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Abstract 
Neutrophils are frontline effectors of the innate immune system, rapidly mobilised in response to both 

inflammaƟon and microbial invasion. Their development from hematopoieƟc progenitors is a Ɵghtly 

regulated process involving lineage commitment, funcƟonal maturaƟon, and priming for rapid 

immune responses. Although key transcripƟonal and signalling pathways involved in neutrophil 

differenƟaƟon have been described, the contribuƟon of post-translaƟonal modificaƟons (PTMs) – 

criƟcal modulators of protein acƟvity, stability, and interacƟons – remains largely unexplored to date.  

This work presents the first comprehensive, unbiased characterisaƟon of global proteomic and PTM 

dynamics during neutrophil differenƟaƟon, using state-of-the-art mass spectrometry-based 

proteomics. By applying parallel enrichment strategies for ubiquiƟnated (di-Gly-modified) and 

phosphorylated pepƟdes, over ~6,000 proteins, ~30,000 ubiquiƟnaƟon sites, and ~14,000 

phosphorylaƟon events across defined stages of neutrophil development were quanƟfied. Moreover, 

potenƟal regulators of ubiquiƟnaƟon changes during neutrophil differenƟaƟon were interrogated 

using CRISPR-Cas9 technology to target the deubiquiƟnases (DUBs) in a phenotypic screen. 

These datasets reveal stage-specific paƩerns of PTM regulaƟon, implicaƟng a coordinated remodelling 

of signalling networks and effector funcƟons during differenƟaƟon. IntegraƟve bioinformaƟc analyses 

idenƟfied potenƟal candidate master regulators, including previously unrecognised E3 ligases, and 

deubiquiƟnases (DUBs), whose acƟvity or modificaƟon state strongly correlates with disƟnct 

differenƟaƟon phases. The targeted CRISPR-Cas9 phenotypic screen idenƟfied candidate DUBs that 

may parƟcipate in the regulaƟon of neutrophil differenƟaƟon. These included YOD1, BAP1, COPS6, 

VCPIP1, USP7, USP47, OTUB2, and USP44. Several of these hits are currently under experimental 

validaƟon to assess their mechanisƟc role in neutrophil lineage specificaƟon and funcƟon. Moreover, 

increasing levels of NLRP3 inflammasome components were detected during neutrophil 

differenƟaƟon, suggesƟng that NOD-like receptor signalling pathways may contribute to neutrophil 

development.  

These findings provide a high-resoluƟon dynamic molecular PTM landscape of neutrophil 

differenƟaƟon, highlighƟng the underappreciated role of protein phosphorylaƟon and ubiquiƟnaƟon 

in shaping innate immune cell fate. This work opens new avenues towards beƩer understanding 

neutrophil biology and developing strategies to therapeuƟcally modulate immune responses in 

inflammatory and infecƟous diseases. 
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Chapter 1: IntroducƟon 

1.1. Neutrophil biology 
Neutrophils, also referred to as polymorphonuclear leukocytes, are a type of white blood cell that 

primarily contributes to the innate immune system. They are generally the largest populaƟon of 

leukocytes, comprising approximately 50% of all white blood cells, and perform a variety of funcƟonal 

responses to different sterile and microbial sƟmuli (Figure 1.1). These acƟviƟes include phagocytosis, 

reacƟve oxygen species (ROS) producƟon, neutrophil extracellular trap (NET) generaƟon, and cytokine 

producƟon and detecƟon. They are typically the first leukocytes recruited to sites of inflammaƟon to 

clear pathogens and/or cellular debris. As such, this implicates neutrophils in both inflammaƟon and 

the adapƟve immune system. There is growing evidence that suggests neutrophils are transcripƟonally 

acƟve and can adapt an appropriate response, thus forming heterogenous populaƟons1. Moreover, 

neutrophils are implicated in various immune disorders and diseases. However, the molecular 

mechanisms that underpin these acƟviƟes and roles of neutrophils remain unclear. 

1.1.1. Neutrophil effector funcƟons 
1.1.1.1. Neutrophil migraƟon and infiltraƟon 

CirculaƟng neutrophils are recruited to inflamed or infected Ɵssue. Neutrophils express several G-

protein coupled receptors (GPCRs) on their cell surface membrane (CSM) that allow detecƟon of 

different chemokine classes, enabling chemotaxis2. Neutrophils must first detect and interpret 

extracellular inflammatory signals such as chemokines and cytokines. Neutrophils will tether, roll, and 

adhere to the walls of blood vessels in response to such inflammatory agents, priming the neutrophil 

for transmigraƟon and Ɵssue infiltraƟon3. This involves various biomechanical acƟons, such as 

cytoskeletal rearrangement and regulaƟon of adhesion molecules, that allow neutrophils to migrate 

across boundaries and invade Ɵssue4, where they subsequently perform their effector funcƟons at 

target sites. 

Neutrophils integrate various exogenous cues via intracellular signalling networks. This typically 

involves acƟvaƟon of nuclear factor kappa-light-chain-enhancer of acƟvated B cells (NF-κB), 

phosphoinosiƟde 3-kinase/protein kinase B (PI3K/AKT), mitogen-acƟvated protein kinase (MAPK), 

Janus kinase/signal transducer and acƟvator of transcripƟon (JAK/STAT), and/or small GTPase signalling 

pathways5,6. These signalling pathways involve proteins that undergo expression and/or post-

translaƟonal modificaƟons (PTMs) to achieve an appropriate cellular response. For example, protein 
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phosphorylaƟon, ubiquiƟnaƟon, acetylaƟon, and methylaƟon play key roles in determining the 

biological consequences of NF-κB signalling7. 

Figure 1.1 Overview of neutrophil development, circulaƟon, and effector funcƟons. Neutrophil differenƟaƟon 
occurs in the bone marrow. Typically, mature neutrophils egress from the bone marrow and enter circulaƟon. In 
response to chemotacƟc sƟmuli, neutrophils migrate to sites of inflammaƟon. CirculaƟng neutrophils 
transmigrate across vascular epithelium, infiltraƟng the Ɵssue space. In response to microbial threats and sterile 
challenges, neutrophil can perform several effector funcƟons. This figure was created using BioRender. 



1.1. Neutrophil biology 

 
26 

As migratory cells, neutrophils typically become polarised and form a leading and lagging edge8. This 

involves the asymmetric distribuƟon of cytoskeletal components that provides biomechanical forces 

and allows for directed cellular movement in response to chemotacƟc sƟmuli. Various pathways 

mediate the arrangement of cytoskeletal and signalling proteins, notably those involving the Rho 

family of small GTPases such as Ras-related C3 botulinum toxin substrate 1 (RAC1), cell division control 

protein 42 homolog (CDC42), and transforming protein RHOA9-11.  

1.1.1.2. Phagocytosis and anƟmicrobial acƟviƟes 

Upon recogniƟon of a microbial or sterile challenge, neutrophils can engulf and eliminate pathogens 

and cellular debris. Neutrophils engage pathogenic targets through various receptors, leading to 

signalling pathways that promote phagocytosis. ExploiƟng their flexible morphology, neutrophils form 

a phagosome, a disƟnct organelle that engulfs and internalises pathogenic material. Phagosomes can 

then fuse with endosomal and lysosomal compartments, which contain digesƟve enzymes and 

reacƟve molecular species, resulƟng in the degradaƟon of the phagosome contents. Again, this 

involves precise signalling, mediated by receptors, and coordinated biomechanical changes for 

successful phagocytosis12,13.  

SƟmulaƟon of neutrophils via phagocytosis, pathogenic material, or other immune sƟmuli can acƟvate 

the nicoƟnamide adenine dinucleoƟde phosphate (NADPH) oxidase complex (NOX) and produce 

reacƟve oxygen species (ROS) that aid in the killing of phagocytosed or external threats14. Various 

reacƟons occur, resulƟng in a diverse range of ROS types that can target a broad spectrum of 

pathogens.  

Moreover, neutrophils can produce anƟ-microbial pepƟdes that have unique properƟes and can 

modulate immune response and signalling15. In combinaƟon with various proteins that perform 

anƟmicrobial acƟviƟes, such as the proteolyƟc enzymes neutrophil elastase (ELANE) and cathepsin G 

(CTSG), the neutrophil has a diverse repertoire of agents at its disposal for eliminaƟng threats. 

Neutrophils are granulocytes, named so due to the presence of membrane-bound vesicles called 

granules. These specialised organelles contain combinaƟons of anƟmicrobial and cytotoxic molecules 

and proteins important in neutrophil effector funcƟons. Granules can either fuse with phagosomes to 

facilitate eliminaƟon of phagosomal cargo or neutrophils can release granule contents via exocytosis 

in order to destroy extracellular pathogens and coordinate inflammatory responses16-18.  

1.1.1.3. NETosis 

Neutrophil extracellular traps (NETs) are a disƟnct anƟmicrobial behaviour exhibited by neutrophils. 

NETs consist of neutrophil-derived DNA (chromaƟn), RNA, and anƟmicrobial proteins, which are then 
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released from the neutrophil via a process known as NETosis, to capture pathogenic microbes. 

Neutrophils performing NETosis can either maintain cellular viability or undergo programmed cell 

death.  

Classical or suicidal NETosis is a type of programmed cell death (PCD) that involves neutrophils 

releasing granule contents, decondensing chromaƟn, and permeabilising the cell surface membrane19. 

DisƟnct from other types of PCD, such as apoptosis, NETosis does not involve caspase acƟvaƟon. 

However, NETosis appears mechanisƟcally similar to pyroptosis and necroptosis, maintaining features 

such as permeabilisaƟon mechanisms and signalling pathways that lead to PCD20,21.  

Vital NETosis involves neutrophils releasing NETs and maintaining cell viability, resulƟng in neutrophil 

cells lacking nuclei yet capable of performing their effector funcƟons, such as phagocytosis and 

chemotaxis22.  

1.2. Neutrophil differenƟaƟon 
To become specialised cells and professional phagocytes, neutrophils must first undergo 

differenƟaƟon. HaematopoieƟc stem cells (HSCs) in the bone marrow develop into common myeloid 

progenitors (CMPs), then granulocyte-monocyte progenitors (GMPs), which eventually differenƟate 

into neutrophils23, as well as monocytes, dendriƟc cells, macrophages, eosinophils, or basophils. An 

overview of the neutrophil differenƟaƟon process, including key transcripƟon factor (TF) and select 

protein marker/receptor changes, is depicted in Figure 1.2. 

TranscripƟonal programs underpinning differenƟaƟon towards neutrophil lineages begin in progenitor 

cells. The CCAAT-enhancer-binding protein (C/EBP) family of TFs play a pivotal role in modulaƟng 

transcripƟonal acƟvity as neutrophils mature form GMPs. Lymphoid enhancer factor 1 (LEF1) 

expression in progenitor cells transacƟvates C/EBPα, which, in combinaƟon with growth factor 

independence 1 (GFI1), promote expression of granulocyte-specific genes, such as the granulocyte-

colony sƟmulaƟng factor (G-CSF) receptor (GCSFR, CD114)24,25. GFI1 also reinforces response to G-CSF 

via the MAPK signalling pathway26. C/EBPε expression is crucial during the preneutrophil/myelocyte 

stage, interacƟng with reƟnoblastoma (RB1) and transcripƟon factor E2F1 proteins to prevent 

proliferaƟon and encourage terminal differenƟaƟon, and is downregulated in mature neutrophils27. 

Closer to mature neutrophils, C/EBPα levels decrease while C/EBPβ and C/EBPδ expression increases. 

TranscripƟon factor PU.1, C/EBPγ, and C/EBPδ are conƟnuously expressed as neutrophils mature. 

Furthermore, C/EBPβ has been shown to be important in emergency granulopoiesis28, the rapid 

producƟon of neutrophils in response to severe inflammaƟon or infecƟon. Other TFs, such as runt-

related transcripƟon factor 1 (RUNX1) and interferon regulatory factor 8 (IRF8), modulate gene 

expression programs that determine neutrophil commitment1,29,30. TranscripƟon factor RELB, 
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interferon regulatory factor 5 (IRF5), and transcripƟon factor JUNB also demonstrate increased 

expression in mature neutrophils1.  

Despite the idenƟficaƟon and characterisaƟon of key transcripƟon factors and target genes that are 

essenƟal for neutrophil differenƟaƟon, there remains a limited understanding of the molecular details 

on the protein level that underpin neutrophil differenƟaƟon and maturaƟon. 
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 Figure 1.2 Stages of neutrophil differenƟaƟon and corresponding Ɵmeline of ex vivo differenƟaƟon of HoxB8 progenitor 
cells. Neutrophil differenƟaƟon primarily occurs in the bone marrow where hematopoieƟc stem cells (HSCs) undergo 
transcripƟonal and molecular changes towards granulocyte-monocyte progenitors (GMPs), subsequently myeloblasts, and 
finally mature neutrophils. Both band cells (immature) and mature neutrophils are capable of egress from the bone marrow. 
Key TFs parƟcipate in programmes that drive commitment towards the neutrophil lineage. The different stages of neutrophil 
differenƟaƟon are associated with the expression of protein markers and cell surface receptors to facilitate the biological 
funcƟons of neutrophils. Coloured boxes indicate the stage in which proteins are more expressed/acƟve. This figure was 
created using BioRender. 
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1.2.1. Neutrophil cell models of differenƟaƟon 
Neutrophils are generally a complex cell type to examine due to their short lifespan and tendency to 

become acƟvated in response to cellular debris and arƟficial extracƟon. The neutrophil differenƟaƟon 

and maturaƟon process primarily occurs in the bone marrow, and so studying this process poses 

several challenges, from isolaƟng sufficient material to recapitulaƟng the environment in which 

neutrophil differenƟaƟon takes place. As such, in vitro and ex vivo cellular models are required31. 

1.2.1.1. HoxB8 

A model system of immortalised mouse myeloid HoxB8 progenitor cells can be used to invesƟgate 

neutrophil differenƟaƟon32. These cells contain a modified version of the TF homeobox B8 (HoxB8) 

that is regulated by an estrogen receptor binding domain (ERBD). Estradiol can bind to the ERBD and 

maintain HoxB8 myeloid progenitors in a proliferaƟve state. Following estradiol removal and G-CSF-

induced ex vivo differenƟaƟon for several days, the progenitor cells become non-proliferaƟng 

neutrophils. The stages of ex vivo differenƟaƟon follow a similar Ɵmeline to primary neutrophils (Figure 

1.2). The HoxB8 model provides a means to not only generate more biological material through 

expansion, but also to introduce geneƟc perturbaƟons through molecular biology approaches such as 

lenƟviral transducƟon33. This facilitates characterisaƟon of the neutrophil differenƟaƟon process and 

subsequent neutrophil effector funcƟons such as phagocytosis, NETosis, and migraƟon, in 

physiologically relevant and geneƟcally perturbed scenarios34. For example, HoxB8 neutrophils have 

been shown to recapitulate high-affinity immunoglobulin gamma Fc receptor (FCγR) and integrin 

signalling pathways in response to appropriate sƟmulaƟon, leading to ROS producƟon, degranulaƟon, 

and chemotaxis, comparable to primary neutrophils35.  

1.2.1.2. HL60 

The human leukaemia cell line HL60 shows neutrophilic promyelocyƟc morphology. DifferenƟaƟon of 

HL60 cells can be induced by various chemicals, such as dimethyl sulfoxide (DMSO) and all-trans 

reƟnoic acid (ATRA), resulƟng in neutrophil-like cells (NLCs) that share funcƟonal properƟes with those 

of primary neutrophils31,36. Despite aƩenuated capabiliƟes of HL60-derived NLCs compared to primary 

neutrophils, differenƟated HL60 (dHL60) cells have been used to invesƟgate several neutrophil 

behaviours, for example, chemotaxis37, degranulaƟon38, NETosis39, and phagocytosis40. HL60 cells are 

relaƟvely easy to manipulate in culture and can be geneƟcally modified to introduce perturbaƟons41,42, 

interferences43, or overexpression/acƟvaƟon44,45 of genes, through various molecular biology 

techniques such as lenƟviral transducƟon and liposome transfecƟon.  

HL60 cells prove to be a valuable model of neutrophil biology for in vitro experimentaƟon. Research 

involving HL60 cells has primarily focused on immune cell effector funcƟons, comparing differenƟaƟon 
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protocols and robustness of the model to physiological neutrophils, or simply used HL60 cells as a 

model of promyelocyƟc leukaemia46. CharacterisaƟon of HL60 differenƟaƟon into NLCs has 

demonstrated changes at the transcripƟonal level, uƟlising approaches such as RNA-seq47,48. Time-

resolved proteomic characterisaƟon is the logical next step, being able to capture the diversity and 

complexity of proteoforms that may be relevant to neutrophil differenƟaƟon, and, more broadly, 

haematopoiesis. Recent work has focused on proteomic profiling of NETs produced by dHL60 cells49. 

ValidaƟon of effector proteins idenƟfied using such proteomic approaches would improve 

understanding of the underlying molecular mechanisms.  

1.3. Post-translaƟonal protein modificaƟons 
Proteins are the most diverse biological macromolecule, owing to funcƟonal and structural variaƟon 

that arises from different mechanisms such as alternaƟve splicing. PTMs are alteraƟons that are 

introduced on amino acid side chains or protein termini, leading to further diversity in structure and 

funcƟon (Figure 1.3). PTMs are typically added to proteins via enzymaƟc reacƟons. This can involve 

non-proteinaceous modificaƟons, such as acetylaƟon, methylaƟon, glycosylaƟon, and 

phosphorylaƟon. In contrast, other pepƟdes or protein components can be conjugated to a target 

protein. For example, ubiquiƟnaƟon and SUMOylaƟon involve the conjugaƟon of a small protein to a 

protein of interest, via an isopepƟde bond. 

PTMs can affect many aspects of protein characterisƟcs, such as structure, funcƟon, cellular 

localisaƟon, and stability. PTMs such as deamidaƟon, citrullinaƟon, acetylaƟon, and methylaƟon have 

been demonstrated to be induced by pathological sƟmuli in neutrophils, regulaƟng disƟnct signalling 

pathways50.  
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1.3.1. The ubiquiƟn system 
1.3.1.1. The role of ubiquiƟnaƟon in protein stability and turnover 

UbiquiƟn (Ub) is a small protein that is expressed in virtually all eukaryoƟc cells and can be conjugated 

to other proteins and itself, forming either monoubiquiƟnated sites or Ub chains. ConjugaƟon to target 

proteins occurs via an enzymaƟc cascade consisƟng of E1 ubiquiƟn-acƟvaƟng, E2 ubiquiƟn-

conjugaƟng, and E3 ubiquiƟn-protein ligase enzymes, whereby Ub becomes covalently linked to 

typically lysine side chains (Figure 1.4A). Further ubiquitination can occur on already-conjugated Ub, 

resulting in chains with diverse architectures and constituents; additional ubiquitination can occur on 

several lysine residues on the surface of ubiquitin protein, and ubiquitin-like proteins such as small 

ubiquitin-like Modifier (SUMO) can be conjugated to proteins or incorporated into chains. These 

variable Ub modificaƟons can be cleaved from protein substrates via deubiquiƟnases (DUBs). The 

opposing acƟviƟes between E3 ligases and DUBs can determine the ubiquiƟnaƟon status of a protein 

and its fate, through modulated structure, funcƟon, and stability.  

UbiquiƟnaƟon is a PTM that typically marks a protein for degradaƟon, but can also affect a protein’s 

cellular localisaƟon, acƟvaƟon status, and protein-protein interacƟons, depending on where the 

Figure 1.3 Examples of protein post-translaƟonal modificaƟons (PTMs). This figure was created using BioRender. 
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ubiquiƟnaƟon is aƩached and the type of Ub linkages and chains present on the protein (Figure 1.4B). 

PolyubiquiƟn chains can consist of single or mixed linkage types, in linear or branched configuraƟons, 

and certain linkage types are generally associated with parƟcular biological consequences51,52. For 

example, K11 and K48 Ub linkages are typically associated with protein degradaƟon, K6, K27, and K63 

with DNA damage, and K27 and K33 with cellular signalling. K27 and K63 are also involved in anƟ-viral 

immunity and anƟ-bacterial autophagy, respecƟvely53. UƟlisaƟon of different linkage types and 

paƩerns acts as a code that can be deciphered and interpreted by other cellular components to bring 

about an appropriate response. Furthermore, although lysine side chains are the canonical site for Ub 

conjugaƟon, there is a newfound appreciaƟon of non-lysine ubiquiƟnaƟon on serine, cysteine, and 

threonine side chains and N-terminal amino groups, as well as ubiquiƟnaƟon of non-proteinaceous 

substrates, all of which may have diverse biological significance54.  

1.3.1.2. Proteasome- versus lysosome- mediated degradaƟon 

The primary role of protein ubiquiƟnaƟon is to target proteins for degradaƟon. This can occur through 

two main degradaƟon pathways: the proteasomal and lysosomal pathways (Figure 1.4C). The laƩer 

can be further divided into the endolysosomal and autophagosome pathways. UbiquiƟnaƟon plays 

fundamental roles in protein degradaƟon, irrespecƟve of the degradaƟon pathway55. Protein 

degradaƟon facilitates the recycling of protein components, as well as maintaining homeostaƟc 

balance within the cell.  

The proteasome (26S) is a large protein complex consisƟng of different protein subunits forming a core 

(20S) and a regulatory (19S) parƟcle. Proteins marked for degradaƟon (typically K48 

polyubiquiƟnaƟon) are unfolded and inserted into the core parƟcle, where mulƟple proteolyƟc sites 

are found. AlternaƟvely, the lysosomal pathway involves fusion with lysosomal compartments that 

contain proteolyƟc enzymes. Cargo marked for degradaƟon via the lysosomal pathway can either 

originate from endocytosis, where proteins in the plasma membrane can be recycled, or from 

autophagosomes, organelles that form around protein aggregates or other organelles, which can be 

otherwise incompaƟble with the proteasomal or endolysosomal pathways56.  
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 Figure 1.4 UbiquiƟnaƟon is a complex post-translaƟonal modificaƟon. (A) UbiquiƟn is conjugated to protein targets via an 
enzymaƟc cascade, ending in E3 ubiquiƟn-protein ligases. UbiquiƟn is removed form substrates via deubiquiƟnases (DUBs). 
(B) UbiquiƟn can be added to proteins in various configuraƟons and combinaƟons. Different linkage types can lead to various 
biological consequences. (C) DegradaƟon-associated ubiquiƟnaƟon can involve the proteasomal or lysosomal degradaƟon 
pathways. This figure was created using BioRender. 
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1.3.1.3. TargeƟng the ubiquiƟn system and deubiquiƟnases for therapeuƟc intervenƟon  

The ubiquiƟn-proteasome system (UPS) and its abnormal acƟvity have been linked to several 

pathologies, including neurological and neoplasƟc diseases. Inhibitors of the proteasome, such as 

Bortezomib, showed iniƟal success in the treatment of mulƟple myeloma and mantle cell lymphoma57. 

However, prolonged use can lead to toxicity and drug resistance, and drug usage was limited to 

haematological malignancies. Due to the ubiquitous nature of the UPS in virtually all cell types, 

targeƟng and inhibiƟng the proteasome is likely to have undesirable side effects.  

DUBs are a large family of proteases that can recognise and cleave Ub from ubiquiƟnated substrates 

to regulate their behaviours and associated cellular pathways. The main classes of DUB enzymes 

include ubiquiƟn carboxyl-terminal hydrolases (UCH), ubiquiƟn-specific proteases (USP), ovarian 

tumour domain proteins (OTU), Josephin Ataxin-3–like proteins (MJD), MIU-containing new DUB 

family (MINDY), zinc-finger ubiquiƟn protease 1 (ZUP1/ZUFSP), and JAB1/MPN/Mov34 

metalloenzymes (JAMMs)58. DUB acƟvity is dependent on several factors, such as protein-protein 

interacƟons, subcellular localisaƟon, expression levels, PTMs, and response to intracellular and 

extracellular cues59,60. DUBs may also show preference for specific substrates, types of ubiquiƟn 

linkages, and/or ubiquiƟn chain architectures58,61, the details of which are unclear for many DUBs. 

Moreover, DUBs are essenƟal in maintaining the available Ub pool by processing Ub precursors and 

recycling Ub chains, necessary for cellular homeostasis and response to sƟmuli62,63. 

DUBs have recently become aƩracƟve drug targets relevant to various diseases58,64. GeneƟc 

perturbaƟon and/or chemical inhibiƟon of DUBs have been shown to alleviate pathological 

phenotypes in various disease contexts such as cancer65. Despite the limited understanding of DUB 

substrate specificity for the majority of DUBs66, selecƟve inhibitors for certain DUBs have been 

developed, some of which are currently in clinical trials67. Unique structural features and defined 

catalyƟc domains within a DUB facilitate the development of selecƟve and potent chemical inhibitors, 

providing opportunity for the advancement of therapeuƟc agents for DUB-associated disease contexts. 

Furthermore, drug selecƟvity can leverage Ɵssue- or cell-specific expression or acƟvity of a target 

DUB68; for example, a specific DUB or DUB variant may exact its pathological acƟvity within a certain 

type of cell, and so its inhibiƟon may reduce the risk of unwanted off-target effects. 

Furthermore, new technologies that leverage the funcƟons of Ub processing enzymes demonstrate 

innovaƟve therapeuƟc opportuniƟes to target proteins for which effecƟve drugs are unavailable or 

challenging to develop. Molecular glue degraders and proteolysis-targeƟng chimeras (PROTACs) 

facilitate the interacƟon between a protein substrate and E3 ligase, promote substrate ubiquiƟnaƟon, 

and enable protein degradaƟon via the UPS system56. In contrast, deubiquiƟnase-targeƟng chimeras 
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(DUBTACs) stabilise their target protein via the recruitment of DUB(s) that remove degradaƟve 

ubiquiƟnaƟon69. Development of these molecules presents novel approaches in alleviaƟng disease 

phenotypes by modulaƟng aberrant, pathological protein funcƟon or stability70.  

1.3.2. The phosphorylaƟon system 
1.3.2.1. The role of phosphorylaƟon in protein regulaƟon and funcƟon 

Protein phosphorylaƟon can result in diverse biological responses (Figure 1.5). PhosphorylaƟon 

typically occurs on serine, threonine, and tyrosine residues within proteins, introducing negaƟve 

charges that can affect the local and global conformaƟon of a protein. PhosphorylaƟon can occur on 

hisƟdine and aspartate residues; however, this is less common due to instability. PhosphorylaƟon can 

have context- and protein-specific consequences, such as altering the acƟvaƟon status of a protein or 

modulaƟng protein-protein interacƟons71,72. In some instances, protein phosphorylaƟon can affect the 

stability of a protein and potenƟally mediate its degradaƟon73.  

Similar to the Ub system, there are PTM enzymes that facilitate the addiƟon or removal of phosphate 

groups to amino acid side chains. Kinases catalyse protein phosphorylaƟon, while phosphatases cleave 

phosphate groups from protein substrates. These processes have been shown to occur in an enzyme-

substrate specific manner, where enzymes recognise amino acid moƟfs contained within protein 

targets and deposit or remove phosphate groups74.  

Kinases parƟcipate in several cellular processes such as cell cycle regulaƟon, cellular growth, division, 

and proliferaƟon. For example, cyclin-dependant kinases (CDKs) are key enzymes that parƟcipate in 

phosphorylaƟon cascades and signalling pathways that control cell cycle stage75. During differenƟaƟon, 

these pathways can be modulated through various means such as extracellular cues binding to surface 

receptors, resulƟng in signal transducƟon that fine-tunes appropriate pathway acƟvaƟon to enable cell 

specialisaƟon programmes and modulate cell potency. The balance between kinase and phosphatase 

acƟvity is necessary to determine the fate of protein acƟviƟes within the cellular environment suitable 

to the developmental stages of a cell.  
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1.3.3. The role of PTM in neutrophil biology 
1.3.3.1. UbiquiƟnaƟon 

There are several biological processes involved in neutrophil biological funcƟons wherein protein 

ubiquiƟnaƟon contributes. 

Neutrophils are migratory cells. They require cytoskeletal remodelling to allow them to tether, roll, 

adhere, crawl, and transmigrate across epithelial membranes to infiltrate inflamed Ɵssues in response 

to chemotacƟc signals3. These biomechanical processes require coordinaƟon of several structural and 

funcƟonal proteins, such as acƟn/acƟn-associated proteins and matrix-digesƟng proteases76, 

respecƟvely. These funcƟonal responses can, in part, result from the acƟvaƟon of signalling pathways 

that involve small GTPases4,77. Studies have shown ubiquiƟnaƟon to play a key role in regulaƟng small 

GTPase acƟvity78. For example, ubiquiƟnaƟon of RHOA and RAC1 can regulate protein abundance and 

consequently affect cytoskeleton dynamics and cell migraƟon79,80.  

Neutrophils become acƟvated in the presence of different sƟmuli such as cytokines and pathogens. 

One study demonstrated increased ubiquiƟn-specific protease (USP) 17 expression upon IL-8 

Figure 1.5 PhosphorylaƟon can modulate protein structure and funcƟon. Phosphate groups are covalently aƩached to amino 
acid side chains, typically serine, threonine, and tyrosine, via the acƟon of kinases, and removed through phosphatases. 
Phosphorylated proteins can show diverse biological consequences. This figure was created using BioRender. 
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treatment in neutrophils81, suggesƟng the UPS may play a role in neutrophil acƟvaƟon. USP17 was 

shown to regulate chemokine-induced subcellular relocalisaƟon of the small GTPases RHOA, RAC, and 

CDC4281. The DUB OTU domain-containing protein 1 (OTUD1) was idenƟfied to regulate the 

polarisaƟon and secretory phenotype of Ɵssue-infiltraƟng neutrophils (TINs) in the context of 

periodonƟƟs82.  

Neutrophils release NETs as a means to sequester pathogenic threats. UbiquiƟnaƟon was 

demonstrated to play a role in NETosis. The degradaƟon of pepƟdylarginine deiminase 4 (PAD4) 

through increased levels of ubiquiƟnaƟon and targeƟng to the proteasome prevented NETosis, as 

observed in a pyelonephriƟs mouse model of Escherichia coli infecƟon83. The role of PAD4 

ubiquiƟnaƟon in NETosis inhibiƟon was also observed in the context of sepsis84. The associaƟon 

between (defects in) ubiquiƟnaƟon and NETosis has been invesƟgated in the context of other human 

disease85, with examples including proliferaƟve glomerulonephriƟs and systemic lupus erythematosus 

(SLE). Protein components of NETs such as myeloperoxidase (MPO) were demonstrated to be 

ubiquiƟnated, and these NETs or free ubiquiƟn were shown to sƟmulate monocyte-derived 

macrophages and modulate cytokine producƟon86. The release of ubiquiƟnated proteins during 

NETosis has been suggested to play a role in immune signalling. 

Neutrophil cells naturally consist of an abundance of specialised compartments known as granules, 

which are funcƟonally similar to lysosomes. These compartments contain hydrolyƟc enzymes and ROS-

producing enzymes, which can be released into the extracellular environment in response to microbial 

threats. UbiquiƟnated proteins are detected in primary (azurophilic) granules, but not secondary 

(specific) granules in mature neutrophils87. UbiquiƟnaƟon may be a means for neutrophils to 

differenƟate between different granule types. How ubiquiƟnaƟon contributes to granule funcƟons and 

neutrophil differenƟaƟon remains unclear.  

Key stem cell transcripƟon factors such as c-Myc, Oct3/4, Sox2, and Klf4 have been shown to be 

regulated through ubiquiƟnaƟon88. The UPS also contributes to regulaƟng stem cell funcƟon in muscle 

Ɵssue89 and bone formaƟon90. Within the context of red blood cells, the E3 ubiquiƟn ligase FBXO11 

was shown to facilitate erythropoiesis through degradaƟon of bromo adjacent homology domain 

containing 1 (BAHD1), inhibiƟng transcripƟonal repression of erythroid genes91. A study idenƟfied a 

SUMO protease (the DUB equivalent for SUMOylated proteins) affecƟng ATRA-induced differenƟaƟon 

of an acute myeloid leukaemia (AML) cell model. NB4 is a human acute promyelocyƟc leukaemia (APL) 

cell line that is used in myeloid research. Stable knockdown of sentrin-specific protease 5 (SENP5), a 

deSUMOylaƟng enzyme, in NB4 cells demonstrated decreased CD11b expression and cell viability 

upon ATRA-induced differenƟaƟon92.  
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1.3.3.2. PhosphorylaƟon 

PhosphorylaƟon has been implicated in various contexts associated with neutrophil biology, from cell 

signalling pathways to transcripƟonal regulaƟon. For example, sƟmulaƟon of neutrophils with G-CSF 

leads to acƟvaƟon of JAK/STAT, MAPK, PI3K/AKT, and mammalian target of rapamycin (mTOR) 

signalling pathways93. The JAK/STAT pathway parƟcipates in innate immune funcƟons, response to 

cytokines and interferons, and is involved in neutrophil acƟvaƟon94. The mTOR signalling pathway, 

which involves phosphorylaƟon of several key proteins such as AKT, protein kinase C, and other 

kinases95, was shown to affect NET formaƟon in acƟvated neutrophils96. Other pathways involved in 

innate immune signalling include the NF-κB signalling pathway, which consists of several kinases 

parƟcipaƟng in inflammatory signal transducƟon97. NF-κB signalling was demonstrated to be involved 

in neutrophil acƟvaƟon and gene expression98. Furthermore, a family of essenƟal regulatory TFs in 

neutrophil differenƟaƟon and funcƟon are the C/EBP family. Most of these TFs have been previously 

reported to be phosphorylated, with more studies focusing on C/EBPβ phosphorylaƟon. These 

phosphorylaƟon events are thought to regulate C/EBP DNA binding99-102. C/EBPβ is found downstream 

of MAPK pathway proteins, which can also elicit various transcripƟonal responses in neutrophils to a 

variety of sƟmuli involving protein phosphorylaƟon events103.  

