figure 2-1 Comparison of different mass spectrometry methods in term of 

AltProt analysis. (A) Schematic workflow of DDA and DIA with four different 

library construction methods. (B-D) Venn diagram, box plot and violin diagram of 

identified canonical and AltProt peptides of mouse heart from DDA and DIA, 

respectively. (E) Pearson correlation of AltProt peptide intensity from four DDA and 

four DIA mouse heart replicates. 
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Figure 2-2 Comparison between DDA and DIA MS method using HCT116 sample. 

(A-C) Venn diagram, box plot and violin diagram of identified canonical and novel 

peptides of HCT116 cell line sample from DDA and DIA, respectively. (D)Venn plot 

of identification repeatability of novel peptide in four technical replicates of DDA and 

DIA-frac-library method. Pearson correlation of canonical(E) and Novel(F) peptide 

intensity from 4 DDA and DIA HCT116 cell line replicates.  
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2.3.3 Different library construction methods influence AltProt 

identification. 

There is growing evidence that DIA is more effective in identifying AltProt peptides, 

however, the identification of these peptides is influenced by the library construction 

method used, and the influence of various library construction methods on AltProt 

peptide identification should be examined further. Currently, the usual fractionation-

based DIA procedure relies on an experimental library to aid the analysis of mixed 

spectra. However, with the development of deep learning, predicted peptide MS2 

spectra and retention time (RT) can be directly used for DIA analysis, which can reduce 

the cost of experiments and increase identification number.79, 88, 89 To evaluate the DIA 

data analysis method using predicted library, we calculated the false discovery rate 

(FDR) with a  pseudo-targets FDR estimation strategy and LFQbench analysis were 

performed. Our observation was consistent with previous report that the experimental 

FDR was smaller than the set FDR, which demonstrated the accountability of the 

spectral library.(Fig. 2-5A).90 The LFQbench66 plot illustrated that the qualitative and 

relative quantitative accuracy of the prediction library. (Fig. 2-5B). Both pseudo-targets 

FDR and LFQbench analysis implied that the FDR of the prediction library construction 

method was controllable and the identification results were specific and sensitive. 

 

Next, in order to examine the effect of different library construction methods on AltProt 

identification (see methods for library construction), the adult mouse heart data were 

searched with four different libraries against three different databases. The data 
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suggested the fully predicted library (predicted-library) and sub-library generated by 

GPF (GPF-diann-library) led to relatively high identification of 50K canonical peptides 

and 100 AltProt peptides, while the experimental fraction library (DDA-frac-library) 

only identified 41K canonical peptides and 67 AltProt peptides (Fig. 2-3A and Fig. 2-

4A). In terms of AltProt peptide identification, the predicted library method also yielded 

the highest number of AltProt identification. And the limited overlap in the 

identification of AltProt peptides across different library construction methods (Fig. 2-

4B) suggested that the use of different library construction methods was more likely to 

result in the discovery of distinct AltProt peptides. A similar phenomenon was also 

observed in the HCT116 dataset (Fig. 2-4B, D). And the DIA spectral library 

construction method influenced on the identification of AltProt peptides more 

dramatically than on canonical peptides. Several explanations for this phenomenon 

include the redundancy and inaccuracy of database entries. The number of entries in 

the three public databases ranges from 240,086 to 503,779, which may result in an 

increased number of false negatives. Furthermore, regarding the identification of 

canonical proteins, the four different library construction strategies were able to identify 

more than one-third of the proteins, whereas this proportion was less than 5% for 

identifying AltProt, as demonstrated in Figure 2-3B and Figure 2-4D. This discrepancy 

suggested that the AltProt databases utilized in this study may not be as comprehensive 

as the UniProt database, implying a potential limitation in the inaccuracy of the AltProt 

library compared to the UniProt database. 
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Besides quantity, we also assessed the quality of each identification by comparing each 

spectrum and the corresponding retention time (RT) with theoretical values predicted 

with Prosit. We chose all AltProt peptides and randomly selected similar amounts of 

canonical peptides to predict MS2 spectra and RT. By calculating the spectral angle 

(SA), the SA and RT correlation was plotted (Fig. 2-6A). The chromatic representation 

of the data points indicated the quality of the spectrum and the spatial distribution of 

the points represented the correlation of RT. As illustrated in Fig. 2-6B, C for instance, 

the AltProt peptide GLGGGGGGGTAPGAHR, which was identified by the DDA-frac-

library, exhibited a spectral similarity of only 0.04 to the predicted spectrum, whereas 

the AltProt peptide EPSDKASEENEAPNLHSR, which was derived from the 

predicted-library, had an SA value of 0.89(Fig. 2-6B-C). Additionally, we observed that 

the peptide GLGGGGGGGTAPGAHR, which had a lower SA value, deviated from the 

RT correlation. Based on RT and SA, we had reason to believe that the identification of 

EPSDKASEENEAPNLHSR was more reliable than that of GLGGGGGGGTAPGAHR. 

 

In general, the results illustrated the SA of the two libraries from MSFragger (GPF-

msf-library and DDA-frac-library) were relatively low and the SA value of the AltProt 

peptide on average was approximately 0.5 and the msbooster was not applied in the 

data searching process step of FragPipe. In contrast, the SA values obtained by the other 

two methods were in the range of 0.70 to 0.75, which was close to the SA value derived 

from the canonical peptides (Fig. 2-6E). Moreover, the RT correlation of AltProt 

peptides derived from two MSFragger libraries was also inferior. The poor spectral 
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similarity and RT correlation implied a higher false discovery rate of AltProt peptides 

(Fig. 2-7). Intriguingly, in the identification of canonical peptides, the SA and RT 

obtained by different library-building methods matched comparatively to the predicted 

spectra, indicating that the FDR of canonical peptides was relatively controlled. 

Obviously, the usage of experimental DDA libraries had the potential to result in more 

false AltProt peptide identifications. Potential false discoveries of AltProt were 

discovered during the DDA database searching process and could be propagated into 

the DIA searching results. Such false discoveries could also lead to perturbations in the 

FDR calculation during DIA database searching, and eventually reduce the quantity of 

identified AltProts. On contrary, the predicted strategy was constructed spectral library 

purely based on protein sequences from the database in an unbiased manner, which 

avoided steps that could introduce false discoveries in the spectral library. 

 

Therefore, two mitigations are recommended to reduce the impact of false discoveries. 

One may utilize algorithms such as deeprescore78 and msbooster91 to optimize library 

construction procedures. Another option is to manually verify the spectra of specific 

AltProts following the data search processes with DIA or DDA, particularly for AltProt 

studies, as a cutoff of 1% FDR cannot ensure accurate identifications. 

 

In addition to the quality of the spectra, the intensities of the AltProt peptides identified 

by the fully predicted library were significantly lower than those of the canonical 

peptides, with an average intensity that was just half of the canonical (Fig. 2-6D). The 
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average peptide count number per AltProt was typically one (Fig. 2-6F). These findings 

suggested that the lower abundance and smaller number of peptides from one AltProt 

could contribute to poor spectrum quality, resulting in different analysis methods 

leading to different AltProt identifications, thus explaining why AltProt detection was 

challenging. 

 

 

Figure 2-3 Diverse identifications by different strategies. (A)Boxplot of identified AltProt 

peptide count by four different library construction methods and three different databases 

within four mouse heart replicate samples. (B)Venn diagram of identified AltProt peptides by 

four different library construction methods from different databases. 
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Figure 2-4 Peptide identification discrepancies in the mouse heart and HCT116 sample. 

(A)Boxplot of identified canonical peptide count by four different libraries within four mouse 

heart sample replicates. Boxplot of identified canonical(B) and novel(C) peptide count by four 

different library construction methods and three different databases within four HCT116 sample 

replicates. (C)Venn diagram of identified peptides by four different library construction 

methods from different databases.  

 

 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

                                                                  

 
 

  
 
 
  

 

                                                            
 

     

     

     

               

 
 
 
 
 
  

 
  
 
 
 
  
 
 
  

 
 
 
 

             

  

                  

                                

                

    

       

     

     

  

    

    

        

     

   

    

   

    

 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
  
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
  
 

 
 

 
 

 
 

 
 

 
 

 
  
 

 
 

 
  

 
  

 
   
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
   

  
 
 
  

 
  

  
 
 
 
 
   

  
 
  

 
 

                                              

 

  

   

   

 

  

  

               

 
 
 
 
  
 
 
 
  
 
 
  

 
 
 
 

             

                                                                  

                  

                                

                

   

    

  

  

 

  

 

                  

                                

                

  

    

  

  

 

  

 

                      

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

 
 
  

 
  

                  

 
 

  
 
 
  

   
 

                                                            
 

  

  

  
                            

                                                

                  

                                

                

    

       

    

    

   

    

    

        

     

   

    

   

   

 
 
  

  
  
 
 
 
  
 
 
  

 
 
 
  

 
 
 
 
 
 

 



 

39 

 

Figure 2-5 Reliability assessment for predicted library construction. (A) FDR estimation 

using Pseudo-targets searching approach. Rice proteome and human proteomes were mixed to 

construct predicted DIA library using DIA-NN. Based on the frequency of rice peptides 

observed in the final results, the experimental false discovery rate (FDR) was estimated. (B) 

Protein LFQbench result of predicted library-based DIA method. Human, yeast and E. coli. 

proteomes were used to build a predicted library using DIA-NN. Raw data from mixed samples 

of different species were searched by DIA-NN and dot plots were plotted by LFQbench. 
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Figure 2-6 Evaluation of identifications from different strategies. (A)Correlation plots of 

the endogenous and predicted retention time of the canonical and AltProt and peptides, R 

square was calculated by Pearson method and SA value was indicated by colored dots. (B, C) 

Four examples of comparing spectra between endogenous and predicted peptides. 

(D)Distribution plot of peptide intensity identified by four strategies. (E) SA distribution plot 

of three types of peptides identified by four strategies. (F)Distribution of the number of 

peptide identifications per protein by four strategies. 
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Figure 2-7 Evaluation of identifications from different strategies using HCT116 

sample. (A)Correlation plots of the endogenous and predicted retention time of the 

canonical and novel peptides, R square was calculated by Pearson method and SA value 

was indicated by colored dots. (B) Distribution plot of peptide intensity identified by 

four strategies. (C) SA distribution plot of three types of peptides identified by four 

strategies. (D)Distribution of the number of peptide identifications per protein by four 

strategies. 
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Figure 2-8 Validation of AltProt peptide identification from different library 

construction methods. Comparative spectra of experimental and Prosit-predicted 
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spectra driven from public 3DB (A) and in-house Riboseq database (B). This figure is 

connected to Fig 2-3 B. Each spectrum figure includes both experimental and 

predicted mass spectrometry data. The upper panel displays the experimental MS2 

spectrum, with unannotated ions removed, while the lower panel shows the Prosit-

predicted spectrum. 

2.3.4 Differentially expressed AltProts in the mouse heart development 

were detected by using an optimized DIA method 

To further delve into the practical biological applications of the DIA method in AltProt 

exploration studies, we utilized the same ten processing software in tandem with the 

previous Ribo-seq data to create a specific database to aid mass spectrometry analysis.92 

To circumvent the potential shortfall in AltProt identification due to the diversity of 

library search methods, we persistently employed the four library-building methods and 

three different databases for concurrent analysis(Fig. 2-9A) for identifying functional 

AltProts in mouse heart development. 

Taking the Ribo-seq database as an example, we identified approximately 50K-80K 

peptides in both adult and embryonic mouse heart samples, and subsequently 

discovered nearly 300 AltProt peptides after mapping and blast filtering (Fig. 2-9A, C). 

We found that the N_extension held the top spot in terms of sORF type, a finding that 

aligned with Na et al. 's observation of the N_extension having the highest count.93 

These mass spectra results underscored the dynamic nature of genome translation and 

the incompleteness of the conventional protein database. Additionally, as shown in Fig. 

2-9D, AltProts were identified across various chromosomes, and these AltProts were 
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often less than 200 amino acids in length. This revealed the widespread presence of 

AltProts in the human genome, warranting further investigation. 

As illustrated in Fig. 2-11A, we performed a PCA analysis, that revealed a substantial 

divergence between the proteomes of adult mouse hearts and those of embryonic mouse 

hearts. Additionally, we assessed the correlation between the fold change in the mass 

spectrometry-based proteome and the fold change in the Ribo-seq-based transcriptome 

and got the result of a p-value of less than 2.2e-16(Fig. 2-11B). These analyses lend 

credence to the relative reliability of our proteomic study. Upon applying a 2-fold 

change and a 0.05 adjusted p-value as filtering criteria, 14 and 41 differentially 

expressed AltProts in the Ribo-seq database and 3db were identified respectively (Fig. 

2-11C) in addition to thousands of canonical differential proteins. GO pathways (Fig. 

