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Abstract 
Differences in disease susceptibility, progression and severity patterns exist between males 

and females. Asthma and chronic obstructive pulmonary disease (COPD) are pervasive 

respiratory diseases that demonstrate sexual dimorphism. Male children experience increased 

asthma rates and worse health outcomes than female children, with this trend reversing after 

puberty. Importantly, sex differences exist for the hallmark features of asthma and COPD in 

inflammation, airway fibrosis and remodelling, and regulation of cell death. Despite a clear 

relationship between biological sex and disease, the contributory genetic and molecular 

factors remain poorly understood. Preliminary analysis of patient-derived primary airway cells 

identified that female-derived cells produce increased levels of the proinflammatory cytokine 
IL6 compared to male cells, irrespective of disease diagnosis. Therefore, sex differences in 

immunoregulation are observable ex vivo, where biological factors such as sex hormones are 

removed. Thus, intrinsic molecular and genetic factors such as the sex chromosomes likely 

contribute to this difference. 

Highly similar but non-exact gene homologs on the X and Y chromosomes demonstrate 

imbalanced expression. Females express double the X-chromosome-linked homolog, whilst 

only males express the Y-chromosome-linked version. This imbalanced expression or function 

of X and Y chromosome homologs may contribute to sex differences in inflammatory, fibrotic 

and cell death-related processes. We aimed to explore, characterise and compare the function 
of the ZFX/ZFY, RPS4Y1/RPS4X and UTX/UTY gene pairs that have vital genome regulatory 

functions. This includes mediating gene transcription, protein translation and histone 

demethylation. As such, they may specifically regulate pathological processes between males 

and females.  

CRISPR-Cas9 knockout cell lines were generated for each candidate gene in male-derived 

A549 cells. Disease-relevant phenotypes were analysed in knockout cells, such as 

immunoregulation, cell proliferation, cell adhesion, cell death and extracellular matrix protein 

production. RNA-sequencing and proteomics analyses were paired with independent patient 

cohorts to identify pathways regulated by the candidate genes and highlight whether they 

contribute to clinically relevant outcomes, such as lung function measurements.  

For the first time, we show novel differences in the function of the XY gene pairs that directly 

relate to the hallmark disease features of inflammation, fibrosis and cell death. These 

divergent functions may contribute to sex differences in the susceptibility and severity of 

asthma and COPD.  We relate gene pathways regulated by the candidate genes to clinical 

measurements.  This vital data provides a foundation for identifying target pathways for the 

development of new, more effective treatments to improve patient outcomes.  
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1.3 Outline of Chapters 
A review of the literature (Chapter 1) demonstrated that sexual dimorphism is prevalent across 

multiple respiratory diseases, particularly asthma and chronic obstructive pulmonary disease 

(COPD). Chapter 1 consists of two peer-reviewed and accepted review articles exploring 

different aspects of sex differences in respiratory diseases. The review titled ‘Sexual 

dimorphism in chronic respiratory diseases’ (Section 1.1) delineates epidemiological, cellular 

and molecular patterns of sex differences in asthma, COPD and lung cancer. The other 

review, titled ‘Sex-specific effects of in utero and adult tobacco smoke exposure’ (Section 
1.2), highlights the complex and dynamic effect of cigarette smoking on the development of 

various diseases between the sexes. These reviews recognise that despite clear 

epidemiological evidence, the genetic and molecular mechanisms driving sex differences 

remain poorly understood and underinvestigated. Multiple factors have been posited to 

contribute to differences between males and females, such as physiological differences in 
lung size, sex hormone levels and sex chromosomes. A range of studies demonstrate that 

these factors affect fundamental processes in asthma and COPD – aberrant inflammation, 

altered fibrosis and airway remodelling and dysregulation of cell death. At the beginning of this 

project, it was necessary first to identify whether sex differences in these characteristic 

features of the disease are observable at a cellular level. If cells from males and females 

demonstrate dissimilar regulation of pathological processes, this may contribute to reported 

epidemiological differences in disease susceptibility and severity.  

As such, we investigated whether sex differences in regulating the proinflammatory response 

existed ex vivo, irrespective of patient disease diagnosis. This study, included in Chapter 2, 
demonstrated that distinct immunoregulatory differences exist between cells isolated from 

males and females and are pathway-specific. As these cells have been removed from the 

human biological environment for a significant time, they have also been removed from direct 

exposure to circulating sex hormones (estrogen and testosterone). Therefore, we concluded 

an intrinsic factor that is different between males and females is driving the observed 

differences. This realisation drew our attention towards the sex chromosomes for reasons 

elucidated in the literature reviews (Chapter 1). 

Chapter 2 showed that cells isolated from males and females have different proinflammatory 

regulation mechanisms, irrespective of disease diagnosis. These cells are removed from the 
direct effect of circulating biological factors, indicating that factors inherently different between 

cell from males and females may cause differences disease-relevant processes. This notion 

pointed us towards the sex chromosomes. Genes on the sex chromosomes are often 

overlooked due to the complex processes and phenomena that compensate for females 

carrying two X-chromosomes and males carrying one X and one Y chromosome. Pivotal 
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publications by Bellott et al. [1], Grath and Parsch [2], and Bradbury [3] highlighted potential 

genome regulatory functions of ZFX, ZFY, RPS4Y1, RPS4X, UTX and UTY. These genes are 

all ubiquitously expressed, indicating evolutionary and biological importance. Furthermore, 

they regulate critical processes such as gene transcription, protein translation and changes to 

the epigenome. Importantly, these genes exist as pairs, with similar but non-exact copies on 
the X chromosome (i.e. ZFX, RPS4X  and UTX) and Y chromosome (i.e. ZFY, RPS4Y1 and 

UTY). Generally, they are assumed to have equal functions, but this is yet to be confidently 

proven in the literature. The functions of these genes have not been characterised completely, 

nor have they been widely compared for differential functions. The current known features and 

functions of these gene pairs is described and discussed in detail within the introduction of the 

relevant experimental chapters. 

As such, we endeavoured to explore and compare the function of these candidate genes 

located on the X and Y chromosome (ZFX, ZFY, RPS4Y1, UTX and UTY) using CRISPR-

Cas9-generated knockout cell lines. A wide array of techniques were required to complete the 

required functional studies and gene expression analyses. Chapter 3 contains a detailed 
description of the methodology and analysis techniques used throughout this thesis and will 

be referenced throughout the results chapters. An important facet of this project is the 

bioinformatic investigation of RNA-sequencing and proteomics analyses. This skill was 

developed by analysis of an external dataset, resulting in a publication included as Chapter 
4. This manuscript functioned as a tool to develop my bioinformatic toolset and to advance my

written communication skills. Thus, it has been included in this thesis as it was critical to 

completing this work.  

Understanding the similarities and dissimilarities in the function of these genes between males 

and females makes it possible to uncover novel pathways driving sex differences and identify 
clinical targets in asthma and COPD. Chapter 5 identifies novel functions and highlights an 

important role for ZFX and ZFY in asthma. Chapter 6 explores the link between RPS4Y1 and 

asthma. Finally, Chapter 7 highlights the complex interaction and function of UTX and UTY in 

COPD.  
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1.4 Hypothesis & Aims 
Asthma and COPD are prominent respiratory diseases that place a significant burden on 

society and healthcare systems worldwide. Both diseases demonstrate clear epidemiological 

and pathophysiological patterns of sexual dimorphism. The genetic and molecular factors 

contributing to these sex differences remain unknown. By understanding the fundamental 

mechanisms causing distinct disease phenotypes between males and females, the aetiology 

and process driving asthma and COPD may begin to be uncovered. The sex hormones 

estrogen and testosterone are key biological factors mediating sexually dimorphic responses 

and patterns in disease. However, the mechanisms by which estrogen and testosterone 

regulate disease processes remain incompletely elucidated [4]. The sex chromosome 

complement between males and females presents a distinct imbalance of gene dosage. 

Important genome regulators exist on the X and Y chromosome, potentially contributing to 

sex-biased gene expression [1, 2]. The molecular and physiological consequences of the gene 
imbalance between the sexes remains poorly understood and understudied.  

We hypothesise that homologous gene pairs located on the X and Y chromosomes regulate 

hallmark disease features of inflammation, fibrosis and cell death. Furthermore, these gene 

pairs will not have equivalent expression levels or function. Thus, imbalanced expression and 

function of these genes in regulating key pathological processes may contribute to differences 

in the pathogenesis and progression of asthma and COPD between males and females.  

This thesis aims to define the role of X and Y chromosome-linked gene pairs (ZFX/ZFY, 

RPS4Y1/RPS4X and UTX/UTY) in regulating inflammation, fibrosis and remodelling and cell 

death processes.  

The specific aims to investigate this overall aim are: 

1) Establish whether disease-relevant differences can be identified between male and

female cells when removed from circulating biological factors

2) Define the function of each XY gene pair in regulating inflammatory, fibrotic,

remodelling and cell death mechanisms

3) Compare and determine whether the expression and function of XY gene pairs is

equivalent

4) Assess and explore the pathways mediated by XY gene pairs in the context of asthma

or COPD

These aims will be explored for each gene pair throughout Chapters 5, 6 and 7. 
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Chapter 3 – Methodology 
This chapter will outline the methodologies used to generate the results presented in 

chapters 5, 6 and 7.  

3.1 Cell culture 
A549 (adenocarcinoma human alveolar basal epithelial cells) from ATCC (American Type 

Culture Collection) were grown in T75 tissue culture flasks. Cells were maintained in “growth 

medium”; Dulbecco’s modified eagle medium (DMEM) (#31600091, ThermoFisher Scientific, 

MA, USA) supplemented with 10% fetal bovine serum (FBS, #16000044, ThermoFisher, MA, 
USA), 1% antibiotic/antimycotic (#15240096, ThermoFisher Scientific, MA, USA) and buffered 

with 25 mM HEPES (#BIOHB0265, Astral Scientific, NSW, AUS). This medium will be referred 

to as a ‘growth medium’ throughout the rest of this thesis. All incubation steps involving live 

cells are completed at 37°C/5% CO2 throughout this project unless otherwise stated. Cells 

were regularly monitored by brightfield microscopy to ensure healthy and regular cell growth. 

Cells were seeded at varying densities depending on the analysis or assay conducted, which 

will be specified as needed. Briefly, an 80% confluent T75 flask was washed with Hanks 

balanced salts solution (HBSS, #H2387, Sigma-Aldrich, Castle Hill, NSW) and incubated with 

3 mL 0.05% (w/v) Trypsin (#15400054, LifeTechnologies, Waltham MA, USA) for 3 min at 
37°C/5% CO2. The trypsin was then inactivated with 7 mL of growth medium, with the cell 

suspension centrifuged at 1000 rpm for 5 min. The supernatant was aspirated, and cells were 

resuspended in growth medium. An aliquot of the suspension was removed to be stained with 

trypan blue (#15250061, Gibco, ThermoFisher, MA, USA) to identify dead cells. The aliquot 

was then loaded into a hemocytometer for manual cell counting. The necessary volume of 

suspension with the correct concentration of cells was calculated. Cells were seeded at the 

appropriate density in growth medium and incubated at 37°C/ 5% CO2 until 80% confluency 

was reached in the cell culture plate.  
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3.2 Generating CRISPR Cas-9 knockout cell lines 

3.2.1 Creation of CRISPR-Cas9 plasmid constructs 
Guide RNA (gRNA) sequences were constructed using the online free design tool Benchling 

(www.benchling.com); this tool has been validated and used previously[5]. gRNA sequences 

for each gene of interest (KDM6A, KDM6C, RPS4X, RPS4Y1, ZFX and ZFY) were designed 

to target common exons present across all known splice variants as listed on 

www.ensembl.org. All gRNA sequences contained the protospacer adjacent motif (PAM) 

sequence “NGG”. The ideal gRNA sequences were determined using the on-target and off-

target scores generated by Benchling. PCR and sequencing primers were designed using the 

NCBI Primer-Blast online tool[6]. PCR primers were designed to produce a product of at least 

800 base pairs in size spanning both exon and intronic regions, with the gRNA sequence 

located approximately in the middle. Forward sequencing primers were designed to bind to 
the DNA sequence at least 100 base pairs from the start of the PCR forward primer binding 

site. Table 3.1 contains the primers for each gene of interest ordered from Integrated DNA 

Technologies (IDT, IA, USA). 

The pX458 (#48138, Addgene, MA, USA) green fluorescent protein (GFP) tagged plasmid 

was used as a vector for the guide RNA (gRNA). gRNA primers were annealed using T4 

ligation buffer (#B0202S) and T4 polynucleotide ligase (#M0201S) (NEB, Ipswich, MA, USA) 

with temperature cycling through 37°C for 30 min, 95°C for 5 min before ramping the 

temperature down to 25°C at 5°C/min. The plasmid was then digested using the Bbsl 

restriction enzyme (#FD1014, ThermoFisher Scientific, Waltham MA, USA). The annealed 
primers were ligated to the cut sites using T7 DNA ligase (NEB, Ipswich, MA, USA). The 

reaction was cycled through 37°C for 5 min and 25°C for 5 min six times before being held at 

4°C. Unwanted recombination products were removed using PlasmidSafe exonuclease 

(#E3101K, Biosearch Technologies, Hoddesdon, UK) with incubation at 37°C for 30 min. 

Samples were stored at -20°C for use within 30 days.  

http://www.benchling.com/
http://www.ensembl.org/
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Table 3.1: List of primer sequences used to generate knockout cell lines. For = 

Forward primer sequence; Rev = Reverse primer sequence 

Target Primers Sequence 

KDM6A 

Guide RNA 
For: CACCGCAAACCAAGACCATATAAAA 

Rev: AAACTTTTATATGGTCTTGGTTTGC 

PCR 
For: TTCAGGGCTGGAATACCTCT 

Rev: AAACAACAATGGGGCAAAGGC 

Sequencing TCTGTGCCATCTGATCACTGT 

KDM6C 

Guide RNA 
For: CACCGCCTTGGCTCGACAAAAGCTG 

Rev: AAACCAGCTTTTGTCGAGCCAAGGC 

PCR 
For: AACACCTTCACTTTCTCACCT 

Rev: TTAGCAACTGGCAGTCCAAAAG 

Sequencing TGACGGAATTGAGAACAAAAGGATT 

RPS4X 

Guide RNA 
For: CACCGATCGGGGTAGCGGATGGTG 

Rev: AAACCACCATCCGCTACCCCGATC 

PCR 
For: CTGGGAAACTGGAGTGGCAT 

Rev: CTAGGCAGGAAGAAATAATCTGC 

Sequencing TCTGCAGCAGTTAGGGAACC 

RPS4Y1 

Guide RNA 
For: CACCGTTGCCTCTTCCACTGTGATG 

Rev: AAACCATCACAGTGGAAGAGGCAAC 

PCR 
For: TGGGGCCAGGACATTGATTG 

Rev: GAGGCAGACATCAGGCAGTC 

Sequencing GCAGGGGTTGGTTGGTTTCA 

ZFX 

Guide RNA 
For: CACCGTATGCCAGAACACGTCTTGA 

Rev: AAACTCAAGACGTGTTCTGGCATAC 

PCR 
For: TGACTGCCTCAATTGCTTTGTT 

Rev: TGACAATCACTGTACCCCAAGA 

Sequencing GGAGCTAATCTGTTTTCCCAGTA 

ZFY 

Guide RNA 
For: CACCGTGCATCGATGGTCACTCCAG 

Rev: AAACCTGGAGTGACCATCGATGCAC 

PCR 
For: TTTTCAGATCTTCAAGAACATTGGT 

Rev: ACCTATCAGAGAATATGAAAGCTCC 

Sequencing TCAGTGGATGATGCTGGCAAA 

pX458 U6 sequencing ACCGAAATATATAGAA 
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3.2.2 Bacterial transformation and plasmid amplification 
Competent DH5α Escherichia coli (#C2987H, NEB, MA, USA) were transformed with the 

plasmid constructs generated in section 3.2.1. Heat shock at 42°C for 30 sec in a water bath 

was used to transform the E. coli. Bacteria were incubated on ice for 2 min to recover. To 
assist the bacterial recovery process, 125 µL of lysogeny broth (LB) (#12780052, 

ThermoFisher Scientific, Waltham MA, USA) was added, and the bacteria were incubated for 

1 hour at 37°C and 230 rpm. Post-incubation, the bacterial culture was spread plated on 

ampicillin (100 µg/mL) (#611770250, ThermoFisher Scientific, MA, USA) positive agar plate. 

5 µL of culture was also incubated on a plate without ampicillin to confirm a positive selection 

of transformed bacterial cells. Plates were incubated at 37°C overnight. The next day, a single 

bacterial colony was isolated and expanded in 20 mL of LB containing ampicillin (100 µg/mL) 

overnight at 37°C and 230 rpm. Following clonal expansion, plasmid DNA was extracted using 

the Qiagen plasmid extraction kit (#27104, Qiagen, Hilden, DEU), according to the 

manufacturer’s instructions. Purified plasmids were stored at -20°C for use within 30 days. 

3.2.3 Plasmid construct sequencing 
To confirm the correct and complete insertion of the gRNA primers into the pX458 plasmid, 

purified plasmids from section 3.2.2 were analysed by sanger sequencing. Plasmid 

concentration was determined using a Nanodrop. According to the submission instructions 

provided by the Australian Genome Research Facility (AGRF, Westmead, NSW, AUS), 600 

ng of plasmid was supplied with the pX458 sequencing primer (Table 3.1). Dendrogram results 

from AGRF were analysed using Benchling, demonstrating the correct incorporation of the 

gRNA sequence into the pX458 plasmid (Figure 3.1). 

Figure 3.1: Example dendrogram generated by sanger sequencing confirming the 
incorporation of ZFX gRNA into the pX458 plasmid sequence. The yellow highlighted 

region is the ZFX guide RNA sequence integrated into the plasmid DNA. 
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3.2.4 Transfection of A549 cells 
A549 cells were selected as they are a male-derived cell line, meaning they contain both X 

and Y chromosomes. This enabled an investigation of genes on both the X and Y 

chromosome. A549 cells were seeded in a 12-well cell culture plate (#150628, ThermoFisher 
Scientific, MA, USA) at 100,000 cells/well density in a DMEM growth medium. Cells were 

incubated at 37°C/ 5% CO2 for 24 hours. Following this, cells were transfected with the plasmid 

construct using Lipofectamine 3000 reagent (#L3000001, ThermoFisher Scientific, MA, USA). 