Moreover, 6-phosphofructo-2-kinase (PFK2) can be acƟvated through protein phosphorylaƟon, and its 

associaƟon with NOX2 – a protein complex involved in ROS producƟon and innate immunity – was 

seen to affect glycolysis and support energy metabolism104,105. These are a few examples of how 

protein phosphorylaƟon contributes to neutrophil effector funcƟons and biological processes.  

1.4. Neutrophil pathophysiology 
Due to their abundance and specialised funcƟons, neutrophils are essenƟal cells in health and 

physiology. AberraƟons to their usual funcƟons and behaviours can have detrimental systemic effects 

leading to disease and disorder (Figure 1.6). 

Neutropenia occurs when there is a reducƟon in the levels of funcƟonal neutrophils within the body 

due to changes in neutrophil producƟon, eliminaƟon, distribuƟon in the body, or a combinaƟon 

thereof. This leads to an increased suscepƟbility of an individual to pathogens and infecƟon. 

Neutropenia is a complex disease that may be congenital, potenƟally caused by germline or de novo 

mutaƟons, or acquired through the development of autoimmune disorders, nutriƟonal deficiencies, 

or infecƟon106. Due to the complexity of neutropenia pathogenesis, geneƟc causes or predisposiƟon 

may not explain all cases of neutropenia, and may involve epigeneƟc regulaƟon, transcripƟonal 

dysregulaƟon, or proteomic alteraƟons that contribute to disease development.  
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Within the context of cancer and tumour biology, tumour-associated neutrophils (TANs) have been 

shown to parƟcipate in the tumour microenvironment. Mature neutrophils promote anƟ-tumour 

acƟviƟes through clearance of cellular debris and immune signalling to recruit other immune cell 

types, such as T-cells, to cancerous Ɵssue. Contrarily, immature neutrophils exhibit 

immunosuppressive acƟviƟes and hinder anƟ-tumour acƟviƟes. Deltex E3 ligase 2 (DTX2) in 

hepatocellular carcinoma was shown to promote recruitment of TANs exhibiƟng tumour-promoƟng 

phenotypes107, indicaƟng interplay between the UPS, cancer biology, and immune modulaƟon. 

Neutrophils have also been shown to be reprogrammable by mesenchymal cells, leading to an 

immunosuppressive state thereby promoƟng metasƟsis108. 

CharacterisƟc of a leukocyte, neutrophils parƟcipate in the development and exacerbaƟon of various 

immune and autoimmune disorders and diseases. Neutrophils are highly abundant in the body and 

are recruited to sites of inflammaƟon. Upon acƟvaƟon, they release anƟ-pathogenic and 

immunomodulatory agents. However, excessive or inappropriate acƟvaƟon can lead to unintended 

detrimental effects on nearby Ɵssues. A subset of neutrophil populaƟons called ‘low-density 

neutrophils’ (LDNs) were idenƟfied in paƟents with rheumatoid arthriƟs (RA) and SLE. These LDNs have 

characterisƟcs of both immature and mature neutrophils, leading to abnormal neutrophil behaviours, 

notably altered NETosis, ROS producƟon, and apoptosis109. NETs are typically associated with 

sequestraƟon and protecƟon against pathogenic microbes. However, over-producƟon and release of 

NETs can have adverse physiological effects in autoimmune disorders, leading to thrombosis, ‘cytokine 

storms’, and collateral Ɵssue damage19.  
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Figure 1.6 Neutrophil roles in disease and disorder. (A) Neutrophils can be associated with the tumour microenvironment in 
cancer. Mature neutrophils show anƟ-tumour behaviours, while immature neutrophils demonstrate immunosuppressive, 
tumour promoƟng behaviours. (B) ReducƟon in circulaƟng neutrophils leads to neutropenia (LeŌ is healthy, right is 
neutropenic). (C) Low density neutrophils are associated with autoimmune disorders such as rheumatoid arthriƟs. LDNs have 
characterisƟcs of both mature and immature neutrophils, leading to abnormal effector funcƟons. Excessive acƟvaƟon of 
neutrophils can also cause collateral damage to surrounding Ɵssue.  
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1.5. Thesis aims 
This thesis aimed to explore the molecular details of neutrophil differenƟaƟon, primarily focusing on 

the roles PTMs such as phosphorylaƟon and ubiquiƟnaƟon. InvesƟgaƟng the role of PTMs in neutrophil 

differenƟaƟon can provide beƩer understanding of how proteins are regulated and altered, potenƟally 

idenƟfying new mechanisms through which neutrophil differenƟaƟon occurs. This could provide 

opportuniƟes to target specific proteins or pathways, modulaƟng their acƟviƟes for therapeuƟc 

benefit. Moreover, in the context of ubiquiƟnaƟon, the extent of DUB contribuƟon to neutrophil 

development was also examined. Accordingly, the aims of this thesis were as follows: 

1. To characterise the proteomic changes that occur during neutrophil differenƟaƟon, using the 

HoxB8 model of neutrophil differenƟaƟon and MS-based approaches. 

2. To explore the ubiquitomic and phosphoproteomic changes that occur during HoxB8 neutrophil 

differenƟaƟon, using modified pepƟde enrichment paired with MS-based approaches. 

3. To integrate epigenomic, transcriptomic, proteomic, and ubiquitomic data from the HoxB8 

neutrophil differenƟaƟon model to idenƟfy potenƟal regulatory relaƟonships between different 

modaliƟes, using a systems biology approach. 

4. To idenƟfy candidate DUBs that may regulate neutrophil differenƟaƟon, using the HL60 

neutrophil model and a CRISPR-Cas9 KO phenotypic screen. 
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Chapter 2: Materials and Methods 

2.1. Materials 
Table 2.1 List of cell culture reagents. 

Reagents IdenƟfier Source 

HL60 CCL-240 ATCC 

RPMI-1640 medium R5886 

Sigma-Aldrich 

DMEM – high glucose medium D5671 

Foetal Bovine Serum F4135 

L-glutamine G7513 

Sterile-filtered DMSO D2438 

β-estradiol  E2758 

G-CSF  G8160 

Puromycin P4512 

Polybrene InfecƟon / TransfecƟon Reagent TR-1003 

Dulbecco′s Phosphate Buffered Saline D8537 

BlasƟcidin S Ready Made SoluƟon SBR00022 

FuGENE® HD TransfecƟon Reagent HD-1000 FuGENE® 

LenƟ-X™ GoSƟx™ Plus  631280 
Takara Bio 

LenƟ-X™ Concentrator  631232 

 

Table 2.2 List of plasmids and molecular biology reagents. 

Reagents IdenƟfier Source 

LenƟArray™ Human CRISPR Library  
A32167 – A32185 
(inclusive) 

Invitrogen 

psPAX2 12260 
addgene 

pMD2.G 12259 

QIAGEN Plasmid Plus Midi kits 12943 
QIAGEN 

QIAGEN Plasmid Plus 96 kits 16181 

LB Broth (Lennox) L3022 
Sigma-Aldrich 

Ampicillin sodium salt (Ready Made SoluƟon) A5354 
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Table 2.3 List of reagents and materials for Western blot analysis. 

Reagents IdenƟfier Source 

Pierce™ BCA Protein Assay Kit 
23225, 23227 and 
A65453 

ThermoFisher 

Nitrocellulose Membrane, 0.45 μm 88018 Life Technologies  

cOmplete™, EDTA-free Protease Inhibitor Cocktail COEDTAF-RO 
Roche 

PhosSTOP™ PHOSS-RO 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Midi Protein 
Gel 

WG1402BOX 

Invitrogen NuPAGE™ LDS Sample Buffer (4X) NP0008 

NuPAGE™ MES SDS Running Buffer (20X) NP000202 

NuPAGE™ Transfer Buffer (20X) NP00061 
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Table 2.4 List of anƟbodies used for Western blot and flow cytometry. 

Reagents IdenƟfier Source 

β-Actin Antibody 4967 

Cell Signalling 
Technologies 

CD11b/ITGAM (D6X1N) Rabbit mAb 49420 

CD11b/ITGAM (E6E1M) Rabbit mAb 17800 

SirT3 (D22A3) Rabbit mAb  5490 

CD34 (E2J1K) Rabbit mAb  26233 

RhoA (67B9) Rabbit mAb 2117 

TGM2 (D11A6) XP® Rabbit mAb 3557 

Caspase-1 (E9R2D) Rabbit mAb 83383 

NLRP3 (D4D8T) Rabbit mAb 15101 

FCER1G Polyclonal Antibody PA5-115222 ThermoFisher 

IRDye® 680RD Goat anti-Mouse IgG Secondary 
Antibody 

926-68070 

Li-COR 
IRDye® 800CW Goat anti-Rabbit IgG Secondary 
Antibody 

926-32211 

CD11b Antibody, anti-human, APC, REAfinity™ 130-110-612 

Miltenyi Biotec 

CD182 (CXCR2) Antibody, anti-human, APC, 
REAfinity™ 

130-120-133 

CD184 (CXCR4) Antibody, anti-human, APC, 
REAfinity™ 

130-120-778 
 

REA Control Antibody (S), human IgG1, APC, 
REAfinity™ 

130-113-434 
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Table 2.5 List of reagents and materials for mass spectrometry sample preparaƟon and analysis. 

Reagents IdenƟfier Source 

Trypsin, TPCK treated 20233 

ThermoFisher Acclaim™ PepMap™ 100 C18 HPLC Columns, 
300µm x 5mm, 5µm parƟcle size 

160454 

S-Trap™ micro spin column C02-micro 
ProƟfi LLC 

S-Trap™ midi spin column C02-midi 

AssayMap 5 μL Titanium Dioxide TiO2 cartridges G5496-60016 Agilent 

PTMScan® UbiquiƟn Remnant MoƟf (K-ε-GG) Kit 5562 
Cell Signalling 
Technologies 

Acclaim™ PepMap™ 100 C18 HPLC Column, 300µm 
x 5mm, 5µm parƟcle size 

160454 ThermoFisher 

15 cm x 150 µm x 1.5 µm analyƟcal column EV1137 Evosep 

 

Table 2.6 List of miscellaneous reagents and materials. 

Reagents IdenƟfier Source 

NaCl S9888 

Sigma-Aldrich 
 

Glycerol G9012 

Triton™ X-100 X100 

DL-Dithiothreitol (DTT) D0632 

Sodium deoxycholate D6750 

Sodium lauroylsarcosinate Y0001772 

Benzonase® Nuclease E1014 

SDS, 20% SoluƟon, RNase-free AM9820 
Invitrogen 

EDTA (0.5 M), pH 8.0, RNase-free AM9260G 

HEPES 15630080 Gibco 

Tris hydrochloride (Tris-HCl) 10812846001 Roche 

EGTA, Molecular Biology Grade 324626 Millipore 

NP-40 lysis buffer J60766-AP 

ThermoFisher 
RIPA Lysis and Extraction Buffer 89900 

Wheat Germ AggluƟnin Alexa Fluor 647 W32466 

Hoechst 33342, trihydrochloride trihydrate H3570 
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2.2. Cell culture 
2.2.1. HL60 culturing 

HL60 cells (parental line: CCL-240, ATCC) were cultured in RPMI-1640 medium containing L-glutamine 

(R8758, Sigma-Aldrich) supplemented with 10% FBS (F4135, Sigma-Aldrich) at 37°C in a humidified, 

5% CO2 incubator. Stable transfected cell lines (HL60-Cas9 and HL60-Cas9-KO) were cultured in 

medium supplemented with 10μg/ml of blasƟcidin (SBR00022, Sigma-Aldrich), and HL60-Cas9-DUB 

KO cell culture medium addiƟonally contained 10μg/ml puromycin (P4512, Sigma-Aldrich), for 

selecƟon and maintenance. 

2.2.1.1. HL60 differenƟaƟon 

HL60 cells with >95% viability in the logarithmic growth phase were collected, counted, and pelleted 

by centrifugaƟon. Cells were washed once with PBS and resuspended in complete medium 

supplemented with 1.3% sterile-filtered DMSO (D2438, Sigma-Aldrich) at a density of 5×105cells/mL. 

Cultures were maintained for at least 5 days (unless otherwise stated) to allow differenƟaƟon. Samples 

were collected at daily intervals; cells were washed in PBS, and either pelleted and stored at -80°C or 

fixed using 3.2% paraformaldehyde (PFA). 

2.2.2. HoxB8 proliferaƟon, culturing, and differenƟaƟon 
HoxB8 C57BL/6N myeloid progenitors32 were received from Dr. David Sykes’s group at the Harvard 

Stem Cell InsƟtute, Harvard University, and cultured by Dr. Ananda Mukherjee from the Udalova Group 

(The Kennedy InsƟtute of Rheumatology, University of Oxford), following established protocols110. 

Culture medium consisted of RPMI-1640 medium supplemented with 10% FBS, 30mM β-

mercaptoethanol (21985023, Gibco), 1% supernatant from stem cell factor (SCF)-producing CHO cells, 

and 1μM β-estradiol (E2758, Sigma-Aldrich). Passage numbers between 2 and 5, inclusive, from fresh 

revival were used for experiments, with biological replicates originaƟng from separate passages. HoxB8 

differenƟaƟon was induced by removal of β-estradiol and addiƟon of 20ng/mL G-CSF (G8160, Sigma-

Aldrich) to culture medium. Cells were cultured at 37°C in a humidified, 5% CO2 incubator, and samples 

were collected at daily intervals; cells were washed in PBS, pelleted, and stored at -80°C, ready for 

downstream analyses.  

2.2.2.1. Nuclear enrichment 

All steps for nuclear enrichment were performed at 4°C or on ice, and buffers were prepared in H2O, 

unless otherwise stated. 

The cytoplasmic lysis buffer was prepared with 50mM HEPES-KOH pH 7.5, 140mM NaCl, 1mM EDTA, 

10% glycerol, 0.5% NP-40, 0.25% Triton X-100, and 1mM DTT. The wash buffer contained 10mM Tris-
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HCl pH 8.0, 200mM NaCl, 1mM EDTA, and 0.5mM EGTA. The nuclear lysis buffer consisted of 10mM 

Tris-HCl pH 8.0, 100mM NaCl, 1mM EDTA, 0.5mM EGTA, 0.1% sodium deoxycholate, 0.5% sodium 

lauroylsarcosinate, 1% Triton X-100, 0.1% SDS, and 1mM DTT. All buffers were supplemented with 

protease and phosphatase inhibitors. 

To isolate cytoplasmic and nuclear fracƟons, the cell pellet was washed with cold PBS and centrifuged 

for 5min at 1,500rpm, for a total of 3 washes. Cells were then resuspended in 500µL cytoplasmic lysis 

buffer and incubated on ice for 5min. Lysates were centrifuged for 10min at 1,500rpm, and the 

supernatant (cytoplasmic fracƟon) was removed without dislodging the pellet (isolated nuclei). The 

pellet was washed once with 1 mL wash buffer, centrifuged for 5min at 1,500rpm, then resuspended 

in 200µL nuclear lysis buffer and incubated on ice for 15min. A final centrifugaƟon of 10min at 

13,000rpm, yielded the supernatant as the nuclear fracƟon lysate. 

2.3. Molecular biology 
2.3.1. Plasmids 

Plasmids encoding single guide RNAs (sgRNAs) targeƟng various DUBs were kindly donated from 

Vincenzo D’Angiolella’s Group (InsƟtute of GeneƟcs and Cancer, University of Edinburgh). Glycerol 

stocks of Stbl3™ cells containing sgRNAs that target DUBs were selected from a pre-defined 

Invitrogen™ LenƟArray™ Human CRISPR Library (A32167, A32168, A32169, A32170, A32171, A32172, 

A32173, A32174, A32175, A32176, A32177, A32178, A32179, A32180, A32181, A32182, A32183, 

A32184, and A32185, Invitrogen). Plasmids were verified by DNA sequencing.  

Plasmids used for lenƟvirus packaging were provided by Dr. Ilknur Sur Erdem (The Chinese Academy 

of Medical Sciences Oxford InsƟtute, University of Oxford). A Cas9 overexpression plasmid was 

donated by Wanlin He from Sir Andrew McMichaels‘s group at the Centre for Immuno-Oncology, 

University of Oxford.  

For plasmid isolaƟon, Stbl3™ cells containing plasmids were grown in autoclaved LB broth (L3022, 

Sigma-Aldrich) supplemented with 100µg/mL ampicillin (A5354, Sigma-Aldrich) overnight in a shaking 

incubator at 37°C. Overnight cultures were then processed using QIAGEN Plasmid Plus Midi kits 

(12943, QIAGEN) or QIAGEN Plasmid Plus 96 kits (16181, QIAGEN), following manufacturers protocols. 

Plasmid concentraƟons were determined by NanoDrop.  

2.3.2. GeneraƟon of HL60-Cas9 and HL60-Cas9-KO cell lines 
HEK293T cells (CRL-1573, ATCC) were cultured in high glucose DMEM (D5671, Sigma-Aldrich), 

supplemented with 10% FBS, and 2% L-glutamine (25030081, Gibco) at 37°C in a humidified, 5% CO2 

incubator. 
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LenƟviral parƟcles were generated by transfecƟon of HEK293T cells (plated on 6-well plates) with the 

Cas9 overexpression plasmid or DUB-targeƟng sgRNA plasmids, and lenƟvirus packaging plasmids 

(psPAX2, 12260; pMD2.G, 12259; addgene), using FuGENE® HD TransfecƟon Reagent (HD-1000, 

FuGENE®), in raƟo amounts of 9:7:5, pX : psPAX2 : pMD2.G, where pX is the plasmid of interest, for a 

total of 2.1µg of plasmid DNA per well of a 6-well plate. For sgRNA plasmids, at least 3 unique plasmids 

encoding sgRNAs that target the same DUB were combined in equal proporƟons. At 2-day intervals for 

4 days, culture medium was collected (with replacement on day 2). Cellular debris was removed by 

centrifugaƟon for 5min at 500rpm, 4°C, from collected media, and supernatants were tested using 

LenƟ-X™ GoSƟx™ Plus (631280, Takara Bio). LenƟvirus-containing supernatant was concentrated using 

LenƟ-X™ Concentrator (631232, Takara Bio), following manufacturer’s protocol. LenƟ-X™ Concentrator 

was added to supernatants in volume raƟos of 1:3 and incubated at 4°C overnight. Precipitated 

lenƟvirus parƟcles were then collected by centrifugaƟon for 45min at 1,500rpm, 4°C. Supernatant was 

removed and concentrated lenƟvirus pellets were resuspended in PBS. LenƟvirus parƟcles were either 

used immediately for transducƟon or stored in aliquots at -80°C.  

The HL60-Cas9 cell line was generated by transducƟon, with polybrene (TR-1003, Sigma-Aldrich), of 

HL60 cells using lenƟviral parƟcles containing Cas9 plasmids. Cells and virus parƟcles were centrifuged 

for 30 mins at 800rpm, 37°C, to improve contact between virus parƟcles and HL60 cells. AŌer 24h, 

10μg/mL blasƟcidin (SBR00022, Sigma-Aldrich) was added to culture medium for selecƟon and 

maintenance. Cells were immediately cultured in ‘recovery’ medium – RPMI-1640 supplemented with 

50% filter-sterilised medium from WT HL60 cells, an addiƟonal 10% FBS, and 50µM β-mercaptoethanol 

– for 2 days, to help reduce oxidaƟve stress. Then, regular culture medium was used once cells 

recovered from anƟbioƟc selecƟon. 

To generate KO cell lines, HL60-Cas9 cells were transduced (using polybrene) with lenƟvirus containing 

DUB sgRNA plasmids and selected with 10μg/ml puromycin. Again, similar transducƟon procedure was 

employed and cells were then cultured in ‘recovery’ medium (see above) to minimise oxidaƟve stress. 

Transduced HL60-Cas9-DUB KO cells were maintained with 10μg/mL blasƟcidin and 10μg/ml 

puromycin supplemented in culture medium.  

2.3.3. SDS-PAGE and Western blot 
Samples were resuspended in RIPA Lysis and ExtracƟon Buffer (89900, ThermoFisher) supplemented 

with cOmplete™, EDTA-free Protease Inhibitor Cocktail (COEDTAF-RO, Roche) and PhosSTOP™ (PHOSS-

RO, Roche), and 0.1μL of Benzonase® Nuclease (Sigma-Aldrich, E1014). If lysates were viscous, they 

were sonicated in a water bath for 5min to sheer DNA. Protein quanƟficaƟon was performed using the 

Pierce™ BCA Protein Assay Kit (23225, 23227 and A65453, ThermoFisher). Lysates were mixed with 
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NuPAGE™ LDS Sample Buffer (4X) (NP0008, Invitrogen) to a final concentration of 1X Sample Buffer 

and 50 mM DTT, and boiled for 10min at 97°C. 10-20μg of protein from samples were loaded onto a 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0mm, Midi Protein Gel (WG1402BOX, Invitrogen) and separated at a 

constant voltage of 130V for approximately 1-1.5h at room temperature. Separated proteins were 

transferred to nitrocellulose membranes (88018, Life Technologies Ltd) at a constant current of 

390mA for 1h at 4°C. Membranes were then blocked with 5% milk for 1h at room temperature, washed 

3 times in TBST, and incubated with primary antibody of interest overnight at 4°C with agitation. 

Primary antibody was then removed and the membrane was washed 3 times in TBST. The membrane 

was then incubated with an appropriate secondary antibody, for 1h at room temperature with 

agitation, then washed 3 times. The Li-Cor detection system was used for imaging blotted membranes.  

2.4. Mass spectrometry sample preparaƟon 
Buffers for resuspending pepƟdes were prepared using HPLC-grade reagents. Input samples for S-Trap 

digesƟon include cell pellets and lysates from nucleus-enriched fracƟons. 

2.4.1. S-Trap protein digesƟon 
Samples were resuspended in RIPA lysis and extracƟon buffer supplemented with 0.1μL of Benzonase® 

Nuclease. Lysates were sonicated in a water bath for 5min to sheer DNA. SDS was added to lysates to 

a final concentraƟon of 5%. Samples were then processed using the S-Trap™ micro/midi spin column 

digesƟon protocol (C02-micro/C02-midi, ProƟfi LLC), depending on protein amounts. Manufacturer 

instrucƟons were followed, using 5mM tris-2-carboxyethyl-phosphine (TCEP) and 20mM 

iodoacetamide (IAA) as the reducing and alkylaƟng agents, respecƟvely. Proteins were digested 

overnight using TPCK-treated trypsin (20233, ThermoFisher), using quanƟƟes recommended by S-Trap 

instrucƟons (1:25, protein : trypsin). Resultant pepƟdes were eluted and dried using a SpeedVac 

concentrator centrifuge. Dried pepƟdes were resuspended in an appropriate buffer for mass 

spectrometry (MS) analysis or pepƟde-level enrichment. 

2.4.2. PhosphopepƟde enrichment 
For phosphopepƟde enrichment, S-Trap protein digesƟon used citric acid instead of phosphoric acid 

to acidify proteins (pH ≤ 1) before loading onto columns. Following S-Trap protein digesƟon, pepƟdes 

derived from ~300µg of protein were aliquoted, dried, and resuspended in a buffer containing 50% 

ACN, 2% trifluoraceƟc acid (TFA), 1M glycolic acid in H2O. 

PhosphopepƟde enrichment was performed using the pre-defined Agilent Bravo AssayMap liquid 

handler workflow for TiO2 cartridges (G5496-60016, Agilent). The prime and syringe wash soluƟon 

consisted of 50% ACN, 5% NH3 in H2O and the equilibraƟon and cartridge wash soluƟon was 50% ACN, 

2% TFA, 1M glycolic acid in H2O. PhosphopepƟdes were eluted in 15% ACN, 5% NH3. Samples were 
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loaded onto the cartridges at 2.5μL/min. Eluted phosho-enriched pepƟdes were dried down and 

resuspended in 5% DMSO and 5% formic acid (FA). 

2.4.3. UbiquiƟnated pepƟde enrichment 
For ubiquiƟn-modified pepƟde enrichment, S-Trap protein digesƟon used citric acid instead of 

phosphoric acid to acidify proteins (pH ≤ 1) before loading onto columns. Following S-Trap protein 

digesƟon, pepƟdes derived from ~1mg of protein were aliquoted and dried for downstream 

enrichment. UbiquiƟnated pepƟdes contain a K-GG (diGly) remnant moƟf upon trypsin digesƟon. 

These pepƟdes were enriched using the PTMScan® UbiquiƟn Remnant MoƟf (K-ε-GG) Kit (5562, Cell 

Signalling Technologies). Manufacturers protocol was followed, using 10µL of beads instead of 20µL.  

2.5.  Mass spectrometry analysis 
2.5.1. Q-ExacƟve 

PepƟdes were resuspended in 5% formic acid and 5% DMSO and then trapped on an Acclaim™ 

PepMap™ 100 C18 HPLC Columns (300µm x 5mm, 5µm parƟcle size, 160454, ThermoFisher) using 

solvent A (0.1% FA in H2O) at a pressure of 60 bar and separated on an UlƟmate 3000 UHPLC system 

(ThermoFisher) coupled to a Q-ExacƟve (QE) mass spectrometer (ThermoFisher). The pepƟdes were 

separated on an Easy Spray PepMap RSLC column (75µm i.d. x 2µm x 50mm, 100 Å, ThermoFisher) and 

then electro-sprayed directly into the QE mass spectrometer. An EASY-Spray nano-electrospray ion 

source (ThermoFisher) using a linear gradient of 5% to 35% solvent B (0.1% FA in ACN and 5% DMSO), 

with length of 120min/60min, depending on sample complexity, and flow rate of 250nL/min. The raw 

data was acquired in the mass spectrometer in data-independent acquisiƟon (DIA) mode. Full scan MS 

spectra were acquired in the Orbitrap (inclusion list with scan range 495-995 m/z, 20 m/z increments, 

with an overlap of +/- 2 Daltons, resoluƟon 35000, AGC target 3e6, maximum injecƟon Ɵme 55ms). 

AŌer the MS scans peaks were selected for higher-energy collisional dissociaƟon (HCD) fragmentaƟon 

at 28% of normalised collision energy (NCE) / stepped NCE. HCD spectra were also acquired in the 

Orbitrap (resoluƟon 17500, AGC target 1e6, isolaƟon window 20 m/z). 

2.5.2. TimsTOF 
PepƟdes were chromatographically separated on a 15cm x 150µm x 1.5µm analyƟcal column (EV1137, 

Evosep) using the 30 samples per day (SPD) gradient method of an Evosep One LC system. Eluted 

pepƟdes were directed for MS analysis on a TimsTOF Pro mass spectrometer (Bruker). PhosphopepƟde 

MS data were acquired in ddaPASEF mode. The ion mobility window was 0.60-1.60Vs/cm2, with an 

accumulaƟon and ramp Ɵme of 100ms. The mass range of MS and MS/MS scans was m/z 150–1,700. 

MS/MS spectra were acquired in 10 PASEF ramps with a 4-frame overlap, giving a cycle Ɵme of 1.17s. 

Ions were selected for PASEF MS/MS if they met an intensity threshold of 2,500 and were sampled 
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mulƟple Ɵmes unƟl a target intensity of 20,000 was reached. A polygon filter was used to exclude 

singly charged ions from MS/MS selecƟon. Ions selected for fragmentaƟon were isolated by the 

quadrupole and fragmented using an ion mobility-dependent collision energy that increased 

nonlinearly over the ion mobility range as follows: a collision energy (eV) of 20 at a 1/K0 of 0.60Vs/cm2, 

22 at 0.70, 25 at 0.75, 30 at 0.80, 35 at 0.85, 40 at 0.90, 45 at 0.95, 50 at 1.00, 55 at 1.10, 60 at 1.20, 

65 at 1.30, 70 at 1.40, 75 at 1.50, and 80 at 1.60. A dynamic exclusion Ɵme of 24 sec was used. Total 

proteome and ubiquitome MS data were acquired in diaPASEF mode using 16 diaPASEF scans per TIMS-

MS scan with an accumulaƟon and ramp Ɵme of 100 msec, for a total cycle Ɵme of 1.80s. The ion 

mobility range was set to 0.6-1.6Vs/cm2. Each mass window isolated was m/z 26 wide, ranging from 

m/z 400-1200 with an ion mobility-dependent collision energy that increased linearly from 20eV to 

59eV between 0.6-1.6Vs/cm2. 

2.6.  Mass spectrometry data analysis 
2.6.1. Data processing 

Raw DIA MS data from proteomic analysis was analysed using DIA-NN v1.9.2 or v2.1111 with library-

free search and default seƫngs. Ubiquitomic analysis of raw MS data included ‘K-GG’ as a variable 

modificaƟon, with 2 variable modificaƟons per pepƟde and 2 missed cleavages. Database search of 

raw phosphoproteomic DIA MS data was performed using either DIA-NN, with 3 variable ‘phospho’ 

modificaƟons and 2 missed cleavages, or FragPipe v23.1112-118, with the default ‘DIA-phospho’ 

workflow using phosphorylaƟon (STY) as a variable modificaƟon and diaTracer spectral 

deconvoluƟon119. Raw DDA MS phosphoproteome data was analysed using FragPipe with 

phosphorylaƟon (STY) as a variable modificaƟon, using the default seƫngs in the ‘LFQ-phospho’ 

workflow. 3 variable modificaƟons per pepƟde were enabled for phosphoproteomic analysis. 

Methionine oxidaƟon and cysteine carbamidomethylaƟon were fixed modificaƟons for all analyses.  

2.6.2. BioinformaƟcs 
BioinformaƟc analysis and visualisaƟon of data was primarily performed in RStudio120 2023.03.0+386 

(R, v4.3.2) using ggplot2121. Session informaƟon and packages can be found in Appendices SecƟon 1 

(Appendices ‘Chapter 2’). 

Data quality control (QC) involved principal component analysis (PCA), Pearson correlaƟon coefficient 

(PCC) calculaƟon, and inspecƟon of the distribuƟon of intensity values. Data was log2-transformed and 

normalised by median subtracƟon within each replicate. Filtering, imputaƟon, and coefficient of 

variaƟon (CV) adjustment were performed depending on the dataset (Table 2.7).  
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2.6.2.1. DifferenƟal abundance analysis 

For differenƟal abundance analysis, the moderated t-test was used to shrink sample variances and 

increase staƟsƟcal power by implemenƟng an empirical Bayes method. Benjamini-Hochberg 

procedure (BH) for false discovery rate (FDR) control was applied to moderated t-test p-values. Time 

points were compared to day 0 and results were visualised using volcano plots.  

2.6.2.2. Clustering 

Clustering approaches included hierarchical clustering and weighted correlaƟon network analysis 

(WCNA), the laƩer using the corresponding R package122. For hierarchical clustering, median values for 

each protein or pepƟde, per Ɵme point, were Z-score normalised across all Ɵme points to determine 

an abundance profile. Clustered data were then interrogated for funcƟonal enrichment and enzyme-

substrate interacƟons (ESI), the laƩer of which focused on E3 ligases, DUBs, kinases, and phosphatases. 

ORA used proteins idenƟfied in the experiment as the background. AddiƟonally, associaƟons between 

TFs and TF target genes were assessed. Relevant databases and methods are shown in Table 2.8. 
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Table 2.7 Details of data processing steps. 