2-11D，Fig. 2-13A) revealed that in the biological process, embryonic mouse hearts 

were predominantly involved in RNA-related pathways, while proteins of adult mouse 

hearts were predominantly involved in metabolism and energy production, a finding 

that aligned perfectly with the biological phenotype. Within the GO pathways, we 

identified not only the uORF of Cd2bp2, the lncRNA of Ash1l, and the dORF of Smyd2, 

whose reference proteins were involved in pathways such as mRNA processing and 

covalent chromatin modification, but also detected the uORFs of Noct and Drd4. The 

RefProt of these two AltProts were in circadian rhythm pathway of GO. This suggested 

potential interactions and underlying roles between AltProts and their corresponding 

RefProts. 

. 
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Figure 2-9 Application of DIA in mouse heart development. (A)Workflow of 

AltProt exploration in embryonic and adult mouse heart samples. (B-C) Count of 

canonical and AltProt peptides identified in eight samples by predicted-library. 

(D)Manhattan plot of gene chromosome location of AltProt peptides. (E)Protein 

length distribution of AltProt including uORF, overlapped uORF, AltProt ORF, 

overlapped dORF and dORF. 
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Figure 2-10 Comparative profiling of peptide identifications in mouse heart 

development using different strategies. Count of canonical (A) and novel (B) 

peptides identified in eight samples by four library construction methods in mouse 

heart development. (C) Bar plot of different expressed non-canonical protein count 
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numbers in four library construction methods. (D) Venn diagram of identified 

peptides by four different library construction methods. 

 

 

Figure 2-11 Different expression analyses. (A) PCA plot of eight samples where A 

represents adult mouse heart and E represents embryonic mouse heart. (B) Protein 

fold change correlation between Ribo-seq and mass spectrometry technique. (C) 

Volcano plot and protein type distribution of identified differentially expressed 

proteins. (D) GO terms (biological process) enriched in up- and down-regulated genes 

in embryonic development. The asterisks represent that certain proteins under this GO 

pathway have corresponding alternative proteins present. 
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2.3.5 Validation of expression of ASDURF and other AltProts. 

We compiled a comprehensive list of differentially expressed AltProts derived from two 

databases and four library construction methodologies (please refer to Table 2-1). 

Further validation of these AltProts was conducted through PRM, western blot, 

conservation analysis, and cross-referencing with other datasets. 

The PRM results demonstrated that 23 AltProts from the 3db database and 6 AltProts 

from the Ribo-seq database successfully passed manual verification (Fig. 2-13 B, Fig. 

2-14). We selected four AltProts for further translational confirmation via over-

expression Western-Blot experiments (Fig. 2-12C). Four distinct bands of AltProts 

were observed in the Western-Blot, indicating their translationality. Among the 

differentially expressed AltProts validated by PRM, a few previously reported AltProts 

including ASDURF (encoded by uORF)67, ASH1L (encoded by lncRNA)94, and RPS4L 

(encoded by lncRNA)63, 95 were detected in our study, demonstrated the sensitivity of 

our method. Besides, we identified three uORFs that corresponded to the canonical 

protein of their respective annotated ORF. These three pairs of AltProts and canonical 

proteins exhibited identical expression trends in mouse hearts development. This may 

be due to the transcription and translation mechanisms, or there may be some 

unidentified regulatory mechanism between uORF and main ORF. For instance, 

Lipoprotein lipase (LPL) was highly expressed in adult mouse hearts, while ER 

degradation-enhancing alpha-mannosidase-like protein (Edem) and Mesoderm-

specific transcript homolog protein (mest) were highly expressed in embryonic hearts 

(Fig. 2-12B). Their co-expression patterns with uORFs hint at potential unidentified 
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regulatory mechanisms, although further evidence is required to elucidate their 

interactions. 

 

Lastly, we discovered the AltProt ASNSD1 Upstream Open Reading Frame (ASDURF) 

in our dataset. Previous reports have suggested that this AltProt is involved in the 

construction of the PAQosome,96, 97 which plays a crucial role in various fundamental 

cellular activities, including protein synthesis, ribosome biogenesis, transcription, and 

splicing98. Furthermore, it has been reported that phenotypically it can enhance the 

survival of medulloblastoma cells.99 Our PRM spectra confirmed the presence and 

elevated expression of ASDURF in mouse embryonic hearts (Fig. 2-12D), ASDURF 

has been identified as a previously uncharacterized component of the PAQosome 

complex96, which is involved in the biogenesis of various protein complexes, 

transcription, splicing, and other cellular processes98. Moreover, in addition to 

ASDURF, we observed that other subunits of the PAQosome, including RPAP3, 

PIH1D1, PFDN2, and RUVBL1, are similarly highly expressed in mouse embryonic 

hearts. This observation suggests that the PAQosome, comprising components such as 

ASDURF, plays a significant role in functions including protein synthesis and 

transcriptional regulation during cardiac development. To further validate this, we 

cross-referenced ASDURF with public human MS data81 and found ASDURF was 

identified in several different organs, especially in the thyroid (Fig. 2-12E). Moreover, 

conservation analysis revealed that this AltProt was highly conserved across several 

species (Fig. 2-12F). Although ASDURF is currently classified as a reviewed human 
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protein in the UniProt database, it is not yet classified as such in mice. The mass 

spectrometry findings presented herein provide the first compelling evidence of the 

presence of ASDURF in the mouse proteome.  

 

Figure 2-12 Validation of ASDURF and other AltProts. (A) Heatmap of nine 

differently expressed AltProt examples. (B)Heatmap of three uORFs with 

corresponding main ORF. (C) Over-expression validation of four selected AltProts by 

western-blot experiment. The labeled molecular weight had been added with the 

3.3kDa of flag tag size. (D)Comparison between predicted and endogenous spectra of 

ASDURF. (E) MS2 and MS3 spectra of AltProt peptide EYQEIENLDK from 

ASDURF. The y1 ion was triggered for the MS3 event and each TMT peak 

represented the protein abundance existed in different human organs. (F) Protein 

sequence alignment plot of ASDURF in seven species. 
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Figure 2-13 Gene Ontology (GO) analysis and database sources in mouse heart 

development. (A) Emapplot of different expressed proteins in mouse heart 

development. Red dots represent up regulated biological progress in embryo mouse 

heart and blue dots represent down regulated biological progress in mouse adult heart. 

(B) Venn diagram of different expressed AltProts in ribo-seq database and 3db after 

PRM validation. 
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Figure 2-14 Experimental spectrum validation using PRM and corresponding 

Prosit predicted spectrum. (A) Chromatographic peak profile of peptide from 

AltProt protein detected by PRM. (B) Intensity plot of fragmented ions of AltProt 

peptides after TIC normalization in mass spectrometry. (C) Comparative plot of 

experimental spectrum by PRM and predicted spectrum by Prosit.
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Table 2-1 Protein lists of different expressed AltProts in mouse heart development. 

Protein ID sORF type DEP Gene name FC Pvalue type PRM 

IP_985030 uORF Up Noct 1.4089 0.00863 Openprot Pass 

IP_985759 lncRNA Down Ash1l -2.756 0.00234 Openprot Pass 

IP_841162 dORF Up Xirp1 2.98 0.00297 Openprot Pass 

SPROMMU221938 nest_ORF Down Zfp518b -2.917 0.0008 SmProt Pass 

IP_872056 ncRNA Down Gm44916 -2.275 0.00281 Openprot Pass 

IP_2502222 ncRNA Down Gm42260 -2.266 0.00193 Openprot Pass 

IP_3442236 ncRNA Down Gm10277 -2.076 0.00452 Openprot Pass 

eichorn_3t3_2014:1527058 unmapped Down Col4a1 -4.801 1.10E-06 sORF.org Pass 
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IP_2417366 uORF Down Drd4 -2.744 0.00088 Openprot Pass 

IP_863696 nest_ORF Up Galnt7 1.6355 0.00079 Openprot Pass 

IP_935570 lncRNA Up Gbp6 1.6165 0.00512 Openprot Pass 

IP_3441380 lncRNA Down Gm6209 -1.871 0.00846 Openprot Pass 

IP_859576 dORF Down Car7 -3.036 8.60E-05 Openprot Pass 

IP_3489484 dORF Down Olfr1039 -2.416 0.0006 Openprot Pass 

eichorn_3t3_2014:26228 uORF Up Edem3-203 2.2612 0.00613 sORF.org Pass 

IP_899230 lncRNA Up Rps4l 3.0316 0.00019 Openprot Pass 

II_1039537 uORF Up Asnsd1 NA NA Openprot Pass 

IP_3454985 lncRNA Up Gm42047 NA NA Openprot Pass 
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II_3451328 unmapped Up Nedd4l NA NA Openprot Pass 

you_2015:1166022 uORF Up mest NA NA sORF.org Pass 

SPROMMU147363 lncRNA Up Gm5948 NA NA SmProt Pass 

SPROMMU227939 uoORF Down Lpl NA NA SmProt Pass 

IP_1005431 dORF Up Prdm11 NA NA Openprot Pass 
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2.4 Conclusions 

We have innovatively and systematically assessed the performance of Data-Dependent 

Acquisition (DDA) and Data-Independent Acquisition (DIA) in the identification of 

both canonical and AltProt peptides. This was achieved through comprehensive 

comparisons across diverse samples, various mass spectrometry data type databases, 

library construction methodologies, and mass spectrometry analysis software. Our 

findings underscored the obvious superiority of DIA over DDA in both qualitative and 

quantitative dimensions. Particularly in the identification of AltProt peptides, the DIA 

method outperformed DDA by a factor of two, while also halving the number of 

missing values. This suggests that the DIA method holds significant potential for 

enhancing the identification of both canonical and AltProt peptides. 

 

However, our study also has revealed that the choice of library construction method 

exerts a substantial influence on the final identification results. Different library 

construction methods can lead to variations in peptide identification, especially in the 

case of AltProt peptides. Notably, AltProt peptides derived from the experimental 

fraction library construction method were found to have a higher false discovery rate 

compared to those obtained through the fully predicted library method. 

 

In our application of DIA to a mouse heart development model, we identified nearly 50 

differentially expressed AltProts through rigorous filtering. Following multiple 

validation techniques, we discovered ASDURF and three uORFs, three of which have 
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the potential to regulate the host gene. Furthermore, we provided the first evidence of 

ASDURF in the mouse proteome, thereby substantiating the existence of AltProts and 

hinting at their potentially significant role in the proteome. 

 

We therefore posit that our comparative analysis of previous methods and practical 

biological applications can serve as a valuable guide for selecting DIA analysis methods 

and refining spectral library, paving the way for future exploratory studies on AltProts. 

 

2.5 Limitations 

In this article, we conducted a systematic evaluation of detecting AltProts using mass 

spectrometry techniques, including DDA, DIA, library construction methods, and 

databases. In this study, we did not adopt AltProt enrichment strategies. We believe that 

current enrichment strategies, such as SDS-PAGE in-gel digestion63, multiple-

protease64, and multidimensional separation65, should have some enrichment effects. 

However, our focus in this article was primarily on mass spectrometry DDA/DIA mode 

and library construction methods. Different AltProt enrichment methods should be 

evaluated in the future for seamless integration with DIA. Regarding databases, we 

collected as many potential AltProt entries as possible from public data. While the 

number of potential AltProts has increased, so has the prevalence of false positives in 

database. Currently, we do not have more effective methods to reduce library 

redundancy. Although DIA-NN can perform two-step searches to reduce spectral 

library redundancy, a high-quality AltProt library can theoretically better assist in 
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AltProt identification, which is an area we should explore further. Furthermore, 

regarding various library construction methodologies, our data indicated that the 

experimental library method based on DDA fractions may exhibit a higher rate of false 

positives, a conclusion derived from comparisons with the Prosit-predicted spectral 

library. Although the synthesis of peptides for PRM validation of AltProt spectra could 

more effectively confirm the existence of AltProts, we did not implement this approach 

in the present study. We acknowledge that conducting PRM experiments with several 

hundred synthesized peptides presents significant challenges. 

 

Lastly, regarding the potential functional AltProts identified in mouse heart 

development, many AltProts require further detailed validation. For example, confocal 

microscopy experiments are needed to determine the localization of AltProts. For the 

uORF of LPL, Edem3, and mest, subsequent co-immunoprecipitation experiments 

should be conducted to assess whether there is indeed a physical interaction between 

the uORF and the main ORF. 
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Chapter 3. A Pseudo-DIA library search approach improves 

immunopeptidomics and neoantigen discovery 

3.1 Introduction 

Immunopeptides, which are small peptide fragments derived from protein degradation 

through proteasomal processing, play a critical role in the immune response.100-102 

These peptides, particularly those presented by Major Histocompatibility Complex 

(MHC) molecules, serve as essential signals for T-cell recognition, thereby influencing 

adaptive immunity103-105. The vast diversity of immunopeptides, estimated to reach 167 

million for sequences of 8-15 amino acids, poses significant challenges for their 

identification and characterization in immunopeptidomics studies. Unlike conventional 

tryptic peptides, which typically yield identification numbers in the range of millions, 

immunopeptides exhibit a complexity nearly two orders of magnitude greater.106 This 

complexity arises not only from the sheer number of potential peptides but also from 

the intricacies of post-translational modifications (PTMs), which can further diversify 

peptide sequences. 