The manufacturer’s instructions were followed. In summary, one µg of plasmid construct was 

incubated with lipofectamine 3000 and p3000 reagents in Opti-MEM transfection medium 

(#11058021, ThermoFisher Scientific, MA, USA) for 15 min at room temperature. This allowed 

for the plasmids to be captured within the liposomes in the solution. The mixture was added 

on top of the cell culture with an equal volume of Opti-MEM medium. A control mixture 

consisting of only Opti-MEM was added to one well to evaluate whether any cell death was 

induced. A reagent control (RC) mixture of lipofectamine reagents without a plasmid construct 
was also included. This will be used as the wildtype cell line throughout future experiments. 

Cells were incubated for 5 hours at 37°C/5% CO2 to allow for transfection to occur.  After, 1 

mL of growth media was added to assist the cell recovery. Cells were left at 37°C/5% CO2 for 

a further 24 hours.  

3.2.5 Single-cell sorting and selection for transfected cells 
GFP expression was identified to be maximal at approximately 30 hours post-transfection 

(Figure 3.2). Therefore, this time point was selected to conduct single-cell sorting. Reagent 

control and transfected cells were washed with HBSS before being harvested using trypsin by 
incubation at 37°C/ 5% CO2 for 5 min. After, phosphate-buffered saline solution supplemented 

with 10% FBS was added to the wells to inactivate the trypsin. The wells were washed with 

PBS-FBS solution to lift cells from the plate, with the cell suspension transferred to a sterile 

tube. 
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Figure 3.2: (A) Representative image of green fluorescent protein (GFP) expression 
from transfected cells. (B) The mean area of cells expressing GFP per image against 
time. The vertical black line indicates the time of maximal GFP expression from cells.  

The BD FACS single-cell sorter (BD Biosciences, NJ, USA) was used to successfully identify 

transfected cells expressing the GFP protein. The manufacturer-provided instructions were 

followed to calibrate and set up the BD FACS sorter. Transfected A549 cells that expressed 

medium to high GFP signals were selected. The level of GFP expression was determined by 

comparison to the reagent control cell sample. A single A549 cell expressing GFP was 
identified and sorted into each well of a 96-well cell culture plate pre-filled with 100 µL of growth 

medium. The plate was then incubated at 37°C/ 5% CO2 for one week to allow for clonal 

expansion of each cell per well. Once 70 – 80% confluency was reached, cells from the well 

were harvested and transferred to a 12-well plate before being moved to a T75 cell culture 

flask (#156499, ThermoFisher Scientific, MA, USA) once confluency was reached. DNA lysate 

was collected for downstream confirmation of knockout status (section 3.2.6). Cells were 

frozen and stored in liquid nitrogen until future use.  

3.2.6 Sanger Sequencing to confirm knockout cell line 
According to the manufacturer's instructions, the DNA lysates collected in 3.2.5 were purified 

using the Bioline Isolate II DNA extraction kit (#BIO-52066, Meridian Bioscience, OH, USA). 

DNA purity and amount were analysed using a Nanodrop. The region targeted by the gRNA 

sequence was amplified using the PCR primers as listed in Table 3.1, using the Hot Start Taq 

PCR kit (#M04962, NEB, MA, USA). The reactions were heated to 94°C for 2 min before being 

cycled through 94°C for 10sec, 59°C for 30 sec and 72°C for 2 min 35 times. The final 

extension of the amplification product was completed at 72°C for 7 min. PCR products were 

visualised on a 2% (w/v) agarose gel (#A9918, Sigma-Aldrich, Castle Hill, NSW) to confirm 

the correct region was amplified. The remaining post-PCR sample was purified and cleaned 
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using the Bioline PCR and Gel Purification Kit (#BIO-52059, Meridian Bioscience, OH, USA), 

before samples were analysed for quality and DNA quantity using a Nanodrop.  

The amplified and clean PCR sequences were sent to AGRF for sanger sequencing using the 

appropriate sequencing primer listed in Table 3.1. All sequences were compared to a wildtype 

sequence generated from the reagent control cells to determine whether a knockout cell line 
was generated. 

3.2.7 Analysis of the knockout status 
DNA sequences generated in section 3.2.6 were analysed using Benchling and the Synthego 

ICE CRISPR Analysis Tool (https://ice.synthego.com/). Wildtype and potential knockout 

sequences were aligned using Benchling to identify whether an insertion or deletion (indel) 

had occurred. ICE was used to determine the percentage chance the cell line is a complete 

knockout through the ‘Knockout Score’. Table 3.2 lists the indel that was generated for each 

cell line used in the experiments outlined in this thesis. A minimum of three individual cell lines 

with a knockout score greater than 90% was included. One cell line represents a cell clonally 
expanded from a single well from the single-cell sorting process (section 3.2.5). The use of 

three different clonal knockouts of a single gene enables more robust results to be generated 

as each knockout cell line functions as distinct biological replicates. Each unique cell line is 

represented by the ‘cell line identifier’ in Table 3.6.  Generating an RPS4X knockout cell line 

was impossible, despite multiple RPS4Y1 knockout cell lines being generated. The cell line 

identifier  

https://ice.synthego.com/
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Table 3.2: List of individual knockout cell lines used throughout this study. Indel 

indicates the type and size of the mutation, i.e. +1 = single base insertion and -1 = single base 

deletion. The knockout score represents the likelihood a knockout cell line was generated; the 

higher the score, the more likely. 

Gene Knockout 
Target 

Cell line identifier Indel Knockout Score 

UTX 

K6AC8 -16 99 

K6AF3 +1 99 

K6AG4 +1 100 

UTY 

K6CB3 -2 100 

K6CD8 -2 100 

K6CG11 -1 98 

UTX/UTY 
Double-knockout 

(DKO)  

ACB3 +1; +2 94 

ACB5 +1; -1 95 

ACB52 +1; -1 95 

RPS4Y1 

RYA2 -7 100 

FRCB3 -2 100 

RYF12 -2 100 

ZFX 

ZXA10 +1 99 

ZXB11 +1 99 

ZXD4 +1 99 

ZFY 

ZYC11 -4; -1 96 

ZYE7 -4 98 

ZY2B6 +1 99 

3.3 Enzyme-Linked Immunosorbent Assay (ELISA) 
Identification and quantification of CXCL8 and IL6 in the cell culture supernatant samples 

collected after 24-hour stimulations was performed using an enzyme-linked immunosorbent 

assay (ELISA), according to the manufacturer’s instructions. All incubation steps were 

completed on an orbital shaker, and all washes were performed using (0.05% v/v) Tween20 -

phosphate-buffered saline (T-PBS) (#0777, Amresco, OH, USA). Briefly, anti-CXCL8 capture 
antibodies (#554716, BD Pharmingen, NJ, USA) were diluted (1:500) in PBS, and anti-IL6 

capture antibodies (#554543, BD Pharmingen, NJ, USA) were diluted (1:1000) in 0.1M 

disodium phosphate. Capture antibodies were incubated at 4°C overnight in 96-well immune 

plates (#NUN439454, ThermoFisher Scientific, MA, USA) at 100 µL/well. Plates were washed 
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before 1 hour of blocking with 1% (w/v) BSA-PBS at room temperature. During this incubation, 

serial dilutions were created for CXCL8 from 0 pg/mL to 1000 pg/mL (#554609, BD 

Pharmingen, NJ, USA) and IL6 from 0 pg/mL to 2000 pg/mL (#550071, BD Pharmingen, NJ, 

USA). After blocking, plates were washed once before the cell-free supernatant samples were 

loaded with the CXCL8 and IL6 standard dilutions. Samples were incubated at 4°C overnight. 
Following the incubation, plates were washed with T-PBS. CXCL8 (#554718, BD Pharmingen, 

NJ, USA) and IL6 (#554546, BD Pharmingen, NJ, USA) detection antibodies were incubated 

at room temperature for 1 hour. The plates were washed with T-PBS. Streptavidin 

horseradish-peroxidase (HRP) (#890803, R&D Systems, MN, USA) in T-PBS was incubated 

for 30 min in the dark at room temperature. At completion, the plates were washed. 3, 3’, 5, 5’ 

-tetramethylbenzidine (TMB) (#002023, Life Technologies, CA, USA) was added to each well

for colour development and incubated for 2 – 3 min. The reaction was stopped by the addition 

of 1M phosphoric acid (H3PO4). Absorbance was measured at 450 nm and 570 nm for 

background using a Spectramax iD3 spectrophotometer. 

3.4 Wound healing assay 
Knockout cell lines were seeded in 12-well cell culture plates and incubated at 37°C/ 5% CO2 

until a cell monolayer was formed. Upon monolayer formation, a 200 µL pipette tip was used 

to smoothly “scratch” each well down the middle with even pressure. The media was aspirated, 

and the well was washed twice with HBSS. Growth media (1 mL) was gently added to the well, 

and a brightfield microscopy image was taken using a Nikon Eclipse Ti microscope. Cells were 

incubated at 37°C/ 5% CO2 for 72 hours, with brightfield images taken every 24 hours. 

Wound size was calculated by area using the Image-J plugin “Wound Healing Size”. The 
analysis protocol as described by Suarez-Arnedo et al.[7] was followed. The wound size at 

time zero hours was considered 100%, with the size of the wound at subsequent timepoints 

calculated in comparison to zero hours.  

3.5 Fibronectin-mediated cell adhesion assay 
The protocol was adapted from what is described by Humphries 2000[8]. Fibronectin (#F0895, 

Sigma-Aldrich, Castle Hill, NSW) was diluted in sterile PBS, and 96-well plates were coated 

with fibronectin at 5 µg/cm2 by incubation in sterile conditions for 1 hour at room temperature. 

The fibronectin solution was removed, and cells were seeded to both coated and uncoated 
wells at a density of one million cells per mL at 100 µL/well. A row on the 96-well plate was 

left empty to function as a no-cell control. The plate was agitated by semi-forceful tapping 

before incubation at 37°C/5% CO2 for 1 hour. After the incubation, the plate was again tapped 

with even force to detach weakly adherent cells. Media was carefully aspirated, and the wells 

were gently washed once with sterile PBS. Adherent cells were fixed with 4% 
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paraformaldehyde (#29447, Merck-Millipore, MA, USA) by incubation at room temperature for 

20 min. Afterwards, wells were washed twice with sterile PBS. Adherent cells were stained 

with 100 µL of 0.1% (w/v) crystal violet (#C6158, Sigma-Aldrich, Castle Hill, NSW), 200 mM 

MES (#M8250, Sigma-Aldrich, Castle Hill, NSW), pH 6.0 for 1.5 to 2 hours. Cells were 

inspected for staining using a brightfield microscope to determine when the dye had been 
completely absorbed. After staining, cells were washed with water three times before the dye 

was solubilised with 10% (v/v) acetic acid. The plate was agitated for 1 min to ensure complete 

solubilisation. Optical density (OD) was measured at 570 nm using the Spectramax iD3 plate 

reader. The background absorbance from the ‘no-cell’ lane was subtracted from all wells to 

determine cell attachment levels. Fibronectin-coated wells were compared to non-coated wells 

to determine the fold change in adherent cells. 

3.6 Cigarette smoke extract (CSE) generation and treatment 
In sterile conditions, 25 mL of unsupplemented DMEM was added to a T175 cell culture flask 
to generate CSE stimulation media. A 5 mL stripette was inserted through the flask filter with 

the tip submerged into the media with the flask upright, and an airtight seal was created using 

parafilm. A needle was inserted through the side of the flask and connected with tubing to a 

peristaltic pump. Tubing was also attached to the end of the 5 mL stripette, and a Marlborough 

Red cigarette was inserted into the end of the tubing and lit. The peristaltic pump was turned 

on to bubble cigarette smoke through the media. The speed of the pump was controlled to 

ensure the cigarette finished burning between 2 – 2.5 min. The process was repeated for a 

second cigarette. The media was allowed to settle for 5 min and supplemented with 0.1% (v/v) 

BSA. This was considered 100% CSE media. 

For CSE exposure, all cell lines were seeded in a 96-well cell culture plate at 2x104 cells/mL 

density and growth to 80% confluency. Cells were serum starved for 24 hours before exposure 

to CSE. A separate plate was created for non-treated cells to avoid incidental exposure to 

CSE components affecting baseline results. All cell lines were exposed to either 0%, 50%, 

75% or 100% CSE media which were created from the original 100% CSE stock generated 

above. Cells were incubated at 37°C/ 5% CO2 for 24 or 48 hours, with the MTT assay 

completed after the incubation period to assess cell viability. MTT methodology is described 

in section 3.7. 
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3.7 MTT assay 
At the appropriate time point post-stimulation, 10 µL of 0.5% (w/v) MTT dye ((3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) (#M2128, Sigma-Aldrich, Castle Hill, NSW) in 

PBS was added to each well of a 96-well plate under sterile conditions. All stimulations were 

completed in triplicate (to account for unavoidable experimental variability). Plates were 

incubated at 37°C/ 5% CO2 for 4 hours. After the supernatant was removed and 100 µL of 

dimethyl sulfoxide (DMSO) was added to each well to dissolve the crystalline dye. After 1 min 

of vigorous shaking, plates were read on the Spectramax iD3 plate reader at 570 nm with a 

background reading at 630 nm. To analyse the data, the untreated well was considered to be 

100% cell survival with all CSE-treated wells compared to the control well to determine the 

percentage of cell survival.  

3.8 Extracellular matrix (ECM) ELISA 
An ECM ELISA was performed to assess changes in ECM protein deposition between the 

knockout cell lines, as previously described[9]. Briefly, cell lines were seeded in 96-well plates 

and incubated in growth media at 37°C/ 5% CO2 until confluency. Cells were serum starved 

for 18 hours before stimulation with TGF-β1 (10 ng/mL) for 72 hours. Cells were washed with 

PBS and lysed by incubation with 0.016 mM NH2OH at 37°C for 15 min. The cell-free ECM 

was washed three times with sterile PBS. 100 µL of PBS was added to each well, with plates 

stored at -20°C until analysis. Before analysis, plates were defrosted at room temperature, 
with non-specific bound molecules removed via blocking with 1% BSA-PBS solution. Primary 

antibodies for collagen IVα1, tenascin-C, and fibronectin were diluted in 1X BSA-T-PBS and 

added at 100 µL/well for 2 hours. Plates were washed four times with T-PBS, and a rabbit 

anti-mouse monoclonal HRP-linked secondary antibody was applied for 1 hour. An IgG isotype 

control was also included for any non-specific IgG binding. Plates were washed, and 100 µL 

of chromogenic 3,3’,5,5’-tetramethylbenzidine (TMB) was added for 15 – 30 min. Table 3.3 

summarises the different antibody dilutions and incubation times used for each protein of 

interest. The reaction was stopped by the addition of 100 µL/well of 1M phosphoric acid. 

Absorbance was measured at 450 nm with background measured at 570 nm using a 
Spectramax iD3 plate reader.  
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Table 3.3: ECM ELISA primary and secondary antibodies with the dilution used and the 
time allowed for colourimetric development. IgG = immunoglobulin isotype G 

Catalogue 
Number 

Clone Company Antibody 
Target and 

Species 

Antibody 
Dilution 

Development 
time 

MAB1935 868A11 Merck-Millipore Fibronectin 1:4000 15min 

T2551 BC-24 Merck-Millipore Tenascin C 1:1000 30min 

C1926 COL-94 Sigma-Aldrich Collagen IV 1:1000 30min 

557273 BD Pharmingen IgG Isotype 

Control 

1:1000 30min 

7076S Cell Signalling Anti-mouse 

IgG-HRP-linked 

1:2000 N/A 

3.9 Cell Proliferation 
Cell proliferation was investigated by measuring the increase in cell number after four days of 

growth. Cells were seeded in T75cm2 flasks at a starting number of 400,000 cells. The flasks 

were incubated in growth media at 37°C/ 5% CO2 for four days. After incubation, cells were 

harvested using trypsin-ETDA and counted using trypan blue exclusion on a haemocytometer. 

This number of cells was then compared to the starting seeding concentration. To calculate 

the doubling time of cell lines, the formula below was used: 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
96 ℎ𝑜𝑢𝑟𝑠 𝑥 ln(2)

ln (
𝐹𝑖𝑛𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

400,000
)

3.10 RNA extraction and purification 
Whole-cell mRNA extracts were collected and purified using the Bioline Isolate II Mini RNA Kit 

(#BIO52073, Meridian Bioscience, OH, USA), according to the manufacturer’s instructions. 

Briefly, lysis buffer was supplemented with β-mercaptoethanol (β-ME) (#63689, Sigma-

Aldrich, Castle Hill, NSW) to maximise cell lysis and mRNA stability. Cell lysis was completed 
mechanically, using a sterile scraper, after 350 µL of lysis buffer, supplemented with protease 

inhibitors, was added to the cell culture well. The lysate was transferred to a tube and vortexed 

briefly before being stored at -80°C until purification. 

RNA lysates were defrosted slowly on ice. Samples were loaded to a supplied filter and 

centrifuged at 11,000g for 1 min to remove cell fragments and protein contaminants. The flow-

through was mixed with 70% ethanol (made using RNase-free water), to adjust the nucleic 

acid binding conditions by mixing. Samples were loaded into the supplied spin column 
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containing a silica membrane filter that binds to nucleic acids. Samples were centrifuged at 

11,000g for 30 sec. The flow-through was discarded, and membrane desalting was completed 

on the spin column using the supplied buffer and centrifugation. DNA was digested using 

DNase1 by incubation on the silica membrane for 15 min at room temperature. DNase1 was 

inactivated using the supplied wash solution before subsequent washing steps using the 
secondary wash buffer supplemented with >95% pure ethanol to remove contaminants and 

maximise RNA yield. RNA was eluted in 60 µL of RNase-free water. The NanoDrop 2000 UV-

visible light spectrophotometer was used to analyse mRNA purity and quantity. Purified RNA 

samples were stored at -80°C until future use.  