Dataset 
Data 

acquisiƟon 
type 

Filtering ImputaƟon 

IniƟal proteomic analysis of HoxB8 neutrophil differenƟaƟon 

Proteome DIA 
Protein group quanƟfied in 3/3 
biological replicates for at least 
1 Ɵme point 

Random sampling from 
downshiŌed-median 
normal distribuƟon 

Proteomics, ubiquitomics, and phosphoproteomics of HoxB8 neutrophil differenƟaƟon 

Proteome 
DIA 

Protein group quanƟfied in at 
least 3/4 biological replicates 
for at least 1 Ɵme point 

Random sampling from 
downshiŌed-median 
normal distribuƟon 

Ubiquitome 

Unique modified pepƟde 
quanƟfied in at least 3/4 
biological replicates for at least 
1 Ɵme point 

Absent IDs: Random 
sampling from 
downshiŌed-median 
normal distribuƟon. 
Missing IDs: K-nearest 
neighbours (KNN) 
imputaƟon 

Phosphoproteome DDA/DIA 
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Table 2.8 Details of databases and methods used in downstream analyses. 

Analysis Database/ImplementaƟon Ref 

FuncƟonal enrichment 
(over representaƟon) 

clusterProfiler 
hƩps://bioconductor.org/packages/devel/bioc/html/clusterProf
iler.htmlt 

123 

Gene set enrichment 
clusterProfiler 
hƩps://bioconductor.org/packages/devel/bioc/html/clusterProf
iler.html 

123 

ESI 

Kinases 
PhosphoSitePlus 
hƩps://www.phosphosite.org/ 

124 

Phosphatases 
DEPOD 
hƩps://depod.bioss.uni-freiburg.de/index.php 

125 

E3 ligases UbiBrowser 2.0 
hƩp://ubibrowser.bio-it.cn/ubibrowser_v3/ 

126 
DeubiquiƟnases 

TranscripƟon factor-

target gene 

TFlink 

hƩps://ƞlink.net/ 
127 

Loss of funcƟon (LoF) 

intolerance  

Genome AggregaƟon Database (gnomAD) v4.1.0 

hƩps://gnomad.broadinsƟtute.org/  
128 

Cell line gene 

dependency  

DepMap 

hƩps://depmap.org/portal  
129 

Cell line RNA expression 
Human Protein Atlas 

hƩps://www.proteinatlas.org/  

130,13

1 

 

2.6.2.3. FuncƟonal enrichment 

Over representaƟon analysis (ORA) used the enrichGO and enrichKEGG funcƟons from the 

clusterProfiler package123, and gene set enrichment analysis (GSEA) used the gseGO and gseKEGG 

funcƟons. All funcƟonal enrichment analyses used genes corresponding to proteins idenƟfied in the 

datasets as background, as opposed to the whole genome. Ranking metrics used for GSEA are 

described in experimental chapters. PermutaƟon-based FDR threshold for significance was 0.25.  

2.6.2.4.  Enzyme-substrate interacƟon enrichment 

Using informaƟon regarding enzyme-substrate interacƟons from corresponding databases, clustered 

data were subjected to hypergeometric tesƟng to assess staƟsƟcal significance of idenƟfying 

substrates of an enzyme within a cluster. BH FDR correcƟon was applied to resulƟng p-values.  
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2.6.2.5. Linear regression 

Linear regression analysis used the ‘lm’ funcƟon in the ‘stats’ R package to predict esƟmates for 

coefficients of each predictor variable. Unless otherwise stated, coefficients were filtered to maintain 

only those that showed significant FDR-adjusted p-values (FDR < 0.05) for all predictor variables.  

2.7. Flow cytometry 
The AƩune™ NxT AcousƟc Focusing Cytometer (ThermoFisher) and CytKick Max autosampler 

(ThermoFisher) were used to count and analyse (fixed) cells. Instrument seƫngs were maintained for 

all experiments aŌer iniƟal calibraƟon using HL60 WT cells. Forward scaƩer (FSC) versus side scaƩer 

(SSC) dot plots with gaƟng were used to count HL60 and dHL60 cells. Cells were labelled with APC-

conjugated anƟbodies that bind CXCR2, CXCR4, CD11b, and IgG (isotype control), following the 

manufacturers protocol (130-110-612, 130-120-133, 130-120-778, 130-113-434, Miltenyi Biotec). FSC-

Height (FSC-H) versus FSC-Area (FSC-A) plots were used to gate single cells, and labelling of anƟbody 

was measured using the default APC-detecƟon opƟon (638 nm red laser, RL1 far red channel, 670/14 

filter). 

2.8. Microscopy 
2.8.1. Image acquisiƟon 

Fixed cells were stained with Hoechst 33342 (nuclear stain) and/or wheat germ aggluƟnin (WGA)-

AlexaFluor647 (WGA-AF647, cell membrane stain).  

Images were either acquired on a ZEISS Axio Observer Z1 microscope or a ZEISS Celldiscoverer 7 

microscope for hight-throughput imaging.  

Images acquired on ZEISS Axio Observer Z1 used a ZEISS EC Plan-Neofluar 40X, 0.75 NA M27 objecƟve, 

1.6x tube lens, and an Axiocam 506 mono camera with a 0.071 µm pixel size. AcquisiƟon details are 

listed in Table 2.9. 

Images acquired using a ZEISS Celldiscoverer 7 widefield fluorescence microscope used a ZEISS Plan-

Apochromat 20X, 0.95 NA objecƟve and an Axiocam 807 mono CMOS camera with a 4.5 µm pixel size. 

31 Z stacks with 0.5 µm spacing were captured for at least six randomly selected posiƟons per well. 

Specific exposure Ɵmes and individual channel and filter details are listed in Table 2.9. AcquisiƟon and 

deconvoluƟon were performed in ZEN Blue v3.12. Fast iteraƟve deconvoluƟon was performed with 

default seƫngs in ZEN. 
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Table 2.9 Image acquisiƟon details for microscopy.  

Microscope ZEISS Axio Observer 
Z1 

ZEISS Celldiscoverer 7 widefield fluorescence 
microscope 

Target/ Fluorophore Hoechst 33342 
(nucleus) 

Hoechst 33342 
(nucleus) 

WGA-AF647 (cell 
membrane) 

ExcitaƟon Laser 357-393 nm 385 nm 630 nm 

Emission filters  QBP 432 + 519 + 
590 + 680 (HE) 

QBP 425/30 + 514/30 + 
592/25 + 709/100 

QBP 425/30 + 514/30 + 
592/25 + 709/100 

Exposure Ɵme (ms) 80 10 20 

LED power 50% 10% 50% 

 

2.8.2. Image analysis 
Z-stacks were merged by max intensity projecƟon for each scene and channel (DNA and membrane 

stains). Images were then analysed using CellProfiler v4.2.8132. A gaussian filter was applied to the 

membrane channel image, and objects (cells) were idenƟfied with diameters of 50-120 pixels, using 

the global ‘Otsu’ thresholding method and ‘declumping’ based on shape. IdenƟfied objects were 

filtered based on form factor values between 0.8 and 1.0 and compactness between 1 and 1.5, to 

idenƟfy round cells. Filtered objects were then used to mask the DNA channel image. Nuclei were 

idenƟfied in a similar fashion to cells, using object idenƟficaƟon with diameters of 10-80 pixels, the 

global ‘Otsu’ thresholding method, and declumping based on shape. Due to the lobed nature of certain 

nuclei, occasionally mulƟple objects were idenƟfied in a single cell. Therefore, nearby objects within 

15 pixels of each other were merged into a single object to represent each nucleus. The shape, size, 

and intensity distribuƟons of each nuclei object were then measured. 

Nuclei measurements were then analysed and processed using R and RStudio and visualised using 

ggplot2. DistribuƟons of form factor values were compared to HL60-WT cells for each Ɵme point using 

the Kolmogorov–Smirnov test with BH FDR correcƟon. ProporƟon of dHL60 cells were calculated using 

a form factor threshold value, as described in Chapter 6.  
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Chapter 3: Proteomic changes during HoxB8 mouse 
neutrophil differenƟaƟon 

3.1. IntroducƟon 
In this chapter, the HoxB8 mouse neutrophil model was analysed at different stages of differenƟaƟon 

using MS-based proteomic approaches.  

Regulatory mechanisms that govern neutrophil differenƟaƟon on the protein level are unclear. 

Working with primary neutrophils poses different challenges due to their short lifespan and tendency 

to become acƟvated in response to cellular debris and arƟficial extracƟon. The differenƟaƟon niche of 

neutrophils is within the bone marrow, and so isolaƟng sufficient material and recapitulaƟon of the 

appropriate environment presents several limitaƟons. As such, in vitro and ex vivo cellular models are 

required. 

The Udalova group at the Kennedy InsƟtute of Rheumatology, University of Oxford, have established 

the HoxB8 neutrophil model in the lab. This system takes mouse myeloid progenitor cells and 

immortalises them through geneƟc manipulaƟon of the HoxB8 TF32. HoxB8 progenitors can then be 

maintained in a proliferaƟve state in the presence of estradiol, and upon estradiol removal and G-CSF 

inducƟon, ex vivo differenƟaƟon of HoxB8 progenitors occurs over several days, resulƟng in non-

proliferaƟng neutrophils. This provides plenty of biological material through expansion, facilitaƟng 

characterisaƟon of the neutrophil differenƟaƟon process.  

The work in this chapter aims to characterise the proteomic changes that occur during HoxB8 

neutrophil differenƟaƟon to assess the quality of the data, the reproducibility of the model, and ability 

to enrich for nuclear proteins to specifically idenƟfy and quanƟfy TFs during HoxB8 differenƟaƟon. 

AddiƟonally, different bioinformaƟc approaches were invesƟgated to process the proteome data, 

glean biological insights, and make predicƟons about potenƟal regulatory mechanisms. 

3.2. Results 
HoxB8 progenitor cells were cultured ex vivo and induced to differenƟate into neutrophils. Whole cell 

lysates (total proteome) and nuclear-enriched fracƟons of the HoxB8 neutrophils were collected at 

daily intervals post-inducƟon for 5 days, with 3 biological replicates, and subsequently subjected to 

MS-based proteomic analysis to idenƟfy protein changes that occur during the differenƟaƟon process.  

Raw MS data were processed using DIA-NN v1.9.2 for idenƟficaƟon and label-free quanƟtaƟon of 

pepƟdes, and corresponding protein inference, for each Ɵme point. Analysis focused on protein group-

level data. The DIA-NN output was filtered to remove protein IDs that did not appear in all replicates 



3.2. Results 

 
59 

(3/3), in at least one Ɵme point (sample). Filtered data were log2-transformed and median normalised, 

and missing values were imputed from a downshiŌed normal distribuƟon to emulate low-abundant 

proteins (henceforth referred to as ‘processed data’).  

An overview of the experimental workflow is depicted in Figure 3.1. 

  

Figure 3.1 Experimental workflow for proteomic analysis of HoxB8 neutrophil differenƟaƟon. (A) Granulocyte-monocyte 
progenitor (GMP) cells were isolated from murine bone marrow and geneƟcally modified with estrogen receptor (ER)-HoxB8 
fusion protein. In the presence of estradiol, HoxB8 GMPs can be cultured ex vivo. (B) Upon estradiol removal and granulocyte 
colony sƟmulaƟng factor (G-CSF) inducƟon, HoxB8 GMPs can be differenƟated into HoxB8 neutrophils. (C) Cell pellets and 
nuclear-enriched fracƟons were collected at daily intervals for 5 days. (D) All samples were processed using S-Trap on-column 
digesƟon. (E) Resultant pepƟdes were analysed using liquid chromatography tandem mass spectrometry (LC-MS/MS). (F) 
Raw mass spectrometry data were processed and analysed using bioinformaƟc approaches. 
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A total of 7235 protein groups were idenƟfied in the total proteome, and 5497 in the nuclear fracƟon, 

across all Ɵme points. AŌer filtering for valid values in all replicates (3/3) for at least one Ɵme point, 

the number of protein group IDs were 7082 and 5286 for the total proteome and nuclear fracƟon, 

respecƟvely. IniƟal QC of the datasets involved calculaƟng coefficient of variaƟon (CV) values for each 

protein per Ɵme point; inspecƟng the distribuƟons of log2(protein intensiƟes) and processed data; 

calculaƟng PCCs between biological replicates for each Ɵme point using the dataset with imputed 

values; and performing PCA on the data with imputed values to assess the impact of normalisaƟon 

and imputaƟon. 

The moderated t-test with FDR mulƟple correcƟon tesƟng was used to idenƟfy differenƟally abundant 

proteins (DAPs) at each Ɵme point, compared to day 0. Downstream analyses included GSEA using a 

list of proteins ranked based on log2(fold change) (log2FC); idenƟfying DAPs, generaƟng abundance 

profiles, and clustering profiles; and performing over representaƟon analysis (ORA) and enzyme-

substrate interacƟon (ESI) analyses on clustered data.  

3.2.1. Nuclear fracƟon enrichment provided limited informaƟon compared to 
total proteome data 

Proteomic analysis of nuclear fracƟons enriched from HoxB8 neutrophils during differenƟaƟon was 

intended to improve the idenƟficaƟon and quanƟtaƟon of proteins that localise to the nucleus. It was 

hypothesised that decreasing the complexity of the protein-derived pepƟdes that are subjected to MS 

analysis would potenƟally improve the detecƟon of low-abundant, nuclear-localised proteins, such as 

TFs.  

IniƟal QC of the data showed generally consistent protein IDs across all replicates with low coefficient 

of variaƟon for each protein across all Ɵme points, suggesƟng that the biological replicates are 

consistent and protein abundances are changing rather than protein presence/absence (Figure 3.2A, 

B). Normal distribuƟons of log2(protein intensity) values per replicate were observed, showing 

consistency between replicates, and normalised data with imputed values introduced a ‘shoulder’ to 

the normal distribuƟons, which was expected due to the imputaƟon method (Figure 3.2C, D). High 

correlaƟon was observed between replicates, and lower correlaƟons between Ɵme points, with the 

lowest correlaƟon between consecuƟve Ɵme points occurring between days 2 and 3 (Figure 3.2E). This 

suggests a ‘switch point’ during the differenƟaƟon process where proteomic changes are more 

pronounced as cells progress towards a more specialised state. This is in concordance with the PCA 

(Figure 3.2F), which shows principal component 1 (Dim1) explaining 41% of the variance, indicaƟng 

large separaƟon between days 0-2 and days 3-5.  
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  Figure 3.2 QC of proteomic data derived from nuclear fracƟons of HoxB8 neutrophils during differenƟaƟon. (A) Number of 
protein group IDs per biological replicate, with total IDs per Ɵme point shown above each group (n = 3 biological replicates). 
(B) Violin plots showing the distribuƟon of coefficient of variaƟon (CV) values per Ɵme point. (C) DistribuƟon of log2(protein 
intensity) values for each Ɵme point. (D) DistribuƟon of median-normalised, log2-transformed protein intensiƟes with 
imputed missing values (processed data). Imputed values were sampled from a downshiŌed normal distribuƟon to emulate 
low protein abundances (these values are shown as more opaque secƟons of their corresponding histogram) (E) Pearson 
correlaƟon coefficient between biological replicates and Ɵme points of the processed data. (F) Principal component analysis 
of the processed data. 
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Moderated t-test of the data revealed that key TFs in neutrophil differenƟaƟon and effector funcƟons 

were expressed in stage specific paƩerns103; notably, the C/EBP family exhibited differenƟal abundance 

during early stages of HoxB8 neutrophil differenƟaƟon, consistent with literature pertaining to 

physiological neutrophils (Figure 3.3). GSEA of nuclear fracƟon data can be found in Supplementary 

Figures 1-8.  

To assess the nuclear fracƟon enrichment efficiency, median protein intensity values from nuclear 

fracƟons and total proteomes, for each respecƟve Ɵme point, were determined and their differences 

calculated. GSEA was performed on a pre-ranked list of these proteins – based on the difference 

between processed datasets – to interrogate the gene ontology (GO) cellular component (CC) gene 

sets and whether nuclear-related terms were enriched (Figure 3.4). Although terms such as nucleolus 

and nucleosome were enriched, terms associated with other cellular components and compartments, 

such as the mitochondria, cytoskeleton, and extracellular matrix, were also posiƟvely enriched. 

AddiƟonally, more TFs were idenƟfied in the total proteome compared to the nuclear fracƟon. These 

observaƟons suggest that the nuclear fracƟon enrichment did not improve the coverage of nuclear 

proteins, possibly due to the sample preparaƟon, which may require further opƟmisaƟon.  

Nevertheless, the total proteome dataset boasted a coverage of 7082 protein groups (aŌer data 

filtering), therefore further analysis focused primarily on this dataset.  
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Figure 3.4 Comparison of proteomic analysis of nuclear fracƟons and total proteomes of HoxB8 neutrophils. (A) ScaƩer plot 
of nuclear fracƟon intensiƟes against total proteome intensiƟes. Each point corresponds to a protein, coloured based on 
differenƟaƟon stage (Ɵme point). Values correspond to the median protein abundance (n = 3 biological replicates). (B) Gene 
set enrichment analysis (GSEA) of proteins common to both data sets. Proteins were ranked based on the largest difference 
between median protein intensiƟes for a given Ɵme point (nuclear fracƟon – total proteome). Stroke colour represents 
enrichment in the nuclear fracƟon (blue) or total proteome (orange), and size indicates leading edge signal. Significant terms 
are shown (FDR < 0.25). (C) Total number of transcripƟon factor (TF) proteins idenƟfied in each dataset.  
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3.2.2. Total proteome analysis idenƟfies altered protein abundances and 
biological processes during neutrophil differenƟaƟon 

The total proteome dataset was processed idenƟcally to the nuclear fracƟon data. QC of the data 

(Figure 3.5) revealed higher CV values for proteins idenƟfied in day 5, possibly due to reduced number 

of protein IDs in one of the biological replicates (Figure 3.5A, B). Processed data generally showed 

normally-distributed data, with certain replicates showing more missing values that introduced a larger 

‘shoulder’ to the distribuƟon curve (Figure 3.5C,D). PCC calculaƟons suggest the most extensive 

proteomic changes occurred between day 1 and 2 (Figure 3.5E). PCA and projecƟon of data onto PC1 

and PC2 were representaƟve of the differenƟaƟon trajectory (Figure 3.5F).  

Proteins which have been previously reported to be crucial for neutrophil maturaƟon and effector 

funcƟons showed clear upregulaƟon during the differenƟaƟon process (Figure 3.6). Chemokine (C-X-C 

moƟf) receptor 2 (CXCR2) is a marker of mature neutrophils and essenƟal for neutrophil physiology133. 

Lactoferrin (LTF) and lipocalin-2 (LCN2) exhibit anƟbacterial acƟviƟes134,135. Matrix metalloproteinase-

8 (MMP8) degrades the extracellular matrix, which is vital for neutrophil migraƟon and infiltraƟon136. 

Lastly, cytochrome b(558) subunit beta (CYBB) contributes to ROS generaƟon137.  

GSEA was performed using a pre-ranked list of the genes based on the log2FC of the corresponding 

proteins for each Ɵme point compared to day 0. The GO biological process (BP) terms showed 

increasing normalised enrichment scores (NES) for neutrophil-associated genes during HoxB8 

differenƟaƟon (Figure 3.7). For example, granulocyte/myeloid leukocyte/neutrophil 

migraƟon/chemotaxis proteins are all significantly and posiƟvely enriched, parƟcularly during day 5 of 

differenƟaƟon. AddiƟonally, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated 

with phagocytosis (phagosome, endocytosis, lysosome) and cytoskeletal remodelling (regulaƟon of 

acƟn cytoskeleton, adherens juncƟon, motor proteins) are posiƟvely enriched. Conversely, processes 

associated with DNA, RNA, and ribosomes are significantly negaƟvely enriched, suggesƟng these 

pathways are downregulated during the differenƟaƟon process. Moreover, cell cycle proteins and 

proteins in p53 signalling pathways are downregulated, indicaƟve of cell cycle modulaƟon. These 

findings suggest that the proteomic landscape within neutrophil cells undergoes dynamic changes to 

increase synthesis and/or stabilisaƟon of proteins relevant to neutrophil effector funcƟons and divest 

resources from general cellular processes. This would be consistent with the idea that neutrophils are 

typically frontline, shorter-lived effector cells of the innate immune system138.  
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  Figure 3.5 QC of proteomic data derived from total proteomes (whole cell lysates) of HoxB8 neutrophils during 
differenƟaƟon. (A) Number of protein group IDs per biological replicate, with total IDs per Ɵme point shown above each 
group (n = 3 biological replicates). (B) Violin plots showing the distribuƟon of coefficient of variaƟon (CV) values per Ɵme 
point. (C) DistribuƟon of log2(protein intensity) values for each Ɵme point. (D) DistribuƟon of median-normalised, log2-
transformed protein intensiƟes with imputed missing values (processed data). Imputed values were sampled from a 
downshiŌed normal distribuƟon to emulate low protein abundances (these values are shown as more opaque secƟons of 
their corresponding histogram) (E) Pearson correlaƟon coefficient between biological replicates and Ɵme points of the 
processed data. (F) Principal component analysis of the processed data. 
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Figure 3.7 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil differenƟaƟon (GOBP).
Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke colour represents the 
Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene ontology (GO) 
biological process (BP) terms are shown. 
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 Figure 3.8 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil differenƟaƟon (KEGG, 
GeneƟc InformaƟon Processing). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 
0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill 
colour. The KEGG pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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Figure 3.9 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil differenƟaƟon (KEGG, 
Organismal Systems). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke 
colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. The 
KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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Further inspecƟon of the KEGG subcategory ‘GeneƟc InformaƟon Processing’ highlighted changes in 

NES for terms associated with the proteasome and ubiquiƟn-mediated proteolysis (Figure 3.8). 

InteresƟngly, early stages (unƟl day 2/3) of differenƟaƟon show upregulaƟon of proteins from these 

gene sets and downregulaƟon during the later stages (beyond day 3/4). Similarly, the mRNA 

surveillance pathway and spliceosome proteins were upregulated in day 1, and subsequently 

downregulated. This suggests that both post-transcripƟonal and post-translaƟonal regulatory 

mechanisms may play essenƟal roles during neutrophil differenƟaƟon, with stage-specific control of 

different biological macromolecules in order to modulate geneƟc informaƟon processing.  

Looking at KEGG ‘Organismal Systems’ terms, gene sets relevant to neutrophil behaviours, such as 

chemokine signalling, NET formaƟon, and C-type lecƟn receptor signalling, showed increasing posiƟve 

enrichment during HoxB8 differenƟaƟon (Figure 3.9). Moreover, the NES for the NOD-like receptor 

(NLR) signalling pathway increased as differenƟaƟon progressed. Components of the NOD-, LRR- and 

pyrin domain-containing protein 3 (NLRP3) inflammasome contributed most to the signal, suggesƟng 

upregulaƟon of these components is an aspect of neutrophil differenƟaƟon. AddiƟonal GSEA of total 

proteome data can be found in Supplementary Figures 9-13. 

3.2.3. OpƟmisaƟon of protein abundance profile clustering approaches 
Using staƟsƟcal tests that compare two condiƟons does not consider the temporal aspect of protein 

abundance changes that may occur during HoxB8 differenƟaƟon. Protein synthesis and degradaƟon 

are dynamic processes that can cause fluctuaƟng protein levels; therefore, it would be advantageous 

to use an approach that considers the Ɵme resoluƟon of the proteomics dataset. To that end, different 

clustering approaches were employed to idenƟfy groups of proteins with similar abundance profiles 

over Ɵme, which can then be interrogated to provide biological insights while incorporaƟng Ɵme-

resolved informaƟon. Biological replicates for each Ɵme point were median averaged to reduce 

potenƟal noise that may influence cluster/module assignment of a protein.  

3.2.3.1. WCNA 

Taking inspiraƟon from its applicaƟon in transcriptomic analysis of RNA-seq data, a weighted 

correlaƟon network analysis (WCNA) approach was used to assess the co-expression of proteins during 

HoxB8 differenƟaƟon. Using the total proteome dataset, further normalisaƟon steps were tested and 

compared with the processed data to miƟgate any potenƟal effects that may influence module 

assignment (Figure 3.10).  
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Figure 3.10 WCNA soŌ threshold ‘power’ parameter opƟmisaƟon and comparison of different normalisaƟon methods.
Measures of (leŌ) scale-free topology and (right) mean connecƟvity for different soŌ thresholding powers were calculated 
for the different normalised datasets: (top) processed dataset – or log2-transformed, median-normalised data with imputed 
values; (middle) Z-score normalisaƟon (scaled), where each protein across all Ɵme points will have mean = 0, SD = 1; and 
(boƩom) quanƟle normalisaƟon, where mean values for each quanƟle are calculated across all Ɵme points, then each protein 
within a specific Ɵme point is assigned the value that corresponds to its quanƟle.  
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Z-score normalisaƟon or scaling the data involved centring and adjusƟng protein values across each 

Ɵme point, resulƟng in a mean of 0 and standard deviaƟon (SD) of 1 for each protein. This places them 

on a similar scale, and the resultant co-expression modules would reflect protein trends. However, 

proteins that exhibited minimal changes during differenƟaƟon may not be biologically relevant during 

HoxB8 differenƟaƟon. Z-score normalisaƟon may exaggerate minor differences between Ɵme points 

for these proteins, resulƟng in protein abundance profiles that mimic those that were indeed 

differenƟally abundant during HoxB8 differenƟaƟon.  

QuanƟle normalisaƟon is the recommended normalisaƟon method to apply to datasets before 

performing WCNA. However, the power esƟmaƟon for soŌ-thresholding showed lower degrees of 

scale-free topology for power values within an appropriate range for signed (direcƟonal) networks. 

The processed data (without further normalisaƟon) was used to perform WCNA since further 

normalisaƟon methods showed liƩle to no improvement in the scale-free topology of the constructed 

network. 29 modules were idenƟfied using the WCNA approach, based on their temporal profiles, 

many of which consisted of a small number of proteins (Figure 3.11). SystemaƟc and unbiased 

selecƟon of modules required correlaƟng modules with external features (differenƟaƟon stage, or 

Ɵme point post-inducƟon of differenƟaƟon), Therefore, analysis focused primarily on abundance 

profiles with increasing or decreasing trends. Modules that exhibited high (PCC > 0.6) and low (PCC < 

-0.6) correlaƟons with Ɵme were subjected to funcƟonal enrichment analysis using ORA.  

Again, modules corresponding to increasing paƩerns (posiƟve correlaƟon with differenƟaƟon stage) 

demonstrated significant enrichment for terms associated with leukocyte migraƟon, phagocytosis, and 

cell adhesion (Figure 3.12, Figure 3.13, Figure 3.14). AddiƟonally, glycosylaƟon-, glycoprotein-, and 

carbohydrate-associated terms were enriched, most likely corresponding to the changes in 

glycosylaƟon and the glycome of neutrophils during maturaƟon139. Decreasing profiles corresponded 

to ribosomal, mRNA, and cell cycle regulaƟon terms. GSEA of GOCC terms are shown in Supplementary 

Figure 14. 
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Figure 3.11 WCNA idenƟfies modules containing genes with similar expression profiles during HoxB8 neutrophil 
differenƟaƟon. (leŌ) Number of protein group IDs per module. (Middle) Eigen protein values for each module. (Right) 
Pearson correlaƟon between module eigen protein and day (stage of differenƟaƟon).  
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3.2.3.2. Hierarchical clustering 

Due to the potenƟal artefacts introduced by Z-score normalisaƟon, proteins that showed no significant 

changes (FDR > 0.01, |log2FC| < 1) during any stage of differenƟaƟon were removed from further 

analysis. Z-score profiles were calculated for the remaining proteins, maintaining those proteins that 

had substanƟal changes at some point during the HoxB8 differenƟaƟon process. Using cluster 

opƟmisaƟon algorithms to determine an appropriate k value, a hierarchical clustering approach was 

used to group Z-score profiles that followed similar temporal trends (Figure 3.15). FuncƟonal 

enrichment analysis on the grouped profiles using ORA was then used to relate the different grouped 

profiles to biological processes and pathways.  

Clusters of proteins showing increasing abundance profiles showed funcƟonal enrichment for terms 

associated with neutrophil behaviours; GOBP gene sets related to cytoskeletal reorganisaƟon, cell 

migraƟon, phagocytosis, endocytosis, and cytokine producƟon were significantly enriched in clusters 

2 and 4 (Figure 3.16). Accordingly, terms associated with ribosome biogenesis, processing, and 

acƟviƟes were enriched in profile clusters represenƟng decreasing abundance paƩerns during 

differenƟaƟon. InteresƟngly, cluster 3 proteins corresponded to terms associated with hematopoieƟc 

and myeloid progenitor cell differenƟaƟon and other chromaƟn- and transcripƟon-related terms. 

Cluster 6 included terms associated with leukocyte acƟvaƟon, which showed down regulaƟon during 

day 1 and, to a lesser degree, during day 5, suggesƟng key stages during neutrophil differenƟaƟon 

where inappropriate acƟvaƟon is prevented. Cluster 3 and 6 represent profiles that fluctuate during 

the differenƟaƟon process, demonstraƟng biological processes that may require specific modulaƟon 

during neutrophil differenƟaƟon, potenƟally as a means to temporally regulate pathways that 

contribute to pre-neutrophil and mature neutrophil phenotypes. Moreover, molecular funcƟon (MF) 

terms associated with protein kinases and kinase binding showed significant enrichment in clusters 2 

and 4 (increasing abundance during differenƟaƟon), highlighƟng the role of protein phosphorylaƟon 

in neutrophil maturaƟon (Figure 3.17). AddiƟonal ORA can be found in Supplementary Figures 15-16. 
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Figure 3.15 Hierarchical clustering approach to idenƟfy expression profiles of significantly differenƟally abundant proteins 
(DAPs). Protein values corresponding to the median protein abundance (n = 3 biological replicates) at each Ɵme point were 
Z-scored across all Ɵme points. Cluster number opƟmisaƟon approaches included (A) elbow, (B) silhoueƩe, and (C) gap 
staƟsƟc methods. (D) Protein expression profiles of clusters 1-7. Cluster centre is represented as a thick, dark-green line. (E) 
Heatmap of clustered proteins.  
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3.2.4. Development of enzyme-substrate interacƟon analysis 
GSEA revealed several pathways and molecular funcƟons involving the ubiquiƟn system and 

phosphorylaƟon machinery. To idenƟfy potenƟal regulators of these PTMs in the context of HoxB8 

neutrophil differenƟaƟon, ESI analysis was performed (Figure 3.18). This involved hypergeometric 

tesƟng against various databases containing predicted and/or reported substrates of DUBs, E3 ligases, 

kinases, and phosphatases, and then applying the BH procedure to control FDR. For example, looking 

at DUB-substrate interacƟons, known and predicted ESIs were idenƟfied from the UbiBrowser 

database for DUBs that were detected in the total proteome data. Then, these DUBs and their 

corresponding substrates were analysed in turn; protein substrates for the DUB of interest were 

‘marked’ in the clustered protein abundance profiles and a hypergeometric test was applied to assess 

the probability of observing a certain number of marked proteins from each cluster (the ‘samples’) 

based on marked proteins within the databases (the ‘populaƟon’). If there was an enrichment of 

substrates for a parƟcular DUB (or other PTM enzyme) within a specific abundance profile cluster, this 

may indicate that an enzyme could be relevant to HoxB8 differenƟaƟon since its substrates follow 

coordinated abundance changes.  

Due to limited availability of data pertaining to DUBs and their substrates, many DUB enzymes failed 

to reach reasonable significance levels (FDR ≤ 0.1), for both reported and predicted ESI databases, and 

demonstrated low gene raƟos (a small proporƟon of reported/predicted substrates were idenƟfied in 

the corresponding cluster). Nevertheless, of the DUBs idenƟfied, a few notable examples include 

subunit 5 (COPS5) of the COP9 signalosome (CSN) and cylindromatosis (CYLD). The CSN is a protein 

complex that regulates cullin-RING-E3 ligases (CRL), thus influencing a large proporƟon of 

ubiquiƟnaƟon events and transcripƟonal programs within the cell140. AddiƟonally, CYLD parƟcipates in 

inflammaƟon, immunity and cell survival through regulaƟng NF-κB signalling141. Despite limited 

evidence and staƟsƟcal power, several potenƟal DUBs that regulate proteins were idenƟfied, 

generaƟng potenƟal hypotheses about how specific DUBs may contribute to protein stabilisaƟon, and 

thus increasing abundance profiles for such proteins, during neutrophil differenƟaƟon.  