 

Current methodologies for immunopeptide identification predominantly rely on data-

dependent acquisition (DDA) mass spectrometry coupled with traditional database 

search engines such as MaxQuant107, PD, Mascot, Comet108, and MSFragger.109 

Although these techniques have served as the backbone of proteomic analysis, they 

often fail to effectively capture the full spectrum of immunopeptides. DDA methods 

can introduce biases, primarily focusing on the most abundant ions while neglecting 
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low-abundance peptides. 110, 111 As a result, the full diversity of the immunopeptide 

landscape may remain insufficiently characterized in these studies. 

 

Data-independent acquisition (DIA)112 is a promising alternative method. DIA 

strategies enable the simultaneous acquisition of all ions within a specific mass range, 

thereby enhancing the likelihood of detecting low-abundance peptides. This method not 

only improves identification rates but also broadens the quantification range, reduces 

missing values, and enhances data stability.110, 111 Despite these advantages, the 

application of DIA for immunopeptide identification remains fraught with challenges, 

particularly because of the expansive landscape of potential immunopeptides. 

Constructing a comprehensive spectral library to accommodate this vast array is a 

daunting task because it may result in significant redundancy and further complicate 

the analysis.113 

 

To address these challenges, we propose a novel Pseudo-DIA Library Search Strategy 

tailored specifically for the identification of immunopeptides. Our approach began with 

an unrestricted DIA database search, enabling the generation of a comprehensive list of 

potential immunopeptides without predefined false discovery rate (FDR) thresholds. 

This initial step significantly reduced the peptide space to a more manageable scale, 

allowing subsequent analysis. By incorporating the predicted spectra and retention 

times, we constructed a spectral library that facilitates the efficient and accurate 

identification of immunopeptides during DIA analysis. 
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We validated our Pseudo-DIA Library Search Strategy using publicly available datasets, 

demonstrating its effectiveness in identifying immunopeptides across different cell 

types, including JY, 0D5P, and RA957 cells. Our results indicate that our approach 

achieved up to 3.8 times more immunopeptide identification than traditional methods, 

underscoring its potential to enhance detection rates while maintaining high specificity. 

Importantly, the identification of cryptic immunopeptides and neoantigens, peptides 

generated from small open reading frames (sORFs) within non-canonical reading 

frames, further highlights the significance of our method.114 These neoantigens are 

crucial for personalized immunotherapy and offer new avenues for targeted cancer 

treatments.115 

 

Moreover, we developed an executable program for our Pseudo-DIA Library Search 

Strategy, designed to operate in a Windows environment. This tool simplifies the 

process of generating spectral libraries directly from MSFragger30 results, thus 

streamlining workflows and making the method more accessible to researchers. 

Through this integration, we aimed to enhance the overall efficiency of immunopeptide 

identification and facilitate the broader application of our strategy in proteomic research. 

 

In summary, the Pseudo-DIA Library Search Strategy represents a significant 

advancement in the identification of immunopeptides and addresses the complexity and 

challenges inherent to their detection. Our approach contributes to ongoing efforts in 

immunology and cancer therapy by improving identification rates and expanding the 
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scope of detectable peptides, paving the way for more effective therapeutic strategies 

in the future. 

 

3.2 Materials and methods 

3.2.1 Cell Culture 

HCT116, SW1573, and H358 cell lines were cultured in RPMI-1640 medium (Gibco, 

Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS) 

(Gibco) and 1% penicillin-streptomycin (Gibco). The cells were maintained at 37°C in 

a humidified incubator with 5% CO₂. The culture medium was refreshed every 2–3 

days, and the cells were subcultured upon reaching 70–80% confluency using 0.25% 

trypsin-EDTA solution (Gibco) for detachment. 

3.2.2 MHC-I Immunopeptide Enrichment and Purification 

Immunopeptides bound to MHC-I complexes were enriched and purified following a 

previously described protocol with minor modifications.107 Briefly, W6/32 MHC-I-

specific antibodies were cross-linked to Protein A-sepharose beads using a 40 mM 

dimethyl pimelimidate (DMP) solution in 200 mM triethanolamine (pH 8.3–9.0). The 

reaction was quenched with 100 mM ethanolamine (pH 8.3–9.0), and the antibody-

conjugated beads were stored in 1× PBS containing 0.02% NaN₃ at 4 °C until use. For 

peptide isolation, 1–5 × 10⁸ cells were lysed with lysis buffer containing 0.5% sodium 

deoxycholate, 2.0% octyl-β-D-glucopyranoside, and protease inhibitors. The lysates 

were clarified by centrifugation at 17,000 × g for 50 min at 4 °C. The supernatant was 

incubated with antibody-conjugated beads for co-immunoprecipitation of MHC-I 
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complexes. After sequential washes with buffers containing increasing concentrations 

of NaCl (150 mM, 400 mM) and Tris-HCl (20 mM, pH 8.0), the MHC-I complexes 

were eluted with 1% trifluoroacetic acid (TFA). The eluted peptides were further 

purified using a Sep-Pak C18 cartridge, sequentially washed with 0.1% trifluoroacetic 

acid (TFA), and eluted with 28% acetonitrile (ACN) containing 0.1% TFA. The purified 

peptides were dried by vacuum centrifugation at 30 °C and resuspended in 10 μL of 2% 

ACN with 0.1% TFA for downstream mass spectrometry analysis. 

3.2.3 Mass Spectrometry Data Acquisition 

Peptide samples were analyzed using a Thermo Scientific UltiMate 3000 nano-LC 

system coupled to a Thermo Scientific Orbitrap Exploris 480 Mass Spectrometer. 

Chromatographic separation was performed on an IonOpticks Aurora Ultimate 25 cm 

C18 column at a column temperature of 50°C. Both data-dependent acquisition (DDA) 

and data-independent acquisition (DIA) modes were performed with a 2-hour LC 

gradient using 0.1% formic acid (FA) in water (solvent A) and 80% acetonitrile (ACN) 

with 0.1% FA (solvent B). The flow rate was set to 300 nL/min with the following 

gradient: 0 min, 5% B; 3 min, 8% B; 80 min, 20% B; 110 min, 90% B; 115 min, 90% 

B; 116 min, 5% B; 120 min, 5% B. 

 

For DDA, MS1 spectra were acquired at a resolution of 120,000, with an automatic 

gain control (AGC) target of 300%, and a maximum injection time (MIT) set to auto. 

MS2 spectra were acquired at a resolution of 30,000 using an isolation window of 1.6 

m/z, a maximum injection time of 64 ms, and an AGC target of 100%. Fragmentation 
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was performed using a higher-energy collisional dissociation (HCD) energy of 30%. 

For DIA, MS1 spectra were acquired at a resolution of 60,000 with an AGC target of 

300%. MS2 spectra were acquired at a resolution of 30,000 using 50 isolation windows 

across the mass range, with an AGC target of 1000% and a maximum injection time set 

to auto. Fragmentation was performed at an HCD energy of 33%. 

3.2.4 Mass Spectrometry Data Search 

Raw mass spectrometry data were analyzed using FragPipe (version 20) and DIA-NN 

(versions 1.8–2.0). For FragPipe, the MS1 mass tolerance was set to ±20 ppm, and the 

MS2 mass tolerance was set to 0.02 Da. The peptide length was restricted to 8–15 amino 

acids. Following the initial search, MSBooster was employed to enhance the scores by 

incorporating the predicted spectral and retention time information. Percolator was then 

used to rescore peptide-spectrum matches (PSMs) and control the false discovery rate 

(FDR). For DIA-NN, the analysis was performed using a spectral library generated by 

the software. The peptide length was restricted to 8–15 amino acids. FDR thresholds 

were set at 1% for both protein and precursor levels. All identified peptides were 

subjected to sequential mapping. Peptides that could be matched to canonical proteins 

were excluded from classification as non-canonical immunopeptides. Additionally, 

isoleucine (I) and leucine (L) were treated the same, as mass spectrometers could not 

distinguish these amino acids. 

3.2.5 Prediction of Immunopeptide Binding and Immunogenicity 

Multiple computational tools were employed to evaluate the properties of the identified 
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immunopeptides. NetMHCpan116 (version 4.1) was used to predict the binding affinity 

of peptides to specific MHC-I alleles. MixMHCp117 (version 2.1) was used to perform 

motif clustering and identify sequence patterns characteristic of MHC-I-restricted 

peptides. PRIME118 (version 2.0) and BigMHC119 were used to assess the potential 

immunogenicity of the identified immunopeptides to elicit immune responses. 

3.2.6 Two-Species Pseudo-Target FDR Estimation 

The maize and human proteomes were downloaded from the UniProt database (April 

2022). A mixed FASTA database of human and maize was constructed and used for an 

initial Presearch of the DIA data. Identified peptides present in both species were 

removed to ensure species specificity of the results. Retention times (RT) and spectral 

predictions were generated to build the spectral library, and DIA data were subsequently 

searched using DIA-NN without applying an FDR threshold. False discovery rate (FDR) 

estimation was performed using the diann-rpackage 

(https://github.com/vdemichev/diann-rpackage), with the FDR calculated based on the 

proportion of maize-specific peptides in the dataset. The differing protein quantities in 

the maize and human proteomes were taken into account during the FDR calculation. 

3.2.7 RT and Spectrum Prediction Using DIA-NN 

The retention time (RT) and spectral prediction of immunopeptides were performed 

using DIA-NN (version 1.8.2).38 Additionally, the Prosit37 tool was used to predict the 

spectra for further verification of the MS search results. 
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3.2.8 Public Data Sources 

T OpenProt 2.0 Database: Data were downloaded from the OpenProt website 

(https://www.openprot.org/downloads).120 

TCGA Transcript Expression Data: Transcript expression data were obtained from the 

Xenabrowser platform 

(https://xenabrowser.net/datapages/?dataset=TcgaTargetGtex_rsem_isopct&host=http

s%3A%2F%2Ftoil.xenahubs.net&removeHub=https%3A%2F%2Fxena.treehouse.gi.

ucsc.edu%3A443).121 

HCT116 Mutation Data: Mutation information for the HCT116 cell line was 

downloaded from the COSMIC database 

(https://cancer.sanger.ac.uk/cosmic/sample/overview?id=2301978).122 

3.2.9 sORFs Genomic Localization 

The ORF mapping process utilized the gencode-riboseqORFs tool 

(https://github.com/jorruior/gencode-riboseqORFs).1 Custom modifications were 

applied to the code to incorporate support for the NCBI annotation data, enhancing the 

functionality of the original tool. 

3.2.10 Mass Spectrometry Spectrum Annotation 

The annotation of secondary mass spectrometry spectra was conducted using the 

Universal Spectrum Explorer (USE) tool (https://www.proteomicsdb.org/use/),123 

which provides a detailed visualization and annotation of spectral data. 

 



 

80 

3.3 Results 

3.3.1 Pseudo-DIA Library Search Strategy for DIA Immunopeptide 

Identification 

Immunopeptides, products of protein degradation through proteasomal processing, are 

generated in much greater quantities than tryptic peptides. As shown in Figure 3-1A, 

considering 8-15 amino acid sequences109, the potential number of immunopeptides can 

reach up to 167 million, while traditional proteomics, focusing on 7-35 amino acid 

lengths, only yields approximately 1 million peptides or 2 million when considering 

single enzyme cleavage sites. This indicates that the complexity of the immunopeptide 

landscape is nearly two orders of magnitude higher than that of tryptic peptides, even 

without considering post-translational modifications (PTMs). This inherent complexity 

of immunopeptide generation poses a significant challenge to their identification. 

 

There are two main search strategies for DIA data analysis: spectrum-centric and 

peptide-centric.15, 124 An effective approach is to establish a spectral library to assist in 

DIA data analysis. Two methods can be used to construct such a library: 1) fractionating 

the sample, performing DDA experiments, and building a sample-specific spectral 

library. This approach is more sample-specific but requires more biological resources, 

instrument time and data analysis. 2) Machine learning was used to predict the spectra 

and retention times by directly constructing a library.39, 110 Previous studies have shown 

that this library prediction method can achieve relatively high identification numbers, 

even for low-abundance proteins and peptides, while maintaining a controllable false-
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positive rate. 110 However, this search strategy cannot be directly applied to 

immunopeptide data because of the vast immunopeptide landscape, which 

encompasses approximately 167 million potential peptides. Constructing a 

comprehensive library for such a large peptide space would result in significant 

redundancy and pose a significant challenge.106 

 

To address this, we proposed A Pseudo-DIA Library Search Approach for 

immunopeptide identification. First, we performed an unrestrained DIA database search 

to obtain a full list of potential immunopeptides without setting any false discovery rate 

(FDR) threshold. This reduces the potential immunopeptide space to a few million. We 

then used the predicted spectra and retention times to construct a library and complete 

the DIA data analysis (Figure 3-1C, Figure 3-2). 