3.11 Bulk RNA-sequencing (RNA-Seq) processing and analysis 

3.11.1 RNA-sequencing 
The cell lines and stimulations sent for RNA-sequencing are listed below: 

• Baseline: Wildtype, ZFX KO, ZFY KO, RPS4Y1 KO, UTX KO, UTY KO and UTX/UTY

DKO

• 6 hours post-TNFα (10 ng/mL) stimulation: Wildtype, ZFX KO, ZFY KO & RPS4Y1 KO

• 48 hours post-TGF-β1 (10 ng/mL) stimulation: Wildtype, ZFX KO, ZFY KO, RPS4Y1

KO, UTX KO, UTY KO and UTX/UTY DKO

Bulk RNA-sequencing was completed by the Ramaciotti Centre for Genomics (University of 

New South Wales), with samples generated according to their instructions. Briefly, purified 

RNA samples were loaded into a clear 96-well hard-shell PCR plate. Total RNA was loaded 
into the plate at 50 ng/µL in a 50 µL volume. Only samples with a 260/280 ratio between 1.8 

– 2.2 were included. Ramaciotti Institute determined the RNA integrity number (RIN), and a

RIN between 7 – 10 was accepted as appropriate quality to continue with the analysis. 

Sequencing was completed using the polyA pull-down method, with single-ended reads for an 

average of 20 million reads per sample. Illumina stranded mRNA preparation ligation was 

completed before, and sequencing was conducted on a NovaSeq6000 S1 1x100bp flow cell.  

3.11.2 Processing RNA-sequencing results 
The quality of the RNA-seq samples was first checked using FASTQC. The paired-end reads 

were trimmed to remove adaptor sequences using Trimmomatic (v0.39). To estimate 
expression levels, single-end reads were mapped to human genome assembly GRCh38 

(hg38) using Star aligner (v2.7.5a). The generated reads per gene counts were then used for 

differential gene expression, as described in section 3.12.  
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3.11.3 Quality assessment of RNA-sequencing 
To assess the quality of the RNA-sequencing data, we measured the total counts determined 

for each sample and assessed whether it passed the threshold of five million total reads [10]. 

All but one sample passed this criterion (Figure 3.3A & 3.3B). Principle component analysis 
(PCA) was also completed to summarise which samples could be distinguished from others 

and to confirm whether samples were labelled accurately. The sample that did not have five 

million total reads was still grouped correctly in the PCA, therefore, this sample was still 

included. PCA analysis also revealed that a wildtype sample at baseline and after TNFα 

stimulation were mislabeled. As such, we corrected this labelling to ensure accurate 

differential gene expression analysis occurred. Figure 3.3C presents the PCA plot derived 

from the corrected samples, whilst Figure 3.3D presents the PCA plot for the 48-hour TGF-

β1-stimulated samples.  

Figure 3.3: Quality assurance analysis of total read counts and principle component 
analyses (PCAs). Total number of reads for 6-hour (A) and 48-hour (B) models sent for RNA-

sequencing; the x-axis presents the individual samples whilst the y-axis presents the total 

number of reads. PCA figures for 6-hour (C) and 48-hour (D) models plot principle component 

1 (PC1) on the x-axis and PC2 on the y-axis, with the relative contribution included in brackets. 
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3.12 Differential gene expression analysis 
Differential gene expression (DGE) was analysed using least-squares linear modelling in the 

R package DESeq2. Correction for multiple testing was applied by controlling the false 

discovery rate (FDR) using the Benjamini-Hochberg (BH) procedure [11]. Significant 

differentially expressed genes were determined with an FDR less than 0.05 and a fold-change 

(FC) greater than |1.0|. Standard DGE analysis involved comparing differences in gene 

expression between one cell genotype and another under the same conditions. For example, 

wildtype cells at baseline are compared to ZFX knockout cells at baseline. This would be 

written as the formula below: 

(𝑍𝐹𝑋 𝐾𝑂 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) − (𝑊𝑖𝑙𝑑𝑡𝑦𝑝𝑒 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) 

To evaluate the difference in responsiveness to TNFα and TGF-β1 between each cell line we 

completed an interaction differential gene expression analysis. Interaction DGE analysis 

involved comparing gene expression between baseline and stimulated cell lines of the same 

genotype to the change in gene expression of another cell genotype at baseline and 

stimulated. For example, the difference in gene expression of wildtype cells at baseline vs 

TNFα-stimulation, compared to the change in gene expression of ZFX knockout cells at 

baseline vs TNFα, this would be written as the formula below: 

 [(𝑍𝐹𝑋 𝐾𝑂 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝛼 − 𝑍𝐹𝑋 𝐾𝑂 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

− (𝑊𝑖𝑙𝑑𝑡𝑦𝑝𝑒 𝑤𝑖𝑡ℎ 𝑇𝑁𝐹𝛼 − 𝑊𝑖𝑙𝑑𝑡𝑦𝑝𝑒 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)]

3.13 Transcription factor enrichment analysis 
We conducted a transcription factor analysis to analyse the signalling pathways that were 

specifically activated in each experimental condition for each cell line. This analysis generates 

an enrichment score based on the gene expression of known targets of transcription factors 

to represent whether that specific transcription factor pathway is more or less activated. To do 

this, ARACNe [12] (Algorithm for the Reconstruction of Gene Regulatory Networks) 

(http://wiki.c2b2.columbia.edu/califanolab/index.php/Software/ARACNE) was used to identify 
transcription factors using a list of human transcription factors (n = 1639) downloaded from 

http://humantfs.ccbr.utoronto.ca/. One hundred bootstrap rounds were applied, and all inferred 

networks were merged to get a consensus network. Viper [13] was then applied to infer the 

protein activity of the identified transcription factor. Transcription factors with direct ARACNE-

predicted T (regulon) statistically enriched in the gene expression signature were selected as 

the most representative transcription factors. 

https://protect-au.mimecast.com/s/XBJDCzvkyVCRWDvE8h41SN5?domain=wiki.c2b2.columbia.edu
http://humantfs.ccbr.utoronto.ca/
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3.14 Gene set variation analysis (GSVA) 
GSVA was used to investigate sample-wise gene set enrichment scores [14] to understand 

how the transcriptomic changes differ between knockout cell lines. A list of the top 50 unique 

differentially expressed genes that are either increased or decreased was generated to 

complete this. Using the R package ‘GSVA’, the expression of the genes in this gene list was 

tracked for their change in replicates in another dataset. For example, the top 50 significantly 

upregulated genes in ZFX knockout cell lines at baseline were analysed for how their gene 

expression changed in ZFY knockout cell lines. This analysis produces an enrichment score, 

where numbers greater than zero indicate an overall upregulation, whilst an enrichment score 

less than zero indicates a downregulation. This highly versatile analysis was applied across 

multiple datasets described in the relevant sections.  

3.15 Analysis of biological pathways altered in knockout cell lines 
Pathway analysis was conducted to identify the biological pathways that involve the 

significantly differentially expressed genes in knockout cell lines compared to wildtype cells. 

The g: Profiler (https://biit.cs.ut.ee/gprofiler/gost) web-based tool was used to complete the 

analysis, using a subset of at most the top 50 significant genes (FDR < 0.05 and FC > |1.0|).  

3.16 Independent single-cell and bulk RNA-sequencing study cohorts of 
asthma and COPD patients 
Multiple independent studies were used throughout this thesis to support our investigation of 

ZFX, ZFY, RPS4Y1, UTX and UTY. The details of each study design, sample collection, 

protocols and clinical summary tables, where relevant, are included below.  

3.16.1 Single-cell sequencing ‘Lung Cell Atlas’ 
The publicly available single-cell RNA-sequencing database ‘Lung Cell Atlas’ 

(https://asthma.cellgeni.sanger.ac.uk/) was accessed to analyse the gene expression of ZFX, 

ZFY, RPS4X, RPS4Y1, UTX and UTY in different epithelial cell types from non-asthmatic and 
asthmatic patients. Patient samples were collected as part of a previous study by 

bronchoscopy biopsy. Complete details and methodology are published [15]. The cohort 

inclusion criteria for all patients were: aged between 40 – 65 years of age, < 10 pack years 

smoking history. The criteria for only the patients with asthma: age of onset < 12 years old, 

documented history of asthma, use of inhaled corticosteroids with(out) β2-agonists due to 

respiratory symptoms, and positive provocation test (PC20 methacholine – induction of a 20% 

decrease in forced expiratory volume in the first second < 8 mg/mL with 2 min protocol). For 

non-asthmatic controls: absent history of asthma, no use of asthma-related medication, a 

negative provocation test (PC20 > 8 mg/mL, and adenosine 5’-monophosphate > 320 mg/mL 
with 2 min protocol), no pulmonary obstruction (FEV1/FVC > 70%) and absence of lung 

https://biit.cs.ut.ee/gprofiler/gost
https://asthma.cellgeni.sanger.ac.uk/
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function impairment (FEV1 > 80% predicted). Patients with asthma stopped inhaled 

corticosteroid use six weeks before testing and protocols were started. Patient demographics, 

as used in the current study, are detailed in Table 3.4.  

Table 3.4: Demographics of patients included in the Lung Cell Atlas dataset. 

Characteristic Control Asthma 
n, (male / female) 7M / 4F 7M / 2F 

Age 56 55 

FEV1 % Predicted 115.73 (+/- 13.86) 82.22 (+/- 19.56) 

Pack years 1.27 (+/- 1.85) 0.00 (+/- 0.00) 

FEV1 = forced expiratory volume after one second. Data are presented as arithmetic 
mean (+/- SD). 

3.16.2 Single-cell sequencing ‘Human Lung Cell Atlas’ 
A single-cell dataset was obtained from the Human Lung Cell Atlas [16] and was prepared 

using the ‘Seurat’ R package per the methodology outlined by Hao et al. [17]. The resulting, 

processed dataset was stratified by sex with the expression of ZFX, ZFY, RPS4X, RPS4Y1, 
UTX, and UTY visualised as a UMAP (uniform manifold approximation and projection for 

dimension reduction). The UMAP identified cell subpopulations such as epithelial cells, 

alveolar macrophages and immune cells. This enabled visualisation of which cell types the 

genes were expressed to provide insight into their expression patterns and function. A 

summary of the demographics for the patients included in the original data collection by 

Sikkema et al. [16] is summarised in Table 3.5. 

Table 3.5: Demographics of patients included in the single-cell sequencing Human 
Lung Cell Atlas. 

Characteristic 
n, (male / female) 64M / 43F 

Age, range (yr) 10 - 76 

BMI, (range) 20 - 49 

Smoking Status, n 
Never smoker 56 

Ex-smoker 17 

Current smoker 16 

Unannotated 18 

BMI: body mass index 
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3.16.3 Indurian bulk RNA-seq bronchial biopsy dataset 
Bronchial biopsies were collected from patients as part of a previous study [18]. The details of 

the study design and methodology are previously published [19]. All data is publicly available 

(EGA #337622). This study included persistent asthma subjects with clinical remission of 
asthma, complete remission of asthma and healthy control patients. We have only included 

patients with persistent asthma and healthy controls for the current study. The patient 

demographics are summarised in Table 3.6.  

Table 3.6: Demographics table for the Indurian bronchial biopsy study patients. 

Characteristic Males Females 
Total, n (% Asthma) 88 (52.3%) 85 (58.8%) 

Age, yr 46.46 (+/- 14.19) 41.29 (+/- 15.42) * 

Pack years 10.42 (+/- 14.47) 5.27 (10.87) ** 

FEV1, L 3.72 (+/- 0.91) 3.05 (+/- 0.68) **** 

FEV1 % Predicted 89.19 (+/- 16.13) 95.77 (+/- 14.59) ** 

Sputum cell counts 
Absolute (x103) 

% cell count 

Neutrophil 1.5 (+/- 2.33) 

55.07% (+/- 19.35%) 

1.68 (+/- 6.27) 

53.42% (+/- 23.34%) 

Eosinophil 0.04 (+/- 0.10) 

1.82% (+/- 4.44%) 

0.02 (+/- 0.09) 

0.94% (+/- 1.80%) 

Macrophage 1.05 (+/- 1.13) 

42.45% (+/- 19.53%) 

0.97 (+/- 1.43) 

44.74% (+/- 22.92%) 

Lymphocyte 0.02 (+/- 0.03) 

0.66% (+/- 0.96%) 

0.02 (+/- 0.03) 

0.91% (+/- 1.37%) 

FEV1 = forced expiratory volume after one second. Data are presented as arithmetic mean 

(+/- SD). Statistical significance is indicated by *p<0.05, **p<0.01, ****p<0.0001, determined 

by parametric t-test. 
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3.16.4 OLiVIA clinical dataset patients and study design 
Study subjects were selected from participants of the 'Effects Of Extra-fine ParticLe HFA-

Beclomethasone Versus Coarse Particle Treatment In Smokers and Ex-smokers with Asthma' 

(OLiVIA study) (ClinicalTrials.gov #NCT01741285)[20]. This study was approved by the local 
medical ethics committee, with written and informed consent received before collection. 

Patients were included if they were either current- or ex-smokers (smoking cessation ≥ 6 

months), aged 18 – 65 years old and had doctor-diagnosed asthma with a smoking history of 

≥ 5 pack years. Exclusion criteria comprised treatment with oral steroids, FEV1 ≤ 1.2 L, an 

upper respiratory tract infection ≤ 4 weeks before inclusion, and an asthma exacerbation ≤ 6 

weeks before inclusion. Nasal brushings were taken from the inferior turbinate of patients that 

met the inclusion criteria. RNA was isolated from the samples and quality tested before single-

end sequencing. RNA sequencing data quality control was performed using R (version 3.4.3) 

to ensure concordance between reported sex and sex-associated genes. Data were log2 

transformed and normalised. The patient demographics are summarised in Table 3.7. 

Table 3.7: Clinical summary data for OLiVIA study patients. 

Never-smoker Ex-smoker Current-Smoker 
n 18 30 54 

Male, n (%) 10 (55.6) 13 (43.3) 26 (48.1) 

Age, yr 50 (14.6) 50 (11.0) 41 (12.4) ** $ 

Pack years 0.00 (0.00) 21.10 (19.12) 20.77 (14.15) 

FEV1, L 3.68 (0.83) 2.91 (0.70) ** 3.43 (0.84) $ 

FEV1 % Predicted 107.4 (12.29) 90.00 (18.21) *** 95.06 (15.13) * 

FEV1 = Forced expiratory volume in one second (litres). Data are presented as the arithmetic 
mean +/- standard deviation and analysed using one-way ANOVA with Tukey correction for 

multiple testing. *p<0.05 (vs never smoker), **p<0.01 (vs never smoker), ***p<0.001 (vs never 

smoker), $ p<0.05 (current smoker vs ex-smoker). 
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3.16.5 SHERLOCk clinical dataset patients and study design 
SHERLOCk (An integrative genomic approach to Solve tHe puzzle of sevERe earLy-Onset 

COPD, ClinicalTrails.gov: NCT04263961 and NCT04023409) is a cross-sectional study 

without pharmacological intervention performed by the University of Groningen, the 
Netherlands. 23 non-COPD controls, 24 mild COPD (mCOPD) patients (GOLD stages 1 and 

2) and 125 patients with severe COPD (sCOPD) (GOLD stages 3 and 4). Non-COPD was 

defined by an FEV1/FVC > 70%, mCOPD was defined as 30% < FEV1/FVC < 70% and sCOPD 

was defined as FEV1/FVC < 30%. Participants did not smoke for at least two months before 

inclusion in the study and did not have an exacerbation or lung infection four weeks before the 

study. Subjects underwent bronchoscopy, during which bronchial and nasal brushes were 

obtained. All patients were fully characterized, i.e., lung function, CT scans, blood, and 

questionnaire data. The patient demographics are summarised in Table 3.8. 

Table 3.8: SHERLOCk study patient clinical summary. 

 Non-COPD 
Mild-COPD  

(Stage 1 & 2) 
Severe COPD  
(Stage 3 & 4) 

N 23 24 125 

Male, n (%) 12 (52) 18 (79) 36 (29) 

Age, yrs    58 (+/- 5.4) 60 (+/- 4.6) 60 (+/- 7.0) 

Ex-smoker, n (%) 23 (100) 23 (100) 124 (99) 

Packyears  31.1 (+/- 20.56) 67.5 (+/- 61.69) **** 38.75 (+/- 18.16) $$$$ 

FEV1/FVC (%) 74.0 (+/- 5.5) 53.9 (+/- 7.8) **** 28.6 (+/- 6.2) **** $$$$ 

FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity. Data are presented 

as the arithmetic mean +/- standard deviation and analysed using on-way ANOVA with Tukey 
correction for multiple testing. ****p<0.0001 (vs Non-COPD), $$$$p<0.0001 (severe COPD vs 

mild COPD smoker). 
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3.17 Mass-spectrometry proteomics analysis 

3.17.1 Sample collection 
Cell lines were seeded in 12-well cell culture plates as described in section 3.1 at 2.5x104 

cells/mL. Cells were incubated in growth media until 80% confluent before serum starvation 

for 24 hours. Cells were then either stimulated with TNFα (10 ng/mL) for 24 hours or TGF-β1 

(10 ng/mL) for 72 hours. At the end of the respective incubation periods, the supernatant was 

discarded, and cells were washed in ice-cold PBS twice before being lysed in sodium 

deoxycholate (SDC, #D6750, Sigma-Aldrich, Castle Hill, NSW) buffer supplemented with 

protein cocktail inhibitor III at 10 µL/mL (#539134, Sigma-Aldrich, Castle Hill, NSW) and 

phenylmethylsulphonyl fluoride (PMSF, #P7626, Sigma-Aldrich, Castle Hill, NSW) at 20 

µL/mL. Physical lysis of cells was completed using a scraper to ensure maximal lysis and 

protein collection. Samples were stored at -80°C until the next step. 

3.17.2 Alkylation and reduction of protein lysates 
Samples from section 3.17.1 were defrosted on ice. Proteins in the sample were reduced and 

alkylated to denature secondary and tertiary structures to enable future digestion into peptides. 

To reduce proteins in the sample tris (2-carboxyethyl) phosphine (TCEP) at 5 mM was added 

and samples were vortexed briefly to mix. To alkylate samples, iodoacetamide (IAA) at 10 mM 

was added, and samples were vortexed briefly to mix. Samples were incubated at 70°C for 10 

min and then cooled to room temperature. To deactivate reduction and alkylation components, 

dithiothreitol (DTT) was added at 10 mM, and samples were vortexed briefly and allowed to 

incubate for 5 min at room temperature in the dark. Total protein levels were quantified as 

described in section 3.17.3. 