Having idenƟfied funcƟonal enrichment of kinase-associated MF terms in clusters 2 and 4 (as idenƟfied 

using the hierarchical clustering approach), kinase-substrate and phosphatase-substrate interacƟons 

were also interrogated. More informaƟon on known and validated kinase-substrate interacƟons for 

many kinases is available in the literature. As such, several kinases that have been reported in other 

neutrophil-associated biological processes had substrates significantly enriched in cluster 2. For 

example, spleen tyrosine kinase (SYK) and Lck/yes-related novel tyrosine kinase (LYN) both contribute 

to immune cell signalling142,143. The role they may play in neutrophil differenƟaƟon remains unclear.  
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3.2.5. Power analysis 
Power analysis was performed to assess the staƟsƟcal power aƩainable to detect effect sizes from the 

data derived from the HoxB8 model, based on its variaƟon and number of biological replicates (Figure 

3.19). The method was adapted from the MSstats R package. For 3 biological replicates and an FDR 

threshold of 0.01, a power of 0.9 (probability of failing to reject the null hypothesis, Pr[H0] = 0.1) was 

achieved for log2FC ≥ 1 (the effect size). AddiƟonally, 3 biological replicates were sufficient to idenƟfy 

log2FC > 0.8 at a significance threshold of FDR = 0.01 with a staƟsƟcal power of 0.9, and increasing the 

number of biological replicates would increase the ability to idenƟfy smaller effect sizes with staƟsƟcal 

significance.  

  

Figure 3.19 Power analysis of total proteome data from HoxB8 neutrophil differenƟaƟon. (A) StaƟsƟcal power aƩainable at 
different log2(fold change) (effect sizes). (B) Number of replicates required to achieve staƟsƟcal power ≥ 0.9 for different 
log2(fold change). 
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3.3. Discussion 
MS-based proteomics is indispensable in characterising the protein changes that occur during cell 

differenƟaƟon processes in an unbiased fashion, able to idenƟfy and quanƟfy several thousands of 

cellular proteins. Median normalisaƟon of label-free MS data is a robust approach to correct for 

technical variaƟon between different samples, allowing for comparisons between different samples to 

gain biological insight. Analysis of proteomic data derived from the HoxB8 mouse model of neutrophil 

differenƟaƟon captured differenƟally abundant proteins and modulated biological processes and 

pathways consistent with the current understanding of primary neutrophil biology, differenƟaƟon, and 

effector funcƟons. The model is also robust with high reproducibility between biological replicates, 

allowing for decent staƟsƟcal power. Higher variability in protein quanƟtaƟon in day 5 of the total 

proteome analysis of HoxB8 differenƟaƟon may be indicaƟve of certain biological replicates exhibiƟng 

higher levels of cell death and/or increased cellular debris, and subsequently potenƟal acƟvaƟon of 

day 5 HoxB8 cells. AlternaƟvely, despite normalisaƟon of cell numbers and protein amounts, MS 

analysis may have involved injecƟon of less material into the column leading to an increase in missing 

values for a parƟcular replicate.  

IdenƟficaƟon of modulated PTM-associated pathways, parƟcularly ubiquiƟnaƟon and 

phosphorylaƟon, during HoxB8 neutrophil differenƟaƟon suggests that these PTM events are also 

controlled during, and may contribute to, the neutrophil maturaƟon process. To beƩer understand the 

potenƟal role of ubiquiƟnaƟon and phosphorylaƟon in HoxB8 neutrophil differenƟaƟon, MS-based 

ubiquitomic and phosphoproteomic profiling would reveal a global overview of sustained PTM 

changes that are characterisƟc of different stages of neutrophil differenƟaƟon.  

Clustering methodologies were implemented to assess the suitability of the workflows to the HoxB8 

model and future PTMomic approaches, while considering assumpƟons and limitaƟons. WCNA 

idenƟfied a large number of modules (29) consisƟng of variable numbers of proteins. To minimise 

potenƟal loss of informaƟon regarding Ɵme-specific modulaƟon of protein abundance during the 

differenƟaƟon process, idenƟficaƟon of unique or ‘interesƟng’ modules would necessitate visual 

inspecƟon (introducing possible bias), or appropriate metrics that can capture this informaƟon in an 

unbiased manner. AddiƟonally, certain proteins assigned to a module may not be changing in their 

relaƟve abundances – suggesƟng they are not funcƟonally relevant – during the differenƟaƟon process 

yet would contribute to signals in downstream analyses of such modules. Accordingly, module 

assignment and membership will vary based on iniƟal parameters supplied to the algorithms, 

therefore opƟmisaƟon may be required to coincide with the data structure and mathemaƟcal 

assumpƟons.  
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WCNA relies on high degrees scale-free topology and low degrees of mean connecƟvity among 

genes/proteins within the dataset. This would be applicable in shotgun approaches that do not 

introduce any evident skew or bias into the datasets. However, as MS-based analysis of PTMs rely on 

enrichment steps to capture specific PTMs or PTM-remnants, this inherently skews the data and affects 

the distribuƟon of intensity values of precursors/pepƟdes. Therefore, WCNA would be unsuitable for 

datasets involving pepƟde-level enrichment steps since assumpƟons of scale-free topology and mean 

connecƟvity would be violated.  

Hierarchical clustering of DAP profiles proved useful in the idenƟficaƟon of fewer profile clusters with 

unique and interesƟng temporal features, allowing for simpler computaƟon and interpretaƟon of 

downstream analyses, while maintaining biological informaƟon relevant to neutrophil differenƟaƟon. 

No assumpƟon of the overall data structure is required, only a single parameter (number of clusters, 

k) requires opƟmisaƟon, and using a determinisƟc approach such as hierarchical clustering allows for 

reproducible and consistent analysis.  

ESI analysis provided predicƟons and testable hypotheses related to the potenƟal roles of PTM 

enzymes in neutrophil differenƟaƟon. However, the ability to make such predicƟons and aƩribute 

staƟsƟcal significance relies heavily on pre-exisƟng data and databases that consist of well-

documented and validated substrates of different PTM enzymes.  

Neutrophil extracƟon can someƟmes lead to acƟvaƟon, and their high turnover rate and short 

lifespans in vivo can pose several challenges during experimentaƟon. Using the HoxB8 neutrophil 

model of differenƟaƟon overcame these associated challenges, enabling tractable differenƟaƟon of 

neutrophil progenitor cells, and sufficient material for bulk MS-based proteomics analysis. However, 

there are several limitaƟons to consider. The neutrophil differenƟaƟon and maturaƟon process 

primarily occurs in the bone marrow, a Ɵssue consisƟng of a variety of cell types and structural, 

nutriƟonal, and metabolic features that may contribute to neutrophil development. Therefore, ex vivo 

manipulaƟon and inducƟon with higher amounts of G-CSF compared to those found in the bone 

marrow cannot recapitulate the physiological niche occupied by developing neutrophils. AddiƟonally, 

there may be unnoƟced secondary effects resulƟng from the arƟficial expression of ER-HoxB8 and the 

unnatural inducƟon of differenƟaƟon. Despite the HoxB8 model recapitulaƟng key aspects of 

neutrophil differenƟaƟon and biology, Ɵssue and organismal system features are missing.  

Lastly, the proteomic data of HoxB8 neutrophil differentiation provided information about 

reproducibility and statistical power. This information will be useful when designing PTMomics 

experiments since peptide-level enrichment steps can introduce technical variation through e.g. 

variable enrichment efficiencies, thus augmenting the overall variability between replicates, which 
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already exhibit a certain degree of underlying biological variation. The number of biological samples 

is important to consider in order to detect statistically significant effect sizes but also to design cost-

efficient experiments. This preliminary analysis of the HoxB8 model demonstrated 3 biological 

replicates being sufficient to reach a statistical power of 0.9 for log2FC ≥ 1. To improve the 

reproducibility of the data, an additional biological replicate (n=4) would provide more confidence in 

identification and quantitation. Fewer time points corresponding to more distinct stages of HoxB8 

differentiation could be selected as a compromise to increased number of replicates. This can be 

inferred from PCCs between time points and the groupings on a PCA plot. Most distinct changes in the 

total proteome seem to occur between day 1 and 2, with notable differences between day 3 and 4. 

Accordingly, day 1 and 3 would represent key intermediate stages during HoxB8 differentiation, and 

days 0 and 5 would correspond to HoxB8 progenitor cells and mature HoxB8 neutrophils, respectively.  
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Chapter 4: Ubiquitomic and phosphoproteomic 
changes during HoxB8 mouse neutrophil 
differenƟaƟon 

4.1. IntroducƟon 
This chapter invesƟgates the molecular changes associated with neutrophil differenƟaƟon in the 

HoxB8 model using MS-based approaches, focusing on the temporal dynamics of ubiquiƟnaƟon and 

phosphorylaƟon.  

PTMs are important molecular changes that modulate protein behaviours, such as funcƟon, 

localisaƟon, acƟvaƟon status, and stability. UbiquiƟnaƟon is an example of a proteinaceous PTM, 

where a small 8.6 kDa protein called ubiquiƟn (Ub) is covalently linked to lysine side chains of target 

proteins. Ub conjugaƟon occurs via a cascade of E1 ubiquiƟn-acƟvaƟng, E2 ubiquiƟn-conjugaƟng, and 

E3 ubiquiƟn-protein ligase enzymes. Further ubiquiƟnaƟon can occur on conjugated Ub, resulƟng in 

chains with diverse architectures and consƟtuents; addiƟonal ubiquiƟnaƟon can occur on several 

lysine residues on the surface of ubiquiƟn protein, and Ub-like proteins such as small ubiquiƟn-like 

modifier (SUMO) can be conjugated to proteins or incorporated into chains. This diverse PTM 

‘language’ highlights the biological complexity of protein modificaƟon landscape. UbiquiƟnaƟon plays 

a vital role primarily in protein degradaƟon, marking proteins to be processed by degradaƟon 

pathways. AddiƟonally, protein ubiquiƟnaƟon can affect localisaƟon, acƟvaƟon state, and protein-

protein interacƟons. Ub can be removed from modified proteins through the acƟvity of 

deubiquiƟnases (DUBs), which is typically associated with stabilisaƟon of protein targets.  

PhosphorylaƟon is another indispensable PTM that regulates protein funcƟon. AddiƟon of phosphate 

groups, typically to serine, threonine, or tyrosine side chains, can lead to diverse protein behaviours 

through conformaƟonal change, altered protein-protein interacƟons, and other mechanisms that 

modulate protein funcƟon. PhosphorylaƟon is typically associated with signalling pathways but can 

also play a role in protein scaffolds and protein complex formaƟon. 

Establishment of MS-based proteomic analysis of the HoxB8 model of neutrophil differenƟaƟon in 

Chapter 3 revealed valuable data for experimental design of ubiquitomic and phosphoproteomic 

workflows. Enriching for ubiquiƟnated and phosphorylated pepƟdes derived from trypsin digesƟon of 

protein lysates, corresponding to key stages of HoxB8 neutrophil differenƟaƟon, allows idenƟficaƟon 

and quanƟtaƟon of these PTMs. Data acquired provides biological insight into the PTM landscape 

(PTMome) associated with neutrophil development and maturaƟon.  
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4.2. Results 
Whole cell lysates were collected at days 0, 1, 3, and 5 post-inducƟon of HoxB8 neutrophil 

differenƟaƟon, in quadruplicate (4 biological replicates). AŌer on-column protein digesƟon, resultant 

pepƟdes from each biological replicate were split into three aliquots for ‘total proteome,’ ‘ubiquitome,’ 

and ‘phosphoproteome’ analysis. Ubiquitome analysis uƟlised immunoprecipitaƟon (IP) of modified 

pepƟdes containing a remnant glycine-glycine moƟf on ubiquiƟnated lysine side chains (K-GG, diGly 

pepƟdes, or Ub-pepƟdes). Phosphoproteomic analysis involved TiO2 enrichment of phosphorylated 

pepƟdes, using a Bravo liquid handling robot. Total proteome and ubiquitome samples were analysed 

by MS in DIA mode, while the phosphoproteome samples were analysed in both DDA and DIA modes.  

Raw DIA MS data were processed using DIA-NN v2.1 for idenƟficaƟon and label free quanƟtaƟon of 

Ub-pepƟdes (ubiquitome data), phosphorylated pepƟdes (phosphoproteome data), or pepƟdes with 

corresponding protein inference (proteome data). Raw DDA and DIA phosphoproteomic MS data were 

analysed using FragPipe v23.1 or DIA-NN v2.1. Search outputs were filtered to remove IDs that did not 

appear in at least 3 out of 4 replicates, in at least one Ɵme point. Filtered data were log2-transformed 

and median normalised. Missing values for PTMome datasets were imputed using a condiƟonal 

approach. If intensity values were missing from all biological replicates for a given Ɵme point 

(considered ‘absent’), values were imputed from a downshiŌed normal distribuƟon to emulate low 

abundant proteins/pepƟdes. Then, k-nearest neighbours (KNN) imputaƟon was performed to impute 

values for the remaining missing values based on similarity with other modified pepƟdes. Missing 

values in the total proteome data were replaced solely by imputaƟon from a downshiŌed normal 

distribuƟon. Log2-transformed, median normalised data with imputed values are henceforth referred 

to as ‘processed data’. QC of the data involved calculaƟng CV values for each protein per Ɵme point; 

inspecƟng the distribuƟons of log2(protein intensiƟes) and processed data; calculaƟng PCC between 

biological replicates for each Ɵme point using the dataset with imputed values; and performing PCA 

on the data with imputed values to assess the impact of normalisaƟon and imputaƟon. 

An overview of the experimental workflow is depicted in Figure 4.1. 
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Figure 4.1 Experimental workflow for proteomic, ubiquitomic, and phosphoproteomic analysis of HoxB8 neutrophil 
differenƟaƟon. (A) Granulocyte-monocyte progenitor (GMP) cells were isolated from murine bone marrow and geneƟcally 
modified with estrogen receptor (ER)-HoxB8 fusion protein. In the presence of estradiol, HoxB8 GMPs can be cultured ex 
vivo. (B) Upon estradiol removal and granulocyte colony sƟmulaƟng factor (G-CSF) inducƟon, HoxB8 GMPs can be 
differenƟated into HoxB8 neutrophils. Cell pellets were collected on day 0, 1, 3, and 5 post-inducƟon of differenƟaƟon. (C) 
All samples were processed using S-Trap on-column digesƟon. (D) Resultant pepƟdes were split into aliquots for ubiquitomic 
(diGly-pepƟdes), phosphoproteomic (phosphopepƟdes) or proteomic (all pepƟdes) analysis. (E) PepƟde samples were 
analysed using liquid chromatography tandem mass spectrometry (LC-MS/MS). (F) Raw mass spectrometry data were 
processed and analysed using bioinformaƟc approaches. This figure was created in BioRender. 
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 Figure 4.2 QC of proteome data of HoxB8 neutrophils during differenƟaƟon. (A) Number of protein group IDs per biological 
replicate, with total IDs per Ɵme point shown above each group (n = 4 biological replicates). (B) Violin plots showing the 
distribuƟon of coefficient of variaƟon (CV) values per Ɵme point. (C) DistribuƟon of median-normalised, log2-transformed 
protein intensiƟes with imputed missing values (processed data). Imputed values were sampled from a downshiŌed normal 
distribuƟon to emulate low protein abundances (these values are shown as more opaque secƟons of their corresponding 
histogram) (D) Pearson correlaƟon coefficient between biological replicates and Ɵme points of the processed data. (E) 
Principal component analysis of the processed data. (F) Comparison of HoxB8 proteomics using different MS instruments for 
analysis. 
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Proteome analysis showed similar data structure to iniƟal proteome characterisaƟon in Chapter 3. 

Protein IDs were consistent across Ɵme points and replicates, with protein quanƟtaƟon showing low 

CVs within each Ɵme point (Figure 4.2A, B). Processed data showed normal distribuƟon of intensity 

values, with minimal imputaƟon (Figure 4.2C). PCCs between replicates and Ɵme points and PCA 

showed groupings of biological replicates for disƟnct stages of HoxB8 differenƟaƟon (Figure 4.2D, E). 

These findings are consistent with the previous proteome analysis and confirm the reproducibility of 

the HoxB8 model. MS analysis in this chapter was performed on a TimsTOF mass spectrometer 

therefore the proteome dataset was compared to the iniƟal pilot HoxB8 proteome experiment that 

was performed using a Q-ExacƟve mass spectrometer (QE) (Figure 4.2F). AmalgamaƟng median 

intensity values for each protein and Ɵme point common to both datasets, a PCC of 0.8 was calculated 

(p < 0.001). The high posiƟve correlaƟon indicates quanƟtaƟon of the HoxB8 model is generally 

consistent between the QE and TimsTOF.  

4.2.1. Ubiquitome analysis reveals dynamic changes in ubiquiƟnaƟon 
landscape  

Ubiquitome analysis idenƟfied 54,297 Ub-modified precursors, corresponding to 40,974 modified 

pepƟdes. AŌer filtering for 3 out of 4 valid values within at least 1 Ɵme point and removing modified 

pepƟdes in the top CV decile, 32,344 proteotypic Ub-pepƟdes were maintained for further analysis. 

The number of Ub-pepƟde IDs generally increased during HoxB8 differenƟaƟon (Figure 4.3A), 

indicaƟng increase in protein ubiquiƟnaƟon events as HoxB8 neutrophils mature. CV values of 

modified pepƟdes were higher compared to protein group CVs calculated in the proteome analysis 

(Figure 4.2B, Figure 4.3B), which was expected due to the diGly-enrichment step leading to more 

variability. Using the condiƟonal imputaƟon approach, normalised pepƟde intensiƟes with imputed 

values showed slightly different distribuƟons at various Ɵme points, most likely due to changes in 

modified pepƟde ID numbers and how missing values were treated (Figure 4.3C, D). Nevertheless, 

PCCs and PCA demonstrated disƟnct groupings of replicates reflecƟve of different stages of 

differenƟaƟon (Figure 4.3E, F).  

Volcano plots of moderated t-test results, comparing each Ɵme point to day 0, showed increase in 

significantly upregulated modified pepƟdes over Ɵme (Figure 4.4). A summary of the moderated t-test 

output and numbers of differenƟally abundant modified pepƟdes (DAPeps) are provided in Table 4.1. 

 



4.2. Results 

 
93 

 Figure 4.3 QC of ubiquitome data of HoxB8 neutrophils during differenƟaƟon. (A) Number of modified pepƟde IDs per 
biological replicate, with total IDs per Ɵme point shown above each group (n = 4 biological replicates). (B) Violin plots showing 
the distribuƟon of coefficient of variaƟon (CV) values per Ɵme point. (C) DistribuƟon of log2(intensiƟes) of modified pepƟdes. 
(D) DistribuƟon of median-normalised, log2-transformed protein intensiƟes with imputed missing values (processed data). 
Imputed values are shown as more opaque secƟons of their corresponding histogram. (E) Pearson correlaƟon coefficient 
between biological replicates and Ɵme points of the processed data. (F) Principal component analysis of the processed data.
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Table 4.1 Summary of moderated t-test outputs for ubiquitome data of HoxB8 differenƟaƟon. Each Ɵme point was 
compared to day 0. 

Time Downregulated 
log2FC < -1, FDR < 0.01 

Unchanged 
|log2FC| < 1 

Upregulated 
log2FC > 1, FDR < 0.01 

Day 1 4,427 24,524 3,393 
Day 3 2,144 24,333 5,867 
Day 5 3,330 20,850 8,164 

 

Several Ub-pepƟdes of the chemokine (C-X-C moƟf) receptor 2 (CXCR2) were differenƟally abundant 

during differenƟaƟon. PepƟdes corresponding to the sites K282, K336, and K341 were upregulated in 

day 3 and 5, compared to day 0. LiƩle is known about ubiquiƟnaƟon at these sites, whereas K327 

ubiquiƟnaƟon was shown to affect CXCR2-mediated cell signalling in human cells144. Only K327, K336, 

and K341 are conserved residues between human and mouse homologs.  

Jagged1 (JAG1)-derived Ub-pepƟdes corresponding to K1123 and K1137 showed decreased 

abundances during HoxB8 differenƟaƟon. MutaƟons in JAG1 have been observed in cases of 

congenital neutropoenia and associated with myeloid cell death145. UbiquiƟnaƟon may play a role in 

stabilising JAG1 for appropriate neutrophil differenƟaƟon.  

The non-receptor tyrosine-protein kinase FGR has been shown to be involved in neutrophil effector 

funcƟons146. Several modified pepƟdes were idenƟfied in the ubiquitome data, corresponding to the 

sites K14, K88, K91, K136, K190, K279, K282, K289, K299, K407, and K411. All sites showed increase in 

abundance, indicaƟng FGR is ubiquiƟnated at mulƟple sites during HoxB8 differenƟaƟon. However, the 

role of ubiquiƟnaƟon in regulaƟng FGR is yet to be studied.  

GSEA of genes corresponding to ubiquiƟn-modified pepƟdes was performed. Genes were ranked 

based on their associated ubiquiƟn-modified pepƟde log2FC in intensity for each Ɵme point, relaƟve 

to day 0. GOBP terms showed posiƟve enrichment for terms such as ubiquiƟn- dependant and/or 

proteasome-mediated protein catabolic processing and proteolysis, and negaƟve enrichment for 

mitochondrial processes (Figure 4.5). KEGG ‘Organismal System’ terms that demonstrated posiƟve 

enrichment included NOD-like receptor and chemokine signalling, phagocytosis, leukocyte 

transendothelial migraƟon, and anƟgen processing (Figure 4.6). InteresƟngly, majority of terms 

showed decreasing NES as Ɵme of HoxB8 differenƟaƟon increased, suggested there is global decrease 

in ubiquiƟnaƟon of proteins associated with these pathways.  
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 Figure 4.5 Gene set enrichment analysis (GSEA) of ubiquitome data from HoxB8 neutrophil differenƟaƟon (GOBP). Genes 
were pre-ranked based on corresponding modified pepƟde log2(fold change) compared to day 0. Stroke colour represents 
the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene ontology (GO) 
biological process (BP) terms are shown.  
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 Figure 4.6 Gene set enrichment analysis (GSEA) of ubiquitome data from HoxB8 neutrophil differenƟaƟon (KEGG). Genes 
were pre-ranked based on corresponding modified pepƟde log2(fold change) compared to day 0. Stroke colour represents 
the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. The KEGG pathway 
subcategory ‘Organismal Systems’ terms are shown. 
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The WCNA approach to idenƟfy modules of correlated abundance profiles was explained and 

demonstrated in Chapter 3. ApplicaƟon to the ubiquitome data resulted in insufficient levels of scale-

free topology and mean connecƟvity of the network (Figure 4.7), indicaƟng the dataset would not be 

suitable for a WCNA approach. 

Instead, by uƟlising the hierarchical clustering approach outlined in Chapter 3, differenƟally abundant 

Ub-pepƟde profiles were clustered into 7 groups (Figure 4.8). FuncƟonal enrichment analysis of cluster 

3, corresponding to increase in ubiquiƟnaƟon of pepƟdes during differenƟaƟon, corresponded to 

proteins associated with neutrophil effector funcƟons, such as innate immunity, locomoƟon, 

endocytosis, and phagocytosis (Figure 4.9). InspecƟon of Ub protein abundance and associated 

ubiquiƟn-modified pepƟdes, which correspond to specific types of Ub linkages, demonstrated a global 

overview of Ub changes that occur during HoxB8 differenƟaƟon (Figure 4.10). In parƟcular K11 and 

K48 linkages, which are usually associated with protein degradaƟon, appeared to increase in day 1 and 

decrease thereaŌer, while Ub abundance steadily increased over Ɵme. K6, K29, K33, and K63 pepƟdes 

demonstrated low/no correlaƟon with ubiquiƟn protein abundance. While overlapping modified 

pepƟdes corresponding to each Ub linkage site generally followed similar abundance profiles, K27 

pepƟdes remarkably exhibited opposite trajectories. Although the specific type of Ub linkage and 

consequences of such ubiquiƟnaƟon for a given protein cannot be determined from this ubiquitomic 

approach, it is unlikely for proteins associated with neutrophil effector funcƟons to be heavily 

ubiquiƟnated and marked for degradaƟon, and increasing ubiquiƟnaƟon may be performing a 

funcƟonal role rather than a degradaƟve one. AddiƟonally, increased levels of ubiquiƟnaƟon may be 

simply a result of increased protein abundance. IncorporaƟng informaƟon of protein abundance may 

capture such effects.  

Figure 4.7 WCNA soŌ threshold ‘power’ parameter opƟmisaƟon for ubiquitome data. Measures of (leŌ) scale-free topology 
and (right) mean connecƟvity for different soŌ thresholding powers were calculated.  



4.2. Results 

 
99 

 

 

 

 

 

 

Figure 4.8 Hierarchical clustering approach to idenƟfy abundance profiles of significantly differenƟally abundant ubiquiƟn-
modified pepƟdes. PepƟde values corresponding to the median pepƟde abundance (n = 4 biological replicates) at each Ɵme 
point were Z-scored across all Ɵme points. Cluster number opƟmisaƟon approaches included (A) elbow, (B) silhoueƩe, and 
(C) gap staƟsƟc methods. (D) UbiquiƟn-modified pepƟde abundance profiles of clusters 1-7. Cluster centre is represented as 
a thick, dark-green line. (E) Heatmap of clustered modified pepƟdes (which correspond to ubiquiƟnaƟon sites).  
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Figure 4.9 FuncƟonal enrichment analysis of cluster 3 ubiquiƟn-modified pepƟde profiles. Over-
representaƟon analysis was performed on each cluster, using the proteins idenƟfied in the 
ubiquitome as the background proteins. Point size and colour represent -log10(p-value) and FDR, 
respecƟvely. Gene ontology (GO) biological process (BP) terms are shown for cluster 3. 
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4.2.2. Proteome-normalised ubiquitome accounts for changes in protein 
abundance  

Due to the intrinsic link between protein abundance and levels of PTMs, ubiquitome data were 

normalised against corresponding total proteome data. Median intensity values for each protein group 

for each Ɵme point were calculated and subtracted from the modified pepƟde intensiƟes (each 

replicate corresponding to a specific Ɵme) to achieve a ‘proteome-normalised’ intensity. This resulted 

in 26,465 modified pepƟdes from 4,290 protein groups for further analysis. 

QC of the data showed similar trends in Ub-pepƟde IDs with matched protein quanƟtaƟon (Figure 

4.11A). Minimal numbers of mutual missingness for modified pepƟde IDs and corresponding protein 

group IDs (i.e. ‘absent’ proteins, since median values were used for normalisaƟon) were observed 

(Figure 4.11B). Data structure and groupings of biological replicates were maintained in the proteome-

normalised ubiquitome data, evident from the PCCs between replicates and PCA (Figure 4.11D, E). 

CorrelaƟon of proteome-normalised intensiƟes between replicates demonstrated clear disƟncƟon 

between biological samples, with higher correlaƟons between replicates and lower correlaƟons 

Figure 4.10 Abundance profiles of ubiquiƟn and ubiquiƟn-modified pepƟdes derived from ubiquiƟn. Modified pepƟde 
sequences (GG refers to ubiquiƟn site) are colour coded to match corresponding abundance profile. CorrelaƟon of modified 
pepƟde abundances with ubiquiƟn protein abundances (Ub) are shown below the pepƟde sequence in square brackets. 
Median values are shown, and error bars represent the standard error of median (SEM). 
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between stages of differenƟaƟon. This is further evident from PCA, showing clear groupings of each 

Ɵme point. Overall PCC between modified pepƟde and protein quanƟficaƟon was low, with a 

coefficient of 0.29 for all data points (Figure 4.11F). ScaƩer plot of the intensiƟes shows general skew 

towards proteins with high protein abundances and low corresponding modified pepƟde intensiƟes, 

across all Ɵme points.  

Moderated t-test with BH FDR control with the proteome-normalised ubiquitome data revealed similar 

trends of DAPeps, compared to analysis of standard ubiquitome data (Table 4.2). However, the changes 

associated with certain modified pepƟdes were not consistent with the standard ubiquitome data 

analysis (Figure 4.12). 

Table 4.2 Summary of moderated t-test outputs for proteome-normalised ubiquitome data of HoxB8 differenƟaƟon. Each 
Ɵme point was compared to day 0. 

 

While K336 and K341 of CXCR2 sƟll demonstrated increased abundance in mature HoxB8 neutrophils, 

K282 showed a decrease in abundance. This may indicate K282 is associated with protein degradaƟon, 

where as K336 and K341 may have funcƟonal roles other than degradaƟon in CXCR2 acƟviƟes. Many 

ubiquiƟnaƟon sites on FGR were in fact downregulated or unchanged, relaƟve to protein abundance. 

K91, K136, K190, K282, K289, K299, and K411, did not show significant increase in abundance as they 

did in the standard ubiquitome analysis. This suggests it is important to consider changes in protein 

abundance to idenƟfy potenƟal confounding factors.  

Receptor tyrosine kinase KIT is a receptor that binds to SCF leading to signalling that regulates cell 

proliferaƟon and survival147. HSCs are known to express KIT, with eventual loss of expression upon 

differenƟaƟon148. However, KIT abundance did not change during HoxB8 differenƟaƟon. InteresƟngly, 

ubiquiƟnaƟon of several ubiquiƟnaƟon sites of KIT showed staƟsƟcally significant decreases in 

abundance, with K596/K592 and K920/K916 demonstraƟng the most substanƟal changes, during 

HoxB8 differenƟaƟon. Ligand-induced polyubiquiƟnaƟon of KIT has been observed to regulate KIT 

stability and funcƟon in a human myeloid cell line149, as well as monoubiquiƟnaƟon through interacƟon 

with the E3 ubiquiƟn-protein ligase CBLl150. This may be indicaƟve of KIT maintenance during 

neutrophil differenƟaƟon where specific ubiquiƟnaƟon sites are more crucial in stabilisaƟon of the 

protein. 

Time Downregulated 
log2FC < -1, FDR < 0.01 

Unchanged 
|log2FC| < 1 

Upregulated 
log2FC > 1, FDR < 0.01 

Day 1 3,827 20,095 2,543 
Day 3 1,730 20,916 3,819 
Day 5 2,358 18,203 5,904 
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 Figure 4.11 QC of proteome-normalised ubiquitome data of HoxB8 neutrophils during differenƟaƟon. (A) Number of 
ubiquiƟn-modified pepƟde IDs with corresponding protein idenƟficaƟon from proteome dataset, per biological replicate. 
Total IDs per Ɵme point are shown above each group (n = 4 biological replicates).. (B) Number of missing values common to 
pepƟde and corresponding protein IDs, per biological replicate. (C) DistribuƟon of median-normalised, log2-transformed 
pepƟde intensiƟes with imputed missing values (processed data). Imputed values are shown as more opaque secƟons of 
their corresponding histogram. (D) Pearson correlaƟon coefficient between biological replicates and Ɵme points of the 
processed data. (E) Principal component analysis of the processed data. (F) Comparison of ubiquiƟn-modified pepƟde 
intensiƟes and corresponding protein intensiƟes. Each point represents the median intensiƟes of a specific modified pepƟde-
protein group pair, for a specific Ɵme point.  
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Complement proteins and receptors are important in innate immune defence. Neutrophils store 

complement proteins intracellularly and express complement receptors on their CSM as a way to not 

only acƟvate other immune cell types, but also other neutrophils via posiƟve feedback 

amplificaƟon151,152. Complement factor 3 (C3) showed increased protein intensity during 

differenƟaƟon and decreased intensiƟes of K398, K566, and K733 pepƟdes during differenƟaƟon, 

potenƟally indicaƟve of protein stabilisaƟon. The complement component 5a (C5a) receptor 1 (C5aR1) 

showed increase protein expression during HoxB8 differenƟaƟon. This was accompanied by an 

increase in modified pepƟde intensiƟes corresponding to K334, which can be found on the intracellular 

side of the cell membrane. This may signify ubiquiƟnaƟon does not contribute to degradaƟon and may 

instead parƟcipate in other biological processes such as signalling. It is important to note that 2 

pepƟdes corresponding to this site were detected, with one pepƟde showing much lower intensity 

values, and so, upon proteome-normalisaƟon, surprisingly showed downregulaƟon in mature HoxB8 

cells. 

GSEA of genes corresponding to the Ub-pepƟdes, ranked based on their log2FC, revealed negaƟve NES 

of GOBP terms associated with neutrophil effector funcƟons such as leukocyte migraƟon, 

inflammatory response, and phagocytosis, in mature HoxB8 neutrophils (Figure 4.13). This suggests 

proteins that are pivotal for neutrophil acƟviƟes may be stabilised through decreased protein 

ubiquiƟnaƟon, relaƟve to their protein abundance, prevenƟng their degradaƟon and maintaining their 

specialised funcƟons for use in mature HoxB8 neutrophils. In contrast, GSEA of KEGG ‘Organismal 

Systems’ sƟll showed posiƟve NES (with slight decrease in score during differenƟaƟon) for terms such 

as chemokine signalling pathway and leukocyte transendothelial migraƟon (Figure 4.14), suggesƟng 

overall pathways consist of proteins that are, in general, ubiquiƟnated. This potenƟally acts as a 

regulatory mechanism to prevent inappropriate egress from the differenƟaƟon niche or plays non-

degradaƟve roles in protein regulaƟon.  
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 Figure 4.13 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 neutrophil 
differenƟaƟon (GOBP). Genes were pre-ranked based on corresponding ubiquiƟn-modified pepƟde log2(fold change)
compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR 
is indicated by fill colour. Gene ontology (GO) biological process (BP) terms are shown. 