 

We tested and validated our strategy using a publicly available DIA dataset from Pak et 

al.113, which included three cell types: JY, 0D5P, and RA957. As shown in Figure 1D, 

our method identified three times (11,651 vs. 3,785), 2.5 times (16,508 vs. 6,482), and 

1.6 times (21,108 vs. 13,322) more immunopeptides than those identified in the original 

study. Importantly, as illustrated in Figure 1E, our approach captured a significant 

portion of the identifications made in the previous study. Notably, the original authors 

acquired DDA data and built sample-specific libraries for each cell type, whereas our 

method achieved increased identifications without the need for precious sample 

resources or additional mass spectrometry instrument time, demonstrating the 
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efficiency of our approach. 

 

 

Figure 3-1 Data searching design for Pseudo-DIA library search strategy. (A-B) 

The bar plot of potential peptide counts from proteomics and immunopeptidomics. 

(C) The schematic design of Pseudo-DIA library search strategy. (D)The 

immunopeptide ID number of Pseudo-DIA library search strategy. (E)The 

immunopeptide overlap between Pak et al. and Pseudo-DIA library search strategy. 
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Figure 3-2 Comparison of the Pseudo-DIA and Traditional Library Search 

Workflows. The commonly used approach for processing DIA immunopeptides 

involves converting DIA data into pseudo-DDA data using DIA-Umpire, followed by 

library searching using MSFragger. Subsequently, tools such as MSBooster and 

Percolator are used to score the spectra. Our Pseudo-DIA Library Search Approach 

also utilizes DIA-Umpire and MSFragger; however, instead of applying FDR filtering 

at this stage, we predict the retention times (RT) and spectra for all peptide candidates 

and construct a library. The library was then passed to DIA-NN for analysis, which 

output the final FDR-filtered results. 
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3.3.2 Mechanistic Evaluation of Identification Enhancement and 

Assessment of Identification Quality 

In this section, we investigate the reasons for the increase in immunopeptide 

identification using the Pseudo-DIA library search strategy. We compared the Q value 

of the same spectrum analyzed by the first-round search, MSFragger, and second-round 

search, DIA-NN. As shown in Figure 3-3A, for immunopeptide data from three 

different cell types, one-third of the spectra analyzed by MSFragger had false discovery 

rates (FDRs) greater than 0.01. However, after the second round of analysis with DIA-

NN38, all spectra with FDRs below 0.01 were identified successfully. Although we do 

not assert that DIA-NN outperforms MSFragger, given that it is designed for different 

data acquisition modes (DDA and DIA), we believe that the incorporation of machine-

learning-derived spectral information and retention time data significantly improves 

identification efficiency. 

 

Furthermore, as illustrated in Figure 3-3B, we observed a correlation between the 

scores assigned by MSFragger and DIA-NN for the same spectra. Specifically, lower 

q-values from MSFragger corresponded to lower q-values from DIA-NN. This suggests 

that both software tools effectively assess the reliability of spectra, reinforcing their 

functionality in this context. 

 

We also employed a two-species Pseudo-target FDR estimation method35 to evaluate 

the potential false positives in our approach. We analyzed the raw data using our 
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strategy of mixing maize and human protein data. We assessed false positives in 

immunopeptide identification based on the frequency of maize peptides. We evaluated 

the thresholds for both protein and peptide FDRs, as well as for peptide-level FDRs 

alone. As shown in Figure 3-3C, when both the protein and peptide FDRs were set at 

1%, approximately 1.5% of the identified immunopeptides were false-positive. This 

indicates a slightly elevated false-positive rate for our strategy. When the FDR threshold 

was increased to 3%, the actual FDR fell below 3%, demonstrating that our approach 

maintained a relatively controllable false-positive rate. However, it is noteworthy that 

without setting a protein FDR and relying solely on peptide FDR, the false-positive rate 

for peptides could reach 5%. Although our primary focus is on peptides, controlling the 

protein FDR is essential when using DIA-NN for immunopeptide identification. 

 

Finally, we compared the motifs of the immunopeptides. As depicted in Figure 3-3D, 

the motifs identified by Pak et al. based on the experimental DDA library were 

considered reliable. Notably, the motifs identified by Pak et al. and our strategy 

exhibited similarities, suggesting that reliable results can be obtained using the 

predicted library, even without using real samples for DDA library construction. 
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Figure 3-3 Assessing the reliability of Pseudo-DIA library search strategy. The q-

value distribution(A) and correlation(B) between first round searching by MSFragger 

and second round searching with predicted MS information. (C) Applying pseudo-

targets searching strategy to validate false discovery rate of Pseudo-DIA method. (D) 

The Motif comparison of RA957 sample between original searching result by Pak et al. 

and Pseudo-DIA library search strategy. 
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3.3.3 Efficient Cryptic Immunopeptide Identification with a Pseudo-DIA 

Library Search Strategy. 

Cryptic immunopeptides are non-canonical immunopeptides generated during the 

degradation of proteins encoded by small open reading frames (sORFs).125 These 

peptides are derived from regions of the genome not typically recognized as coding 

sequences, which leads to the production of unique immunogenic epitopes.114, 126 The 

production of cryptic immunopeptides involves the translation of sORFs under 

specific cellular conditions, such as stress or particular developmental stages.127, 128 

This process allows for the expression of peptides that may play critical roles in 

modulating the immune response.129, 130 

 

Cryptic immunopeptides are particularly significant because they can function as 

neoantigens, which are crucial targets for immunotherapy, especially in the context 

of cancer treatment.126, 131 Their unique ability to elicit T-cell responses makes them 

valuable for developing personalized cancer vaccines and other immune-based 

therapies.126 Furthermore, cryptic immunopeptides are believed to enhance tumor 

antigenicity and influence how the immune system recognizes and responds to cancer 

cells.114 Understanding and identifying cryptic immunopeptides is essential for 

advancing therapeutic strategies that harness the immune system to combat 

malignancies.132 By exploring the mechanisms underlying their production and their 

role in immune recognition, researchers can unlock new opportunities for developing 

innovative cancer immunotherapies. 
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To identify cryptic immunopeptide identification, the mainstream approach uses data-

dependent acquisition (DDA) for mass spectrometry data collection,126, 132, 133 coupled 

with traditional search engines such as MaxQuant29, PD, Mascot, Comet108, and 

MSFragger.30 Although these methods are classic, data-independent acquisition (DIA) 

is more effective, offering higher identification rates, broader quantification ranges, 

fewer missing values, and greater stability.110, 113 However, identifying cryptic 

immunopeptides from DIA data presents a significant challenge. Given that 

OpenProt120 includes approximately 666,123 sORFs, which is approximately 300 

times larger than UniProt, the challenge becomes even greater. While UniProt has 

already generated 167 million immunopeptides, OpenProt could yield a staggering 

593 million immunopeptides when considering sequences of 8-15 amino acids. 

Mapping this vast array of peptides to DIA chromatograms is indeed a substantial 

challenge. 

 

Our method is well-suited for addressing this scenario, enabling the identification of 

cryptic non-canonical immunopeptides, as illustrated in Figure 3-4A. We tested our 

Pseudo-DIA library search strategy using the aforementioned public datasets. The 

database search workflow is shown in Figure 3-2. The results showed that for the 

three cell types, JY, 0D5P, and RA957, our method identified 3.8 times (545/145), 2.7 

times (636/232), and 2.2 times (578/268) more peptides, respectively. As shown in 

Figure 3-4B, our method almost completely encompassed the peptides identified 

using conventional methods. This demonstrates the effectiveness of our approach in 
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identifying cryptic immunopeptides. 

 

Using the Pseudo-DIA Library Search Strategy, we identified 1,223 non-canonical 

immunopeptides, which were assigned to 1,083 OpenProt IDs. Genomic localization 

analysis revealed that approximately one-third of these non-canonical 

immunopeptides were derived from lncRNA regions (Fig. 3-4C). Among these 

sORFs, we identified several located around canonical proteins associated with 

tumorigenesis and cancer progression, such as the uORF of RBM10,134 the uoORFs 

of ATF4135 and SLC19A1, the intORF of ZNF146,136 as well as sORFs derived from 

tumor-associated lncRNAs, including DTNB-AS1, CHASERR,137 and LINC00649 

(see Supplementary Table 2). 

 

As shown in Fig. 3-4D, we identified an sORF driven by LINC00649, IP_290788, 

with two unique immunopeptides detected (spectra and chromatograms are shown in 

Fig. 3-4F). Previous studies have shown that LINC00649 promotes cancer 

progression,138-141 and consistent with this, our analysis of TCGA data revealed a high 

expression of LINC00649 across multiple cancer types (Fig. 3-4E). Based on spectral 

evidence and differential expression profiles, we propose that these non-canonical 

immunopeptides hold potential for clinical applications in cancer immunotherapy. 

 

Additional examples are presented in Fig. 3-5, S3-6, where sORFs derived from 

tumor-associated genes also produce immunopeptides. These peptides are promising 
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targets for cancer immunotherapy and may enable the development of personalized 

cancer vaccines. By incorporating these non-canonical peptides, we can expand the 

repertoire of tumor antigens, offering new directions for immunotherapy and 

advancing precision oncology research. 
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Figure 3-4 Pseudo-DIA strategy enhancing non-canonical immunopeptides 

identification. (A) The non-canonical immunopeptide id number of Pseudo-DIA 

library search strategy. (B) The overlap of non-canonical immunopeptides identified 

by Pak et al. and Our Method. (C) The genomic localization categories of sORFs 

corresponding to the identified immunopeptides. (D) The protein sequence of 

LINC00649 showing the positions of immunopeptides; detected immunopeptide 
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fragments are highlighted in red. (E) The mass spectra and chromatograms of the two 

identified immunopeptides. (F) The expression levels of the LINC00649 transcript 

ENST00000427447.5 across various cancer types and normal tissues based on TCGA 

data. 
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Figure 3-5 Visualization of Immunopeptide Spectrum Quality and TCGA 

Expression Differences for MORF4L2 uORF Protein (IP_302145). (A) Positions of 

the two immunopeptides of IP_302145 within the protein. (B-E) Spectral quality and 

chromatograms of the two immunopeptides, MAVGGTAVITR and MAVGGTAVITRR, 

from IP_302145. (F) Differential expression levels of the IP_302145 transcript in tumor 

and normal samples from TCGA RNA expression data. 
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Figure 3-6 Visualization of Immunopeptide Spectrum Quality and TCGA 
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Expression Differences for ZNF146 intORF Protein (IP_273983). (A) Positions of 

the two immunopeptides of IP_273983 within the protein. (B-G) Spectral quality and 

chromatograms of three immunopeptides, NVMNVENHLAR, KPSVANPTL, and 

NVVNVEQPLAR, from IP_302145. (H) Differential expression levels of the 

IP_273983 transcript in tumor and normal samples from TCGA RNA expression data. 

 

 

Figure 3-7 Length Distribution of Canonical and Non-canonical Immunopeptides 

Identified by Various Methods. (A) Comparison of Immunopeptide Length 

Distributions Identified by Pak et al. and Pseudo-DIA Library Search Approach. (B) 

Comparison of Non-canonical Immunopeptide Length Distributions Identified by 

Traditional MSFragger method and Pseudo-DIA Library Search Approach. 
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3.3.4 Evaluation of the Pseudo-DIA Library Search Strategy Using 

Independent Datasets 

To further evaluate our Pseudo-DIA Library Search Strategy, we collected 

immunopeptide data from three cell lines: H358, HCT116, and SW1573. We acquired 

data in both data-dependent acquisition (DDA) and data-independent acquisition (DIA) 

formats for each cell line. As shown in Figure 3-8A, our method achieved the highest 

identification numbers in this independent dataset, with a significant overlap, as shown 

in Figure 3-8B. 

 

In addition to general immunopeptide identification, we focused on sample-specific 

mutations known as neoantigens. Neoantigens are generated through mutations in 

tumor cells, resulting in unique peptide sequences, making them potential targets for 

immune responses. Using mutation information sourced from the COSMIC122 database, 

we derived mutated protein sequences for each cell line. Subsequently, we conducted 

in silico predictions to identify all potential 8-15 amino acid immunopeptides that 

contained these mutations (Fig. 3-8C). The in-silico mutation sequences were extracted 

and combined with the peptides generated from our Pseudo-DIA library strategy to 

create a comprehensive library. Ultimately, we identified approximately 30 neoantigens 

(Fig. 3-8D). Notably, the DDA approach identified only 13 neoantigens, even though 

we had already utilized MSbooster to enhance the identification efficiency of DDA 

searching,91, 142 demonstrating that our DIA and predictive library strategies are 

significantly more effective in this context. 
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Among the identified peptides, we confirmed two derived from the CHMP7 p.A324T 

mutation, QTDQMVFNTY and QTDQM(ox)VFNTY, with one exhibiting an oxidation 

modification. Additionally, we identified the neoantigen KVIDIYEQV from the NAPA 

p.A181V mutation and AENGKLVTNGNPIT from the GAPDH p.I69T mutation, as 

shown in Fig. 3-8E. By comparing our findings with the Prosit-generated spectra and 

reviewing the chromatograms, we confirmed the reliability of the spectral data. 