3.17.3 Bicinchoninic acid (BCA) assay 
A BCA assay (#B9643, Sigma-Aldrich, Castle Hill, NSW) was completed to quantify the total 

protein amount in Mass spectrometry samples, following the manufacturer’s instructions 

closely. Briefly, processed protein lysates generated in section 3.17.2 were vortexed to create 

a homogenous mixture. Samples were diluted by a factor of 40 to ensure absorbance values 

were within the range of the standard curve. The standard curve was generated using a filtered 

10 mg/mL (w/v) BSA-PBS solution serially diluted across a concentration range of 0 – 1000 
µg/mL. 25 µL of diluted sample and standards were loaded into a 96-well plate in duplicate. 

Appropriate BCA ‘Reagent A’ and ‘Reagent B’ volumes were mixed to form the BCA working 

reagent. 200 µL of this mixture was loaded into each well, and samples were incubated at 

37°C for 30 min. Absorbance was measured at 562 nm, with the absorbance of the 0 µg/mL 

standard wells subtracted as ‘background’ absorbance from all other samples. Total protein 

amounts within samples were then interpolated from the standard curve. 



60 

3.17.4 Trypsin digest of protein samples 
Using the protein concentration determined in section 3.17.3, 100 µg of protein was mixed 

with one µg of trypsin (#T1426, Sigma-Aldrich). Samples were incubated for 14 – 18 hours at 

37°C to provide sufficient time for the digestion of proteins into peptides. Samples were 
processed immediately after incubation.  

3.17.5 Solid phase extraction (SPE) 
Digested peptide samples generated in section 3.17.4 were desalted and cleaned to remove 

factors introduced from enzymatic digestion. The protocol described here is adapted from 

Rappsilber et al. [21].  

This method utilises styrenedivinylbenzene-reverse phase sulfonated (SDB-RPS, #2241, 

Empore, Sigma-Aldrich, Castle Hill, NSW) disks, which have been lodged within the end of a 

P200 pipette tip. These tips were placed through a hole in the top of an Eppendorf tube, so 

the tip would not touch the bottom of the tube. The constituents of each buffer used in this 
section are listed in Table 3.9. All centrifugation steps are completed at 5000g for 2 min. A 15 

µg aliquot of the digested peptide was diluted in 10x the volume of SPE loading buffer, and 

the diluted protein samples were loaded into the pipette tip and centrifuged. During this step, 

the peptides bind to the SDB-RPS disc lodged in the pipette tip, and the flow-through is 

discarded. The SDB-RPS disk is washed with 100 µL of SPE loading buffer, and samples are 

centrifuged, with the flow-through discarded. Disks were washed again with 100 µL SPE wash 

buffer, and the flow-through was discarded. Before the elution of proteins from SDB-RPS 

disks, a mass-spectrometry loading vial was placed within the Eppendorf tube. The pipette tip 

was elevated approximately 1cm from the bottom (to avoid the flow through touching the end 
of the tip). To elute protein, 50 µL of SPE elution buffer was loaded into the pipette tip, and 

samples were centrifuged at 5000g for 5 min. Samples were then evaporated to dryness. Dry 

peptide samples were dissolved in 25 µL of loading solvent before being run on the mass 

spectrometer.  



61 

Table 3.9: SPE StageTip desalting and cleaning buffers. SPE = solid phase extraction; 

SPE elution buffer was made fresh every time 

Buffer Components % (v/v) 
SPE Loading Buffer 90% Acetonitrile/ 1% Trifluoroacetic Acid 

SPE Wash Buffer 10% Acetonitrile/ 0.1% Trifluoroacetic Acid 

SPE Elution Buffer 80% Acetonitrile/ 5% Ammonium Hydroxide 

Loading Solvent 2% Acetonitrile/ 0.1% Trifluoroacetic Acid 

3.17.6 LC-MS/MS 
Liquid chromatography – tandem mass spectrometry (LC-MS/MS) was completed to analyse 

the peptide abundance in each sample. Using an Acquity M-class nanoLC system (Waters, 

USA), 5  µL of the sample was loaded at 15 µL/min for 3 min onto a nanoEase Symmetry C18 

trapping column (180 µm x 20 mm) before being washed onto a PicoFrit column (75 µmID x 

350 mm; New Objective, Woburn, MA) packed with SP-120-1.7-ODS-BIO resin (1.7 µm, 
Osaka Soda Co, Japan) heated to 45°C. Peptides were eluted from the column and into the 

source of a Q Exactive Plus mass spectrometer (ThermoFisher) using the following program: 

5-30% MS buffer B (98% Acetonitrile + 0.2% Formic Acid) over 90 min, 30 – 80% MS buffer

B over 3 min, 80% MS buffer B for 2 min, 80-5% MS buffer B for 3 min. The eluting peptides 

were ionised at 2400V. A Data Dependent MS/MS (dd-MS2) experiment was performed, with 

a survey scan of 350 – 1500 Da performed at 70,000 resolution for peptides of charge state 

2+ or higher with an automatic gain control (AGC) target of 3x106 and maximum injection time 

of 50 ms. The Top 12 peptides were selected and fragmented in the higher-energy C-trap 

dissociation (HCD) cell using an isolation window of 1.4 m/z, an AGC target of 1x105 and a 
maximum injection time of 100 ms. Fragments were scanned in the Orbitrap analyser at 

17,500 resolution, and the product ion fragment masses were measured over a mass range 

of 120 – 2000 Da. The mass of the precursor peptide was then excluded for 30 sec.  

3.17.7 Mass spectrometry data analysis 
The output LC-MS/MS data files from section 3.17.6 were searched using MaxQuant analysis 

software against the Uniprot human database (downloaded March 2021) with label-free 

quantification (LFQ). Search parameters used are as follows; Fixed modifications: None; 

variable modifications: oxidation, carbaminomethyl, deamination; Enzyme: semi-trypsin; the 
number of allowed missed cleavages: 3; peptide mass tolerance: 10 ppm; MS/MS mass 

tolerance: 0.05 Da. The results of the search were then inputted into the online proteomics 

visualization tool, LFQ-Analyst (https://analyst-suite.monash-

proteomics.cloud.edu.au/apps/lfq-analyst//) [22]. From LFQ-Analyst the imputed raw data was 

https://analyst-suite.monash-proteomics.cloud.edu.au/apps/lfq-analyst/
https://analyst-suite.monash-proteomics.cloud.edu.au/apps/lfq-analyst/
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analysed using the R package ‘limma’. Differential protein analysis was conducted with 

significant differentially expressed proteins determined at an FDR < 0.05 and a fold-change > 

|1.0|. Multiple comparison testing was adjusted for using the Benjamini-Hochberg 

methodology [11].  

3.18 Protein quantitative trait loci (pQTL) analysis 
pQTL analysis was used to investigate how changes in gene expression correlate to changes 

in protein abundance in each cell line at baseline and after treatment with TNFα or TGF-β1. 

Gene expression at 6 hours was compared to protein abundance after 24 hours, whilst gene 

expression at 48 hours was compared to protein abundance after 72 hours. This analysis was 

completed in R, using the package ‘MatrixEQTL’. This package is designed to test for 

associations between two factors using linear regression with either additive or ANOVA gene 

expression effects. Normalised gene expression and protein values were generated, and all 

genes and proteins identified were used for the analysis. This technique identified the genes 
whose change in expression across cell lines correlated with the observed change in protein 

levels. Therefore, we could confirm that transcriptional regulation of these genes results in a 

functional change at a protein level. To account for multiple comparisons, the Benjamini-

Hochberg method [11] of correcting for multiple comparisons was used with a false discovery 

rate (FDR) threshold of less than 0.05, to determine a statistically significant correlation. Once 

a correlation was identified, gene expression and protein levels were graphed using GraphPad 

Prism v9.0.  

3.19 Western blotting 
3.19.1 Sample collection 
Western blots were used to visualise the abundance of ZFX, ZFY, RPS4Y1, UTX and UTY 

proteins as well as trimethylation status of histone 3 at lysine residue 27 (H3K27me3). 

Wildtype and knockout cell lines were seeded in 6-well cell culture plates at 200,000 cells/ml 

and incubated at 37°C/ 5% CO2 in growth media until 100% confluency was reached, to 

maximise the amount of total protein collected. Supernatant was removed and cells were 

washed with ice cold PBS twice. Cells were lysed in protein lysis buffer including protease 

inhibitor cocktail and PMSF. Mechanical lysis of cells was ensured by the use of a sterile 
scraper and passing the lysate through a syringe and 25-gauge x 0.6” needle 

(#DN25GX0.6LV, Livingstone, NSW, AUS) five times. To analyse the abundance of 

H3K27me3 samples were processed and used immediately after lysis to minimise loss of 

methylation marks, via freeze thawing cycles [23]. All other samples were stored at -80°C, 

until analysis.  
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3.19.2 Preparation of polyacrylamide gels 
Protein abundance was quantified in all samples prior to western blotting using BCA as 

described in section 3.17.3. Mini-PROTEAN ® 0.75 mm integrated spacer plates (#1653310, 

Bio-Rad, CA, USA) were used to cast western blot gels. 10% (v/v) acrylamide analysis gels 
were made by mixing reagents, as outlined in Table 3.10. 500 µl of 1-butanol (Cat# 537993, 

Sigma-Aldrich) was added to the centre of the casting plate to flatten the top edge of the gel 

and remove air bubbles. After the gel had set, butanol was removed, and the top of the gel 

was washed twice with milli-Q water. The 4% (v/v) acrylamide stacking gel mixture was made 

by mixing reagents as per Table 3.10. The mixture was added to the analysis gel with a ten-

well plastic comb and allowed to set. Once completely set, gels were kept in an SDS-PAGE 

tank submerged in running buffer (Table 3.11) until samples were prepared.  

Table 3.10: Components and volumes for making PAGE gel. 

Reagent 10% (v/v) Acrylamide 
Analysis Gel 

4% (v/v) Acrylamide 
Stacking Gel 

10% (v/v) SDS/Tris 
Buffer (pH 8.8) 

1.25 mL - 

10% (v/v) SDS/Tris 
Buffer (pH 6.8) 

- 625 L 

40% Acrylamide 1.25 mL 250 L 
TEMED 5 L 2.5 L 

10% (w/v) APS 50 L 25 L 

Milli-Q Water 2.5 mL 1.63 mL 
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Table 3.11: List of buffers and reagents used to conduct western blotting. 

Buffer Components pH 
Cell lysis 
buffer 
(RIPA buffer) 

150 mM NaCl (#S5886, Sigma-Aldrich) 

1.0% (v/v) Triton X-100 (#X100, Sigma-Aldrich) 

0.5% (w/v) SDC (D6750, Sigma-Aldrich) 

0.1% (w/v) SDS (#L3771, Sigma-Aldrich) 

50mM Tris-base, pH 8.0 (#BIO3094T, Astral Scientific) 

N/A 

5x loading 
buffer 

0.312 M Tris-HCl (#, Sigma-Aldrich) 

50% (v/v) Glycerol (#G6279, Sigma-Aldrich) 

10% (w/v) SDS 

0.5 M DTT (#D3483, Sigma-Aldrich) 

0.05% (w/v) Bromophenol blue (#B0126, Sigma-Aldrich) 

N/A 

10x running 
buffer 

0.25 M Tris-base 

1.92 M Glycine (#BIOBG0235, Astral Scientific) 

1% (w/v) SDS 

N/A 

Transfer 
buffer 

0.478 M Tris-base 

0.386 M Glycine 

20% (v/v) Methanol (#MA004, ChemSupply, AUS) 

N/A 

Washing 
buffer 
(T-TBS) 

200 mM Tris-base 

1.5 M NaCl 
0.05% (v/v) Tween-20 (#0777, Astral Scientific) 

pH 7.2 – 7.4 

Blocking 
buffer (Skim 
Milk-T-TBS) 

5% (w/v) Skim milk powder (Woolworths, AUS) 

200 mM Tris-base 

1.5 M NaCl 

0.05% (v/v) Tween-20 

pH 7.2 – 7.4 

Incubation 
buffer 
(BSA-T-TBS) 

1% (w/v) BSA (#A4503, Sigma-Aldrich) 

200 mM Tris-base 

1.5 M NaCl 

0.05% (v/v) Tween-20 

pH 7.2 – 7.4 
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3.19.3 Electrophoresis 
40 µg of protein was aliquoted from whole-cell protein lysates into a fresh Eppendorf tube and 

mixed with 5 µl of loading buffer (Table 3.10). The final volume of the sample/loading buffer 

mixture was made up to 25 µL with excess RIPA buffer. Mixed samples were heated at 95°C 

for 10 min to denature proteins and impart an overall negative charge. 20 L of the denatured 

sample was loaded into a well in the polyacrylamide gel. 7 µL Precision Plus Protein TM Dual 

Colour Standard protein ladder (Cat#161-0374, Bio-Rad, CA, USA) was loaded into one lane. 

Samples were electrophoresed in running buffer for 120 min at a constant voltage of 120 V 

using a Bio-Rad Powerpac 3000 system. 

3.19.3 Protein transfer to PVDF membrane 
After electrophoresis, the gel was removed from the cast, and the stacking gel layer was 

discarded. The remaining analysis gel was layered on top of both cellulose chromatography 
paper (#3030-917, GE Healthcare Life Sciences) and a 0.45 µm pore polyvinylidene difluoride 

(PVDF) membrane (# IPVH00010, Merk Millipore, MA, USA), pre-activated in 100% methanol 

for 2 min. To avoid contamination of protein, sterile and clean forceps were used to maneuver 

components. All layers were saturated in a transfer buffer (Table 3.11). Finally, another set of 

transfer buffer saturated chromatography paper was placed on top to complete the transfer 

sandwich. The transfer sandwich was placed within a plastic mould and placed inside a 

transfer tank. The tank was filled with transfer buffer with an ice block to maintain a cool 

temperature during the transfer process. Protein transfer was completed at 100 V for 1 hour.  

3.19.4 Membrane blocking 
After protein transfer, the PVDF membrane was incubated in blocking buffer (Table 3.11). 

Protein-containing membranes were blocked in 25 mL of blocking buffer for 45 min at room 

temperature on a rotating shaking platform.  

3.19.5 Primary antibody incubation 
After blocking, membranes were washed briefly three times with washing buffer (Table 3.11). 

Membranes were placed in a 50 mL Falcon tube, lining the inside so that the protein-containing 

side was facing towards the centre of the tube. 5 mL of incubation buffer containing the 

appropriate primary antibody at the required dilution (Table 3.12) was added to the 50 mL 

Falcon tube. Tubes were incubated on a roller tube tilt mixer platform at 4°C overnight.  
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3.19.6 Secondary antibody incubation 
After primary antibody incubation, membranes were washed three times for 5 min in T-TBS 

buffer. The appropriate HRP-linked secondary antibody was diluted in 10 mL of 1% BSA-T-

TBS buffer, as listed in Table 3.12. Membranes were incubated at room temperature for one 
hour. 

3.19.7 Protein visualisation 
After secondary antibody incubation, membranes were washed in T-TBS buffer four times for 

5 min. Western Lightning Plus, Chemiluminescent Substrates (#NEL103E001EA, Perkin 

Elmer, MA, USA) were mixed in equal volumes in a tray, and the membrane was placed onto 

the mix with the protein side down. In the dark, the membrane was incubated in the substrate 

mixture for approximately 1 min.  The membrane was placed protein side up on the imaging 

tray of a Bio-Rad ChemiDoc imager, using forceps. Proteins were visualised with UV 

exposure, with images captured in 10 sec intervals to avoid overexposure of the protein bands.  

3.20 Statistical analysis 
All results and figure legends indicate the statistical analysis, methods for the correction for 

multiple comparison testing, biological replicates, p-values and false discovery rates (FDR). 

Statistical significance was determined at a p-value or FDR less than 0.05. All error bars are 

presented as arithmetic mean +/- standard error of the mean (SEM). All comparisons were 

completed as two-tailed statistical tests. Dot plots were generated and analysed in GraphPad 

Prism v9.0. Volcano plots and heatmaps were generated using R software and the packages 

‘ggplot’ and ‘heatmap3’. 
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Table 3.12: List of antibodies used for western blotting protocol. 

Catalogue 
Number 

Clone Company Antibody 
Target 

(Species) 

Antibody 
Dilution 

Predicted 
Protein Size 

(kDa) 
5419S L28B6 Cell Signalling ZFX 

(mouse) 

1:250 135 

PA5-68440 Polyclonal Invitrogen ZFY 

(rabbit) 

1:200 100 

17296-1-AP Polyclonal ProteinTec RPS4Y1 

(rabbit) 

1:1,000 29 

33510S D3Q1l Cell Signalling UTX 

(mouse) 

1:1,000 180 

PA5-68440 Polyclonal Invitrogen UTY 

(rabbit) 

1:200 160 

61018 323 Biosearch H3K27me3 

(mouse) 

1:1,000 17 

MAB374 6C5 Merck-Millipore GAPDH 

(mouse) 

1:5,000 37 

AP160P N/A Merck Millipore Rabbit anti-

mouse HRP 

linked 

1:10,000 Secondary 

antibody 

P0448 N/A Dako Goat anti-

rabbit HRP 

linked 

1:2,000 Secondary 

antibody 
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Chapter 5 – ZFX and ZFY differentially regulate hallmark 
features of asthma – inflammation, fibrosis and death 

5.1 Introduction 
Sexual dimorphism refers to the phenotypical differences between males and females, which 

extends beyond the sexual organs. Differences between the sexes exist at the physiological, 

molecular and genetic levels [24, 25]. The most fundamental differences between Homo 

sapiens males and females are the sex chromosomes, with human females carrying two X-

chromosomes and males carrying one X-chromosome and one Y-chromosome. Therefore, an 

imbalance of gene dosage exists between the sex chromosomes, presenting as a possible 

biological factor driving sex differences. The X-chromosome is approximately three times the 

size of the Y-chromosome; the latter is historically considered a genetic wasteland [26]. 