4.2. Results 

 
107 

 
Figure 4.14 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, Organismal Systems). Genes were pre-ranked based on corresponding ubiquiƟn-modified pepƟde 
log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour. The KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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Employing the hierarchical clustering approach outlined in chapter 3 on the proteome-normalised 

ubiquitome data, including removal of modified pepƟdes with no significant changes in abundance 

during differenƟaƟon, idenƟfied 9 unique clusters represenƟng temporally-resolved abundance 

profiles (Figure 4.15). FuncƟonal enrichment analysis idenƟfied gene sets that were overrepresented 

in each cluster (Figure 4.16, Figure 4.17, Figure 4.18). Profiles associated with overall decrease in 

relaƟve protein ubiquiƟnaƟon (clusters 2 and 7) were associated with cell migraƟon, and increasing 

profiles (clusters 1 and 5) were associated with DNA metabolism, RNA processing, and ribosomal 

processes. Profiles with intermediate decreases (during day 1 and 3) were associated with cell cycle 

regulaƟon, DNA repair, and protein phosphorylaƟon (clusters 5 and 6). Conversely, profiles with 

intermediate increases (clusters 3 and 4) showed enrichment for cytoskeleton organisaƟon, protein 

transport, membrane organisaƟon, and endoplasmic reƟculum (ER)- and Golgi-associated terms. 

GOMF terms for clusters 4, 5, 6, and 8 suggest an interplay between ubiquiƟnaƟon and 

phosphorylaƟon machinery that may contribute to regulaƟon of neutrophil differenƟaƟon, potenƟally 

modulaƟng signalling pathways in a Ɵme-specific manner to elicit appropriate differenƟaƟon 

programmes for neutrophil maturaƟon. AddiƟonal ORA of clustered proteome-normalised ubiquitome 

profiles can be found in Supplementary Figure 23. 

ESI analysis of clustered profiles idenƟfied E3 ligases and DUBs that may regulate protein 

ubiquiƟnaƟon. Majority of enzyme-substrates failed to reach low FDR, again, due to limited data 

availability of ESI. However, cluster 4 showed enrichment of reported substrates of the deubiquiƟnase 

YOD1 that are validated in the literature. Ub-pepƟdes corresponding to the E3 ubiquiƟn-protein ligase 

NEDD4, the Valosin-containing protein (VCP), and the HECT-type E3 ubiquiƟn ligase ITCH demonstrated 

abundance profiles that peak on day 3 of HoxB8 differenƟaƟon. NEDD4 and ITCH are both E3 ligases 

and so control cellular ubiquiƟnaƟon events, and VCP is involved in protein quality control and 

response to protein misfolding. AddiƟonally, known ubiquiƟn specific pepƟdase 8 (USP8) substrates 

were idenƟfied in the majority of clusters, potenƟally indicaƟng a more global role in regulaƟng cellular 

ubiquiƟnaƟon status. YOD1 protein was not detected in the proteome data, potenƟally due to lack of 

proteotypic pepƟdes allowing for unique quanƟtaƟon. Instead, ubiquitome data idenƟfied YOD1-

derived Ub-pepƟdes corresponding to K252. These pepƟdes showed slight increase in abundance 

during day 1 of HoxB8 differenƟaƟon with subsequently slight decreases in intensiƟes. The profile of 

these YOD1 ubiquiƟnated profiles appears to follow a similar, leading trend to those of the substrate 

Ub-pepƟdes. AddiƟonally, transcriptomic data of the HoxB8 model110 shows YOD1 transcript levels 

increasing during neutrophil differenƟaƟon.  
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Figure 4.15 Hierarchical clustering approach to idenƟfy abundance profiles of significantly differenƟally abundant, 
proteome-normalised ubiquiƟn-modified pepƟdes.PepƟde values corresponding to the median proteome-normalised 
pepƟde abundance (n = 4 biological replicates) at each Ɵme point were Z-scored across all Ɵme points. Cluster number 
opƟmisaƟon approaches included (A) elbow, (B) silhoueƩe, and (C) gap staƟsƟc methods. (D) Proteome-normalised ubiquiƟn-
modified pepƟde abundance profiles of clusters 1-9. Cluster centre is represented as a thick, dark-green line. (E) Heatmap of 
clustered modified pepƟdes (which correspond to ubiquiƟnaƟon sites).  
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PredicƟons regarding the E3 ligases included aryl hydrocarbon receptor (AHR), a ligand-dependent 

transcripƟon factor and E3 ligase, and autocrine moƟlity factor receptor (AMFR), an ER-resident E3 

ligase. These findings pose new hypotheses regarding the role of the ubiquiƟn system in neutrophil 

differenƟaƟon. 

4.2.3. Phosphoproteome data reveals differing phosphopepƟde idenƟficaƟons 
and quanƟtaƟon depending on method 

Phosphoproteomic analysis of HoxB8 differenƟaƟon involved enrichment of phosphopepƟdes from 

trypsin-digested whole cell lysates and analysis using MS in both DDA and DIA modes. Raw DDA data 

was processed in FragPipe v23.1 using the default workflow (phospho-DDA), and raw DIA data was 

processed using either DIA-NN v2.1 or FragPipe v23.1, the laƩer of which used the diaTracer 

implementaƟon (to assess boost in IDs) and DIA-NN for quanƟtaƟon.  

Comparing outputs from the raw MS data processing, DDA and diaTracer data showed comparable 

phosphopepƟde IDs, with 16,660 and 18,377 phosphopepƟdes, respecƟvely, far exceeding DIA-NN, 

which idenƟfied 10,980 (Figure 4.20A). Looking at the overlapping IDs, around 16% of all IDs were 

common to all three datasets. DDA and diaTracer shared the most IDs (roughly 31% of IDs). However, 

examining the quanƟtaƟon of phosphopepƟdes from each replicate common to each comparison, 

DDA and DIA-NN quanƟtaƟon showed higher correlaƟon for each replicate (Figure 4.20C), comparable 

to the correlaƟons in quanƟtaƟon between DIA-NN and diaTracer (which both use DIA-NN for 

quanƟtaƟon) (Figure 4.20B). DDA and diaTracer showed the lowest PCCs across the board (Figure 

4.20D). Due to established MS protocols within the lab, the DDA phosphoproteomic data was taken 

forward for analysis. 

4.2.4. Proteome-normalised phosphoproteome data reveals altered 
phosphorylaƟon paƩerns during neutrophil differenƟaƟon 

DDA data was processed similarly to the ubiquitome data, using intensity values for phosphopepƟdes, 

filtered for localisaƟon probabiliƟes greater than 0.75. IntensiƟes were log2-transformed, median-

normalised, and condiƟonal imputaƟon was performed for absent and missing data. 

Phosphoproteome data were filtered to include phosphopepƟdes with valid intensity values in at least 

3 out of 4 replicates, and CV adjustment removed phosphopepƟdes in the highest CV decile. This 

resulted in 9,742 phosphopepƟdes, 7,862 of which were matched to 2,092 proteins, with a generally 

consistent number of phosphopepƟde IDs across all Ɵme points (Figure 4.21A). Less than 150 

phosphopepƟdes containing missing values corresponded to an absent protein value for any given 

Ɵme point. However, due to the smaller overall number of phosphopepƟde IDs, missing values 

common to both phosphoproteome and proteome data represented a larger proporƟon in days 0 and 
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1 (Figure 4.21B), compared to that of the proteome-normalised ubiquitome data (Figure 4.11B). 

Nevertheless, QC of proteome-normalised phosphopepƟde data demonstrated a clear disƟncƟon 

between the differenƟaƟon stages, evident from PCA and PCCs between biological replicates (Figure 

4.21D, E). Similar to ubiquitome data, phosphopepƟde intensiƟes showed low correlaƟon with protein 

intensity across all data points (PCC ≈ 0.25) (Figure 4.21F).  

Figure 4.20 Comparison of raw MS data processing approach for DDA and DIA phosphoproteome data. Raw DDA and DIA 
data were processed using FragPipe 23.1, with DIA data using the diaTracer implementaƟon. DIA data was also processed 
using DIA-NN v2.1. (A) PhosphopepƟde IDs from each approach were compared for overlap. PhosphopepƟde quanƟtaƟon 
was compared between (B) DIA-NN and diaTracer, (C) DIA-NN and DDA, and (D) diaTracer and DDA datasets. Pearson 
correlaƟon coefficients (PCCs) for each biological replicate are shown in corresponding panel (R = PCC). DoƩed line represents 
1:1 quanƟtaƟon.  
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Volcano ploƫng of moderated t-test output with BH FDR control for each phosphopepƟde, comparing 

each day to day 0, revealed increasing numbers of DAPeps as HoxB8 neutrophils differenƟated (Figure 

4.22, Table 4.3).  

Table 4.3 Summary of moderated t-test outputs for proteome-normalised phosphoproteome data of HoxB8 differenƟaƟon. 
Each Ɵme point was compared to day 0. 

Time Downregulated 
log2FC < -1, FDR < 0.01 

Unchanged 
|log2FC| < 1 

Upregulated  
log2FC > 1, FDR < 0.01 

Day 1 458 6,867 585 
Day 3 744 6,394 772 
Day 5 921 6,174 815 

 

Y-box binding protein 1 (YBX1) is a transcripƟon factor that parƟcipates in transcripƟon, translaƟon, 

DNA damage repair, and cell signalling, through its protein-protein interacƟons and ability to bind both 

DNA and RNA. Accordingly, YBX1 is implicated in various disease contexts, such as cancer153. Several 

phosphosites were idenƟfied for YBX1: T23, S100, S163, S165, S174, S311, S312, showed upregulated 

phosphorylaƟon; S2, T7, S19, S27, and S172 showed no change; and S3 was downregulated. YBX1 

phosphorylaƟon modulates YBX1 acƟvity, with S30, S34, S102, S165, S174, and S176 being reported in 

the literature154-158. YBX1 has been shown to regulate expression of C-X-C moƟf chemokine ligand 1 

(CXCL1)159 (known to be secreted by neutrophils) and C-C moƟf ligand 5 (CCL5)160, the laƩer of which 

involves protein phosphorylaƟon to acƟvate YBX1 funcƟon. 

NegaƟve elongaƟon factor complex member B (NELFB) is a subunit of the NELF complex, which 

negaƟvely regulates transcripƟon elongaƟon of RNA polymerase II, affecƟng cell proliferaƟon and 

differenƟaƟon. NELFA is known to be phosphorylated by MAPK and dephosphorylated by PP2A, which 

affects NELF complex associaƟon with paused polymerases, modulaƟng transcript elongaƟon161. The 

role of NELFB phosphorylaƟon remains unclear. The HoxB8 model showed downregulaƟon of NELFB 

phosphorylaƟon at sites S608 and T610, which may play a role in transcripƟonal regulaƟon.  

The SON protein is involved in regulaƟng pre-mRNA processing and splicing. Its depleƟon by RNAi 

resulted in cell cycle arrest in metaphase, indicaƟng its regulatory funcƟon is vital for cellular 

homeostasis and proliferaƟon162. The phosphoproteome data revealed SON is a highly phosphorylated 

protein, with 22 phosphosites idenƟfied. However, only 2 of these sites, S1998 and T2000, were 

upregulated in mature HoxB8 neutrophils, relaƟve to SON protein abundance.  
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Figure 4.21 QC of proteome-normalised phosphoproteome data of HoxB8 neutrophils during differenƟaƟon. (A) Number 
of phosphopepƟdes with corresponding protein idenƟficaƟon from proteome dataset, per biological replicate. Total IDs per 
Ɵme point are shown above each group (n = 4 biological replicates). (B) Number of missing values common to 
phosphopepƟde and corresponding protein IDs, per biological replicate. (C) DistribuƟon of median-normalised, log2-
transformed phosphopepƟde intensiƟes with imputed missing values (processed data). Imputed values are shown as more 
opaque secƟons of their corresponding histogram. (D) Pearson correlaƟon coefficient between biological replicates and Ɵme 
points of the processed data. (E) Principal component analysis of the processed data. (F) Comparison of phosphopepƟde 
intensiƟes and corresponding protein intensiƟes. Each point represents the median intensity of a specific modified pepƟde-
protein group pair, for a specific Ɵme point.
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Lymphocyte-specific protein 1 (LSP1) is an acƟn-binding protein that parƟcipates in cytoskeletal 

reorganisaƟon, with several phosphorylaƟon sites that have been previously reported163. 

PhosphorylaƟon of LSP1 has been shown to be induced upon neutrophil acƟvaƟon164, which may 

indicate why the majority of LSP1 phosphosites showed no change or downregulaƟon, with only S177 

showing upregulaƟon, during HoxB8 differenƟaƟon. LSP1 has also been demonstrated to parƟcipate 

in Fcγ receptor-mediated phagocytosis in macrophages165.  

Bridging integrator 2 (BIN2) is an adapter protein that is highly expressed in leukocytes, affecƟng 

podosome formaƟon, moƟlity, and phagocytosis in leukocytes through interacƟons with membranes 

and cytoskeletal components166. LiƩle is known about its role in neutrophils. BIN2 and phosphorylated 

BIN2 have been shown to contribute to ovarian cancer progression and affect the phosphorylaƟon of 

other proteins167. S391 phosphorylaƟon is highly upregulated in day-5 HoxB8 neutrophils, along with 

S420 phosphorylaƟon showing increased abundance, while other BIN2 phosphopepƟdes were 

downregulated or unchanged. 

GSEA of genes, ranked based on corresponding phosphopepƟde log2FC, showed posiƟve NES for GOBP 

terms associated with RNA metabolism and processing, and negaƟve NES for terms related to 

phagocytosis and endocytosis (vesicle fusion and endocyƟc recycling), in mature HoxB8 neutrophils 

(Figure 4.23). AddiƟonally, KEGG ‘GeneƟc InformaƟon Processing’ terms showed posiƟve enrichment 

for protein processing, Ub-mediated proteolysis, as well as DNA replicaƟon, chromaƟn remodelling, 

and spliceosome (Figure 4.24). These gene sets suggest phosphorylaƟon plays a role in regulaƟng 

pathways associated with gene expression and protein translaƟon, potenƟally acƟvaƟng enzymes 

within such pathways to bring about mature neutrophil phenotypes as professional phagocytes. Many 

signalling pathways are known to involve phosphorylaƟon for signal transducƟon, and GSEA 

highlighted the MAPK, mTOR, Ras, and Notch signalling pathways, among others, as significantly 

enriched in the posiƟve direcƟon (Figure 4.25). Notch168, MAPK103,169, and Ras170 signalling pathways 

have been implicated in neutrophil differenƟaƟon, while mTOR is associated with neutrophil effector 

funcƟons such as NETosis96. AddiƟonal GSEA of proteome-normalised phosphoproteome data can be 

found in Supplementary Figures 24-28. 
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 Figure 4.23 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from HoxB8 neutrophil 
differenƟaƟon (GOBP). Genes were pre-ranked based on corresponding phosphopepƟde log2(fold change) compared to day 
0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill 
colour. Gene ontology (GO) biological process (BP) terms are shown. 
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  Figure 4.24 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on corresponding phosphopepƟde 
log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour. KEGG subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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  Figure 4.25 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, Environmental InformaƟon Processing). Genes were pre-ranked based on corresponding 
phosphopepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge 
signal, and permutaƟon-based FDR is indicated by fill colour. KEGG subcategory ‘Environmental InformaƟon Processing’ terms 
are shown. 



4.2. Results 

 
123 

Hierarchical clustering of proteome-normalised phosphopepƟde abundance profiles focused on 

phosphopepƟdes that were differenƟally abundant during at least 1 stage of HoxB8 differenƟaƟon. 6 

clusters were idenƟfied (Figure 4.26) and subjected to ORA and ESI analysis. 

Many funcƟonal enrichment terms failed to reach significant thresholds, likely due to the small number 

of genes within each cluster, with only GOBP and GOCC terms achieving reasonable FDR levels (< 0.2). 

Cluster 3 represented a decreasing phosphorylaƟon profile and showed enrichment for terms 

associated with cytoskeletal reorganisaƟon (Figure 4.27). Cluster 1 showed a peaked phosphopepƟde 

abundance during day 1, and corresponded to terms associated with blood vessels and, notably, Ras 

protein signalling and regulaƟon, potenƟally indicaƟng that several proteins within this signalling 

pathway are more acƟve during earlier stages of HoxB8 differenƟaƟon. GOCC terms showed 

enrichment in cluster 3 (decreasing profile) for terms associated with the cytoskeleton, plasma 

membrane, and cell periphery (Figure 4.28). This may signify proteins involved in cell migraƟon are 

dephosphorylated in mature HoxB8 neutrophils, potenƟally as a way to modulate appropriate cellular 

morphology and chemotaxis. 

ESI analysis (Figure 4.29) revealed substrates of the serine/threonine-protein kinase VRK2 showing 

increasing phosphorylaƟon profiles (cluster 2 and 5). VRK2 is involved in stress response, MAPK 

signalling, and p53 acƟvity171,172. Moreover, the TTK protein kinase is involved in the spindle assembly 

checkpoint during mitosis, which is essenƟal for the correct segregaƟon of chromosomes173. TTK 

substrates showed decreasing phosphorylaƟon profiles, suggesƟng decreased TTK acƟvity is a feature 

of neutrophil differenƟaƟon. The serine/threonine-protein kinase SMG1 is involved in nonsense-

mediated decay (NMD), and several cancer cell lines, including mulƟple myeloma, were shown to be 

sensiƟve to SMG1 inhibiƟon174. Substrates of SMG1 showed decreasing phosphorylaƟon profiles aŌer 

day 1 of HoxB8 differenƟaƟon, suggesƟng SMG1 and NMD may be important in cells that closer 

resemble progenitor cells.  

Regarding phosphatases, substrates of protein tyrosine phosphatase non-receptor type 2 (PTPN2) 

were idenƟfied in clusters 1, 2, and 3, which represented disƟnct phosphorylaƟon profiles. PTPN2 plays 

regulatory roles in immune signalling, immune cell funcƟons, and immune cell development175. PTPN2 

has been shown to regulate inflammasome acƟvaƟon and IL1β producƟon in macrophage cells176. 

Calcineurin (PPP3C) parƟcipates in calcium signalling and cell cycle progression177. The substrates of 

PPP3C isoforms were idenƟfied in clusters 2 and 3, suggesƟng stage-specific phosphatase acƟviƟes 

result in disƟnct temporal phosphorylaƟon profiles.  
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Figure 4.26 Hierarchical clustering approach to idenƟfy abundance profiles of significantly differenƟally abundant, 
proteome-normalised phosphopepƟdes. PepƟde values corresponding to the median proteome-normalised pepƟde 
abundance (n = 4 biological replicates) at each Ɵme point were Z-scored across all Ɵme points. Cluster number opƟmisaƟon 
approaches included (A) elbow, (B) silhoueƩe, and (C) gap staƟsƟc methods. (D) Proteome-normalised phosphopepƟde 
abundance profiles of clusters 1-6. Cluster centre is represented as a thick, dark-green line. (E) Heatmap of clustered 
phosphopepƟdes. 
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Figure 4.27 FuncƟonal enrichment analysis of clustered proteome-normalised phosphopepƟde profiles that are 
differenƟally abundant during HoxB8 neutrophil differenƟaƟon (GOBP). Over-representaƟon analysis was performed on 
each cluster, using the proteins idenƟfied in the phosphoproteome and total proteome as the background proteins. Point 
size and colour represent -log10(p-value) and FDR, respecƟvely. Gene ontology (GO) biological process (BP) terms are shown.
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Figure 4.28 FuncƟonal enrichment analysis of clustered proteome-normalised ubiquiƟn-modified pepƟde profiles that are 
differenƟally abundant during HoxB8 neutrophil differenƟaƟon.Over-representaƟon analysis was performed on each 
cluster, using the proteins idenƟfied in the phosphoproteome and total proteome as the background proteins. Point size and 
colour represent -log10(p-value) and FDR, respecƟvely. Gene ontology (GO) cellular component (CC) terms are shown. 
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4.3. Discussion 
CharacterisaƟon of the proteome, ubiquitome, and phosphoproteome of the HoxB8 model provided 

detailed molecular insights into protein and PTM changes that occur during neutrophil differenƟaƟon.  

The depth of the ubiquitome highlights the pivotal role Ub plays in many cellular processes. Some Ub-

pepƟdes with different pepƟde sequences corresponded to the same ubiquiƟnaƟon site within a 

protein. However, in some instances, their quanƟtaƟon was contradictory, showing different 

abundance profiles over Ɵme. For example, two Ub-pepƟdes that correspond to the site K27 on 

ubiquiƟn demonstrated contrary abundance profiles, with the two different K27 Ub-modified pepƟde 

showing low posiƟve and negaƟve correlaƟons with Ub protein abundance. This may have been 

caused by sample preparaƟon effects, such as trypsin cleavage efficiency or sequence preference, or 

bias in MS analysis, where different pepƟdes showed differing ionisaƟon efficiencies, etc. Methods to 

incorporate such informaƟon to provide a representaƟve value for each PTM site, rather than each 

pepƟde, would improve the interpretability of the data. AddiƟonally, informaƟon regarding the types 

of Ub linkages and Ub chain architecture is lost upon trypƟc digesƟon of proteins. These details are 

essenƟal to consider when inferring the biological consequences of ubiquiƟnaƟon, as different Ub 

linkage types and Ub chain structures can result in substrate- and context-specific behaviours. For 

example, K27 ubiquiƟnaƟon is typically associated with DNA damage and anƟ-viral immunity. The 

ubiquitomic data provides a global overview of this linkage type rather than protein specific Ub 

linkages, and the opposite abundance profiles of Ub-pepƟdes of Ub K27 creates ambiguity regarding 

the real changes in the levels of this Ub linkage type. Moreover, the enrichment of Ub-modified 

pepƟdes was limited to ubiquiƟnaƟon on lysine side chains. It is known that ubiquiƟnaƟon can also 

occur on other amino acid side chains such as those of cysteine and serine. This informaƟon regarding 

non-canonical ubiquiƟnaƟon is missing from the data.  

Phosphoproteome analysis of both DDA- and DIA-MS data enabled a comparison between different 

data acquisiƟon modes and subsequent database searching methods for precursor idenƟficaƟon and 

quanƟtaƟon. Since DDA approaches involve the selecƟon of precursors and subsequent 

fragmentaƟon, as opposed to DIA, which fragments all precursors within an m/z window, assignment 

of MS2 spectra to MS1 provides a direct route to sequencing pepƟdes, potenƟally miƟgaƟng the 

effects of neutral loss in phosphopepƟdes affecƟng precursor sequence determinaƟon and assignment 

of phosphorylaƟon localisaƟon178. However, precursor selecƟon can be random, especially in complex 

mixtures of pepƟdes, therefore DDA data can contain more missing values and potenƟally introduce 

bias. Using ‘pseudo-tandem mass spectra,’ diaTracer improved the number of confident IDs for DIA 
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data, compared to DIA-NN. However, it is difficult to gauge the impact without a thorough 

experimental and analyƟcal design with appropriate benchmarking.  

NormalisaƟon of PTM levels to protein abundance provides a relaƟve quanƟficaƟon of the ‘amount’ 

of protein that is ubiquiƟnated or phosphorylated. By subtracƟng the median protein abundance 

(providing a consensus protein level within the proteome data) from modified pepƟde abundances, 

informaƟon regarding the relaƟve intensiƟes of PTM and protein can be compared over the different 

stages of differenƟaƟon. More sophisƟcated approaches include those employed by the MSstatsPTM 

R package, which uses linear mixed effect model fiƫng and model-based inferences to determine 

(near-)stoichiometric quanƟƟes of PTMs relaƟve to protein abundance179.  

GSEA used ranking based on log2FC values (from moderated t-tests) to infer changes in biological 

process and pathways during each stage of HoxB8 differenƟaƟon. Many ubiquiƟnated and 

phosphorylated pepƟdes were idenƟfied, with several modified pepƟdes derived from the same 

protein. As such, different levels of modificaƟons could be observed at disƟnct sites within the same 

protein. GSEA is performed at the gene level; therefore, it would be unable to capture informaƟon 

about individual protein modificaƟon sites that exhibit diverse abundance profiles during 

differenƟaƟon. This may influence resultant funcƟonal enrichment results when generaƟng a ranked 

list. ORA can miƟgate these effects since subsets of genes are compared, without the need for ranking 

metrics.  

Several Ub-pepƟdes that showed staƟsƟcally significant differenƟal abundance during HoxB8 

differenƟaƟon were derived from kinases and kinase receptors. Conversely, many phosphopepƟdes 

were derived from proteins of the ubiquiƟn system. This may indicate cross-talk between 

ubiquiƟnaƟon and phosphorylaƟon pathways to bring about appropriate protein regulaƟon and signal 

transducƟon, enabling neutrophil differenƟaƟon programmes. Receptor proteins, in general, were 

idenƟfied as containing differenƟally abundant Ub-pepƟdes, suggesƟng that extracellular cues are 

essenƟal for neutrophil differenƟaƟon, and signal transducƟon is mediated by both phosphorylaƟon 

and ubiquiƟnaƟon events. TargeƟng receptors and receptor-ligand interacƟon may be a way to 

modulate granulopoiesis, which could have therapeuƟc opportuniƟes. For example, G-protein coupled 

receptors (GPCRs) present one of the most prominent family of proteins that are targeted by drugs180. 

Neutrophils express many GPCRs on their cell surface181, and (non-)receptor tyrosine kinases182; these 

signalling pathways provide potenƟal avenues to intervene in neutrophil differenƟaƟon183 and effector 

funcƟons184,185 through pharmacological agents.  

ESI analysis was limited due to the availability of reference databases and data pertaining to validated 

enzyme-substrate relaƟonships. Expanding these relevant sources of informaƟon would improve 
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staƟsƟcal tesƟng capabiliƟes and enhance the ability to make predicƟons on similar datasets. 

Nevertheless, several DUBs and E3 ligases were idenƟfied, with substrate-derived pepƟdes showing 

interesƟng and unique abundance profiles during HoxB8 differenƟaƟon.  

YOD1 substrates showed ubiquiƟn-modified abundance profiles, relaƟve to their corresponding 

protein abundances, with increasing levels unƟl day 3 and a subsequent decrease on day 5 of HoxB8 

neutrophil differenƟaƟon. This unique profile may suggest proteins need to be stabilised for 

differenƟaƟon progression but then degraded in mature HoxB8 neutrophils. Transcriptome and 

ubiquitome data indicate YOD1 is indeed expressed in HoxB8 neutrophils, suggesƟng it may be a 

master regulator of HoxB8 proliferaƟon and subsequent differenƟaƟon. YOD1 has been shown to bind 

to and deubiquiƟnate NEDD4, supressing NEDD4-induced cell proliferaƟon via the Hippo signalling 

pathway186. AddiƟonally, YOD1 has been demonstrated to stabilise a different E3 ligase, ITCH, 

enhancing its stability and also modulaƟng Hippo signalling187. YOD1 and USP21 exert a synergisƟc 

effect on the Hippo signalling pathway, with YOD1 affecƟng USP21 stability, potenƟally implicaƟng 

USP21 in regulatory mechanisms of cell proliferaƟon and survival188. The final substrate of YOD1 

idenƟfied in the ubiquitome data was VCP, a protein involved in lysosomal homeostasis and protein 

quality control189,190. InteracƟons between YOD1 and VCP play essenƟal roles in the ER-associated 

degradaƟon (ERAD) pathway191, which may be a feature of neutrophil differenƟaƟon. YOD1 has been 

shown to stabilise the E3 ligase TRIM33, suppressing tumour progression in head and neck squamous 

cell carcinoma192. Moreover, Yod1tm1bNarl/ Yod1tm1bNarl mice showed an increase in neutrophil cell 

numbers193. Its role in various signalling pathways and biological processes has highlighted YOD1 as a 

potenƟal therapeuƟc target in various disease contexts194, and proteomic analysis of HoxB8 neutrophil 

differenƟaƟon suggests YOD1 may contribute to neutrophil development and maturaƟon.  

PhosphorylaƟon appeared to play broader roles in cell cycle progression, DNA and chromaƟn 

processing, and mRNA regulaƟon. This was further supported by the types of kinases and 

phosphatases that were idenƟfied, which control cellular processes involved in transcripƟonal 

regulaƟon and cell proliferaƟon.  

Although the PTMomic data was acquired in the HoxB8 model of mouse neutrophil differenƟaƟon, the 

broader role of ubiquiƟnaƟon and phosphorylaƟon in regulaƟng protein stability and funcƟon can be 

assessed. Proteins may play a general role in cellular homeostasis, and changes in PTM levels could be 

indicaƟve of a protein’s regulatory mechanism. Many ubiquiƟnaƟon and phosphorylaƟon sites for 

numerous proteins have not been reported in the literature. These datasets provide informaƟon on 

the possible PTMs that can be detected on various proteins, irrespecƟve of the biological context. 
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Chapter 5: IntegraƟve -omics analysis of HoxB8 mouse 
neutrophil differenƟaƟon reveals novel protein 
markers and insights into signalling pathway regulaƟon 

5.1. IntroducƟon 
A model of neutrophil differenƟaƟon based on immortalised murine GMP cells – referred to as the 

HoxB8 model32 – has been characterised using various modaliƟes to assess the genome, 

transcriptome, and now proteome and PTMome. Previous work from the Udalova group performed 

ATAC-seq and RNA-seq to characterise the epigenome and transcriptome of HoxB8 neutrophil 

differenƟaƟon, respecƟvely110. Leveraging these diverse datasets using a systems biology approach has 

the potenƟal to reveal regulatory networks and potenƟal mechanisms that control neutrophil 

differenƟaƟon. For example, key signalling pathways involved in cell differenƟaƟon and homeostasis 

may be regulated at different levels, from the genome through to the proteome.  

In the context of a collaboraƟve effort, transcriptome and epigenome data for the HoxB8 neutrophil 

differenƟaƟon model110 were pre-processed and variance-stabilising transformed (VST) data was 

shared by Dr. Abhinandan Devaprasad from the Udalova Group in the Kennedy InsƟtute of 

Rheumatology, University of Oxford. Furthermore, Western blot analysis of proteins idenƟfied in the 

HoxB8 differenƟaƟon proteomics was performed to validate the protein changes that were idenƟfied 

from MS-based proteomic workflows, using an orthogonal approach.  

5.2. Results 
5.2.1. Transcriptome profiles reflect disƟnct stages of neutrophil differenƟaƟon 

Transcripts with low VST counts in all stages of differenƟaƟon were removed from the dataset, 

resulƟng in 18695 transcripts corresponding to 15174 genes (Figure 5.1A). QC of the transcriptome 

data revealed that VST counts exhibited Poisson distribuƟons (Figure 5.1B) and demonstrated 

expected groupings and correlaƟons between biological replicates and Ɵme points, as illustrated in the 

PCA plot and PCC matrix (Figure 5.1C,D). Day 0 appeared to have a more disƟnct transcriptome 

compared to the other days, suggesƟng changes in transcripƟonal programs occur at the early stage 

of differenƟaƟon, and subsequently followed by disƟnct proteomic changes between day 1 and 3 (see 

Chapter 4).  
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 Figure 5.1 QC of transcriptome data of HoxB8 neutrophils during differenƟaƟon. (A) Number of transcript IDs per biological 
replicate, with total IDs per Ɵme point shown above each group (n = 2 biological replicates). (B) DistribuƟon of variance 
stabilisaƟon transformed (VST) count data. (C) Pearson correlaƟon coefficient between biological replicates and Ɵme points 
of the processed data. (D) Principal component analysis of the processed data. (E) Comparison of transcriptome and 
proteome data for all transcripts and corresponding protein levels, for all Ɵme points. (F) DistribuƟon of Pearson correlaƟon 
coefficients (PCCs) between mRNA and protein levels, for each transcript-protein pair, over Ɵme. 
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Transcripts were matched to corresponding proteins and correlaƟon between transcriptome counts 

and proteome intensiƟes, for all Ɵme points, were calculated. Overall, the proteome and 

transcriptome demonstrated low correlaƟon (PCC ≈ 0.39) for all Ɵme points (Figure 5.1E).  