Moreover, interestingly, previous studies have also identified the same neoantigen, 

further supporting the reliability of the spectra as well as the robustness of our 

method.143 

 

These findings not only validate the sensitivity of our method but also provide valuable 

resources and insights for the field of immunology. The identification of neoantigens is 

crucial, as they can serve as biomarkers for personalized cancer immunotherapy, 

guiding the development of targeted treatments that enhance the immune system's 

ability to recognize and eliminate tumor cells. This underscores the importance of our 

Pseudo-DIA Library Search Strategy, which not only improves peptide identification 

but also contributes significantly to advancing immunotherapeutic strategies in 

oncology. 

 

We developed an executable program for the Pseudo-DIA Library Search Strategy that 

operates within a Windows environment (Figure 3-9). This program was designed to 
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directly read the results generated by MSFragger, facilitating the efficient and user-

friendly construction of spectral libraries. By streamlining the process, the executable 

allows users to seamlessly generate a spectral library that can be directly fed into 

subsequent DIA search engines for comprehensive data analysis. This integration 

simplifies the workflow and enhances the overall efficiency of immunopeptide 

identification, making it accessible to researchers in the field. 

 

 

Figure 3-8 Application of Pseudo-DIA library strategy with independent dataset 

to identify tumor-specific immunopeptides. (A) The immunopeptide id number of 
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HCT116, H358, SW1573 cell line identified by DDA, PeptDeep-HLA, PEAKS and 

Pseudo-DIA library search strategy. (B) The Venn diagram of three data searching 

strategies. (C) The workflow for mutated IP identification. (D) The Venn diagram of 

mutated immunopeptide identified by DDA and Pseudo-DIA library search strategy. (E) 

Representative PSM of mutated immunopeptide identified from Pseudo-DIA library 

search strategy 

 

 

Figure 3-9 Graphical user interface (GUI) for the pseudo-DIA library search 

strategy. 
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Figure 3-10 Spectral Visualization of Immunopeptides with Single Amino Acid 

Mutations. 
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Table 3-1 List of Immunopeptides Containing Single Amino Acid Substitutions Identified in This Experiment via Pseudo-DIA 

Library Approach. 

sample Gene Mutation Gene name scan m/z intensity RT 

HCT116 CHMP7 A324T QTDQM(UniMod:35)VFNTY2 50520 631.7723 495526 61.6318 

HCT116 CHMP7 A324T QTDQMVFNTY2 69848 623.7749 4448710 85.37 

HCT116 CHMP7 A324T TDQMVFNTYQ2 69899 623.7749 2470410 85.37 

HCT116 GAPDH I69T AENGKLVTNGNPIT2 37013 714.3789 106496 45.2738 

HCT116 GAPDH I69T ENGKLVTNGNPIT2 36295 678.8604 39674.3 44.4 

HCT116 GAPDH I69T VTNGNPIT1 17847 815.4269 86274.8 21.9545 

HCT116 NAPA A181V KVIDIYEQV2 65914 553.8091 2010450 80.4974 

HCT116 RNPEP I195F ALFEVPDGFTA2 91213 583.7909 81928.4 111.424 
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HCT116 ANAPC1 E1292K DRKSYSLAAG2 20573 534.2784 249184 25.2983 

HCT116 KIF13B T1254M FLIVRVM(UniMod:35)VQ2 84530 560.8319 103655 103.238 

HCT116 TTC33 A115G GAEMAVQQ1 23306 833.3833 606103 28.6107 

HCT116 TTC33 A115G GAEMAVQQ2 23315 417.1956 108826 28.6227 

HCT116 ATOX1 C41R IDLPNKKVR3 18075 361.5616 37749.1 22.152 

HCT116 TBC1D7 R36S ILLKDDSL2 48054 458.7719 1792500 60.2304 

HCT116 TPK1 K118T KIEEKDLTV3 28427 358.8736 808420 34.8035 

HCT116 COG7 V193I LASPQIIA1 68898 812.4887 446030 84.1407 

HCT116 IQGAP3 S1070T LEDKVLTV2 48003 458.7719 2466700 60.2304 

HCT116 PLRG1 A361T RLWDLVTGKTRV3 75393 481.9533 165913 92.0159 
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HCT116 TMEM158 A70V RPGPEEAAAVA2 20573 534.2784 347446 25.3599 

HCT116 MVB12B N247D RTDYEYQHSDLY2 33859 795.3478 175843 41.4413 

HCT116 PLS3 N372S SLFNKYPAL2 78457 526.7932 228093 95.8134 

HCT116 CCNI2 A91V TADVVPAAA1 47376 814.4316 39950.3 57.8021 

HCT116 BFSP1 A220T TLRSQLEE2 27402 488.2597 161284 33.5844 

HCT116 DEAF1 A167T TTGLKGPT1 20852 774.4367 70460.3 26.1484 

HCT116 PPP1R18 P499L VDAAVLGAGK2 26838 450.7619 325927 32.9004 

HCT116 GSTP1 G208V VNLPINGNVKQ2 49547 598.3441 330710 60.5126 

H358 CTH Q323R GTLRHAEIF2 48826 522.2861 334916 59.6172 

H358 CTH Q323R GTLRHAEIFLK3 41268 428.9197 276813 50.4762 
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H358 GTF2A1 Q164K QILTNSGQLLK2 59799 607.8596 60082.8 73.1255 

H358 SPATA5 Q234H SLHLSQLDL2 76518 513.2858 456018 93.3885 

H358 SIRPG Q234L VTLLGDPLR2 75853 492.2987 462555 92.742 

H358 ANAPC1 V504I VLYTGVIRVGK3 59626 402.2527 340958 72.854 
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3.4 Conclusions 

In this study, we introduced a novel Pseudo-DIA Library Search Strategy for the 

identification of immunopeptides to address the inherent complexities associated with 

their detection in complex biological samples. Our approach leverages the high 

potential diversity of immunopeptides, estimated at 167 million for sequences of 8-15 

amino acids, effectively reducing this vast landscape to a manageable size for analysis. 

Our results demonstrate that this strategy significantly enhances identification rates 

compared to traditional methods, achieving up to 3.8 times more immunopeptide 

identification in various cell lines. 

 

Moreover, our method can be used to identify cryptic immunopeptides and neoantigens 

that are crucial for developing personalized immunotherapy. By utilizing both DDA 

and DIA formats, we validated our strategy across multiple independent datasets, 

revealing its robustness and applicability in diverse contexts. Notably, the efficiency of 

our approach is underscored by our executable program, which simplifies the 

generation of spectral libraries directly from MSFragger results, allowing seamless 

integration into existing workflows. 

 

The successful identification of neoantigens further emphasizes the significance of our 

findings, as these peptides represent promising targets for immunotherapy. Overall, our 

Pseudo-DIA Library Search Strategy not only advances the field of proteomics but also 

opens new avenues for cancer research and personalized medicine, facilitating the 



 

115 

development of effective therapeutic interventions.  
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Chapter 4. Large-scale identification of functional microproteins 

with immunopeptidomics and CRISPR screening 

4.1 Introduction 

The traditional view of the proteome has long been centered on canonical proteins 

encoded by annotated open reading frames (ORFs).1 However, recent advances in high-

throughput sequencing,144 ribosome profiling,64, 145 and mass spectrometry146 have 

uncovered a previously hidden layer of the proteome: microproteins. These small 

proteins, often encoded by small ORFs (sORFs) within non-coding RNAs, untranslated 

regions (UTRs), and other non-canonical regions of the genome, challenge the 

conventional boundaries of transcriptome and proteome annotations. Microproteins, 

typically less than 100 amino acids in length,147 represent an intriguing and 

underexplored class of biomolecules, with emerging evidence suggesting that they play 

critical roles in diverse biological processes.148, 149 

 

Despite their small size, microproteins have been implicated in fundamental cellular 

functions, such as regulation of immune responses,150 control of gene expression,151 

modulation of signaling pathways,152 and maintenance of cellular homeostasis.153 For 

example, several microproteins have been shown to regulate cancer-related pathways, 

including oncogenic RAS signaling and DNA damage repair mechanisms.154 However, 

the majority of microproteins remain functionally uncharacterized, and their precise 

roles in health and disease are still poorly understood155-157. This knowledge gap is 

partly due to challenges associated with identifying and validating microproteins, as 
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their small size, low abundance, and lack of well-defined annotations often exclude 

them from traditional proteomics pipelines.110, 147 

 

Immunopeptidomics,158 a mass spectrometry-based approach that identifies peptides 

presented on major histocompatibility complex (MHC) molecules, has emerged as a 

powerful tool for uncovering novel microproteins.102, 148 Unlike traditional trypsin-

based proteomics, immunopeptidomics does not rely on specific enzymatic cleavage 

sites and can detect peptides derived from non-canonical sORFs.107, 159 Furthermore, 

the enrichment of low-abundance peptides through co-immunoprecipitation 

circumvents many limitations of conventional proteomics, making it uniquely suited 

for the discovery of microproteins.160 Recent studies have successfully used 

immunopeptidomics to reveal thousands of previously unannotated peptides, 

suggesting that the repertoire of microproteins is far larger and more complex than 

previously appreciated.161 

 

In addition to their potential biological significance, microproteins located near 

oncogenes or other cancer-related genes are of particular interest in cancer research. 

Several studies have reported that microproteins derived from uORFs, lncRNAs, and 

other non-coding regions regulate oncogenic pathways, including tumor progression, 

metastasis, and resistance to therapy.162, 163 These findings underscore the importance 

of systematically exploring the microproteome in cancer to uncover novel regulators 

and therapeutic targets. 
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To address these challenges and opportunities, we performed a comprehensive study to 

identify, characterize, and functionally validate microproteins using a combination of 

immunopeptidomics, CRISPR screening, and bioinformatic analyses. First, we used 

immunopeptidomics to identify over 36,000 microproteins across 86 datasets, 

representing one of the largest microprotein datasets reported to date. We then 

categorized these microproteins based on their genomic origins, start codon usage, and 

conservation among species. To evaluate their functional significance, we designed a 

CRISPR screening library targeting over 2,000 microproteins and performed a high-

throughput functional analysis in three cancer cell lines. Finally, we integrated our 

CRISPR results with the DepMap data to investigate whether microproteins function 

independently of their associated canonical proteins. 

 

This study provides novel insights into the microproteome, uncovering not only the 

sheer diversity of microproteins but also their critical roles in cellular processes, 

particularly in cancer. Our findings highlight the importance of microproteins as a 

distinct and functional class of biomolecules, setting the stage for future research to 

elucidate their mechanisms and therapeutic potential. 

 

4.2 Materials and methods 

4.2.1 Immunopeptidomics Mass Spectrometry Database Search 

A total of 86 datasets, including 5,406 raw mass spectrometry data files, were 

downloaded and analyzed using FragPipe software (version 20.0) and MSFragger 
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(version 3.8) for database searching. The search parameters were set with an MS1 mass 

tolerance of 20 ppm and an MS2 mass tolerance of 0.02 Da. The peptide lengths were 

restricted to a range of 8–15 amino acids, while oxidation and carbamidomethylation 

were included as variable modifications. 

 

After completing the database searches, pin files were generated using MSFragger. 

These files were further processed using MSBooster to predict the secondary spectra 

and retention times. Subsequently, Percolator software was employed to score the 

spectra, with a stringent false discovery rate (FDR) threshold of 1% applied to ensure 

high confidence in the results. 

 

Three distinct small open reading frame (sORF) databases were utilized for the database 

search: OpenProt 2.0, smProt2, and sORFs.org. In addition, the UniProt database, 

which contains 20,000 canonical proteins, was downloaded. These four databases were 

merged into a single FASTA file to facilitate a comprehensive MSFragger-based search 

of immunopeptidomics data. 

4.2.2 Redundancy Removal of Identified Microproteins 

Given that some immunopeptides could map to multiple highly similar genomic sORF 

regions, a prioritization strategy was implemented to select the most probable sORF for 

each peptide. The prioritization was based on the following criteria: (1) Transcript 

Support Level (TSL): Microproteins corresponding to transcripts with higher TSL 

scores were prioritized to ensure high-confidence annotations. (2) Start Codon 
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Preference: Start codons were ranked in the following order of preference: ATG > CTG > 

GTG > others, reflecting the likelihood of translation initiation from these codons. (3) 

Protein Length: Longer microproteins were given higher priority, as longer sequences 

typically provide more robust evidence for their existence. (4) Annotation Source: 

Among the various annotation sources, Ensembl annotations were prioritized due to 

their reliability and extensive curation. (5) Database Source: Among the three sORF 

databases, sORFs annotated in OpenProt were given the highest priority, followed by 

smProt and sORFs.org. 

4.2.3 Conservation Analysis of Microproteins 

The conservation of microproteins across species was evaluated following the 

methodology outlined by Sandmann, et al.48 Briefly, genomic alignment data from 120 

species were downloaded from the UCSC Multiz 100-Way Alignment. Homologous 

regions in other species were identified using the genomic coordinates of human 

microproteins as references. 