However, genetic variations in the Y-chromosome have recently been implicated in coronary 

heart disease, adaptive immunity and inflammation [27]. We have previously highlighted the 
breadth and complexity of sexual dimorphism in multiple organ systems and a range of 

diseases [28]. Despite well-known patterns of sex differences in diseases, there remains a 

lack of research into the contribution of sex chromosomes to this phenomenon.  

Asthma is a prevalent disease demonstrating a clear pattern of sexual dimorphism, which is 

well documented [29, 30]. Asthma is a chronic respiratory disease characterised by airway 

inflammation and variable airflow obstruction. 350 million people have asthma, with the 

disease-causing approximately 450,000 deaths worldwide [31]. Young males report higher 

rates of asthma diagnosis compared to young females. However, at puberty, there is a distinct 

shift post-puberty to higher rates and greater severity in females. This pattern persists into 
adulthood, with adult females demonstrating increased hospitalisation rates and worse 

outcomes related to adult asthma [32]. These sex differences manifest in hallmark disease 

processes such as differences in the ratio of T-cell populations [33] contributing to altered 

inflammatory responses in asthma. Sexual dimorphism in airway remodelling is also 

prominent. Adult females demonstrate a downward trend for the ratio between FEV1 (forced 

expiratory volume in one second) to the total lung capacity, indicating more fibrosis and 

remodelling changes than males [34]. Furthermore, young males have lower expiratory rates 

than females despite both sexes having similar lung volumes, highlighting a physiological 

disadvantage [35]. Several factors have been suggested to account for the differences 
between males and females with asthma, from the sex hormones (estrogen and testosterone) 

[29] to differences in rates of lung development (dysanapsis) [36]. Both of these factors

significantly change around puberty, where the distinctive increase in the female incidence of 

asthma is apparent. Many studies in recent years highlight the contribution of the sex 
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chromosomes to sexual dimorphism in disease susceptibility [37-40]. Nonetheless, the 

primary factor driving asthma sexual dimorphism remains unclear.  

X-chromosome inactivation (XCi) occurs when one X-chromosome in females becomes

hypermethylated, stopping the expression of genes from that chromosome. As a result, 

females ‘theoretically’ express genes from only one X-chromosome to equate to male X-
chromosome expression. However, a subset of genes escapes XCi. These genes have highly 

similar homologous pairs on the Y-chromosome. Importantly, these genes are evolutionarily 

conserved genome regulators such as transcription factors, ribosomal proteins and histone 

demethylases.  

The gene pair ZFX and ZFY are a set of zinc finger proteins that are highly conserved in 

vertebrates. These two genes have 91% similarity at the protein level, causing studies to 

theorise the two being homologous in function [41, 42]. However, this has not been confirmed 

by functional studies. ZFX has been widely investigated and has been associated with the 

progression of a range of cancers correlating with malignancy grade [43] and the renewal of 

embryonic and haemopoietic stem cells [44, 45]. Multiple members of the zinc finger protein 
family have also been linked with allergic asthma, with some contributing to patterns of sex 

differences [46-48]. ZFX regulates the cell cycle, where its knock-down results in reduced 

growth potential for glioma cells in vivo [43] and in lung cancer cells [49]. ZFY is shown to be 

increased in non-smoking individuals with lung cancer [50]. There is evidence of ZFX and ZFY 

affecting disease processes such as cell migration, proliferation, and fibrosis in various 

diseases [51]. These pathological features are prominent in asthma and demonstrate a 

sexually dimorphic pattern, with females indicating worse airway remodelling and fibrosis 

compared to males [34, 52]. To date, there is a distinct lack of studies investigating the role of 

ZFX and ZFY in respiratory diseases other than lung cancer.  

Here we aim to explore and define the contribution of ZFX and ZFY to the regulation of the 

hallmark features of asthma – inflammation, fibrosis, and regulation of cell death. We establish 

a positive correlation between ZFX gene expression and FEV1 % predicted scores in asthma 

and sex-specific downregulation of both ZFX and ZFY in asthmatic males. Using knockout cell 

lines, we discover differential regulation of inflammatory cytokines (CXCL8 and IL6), cell 

proliferation, changes to the extracellular matrix production (regulation of tenascin-C), and 

cigarette smoke-induced cell death between ZFX and ZFY. We highlight that ZFY cannot 

compensate for the loss of ZFX expression. We follow up these phenotyping experiments with 

transcriptomic analysis and identify potential mechanisms and pathways by which ZFX and 

ZFY may function. Finally, we generate a signature of genes altered by ZFX and ZFY and 

explore how this signature changes within asthma, indicating an association with lung function 
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in males with asthma. We demonstrate an imbalance in the function of ZFX and ZFY in 

asthma-related disease processes and present ZFX and ZFY as potential candidates 

contributing to sexual dimorphism in asthma. 

5.2 Methodology 
5.2.1 Analysis of X chromosome inactivation escapee gene expression 
An independent dataset available on the gene expression omnibus (GSE179277[53]) was 

used to explore the change in gene expression of X and Y chromosome-linked genes pre and 

post-puberty. This study included RNA-sequencing data from nasopharyngeal swabs of 

patients. The study included patients from a wide age range of 0 to 89 years, with a total cohort 

size of 238. However, for this analysis, we were only interested in pre and post-onset puberty 

changes. It is accepted that physiological changes begin in young males and females by 10 

to 12 years old, and puberty has finished by approximately 17 – 19 years old [54]. Patients 
older than this age range do not lie within the scope of this analysis and have been removed 

from the analysis. The patient demographics are summarised in Table 5.1. The average log2 

counts per million (CPM) expression for all X chromosome inactivation escapee genes with Y-

chromosome counterparts [1] were determined for patients pre and post-puberty. This change 

in average expression was plotted and analysed using GraphPad prism 9.    

Table 5.1: Summary of the patient subpopulation from GSE179277. 

Pre-puberty (< 10 years old) Post-puberty (> 9 years old) 
n 58 25 

Male, n (%) 24 (41.3%) 18 (72%) 

Age range, yrs 0 - 9 10 - 19 

5.2.2 Analysis of ZFX and ZFY expression in healthy and asthmatic patients 
The publicly available single-cell RNA-seq ‘Human Lung Cell Atlas’ [15] and ‘Lung Cell Atlas’ 

[16] were accessed to analyse the gene expression of ZFX and ZFY in different epithelial cell

types in non-asthmatic and asthmatic patients. The Indurian dataset was also used to assess 
ZFX and ZFY expression in males and females. Patient demographics of all studies are 

located in section 3.16. 

5.2.3 Generation of CRISPR Cas9 genome deletion cell lines 
Three unique ZFX and ZFY knockout cell lines were established in A549 cells, as described 

in section 3.2. A schematic representation of the overall study design and analyses is included 

in the supplement as Supplementary Figure S5.1.  
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5.2.4 Western blot 
ZFX and ZFY knockouts were confirmed by western blot analysis. Anti-human ZFX (L28B6, 
#5419S, Cell Signalling) and anti-human ZFY (#PA5-68440, Invitrogen) were used to detect 

and visualise protein bands. Anti-human GAPDH was a loading control (#MAB374, Merck-

Millipore). Detailed methodology is located in section 3.19. 

5.2.5 Cell culture and treatments 
All generated cell lines were maintained in DMEM growth medium. Detailed descriptions of 

cell maintenance techniques and treatments are in section 3.1.  

5.2.6 Measurement of CXCL8 and IL6 protein secretion 
Wildtype, ZFX KO and ZFY KO cell-free supernatants were collected 24 hours post-stimulation 
with TNFα (10 ng/mL), IL-1β (10 ng/mL) and TGF-β1 (10 ng/mL). The concentration of CXCL8 

and IL6 was quantified by ELISA and was completed as described in section 3.3. 

5.2.7 RNA-sequencing 
Whole-cell RNA extracts from wildtype, ZFX KO and ZFY KO cells were collected 6 hours 

post-TNFα (10 ng/mL) and 48 hours post-TGF-β1 (10 ng/mL) stimulation and processed as 

described in section 3.10 and 3.11.  

5.2.8 Differential gene expression analysis 
Differential gene expression analysis was completed using the Dseq2 package in R. Detailed 

description of differential gene expression (DGE) analysis is located in section 3.12.  

5.2.9 LC-MS/MS proteomics analysis 
Proteomics analysis was completed on wildtype, ZFX KO and ZFY KO cells as described in 

section 3.17. Protein lysate samples were collected at 24 hours post-TNFα (10 ng/mL) and 72 

hours post-TGF-β1 (10 ng/mL) stimulation 

5.2.10 Transcription factor enrichment analysis 
Transcription factor analysis was completed for wildtype, ZFX KO and ZFY KO samples at 
baseline and after 6 hours of TNFα (10 ng/mL) stimulation, as described in section 3.13.  

5.2.11 Gene set variation analysis (GSVA) 
GSVA was completed as previously described in section 3.14, using a publicly available 

dataset on the Gene Expression Omnibus.  This study completed chromatin 

immunoprecipitation sequencing (ChIP-Seq) for ZFX and ZFY in the male 22Rv1 cell lines 

(GSE145160) [55]. Genes that were bound by ZFX only, ZFY only and by both were identified, 

and three separate gene lists were generated. GSVA analysis was completed to track how 

the expression of these gene lists varied in each knockout cell line.  
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This analysis was also completed using the protein abundance dataset generated by LC-

MS/MS. This analysis was completed to compare the cell lines' transcriptome and proteome, 

by tracking the production of DEGs to their corresponding proteins in the proteomics analysis 

dataset. 

GSVA was also completed on the bronchial biopsies collected from asthmatic and healthy 
control patients in the Indurian dataset to analyse the association between knockout cell line 

gene expression and clinical phenotypes.  

5.2.12 Analysis of biological pathways enriched in knockout cell lines 
The g:Profiler online tool investigated gene ontology pathways enriched in differential gene 

expression analyses between ZFX KOs, ZFY KOs and wildtype cells. Pathway analysis was 

completed as described in section 3.15. 

5.2.13 Wound healing assay 
The wound healing assay was completed on wildtype, ZFX KO and ZFY KO cells in growth 
medium over a 72 hr period, as described in section 3.4.  

5.2.14 Cell proliferation 
The cellular proliferation rate of wildtype, ZFX KO and ZFY KO cells was determined by 

manual cell counting after 96 hr incubation in growth medium. Detailed methods are described 

in section 3.9.  

5.2.15 Cell adhesion to fibronectin 
The analysis of fibronectin-mediated cellular adhesion of wildtype, ZFX KO and ZFY KO cells 
after one-hour incubation in DMEM supplemented with 1% (v/v) FBS. Detailed methodology 

is described in section 3.5. 

5.2.16 Measurement of ECM protein 
Altered deposition of fibronectin (FN1), tenascin-C (TNC) and collagen 4α1 (COL4A1) 

extracellular matrix proteins from wildtype, ZFX KO and ZFY KO cells was completed as 

described in section 3.8.  

5.2.17 Cigarette smoke extract (CSE) generation and analysis cell death 
response 
Marlboro Red standard cigarettes (Philip Morris) were used to prepare CSE as described in 

section 3.6.  

5.2.18 Cell viability assay 
The cellular viability of wildtype, ZFX KO and ZFY KO cells after 24 and 48 hr CSE exposure 

was assessed using the MTT assay described in section 3.7.  
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5.2.19 Protein quantitative trait loci validation 
Gene expression correlation with protein abundance levels was analysed using protein 

quantitative trait loci (pQTL) for wildtype, ZFX KO and ZFY KO cells as described in section 

3.18.  

5.3 Results 

5.3.1 ZFX and ZFY are differentially regulated in asthma 
Sex differences in the incidence of asthma reverse at puberty. As such, we investigated how 

gene expression of X-chromosome escapee genes and their Y-chromosome counterparts 

changes before and after puberty using the online dataset GSE179277 [53]. Interestingly, 

average X-chromosome gene expression does not change after puberty for either sex, whilst 

the mean Y-chromosome gene expression increases in males post-puberty (Figure 5.1A & 

5.1B). We next investigated the correlation between XY chromosome gene pair expression 

and asthma severity measured by FEV1 % predicted values. All XY gene pairs expression 

were analysed in asthma patients, with ZFX the only gene to demonstrate a statistically 

significant positive correlation with the FEV1 % predicted (Figure 5.1C). As such, there is an 

association between the ZFX expression level and asthma lung function. 

To investigate differences between ZFX and ZFY, their relative gene expression at a single-

cell level was analysed using a publicly available dataset [15]. Supplementary Figure S5.2 

shows that ZFX and ZFY are evenly expressed in all cell types, as they are not over-expressed 

in a specific cell subtype. When investigating changes in particular cell types, ZFX and ZFY 

expression vary between control and asthmatic patients in a cell-specific manner (Figure 5.1D 

& 5.1E). ZFX gene expression in basal cells increases in asthmatics compared to healthy 

patients, whilst ZFY gene expression decreases. Analysis of gene expression in male and 

female asthma patients revealed reduced ZFX and ZFY decreases only in male patients 

compared to healthy counterparts (Figure 5.1F & 5.1G). These results highlight the expression 

of ZFX and ZFY is sensitive to disease status, and their functions vary depending on the cell 

type. To explore ZFX and ZFY expression throughout the respiratory tract, we analysed the 

cohort of bronchial biopsies (Figure 5.1H). The sum of ZFX and ZFY expression in males 

equated to the total expression of ZFX in females (double dosage) in both bronchial and nasal 

cells. However, for proper balance in functional output to persist between the sexes, ZFY's 
activity must match that of ZFX. If ZFY has reduced functionality, then males will be at a 

disadvantage. These analyses establish a dynamic and complex relationship between ZFX, 

ZFY and asthma. Due to the unequal expression of ZFX and ZFY between the sexes, it is 

necessary to explore whether these genes have the same regulatory functions and activity in 

modulating disease-relevant processes.  
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Figure 5.1: Analysis of ZFX and ZFY gene expression in asthma at a single cell level, 
bronchial biopsy, and nasal brushing. (A & B) Average expression of X-Y chromosome 

gene pair homologs pre-puberty (n = 34 females/24 males) and post-puberty (n = 7 females/ 

18 males). (C) ZFX log2 counts per million (CPM) gene expression plotted with FEV1 % 

predicted value in patients with asthma, FDR-adjusted p-value determined using the 

Benjamini-Hochberg method; n = 96. Single-cell sequencing analysis of ZFX (D) and ZFY (E) 

expression across multiple epithelial cell types in both non-asthmatic control (n = 4 females/7 

males) and asthmatic (n = 2 females/ 7 males) patients. Darker red = higher gene expression, 

white = no gene expression. ZFX (F) and ZFY (G) CPM gene expression in healthy (n = 33 

females/42 males) and asthmatic (n = 48 females/46 males) patients. (H) Bronchial biopsy (n 

= 85 females/88 males); data presented as mean +/- SEM; pink colour = ZFX expression, blue 

colour = ZFY expression. (A – B & F – G) Data are presented as the arithmetic mean +/- SEM 

with unpaired parametric t-test, with statistical significance indicated by *p<0.05. FDR = False 

discovery rate; FEV1 % predicted = forced expiratory volume in one-second per cent predicted. 
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5.3.2 ZFX and ZFY demonstrate different regulatory functions in inflammation 
and remodelling processes 
To investigate the functional roles of ZFX and ZFY knockout, A549 cell lines were generated 

using CRISPR Cas-9. ZFX and ZFY knockout were confirmed using genome sequencing 

(Supplementary Figure S5.3) and western blotting (Figure 5.2A). ZFX and ZFY gene 

expression were analysed at baseline. ZFX gene expression increased in ZFX knockout cells 

only (Figure 5.2B), whilst ZFY gene expression was unchanged across all cell lines (Figure 

5.2C). This indicates a feedback mechanism exists in ZFX-deficient cells, which is not 

apparent for ZFY.  

ZFX and ZFY knockout cell lines were characterised for inflammation and fibrosis-related 

responses to determine if they have similar regulatory functions. CXCL8 and IL6 are important 

proinflammatory cytokines in asthma [56]. We observed ZFX knockout cells had suppressed 

TNFα-induced CXCL8 production compared to wildtype and ZFY knockout cells. In contrast, 
ZFX knockout cells produce elevated levels of IL6 compared to wildtype and ZFY knockout. 

CXCL8 and IL6 production from ZFY KO cells remained similar to wildtype cells (Figure 5.2D 

& 5.2E). Cells were also stimulated with the proinflammatory cytokines IL-1β and TGF-β1. The 

same patterns of CXCL8 and IL6 production were observed (Supplementary Figure S5.4). 

Despite CXCL8 and IL6 having highly similar functions and regulatory pathways, distinct 

opposing effects of ZFX KO were observed across multiple inflammatory stimuli. This indicates 

a complex regulatory role for ZFX in the immune response and suggests that ZFX and ZFY 

have distinctly different regulatory mechanisms. 

Attachment, proliferation and wound healing are critical processes in remodelling the airways 
[52]. ZFX and ZFY knockout cell lines demonstrated opposite wound healing rates (Figure 

5.2F). ZFY knockouts healed slower than wildtype cell lines, while ZFX knockouts healed 

significantly faster. Cell attachment to fibronectin was measured, where ZFX knockout cells 

demonstrated significantly increased attachment levels compared to wildtype and ZFY 

knockout cells (Figure 5.2G). ZFX knockout cells indicated a significantly slower proliferation 

rate than wildtype (Figure 5.2H), with a double time of 25 hours compared to 23.5 hours, 

respectively. ZFY knockouts reported a trend towards reduced proliferation (figure 5.2H), with 

a doubling time of 24.5 hours.  