CorrelaƟon per transcript-protein pair over Ɵme was then calculated (Figure 5.1F). The distribuƟon of 

PCCs showed that the majority of proteins correlate with their mRNA transcript levels. Corresponding 

genes were ranked based on the correlaƟon between protein and transcript levels, and GSEA was 

performed. GOBP terms showing posiƟve enrichment included mitochondrial gene expression and 

translaƟon, acƟn-associated processes, and posiƟve regulaƟon of the ERK1/2 cascade, indicaƟng the 

proteins connected to these processes have abundance profiles that follow mRNA levels, suggesƟng 

transcripƟonal regulaƟon (Figure 5.2). InteresƟngly, protein K11-linked ubiquiƟnaƟon also showed 

posiƟve enrichment, potenƟally indicaƟng that the ubiquiƟnaƟon machinery may be transcripƟonally 

regulated, which could affect degradaƟon and/or funcƟon. NegaƟve enrichment was observed for 

terms associated with cytokine (IL-7) response, p53-mediated DNA damage response, and cell fate 

specificaƟon. The KEGG subcategory ‘GeneƟc InformaƟon Processing’ showed posiƟve enrichment for 

ribosome- and DNA-related terms, and negaƟve enrichment for RNA-related terms such as mRNA 

surveillance pathway, spliceosome, and RNA degradaƟon, in addiƟon to terms linked to protein 

processing in the ER and the proteasome (Figure 5.3). These findings suggest that there may be 

associaƟons between transcripƟonal regulaƟon and associated machinery and post-translaƟonal 

regulatory mechanisms. AddiƟonal GSEA of transcriptome-proteome data can be found in 

Supplementary Figures 29-34. 

5.2.2. PredicƟng protein abundance from the transcriptome, proteome, and 
ubiquitome 

To beƩer understand the relaƟonship between transcriptome, proteome, and ubiquitome datasets, 

linear regression was used to assess whether protein abundance could be predicted from 

corresponding mRNA transcripts and ubiquiƟnated pepƟde levels. Median values for each Ɵme point 

were calculated for respecƟve datasets and combined, resulƟng in 4173 transcripts, 4174 proteins, 

and 23757 ubiquiƟnated pepƟdes for analysis. The lm funcƟon in the ‘stats’ R package was used to 

predict esƟmates for coefficients of each transcript-protein-ubiquiƟnated pepƟde combinaƟon, using 

the following model: 

𝑌௣ = 𝑏଴ + 𝑏ଵ𝑋௧ + 𝑏ଶ൫𝑋௨ − 𝑋௣൯ 

Yp is protein abundance, Xt is mRNA counts, Xu is ubiquiƟnated pepƟde intensity, Xp is protein intensity, 

and b0, b1, and b2 are coefficients to be esƟmated for each variable. Protein intensity values were 
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subtracted from ubiquiƟnated pepƟde intensiƟes to account for protein abundance influencing the 

levels of ubiquiƟnaƟon, as outlined in Chapter 4.  

EsƟmates for each variable coefficient were calculated and filtered based on staƟsƟcal significance 

(FDR < 0.05 for b1 or b2), resulƟng in 2322 proteins with corresponding mRNA levels and 8166 ubiquiƟn-

modified pepƟde profiles. Genes were then ranked by either b1 or b2, corresponding to effects from 

mRNA transcript levels or ubiquiƟnated pepƟde intensiƟes, respecƟvely. GSEA was performed on each 

ranked list separately.  

Different KEGG terms for ‘Environmental InformaƟon Processing’ for various signalling pathways were 

idenƟfied for each gene list. Rap1, Ras, Wnt, and sphingolipid signalling pathways were posiƟvely 

enriched when genes were ranked based on the effect of mRNA levels (Figure 5.4), whereas the same 

pathways showed negaƟve enrichment when genes were ranked based on impact of ubiquiƟnaƟon 

levels (Figure 5.5). This suggests that these pathways are likely to be transcripƟonally upregulated due 

to larger posiƟve effects of mRNA and post-translaƟonally maintained due to more negaƟve effects of 

ubiquiƟnaƟon on corresponding protein abundance. MAPK, TGF-beta, and FoxO signalling pathways 

were posiƟvely enriched for genes ranked by ubiquiƟnaƟon levels, potenƟally indicaƟng that 

ubiquiƟnaƟon may play a funcƟonal role in these pathways rather than a regulatory or degradaƟve 

one. Signalling pathways that showed posiƟve enrichment common to both gene lists were NF-κB, 

mTOR, VEGF, and HIF-1, suggesƟng transcripƟonal regulaƟon and post-translaƟonal modulaƟon 

contribute to protein acƟviƟes within these pathways. Further GSEA of transcriptome and ubiquitome 

contribuƟons can be found In Supplementary Figures 35-48. 
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 Figure 5.2 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 neutrophil 
differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between mRNA levels and corresponding 
protein levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) biological process (BP) terms 
are shown. 
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 Figure 5.3 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 neutrophil 
differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon between 
mRNA levels and corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG pathway 
subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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 Figure 5.4 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome levels during HoxB8 
neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on staƟsƟcally 
significant coefficients corresponding to transcriptome variables used to predict protein abundance. The KEGG 
pathway subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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 Figure 5.5 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels during HoxB8 
neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on staƟsƟcally 
significant coefficients corresponding to ubiquitome variables used to predict protein abundance. The KEGG 
pathway subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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5.2.3. Epigenome profiles altered during early stages of neutrophil 
differenƟaƟon 

ATAC-seq data was acquired to analyse changes in chromaƟn accessibility during HoxB8 neutrophil 

differenƟaƟon. DistribuƟons of VST counts suggest chromaƟn becomes less accessible as HoxB8 

neutrophils mature, as indicated by the shiŌ of Poisson distribuƟons towards lower values (Figure 

5.6A). PCA and PCCs of the data demonstrated that the epigenome is more similar during day 3 and 5, 

suggesƟng that epigenomic changes mostly occur before day 3 (Figure 5.6B,C). Epigenome and 

transcriptome data, overall, showed liƩle to no correlaƟon (PCC ≈ 0.12) (Figure 5.6D). However, by 

correlaƟng the epigenome to transcriptome levels for regions proximal to genes and their 

corresponding mRNA transcript levels, a bimodal distribuƟon of PCCs were observed (Figure 5.6E), 

with the majority of ATAC-seq peaks showing strong posiƟve (PCC > 0.7) and negaƟve (PCC < -0.7) 

correlaƟons with transcript levels.  

GSEA, on gene lists ranked using epigenome-transcriptome correlaƟon, demonstrated posiƟve 

enrichment of GOBP terms associated with cell migraƟon, adhesion, and development, as well as 

negaƟve enrichment for mitochondrial and ribosomal terms (Figure 5.7). AddiƟonally, gene sets 

associated with protein processing, ubiquiƟn-mediated proteolysis, mRNA surveillance, RNA 

degradaƟon, and chromaƟn remodelling were posiƟvely enriched (Figure 5.8). These enriched terms 

suggest that the relaƟonship between chromaƟn accessibility and gene expression may primarily affect 

and regulate homeostaƟc acƟviƟes and associated cellular processes. AddiƟonal GSEA of epigenome 

data can be found in Supplementary Figures 49-54.  
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Figure 5.6 QC of epigenome data of HoxB8 neutrophils during differenƟaƟon. (A) DistribuƟon of variance stabilisaƟon 
transformed (VST) count data (n = 2 biological replicates). (B) Pearson correlaƟon coefficient between biological replicates 
and Ɵme points of the processed data. (C) Principal component analysis of the processed data. (D) Comparison of epigenome 
and transcriptome data for all ATAC-seq peaks corresponding mRNA transcript levels, for all Ɵme points. (E) DistribuƟon of 
Pearson correlaƟon coefficients (PCCs) between epigenome and mRNA levels, for each ATAC-seq peak-transcript pair, over 
Ɵme. 
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 Figure 5.7 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 neutrophil 
differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between epigenome levels and 
corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) biological 
process (BP) terms are shown. 
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 Figure 5.8 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 neutrophil 
differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon between 
epigenome levels and corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG 
pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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5.2.4. PredicƟng regulatory roles of transcripƟon factors in neutrophil 
differenƟaƟon 

TFs play a crucial role in epigeneƟc regulaƟon. IncorporaƟng informaƟon from ATAC-seq, RNA-seq, and 

MS-based proteomic analysis, and leveraging data from TF Link127 (a database consisƟng of 

comprehensive transcripƟon factor-target gene interacƟons), TFs idenƟfied on the proteome level can 

be linked to their target genes on the epigenome and transcriptome levels. By doing so, predicƟons 

can be made regarding the effect of transcripƟon factor presence, or abundance, and epigenome 

changes on mRNA transcript levels during HoxB8 differenƟaƟon. Using a linear regression approach, 

the coefficients for the following equaƟon were predicted: 

𝑌௧ = 𝑏଴ + 𝑏ଵ𝑋௘ + 𝑏ଶ𝑋்ி  

𝑌௧ = 𝑏଴ + 𝑏ଵ𝑋௘ + 𝑏ଶ𝐷்ி 

Where Yt corresponds to mRNA transcript level, Xe is chromaƟn accessibility (epigenome) levels, XTF is 

TF abundance, DTF is a binary variable represenƟng TF presence or absence, and b0, b1, and b2 are 

coefficients to be predicted for each variable. Since TF acƟvity may not necessarily depend on its 

abundance, both approaches were considered.  

Using the above models to esƟmate the effects of TF and epigenome levels on mRNA levels, the 

predictor variable coefficients failed to reach an appropriate FDR threshold, potenƟally due to the large 

number of comparisons made and the complex interplay between TF abundance/presence, chromaƟn 

accessibility, and gene expression. Instead, all data were maintained without p-value or FDR filtering. 

Accordingly, these coefficient esƟmates were used to rank corresponding genes for GSEA. GSEA did 

not provide any meaningful enrichment when the TF presence/absence model was used (data not 

shown). Therefore, the TF abundance model was used, and the analysis space covered 104 TFs, 1028 

target gene transcripts, and 8592 ATAC-seq peaks proximal to those genes. 

Looking at KEGG ‘Environmental InformaƟon Processing’ terms, ranking based on epigenome and TF 

abundance effects both showed posiƟve enrichment for TNF, PI3K/AKT, FoxO, Ras, and Wnt signalling 

pathways, suggesƟng increased chromaƟn accessibility and changes in TF abundance lead to increased 

mRNA levels of associated genes (Figure 5.9, Figure 5.10). The TFs whose target genes contributed to 

the core enrichment of each signalling pathway are listed in Table 5.1. Further GSEA of epigenome and 

TF abundance contribuƟons can be found in Supplementary Figures 55-68.  
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Table 5.1 TranscripƟon factors whose genes contributed to the core enrichment of signalling pathways in the context of 
neutrophil differenƟaƟon. 

Signalling pathway Transcription factors 

FoxO signalling pathway CREBBP, E2F4, EP300, GABPA, NFKB1, SP1, SPI1, STAT3, 
TP53 

Hippo signalling pathway CREB1, EHMT2, NFKB1, RFX1, RUNX2, SP1, SPI1, TP53 

PI3K-Akt signalling pathway CREB1, EZH2, FMR1, HDAC2, HDAC3, NFKB1, NR3C1, 
POU2F1, RELA, RFX1, SP1, SPI1, STAT3, TP53 

Ras signalling pathway FMR1, POU2F1, RBPJ, RELA, RFX1, SMARCA4, SP1, TP53 

TNF signalling pathway CEBPA, CEBPB, ESR1, EZH2, NFKB1, NR3C1, RELA, SP1, 
STAT4, TP53 

Wnt signalling pathway EHMT2, SP1, TP53 

 

Ras and Wnt signalling pathways also demonstrated large posiƟve effects of mRNA levels and negaƟve 

effects of ubiquiƟnaƟon levels on protein abundance, as shown in the previous analysis (Figure 5.4, 

Figure 5.5). In contrast, TNF, PI3K/AKT, and FoxO signalling pathway proteins did not show enrichment 

for the contribuƟons of mRNA levels to their protein abundance. However, the contribuƟons of 

ubiquiƟnaƟon to protein abundance were posiƟve for PI3K/AKT and FoxO, and negaƟve for TNF. 

Moreover, the Hippo signalling pathway was only posiƟvely enriched based on TF abundance effects, 

and associated proteins showed negaƟve effects from ubiquiƟnaƟon. Table 5.2 provides a summary of 

the contribuƟons of the epigenome and TF abundance to mRNA levels, as well as the relaƟonship 

between mRNA levels, ubiquiƟnaƟon, and protein abundance. These observaƟons suggest that 

different signalling pathways are likely regulated at different levels across gene expression, influencing 

overall protein abundance, with potenƟal combinatorial contribuƟons, during HoxB8 neutrophil 

differenƟaƟon.  
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 Figure 5.9 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels during HoxB8 
neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on staƟsƟcally 
significant coefficients corresponding to epigenome variables used to predict mRNA levels. The KEGG pathway 
subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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  Figure 5.10 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels during HoxB8 
neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on staƟsƟcally 
significant coefficients corresponding to TF abundance variables used to predict mRNA levels. The KEGG pathway 
subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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Table 5.2 Summary of contribuƟons of epigenome and TF abundance to mRNA levels, and mRNA and ubiquiƟnaƟon levels 
to protein abundance in enriched signalling pathways. ‘+’ indicates a posiƟve effect, ‘–‘ indicates a negaƟve effect, and a 
blank indicates no enriched effect.  

Signalling pathway mRNA levels Protein abundance 

Epigenome 
(ATAC-seq) 

contribuƟons 

TF abundance 
contribuƟons 

mRNA level 
contribuƟons 

UbiquiƟnaƟon 
contribuƟons 

TNF + + 
 

– 

MAPK + 
  

+ 

PI3K/AKT + + 
 

+ 

Ras + + + – 

ErbB + 
  

+ 

Phospholipase D + 
 

+ + 

FoxO + + 
 

+ 

Wnt + + + – 

Hippo 
 

+ 
 

– 

Rap1 
  

+ – 

mTOR 
  

+ + 

NF-κB 
  

+ + 

HIF-1 
  

+ + 

VEGF 
  

+ + 

Sphingolipid 
  

+ – 

cAMP 
  

+ 
 

TGFβ 
   

+ 

cGMP-PKG 
   

– 

AMPK  
   

– 
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5.2.5. HoxB8 neutrophil proteomics reveals novel protein markers associated 
with differenƟaƟon 

Due to large proteomic changes that occur during HoxB8 differenƟaƟon, whole cell lysates from day 0, 

1, 3, and 5 were quanƟfied for protein amounts and samples were normalised for SDS-PAGE loading. 

Coomassie staining confirmed that similar amounts of protein were loaded onto the gel across all 

samples (Figure 5.11). A prominent band between 37 and 50 kDa exhibited an elevated signal in later 

stages of differenƟaƟon (days 3 and 5). This band likely corresponds to β-AcƟn (ACTB), a key 

component of the acƟn cytoskeletal that also demonstrated increasing abundance in the HoxB8 

proteomic analysis. The increased abundance of cytoskeletal proteins is consistent with neutrophil 

biology, as neutrophils are highly moƟle cells that exhibit a dynamic and flexible morphology. ACTB is 

typically used as a loading control in Western blot analysis. However, the proteomic data indicates that 

ACTB would not be suitable for this purpose.  

Western blot analysis detected protein bands, across all Ɵme points, for Integrin alpha M (ITGAM) or 

CD11b, CD34, high affinity immunoglobulin epsilon receptor subunit gamma (FCER1G), RHOA, NAD-

dependent protein deacetylase sirtuin-3, mitochondrial (SIRT3), and transglutaminase 2 (TGM2) 

(Figure 5.12A). The observed protein band signals recapitulated protein abundance trends determined 

in the HoxB8 differenƟaƟon proteomics data (Figure 5.12B,C).  

5.2.6. NLRP3 inflammasome components are upregulated during neutrophil 
differenƟaƟon 

Data from Chapter 3 and Chapter 4 indicated a potenƟal role of NOD-like receptor signalling in HoxB8 

differenƟaƟon. Accordingly, components of the NLRP3 inflammasome showed increased protein 

abundance over Ɵme. IntegraƟon with other -omics datasets suggest this may be transcripƟonally 

regulated (Figure 5.13A). Transcriptome and ubiquitome changes in NLRP3, apoptosis-associated 

speck-like protein containing a CARD (PYCARD or ASC), caspase 1 (CASP1), and Gasdermin D (GSDMD) 

showed similar trends to corresponding protein abundance changes. Examining the epigenome data, 

genomic regions near these NLRP3 inflammasome genes exhibited increased chromaƟn accessibility 

during HoxB8 differenƟaƟon. This was accompanied by an increase in mRNA levels. Despite increasing 

chromaƟn accessibility and mRNA levels of Interleukin-1 beta (IL1β) and IL18, IL1β and IL18 proteins 

were not detected. Only one IL1β-derived ubiquiƟnated pepƟde was idenƟfied on day 5, suggesƟng 

IL1β may be readily ubiquiƟnated and degraded if and when translated. AlternaƟvely, IL1β and IL18 

could be secreted. These findings suggest NLRP3 inflammasome priming naturally occurs during HoxB8 

neutrophil differenƟaƟon. Since IL1β and IL18 are effector molecule of the NLRP3 inflammasome, 

HoxB8 neutrophils may need acƟvaƟon in order to detect these cytokines. GSDMD appears to be the 

only main effector molecule of the NLRP3 inflammasome that was detectable in the total proteome. 
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Western blot validaƟon confirmed increased protein levels of NLRP3 and CASP1 in mature HoxB8 

neutrophils (Figure 5.13B,C). IL1β was not detected in mature HoxB8 cell lysates during Western blot 

analysis (data not shown).  

 

  

Figure 5.11 SDS-PAGE analysis of HoxB8 neutrophils during differenƟaƟon. (A) Coomassie staining of SDS-PAGE gel. Cells 
were collected on days 0, 1, 3, and 5 post-inducƟon of differenƟaƟon. The arrow indicates approximate molecular weight of 
β-acƟn (ACTB) (B) Coomassie stain signals (n = 1).  
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5.3. Discussion 
5.3.1. IntegraƟve -omics offers unique molecular insights into neutrophil 
differenƟaƟon  

GeneƟc informaƟon processing is fundamental to cellular funcƟon. Genes, encoded in the genome of 

a cell (the DNA), are expressed through transcripƟon, resulƟng in mRNA. Gene expression depends on 

the interplay between chromaƟn dynamics and TFs. The resultant mRNA is then processed and 

translated at ribosomes, giving rise to protein producƟon. Proteins can then be post-translaƟonally 

modified, which affects their stability and/or funcƟon. These correlaƟve analyses aƩempted to 

ascertain potenƟal links between different biological macromolecules associated with specific genes 

within the context of the central dogma of molecular biology. TF abundance and chromaƟn 

accessibility surrounding target genes may affect mRNA expression levels. Similarly, mRNA levels may 

affect protein expression, and these proteins could be modified, consequently affecƟng overall protein 

abundance.  

Gene expression is a complex process involving chromaƟn dynamics, TF interacƟons, and regulatory 

elements proximal and distal to gene loci. ATAC-seq data may not fully capture the regulatory aspects 

for all genes and their expression, and may not be indicaƟve of transcripƟonally acƟve regions or TF 

binding hotspots. AddiƟonally, the acƟviƟes of a TF may depend on factors such as TF binding sites, 

transcripƟonal acƟvaƟon versus repression, and combinatorial effects with other TFs, protein 

complexes, chromaƟn architecture, chromaƟn-associated proteins, and TF PTM status. CHIP-seq 

approaches would allow for the direct characterisaƟon of TF binding, but only granƟng a snapshot of 

a specific TF, limited by the availability of robust anƟbodies that target these proteins.  

TFLink contains a diversity of TF-target gene interacƟons. However, some TFs idenƟfied in the database 

are not convenƟonal TF, and their target genes were obtained in large-scale experiments. As such, 

analysis focused on data derived from small scale experiments but this limits the analysis to validated 

TF-target gene interacƟons. Nevertheless, several TFs, as idenƟfied in the proteomic data, and their 

abundances were predicted to influence mRNA levels of target genes involved in several neutrophil-

associated pathways. C/EBPα, C/EBPβ, and SPI1 (PU.1) are already known to participate in neutrophil 

differentiation1. Signal transducer and activator of transcription 3 (STAT3) has also been demonstrated 

to facilitate neutrophil differentiation in response to G-CSF exposure195,196. 

NF-κB signalling pathway participates in neutrophil inflammatory response and can even induce 

C/EBPα transcription, increasing neutrophil production upon cytokine exposure197,198. TFs involved in 

this pathway include NFKB1 and RELA. The cAMP responsive element binding protein 1 (CREB1) is 

involved in neutrophil activation and driving pro-inflammatory phenotypes199. The CREB binding 
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protein (CREBBP) is a tumour suppressor gene involved in gene expression, cell growth, and 

differentiation. CREBBP/EP300 activity was shown to affect neutrophil differentiation, where 

inhibition led to a decrease in abnormal differentiation and proliferation of neutrophil progenitors200, 

in the context of triple-negative breast cancer (TNBC). TNBC has been demonstrated to promote the 

accumulation of neutrophils in the blood and immature neutrophils in the bone marrow201,202. These 

TFs demonstrate potential links between immune response regulation and granulopoiesis. 

Euchromatic histone lysine methyltransferase 2 (EHMT2) is involved in gene silencing and repressive 

chromatin. EHMT1 and EHMT2-associated gene silencing of myeloperoxidase (MPO) and proteinase 

3 (PRTN3), two proteins found in azurophilic granules in neutrophils, was lost in patients with anti-

neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV)203. EHMT2 deletion in 

pancreatic epithelial cells affected the recruitment of immune cells, which included neutrophils204. The 

exact role of EHMT2 in neutrophil biology and differentiation remains undetermined. Similarly, 

histone deacetylase (HDAC) proteins regulate chromatin structure through modification of histones, 

consequently affecting gene expression205. Enhancer of zeste homolog 2 (EZH2) is a subunit of the 

polycomb repressive complex 2 (PRC2) that acts as a methyltransferase, again, modifying histones and 

chromatin organisation206. Interestingly, EZH2 was also found to regulate integrin signalling and 

adhesion dynamics in neutrophils, demonstrating a non-histone methylation role in controlling 

neutrophil behaviour207. These proteins may play general or specific roles in chromatin remodelling to 

enable neutrophil transcription programs. 

E2F transcription factor 4 (E2F4) regulates the cell cycle. Its expression was shown to negatively 

correlate with neutrophil infiltration in human gastric carcinoma tumour tissue208. P53 participates in 

the DNA-damage response and cell survival209. SP1 influences cell proliferation, apoptosis, and 

differentiation210. These TFs may perform more general roles in transcriptional regulation, 

housekeeping gene expression, and control of cellular state. The potential role of other identified TFs 

in neutrophil biology and differentiation remains unclear and warrants further investigation.  

Protein abundance can be parƟally linked to mRNA levels and PTM regulaƟon. The data indicates 

several signalling pathways may be regulated at different stages, from gene expression to protein 

translaƟon and beyond. However, other informaƟon needs to be considered. Importantly, the effects 

of post-transcripƟonal regulaƟon and protein translaƟon (synthesis) are other stages that can 

influence protein abundance. This informaƟon is currently missing in from the datasets. SƟll, it would 

provide valuable insights into how genes are expressed, how proteins are synthesised, and how 

proteins are subsequently regulated, leading to the idenƟficaƟon of key regulatory mechanisms as well 

as potenƟal targets that may be crucial for neutrophil differenƟaƟon. Analyses in this work have 
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revealed indicaƟons that ribosomal pathways and mRNA processing (e.g. splicing) proteins may indeed 

parƟcipate in bringing about appropriate molecular changes during neutrophil development.  

Hoogendijk et al. performed correlaƟon network analysis on transcriptome and MS-based proteome 

data from cells corresponding to the different stages of human, primary (pro)myelocyte cell 

differenƟaƟon towards the neutrophil lineage211. Consistent with these data, transcriptome and 

proteome changes from HoxB8 -omics showed decreasing levels of mitochondria- and ribosome-

associated proteins, which also demonstrated high correlaƟon with mRNA levels. Similarly, neutrophil 

effector proteins, such as those involved in cell migraƟon, adhesion, and cytoskeleton-related 

funcƟons, showed marked increase in expression, on both the proteome and transcriptome levels. 

Hoogendijk et al. raise valid speculaƟons regarding discrepancies between protein and mRNA levels. 

Protein localisaƟon, such as compartmental storage or complex formaƟon, could potenƟally prevent 

the degradaƟon of certain proteins, which exhibit stable abundances despite declining mRNA levels, 

thereby rendering them inaccessible to degradaƟon. Nevertheless, these data recapitulate the 

observed changes in human neutrophil differenƟaƟon, reinforcing the robustness of the HoxB8 model. 

The complementarity of these datasets will enable the idenƟficaƟon of commonaliƟes between 

human and mouse neutrophils, as well as disƟnct aspects that may be unique to each organism.  

Using linear regression to predict effects of various -omics variables on molecular outcomes only 

integrates specific levels of data. There are biological links between the genome, transcriptome, 

proteome, and PTMome. Therefore, using approaches that effecƟvely integrate all sources of 

biological informaƟon may provide a more wholisƟc view and reveal more interesƟng phenomena212. 

In addiƟon, supplementary informaƟon from external databases, such as protein-protein interacƟon 

data, may augment bioinformaƟc analysis. The development of models, such as gene regulatory 

networks and similar approaches, could help idenƟfy valuable links between the different -omics 

modaliƟes. For example, phosphorylaƟon data could be used to possibly indicate the acƟvaƟon status 

of proteins, such as TFs, which may affect associaƟons between regulatory and regulated genes. 

Nevertheless, understanding the temporal dynamics of complex biological processes presents 

different challenges. It may be the case that the integraƟon of different, longitudinal -omics datasets 

requires allowances for asynchronous changes and effects.  

5.3.2. NLRP3 inflammasome  
The NLRP3 inflammasome is a protein complex that regulates IL1β, IL18, and Gasdermin D (GSDMD) 

in response to diverse sƟmuli. It is typically associated with macrophages and monocytes213. However, 

emerging evidence demonstrates a new appreciaƟon for the role of the NLRP3 inflammasome in 

neutrophil biology. In addiƟon to cytokine producƟon and secreƟon, the NLRP3 inflammasome has 
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also been shown to affect key neutrophil effector funcƟons such as migraƟon and NETosis214-216. NLRP3 

inflammasome assembly and acƟvaƟon typically occur in two stages. Signal 1 leads to priming, causing 

increased expression of NLRP3 inflammasome components, and signal 2 determines acƟvaƟon, 

inducing cleavage of pro-IL1β and/or pro-IL18 and secreƟon of mature cytokine proteins217. 

AddiƟonally, PTMs such as ubiquiƟnaƟon contribute to the assembly of the NLRP3 inflammasome 

complex217.  

Intriguingly, components of the NLRP3 inflammasome appear to be upregulated as HoxB8 neutrophils 

mature. The data suggests that HoxB8 neutrophils may undergo priming as part of their differenƟaƟon 

process. It is unlikely that priming signals were present in day 5 HoxB8 neutrophils since no PAMPs 

(e.g. LPS) or pro-inflammatory cytokines were introduced. Nevertheless, GSDMD, an effector molecule 

of the NLRP3 inflammasome and key mediator of pyroptosis, showed upregulaƟon in mature 

neutrophils. Accordingly, neutrophils have been shown to resist the progression of GSDMD-dependent 

lysis during pyroptosis, maintaining cell viability218. In contrast, IL1β and IL18 were only detected on 

the mRNA level, possibly indicaƟng secreƟon or degradaƟon of these cytokines.  

Moreover, many ubiquiƟnated pepƟdes derived from NLRP3 inflammasome components showed 

increasing levels. However, the biological effects of these ubiquiƟnaƟon events during neutrophil 

differenƟaƟon is yet to be determined. Further invesƟgaƟons are required to beƩer understand NLRP3 

inflammasome and effector molecule behaviours within the context of neutrophil development. It is 

possible that, upon maturaƟon, neutrophils act as a reservoir of NLRP3 inflammasome components, 

allowing for the rapid producƟon and release of pro-inflammatory cytokines in direct response to 

pathogenic threats. It would be perƟnent to decipher if NLRP3 inflammasome complexes are 

assembling, if they are a feature or necessity of differenƟaƟon, and if signalling pathways associated 

with inflammasome signals are acƟvated.  

5.3.3. Novel idenƟfied proteins may be markers of mature neutrophils 
CD11b is a cell surface marker of myeloid cells, contribuƟng to funcƟons such as adhesion and 

migraƟon219. CD11b shows increased expression in specialised cells compared to progenitor cells. In 

contrast, CD34 is a marker of cell stemness, and its expression decreases as cells transiƟon from 

myeloblasts to mature neutrophils220. Expression changes in these surface proteins are characterisƟc 

of neutrophils undergoing differenƟaƟon. 

The FCER1G is involved in neutrophil acƟvaƟon221,222. UpregulaƟon in mature HoxB8 neutrophils is 

consistent with its role in neutrophil effector funcƟons.  
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RHOA is a small GTPase that parƟcipates in cell migraƟon, adhesion, division, and survival223,224. RHOA 

contributes to neutrophil response regulaƟon and effector funcƟons, such as the recruitment to 

inflamed Ɵssue225,226. Changes in protein abundance suggest RHOA, and potenƟally other small 

GTPases, may play a role during neutrophil differenƟaƟon.  

SIRT3 is a mitochondrial protein that parƟcipates in cellular energy metabolism and ROS producƟon. 

SIRT3 KO mice showed increased ROS producƟon in their neutrophils compared to WT mice, with no 

observed changes in NETosis227. AddiƟonally, SIRT3 was demonstrated to control neutrophil 

mitochondria and autophagy in response to pathogens228. SIRT3 levels in day 3 and day 5 HoxB8 

neutrophils were possibly too low to detect using MS-based proteomics. InteresƟngly, SIRT3 

expression is higher in progenitor cells. SIRT3 has been shown to be important in myogenesis, with 

higher expression in myoblast progenitor cells, regulaƟng terminal differenƟaƟon229. Mitochondrial 

funcƟon has been shown to be an aspect of neutrophil differenƟaƟon in the literature230-233. How SIRT3 

contributes to neutrophil differenƟaƟon is yet to be explored.  

TGM2 is an enzyme involved in protein cross linking. It has been shown to increase in expression during 

reƟnoic acid-induced differenƟaƟon of promyelocyƟc NB4 leukaemia cells into granulocytes. ParƟal 

translocaƟon of TGM2 to the nucleus was also observed. TGM2 KO in mice showed altered capabiliƟes 

of certain neutrophil effector funcƟons234, such as increased cytokine release235. The interesƟng 

behaviours of TGM2 warrants further research into the potenƟal mechanisƟc role TGM2 plays during 

neutrophil differenƟaƟon.  
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Chapter 6: Exploring DUBs in neutrophil differenƟaƟon 
using an HL60 CRISPR phenotypic screen 

6.1. IntroducƟon 
Inspired by the bacterial defence system against viral aƩack, CRISPR technology is able to target 

specific DNA sequences within the genome and modify genes236. The CRISPR-Cas9 system is typically 

used to create double stranded DNA breaks at regions of interest, disrupƟng gene structure by 

introducing mutaƟons as a result of DNA repair mechanisms. In humans, DNA is typically ‘fixed’ 

through non-homologous end joining (NHEJ) repair237, potenƟally resulƟng in frameshiŌ mutaƟons 

that lead to NMD of resultant gene transcripts and prevenƟng translaƟon of the corresponding protein. 

Some organisms can perform homology-directed repair (HDR), and this can be exploited to 

endogenously introduce specific, targeted mutaƟons by providing an appropriate template238. CRISPR–

Cas9 can be used to generate gene knockouts by introducing double-strand breaks at the target locus. 

In the absence of a repair template, breaks are primarily repaired by the error-prone NHEJ pathway, 

which frequently introduces inserƟons or deleƟons that disrupt the reading frame and result in the 

loss of gene funcƟon. 

Phenotypic screening is a tool that can idenƟfy phenotypic changes that occur due to geneƟc239 and/or 

chemical perturbaƟon240 without the need for mechanisƟc insight. This top-down approach can 

accelerate the selecƟon of funcƟonally-relevant geneƟc targets or chemical agents that can then be 

invesƟgated in a more targeted fashion to understand the underlying mechanisms. This approach can 

ulƟmately lead to discoveries that may have useful applicaƟons, such as the development of 

therapeuƟc intervenƟons. 