 

The DNA sequences corresponding to these homologous regions were translated in 

silico into protein sequences, generating potential microprotein sequences for each 

species examined. To quantify the degree of conservation, BLAST was used BLAST to 

compare human microproteins with their homologs in other species. The similarity was 

scored using the e-value, and the final conservation score was calculated as -log10(e-

value). A higher score indicates greater similarity and stronger conservation. 
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To visualize the alignment and conservation of microproteins across species, Jalview164 

software was employed, providing a detailed display of sequence similarities and 

variations. 

4.2.4 Selection of Microproteins for CRISPR Screening 

To identify suitable microprotein candidates for CRISPR screening, a two-tiered 

selection strategy was employed, focusing on both the existence and potential 

functionality of the microproteins.  

 

For existence-driven selection, the following criteria were applied: (1) Microproteins 

derived from uORFs, dORFs, and lncRNAs were selected to avoid targeting canonical 

proteins. (2) Preference was given to microproteins with ATG, CTG, or GTG as start 

codons, as these are more likely to initiate translation. (3) The protein length was 

required to be at least 10 amino acids to ensure its functional potential. (4) Only 

microproteins with a peptide-spectrum match (PSM) count of ≥2 were included to 

ensure high-confidence identification. (5) The transcript support level (TSL) of the 

corresponding transcripts was set to ≤3, indicating strong transcript-level evidence.  

For functionality-driven selection, the following criteria were applied: (1) The 

expression level of the transcript encoding the microprotein, measured in transcripts 

per million (TPM), needed to be ≥0.5 to ensure sufficient expression of the microprotein. 

(2) The transcript had to exhibit differential expression between normal and cancer 

samples in TCGA dataset. (3) Survival analysis required the transcript to show a 

statistically significant association with patient survival (p-value ≤0.05). To broaden 
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the scope of potentially functional microproteins, criteria (2) and (3) for functionality-

driven selection were combined into a union set. This comprehensive approach ensured 

the selection of high-confidence microprotein candidates with potential biological and 

clinical relevance for CRISPR screening. 

4.2.5 sgRNA Spacer Sequence Design 

To design sgRNAs targeting microproteins, the cDNA sequences of the microproteins 

were extracted from the genome, with an additional 15 bp of flanking DNA regions 

included upstream and downstream. The following parameters were applied during 

sgRNA spacer design and selection: 

 

(1) Two tools, SSC165 and CRISPick166, were used for sgRNA design, with an on-target 

score threshold of 0.2. The scores from both tools were balanced to achieve optimal 

design, as illustrated in Fig. 8A. (2) Off-target scores were filtered with a cutoff of <100 

to minimize non-specific targeting. (3) Bowtie167 software was used to identify the 

number of matches for each sgRNA spacer in the human genome. Only spacers with a 

unique match (match = 1) were retained. (4) The GC content of each spacer was 

required to fall within 20%–80% to ensure stability and efficiency.168 (5) Spacers 

containing poly-T signals were excluded to avoid premature transcription termination. 

(6) Spacers and plasmid vectors were checked to ensure that they did not form Esp3I 

restriction enzyme sites. (7) A maximum of 10 sgRNAs were designed for each 

microprotein to ensure sufficient coverage. 
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For control sgRNAs, over 400 sgRNAs targeting 86 essential human genes (e.g., 

ribosomal proteins, EIF proteins, PSMA/PSMB proteins) were selected from the 

GECKO dataset.169 Additionally, negative controls included non-targeting sgRNAs and 

sgRNAs targeting the safe harbor AAVS1 region. In total, 18,000 sgRNAs, including 

both microprotein-targeting and control sgRNAs, were designed. 

4.2.6 CRISPR Library Construction 

A custom vector was designed based on the FUGW vector. The vector contained the 

following key elements: -cPPT-CMV promoter-Puromycin-U6 promoter -ESP3I 

restriction sites-spacer sequence-ESP3I restriction sites-sgRNA scaffold-WPRE-cPPT-. 

The ssDNA library was synthesized by TWIST Bioscience and amplified through eight 

rounds of PCR and purification. The amplified DNA fragments were ligated into the 

vector using Esp3I enzymes. The resulting plasmid library was transformed into 

competent cells using the NEB electroporation kit, following the manufacturer’s 

protocol. The amplified plasmid library was then sent to Novogene for next-generation 

sequencing (NGS).  

4.2.7 CRISPR Screening of Three Cancer Cell Lines 

Three different cancer cell lines were cultured in 15 cm dishes, with an initial cell 

number of approximately 2 × 10⁷ cells per dish. The cells were then infected with 

viruses packaged using 293T cells, maintaining a multiplicity of infection (MOI) of 

approximately 30% to ensure that each cell was infected with only one virus. Two to 

three days post-infection, puromycin was added to the culture at a final concentration 
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of 1.5 μg/mL to select for successfully transduced cells. After 2–3 days of puromycin 

selection, the first batch of cells was collected and designated as T1, representing the 

starting time point. After five doubling times, the second batch of cells was collected 

and designated as T2. After ten doubling times, the final batch of cells was collected 

and designated as T3. For each cell line, samples were collected at three time points, 

with two replicates for each time point. The collected samples were then sent for next-

generation sequencing. 

 

4.3 Results 

4.3.1 Extensive Identification of Microproteins Through 

Immunopeptidomics 

Using immunopeptidomics, we analyzed 86 datasets containing over 5,000 raw data 

files. By employing MSFragger to search against three sORF databases,120, 170, 171 we 

successfully identified a total of 36,494 microproteins, which represents one of the most 

comprehensive datasets of microproteins to date.172 To further characterize these 

microproteins, we categorized them using established localization and classification 

methods. 

 

As shown in Figure 4-1B, the majority of these microproteins were derived from 

lncRNAs, with over 12,000 identified, followed by intORFs (7230), uORFs (5,258), 

dORFs (4197), uoORFs (2,539), and doORFs (1215), which were the least frequent 

category, with only 1,347 identified. This distribution highlights the diverse origins of 
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microproteins and emphasizes the significant contribution of lncRNAs to the 

microproteome. 

 

We also analyzed the start codons of these microproteins (Figure 4-1D). The vast 

majority (87%) of the genes used the canonical ATG start codon. This finding aligns 

with the known translation initiation mechanisms for canonical proteins. Additionally, 

we observed that the second, third, and fourth most common start codons were CTG 

(6.8%), GTG (2.3%), and TTG (0.8%), respectively, a ranking that is consistent with 

previously reported studies.148  

 

One particularly interesting observation was that approximately 3,000 microproteins 

were located in the vicinity of known oncogenes (Figure 4-1B), including cancer-

related genes with identified uORFs, dORFs, and intORFs. These findings suggest that 

microproteins may play important roles in cancer biology. The presence of 

microproteins near oncogenes raises intriguing questions about their potential 

regulatory functions and biological significance, which warrant further investigation. 
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Figure 4-1 Non-canonical microproteins identified by immunopeptidomics.   

(A) Bar chart showing the number of identified immunopeptides for each of the 86 

datasets. (B) Distribution of different ORF types identified in the immunopeptide 

dataset, highlighting microproteins associated with oncogenes. (C) q-value score 

distribution of cryptic non-canonical and canonical immunopeptides. (D) Bar chart 

showing the distribution of different ORF start codons. (E) Statistical chart of the 

number of unique immunopeptides contained in each ORF. (F) Statistical chart of the 

number of PSMs contained in each ORF.  
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4.3.2 Quality of Immunopeptide Identification 

The quality and reliability of immunopeptide identification are critical for ensuring 

the validity of these findings. This is particularly true for MS2 spectra, which provide 

the foundation for identifying peptides and their corresponding microproteins. 

As shown in Figure 4-1E, more than 8,000 microproteins were supported by at least 

two unique immunopeptides, demonstrating a strong level of confidence in their 

identification. Furthermore, as illustrated in Figure 4-1F, over 18,000 microproteins 

were associated with at least two PSMs in the present study. These results indicate 

that a significant proportion of the identified microproteins is supported by robust 

experimental evidence. 

 

To further evaluate the reliability of our data, we compared the q-values of the 

canonical proteins and microproteins (Figure 4-1C). Both groups showed highly 

similar scoring trends, with minimal differences in the q-value distributions. This 

strongly suggests that the spectral quality of microproteins is comparable to that of 

canonical proteins, reinforcing the validity of our microprotein identification. 

 

As a specific example, we highlight the uORF of PTEN,63 a microprotein that 

comprises 45 amino acids. For this microprotein, we identified nine unique 

immunopeptides with a total of 62 PSMs, as shown in Figure 4-2. These peptides are 

unlikely to have arisen randomly or by chance. Instead, their presence implies 

transcription, translation, degradation, and subsequent presentation on the cell 
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membrane. These peptides were enriched by co-immunoprecipitation and detected 

via mass spectrometry, providing strong evidence that this microprotein is actively 

translated and functions. 

 

We hypothesize that the ability of immunopeptidomics to identify a larger number of 

microproteins compared to traditional methods is due to several key factors:102 (1) 

Higher potential peptide yield: Immunopeptidomics generates a significantly larger 

number of peptides than traditional tryptic digestion, often by orders of magnitude, 

and this higher yield increases the likelihood of identifying unique peptides 

corresponding to microproteins. (2) Independence from trypsin cleavage patterns: 

Trypsin cleavage relies on specific residues (K/R), which can result in no peptides >8 

amino acids for some microproteins, whereas immunopeptides are not constrained by 

this limitation. (3) Enrichment of low-abundance peptides: Immunopeptides are 

enriched through co-immunoprecipitation, reducing interference from high-

abundance proteins and allowing the detection of low-abundance microproteins. (4) 

HLA diversity across samples: Different HLA types in individuals act as a natural 

"fractionation system," contributing unique immunopeptides from different samples 

and significantly enhancing the coverage of microprotein identification.102 

 

Additionally, many previously reported microproteins were also identified in our 

study, suggesting that our dataset is consistent with and expands upon prior work. As 

shown in Table 4-1, these include microproteins derived from lncRNAs (e.g., 
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MIR155HG,4 LINC00511,154 and GAS5173) and uORFs (for example, MKKS,174 

PTEN,63 GTF2H1151). These microproteins are known to exhibit diverse biological 

functions, including (1) regulating immune and inflammatory responses, such as 

suppressing autoimmune inflammation by modulating antigen presentation. (2) 

Participation in cancer-related pathways, such as controlling oncogenic RAS 

signaling, inhibiting triple-negative breast cancer progression, and enhancing 

translation initiation in hematopoietic malignancies. (3) Maintaining DNA damage 

repair mechanisms, which are crucial for cellular homeostasis. 

 

These previously reported microproteins served as positive controls, strongly 

supporting the functional relevance of the microproteins in our dataset. Moreover, 

they suggested that many additional functional microproteins remain to be discovered 

within the 36 K dataset. 
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Figure 4-2 Identification of microproteins using immunopeptides, with the PTEN 

uORF as an example. (A) The protein amino acid sequence of the PTEN uORF, with 

the positions of 9 immunopeptides highlighted in red. (B) MS2 spectra of the 9 

immunopeptides. 
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Table 4-1 The 36K Microprotein List Provides Immunopeptidomics Evidence for Previously Reported Microproteins 

Year Author Pubmed ID Journal Gene name Orf type Length 

Peptide 

count 

PSM 

count 

2020 Honglin Wang4 32671205 Sci Adv MIR155HG lncRNA 17 2 8 

2022 Nu Zhang154 36241718 Cell Res LINC00511 lncRNA 108 5 10 

2022 Jun Li175 35849344 NAR CTBP1-DT lncRNA 186 2 2 

2022 Jianhua Yang176 35609991 Genome Res KLRK1-AS1 lncRNA 100 2 5 

2013 Hitoshi Endo174 23671934 BBA MKKS uORF 50 11 22 

2013 Hitoshi Endo174 23671934 BBA MKKS uORF 63 26 88 

2024 Zhe Ji151 38431639 Nat Commun PGRMC1 intORF 95 2 5 

2024 Zhe Ji151 38431639 Nat Commun CGGBP1 uORF 105 9 58 
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2024 Zhe Ji151 38431639 Nat Commun TFAM uoORF 99 12 39 

2024 Zhe Ji151 38431639 Nat Commun GTF2H1 uORF 91 4 34 

2024 Zhe Ji151 38431639 Nat Commun SLC5A6 uORF 77 3 13 

2024 Zhe Ji151 38431639 Nat Commun MAPKAPK5 uORF 44 5 12 

2024 Zhe Ji151 38431639 Nat Commun INPP5F uORF 106 2 2 

2020 Jonathan S. Weissman148 32139545 Science HAUS6 uORF 15 1 2 

2020 Jonathan S. Weissman148 32139545 Science FBXO9 uORF 23 2 3 

2020 Jonathan S. Weissman148 32139545 Science TBPL1 uORF 42 2 3 

2020 Jonathan S. Weissman148 32139545 Science ABHD17A uORF 43 9 37 

2012 Alan Saghatelian177 23160002 Nat Chem Biol DRAP1 uoORF 95 3 8 
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2012 Alan Saghatelian177 23160002 Nat Chem Biol CACTIN intORF 102 2 45 