ZFY knockouts do not affect the inflammatory response but show a pattern towards regulating 
cell proliferation. Further, Figure 5.2I presents that ZFY knockout cells display increased 

survival in response to cigarette smoke extract (CSE) compared to wildtype cells. Continued 

survival by ZFY cells indicates a dysregulation of apoptotic processes in response to noxious 

stimuli. 
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Figure 5.2: Characterisation of CRISPR-Cas9 generated ZFX (red) and ZFY (blue) 
knockout cell lines. (A) ZFX was confirmed by western blot. (B-E & G-H) the x-axis indicates 

the genotype of the cell line. Black dots represent wildtype cell lines, red represents ZFX 

knockout cells, and blue represents ZFY knockout cells. Log2CPM expression of ZFX (B) and 

ZFY (C) across all cell lines. CXCL8 (D) and IL-6 (E) were measured after 24-hour TNFα (10 

ng/mL) stimulation in cell-free supernatant by ELISA. (F) Cells were incubated at 37°C/5% 

CO2 after a scratch wound was created in the growth medium. Wound closure was measured 

as a percentage compared to the initial wound size at zero hours. (G) Cell attachment was 
measured after one hour. (H) proliferation was measured after 96 hours of proliferation in a 

growth medium by cell counting. (I) Percentage cell survival compared to no treatment control 

was measured after 24-hour exposure to cigarette smoke extract (CSE) using the MTT assay. 

All data are presented as the arithmetic mean +/- SEM. One-way ANOVA statistical analysis 

with Tukey's correction for multiple comparisons used for B – E & G – H; *p-value < 0.05, **p-

value < 0.01, ***p-value < 0.001. Two-way ANOVA with two-stage step-up of Benjamini, 

Kreiger and Yekutieli correction for multiple comparisons method was used to analyse (F) and 

(I); *p-value < 0.05, *p-value < 0.001; # comparison ZFX KO vs ZFY KO. n = 6 – 10. 
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5.3.3 ZFY has similar but weaker activity compared to ZFX 
We have now established that ZFX and ZFY have functional differences. To explore what 

genes and pathways are differentially regulated by ZFX and ZFY, we completed an RNA-Seq 

analysis. Cell lines were stimulated with TNFα for 6 hours. When ZFX is knocked-out, 3005 
genes are differentially regulated compared to wildtype cells (Figure 5.3A), whilst 20 genes 

are differentially expressed when ZFY is knocked out (Figure 5.3B). Figures 5.3E and 5.3F 

indicate that genes differentially regulated in ZFX knockout cells are also dysregulated in ZFY 

knockout cells. GSVA was conducted to track the top 50 significant differentially expressed 

genes from each analysis within each knockout model to investigate this pattern further. We 

observe that genes upregulated in ZFX knockouts are less expressed in wildtype and ZFY 

knockout cells (Figure 5.3G). However, genes upregulated in ZFY knockout cells are 

upregulated in ZFX knockout cells (Figure 5.3H). Therefore, genes usually suppressed by ZFY 

are also suppressed by ZFX, but ZFY does not regulate most of the genes suppressed by 

ZFX. On the other hand, genes downregulated when both genes are knocked out are also 
downregulated in both ZFX and ZFY knockout cells, compared to wildtype (Figure 5.3I & 5.3J). 

This highlights that ZFX and ZFY share more common gene targets functioning as 

transcriptional activators rather than suppressors.  
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Figure 5.3: Differential gene expression and GSVA analysis of knockout ZFX and ZFY 
vs wildtype cell lines. (A – B) Volcano plot of -log10(p-value) against log2 fold-change in gene 

expression in both ZFX KO (A) and ZFY KO (B) against wildtype cells at baseline. (C – D) 

Volcano plot of differentially expressed genes (DEGs) when cell lines are TNFα-stimulated 

after 6 hours minus baseline DEGs. (C) ZFX KO against wildtype, and (D) shows ZFX KO 

against ZFY KO. (E – F) Supervised heatmap of differentially expressed genes in ZFX KO vs 

WT analyses at baseline (E) and TNFα stimulation (F). Increased genes are coloured red, and 

decreased genes are coloured blue. The genes are tracked for wildtype (purple), ZFX KOs 

(yellow) and ZFY KOs (orange). (G – J) GSVA of genes upregulated in ZFX KO (G) or ZFY 

KO at baseline (H) at baseline or downregulated (I – J). Data are presented as arithmetic 
mean +/- SEM and analysed using a one-way ANOVA with Tukey correction for multiple 

comparison testing. Statistical significance is indicated by *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. n = 3 for all analyses.  
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5.3.4 ZFX and ZFY regulate a distinct set of genes 
To further investigate the different regulatory functions of ZFX and ZFY, we compared the 

gene expression from ZFX knockout cells to ZFY knockout cells. However, to identify the 

unique differential gene signature between ZFX and ZFY, we removed significantly 
dysregulated genes common to each knockout cell line. As a result, we have identified a gene 

list that is differentially regulated between ZFX and ZFY. This provides greater insight into the 

distinct functions of both genes. We report 71 significantly upregulated (FC > 1) and 90 

downregulated (FC < -1) differentially expressed genes between ZFX and ZFY knockout cells 

at baseline (Figure 5.4A). In Figure 5.4B, the heatmap highlights that these genes are distinctly 

dysregulated in these knockout cell lines compared to wildtype cells indicating the knockout 

cell lines, namely ZFY KO, differ significantly from wildtype cells. This is reinforced by GSVA 

analysis in Figure 5.4C – 5.4F, where wildtype cells generate an enrichment score between 

the ZFX and ZFY knockout cell lines whilst indicating statistical significance. This analysis 

reveals that the loss of ZFX does not solely drive the differentially regulated genes presented 
in Figure 5.4A, and ZFY has a functional output. If ZFY had a minimal function, then the 

enrichment score would be similar to what is produced by wildtype cells. Pathway analysis 

revealed cell migration, signalling and chemotaxis are enriched for ZFX knockout cells. In 

contrast, organism development and organisation pathways are increased in ZFY KOs 

(Supplementary Table S5.1). These pathways reflect the functional observations in Figure 5.2. 

ZFX knockout cells indicate increased production of IL6 (a key chemotactic cytokine) and 

increased cell migration. The pathways upregulated in ZFY KOs show a dysregulation of cell 

mitotic processes and structures, potentially contributing to reduced cell proliferation. 

Therefore, ZFX and ZFY have different and distinct regulatory pathways and mechanisms of 
action.  
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Figure 5.4: Analysis of a unique gene list dysregulated by ZFX and ZFY. (A) Volcano plot 

of log2Fold-Change (x-axis) against -log10(p-value) (y-axis) of differentially regulated genes 

between ZFX and ZFY knockout cell lines. Genes relatively upregulated in ZFX knockout cells 

are red, and genes relatively downregulated in ZFX are blue. Vertical red lines indicate a fold-

change of |1.0|. Statistical significance was determined at FDR-adjusted p-value < 0.05 

(indicated by the horizontal red lines) using the Benjamini-Hochberg method. (B) Supervised 

heatmap of differentially expressed genes in ZFX KO vs ZFY KO analysis at baseline. 

Increased genes are coloured red, and decreased genes are coloured blue. (C – F) GSVA of 

genes upregulated (C & E) or downregulated (D & F) in ZFX KO relative to ZFY KO at baseline 

(C & D) or after 6-hour TNFα (10 ng/mL) stimulation (E & F). Data are presented as arithmetic 

mean +/- SEM and analysed using a one-way ANOVA with Tukey correction for multiple 

comparisons. Statistical significance is indicated by *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001. n = 3 for all analyses. 
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5.3.5 ZFY is unable to compensate for ZFX deficiency 
To further characterise and compare the function of ZFX and ZFY as transcription factors 

elements, we performed a GSVA using an independent ZFX knockout dataset GSE145160 

[55]. ZFX was knocked out in male 22Rv1 cells, and RNA-sequencing was completed to 
identify differentially regulated genes. This data was used to quantify changes in gene 

expression in the knockout cell lines generated in this work by GSVA analysis. Genes up or 

downregulated were similarly altered in the ZFX knockout cells in the current study, with no 

significant effects seen in ZFY knockout cells (Supplementary Figure S5.5). This validates our 

findings and highlights ZFX's regulatory functions are consistent across different cell lines.  

The previous study also completed ChIP-sequencing to identify the binding targets of ZFX and 

ZFY. We created a subset of these genes bound by ZFX, ZFY, or both. These were examined 

within our wildtype and knockout cell line datasets. Gene expression was investigated both at 

baseline and after 6-hour TNFα-stimulation. We observe that ZFX and ZFY bound genes are 

downregulated when ZFX is knocked out (Figure 5.5A & 5.5B). However, no change compared 
to wildtype is observed in ZFY knockout cells. As expected, genes regulated explicitly by ZFX 

only are down-regulated in ZFX knockout cell lines (Figure 5.5C & 5.5D), indicating ZFX 

functions primarily as a potent gene activator. Finally, genes bound by only ZFY are not altered 

in expression levels in ZFY knockout cells compared to wildtype, but these genes indicate a 

downregulation in ZFX knockout cells (Figure 5.5E & 5.5F). These results suggest redundancy 

in gene targets of both ZFX and ZFY. Figure 5.4 highlights the differential activity and function 

of ZFX and ZFY. When ZFX is knocked-out, ZFY cannot compensate for the deficiency in 

ZFX, whereas ok ZFY KOs, no change in gene expression is seen compared to wildtype cells. 

This indicates that ZFX can compensate for the lack of ZFY. Alternatively, the inability of ZFY 
to compensate for the loss of ZFX may be due to ZFY having significantly lower overall 

expression levels than ZFX (Figure 5.1H & 5.1I). Because ZFY expression does not increase 

when ZFX is absent (Figure 5.2B), there is a lack of abundance of ZFY to counteract the 

absence of ZFX. Nonetheless, this analysis highlights that some redundancy exists between 

ZFX and ZFY, and there is a distinct difference in the ability of ZFX and ZFY to compensate 

for the respective loss of the other. 
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Figure 5.5: GSVA analysis of genes bound by ZFX and ZFY in wildtype and knockout 
cell lines. Genes bound by both ZFX and ZFY (A & B), ZFX only (C & D) and ZFY only (E & 

F) were tracked for expression changes at baseline (A, C & E) and after 6-hour TNFα

stimulation (B, D & F). All gene lists were tracked in the RNA-seq gene expression dataset 
generated as part of this study. Data are presented as the arithmetic mean +/- SEM and 

analysed by one-way ANOVA with Tukey's correction for multiple comparisons. Statistical 

significance is indicated by *p<0.05, **p<0.01 and ***p<0.001; n = 3.  
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5.3.6 NF-κB activator subunits are differentially regulated by ZFX, affecting the 
proinflammatory response 
CXCL8 and IL6 gene expression was analysed to investigate whether transcriptional or post-

transcriptional factors account for differential protein production. Figures 5.6A & 5.6D 

demonstrate that when ZFX is knocked out, CXCL8 expression is suppressed whilst IL6 

expression is increased, as seen at the protein level (Figure 5.2A & 5.2B). Therefore, ZFX 

affects the transcriptional regulation of CXCL8 and IL6. As such, we investigated the signalling 

cascade through transcription factor enrichment analysis to identify whether specific signalling 

protein activity is altered in the ZFX knockout model. We observed RELB is positively 

enriched, indicating increased activation in ZFX knockouts compared to wildtype and ZFY KO 

cells (Figure 5.6B). NKRF is also activated in ZFX knockout cells (Figure 5.6C). RELB 

activation is closely linked to NKRF production, associated with reduced CXCL8 production 

[57]. As such, the absence of ZFX promoted an increased activation of RELB and NKRF, 
which functioned to suppress CXCL8 production. Furthermore, we observed reduced 

activation of CEBPA but increased activation of CEBPB (Figure 5.6E & 5.6F). A positive 

correlation exists between transcription factor enrichment and gene expression 

(Supplementary Figure S5.6), where increased gene expression equates to increased 

activation of the respective pathway. However, in ZFX KOs at both baseline and post-TNFα 

stimulation, CEBPA expression and activation are reduced, indicating that loss of ZFX causes 

overall decreased production of CEBPA (Supplementary Figure S5.6C). Increased levels of 

CEBPA are reported to result in decreased IL6 production in a mouse model[58]. Therefore, 

dysregulation of CEBPA in ZFX knockout cells may increase IL6 production. Comparatively, 
CEBPB is well-known to complex with NF-kB proteins to activate IL6 gene expression 

synergistically [59]. Therefore, these findings indicate that ZFX regulates the RELB/NKRF 

mechanism to suppress CXCL8 and influences the activity of the CEBPA/CEBPB axis for the 

transcription of IL6. 
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Figure 5.6: CXCL8 and IL6 gene expression and transcription factor enrichment 
analysis. (A & D) show log2CPM gene expression of CXCL8 and IL6 in the knockout and 
wildtype cell lines. (B, C, E & F) represent the enrichment score for activating different 

transcription factors after 6hr TNFα (10 ng/mL) stimulation. A positive enrichment score 

indicates the signalling pathway's activation, while a negative score indicates the pathway's 

suppression. All data are presented as the arithmetic mean +/- SEM and analysed by one-

way ANOVA with Tukey's correction for multiple comparisons with statistical significance 

represented by *p<0.05, **p<0.01 and ***p<0.001. n = 3 for all analyses. 
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5.3.7 Reduced ZFY activity compared to ZFX is also observed at a protein level 
We recognised clear differential regulation of gene expression between ZFX and ZFY 

knockout cells at a transcriptomic level. Peptide-centric proteomic analysis confirmed these 

changes persisted at a protein level. Supplementary Figures S5.7A & S5.7B present a heat 
map of proteins differing in abundance in ZFX knockout cells compared to wildtype cells 

across all three cell lines. This indicates distinct differences between ZFX and ZFY knockout 

cell lines at a protein level. GSVA was completed to analyse whether significantly differentially 

expressed genes are similarly affected in the proteomics dataset. This analysis revealed that 

genes up or down-regulated in ZFX or ZFY knockout cell lines demonstrate the same direction 

of dysregulation at a protein level. For example, in Supplementary Figure S5.7D, for genes 

down-regulated in ZFX knockout cells, the corresponding proteins are also reduced in 

abundance. Our analysis confirms that although knocking out ZFY causes dysregulation of 

gene and protein expression, this is significantly less than ZFX, with ZFX affecting a unique 

set of proteins. It is important to note that there is a significant discrepancy in sensitivity 
between RNA-Seq and LC-MS/MS-based proteomics analysis, with many small proteins 

falling below the detection limit in this analysis. This notion may explain the lack of statistical 

significance observed in the GSVA comparisons of differentially expressed genes in ZFY 

knockout cells (Supplementary Figure S5.7G – S5.7I). Conversely, this observation may be 

caused by ZFX and ZFY affecting protein production through post-translational processes. 

Therefore, we analysed gene and protein expression, demonstrating a clear correlation 

between gene expression and protein level (Supplementary Figure S5.8). As such, this 

analysis confirms that the differential functions of ZFX and ZFY regulate gene expression, 

which can be observed with a direct change in the level of protein production.  
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5.3.8 ZFX and ZFY regulate cell adhesion and proliferation through integrins 
Our initial characterisation study identified that cellular proliferation, adhesion, and wound 

healing were dysregulated in ZFX and ZFY knockout cell lines (Figure 5.2). These phenotypes 

contribute to fibrotic processes in disease, such as airway remodelling. Therefore, we 
conducted RNA-sequencing on cell lines at baseline and after 48-hour TGF-β1 stimulation. 

Differential gene expression analysis was performed between all cell lines. When ZFX is 

knocked out, 1442 genes are differentially expressed to wildtype cells at baseline (Figure 

5.7A). In contrast, ZFY knockout cells displayed 115 differentially expressed genes at baseline 

(Figure 5.7C). 559 genes were differentially expressed between ZFX and ZFY knockout cell 

lines (Figure 5.7E). When stimulated with TGF-β1, knocking out ZFX caused significantly more 

differentially expressed genes than ZFY knockout cell lines. G: profiler analysed the molecular 

pathways enriched in the knockout cell lines (Table 5.2). This analysis revealed that in ZFX 

knockout cells, fibronectin binding, cell migration and integrin-mediated adhesion are 

positively enriched. ZFY knockout cells displayed reduced enrichment for mitotic centrosomes 
and proteins needed for microtubule organisation. As such, pathway analysis reveals that ZFX 

potentially mediates cell migration and adhesion processes, whilst ZFY affects cell 

proliferation and mitotic processes. 
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Figure 5.7: Volcano plot and heatmap visualisation of differentially expressed genes 
after 48-hour TGF-β1 stimulation. (A – F) Volcano plot of -log10P-value (x-axis) against 

log2fold-change (y-axis) in gene expression between all cell lines. (E – F) Delta gene 

expression analysis comparing DEGs after 48-hour TGF-β1 stimulation to baseline DEGs. 

Vertical red lines indicate a fold-change of |1.0|. Statistical significance was determined at 

FDR-adjusted p-value < 0.05 (indicated by the horizontal red lines) using the Benjamini-

Hochberg method. (F – G) Supervised heatmap of differentially expressed genes in ZFX 

knockout cells compared to wildtype at baseline (F) and after 48-hour TGF-β1 stimulation (G). 

Genes are tracked for wildtype (purple), ZFX KO (yellow) and ZFY KO (orange). Increased 

genes are coloured red, and decreased genes are coloured blue. n = 3. 
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Table 5.2: Summary of g: Profiler pathway analysis using significantly upregulated 
genes in ZFX KO and ZFY KO cell lines compared to wildtype at baseline after 48 
hours. 

Definition of abbreviations: FDR = false discovery rate; Nlp = ninein-like protein 

ZFX KO at Baseline ZFY KO at Baseline 
Enriched Pathway FDR Enriched Pathway FDR 

Coreceptor Activity 8.12x10-4 Loss of Nlp from mitotic 

centrosomes 

2.30x10-2 

Fibronectin Binding 1.25x10-2 Loss of proteins required for 

interphase microtubule 

organisation from the centrosome 

2.30x10-2 

Positive regulation of cell 

migration 

4.89x10-4 Centrosome maturation 4.34x10-2 

Positive regulation of cell motility 7.12x10-4 Recruitment of mitotic 

centrosome proteins and 

complexes 

4.34x10-2 

Cell adhesion mediated by 

integrin 

3.37x10-2 
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5.3.9 ZFX regulates changes to ECM proteins and remodelling processes 
As key pathways of fibronectin-binding, cell migration and integrin-mediated adhesion are 

enriched, we investigated the expression of genes involved in these pathways. Fibronectin, 

tenascin-C and collagen 4α1 are closely associated with these pathways. Differential gene 
expression analysis revealed that all genes were increased in ZFX KOs compared to wildtype, 

with only collagen 4α1 showing a significant increase in ZFY KO cells (Supplementary Figure 

S5.9). As such, we validated these changes in gene expression at a protein level with ECM 

ELISAs. We confirmed that knocking out ZFX significantly increases fibronectin, tenascin C 

and collagen 4α1 compared to wildtype cells (Figure 5.8A – 5.8C). Fibronectin and TNC are 

both implicated in promoting increased adhesion and cell motility.  Pathway analysis revealed 

integrin mediation of cell adhesion as a mechanism dysregulated in ZFX knockout cells. 