DUBs are key regulators of protein ubiquiƟnaƟon status. To understand their role in neutrophil biology, 

a phenotypic screening approach was established, opƟmised, and performed. The nuclei of mature 

neutrophils are disƟnct from those of progenitor cells. Upon inducƟon of differenƟaƟon, the nucleus 

becomes lobed and segmented, a well-defined morphological feature. Using an HL60 cell model of 

neutrophil differenƟaƟon, genes encoding the various DUBs were knocked out using CRISPR-Cas9 

technology in an arrayed format. Then, the ability of these HL60-DUB KO cells to differenƟate into NLCs 

(dHL60 cells) was assessed using microscopy imaging to visualise the nuclear morphology. StaƟsƟcal 

analysis of the image data was used to idenƟfy candidate DUBs that appeared to affect the HL60 

differenƟaƟon process.  
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6.2. Results 
An overview of the experimental workflow for the DUB KO HL60 differenƟaƟon screen is depicted in 

Figure 6.1. Several steps required opƟmisaƟon and will be discussed in subsequent secƟons within this 

chapter. In brief, a two-plasmid system was used to generate HL60-DUB KO cells. First, an HL60-Cas9 

cell line was generated via lenƟviral transducƟon. Next, sgRNA plasmids were isolated and packaged 

into lenƟvirus parƟcles. Then, these sgRNA lenƟvirus parƟcles were used to transduce HL60-Cas9 cells 

to generate HL60-Cas9-DUB KO cell lines. Finally, HL60-Cas9-DUB KO cells were differenƟated and 

analysed using high-throughput microscopy.  

Regarding the lenƟviral transducƟon, virus ƟtraƟon was not performed to reduce Ɵme and cost, as 

well as to preserve lenƟvirus quanƟƟes. Instead, Western blot analysis was used to detect molecular 

changes resulƟng from transducƟon with lenƟvirus parƟcles of interest.  

 

  

Figure 6.1 Experimental workflow for DUB KO HL60 differenƟaƟon screen. (A) HL60-Cas9 cell lines were generated via 
lenƟviral transducƟon. (B) Plasmids encoding individual DUB sgRNAs were isolated, quanƟfied, and combined (minimum 3 
sgRNAs for each DUB) for lenƟvirus parƟcle generaƟon. LenƟvirus parƟcles were concentrated and used to transduce HL60-
Cas9 cells, generaƟng HL60-Cas9-DUB KO cells in arrays format. (C) DUB KO cells were then differenƟated using DMSO, 
samples were collected on day 0, 3, and 5, post-inducƟon, and fixed using paraformaldehyde. (D) Nuclei and cell membranes 
were stained, and cells were imaged on a Celldiscoverer7. Images were processed and analysed using computaƟonal 
approaches. This figure was created using BioRender. 
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6.2.1. ValidaƟon of HL60 differenƟaƟon  
HL60 cells demonstrate promyelocyƟc morphology. Various protocols have been established to 

differenƟate HL60 cells into neutrophil-like cells (NLCs). These differenƟated HL60 (dHL60) cells exhibit 

morphological and funcƟonal similarity to that of physiological neutrophils. HL60 cells were 

differenƟated using DMSO, and samples were collected at daily intervals for 5 or 7 days. The samples 

were either fixed using PFA, for microscopy and flow cytometry, or pelleted and lysed for Western blot 

analysis.  

An increase in expression of CD11b, a key myeloid differenƟaƟon marker, was observed following 

DMSO-induced differenƟaƟon of HL60 cells (Figure 6.2A). CD11b expression appeared to plateau at 

day 5 post-inducƟon. Microscopy analysis demonstrated that a certain populaƟon of HL60 cells was 

undergoing differenƟaƟon, as indicated by the differences in nuclear morphology; dHL60 cells 

consisted of segmented, mulƟ-lobed nuclei (Figure 6.2B). Flow cytometry analysis confirmed this, with 

approximately 30% of dHL60 cells showing increased expression of CD11b compared to HL60 cells and 

isotype control (Figure 6.3A-C). Median fluorescence intensity (MFI) increased with CD11b labelling 

between day 0 and 5, indicaƟng increased expression of CD11b on dHL60 CSMs (Figure 6.3C). There 

was also increased labelling of CXCR4 and decreased labelling of CXCR2, in contrast to primary 

neutrophils, which typically downregulate CXCR4 and upregulate CXCR2 expression upon 

maturaƟon241. Nevertheless, the data showed HL60 cells were capable of being differenƟated using 

DMSO.  
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Figure 6.2 CharacterisaƟon of DMSO-induced HL60 differenƟaƟon. (A) Whole cell lysates from HL60 cells were 
collected at daily intervals for 7 days and analysed using Western blot. (B) Fixed cells from day 0 and da5 post-
inducƟon were collected and fixed (n = 1). Fixed cells were stained with Hoescht 33342 (nuclear stain). BF = 
brighƞield. 
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 Figure 6.3 Flow cytometry analysis of DMSO-induce HL60 differenƟaƟon. HL60 cells were collected and fixed on day 0 and 
day 5 post-inducƟon of differenƟaƟon (n = 1). Fixed cells were labelled with anƟ-CD11b, -CXCR2, -CXCR4, and -IgG (isotype 
control) anƟbodies conjugated to allophycocyanin (APC). (A) Dot plot of FSC-H and FSC-A to idenƟfy single cells. Upper panels 
are day 0, and lower panels are day 5. (B) Density plots of labelling, showing normalised counts of APC-H intensiƟes. Upper 
panels are day 0, and lower panels are day 5. (C) Median fluorescence intensiƟes of each anƟbody labelling and Ɵme point.  
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6.2.2. GeneraƟon of the HL60-Cas9 cell line 
In order to perform CRISPR-Cas9-based gene KO of the DUBs, a two-plasmid system was employed. 

Cas9 is first introduced on one plasmid, followed by lenƟviral transducƟon of the sgRNA-expressing 

plasmid. This contrasts with a one-plasmid system, where both components are delivered to the cell 

together. 

An HL60-Cas9 overexpression cell line was first generated by introducing a Cas9-overexpression 

plasmid via lenƟviral transducƟon. Two different quanƟƟes of lenƟvirus parƟcles were used to 

transduce Cas9-encoding plasmids into HL60 cells. ‘Low’ and ‘high’ virus Ɵtre corresponded to smaller 

(10 µL) and larger (30 µL) volumes of concentrated lenƟvirus parƟcles, respecƟvely. Expression of Cas9 

protein was confirmed using Western blot analysis. The ability to generate a KO cell line was also tested 

using USP15 sgRNAs (Figure 6.4). AddiƟonally, the capacity to differenƟate the HL60-Cas9 cell line was 

confirmed (Figure 6.5). Successful USP15 KO and the ability to upregulate CD11b upon DMSO-induced 

differenƟaƟon in the HL60-Cas9 cell lines were observed with both low and high lenƟvirus Ɵtres.  
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Figure 6.4 GeneraƟon of HL60-Cas9 cell line. (A) Western blot validaƟon of Cas9 expression and ability to KO 
USP15. AcƟn loading control was included. (B) Bar charts represenƟng Western blot signals normalised against 
acƟn loading control signals (n = 1). 
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6.2.3. GeneraƟng sgRNA lenƟvirus parƟcles and HL60-Cas9-DUB KO cell lines 
The lenƟvirus generaƟon protocol was opƟmised for high throughput applicaƟons to generate HL60-

Cas9 cell lines with individual DUB KOs on the populaƟon level in an arrayed format. Plasmids encoding 

individual sgRNAs targeƟng 94 different DUBs were kindly provided by Dr. Vincenzo D'Angiolella 

(InsƟtute of GeneƟcs and Cancer, University of Edinburgh). 

Plasmids encoding sgRNAs were isolated, quanƟfied, and combined with other sgRNAs that 

corresponded to the same gene. Combined sgRNA plasmids were then packaged into lenƟvirus 

parƟcles and used to transduced HL60-Cas9 cells in an arrayed format. Transduced cells were cultured 

in ‘recovery medium’ to help reduce oxidaƟve stress. SelecƟon of cells involved treatment with 

blasƟcidin (Cas9 plasmid) and puromycin (sgRNA plasmid). USP7-, USP10-, and USP15-KO cell lines 

were verified using Western blot analysis (Figure 6.6). Each DUB exhibited varying levels of protein, 

Figure 6.5 DMSO-induced differenƟaƟon of HL60 WT and HL60-Cas9 cell lines. (A) Western blot analysis, using anƟ-CD11b 
anƟbody as a differenƟaƟon marker. Loading amounts were normalised using protein quanƟficaƟon assay. (B) Western blot 
signals of anƟ-CD11b (n = 1). 
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corresponding to the efficiency of gene KO. Nevertheless, the transducƟon of sgRNAs was successful, 

and KO cell lines were ready for the differenƟaƟon screen.  

6.2.4. HL60-Cas9-KO differenƟaƟon CRISPR screen  
HL60-Cas9-DUB KO cell lines were counted using an NxT AƩune flow cytometer, and an equal number 

of cells were manually dispensed into a 96-well plate. Culture media was supplemented with DMSO 

to induce differenƟaƟon. Cells were collected and fixed using PFA on day 0, 3, and 5 post-inducƟon 

and stored at 4°C in PBS. Fixed cells were stained using WGA-AF647 (cell membrane stain) and Hoescht 

33342 (DNA stain). Stained cells were imaged using a ZEISS Celldiscoverer 7 in wide-field mode, 

capturing 31 Z-stacks at least six Ɵmes (i.e. six posiƟons, or scenes) for each well. 

Z-stacks for each posiƟon were deconvoluted and max intensity projected to achieve a single image 

per scene, per channel. Image analysis was performed on all scenes using CellProfiler, where the WGA-

AF647 channel (cell membrane) was used to idenƟfy objects. These objects were then filtered based 

on roundness and separaƟon from other objects to segment and idenƟfy round, disƟnct cells. The 

Hoescht 33342 channel (DNA) was masked using the filtered objects (round, disƟnct cells), and objects 

were idenƟfied that corresponded to the nuclei within each cell. Due to the lobed nature of dHL60 

cells, mulƟple nuclear objects were idenƟfied per cell. Therefore, these objects were merged to 

determine the overall shape of the nucleus. Several features of the nuclei were measured, but analysis 

primarily focused on the ‘form factor’ measure, a metric that incorporates area and perimeter of an 

object to calculate ‘roundness’. Form factor measurements for each nucleus from all scenes 

corresponding to a specific well, i.e., a DUB KO cell line, were combined to allow comparaƟve analysis. 

See Figure 6.7 for an overview of the image analysis workflow. 

Analysis of form factor measurements for WT dHL60 cells revealed a bimodal distribuƟon of values, in 

contrast to their undifferenƟated (HL60) cell counterparts. This suggests that there is an expected 

proporƟon of the cells that have differenƟated and thus achieved a mulƟ-lobed, segmented nucleus. 

As such, a form factor threshold was determined to disƟnguish HL60 and dHL60 populaƟons. An 

expectaƟon-maximisaƟon algorithm for mixed normal distribuƟons was used to esƟmate the 

parameters of the two underlying normal distribuƟons (Figure 6.8A), corresponding to dHL60 

(component A) and HL60 cells (component B). 
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Figure 6.6 VerificaƟon of DUB KO in select samples from HL60-Cas9 cells transduced with sgRNA lenƟvirus parƟcles.
(A) Western blot analysis of USP7-, USP-10-, and USP15-KO cell lines. (B) QuanƟtaƟon of Western blot signals 
normalised against acƟn loading control signal (n = 1). 
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Figure 6.7 Image analysis workflow for high-throughput microscopy data from HL60 CRISPR-Cas9 DUB KO screen. An 
example workflow is shown. (A) Original image of deconvoluted, max intensity-projected membrane channel (WGA-AF647 
stain). (B) Gaussian blur of membrane channel. (C) Object idenƟficaiton (thresholding and segmentaƟon included) (D) Object 
filtering, retaining circular and ‘declumped’ objects, corresponding to round, disƟnct cells. (E) Original image of deconvoluted, 
max intensity-projected DNA (nucleus) channel (Hoechst 33342 stain). (F) Filtered membrane objects (cells) were used to 
mask DNA channel. (G) Nuclear objects were idenƟfied from masked DNA image. (H) Neighbouring nuclear objects were 
merged to create signle object per cell. Measurements of these objects were then caclulated and exported for analysis. 
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The probability density funcƟons of the two esƟmated normal distribuƟons were then calculated and 

used to determine the probability that a data point belonged to the dHL60 populaƟon. By seƫng this 

probability to 0.8, a form factor threshold of ~0.55 was assumed to separate the dHL60 and HL60 cell 

populaƟons (Figure 6.8B). This threshold was applied to the form factor distribuƟons of each DUB KO 

to calculate the proporƟon of dHL60 cells at day 0 (Figure 6.9), day 3 (Figure 6.10), and day 5 (Figure 

6.11) post-inducƟon of differenƟaƟon. Form factor distribuƟons were also compared using the 

Kolmogorov–Smirnov test, using the Benjamini-Hochberg (BH) procedure for mulƟple tesƟng FDR 

control (Figure 6.12A, B).  

Several DUB KOs in HL60 resulted in significantly disƟnct form factor distribuƟons compared to WT 

HL60 cells on days 3 and 5 post-inducƟon of differenƟaƟon (FDR < 0.05). In parƟcular, YOD1, USP7, 

BRCA1 associated protein BAP1, COP9 signalosome (CSN) complex subunit 6 (COPS6), Valosin-

containing protein interacƟng protein 1 (VCPIP1), and USP47 deleƟon showed significantly different 

distribuƟons compared to WT and lower proporƟons of dHL60 in day 5 (Figure 6.13). In contrast, 

UbiquiƟn thioesterase OTUB2 and USP44 deleƟon showed higher proporƟons of dHL60 and 

significantly disƟnct distribuƟons of nuclei form factor readings, suggesƟng enhanced HL60 

differenƟaƟon.  

A DUB may be essenƟal for cell viability, so homozygous KO of such genes would result in cell death. 

Heterozygous cells may be viable if a gene is haplosufficient. However, any phenotypic consequence 

of gene KO would require further validaƟon. The Genome AggregaƟon Database (gnomAD) contains 

informaƟon on geneƟc variaƟon and, notably, informaƟon on the probability of a gene being intolerant 

to loss-of-funcƟon (LoF) variants (pLI)128. A pLI greater than 0.9 indicates extreme intolerance of LoF 

variants, suggesƟng these genes are likely essenƟal. Moreover, the DepMap project idenƟfied genes 

that, when perturbed, affected the cell viability of various cancer cell lines129. Data on these ‘Achilles 

gene effects’ relevant to HL60 cells were incorporated into this analysis, with more negaƟve gene 

effects indicaƟng a more detrimental consequence of gene interference. Finally, mRNA expression 

levels in HL60 cells for each DUB were obtained from the Human Protein Atlas130,131, providing evidence 

for DUB protein expression. 

Of the DUB candidates idenƟfied, YOD1, VCPIP1, OTUB2, and USP44 showed low pLI (Error! Reference 

source not found.C) and YOD1, USP7, BAP1, USP47, OTUB2, and USP44 demonstrated minimal/no 

Achilles gene effects (Figure 6.12D). These DUBs are likely to be affecƟng the HL60 differenƟaƟon 

process rather than general cellular homeostaƟc condiƟons. The mRNA expression levels of YOD1, 

VCPIP1, USP47, OTUB2, and USP44 were relaƟvely low, while USP7, BAP1, and COPS6 showed higher 

mRNA expression levels (Figure 6.12E).  
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Due to the limited number of cells idenƟfied during day 0 in HL60 WT and HL60-Cas9 samples, the 

proporƟons of dHL60 cells were assumed to be comparable to the lowest decile of all samples. Log2FC 

of the proporƟon of dHL60 was calculated for days 3 and 5, each compared to day 0 (Figure 6.14). 

Several DUB KOs exhibited significantly different distribuƟons of form factor values on day 3 of 

differenƟaƟon, compared to WT. However, many of these DUBs did not show significant differences 

during day 5. Only VCPIP1, OTUB2, and USP7 demonstrated staƟsƟcal significance during days 3 and 

5. Due to the fact that day 3 HL60 cells represent a disƟnct stage of HL60 differenƟaƟon, it may be 

necessary to consider different mathemaƟcal assumpƟons to capture biological and nuclear 

morphological informaƟon.  

Figure 6.8 Determining HL60 and dHL60 populaƟons based on distribuƟon of form factor values. (A) ExpectaƟon-
maximisaƟon algorithm idenƟfied underlying normal distribuƟons corresponding to dHL60 (component A) and HL60 
(component B) populaƟons. RaƟo of probability density funcƟons (PDF) of component A to combined components represents 
probability of value belonging to the dHL60 populaƟon (Pr[dHL60]). (B) Form factor cutoff values to separate HL60 and dHL60 
populaƟons based on probability thresholds calculated from PDFs. 
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Western blot validaƟon was performed on HL60 WT, HL60-Cas9, and HL60-COPS6, -USP26, -USP47, 

and -YOD1 KO cell lines (Figure 6.15). HL60-DUB KO cell lines all showed decreased CD11b signal 

compared to HL60 WT and HL60-Cas9 cell lines in day-5 dHL60 cells. Day-0 cells appeared to show 

similar levels of CD11b, suggesƟng DUB KO does not affect CD11b expression in promyelocytes. From 

the iniƟal screen data, the USP26 KO cell form factor distribuƟon comparison did not reach staƟsƟcal 

significance when compared to WT cells but sƟll showed reduced proporƟon of dHL60 cells. 

Nevertheless, Western blot analysis reveals there is indeed a reducƟon in CD11b expression in day 5 

dHL60-USP26 KO cells. 

  

  

Figure 6.15 Western blot validaƟon of CRISPR-Cas9 DUB KO HL60 differenƟaƟon screen. (A) Western blot analysis was 
performed twice on the same samples (n = 2 technical replicates). Cell lines are indicated above the blot, with DUB names 
corresponding to their KO cell lines. WT = wildtype. (B) RelaƟve signals of CD11b. AnƟ-CD11b signals were normalised against 
corresponding anƟ-AcƟn signal. Mean signals are shown, and error bars represent the standard deviaƟon. 



6.3. Discussion 

 
177 

6.3. Discussion 
CRISPR-Cas9 phenotypic screening idenƟfied several DUBs that appear to either interfere with or 

promote HL60 differenƟaƟon. This suggests potenƟal roles for these DUBs in regulaƟng neutrophil 

differenƟaƟon, which is relevant to both physiological and pathological contexts involving neutrophil 

development. At this stage, it remains unclear whether these effects reflect a direct role of the 

idenƟfied DUBs in the differenƟaƟon process or whether they arise from indirect consequences such 

as secondary effects or general cellular fitness defects. 

YOD1 was idenƟfied in Chapter 4 as a potenƟal regulator of HoxB8 neutrophil differenƟaƟon, as 

determined by the idenƟficaƟon of ubiquiƟn-modified pepƟdes derived from known substrates of 

YOD1 showing decreasing abundance profiles during HoxB8 differenƟaƟon. These substrates included 

NEDD4, VCP, and ITCH, which are proteins involved in cellular ubiquiƟnaƟon events and protein quality 

control. Here, YOD1 KO in HL60 cells appeared to affect the differenƟaƟon process, resulƟng in fewer 

cells with segmented nuclei and decreased expression of CD11b in day-5 dHL60 cells. This provides 

further evidence that YOD1 may indeed contribute to neutrophil differenƟaƟon.  

Other DUBs idenƟfied present new opportuniƟes to understand regulatory aspects of neutrophil 

development and are discussed below.  

BAP1 is known to be involved in tumour microenvironment modulaƟon, affecƟng inflammaƟon and 

the recruitment of various immune cells through signalling pathways such as NF-κB242,243. BAP1 

expression has been idenƟfied in the nuclei of neutrophils244. BAP1 roles in DNA repair, cell cycle 

regulaƟon, and chromaƟn modificaƟon suggest an overarching funcƟon of BAP1 protein in 

transcripƟonal reprogramming that may contribute to neutrophil differenƟaƟon. However, the exact 

funcƟonal roles that BAP1 plays in neutrophil biology remains to be determined.  

COPS6 is a member of the CSN, a protein complex involved in DNA repair, cell cycle control, signal 

transducƟon, and protein degradaƟon. The CSN controls neddylaƟon (a ubiquiƟn-like PTM) of notably 

the cullin-RING-ubiquiƟn ligases (CRLs), a family of E3 ligases that control a significant proporƟon of 

cellular ubiquiƟnaƟon events, essenƟally affecƟng protein degradaƟon in the majority of cellular 

processes245. Again, CSN has been described as a regulator of tumour development and immune 

microenvironment, rather than playing a funcƟonal role within immune cells246-248. ValidaƟon of 

successful KO of COPS6 and verificaƟon of the effect on neutrophil differenƟaƟon may reveal new 

insights into CSN funcƟon as well as its role in immune cell differenƟaƟon. InteresƟngly, COPS5 KO did 

not have a similar effect compared to COPS6 KO, potenƟally indicaƟng differenƟal roles of these 

subunits in regulaƟng protein stability and consequent biological pathways.  



6.3. Discussion 

 
178 

VCPIP1 has been shown to affect toll-like receptor 4 (TLR4) signalling in macrophages, interacƟng with 

interleukin-1 receptor-associated kinases (IRAKs) and stabilising them through prevenƟon of 

ubiquiƟnaƟon rather than direct deubiquiƟnaƟon249. VCPIP1 has also been shown to regulate the 

NLRP3 inflammasome, and myeloid-specific eliminaƟon of VCPIP1 resulted in increased acƟvaƟon of 

the NLRP3 inflammasome and increased neutrophil Ɵssue invasion in a model of sepƟc acute 

respiratory distress syndrome250.  

USP7 is involved in regulaƟng diverse biological processes and many signalling pathways, from MAPK 

to Wnt251,252. It has been demonstrated to play a role in many cancers, promoƟng the proliferaƟon of 

tumour cells253. For example, USP7 deubiquiƟnates KRAS, removing K48-linked polyubiquiƟn chains, 

and stabilising KRAS protein, thus promoƟng tumorigenesis254. Despite high LoF intolerance, USP7 

appears to be dispensable in HL60 cells yet interferes with differenƟaƟon. The molecular basis 

underlying this effect is not known and warrants further invesƟgaƟons.  

USP47 plays a regulatory role in the inflammatory response by affecƟng various cellular processes that 

control cell proliferaƟon and survival. USP47 and USP7 perform similar roles in biological processes, 

such as NLRP3 inflammasome regulaƟon and DNA repair255,256. Since USP47 and USP7 share structural 

similarity and molecular funcƟons, it may be unsurprising that KO of both DUBs affected HL60 

differenƟaƟon in similar ways.  

OTUB2 plays a role in immune responses and various diseases, such as cancer, through regulaƟng 

signalling pathways such as Hippo, mTOR, and NF-κB257,258. The role of OTUB2 in neutrophil biology 

remains elusive, yet these data indicate a potenƟal link to neutrophil differenƟaƟon. 

USP44 regulates cell cycle progression and chromosome segregaƟon259. Its role in cell cycle control 

may contribute to neutrophil differenƟaƟon and potenƟally the unique morphology of the neutrophil 

nucleus. USP44 KO appeared to increase the proporƟon of dHL60 cells, therefore removal of this 

checkpoint may facilitate the establishment of differenƟaƟon programs. USP7 and USP44 have been 

shown to be involved in the maintenance of stem cell pluripotency260. Accordingly, their selecƟve KO 

may impact cell differenƟaƟon in specific ways dependant on the underlying mechanisms and 

consequences of their enzymaƟc acƟvity.  

Taken together, VCPIP1, USP7, and USP47 have previously been demonstrated to regulate the NLRP3 

inflammasome. In Chapter 5, several components of the NLRP3 inflammasome were shown to be 

upregulated on both the mRNA and protein levels, as demonstrated using the HoxB8 neutrophil 

differenƟaƟon model. NLRP3 inflammasome proteins may be vital for neutrophil maturaƟon and 

stabilised by these DUBs during neutrophil differenƟaƟon. This necessitates further invesƟgaƟon to 
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understand how VCPIP1, USP7, and USP47 affect neutrophil development and whether this has a 

direct impact on the abundance of NLRP3 inflammasome components or affects other proteins with 

unforeseen roles in neutrophil biology. Furthermore, OTUB2 and BAP1 are known to influence the NF-

κB signalling pathway, a key mediator of NLRP3 inflammasome priming97. The evidence suggests that 

there may be a link between DUB acƟvity, NF-κB signalling, and inflammasome priming within the 

context of neutrophil biology and development.  

Using microscopy as a phenotypic readout for high-throughput screening requires careful 

consideraƟon of the experimental setup, sample preparaƟon, image acquisiƟon, and data analysis to 

extract biologically meaningful and relevant features that address the research quesƟon at hand. 

Appropriate controls and normalisaƟon methods allow for the idenƟficaƟon of signals. In this work, 

for example, due to the lack of cells idenƟfied in HL60 WT and HL60-Cas9 samples in day 0, an 

appropriate base line was missing from the data. Certain DUB KOs may affect the progenitor state of 

cells. Therefore, baseline informaƟon would be helpful in idenƟfying such effects.  

Using staƟsƟcal approaches allows for the prioriƟsaƟon of candidate targets based on evidence 

acquired during biological experimentaƟon. Looking at the data from the DUB KO screen, KS tesƟng 

did not result in significant FDR-adjusted p-values for USP26 KO cells, yet visual inspecƟon of the form 

factor distribuƟon highlighted a noƟceable decrease in dHL60 cells (i.e. there were fewer cells with 

low form factor values). Western blot validaƟon confirmed a decrease in CD11b expression, a key 

marker of neutrophil maturity, in day 5 dHL60 cells. Solely relying on significance thresholds to inform 

future experimentaƟon may miss potenƟally relevant and novel biological phenomena.  

Since HL60 cells exhibit promyelocyƟc leukemia cell-like properƟes, there are inherent limitaƟons in 

using dHL60 or NLCs as a proxy for physiologically relevant neutrophils. Altered signalling pathways 

and metabolism in cancerous progenitor cells are likely causing aberrant cell surface marker expression 

and affecƟng the efficiency of DMSO-induced differenƟaƟon (approximately 30% of dHL60 cells 

showed neutrophil nuclear morphology). In addiƟon, flow cytometry analysis revealed increased 

CD11b expression on the surface of cells, whereas CXCR4 and CXCR2 expression showed opposite 

changes compared to primary neutrophils. This may be due to technical reasons, such as PFA fixaƟon 

of cells affecƟng anƟbody binding, or inability to recognise the anƟbody epitopes. Therefore, posiƟve 

controls would prove useful. AlternaƟvely, the expression of these markers may be indicaƟve of altered 

promyelocyte biology and resultant phenotypes of dHL60 cells. These limitaƟons need to be 

considered when analysing and interpreƟng the results from the arrayed CRISPR-Cas9 DUB KO screen.  

Cas9 overexpression and DUB KO were performed on the populaƟon level (i.e. single clones were not 

selected). As a result, a mixed populaƟon of HL60 cells will contain different integraƟon sites of Cas9 
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overexpression and sgRNA plasmids, potenƟally affecƟng nearby genomic regions, corresponding 

pathways of associated genes, and the degrees of zygosity within the populaƟon. These consequences 

may affect the differenƟaƟon process of HL60 cells into NLCs, thereby necessitaƟng validaƟon of any 

hits by clonal selecƟon and DNA sequencing to verify the nature of the gene KO. ValidaƟon 

experiments would include Western blot analysis to confirm DUB KO and the potenƟal effect on 

differenƟaƟon markers associated with HL60 differenƟaƟon. AddiƟonally, flow cytometry analysis 

could also be opƟmised to include appropriate controls in order to confirm surface expression. Image 

analysis would also be performed to recapitulate the results from the DUB KO screen.  

Regarding image analysis, although the form factor metric was able to capture certain informaƟon 

about nuclear morphology and segmentaƟon, the degree of segmentaƟon (e.g. hyper segmentaƟon) 

or lack thereof would not be considered. Image analysis pipelines could be opƟmised to idenƟfy such 

features, potenƟally using 3D image analysis and leveraging Z-stacked data to idenƟfy more details and 

characterisƟcs of HL60 morphology during differenƟaƟon.  

Various sources contain informaƟon on ‘essenƟal genes’ that are necessary for the viability of cells, 

and, more broadly, healthy funcƟon in organisms. IncorporaƟng such data into the analysis of high-

throughput geneƟc screens can beƩer inform the selecƟon of potenƟal hits for further validaƟon. 

EssenƟal genes may be causing a phenotypic effect due to altered general cellular processes and 

homeostasis, rather than contribuƟng to a specific underlying mechanism that parƟcipates in 

neutrophil differenƟaƟon. AddiƟonally, the viability of the HL60 cells during DMSO-induced 

differenƟaƟon was not measured; counƟng cells in each microscopy image would not be indicaƟve of 

cell viability due to potenƟal bias introduced when selecƟng posiƟons in wells. This presents several 

challenges in delineaƟng the funcƟons of DUBs in molecular processes that drive or maintain 

neutrophil differenƟaƟon programmes since a specific DUB’s acƟon may be direct or indirect. The 

selecƟon of candidate DUBs to validate would reduce the scale of experiments, allowing for 

discernment of gene essenƟality using lower-throughput, more targeted characterisaƟons and 

approaches, such as clonal selecƟon, DNA sequencing, and cell viability assays.  

In addiƟon to gene essenƟality, geneƟc variants related to candidate DUBs could be invesƟgated to see 

if there is an associaƟon with neutrophil or immunological diseases and disorders. This would provide 

more evidence to support the mechanisƟc characterisaƟon of a candidate DUB’s role in neutrophil 

differenƟaƟon, highlighƟng the clinical relevance.  
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Chapter 7: General discussion and future perspecƟves 

7.1. The role of PTMs in neutrophil differenƟaƟon appears dynamic 
and complex 

Overall, this work presents new insights into the dynamics of the protein and PTM landscape during 

neutrophil differenƟaƟon. Specifically, protein ubiquiƟnaƟon and phosphorylaƟon, two common PTMs 

that are criƟcal in regulaƟng protein fate and funcƟon, were invesƟgated. Numerous proteins 

demonstrate altered abundance and/or PTM levels across different stages of HoxB8 neutrophil 

differenƟaƟon, indicaƟng highly complex and coordinated changes that may be fundamental to 

neutrophil lineage specificaƟon.  

Key proteins have already been discussed in the results and discussion secƟons of chapters 

corresponding to the HoxB8 neutrophil model (Chapters 3-5). These data provide a comprehensive 

proteomic and PTMomic dataset, generaƟng many hypotheses and expanding the understanding of 

neutrophil biology and potenƟally cell differenƟaƟon in general. In this thesis, select proteins and 

markers were discussed. For example, the role of inflammasome complexes during neutrophil 

differenƟaƟon is yet to be explored (see SecƟon 1.4). Generally, other researchers may be able to use 

these rich datasets to complement or validate their own research, ulƟmately furthering scienƟfic 

understanding of neutrophil biology.  

7.2. PTM changes during neutrophil differenƟaƟon present novel 
hypotheses 

UbiquiƟnaƟon is a complex PTM language that requires targeted approaches to understand beƩer the 

roles that Ub plays in regulaƟng specific protein behaviours and funcƟons, such as stability and 

localisaƟon. There may be a link between the ubiquiƟnaƟon changes that occur during neutrophil 

differenƟaƟon and the migratory capacity in mature neutrophils. Upon maturaƟon, neutrophils consist 

of a segmented, mulƟ-lobed nucleus. This disƟnct nuclear morphology has been shown to facilitate 

neutrophil migraƟon261, highlighƟng the importance of appropriate neutrophil differenƟaƟon in 

enabling effecƟve funcƟons262. Concurrently, there is a body of literature that implicates the ubiquiƟn 

system in cell migraƟon pathways, notably idenƟfying DUBs, such as USP8263, USP9X264, and USP27X265, 

and E3 ligases266, such as HERC1267, which regulate cell adhesion and migraƟon. AddiƟonally, the DUB 

USP17 plays essenƟal roles in regulaƟng GTPase subcellular localisaƟon and cell moƟlity81. USP17 was 

shown to be upregulated in acƟvated neutrophils. These findings suggest associaƟons between 

neutrophil differenƟaƟon, cell migraƟon, and the ubiquiƟn system.  
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Due to the diverse nature of ubiquiƟnaƟon, which encompasses various chain architectures, linkage 

types, and chain consƟtuents, a substrate-centric approach may be more feasible. To that end, 

idenƟfying DUBs that modulate protein ubiquiƟnaƟon within the context of neutrophil differenƟaƟon 

would open avenues towards revealing key protein substrates that are instrumental in neutrophil 

lineage determinaƟon. AddiƟonally, experimentaƟon from the perspecƟve of DUBs provides a more 

manageable set of genes to invesƟgate, probing roughly 100 genes compared to the approximately 

600 genes that encode the E3 ligases.  