2024 Susan Carpenter178 38781216 PNAS 

SLC39A13-

AS1 lncRNA 96 1 9 

2024 Susan Carpenter178 38781216 PNAS 

SLC39A13-

AS1 lncRNA 59 1 1 

2013 Carla Scaroni179 23555276 PLoS Genet CDKN1B uORF 29 1 1 

2019 Sebastiaan van Heesch173 31155234 Cell GIHCG lncRNA 64 4 6 

2019 Sebastiaan van Heesch173 31155234 Cell MOCS2-DT lncRNA 85 8 12 

2019 Sebastiaan van Heesch173 31155234 Cell CDC37L1-DT lncRNA 33 1 2 

2019 Sebastiaan van Heesch173 31155234 Cell 

ENSG000002

75055 lncRNA 50 3 5 
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2019 Sebastiaan van Heesch173 31155234 Cell GAS5 lncRNA 73 9 98 

2019 Sebastiaan van Heesch173 31155234 Cell IDI2-AS1 lncRNA 204 2 3 

2019 Sebastiaan van Heesch173 31155234 Cell KDM7A-DT lncRNA 68 2 2 

2019 Sebastiaan van Heesch173 31155234 Cell KDM7A-DT lncRNA 33 7 58 

2019 Sebastiaan van Heesch173 31155234 Cell LINC02941 lncRNA 59 2 6 

2019 Sebastiaan van Heesch173 31155234 Cell ILRUN-AS1 lncRNA 52 1 25 

2019 Sebastiaan van Heesch173 31155234 Cell CD63-AS1 lncRNA 69 3 11 

2019 Sebastiaan van Heesch173 31155234 Cell SNHG6 lncRNA 23 2 11 

2019 Sebastiaan van Heesch173 31155234 Cell SNHG8 lncRNA 36 7 30 

2019 Sebastiaan van Heesch173 31155234 Cell SNHG8 lncRNA 52 6 14 
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2019 Sebastiaan van Heesch173 31155234 Cell SNHG16 lncRNA 59 12 17 

2019 Sebastiaan van Heesch173 31155234 Cell TBX5-AS1 lncRNA 79 1 2 

2019 Yifeng Zhou180 31755573 EMBO J LINC00665 lncRNA 52 1 5 

2021 Yueqin Chen94 34555354 Mol Cell ASH1L-AS1 lncRNA 145 3 5 

2023 Alan Saghatelian63 36599300 Cell Metab PTEN uORF 45 9 62 
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4.3.3 Characterization of Microproteins 

Microproteins are generally much shorter than canonical proteins. As shown in Figure 

4-3C, the average length of microproteins in our dataset was 66 amino acids, compared 

to 500 amino acids for canonical proteins. This makes microproteins approximately 

eight times shorter than canonical proteins, consistent with previous studies.148, 151, 181 

In addition to length, prior studies182 have suggested that non-canonical sORFs often 

possess a hydrophobic tail, which makes them more susceptible to degradation by the 

BAG6 system than canonical sORFs. We applied similar analytical methods to our 

dataset and observed the same trend (Figure 4-3A). Microproteins, except for uoORFs, 

displayed significantly more hydrophobic C-terminal tails compared to canonical 

proteins. The exception for uoORFs is likely due to their overlap with canonical ORFs, 

as their "tails" correspond to the start regions of the canonical proteins. These findings 

align with prior studies, suggesting that microproteins are more prone to degradation 

by BAG6 or similar systems.182 

 

Interestingly, we observed a distinct phenomenon in the length distribution of 

microproteins: a sharp boundary at 28–29 amino acids in the length distribution. 

Specifically, microproteins are more likely to be ≥29 amino acids in length. The 

biological significance of this observation is currently unclear; however, it may reflect 

an evolutionary or functional threshold for microprotein stability or activity. 

 

To investigate the evolutionary conservation of microproteins, we analyzed alignment 
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data from 100 species using UCSC resources.48, 183 As shown in Figure 4-4, 

conservation patterns revealed a clear distinction between 62 mammalian species and 

38 non-mammalian species, suggesting that microproteins are more prevalent in 

mammals. Within mammals, microproteins showed higher conservation in primates, 

indicating that they may have evolved alongside more advanced and specialized 

functions.48 
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Figure 4-3 Characteristics of immunopeptides. (A) Average hydrophobicity of C-

terminal amino acids in microproteins. (B) Average hydrophobicity of C-terminal 

amino acids in microproteins from the Wu, et al. study.182 (C) Density plot comparing 

the protein lengths of microproteins and UniProt canonical proteins. (D) Distribution 

of protein lengths across different ORF types of microproteins. 
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Figure 4-4 Heatmap of the conservation levels of microproteins from different 

ORF types across 100 species. 

 

 

Figure 4-5 Examples of conservation levels for three microproteins from three 

different ORF types. 

  

         
         

             
          

      
        

                                                                                                                      



 

140 

4.3.4 Microproteins candidate selection for CRISPR Library 

Construction 

To explore the functions of microproteins, we designed a CRISPR screening 

experiment for high-throughput functional analysis. Candidate microproteins were 

selected based on transcript expression data from The Cancer Genome Atlas 

(TCGA)database.184 Transcripts that were differentially expressed between cancer 

and normal samples were prioritized (Figure 4-6A). Additionally, transcripts with a 

p-value ≤ 0.05 in the survival analysis were included (Figure 4-6B). After manual 

filtering, over 2,000 microproteins were selected for CRISPR library construction. 

For each microprotein, we designed up to 10 sgRNAs, along with positive controls 

targeting 86 essential genes (e.g., ribosomal proteins and EIF proteins). The negative 

controls included non-targeting sgRNAs and sgRNAs targeting the safe harbor 

AAVS1 locus, which has a minimal impact on cellular function. In total, we designed 

18,000 sgRNAs, which were synthesized, amplified, and cloned into the lentiviral 

vectors. 

 

The CRISPR KO library was used to infect three cancer cell lines: MDA-MB-231 

(triple-negative breast cancer), LN229 (glioblastoma), and OVCAR8-ADR (drug-

resistant ovarian cancer) cell lines. These cell lines were chosen to provide diverse 

biological contexts and robust data. We measured the sgRNA abundance at three time 

points: T1 (infection), T2 (5 doublings), and T3 (10 doublings). By comparing the 

sgRNA abundance between T1 and T3, we identified microproteins whose knockout 
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significantly impacted cell proliferation. 

 

 

Figure 4-6 Microprotein Selection for the CRISPR Screening. (A) Volcano plot of 

source transcripts for microproteins in cancer versus normal samples. Differentially 

expressed transcripts corresponding to microproteins were selected to construct the 

CRISPR library. (B) Survival analysis of source transcripts for microproteins. 

Microproteins corresponding to transcripts with a p-value ≤ 0.05 were selected to 

construct the CRISPR library. 
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4.3.5 Quality Control of the CRISPR KO Library 

To ensure the reliability and effectiveness of the CRISPR KO library, we performed 

a series of quality-control assessments. We evaluated the on-target efficiency of the 

sgRNAs using two widely recognized tools, SSC and CRISPick. As shown in Figure 

4-8A, more than 73% of the sgRNAs achieved an on-target score greater than 0.4, 

indicating high targeting specificity. This suggests that the sgRNAs designed for 

microproteins are of sufficient quality to ensure reliable knockout experiments in 

mice. After constructing the CRISPR KO library, we performed targeted PCR on the 

sgRNA region, followed by NGS sequencing, to evaluate the uniformity of sgRNA 

abundance. As shown in Figure 4-8B, over 94% of sgRNAs exhibited read counts 

within a narrow range (log2 between 9.2 and 10.2). This result indicated that the 

sgRNAs were distributed evenly in the library, with less than two-fold variation in 

abundance. Such uniformity is critical for ensuring that all sgRNAs are adequately 

represented during the screening process, minimizing bias, and maximizing the 

reliability of the results. 

 

To enhance the richness of our results and gain a more comprehensive understanding 

of microprotein phenotypes across different cancer types, we conducted CRISPR 

screenings in three distinct cancer cell lines (MDA-MB-231, LN229, and OVCAR8-

ADR). Each condition was tested in two biological replicates to ensure reproducibility. 

As shown in Figures 4-8C, E, the correlation coefficients between replicates ranged 

from 0.79 to 0.90, demonstrating high consistency between biological replicates. 
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These results confirm the stability of the experimental system and validate the 

reliability of the data generated by CRISPR screening. 

 

 

Figure 4-7. Flowchart of the experimental design for CRISPR experiments. 
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Figure 4-8 Quality control of the CRISPR KO library. (A) Score distribution of 

designed sgRNAs evaluated by two software tools, SSC and CRISPick. (B) 

Uniformity of sgRNAs in the CRISPR KO library, with over 94% of sgRNA 

abundances differing by less than twofold. (C-E) The technical reproducibility 

correlation of NGS sequencing at different time points across three different cell lines. 
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4.3.6 Microproteins Are Functionally Significant 

We performed CRISPR screening in three cancer cell lines (MDA-MB-231, LN229, 

and OVCAR8-ADR) to systematically investigate the functional significance of 

microproteins (Fig. 4-7). These cell lines were selected to provide a diverse 

representation of cancer types: MDA-MB-231 is a triple-negative breast cancer cell 

line, LN229 is derived from glioblastoma, and OVCAR8-ADR is a drug-resistant 

ovarian cancer cell line. This diversity was intended to ensure that the data were 

broadly applicable and captured functional microproteins relevant to various cancer 

types. 

 

The results of the CRISPR screens are summarized in Figure 4-9, which presents a 

volcano plot of the changes in sgRNA abundance between T3 (10 doubling times) and 

T1 (initial infection). In the plot, the x-axis represents the log2 fold change (log2FC), 

where smaller values indicate greater depletion of sgRNAs targeting specific 

microproteins, while the y-axis shows the -log10(p-value), representing the statistical 

significance of the depletion. Positive controls (red points), which included sgRNAs 

targeting essential genes such as ribosomal proteins and EIF proteins, were 

significantly depleted, with log2FC values ranging from -2 to -10, indicating that 

knockout of these genes severely impaired cell viability, as expected. Negative 

controls (gray points), consisting of non-targeting sgRNAs or those targeting the safe 

harbor AAVS1 locus, clustered near the origin, demonstrating a minimal impact on 

cell proliferation. Microprotein-targeting sgRNAs (blue points) exhibited 
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intermediate depletion levels, which were between those of the positive and negative 

controls. Many microproteins showed moderate to significant effects on cell 

proliferation, highlighting their important functional role. 

 

Interestingly, a subset of microproteins exhibited depletion levels comparable to the 

positive controls, with log2FC values approaching or even exceeding those of the 

essential genes. This suggests that these microproteins are critical for cell 

proliferation and may play roles as important as those of canonical essential genes. 

 

To identify conserved functional microproteins across different cancer types, we 

analyzed the overlap among the 150 most significant microproteins in each of the 

three cell lines. As shown in Figure 4-10A, approximately 50% of the microproteins 

were shared across all three cell lines, despite their diverse origins. This overlap 

suggests that a core set of microproteins may play a universal role in cancer biology. 

We highlight three examples of shared microproteins: 

ENSG00000290937_lncRNA_35, WBP1_uORF_36, and GPRC5A_dORF_50. As 

shown in Figure 4-10B, multiple sgRNAs targeting these microproteins consistently 

depleted all three cell lines over time (T1, T2, T3). Additionally, these microproteins 

were supported by solid immunopeptide evidence, further validating their existence 

and their functional relevance. These findings strongly suggest that these 

microproteins are essential for cell survival and may play a critical role in cancer 

progression. 
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Figure 4-9 NGS results of CRISPR data from three cell lines, MDA-MB-231 (A), 
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LN229 (B), and OVCAR8-ADR (C). Red dots represent positive controls (essential 

genes), blue dots represent microproteins, and gray dots represent negative controls. 

 

 

Figure 4-10 Comparison of CRISPR data across three cell lines. (A) Overlap of 

the top 150 significantly scored microproteins in each cell line. (B) Examples of 

CRISPR results for three microproteins. 
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4.3.7 Microproteins May Function Independently of Their Associated 

Canonical Proteins 

To explore whether microproteins function independently or in conjunction with their 

associated canonical proteins, we compared our CRISPR screening results with data 

from the DepMap project,185 where CRISPR screens target the entire canonical ORF. 

In contrast, our screening specifically targeted microproteins. As shown in Figure 4-

11B, we plotted the depletion scores for microprotein-targeting sgRNAs (x-axis) 

against those for their corresponding canonical ORFs (y-axis). Interestingly, we 

observed two distinct patterns: for some genes, the knockout of their canonical ORFs 

in DepMap did not significantly impact cell proliferation, but the knockout of their 

associated microproteins showed strong depletion effects (Zone 1). This suggests that 

these microproteins may have functional roles independent of their canonical proteins. 