Integrin subunit β3 (ITGB3), Integrin subunit α4 (ITGA4) and integrin subunit β3 (ITGB3) were 

all dysregulated in ZFX knockout cells (figure 5.8D – 5.8F). High levels of ITGB3/A4 and 

decreased ITGB8 are linked with increased adhesion to fibronectin and increased cell 
migration. Therefore, ZFX mediates cell migration and attachment by producing the ECM 

proteins fibronectin and tenascin-C and their interaction with integrin receptors.  



103 

Figure 5.8: Differential regulation of ECM proteins and integrins by ZFX and ZFY. (A – 

C) ECM ELISA measured Fibronectin, Tenascin C and Collagen 4α1. Higher levels of

absorbance (y-axis) indicate higher levels of the relevant protein; n = 6 – 9. (D – F) Log2CPM 

gene expression of ITGB3, ITGA4 and ITGB8 measured by RNA-Seq. All data are presented 

as the arithmetic mean +/- SEM and analysed using one-way ANOVA with Tukey's correction 

for multiple comparisons. Statistical significance is indicated by *p<0.05, **p<0.01, 

****p<0.0001; n = 3. ITGB3 = Integrin-β3; ITGA4 = Integrin-α4; ITGB8 = Integrin-β8. 



104 

5.3.10 Genes affected by ZFX are differentially regulated in asthma 
To explore how genes regulated by ZFX and ZFY are altered in asthma, we completed a 

GSVA using significantly up or downregulated genes in the knockout cell lines at baseline. We 

tracked their expression in bronchial biopsies from healthy and asthmatic patients [18]. Genes 
upregulated in ZFX KOs are decreased in asthma (Figure 5.9A). Stratification by sex and 

asthma status revealed these genes are similarly reduced in both males and females with 

asthma (Figure 5.9B). GSVA scores were correlated with FEV1 % predicted values for each 

patient using a multiple linear regression model correcting for cigarette smoking pack years, 

To understand whether these gene expression changes affect clinical outcomes. A significant 

positive correlation was reported in asthmatic males but not in females for genes upregulated 

in ZFX KOs (Figure 5.9C & 5.9D). As this effect was more substantial in males, we followed 

up this analysis using genes upregulated in ZFY KOs. Genes upregulated in ZFY KO cells 

demonstrated a positive relationship with FEV1 % predicted in asthmatic males (Figure 5.9E). 

No effect was reported in females (Figure 5.9F). This data highlights that although similar gene 
pathways are altered between males and females with asthma, distinct physiological 

mechanisms contribute to sexually dimorphic health outcomes. Therefore, we identify that 

genes and pathways regulated by ZFX and ZFY contribute to clinical lung function outcomes 

in asthmatic males. These results highlight an active role for ZFX and ZFY in asthma, providing 

impetus for future studies.  
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Figure 5.9: GSVA of genes upregulated in ZFX (A-D) and ZFY (E-F) knockout cells 
compared to wildtype in asthma patients. A subset of the 50 top significantly increased 

genes ZFX and ZFY knockout cells were analysed for how they change in patients with and 

without asthma. (A) Comparison of genes upregulated in ZFX KOs change in healthy (n=77) 

and asthma (n=96) patients, analysed by parametric t-test. (B) compares genes upregulated 

in ZFX KOs in healthy (n=35 females/ 42 males) and asthmatic (n=50 females/ 46 males) 

patients stratified by sex, analysed by one-way ANOVA with Tukey's correction for multiple 

comparisons. Data presented as the arithmetic mean +/- SEM. (C-F) The GSVA enrichment 

scores of genes upregulated in ZFX and ZFY KOs were analysed using a multiple linear 

regression model with Bonferroni correction for multiple comparisons to assess whether these 
scores correlate with FEV1 % predicted measurements in asthma patients. Statistical 

significance was determined at p<0.05; n=50 females/ 46 males. 
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5.4 Discussion 
This study investigated the function of ZFX and ZFY in the context of the hallmark features of 

asthma; inflammation, fibrosis and response to noxious stimuli. We show that ZFY and ZFY 

expression changes in asthma and their regulatory pathways correlate with lung function, 

potentially contributing to patient outcomes. We also demonstrate that ZFY cannot 

compensate for the lack of ZFX, whilst when ZFY is knocked out, cell death becomes aberrant. 

The characterisation of disease-relevant outputs paired with transcriptomic analysis enabled 

a multi-layered analysis exploring pathways and mechanisms causing the observed 

phenotypical differences between cell lines. ZFX and ZFY demonstrate distinct and differential 

functions regulating critical disease processes.  

This is the first study to demonstrate that ZFX has an immunoregulatory capacity by affecting 

the expression of CXCL8 and IL6 cytokines. Despite CXCL8 and IL6 having highly similar 

functions driving the infiltration and activation of immune cells in asthma [60, 61], they have 
distinct regulatory pathways [62]. Therefore, the specific and opposite dysregulation in ZFX 

knockout studies reveals ZFX as a pivotal factor in the crossover in IL6 and CXCL8 regulatory 

pathways. Despite these proinflammatory cytokines having similar functions, ZFX appeared 

to regulate their production differentially. ZFX KOs demonstrated suppressed CXCL8 

production whilst IL6 production increased compared to wildtype cells. This pattern existed at 

a transcriptomic level, indicating factors regulating CXCL8 gene expression are different from 

factors that regulate the expression of IL6. Analysis of transcription factor enrichment revealed 

increased activation of RELB and NKRF, leading to lower expression of CXCL8. A study by 

Ho et al. showed that forced expression of RelB promoted NKRF in A549 cells. This correlated 
with decreased production of CXCL8 [57]. As such, we indicate a function of ZFX in regulating 

this pathway. 

In contrast to CXCL8, we observed a significant increase in IL6 production in ZFX KOs. 

Transcription factor analysis revealed that CEBPA activity is decreased in ZFX knockout cells 

while CEBPB activity increases. These isoforms of transcription factors have a functional role 

in initiating IL6 transcription. An in vivo mouse model demonstrated that over-expression of 

CEBPA attenuated the production of IL6 [58]. Comparatively, CEPBPB acts synergistically 

with NF-κB to activate the transcription of IL6 [59]. Therefore, although CEBPB also initiates 

CXCL8 production [59], the increased activation of RELB and NKRF suppresses its production 
in the ZFX knockout model. Notably, the effect of knocking out ZFX on the above-stated 

pathways and genes differed from the ZFY knockout model. This indicates an inability of ZFY 

to recover the functionality of ZFX in an inflammatory context. This potentially impacts the 

ability of asthmatic males to recruit neutrophils, as shown in our GSVA correlation. There was 

a positive correlation between genes upregulated when ZFX was knocked out to neutrophil 
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numbers, only in asthmatic males. This potentially indicates that the presences of two copies 

of ZFX in females enables a more robust inflammatory response, whilst this is lost in males. 

We further investigate the difference in activity between ZFX and ZFY using ChIP-Seq data 

generated in the publicly available dataset (GEO145160) [55]. Genes bound by ZFX or ZFY 

and by both proteins were differentially expressed in ZFX knockout cells but were unchanged 
from the wildtype cell line in ZFY knockouts. Considering this pattern, we posit that ZFX has 

a distinctly greater functional capacity with significantly higher activity. However, we show that 

ZFY gene expression is significantly lower than ZFX. Therefore, the inability of ZFY to make 

up for a loss of ZFX may be due to an inadequate amount of ZFY protein to compensate 

effectively. Interestingly, ZFX gene expression is upregulated in ZFX KOs, indicating 

sensitivity to ZFX loss, highlighting its importance to normal cell functions, which is absent for 

ZFY. This discrepancy in gene regulation between ZFX and ZFY may relate to differences in 

their functional activity. Palmer et al. conducted one of the first studies to compare the ZFX 

and ZFY homologs, where they identified the complete open reading frame [63]. The authors 

identify differences between the proteins within the zinc finger region, which might affect 
specific base recognition. The acidic domains indicate 87% similarity, which may result in 

differences in activity between the proteins. The DNA sequence divergence in this region 

between ZFX and ZFY possibly contributes to the functional differences between ZFX and 

ZFY, identified for the first time in this study. We believe these subtle differences may drive 

the observed differences described in this study. However, more direct and specific analysis 

of these factors is needed to holistically understand its contribution to functional differences 

between ZFX and ZFY. 

In particular, our analysis of fibrotic processes highlights that ZFX and ZFY regulate distinct 

pathways affecting proliferation and adhesion. Pathway analysis revealed that ZFX affects 
integrin-mediated cell adhesion, migration, and motility genes. In ZFY KOs, mitogenic 

pathways, such as the dysregulation of centrosome assembly, were enriched. The functional 

effect of these pathways is observed in the differential wound healing rates. Multiple studies 

have similarly shown a reduced expression of ZFX suppresses proliferation [43, 49, 64], 

supporting the result of this study. However, ZFX knockout cells demonstrated a dramatically 

faster rate of wound healing, whilst when ZFY was abolished, the scratch wound never 

reached closure. In alignment, we report increased adhesion to fibronectin by ZFX knockout 

cells, whilst no change is seen for ZFY. This is potentially driven by the upregulation of integrin 

molecules, which mediate the attachment to fibronectin. In particular, ITGA4, which is 
increased in ZFX knockouts, is linked with cell motility and migration, while ITGB3 is a driver 

for fibronectin assembly. Of particular interest, we report a significant increase in the 

production of tenascin-C (TNC) in ZFX knockout cells only, which is commonly downregulated 
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in adult tissues [65]. TNC interacts and functions in unison with fibronectin promoting 

increased cell motility [66], which we observe in our study with both TNC and FN production 

increased from ZFX knockout cell lines. However, in contrast, TNC has been shown to impede 

cell adhesion to fibronectin [67]. This apparent contradiction is explained by the design of our 

attachment assay, where Chiquet-Ehrismann et al. coated plates with FN1 and TNC, and we 
coated plates with FN1 only. Therefore, the competitive binding interaction described in their 

study does not apply to our model. Our results identify that the abolition of ZFX drives 

increased production of TNC and FN1, promoting increased cell motility and migration 

mediated through interaction with integrin surface molecules. TNC is significantly increased in 

the airways of people with asthma [68], with TNC also noted to have an immunomodulatory 

function inducing IL6 gene expression [68, 69].  Considering the strong association between 

TNC and ZFX, we propose that the role and activity of ZFX contribute to the progression of 

asthma. 

Notably, the functional effect observed by knocking out ZFX was not reflected in the ZFY 

knockout model. Instead, TNC levels remained similar to wildtype cells, and a distinct inability 
for wound closure was recorded. In addition, the absence of ZFY increased survival in 

response to cigarette smoke extract. Dysregulation of cell death is likely related to a 

malformation of mitogenic structures, such as centrosomes, as identified by pathway analysis. 

A strong relationship between loss of the Y-chromosome and worse outcomes in cancer has 

been well established, with ZFY being specifically down-regulated [70]. Van den Berge et al. 

identified ZFY as downregulated in COPD [71]. ZFY presents as a critical cigarette smoke 

response gene located on the Y-chromosome as it is upregulated in smoking patients with 

cancer [72]. Although both ZFX and ZFY have been shown to have tumour suppressor 

capacity [73], a similar pattern of survival in ZFX knockout cells compared to wildtype indicates 
that ZFY has a critical function in response to noxious stimuli.  

An important strength of this investigation was our use of multi-layered data, where we utilised 

laboratory assays for RNA-sequencing and proteomics. This allowed the functional 

characterisation of ZFX and ZFY knockout cell lines and the identification of potential 

pathways and mechanisms causing the observed changes. However, the proposed 

mechanisms are not validated and require future experiments to explore the action and 

function of ZFX and ZFY. Further, we only completed our model using A549 cells, and there 

is potential for ZFX and ZFY to have cell-specific effects, and their expression is temporally 

dependent. For example, ZFX is implicated in the differentiation of B-lymphocytes [74]. As 
such, there is the potential for unique cell-specific mechanisms and cell-specific differences in 

the function of ZFX and ZFY. The exploration of these mechanisms remained beyond the 

scope of the current study. We have demonstrated previously unreported functional 
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differences between ZFX and ZFY. These differences are related to critical pathological 

processes of inflammation, fibrosis and cell death. As such, we highlight important pathways 

by which the imbalance in ZFX and ZFY expression may contribute to sexual dimorphism in 

asthma. Our findings provide an impetus for future studies to understand the inequality in 

genetic factors contributing to sex differences in asthma. This increases the potential to 
identify targets for clinical interventions.    

5.5 Conclusion 
This study shows for first-time the functional differences between ZFX and ZFY. We further 

identify novel pathways regulated by both proteins related to immunoregulation and fibrosis. 

We highlight that ZFX indicates a higher activity level than ZFY and functions in regulating 

CXCL8, IL6 and TNC production. This contributes to pathologically relevant processes of 

inflammation and remodelling. As such, this imbalance in function between these genes may 

contribute to sexual dimorphic processes and outcomes observed in the disease. Our findings 
contribute to the growing literature recognising the need to understand the mechanisms driving 

sex differences in asthma and other prominent disorders. This provides future studies with 

greater scope to understand the function of sex chromosome-linked genes such as ZFX and 

ZFY and identify novel, more effective clinical interventions.  
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5.6 Supplementary Figures 

Figure S5.1: Schematic presentation of Chapter 5 study design and techniques used. 
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Figure S5.2: Human lung cell atlas UMAP of ZFX and ZFY gene expression. (A) Labelled 

UMAP of the different cell populations in the analysis. Dark purple indicates higher levels of 

expression of ZFX in females (B) and males (D) or ZFY in males only (C). n = 107. 
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Figure S5.3: Dendrogram and indel graphic of representative of knockout cell lines. 
Dendrograms of ZFX (A) and ZFY (C) were generated using Benchling.com and aligned to a 

wildtype sequence. An inserted base is highlighted in Red, with a ‘T’ inserted in the 

representative ZFX KO and a ‘G’ inserted in the representative ZFY KO. The translated amino 

acid sequence is presented below each respective dendrogram, with an asterisk (*) indicating 

a stop codon. (B & D) Total eff. Indicates the percentage of the sequences in the samples that 

indicate the mutation shown in the dendrograms. 
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Figure S5.4: Production of CXCL8 (A & C) and IL6 (B & D) from ZFX and ZFY knockout 
cells when stimulated with IL-1β (A & B) and TGF-β1 (C & D). CXCL8 and IL6 were 
measured after 24-hour IL-1β (10 ng/mL) and TGF-β1 (10 ng/mL) stimulation in cell-free 

supernatant by ELISA. All data are presented as the arithmetic mean +/- SEM. One-way 

ANOVA statistical analysis with Tukey’s correction for multiple comparisons; *p-value<0.05, 

**p<0.01, ***p<0.001. n= 9 – 15. 
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Table S5.1: Summary of g: Profiler pathway analysis using genes upregulated genes 
in ZFX KO and ZFY KO cell lines at baseline after 6 hours. FDR = false discovery rate 

Relatively increased in ZFX KO at baseline Relatively increased in ZFY KO at baseline 
Enriched Pathway FDR Enriched Pathway FDR 

Cell Migration 1.3x10-2 Cytidylate kinase activity 8.3x10-3 

Signaling 1.6x10-2 Multicellular organism 

development 1.5x10-2 

Cell Communication 1.9x10-2 Developmental process 2.7x10-2 

Chemotaxis 2.1x10-2 Response to corticotropin-

releasing hormone 4.9x10-2 

Figure S5.5: GSVA of genes up (A) or down regulated (B) in GSE145160 in knockout 
cell lines. GSVA enrichment score is presented on the y-axis. (C) presents genes that were 

downregulated in ZFX knockout cells in GSE145160 and were also shown to be binding 

targets of ZFX. Data are presented as the arithmetic mean +/- SEM. One-way ANOVA 

statistical analysis with Tukey’s correction for multiple comparisons; ***p<0.001. n= 3. 
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Figure S5.6: Relationship between transcription factor enrichment score (y-axis) and 
gene expression (x-axis). RELB (A), NKRF (B), CEBPA (C) and CEBPB (D). A two-tailed 

spearman correlation analysis on all samples pooled together was completed. Grey = wildtype 

at baseline; pink = ZFX KO at baseline; light blue = ZFY KO at baseline; black = wildtype after 

TNFα stimulation; red = ZFX KO after TNFα stimulation; dark blue = ZFY KO after TNFα 

stimulation. Cells were stimulated with TNFα (10 ng/mL) for six hours. Statistical significance 

was determined at p < 0.05, r = spearman coefficient; n = 3. 
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Figure S5.7: Heatmap of differentially expressed proteins between ZFX KO and wildtype 
cell lines and GSVA analysis of DEGs in protein dataset. A supervised heatmap of proteins 

differentially produced between ZFX KO cells and wildtype cells at baseline (A) and after 24-

hour TNFα stimulation (B). Proteins are tracked for wildtype (purple), ZFX KO (yellow) and 

ZFY KO (orange). Increased genes are coloured red, and decreased genes are coloured blue. 

(C – I) GSVA analysis of differentially expressed genes in protein abundance dataset, data 

are presented as the arithmetic mean +/- SEM and analysed by one-way ANOVA with Tukey’s 

correction for multiple comparisons. n = 3. 
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Figure S5.8: pQTL analysis of the relationship between protein abundance (y-axis) and 
gene expression (x-axis). (A) Fibronectin; FN1, (B) Tenascin-C; TNC and (C) Integrin-α2; 

ITGA2. The β-value indicates the slope of the correlation. All results returned an FDR<0.05, 

determined with Benjamini-Hochberg correction for multiple comparisons. n = 3. 
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Figure S5.9: Gene expression of fibronectin (A), tenascin C (B) and collagen 4a1 (C). 
Gene expression is presented as log2 counts per million (CPM) on the y-axis at baseline. Data 

are presented as the arithmetic mean +/- SEM and analysed by one-way ANOVA with Tukey’s 

correction for multiple comparisons. Statistical significance is indicated by *p<0.05, 

***p<0.001, n = 3. 
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Chapter 6 – Novel regulatory role of RPS4Y1 in 
inflammation and fibrotic processes 
6.1 Introduction 
The translation of mRNA to a polypeptide chain is essential in protein synthesis, where mRNA 

transcribed from DNA is converted into a functional protein. Ribosomes conduct this process. 