Affinity purificaƟon (AP)-MS analysis can be used to idenƟfy proteins that directly or indirectly interact 

with a DUB of interest268. Since PTM enzymes may also form transient interacƟons with substrates, a 

proximity labelling approach could be employed to reveal proteins that are within the vicinity of a 

candidate DUB, inferring potenƟal associaƟons between a DUB and substrates269. Previous work has 

been performed on proximity labelling approaches paired with Ub-modified pepƟde enrichment, 

resulƟng in a more streamlined idenƟficaƟon of novel substrates of the DUB USP30270.  

Complementary to these approaches, idenƟfied DUBs can also be geneƟcally modified to characterise 

the substrates upon which they exert their DUB acƟvity. For example, MS-based proteomics can 

idenƟfy which substrates are changing in abundance as a result of gene KO of a DUB. AddiƟonally, a 

catalyƟcally inacƟve variant of a DUB271 can be introduced into cells, and changes in protein abundance 

or Ub-modified pepƟde levels can be compared to those of WT DUBs to determine which substrates 

depend on DUB acƟvity. The use of both WT and catalyƟcally inacƟve add-back constructs provides a 

criƟcal control to determine whether the observed effects are aƩributable to the enzymaƟc acƟvity of 

the DUB, rather than to potenƟal scaffolding or non-catalyƟc funcƟons. For example, USP18 has been 

shown to perform scaffolding funcƟons in interferon signalling pathways in addiƟon to its deISGylaƟng 

acƟvity272. This approach is essenƟal for establishing confidence that the differenƟaƟon defect arises 

specifically from loss of DUB acƟvity. 

InvesƟgaƟon of the exact roles and consequences of ubiquiƟnaƟon and Ub chain architecture can 

involve several approaches273. For example, different Ub chain architectures can be enriched using 

binding enƟƟes274, and enriched proteins can be analysed via Western blot (if substrates are known) 

or MS (for unbiased characterisaƟon). AlternaƟvely, specific proteases could be used to remove 

(specific) Ub chains from substrates for characterisaƟon275. Key residues within idenƟfied substrates 

corresponding to the sites of ubiquiƟnaƟon can be mutated, and mutant versions of proteins can be 

examined to determine consequent effects on a biological process, such as cellular differenƟaƟon. 

PhosphorylaƟon consists of a covalently linked phosphate group to an amino acid side chain. Despite 

this simpler covalent structure compared to polymerised Ub chains, the complexity arises from 
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mulƟple, potenƟally ambiguous phosphorylaƟon sites, heterogenous protein populaƟons, high lability 

of phosphate groups, variable stoichiometries, and context-specific temporal dynamics that modulate 

biological processes and pathways. ValidaƟon of protein phosphorylaƟon can include anƟbody-based 

methods, such as Western blot and enzyme-linked immunosorbent assay (ELISA), or broader 

approaches to detect general protein phosphorylaƟon, such as pro-Q Diamond dye staining and other 

MS-based approaches276. Accordingly, idenƟficaƟon of specific proteins, potenƟally those that are 

instrumental in signalling pathways of interest, such as the NF-κB and small GTPase signalling 

pathways, would facilitate the validaƟon of phosphorylaƟon events and dynamics during neutrophil 

differenƟaƟon.  

7.3. PTM enzymes associated with the ubiquiƟn system may play 
criƟcal roles in regulaƟng neutrophil differenƟaƟon 

Importantly, PTMs are regulated by different families of enzymes. UbiquiƟnaƟon status of a protein 

relies on the interplay between E3 ubiquiƟn-protein ligases and DUBs, while phosphorylaƟon depends 

on kinases and phosphatases. Leveraging informaƟon about known enzyme-substrate interacƟons, it 

is possible to speculate on the potenƟal roles a PTM enzyme may play in a biological process or 

pathway. However, this approach relies on well-defined, experimentally validated enzyme-substrate 

interacƟons that may not be applicable to certain biological contexts or cell types. AlternaƟvely, 

enzyme-substrate interacƟons can be predicted based on, for example, the inherent enzyme 

preference for certain amino acid moƟfs, leading to substrate recogniƟon. Despite expanding the 

potenƟal substrate space, these are ulƟmately predicƟons that would require further validaƟon. 

Databases that incorporate more, beƩer-quality, and validated enzyme-substrate interacƟons would 

improve predicƟve power and ability to idenƟfy more relevant PTM machinery. Nevertheless, certain 

PTM enzymes were idenƟfied through the analysis of the HoxB8 datasets (Chapter 4) and the CRISPR-

Cas9 KO screen targeƟng the DUBs (Chapter 6).  

YOD1 appears to be a promising DUB to follow up in validaƟon experiments. YOD1 KO in HL60 cells 

demonstrated reduced ability for cells to differenƟate into NLCs. AddiƟonally, HoxB8 proteomic and 

ubiquitomic profiling demonstrated that specific YOD1 substrates showed decreasing ubiquiƟnaƟon 

levels during differenƟaƟon. YOD1 deubiquiƟnates the E3 ligase NEDD4, supressing NEDD4-induced 

cell proliferaƟon via the Hippo signalling pathway186; stabilises ITCH, also modulaƟng Hippo 

signalling187; and regulates VCP, a protein involved in lysosomal homeostasis and protein quality 

control189,190. YOD1 and USP21 were also demonstrated to have a synergisƟc effect on the Hippo 

signalling pathway, with YOD1 affecƟng USP21 stability, affecƟng cell proliferaƟon and survival188. 

InteracƟons between YOD1 and VCP play essenƟal roles in the ERAD pathway191, which may be a 
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feature of neutrophil differenƟaƟon, as indicated in Chapters 3 and 4. The role of YOD1 in various 

signalling pathways and biological processes has highlighted YOD1 as a potenƟal therapeuƟc target in 

several disease contexts194. In the literature, there are some indicaƟons of YOD1 parƟcipaƟng in 

neutrophil producƟon, as seen in Yod1tm1bNarl/ Yod1tm1bNarl mice that demonstrated an increase in 

neutrophil cell numbers193. AddiƟonally, YOD1 has been implicated in cell migraƟon within the context 

of tumour progression192,277 and keraƟnocyte biology278, once again highlighƟng potenƟal links 

between neutrophil differenƟaƟon and cell migraƟon. Known substrates of YOD1 and indicaƟons of 

YOD1 funcƟons in neutrophils, cell survival, and cell migraƟon lead to speculaƟons of YOD1 being a 

master regulator of different ubiquiƟn-associated pathways that may be criƟcal in giving rise to 

necessary molecular components to enable granulopoiesis. 

There are over 600 E3 ligases279, over 500 kinases280, and approximately 200 phosphatases281 in the 

human genome. The workflow presented for the CRISPR-Cas9 DUB KO screen would need to be 

opƟmised for an increased number of targets. This could involve reducing the number of PTM enzyme 

targets to those expressed in cells or modifying the phenotypic readout to allow for a pooled screen 

(instead of the arrayed format demonstrated in this work).  

The HL60 model provided a means to invesƟgate the roles of DUBs in neutrophil differenƟaƟon, 

allowing for sufficient biological material and geneƟc manipulaƟon. Several hypotheses have been 

generated, warranƟng further invesƟgaƟon to elucidate the underlying molecular mechanisms. 

Proteomic workflows have already been applied to primary progenitor cells and neutrophils derived 

from human and mouse Ɵssues. Performing a similar approach to the HoxB8 model, as demonstrated 

in Chapters 3 and 4, on HL60 cells undergoing differenƟaƟon into NLCs would provide valuable data to 

determine the robustness of the HL60 model in recapitulaƟng the proteomic changes that occur at 

different developmental stages of the neutrophil lineage. This would provide valuable data that would 

enhance biological research involving HL60 cells.  

7.4. The NLRP3 inflammasome may parƟcipate in neutrophil 
differenƟaƟon 

Proteins of the NLR signalling pathway were shown to be upregulated as HoxB8 neutrophils matured 

(Chapter 3). IntegraƟve -omics revealed components of the NLRP3 inflammasome, in parƟcular NLRP3, 

ASC or PYCARD, and CASP1 increased in mRNA and protein levels during HoxB8 neutrophil 

differenƟaƟon (Chapter 5). Rising levels of GSDMD were detected in the transcriptome and proteome 

datasets, whereas IL1β and IL18 proteins were absent. These findings suggest that NLRP3 

inflammasome upregulaƟon may be a feature or prerequisite for neutrophil maturaƟon. This contrasts 

with the regulatory mechanism of NLRP3 inflammasome acƟvaƟon in monocytes and macrophages213, 
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where a two-stage priming and acƟvaƟon are required to give rise to appropriate gene expression, 

protein synthesis, and cytokine release217. The data suggests that neutrophils upregulate key 

components of the NLRP3 inflammasome in the absence of typical priming signals. This may be 

representaƟve of the biological differences between neutrophils and monocytes/macrophages. 

Neutrophils are typically short-lived leukocytes that primarily circulate in the blood and become 

recruited to sites of inflammaƟon, providing a rapid and succinct response to pathogenic threats. In 

contrast, monocytes can differenƟate into macrophages that are longer-lived and Ɵssue resident. 

Differences in NLRP3 inflammasome regulaƟon may be indicaƟve of the differing lifespans and 

physiological roles of these immune cells.  

Further invesƟgaƟons are required to elucidate the underlying mechanisms that lead to this observed 

increase in gene expression and protein abundance of NLRP3 inflammasome components during 

neutrophil differenƟaƟon. This would involve analysing inflammasome components in progenitor cells, 

immature neutrophils, and mature neutrophils using approaches such as real-Ɵme PCR to determine 

mRNA levels. AddiƟonally, delineaƟon of the signalling pathways that bring about these changes can 

provide insights into the regulatory aspects that govern these molecular changes. For example, is the 

NF-κB pathway or an alternaƟve pathway involved? Are signals that cause gene expression 

endogenous or exogenous? Do NLRP3 inflammasome components assemble? Are IL1β and IL18 

secreted from cells or degraded? What role does GSDMD play in neutrophil viability and pyroptosis, 

within the context of differenƟaƟon? These research quesƟons consƟtute interesƟng hypotheses that 

can be further invesƟgated. For example, secreted cytokines in cell culture supernatants can be 

detected using ELISA, and ASC/NLRP3 oligomerisaƟon assays can indicate whether NLRP3 

inflammasome components are assembling282. 

7.5. LimitaƟons 
The work presented in this thesis employed ex vivo and in vitro cellular models to recapitulate the 

neutrophil differenƟaƟon trajectory for experimental characterisaƟon. HoxB8 limitaƟons have been 

discussed in the Discussion secƟon of Chapter 3, and those of HL60 cells were discussed in the 

Discussion secƟon of Chapter 6. Cellular models prove to be an indispensable tool to study biological 

processes in a controlled manner, providing reproducible and scalable alternaƟves to working with 

organisms and whole Ɵssues. AddiƟonally, cell models provides a means to perform geneƟc 

perturbaƟons, characterise changes in molecular pathways and phenotypic features, and gain 

mechanisƟc insights into bioilogical processes. However, cell models cannot completely recapitulate 

the exact physiological niche that would occur naturally within an organism. In the case of neutrophils, 

cell culture and manipulaƟon can potenƟally lead to aberrant behaviours that would otherwise not be 
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observed in vivo (in the bone marrow, in circulaƟon, and in Ɵssue). Accordingly, future work should 

strive to involve validaƟon of findings and invesƟgaƟons into human/mouse Ɵssue, in vivo models, and 

primary neutrophil cells, all of which necessitate addiƟonal resources and investment into 

opsƟmisaƟon. Nevertheless, extracƟon and geneƟc manipulaƟon of primary neutrophil cells is difficult 

since neutrophils are short-lived cells with high turnover. GeneƟc manipulaƟon requires a dedicated 

Ɵme investment to observe the molecular effects, and during this Ɵme the cells may develop 

unintended adaptaƟons that no longer recapitulate aspects of neutrophil biology. Using the HoxB8 and 

HL60 cell models miƟgated these issues since cells could be cultured, expanded, and differenƟated in 

controlled experiments.  

Reproducibility of the data is key to idenƟfy true signals. Several experiments, such as flow cytometry, 

microscopy, and Western blot validaƟons, consisted of a single replicate (n = 1). However, with regards 

to the CRISPR KO screen, at least 3 disƟnct sgRNAs were used to generate a mixed populaƟon of DUB 

KO cells for each DUB gene. By using approaches such as flow cytometry or microscopy, consistent 

changes in a phenotype for each cell provides more confidence that the observed changes are due to 

DUB KO, irrespecƟve of sgRNA. Nevertheless, technical variaƟon in cell culture and assay plates may 

introduce biological noise, leading to erroneous conclusions such as false posƟives. RepeaƟng such 

analyses, potenƟally employing concurrent orthogonal approaches, with independent biological 

replicates and validated genƟc manipulaƟon would provide more confidence in the findings. For 

example, opƟmised flow cytometry workflows could be used to validate CSM expression of proteins 

that were analysed using Western blot for hits idenƟfied via microscopy approaches. 

7.6. Conclusion and PerspecƟves 
In summary, this thesis provides a comprehensive and unbiased characterisaƟon of global proteomic, 

ubiquitomic, and phosphoproteomic dynamics during neutrophil differenƟaƟon, using the HoxB8 

mouse model. These datasets reveal stage-specific paƩerns of PTM regulaƟon, implicaƟng a 

coordinated remodelling of signalling networks and effector funcƟons during differenƟaƟon. 

IntegraƟve bioinformaƟc analyses idenƟfied potenƟal candidate regulators, including previously 

unrecognised E3 ligases, DUBs, kinases, and phosphatases, some of whose acƟvity or modificaƟon 

state strongly correlates with disƟnct differenƟaƟon phases. The targeted CRISPR-Cas9 phenotypic 

screen idenƟfied candidate DUBs that may parƟcipate in the regulaƟon of neutrophil differenƟaƟon, 

using an HL60 human model.  

Several of the idenƟfied PTM enzymes and novel protein markers warrant further experimental 

validaƟon to assess their mechanisƟc role in neutrophil lineage specificaƟon and funcƟon. Notably, 

invesƟgaƟng the role of DUBs such as YOD1 as well as the NLRP3 inflammasome in neutrophil 
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differenƟaƟon would be worthy endeavours. Logical next steps to invesƟgate the funcƟon of YOD1 in 

neutrophils would involve geneƟc modificaƟon of YOD1 to characterise its contribuƟons to neutrophil 

differenƟaƟon and idenƟficaƟon of YOD1 protein substrates. To delineate the role of the NLRP3 

inflammasome, transcripƟonal upregulaƟon should be first verified to then interrogate the 

inflammasome priming signalling pathways that give rise to transcripƟonal upregulaƟon of NLRP3 

inflammasome components. Moreover, the producƟon of inflammasome effector molecules such as 

IL1β and IL18 can be invesƟgated to determine whether they are secreted or degraded during 

neutrophil differenƟaƟon. 

IntegraƟon and visualisaƟon of mulƟ-omics datasets provide indicaƟons of connected biological 

phenomena. Development of analyƟcal bioinformaƟc tools in this work has applicaƟons in other 

systems biology contexts involving different modaliƟes and -omics approaches. New insights into 

neutrophil differenƟaƟon presented in this work provide further areas of research with potenƟal 

therapeuƟc relevance in innate immune response pathways and inflammatory and infecƟous diseases.  
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Appendices  

Chapter 2 
RStudio session informaƟon and R packages used in this thesis are shown below. 

R version 4.3.2 (2023-10-31 ucrt) 
Platform: x86_64-w64-mingw32/x64 (64-bit) 
Running under: Windows 11 x64 (build 26100) 
 
Matrix products: default 
 
 
locale: 
[1] LC_COLLATE=English_United Kingdom.utf8 LC_CTYPE=English_United 
Kingdom.utf8 LC_MONETARY=English_United Kingdom.utf8 
[4] LC_NUMERIC=C       LC_TIME=English_United Kingdom.utf8  
 
time zone: Europe/London 
tzcode source: internal 
 
attached base packages: 
[1] stats  graphics grDevices utils  datasets methods base   
 
other attached packages: 
 [1] WGCNA_1.73    fastcluster_1.3.0  dynamicTreeCut_1.63-1 readxl_1.4.5   
patchwork_1.3.0   
 [6] lubridate_1.9.4  tidyverse_2.0.0  purrr_1.0.4   ggsignif_0.6.4   
readr_2.1.5    
[11] reshape2_1.4.4   ggnewscale_0.5.2  ggprism_1.0.7   DOSE_3.28.2   
ggpubr_0.6.0    
[16] pcds_0.1.8    MKmisc_1.9    clusterProfiler_4.10.1 limma_3.58.1   
rstatix_0.7.2    
[21] FactoMineR_2.11  factoextra_1.0.7  impute_1.76.0   tibble_3.2.1   
rlang_1.1.3    
[26] RColorBrewer_1.1-3  zoo_1.8-14    gtools_3.9.5   data.table_1.17.2  
forcats_1.0.0    
[31] ggh4x_0.3.0   ggplot2_3.5.2   tidyr_1.3.1   dplyr_1.1.4   plyr_1.8.9    
[36] stringr_1.5.1    
 
loaded via a namespace (and not attached): 
 [1] splines_4.3.2   bitops_1.0-9   ggplotify_0.1.2   cellranger_1.1.0  
polyclip_1.10-7   
 [6] preprocessCore_1.64.0 rpart_4.1.21   lifecycle_1.0.4   Rdpack_2.6.4   
tcltk_4.3.2    
 [11] doParallel_1.0.17  lattice_0.21-9   MASS_7.3-60    flashClust_1.01-2  
backports_1.5.0   
 [16] magrittr_2.0.3   rmarkdown_2.29   Hmisc_5.2-3    plot3D_1.4.2   
cowplot_1.2.0    
 [21] DBI_1.2.3    abind_1.4-8    zlibbioc_1.48.2   ggraph_2.2.1   
BiocGenerics_0.48.1  
 [26] RCurl_1.98-1.17   nnet_7.3-19    yulab.utils_0.2.1  tweenr_2.0.3   
rappdirs_0.3.3    
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 [31] misc3d_0.9-1   GenomeInfoDbData_1.2.11 IRanges_2.36.0   
S4Vectors_0.40.2  enrichplot_1.22.0   
 [36] ggrepel_0.9.6   tidytree_0.4.6   codetools_0.2-19  DT_0.33     
ggforce_0.4.2    
 [41] tidyselect_1.2.1  aplot_0.2.8    farver_2.1.2   viridis_0.6.5   
base64enc_0.1-3   
 [46] matrixStats_1.5.0  stats4_4.3.2   jsonlite_2.0.0   tidygraph_1.3.1   
Formula_1.2-5    
 [51] survival_3.5-7   iterators_1.0.14  emmeans_1.11.2   
systemfonts_1.2.3  foreach_1.5.2    
 [56] tools_4.3.2    treeio_1.26.0   Rcpp_1.0.14    glue_1.7.0    
gridExtra_2.3    
 [61] xfun_0.53    qvalue_2.34.0   GenomeInfoDb_1.38.8  withr_3.0.2    
fastmap_1.2.0    
 [66] digest_0.6.37   timechange_0.3.0  R6_2.6.1    gridGraphics_0.5-1  
estimability_1.5.1   
 [71] colorspace_2.1-1  GO.db_3.18.0   RSQLite_2.3.11   generics_0.1.4   
robustbase_0.99-4-1  
 [76] graphlayouts_1.2.2  httr_1.4.7    htmlwidgets_1.6.4  
scatterpie_0.2.5  scatterplot3d_0.3-44  
 [81] pkgconfig_2.0.3   gtable_0.3.6   blob_1.2.4    S7_0.2.0    
XVector_0.42.0    
 [86] shadowtext_0.1.6  htmltools_0.5.8.1  carData_3.0-5   fgsea_1.28.0   
multcompView_0.1-10  
 [91] scales_1.4.0   Biobase_2.62.0   leaps_3.2    png_0.1-8    
ggfun_0.2.0    
 [96] knitr_1.50    rstudioapi_0.17.1  tzdb_0.5.0    uuid_1.2-1    
checkmate_2.3.2   
[101] coda_0.19-4.1   nlme_3.1-163   cachem_1.1.0   parallel_4.3.2   
HDO.db_0.99.1    
[106] foreign_0.8-85   arrow_21.0.0.1   AnnotationDbi_1.64.1 pillar_1.11.0   
grid_4.3.2     
[111] vctrs_0.6.5    car_3.1-3    xtable_1.8-4   cluster_2.1.4   
htmlTable_2.4.3   
[116] evaluate_1.0.4   mvtnorm_1.3-3   cli_3.6.2    compiler_4.3.2   
crayon_1.5.3    
[121] interp_1.1-6   fs_1.6.6    ggiraph_0.9.0   stringi_1.8.7   
viridisLite_0.4.2   
[126] deldir_2.0-4   BiocParallel_1.36.0  assertthat_0.2.1  
Biostrings_2.70.3  lazyeval_0.2.2    
[131] GOSemSim_2.28.1   Matrix_1.6-1.1   hms_1.1.3    bit64_4.6.0-1   
KEGGREST_1.42.0   
[136] statmod_1.5.0   rbibutils_2.3   igraph_2.1.4   broom_1.0.9    
memoise_2.0.1    
[141] ggtree_3.10.1   fastmatch_1.1-6   DEoptimR_1.1-4   bit_4.6.0    
ape_5.8-1     
[146] gson_0.1.0      
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 Supplementary Figure 1 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(GOBP). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke colour 
represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene 
ontology (GO) biological process (BP) terms are shown. 
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  Supplementary Figure 2 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(GOCC). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke colour 
represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene 
ontology (GO) cellular component (CC) terms are shown. 
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  Supplementary Figure 3 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(GOMF). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke colour 
represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene 
ontology (GO) molecular funcƟon (MF) terms are shown. 
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 Supplementary Figure 4 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(KEGG, Cellular Processes). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. 
Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill 
colour. The KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 
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  Supplementary Figure 5 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(KEGG, Environmental InformaƟon Processing). Genes were pre-ranked based on log2(fold change) of protein abundance 
compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR 
is indicated by fill colour. The KEGG pathway subcategory ‘Environmental InformaƟon Processing’ terms are shown. 



Appendices — Chapter 3 

 
204 

 Supplementary Figure 6 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on log2(fold change) of protein abundance compared 
to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated 
by fill colour. The KEGG pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 7 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(KEGG, Metabolism). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke 
colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. The 
KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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 Supplementary Figure 8 Gene set enrichment analysis (GSEA) of nuclear fracƟon data from HoxB8 neutrophil differenƟaƟon 
(KEGG, Organismal Systems). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. 
Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill 
colour. The KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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  Supplementary Figure 9 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil differenƟaƟon 
(GOCC). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke colour 
represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour. Gene 
ontology (GO) cellular component (CC) terms are shown. 
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 Supplementary Figure 10 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil 
differenƟaƟon (GOMF). Genes were pre-ranked based on log2(fold change) of protein abundance compared to day 0. Stroke 
colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by fill colour.
Gene ontology (GO) molecular funcƟon (MF) terms are shown. 
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  Supplementary Figure 11 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, Cellular Processes). Genes were pre-ranked based on log2(fold change) of protein abundance 
compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR 
is indicated by fill colour. The KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 
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 Supplementary Figure 12 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, Environmental InformaƟon Processing). Genes were pre-ranked based on log2(fold change) of 
protein abundance compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour.. The KEGG pathway subcategory ‘Environmental InformaƟon Processing’ 
terms are shown. 
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Supplementary Figure 13 Gene set enrichment analysis (GSEA) of total proteome data from HoxB8 neutrophil 
differenƟaƟon (KEGG, Metabolism). Genes were pre-ranked based on log2(fold change) of protein abundance compared to 
day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR is indicated by 
fill colour. The KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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Chapter 4 

 Supplementary Figure 17 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (GOCC). Genes were pre-ranked based on corresponding ubiquiƟn-modified pepƟde log2(fold 
change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-
based FDR is indicated by fill colour. Gene ontology (GO) cellular component (CC) terms are shown. 
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 Supplementary Figure 18 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (GOMF). Genes were pre-ranked based on corresponding ubiquiƟn-modified pepƟde log2(fold 
change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-
based FDR is indicated by fill colour. Gene ontology (GO) molecular funcƟon (MF) terms are shown. 
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 Supplementary Figure 19 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (KEGG, Cellular Processes). Genes were pre-ranked based on corresponding ubiquiƟn-modified 
pepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour. The KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 
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 Supplementary Figure 20 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (KEGG, Environmental InformaƟon Processing). Genes were pre-ranked based on corresponding 
ubiquiƟn-modified pepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates 
leading edge signal, and permutaƟon-based FDR is indicated by fill colour. The KEGG pathway subcategory ‘Environmental 
InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 21 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on corresponding 
ubiquiƟn-modified pepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates 
leading edge signal, and permutaƟon-based FDR is indicated by fill colour. The KEGG pathway subcategory ‘GeneƟc 
InformaƟon Processing’ terms are shown. 



Appendices — Chapter 4 

 
220 

 Supplementary Figure 22 Gene set enrichment analysis (GSEA) of proteome-normalised ubiquitome data from HoxB8 
neutrophil differenƟaƟon (KEGG, Metabolism). Genes were pre-ranked based on corresponding ubiquiƟn-modified pepƟde 
log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour. The KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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 Supplementary Figure 24 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from 
HoxB8 neutrophil differenƟaƟon (GOCC). Genes were pre-ranked based on corresponding phosphopepƟde log2(fold change)
compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-based FDR 
is indicated by fill colour. Gene ontology (GO) cellular component (CC) terms are shown. 
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 Supplementary Figure 25 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from 
HoxB8 neutrophil differenƟaƟon (GOMF). Genes were pre-ranked based on corresponding phosphopepƟde log2(fold 
change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and permutaƟon-
based FDR is indicated by fill colour. Gene ontology (GO) molecular funcƟon (MF) terms are shown. 
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 Supplementary Figure 26 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from 
HoxB8 neutrophil differenƟaƟon (KEGG, Cellular Processes). Genes were pre-ranked based on corresponding 
phosphopepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge 
signal, and permutaƟon-based FDR is indicated by fill colour. KEGG subcategory ‘Cellular Processes’ terms are shown. 
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 Supplementary Figure 27 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from 
HoxB8 neutrophil differenƟaƟon (KEGG, Metabolism). Genes were pre-ranked based on corresponding phosphopepƟde 
log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge signal, and 
permutaƟon-based FDR is indicated by fill colour. KEGG subcategory ‘Metabolism’ terms are shown. 
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Supplementary Figure 28 Gene set enrichment analysis (GSEA) of proteome-normalised phosphoproteome data from 
HoxB8 neutrophil differenƟaƟon (KEGG, Organismal Systems). Genes were pre-ranked based on corresponding 
phosphopepƟde log2(fold change) compared to day 0. Stroke colour represents the Ɵme point, size indicates leading edge 
signal, and permutaƟon-based FDR is indicated by fill colour. KEGG subcategory ‘Organismal Systems’ terms are shown. 
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Chapter 5 

Supplementary Figure 29 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between mRNA levels and 
corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) cellular 
component (CC) terms are shown. 



Appendices — Chapter 5 

 
228 

 Supplementary Figure 30 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between mRNA levels and 
corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) molecular 
funcƟon (MF) terms are shown. 



Appendices — Chapter 5 

 
229 

 Supplementary Figure 31 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between mRNA levels and corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG 
pathway subcategory ‘Cellular Processes’ terms are shown. 
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 Supplementary Figure 32 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between mRNA levels and corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG 
pathway subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 33 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between mRNA levels and corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG 
pathway subcategory ‘Metabolism’ terms are shown. 
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 Supplementary Figure 34 Gene set enrichment analysis (GSEA) of transcriptome-proteome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between mRNA levels and corresponding protein levels, across all Ɵme points of HoxB8 differenƟaƟon. The KEGG 
pathway subcategory ‘Organismal Systems’ terms are shown. 
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Supplementary Figure 35 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. Gene ontology (GO) biological process (BP) terms are shown. 
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Supplementary Figure 36 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. Gene ontology (GO) cellular component (CC) terms are shown. 
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Supplementary Figure 37 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. Gene ontology (GO) molecular funcƟon (MF) terms are shown. 



Appendices — Chapter 5 

 
236 

 Supplementary Figure 38 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. The KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 



Appendices — Chapter 5 

 
237 

 Supplementary Figure 39 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. The KEGG pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 40 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. The KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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  Supplementary Figure 41 Gene set enrichment analysis (GSEA) of transcriptome contribuƟons to proteome 
levels during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked 
based on staƟsƟcally significant coefficients corresponding to transcriptome variables used to predict protein 
abundance. The KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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 Supplementary Figure 42 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. 
Gene ontology (GO) biological process (BP) terms are shown. 



Appendices — Chapter 5 

 
241 

 Supplementary Figure 43 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. 
Gene ontology (GO) cellular component (CC) terms are shown. 
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 Supplementary Figure 44 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. 
Gene ontology (GO) molecular funcƟon (MF) terms are shown. 
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 Supplementary Figure 45 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. The 
KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 
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 Supplementary Figure 46 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. The 
KEGG pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 47 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. The 
KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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  Supplementary Figure 48 Gene set enrichment analysis (GSEA) of ubiquitome contribuƟons to proteome levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to ubiquitome variables used to predict protein abundance. The 
KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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 Supplementary Figure 49 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between epigenome levels and 
corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) cellular 
component (CC) terms are shown. 
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 Supplementary Figure 50 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (GOBP). Genes were pre-ranked based on correlaƟon between epigenome levels and 
corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. Gene ontology (GO) molecular 
funcƟon (MF) terms are shown. 
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 Supplementary Figure 51 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between epigenome levels and corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. The 
KEGG pathway subcategory ‘Cellular Process’ terms are shown. 
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 Supplementary Figure 52 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between epigenome levels and corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. The 
KEGG pathway subcategory ‘Environmental InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 53 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between epigenome levels and corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. The 
KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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  Supplementary Figure 54 Gene set enrichment analysis (GSEA) of epigenome-transcriptome data during HoxB8 
neutrophil differenƟaƟon (KEGG, GeneƟc InformaƟon Processing). Genes were pre-ranked based on correlaƟon 
between epigenome levels and corresponding mRNA levels, across all Ɵme points of HoxB8 differenƟaƟon. The 
KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 
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  Supplementary Figure 55 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. Gene 
ontology (GO) biological process (BP) terms are shown. 
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 Supplementary Figure 56 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. Gene 
ontology (GO) cellular component (CC) terms are shown. 
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 Supplementary Figure 57 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. Gene 
ontology (GO) molecular funcƟons (MF) terms are shown. 
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 Supplementary Figure 58 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. The KEGG 
pathway subcategory ‘Cellular Processes’ terms are shown. 
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  Supplementary Figure 59 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. The KEGG 
pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 
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 Supplementary Figure 60 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. The KEGG 
pathway subcategory ‘Metabolism’ terms are shown. 
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 Supplementary Figure 61 Gene set enrichment analysis (GSEA) of epigenome contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to epigenome variables used to predict mRNA levels. The KEGG 
pathway subcategory ‘Organismal Systems’ terms are shown. 
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 Supplementary Figure 62 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. Gene 
ontology (GO) biological process (BP) terms are shown. 
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Supplementary Figure 63 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. Gene 
ontology (GO) cellular component (CC) terms are shown. 
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  Supplementary Figure 64 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. Gene 
ontology (GO) molecular funcƟon (MF) terms are shown. 
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  Supplementary Figure 65 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. The 
KEGG pathway subcategory ‘Cellular Processes’ terms are shown. 
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  Supplementary Figure 66 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. The 
KEGG pathway subcategory ‘GeneƟc InformaƟon Processing’ terms are shown. 



Appendices — Chapter 5 

 
265 

  Supplementary Figure 67 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. The 
KEGG pathway subcategory ‘Metabolism’ terms are shown. 
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 Supplementary Figure 68 Gene set enrichment analysis (GSEA) of TF abundance contribuƟons to mRNA levels 
during HoxB8 neutrophil differenƟaƟon, using a linear regression approach. Genes were pre-ranked based on 
staƟsƟcally significant coefficients corresponding to TF abundance variables used to predict mRNA levels. The 
KEGG pathway subcategory ‘Organismal Systems’ terms are shown. 