Conversely, we also observed cases where the knockout of canonical ORFs had 

significant effects on cell proliferation, whereas the knockout of their associated 

microproteins did not show similar effects (Zone 2). These findings suggest that the 

functions of certain microproteins are independent and not exerted by regulating the 

activity of nearby canonical proteins. 
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Figure 4-11 Comparison of our CRISPR results targeting microprotein KOs with 

public data from DepMap. (A) CRISPR results for two microproteins as examples. 

(B) Scatter plot comparing fold change between DepMap data and our CRISPR data. 

The y-axis represents the scores of canonical proteins in DepMap, while the x-axis 

represents the scores of the corresponding microproteins (e.g., uORF/dORF) in our 

data. 
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4.4 Conclusion 

In this study, we conducted a comprehensive analysis of microproteins, identifying a 

total of 36,494 microproteins using immunopeptidomics across 86 datasets and over 

5,000 raw data files. By leveraging advanced proteomics tools and integrating 

classification methods, we demonstrated that microproteins originate from diverse 

sources, the majority of which are derived from lncRNAs. Our findings also reveal that 

many microproteins are located near oncogenes, suggesting potential roles in cancer-

related pathways. This highlights the importance of further investigating microproteins 

as potential regulators in tumorigenesis and cancer progression. 

 

We further validated the reliability of microprotein identification through detailed 

spectral quality assessments. With over 8,000 microproteins supported by at least two 

unique immunopeptides and over 18,000 microproteins associated with multiple PSMs, 

we demonstrated that the spectral quality of microprotein identification is comparable 

to that of canonical proteins. The case of the PTEN uORF microprotein,63 supported by 

nine unique immunopeptides, provides compelling evidence of the active translation 

and functional existence of microproteins. 

 

Our results highlight the advantages of immunopeptidomics over traditional tryptic 

digestion methods, particularly for identifying low-abundance and diverse peptides. 

The method's independence from trypsin cleavage patterns, combined with HLA 

diversity across samples, greatly enhances the coverage and discovery of novel 
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microproteins. Importantly, many previously reported microproteins with known 

biological functions were also identified in our dataset, serving as positive controls and 

further validating our approach. 

 

We also characterized microproteins in detail, finding that they are significantly shorter 

than canonical proteins (average length of 66 amino acids) and often possess 

hydrophobic tails that may make them more susceptible to degradation via the BAG6 

system. Interestingly, our analysis revealed a distinct length threshold of 29 amino acids, 

with microproteins preferentially exceeding this length, although the biological 

significance of this observation remains unclear. Conservation analysis further revealed 

that microproteins are more prevalent in mammals, with higher conservation in 

primates, suggesting that microproteins may have evolved alongside advanced 

biological functions in primates. 

 

To investigate the functional roles of microproteins, we performed CRISPR screening 

experiments in three cancer cell lines (MDA-MB-231, LN229, and OVCAR8-ADR) 

using a library of over 18,000 sgRNAs. Our results demonstrated that many 

microproteins play critical roles in cell proliferation, with a subset exhibiting effects 

comparable to canonical essential genes. Notably, approximately 50% of the most 

significant microproteins were shared across all three cell lines, indicating a conserved 

set of microproteins essential for cancer cell survival. Examples such as 

ENSG00000290937_lncRNA_35, WBP1_uORF_36, and GPRC5A_dORF_50 were 
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supported by both CRISPR data and immunopeptide evidence, further emphasizing 

their critical roles. 

 

Finally, our comparison of CRISPR results with DepMap KO data revealed that many 

microproteins exhibit independent functional roles that are not mediated by their nearby 

canonical proteins. This suggests that microproteins are not merely byproducts of 

canonical transcription and translation but rather represent a distinct layer of functional 

regulation within the proteome. 

 

In summary, we provide extensive evidence that microproteins are not only actively 

translated but also play critical and independent roles in various biological processes, 

including cancer progression. Our study highlights the importance of microproteins as 

a previously underexplored class of biomolecules with significant functional and 

therapeutic potential. Future studies should further investigate the mechanisms by 

which microproteins exert their functions, particularly in cancer and other diseases, to 

unlock their full biological and clinical implications. 
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Chapter 5. Overall conclusions and future perspectives 

My research project has systematically explored the hidden proteome, focusing on non-

canonical proteins such as small open reading frame-encoded peptides (SEPs), 

alternative proteins (AltProts), and cryptic immunopeptides. By integrating advanced 

mass spectrometry techniques, including data-independent acquisition (DIA) 

proteomics and immunopeptidomics, with bioinformatics and functional screening 

tools like CRISPR, we have addressed key challenges in identifying and characterizing 

these understudied biomolecules. The work presented here not only expands the 

boundaries of proteomics but also provides novel insights into their biological roles and 

therapeutic potential, particularly in developmental biology, immunology, and cancer 

research. 

 

In Chapter 2, we developed and optimized a DIA-based workflow for the enhanced 

discovery of AltProts in mouse cardiac development. Traditional data-dependent 

acquisition (DDA) methods have been instrumental in mapping the human proteome 

but often fall short in detecting low-abundance, non-canonical proteins like AltProts 

due to their stochastic precursor selection and higher rates of missing values. To 

overcome these limitations, we systematically compared four spectral library 

construction strategies—DDA-fractionated libraries, gas-phase fractionation (GPF)-

based libraries using DIA-Umpire and DIA-NN, and fully predicted libraries—and 

evaluated their performance using three DIA search engines. My results demonstrated 

that DIA outperforms DDA by achieving up to a twofold increase in AltProt 
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identification while reducing missing values by 50%. The use of predicted spectral 

libraries, generated via machine learning tools like Prosit and DIA-NN, proved 

particularly effective, offering high accuracy in retention time and fragmentation 

spectra without the need for extensive experimental fractionation, which is resource-

intensive. 

 

Applying this optimized DIA workflow to mouse heart samples from embryonic (E15.5) 

and adult (P42) stages, we identified over 50 differentially expressed AltProts, many of 

which were enriched in pathways related to cardiac development, such as protein 

synthesis, mitochondrial function, and cellular homeostasis. A notable example is 

ASDURF, an upstream open reading frame (uORF)-encoded AltProt, which we 

validated through parallel reaction monitoring (PRM), Western blotting, and 

overexpression studies. ASDURF's differential expression between embryonic and 

adult hearts suggests its regulatory role in cardiac maturation, potentially through 

modulating translation efficiency or interacting with canonical proteins. This chapter 

establishes a robust, reproducible framework for AltProt analysis, highlighting DIA's 

superiority in quantifying dynamic proteomic changes during development and 

providing a reference for future studies in organogenesis and disease models. 

 

Building on this foundation, Chapter 3 introduced a novel Pseudo-DIA Library Search 

Strategy to improve immunopeptidomics and neoantigen discovery. Immunopeptides, 

presented on major histocompatibility complex (MHC) molecules, are critical for 
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immune surveillance and represent promising targets for cancer immunotherapy. 

However, conventional DDA-based approaches suffer from limited sensitivity and 

depth, particularly for cryptic immunopeptides derived from non-canonical sources like 

sORFs. My Pseudo-DIA strategy integrates unrestricted DIA searches with predicted 

spectral libraries, enabling the identification of up to 3.8 times more immunopeptides 

than traditional methods across cell lines such as JY, 0D5P, and RA957. 

 

Mechanistic evaluations confirmed the strategy's reliability, with q-value distributions, 

spectral correlations, and motif analyses aligning closely with established benchmarks. 

By applying this method to public datasets, we identified 1,223 cryptic immunopeptides 

from 1,083 OpenProt IDs, with one-third originating from long non-coding RNA 

(lncRNA) regions. Many of these were linked to tumor-associated genes, such as the 

uORF of MORF4L2 and the intORF of ZNF146, showing differential expression in 

The Cancer Genome Atlas (TCGA) data and potential as neoantigens. Validation using 

independent datasets from cell lines like HCT116 and H358 further demonstrated the 

strategy's ability to detect mutation-derived neoantigens, such as those from CHMP7 

(p.A324T) and NAPA (p.A181V), with high spectral quality. 

 

To facilitate broader adoption, we developed a user-friendly executable tool for spectral 

library generation from MSFragger results, streamlining the workflow for 

immunopeptidomics research. This chapter underscores the power of Pseudo-DIA in 

expanding the immunopeptide landscape, offering new opportunities for personalized 
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immunotherapy by uncovering cryptic neoantigens that traditional methods overlook. 

In Chapter 4, we extended my analysis to large-scale identification and functional 

validation of microproteins using immunopeptidomics and CRISPR screening. By 

reanalyzing 86 datasets comprising over 5,000 raw mass spectrometry files, we 

identified 36,494 microproteins—one of the largest datasets to date—categorized by 

genomic origins (e.g., lncRNAs, uORFs, intORFs) and start codon usage 

(predominantly ATG, followed by CTG and GTG). Notably, around 3,000 

microproteins were located near oncogenes, suggesting their involvement in cancer 

biology. Spectral quality assessments, including q-value distributions and peptide-

spectrum matches (PSMs), confirmed the reliability of these identifications, with 

examples like the PTEN uORF supported by nine unique immunopeptides. 

 

Characterization revealed that microproteins are significantly shorter (average 66 

amino acids) than canonical proteins and often feature hydrophobic C-terminal tails, 

potentially facilitating degradation via the BAG6 system. A distinct length threshold at 

29 amino acids was observed, warranting further investigation. Conservation analysis 

across 100 species showed higher prevalence in mammals, particularly primates, 

indicating evolutionary specialization. 

 

To assess functionality, we constructed a CRISPR knockout (KO) library targeting over 

2,000 microproteins, selected based on TCGA expression and survival data. Screening 

in three cancer cell lines (MDA-MB-231, LN229, OVCAR8-ADR) identified many 
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microproteins critical for proliferation, with ~50% overlap across lines, including 

ENSG00000290937_lncRNA_35 and GPRC5A_dORF_50. Comparison with DepMap 

data revealed that some microproteins function independently of associated canonical 

proteins, as their KO effects did not correlate with canonical ORF disruptions. 

 

Figure 5-1 Diagrammatic Summary and Interconnections of the Three Research 

Projects. 

Overall, my research project advances our understanding of the hidden proteome by 

developing innovative methodologies that enhance the detection and characterization 

of SEPs, AltProts, and immunopeptides. The optimized DIA workflows in Chapters 2 

and 3 provide scalable tools for proteomics and immunopeptidomics, while Chapter 4's 

large-scale functional screening demonstrates the biological independence and 

relevance of microproteins. These findings challenge traditional proteome annotations 



 

159 

and highlight non-canonical proteins as key regulators in development, immunity, and 

disease. 

 

Looking forward, the field of microprotein research holds immense promise but 

requires continued exploration to fully unravel their complexities. First, mining new 

microproteins remains a priority. While my study identified over 36,000 microproteins, 

this likely represents only a fraction of the hidden proteome. Future efforts should 

explore additional potential microproteins by integrating multi-omics data, such as 

ribosome profiling (Ribo-seq) with advanced proteomics, to predict and validate sORFs 

in unannotated genomic regions. Seeking evidence from diverse perspectives is 

essential; for instance, Western blotting (WB) with custom antibodies could confirm 

protein expression in specific tissues or cell types, complementing mass spectrometry's 

high-throughput nature. Investigating subcellular localization using confocal 

microscopy and fluorescent tagging (e.g., GFP-fusions) would reveal where 

microproteins exert their functions—whether in mitochondria, lysosomes, or the 

nucleus—providing clues to their mechanisms. Furthermore, characterizing molecular 

structures through techniques like X-ray crystallography or cryo-electron microscopy 

(cryo-EM) could elucidate 3D conformations and interaction interfaces, facilitating 

drug design targeting microproteins. 

 

Second, delving deeper into microprotein functions is crucial. My CRISPR screens 

identified functional microproteins, but expanding these to more cell lines, tissues, and 
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disease models (e.g., patient-derived organoids) could uncover context-specific roles. 

High-throughput CRISPR activation/inhibition libraries might reveal gain-of-function 

phenotypes, complementing KO approaches. Studying clinical relevance, particularly 

with oncogenes, is imperative; for example, correlating microprotein expression with 

TCGA survival data or tumor progression markers could identify biomarkers for 

prognosis or therapy response. Given their proximity to oncogenes, microproteins may 

regulate pathways like RAS signaling or DNA repair, offering novel therapeutic targets. 

Finally, discovering neoantigens derived from microproteins represents a 

transformative opportunity in immunotherapy. Building on my Pseudo-DIA strategy, 

future work could integrate HLA typing with microprotein-derived peptide predictions 

to design personalized vaccines. Clinical trials testing microprotein neoantigens in 

cancer patients could validate their immunogenicity and efficacy, potentially 

revolutionizing treatments for immunotherapy-resistant tumors. 

 

In conclusion, my research project lays a strong foundation for non-canonical proteome 

research, but the journey is far from complete. By pursuing these perspectives, we can 

unlock the full potential of microproteins, bridging fundamental biology with 

translational applications in health and disease. 
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