Ribosomes comprise four ribosomal RNAs (rRNAs) and multiple ribosomal proteins (RPs) 

[75], and these ribosomal protein subunits are differentially expressed across various tissues 

[76]. A dysregulation of ribosome formation can result in extra-translational functions of RPs 

that affect processes such as cell cycle progression, immune signalling and development [76, 

77]. Studies show that RPs, rather than rRNAs, are needed for efficient ribosome assembly 

and mRNA translation, highlighting ribosomal proteins' critical importance.  

The RPS4 ribosomal protein is an evolutionary conserved small subunit involved in mRNA 

binding [78]. This gene is commonly found on autosomes in vertebrate species, except in 
mammals where X-chromosome linked (RPS4X) and Y-chromosome linked (RPS4Y1) 

versions exist [78, 79]. A duplicated version of RPS4Y1 called RPS4Y2 exists but 

demonstrates precise expression in the testes and germ cells [80, 81], whereas RPS4Y1 and 

RPS4X are constitutively expressed in various tissues [81]. Further, RPS4Y1 and RPS4X are 

expressed in all previously studied primate lineages highlighting a vital contribution to correct 

development and regular cellular function [82].  

RPS4X and RPS4Y1 are 263 amino acids in size but share only 92.8% amino acid 

homology[79], with 19 amino acid substitutions [3, 79, 83]. Lopes et al. identified eleven non-

conserved amino acid substitutions [81]. These substitutions alter the chemical properties of 
the specific amino acid residues leading to a variation in the chemical properties between the 

proteins. The consequence of this difference remains unclear, although it could lead to 

differential functions [84]. RPS4X demonstrates complete homology with the X-chromosome 

linked mouse RPS4 gene [83], indicating that RPS4X structure has been conserved whilst 

RPS4Y1 has undergone mutations leading to a divergence from RPS4X. Therefore, as males 

carry both X and Y chromosomes, they express two distinct ribosomes, whilst females only 

express ribosomes containing RPS4X. Hence, any functional differences between RPS4X and 

RPS4Y1 result in sexual dimorphism at the translational level between males and females. 

Amino acids that are conserved between RPS4X and RPS4Y1 in humans cluster at the N-
terminal domain of the protein, illustrating this region's importance for ribosomal interactions 

[81]. Despite amino acid substitutions, initial studies concluded  that these proteins carry 

essential functions in translationally active ribosomes [79, 84]. These findings demonstrate 

ribosomes containing either RPS4X or RPS4Y1 but do not explore whether RPS4Y1-
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containing ribosomes carry a unique function in males. Importantly, RPS4Y1-containing 

ribosomes are 10-15% as abundant as RPS4X-containing ribosomes [83]. Amino acid 

substitutions between the protein isoforms are predicted to make RPS4Y1-containing 

ribosomes more basic [83]. Different pH levels have been shown to alter ribosomal 

function[85, 86], potentially causing preferential translation of specific gene transcripts. As 
such, RPS4Y1 vs RPS4X-containing ribosomes may have distinct functions. This notion may 

contribute to sex-biased gene expression [2], subsequently driving sex differences in disease 

susceptibility.  

Many human diseases demonstrate sexual dimorphism in development, progression and 

prognosis. Asthma is a chronic inflammatory respiratory disease that culminates in variable 

airflow in patients. It affects nearly 300 million people worldwide [31], yet the exact cause of 

asthma remains unknown. Importantly, asthma demonstrates a distinct sexually dimorphic 

pattern of susceptibility and severity [32]. In childhood, males have both increased incidence 

and worse asthma outcomes [87]. However, females show greater susceptibility to asthma 

development in adulthood and present with a higher hospitalisation rate [30]. Several factors 
have been proposed to contribute to the complex interaction between biological sex and 

asthma, such as the sex hormones, physiological differences and the sex chromosome 

complement [28]. 

The gene expression and dosage imbalance due to sex chromosome complement between 

males and females has garnered greater attention as a critical biological factor contributing to 

disease processes [40, 88]. In particular, RPS4X has been implicated with worse prognosis in 

various cancer types [89-91], which is likely linked to RPS4X regulation of cell proliferation[89]. 

RPS4Y1 has been less widely studied but has been identified to be dysregulated in asthma 

[92]. Further, RPS4Y1 regulates the response of patients to oral corticosteroids [93] (an 
essential treatment for asthma patients), modulation of the inflammatory response [94] and 

fibrotic processes [95]. Notably, these processes all form critical, hallmark features of asthma, 

highlighting a potential contribution of RPS4Y1 to the pathology of asthma.  

Studies investigating the relationship between RPS4Y1 and disease processes do not 

examine the molecular mechanisms regulated by RPS4Y1. This study aims to explore and 

characterise the regulatory role of RPS4Y1 for inflammatory and fibrotic processes relevant to 

asthma. Through a multi-omics approach, we highlight RPS4Y1 functions via distinct and 

variable mechanisms to regulate protein production. We demonstrate RPS4Y1 modulates the 

production of inflammatory factors and critical extracellular matrix proteins, affecting cell 

adhesion and migration. In particular, we identify the potential for RSP4Y1 to preferentially 

increase the translation of IL6 and tenascin-C mRNA. These data generate an RPS4Y1-
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specific gene signature correlating with asthma severity in male patients determined via lung 

function. Importantly, our study sheds light on the novel regulatory function of RPS4Y1. 

Females do not express RPS4Y1, so its functions may contribute to sex differences in asthma 

susceptibility and progression.   

6.2 Methodology 
6.2.1 Analysis of RPS4X and RPS4Y1 expression in healthy and asthmatic 
patients 
The publicly available single-cell RNA-seq ‘Human Lung Cell Atlas’[15] and ‘Lung Cell Atlas’ 

[16] were accessed to analyse the gene expression of RPS4X and RPS4Y1 in different 

epithelial cell types in non-asthmatic and asthmatic patients[15]. The Indurian and OLiVIA 

RNA-seq datasets were also used to assess RPS4X and RPS4Y1 expression in males and 

females. Patient demographics for all studies are located in section 3.16. 

6.2.2 Investigation of RPS4X and RPS4Y1 essentiality for cell survival using 
DepMap portal 
The publicly available Cancer Dependency Map (DepMAP) portal 

(https://depmap.org/portal/interactive/)  was used to investigate the ‘essentiality’ of the RPS4X 

and RPS4Y1 genes for cell survival. All lung adenocarcinoma cell lines were selected with the 

‘essentiality’ score as determined in the CRISPR Chronos dataset. A score less than negative 
indicates that the gene is essential for survival, while a score greater than zero indicates that 

the gene contributes to proliferation.  

6.2.3 Generation of CRISPR Cas9 genome deletion cell lines 
Three unique RPS4Y1 knockout cell lines were established in A549 cells, as described in 

section 3.2. A schematic representation of the overall study design and analyses is included 

in the supplement as Supplementary Figure S6.1. 

6.2.4 Western blot 
RPS4Y1 knockouts were confirmed by western blot analysis. Anti-human RPS4Y1 (#17296-

1-AP, ProteinTec) was used to detect and visualise protein bands. Anti-human GAPDH was 

used as a loading control (#MAB374, Merck-Millipore). Detailed methodology is located in 

section 3.19. 

6.2.5 Cell culture and treatments 
All generated cell lines were maintained in DMEM growth medium. A detailed description of 

cell maintenance techniques and cell treatments are located in section 3.1.  

https://depmap.org/portal/interactive/
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6.2.6 Measurement of CXCL8 and IL6 protein secretion 
Wildtype and RPS4Y1 KO cell-free supernatants were collected 24 hours post-stimulation with 

TNFα (10 ng/mL), IL-1β (10 ng/mL) and TGF-β1 (10 ng/mL). The concentration of CXCL8 and 

IL6 was quantified by ELISA and was completed as described in section 3.3.  

6.2.7 RNA-sequencing 
Whole-cell RNA extracts from wildtype and RPS4Y1 KO cells were collected at 6 hours post-

TNFα (10 ng/mL) and 48 hours post-TGF-β1 (10 ng/mL) stimulation and processed as 

described in section 3.10 and section 3.11.  

6.2.8 Differential gene expression analysis 
Differential gene expression analysis was completed using the Dseq2 package in R. RPS4Y1 

KO cell gene expression was compared to wildtype cell gene expression at baseline, after 6-

hour TNFα (10 ng/ml) and 48-hour TGF-β1 (10 ng/ml) stimulation. A detailed description of 
differential gene expression (DGE) analysis is located in section 3.12.  

6.2.9 LC-MS/MS proteomics analysis 
Proteomics analysis was completed on wildtype and RPS4Y1 KO cell lines as described in 

section 3.17. Protein lysate samples were collected at 24 hours post-TNFα (10 ng/mL) and 72 

hours post-TGF-β1 (10 ng/mL) stimulation. 

6.2.10 Transcription factor enrichment analysis 
Transcription factor analysis was completed for wildtype and RPS4Y1 KO samples at baseline 

and after 6-hour of TNFα (10 ng/ml) stimulation as described in section 3.13.  

6.2.11 Gene set variation analysis (GSVA) 
GSVA was completed as described in section 3.14. This analysis was completed using the 

protein abundance dataset generated by LC-MS/MS. This analysis was conducted to compare 

the cell lines' transcriptome and proteome by tracking the production of DEGs to their 

corresponding proteins in the proteomics analysis dataset. 

GSVA was also completed on the bronchial biopsies collected from asthmatic and healthy 

control patients from the Indurian dataset to analyse the association between knockout cell 

line gene expression and clinical phenotypes.  

6.2.12 Analysis of biological pathways enriched in knockout cell lines 
Pathway analysis was completed using the g: Profiler online tool on differentially expressed 

genes between RPS4Y1 KOs and wildtype cells, as described in section 3.15. 
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6.2.13 Wound healing assay 
The wound healing assay was completed on wildtype and RPS4Y1 KO cells over 72 hours, 

as described in section 3.4.  

6.2.14 Cell proliferation 
The cellular proliferation rate of wildtype and RPS4Y1 KO cells was analysed by manual cell 

counting after 96-hour of incubation in growth medium, as described in section 3.9.  

6.2.15 Cell adhesion to fibronectin 
The analysis of fibronectin-mediated cellular adhesion of wildtype and RPS4Y1 KO cells 

after one-hour incubation in DMEM supplemented with 1% (v/v) FBS was completed, as 

described in section 3.5. 

6.2.16 Measurement of ECM protein 
Assessment of changes in the deposition of the extracellular matrix proteins fibronectin (FN1), 

tenascin-C (TNC) and collagen 4α1 (COL4A1) from wildtype and RPS4Y1 KO cells after 72-

hour incubation was completed as described in section 3.8.  

6.2.17 Cigarette smoke extract (CSE) generation and analysis cell death 
response 
Marlboro Red standard cigarettes (Philip Morris) were used to prepare CSE, as described in 

section 3.6.  

6.2.18 Cell viability assay 
The cellular viability of wildtype and RPS4Y1 KO cells after 24 and 48-hour CSE exposure 

was assessed using the MTT assay as described in section 3.7.  

6.2.19 Protein quantitative trait loci (pQTL) validation 
Gene expression correlation with protein abundance levels was analysed using protein 

quantitative trait loci for wildtype and RPS4Y1 KO cells as described in section 3.18. 
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6.3 Results 

6.3.1 RPS4Y1 expression is differentially regulated in asthma 
To explore the expression profile of RPS4Y1 and RPS4X, we investigated their expression at 

a single-cell level and in the lung of healthy and asthmatic patients. The heatmaps present the 

expression of RPS4X (Figure 6.1A) and RPS4Y1 (Figure 6.1B) across multiple cell types and 

indicate how their expression changes with asthma diagnosis. Both heatmaps demonstrate 

that RPS4X and RPS4Y1 gene expression varies depending on the cell type but also changes 

with disease status. Of note, RPS4X, although different between cell types and most 

expressed in 'basal activated' cells, indicates limited changes with asthma status. RPS4Y1 

show negligible expression of 'basal activated' cells in healthy patients but is significantly 

upregulated in these cells with asthma. As such, regulating RPS4Y1 expression demonstrates 

significant responsiveness in asthma, particularly in basal epithelial cells. The UMAP analysis 
supports functions for these genes in basal cells. RPS4X is more widely expressed at higher 

levels than RPS4Y1, although both genes are expressed highly from the alveolar and airway 

epithelium in males and females (Figure 6.1G – 6.1J).  

Following the observations at a single-cell level, we expanded our analysis to the respiratory 

tract. We explored whether the expression of RPS4X and RPS4Y1 in males equivocated the 

expression of RPS4X from both X-chromosomes in females. In nasal brushings, RPS4X 

expression from females was greater than the combined expression in males (Figure 6.1C). 

However, in the bronchus, the expression levels between males and females were equal 

(Figure 6.1D). Importantly, in both the nasal and bronchial samples, RPS4X expression 
comprised approximately 80% of the total expression in males. Finally, we confirm in bronchial 

biopsies that RPS4Y1 is downregulated in males with asthma (Figure 6.1E), but RPS4X 

demonstrates consistent expression between healthy and asthmatic patients from both sexes 

(Figure 6.1F). These data highlight that RPS4Y1 is dysregulated in asthma. Therefore, it is 

essential to characterise its contribution to the hallmark features of asthma.  
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Figure 6.1: Gene expression of RPS4Y1 and RPS4X at a single cell level, bronchial 
biopsies and nasal brushings. Heatmaps of single-cell sequencing expression of RPS4X 

(A) and RPS4Y1 (B) across multiple cell types in healthy control (ctrl); n = 4 female/ 7 males,

and asthma; n = 2 female/ 7 male patients. Dark red represents higher expression, and white 

equals no expression. (C) nasal brushing; n = 101 females/ 89 males and (D) bronchial biopsy; 

n = 85 females/ 88 males of RPS4X (pink) and RPS4Y1 (blue) expression as counts per million 

(CPM). Data is analysed by fitting a mixed effects model. (E) RPS4Y1 expression as log2 CPM 

in males healthy and asthmatic bronchial biopsies. (F) RPS4X expression as log2 CPM in 
bronchial biopsies from healthy and asthmatic patients of both sexes. Grey represents healthy 

patients, and gold represents asthma patients. (C – F) data are presented as the arithmetic 

mean +/- SEM. (E & F) is analysed by unpaired parametric t-test, statistical significance is 

indicated by *p<0.05 and **p<0.01. UMAP of the identified cell-types of single-cell RNA-

sequencing human lung cell atlas. (G) UMAP of defined cell locations, RPS4X expression in 

females (H) and males (I), (J) RPS4Y1 expression in males. Purple indicates higher 

expression, and white indicates lower expression.  
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6.3.2 RPS4Y1 regulates inflammatory cytokines and cellular attachment 
The UMAPs (Figure 6.1G – 6.1J) highlight that RPS4Y1 is expressed from alveolar and airway 

epithelial cells and is dysregulated in asthma (Figure 6.1B). As such, three unique RPS4Y1 

knockout (KO) cell lines were generated in an alveolar basal epithelial cell line (A549) using 
CRISPR-Cas9. These KO cell lines were characterised by changes in the inflammatory 

response, fibrotic processes and the regulation of cell death. Successful RPS4Y1 KO was 

confirmed by genome sequencing (Figure 6.2A), RPS4Y1 gene expression (Figure 6.2B) and 

western blot (Figure 6.2D). RPS4X gene expression significantly increases in RPS4Y1 KO 

cells (Figure 6.2C). This highlights a specific regulatory feedback mechanism between 

RPS4Y1 and RPS4X, where RPS4X production increases to compensate for the loss of 

RPS4Y1. It was not possible to generate RPS4X KO cell lines. Analysis of the online DepMap 

dataset revealed that RPS4X is essential for cell survival, as indicated by an ‘essentiality’ 

score less than negative one (Figure 6.2E).  

The immunoregulatory contribution of RPS4Y1 was assessed by stimulating cells with TNFα 
for 24 hours. In RPS4Y1 KOs, CXCL8 production significantly decreases (Figure 6.2F), whilst 

IL6 output is significantly increased (Figure 6.2G). The cells were also stimulated with IL-1β 

and TGF-β1 (two other pathologically relevant inflammatory cytokines), where the same 

pattern of regulation for CXCL8 and IL6 was observed (Supplementary Figure S6.2). This 

highlights an essential role for RPS4Y1 in regulating these cytokines, which have different 

regulatory pathways.  

RPS4Y1 KO cells demonstrated a significantly faster wound closure rate than wildtype cells 

(Figure 6.2H). We investigated cell attachment and cell proliferation to explore possible factors 

contributing to this observation. RPS4Y1 KOs reported increased cellular adhesion to 
fibronectin (Figure 6.2I), whilst no difference in proliferation to wildtype cells is noted (Figure 

6.2J). Combined, these results indicate that increased adhesion promotes increased migration 

of RPS4Y1 KO cells leading to a faster rate of wound closure. No change in cell survival to 

cigarette smoke extract (CSE) was observed (Figure 6.2K).  

These data demonstrate that RPS4Y1 has a complex contribution to regulating asthma-

relevant disease processes of inflammation, cell migration and adhesion, and changes to the 

extracellular matrix.  
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Figure 6.2: Characterisation of RPS4Y1 knockout cells (blue dots) compared to wildtype 
cells (black dots). (A) Representative chromatogram of wildtype and RPS4Y1 genome 

sequencing with codon translation to amino acid sequence underneath. Asterisk (*) indicates 

a stop codon. Log2 counts per million (CPM) expression of RPS4Y1 (B) and RPS4X (C) was 

measured by RNA-sequencing. (D) Representative western blot image confirming RPS4Y1 

KO. (E) Essentiality score for RPS4Y1 and RPS4X in multiple lung cell lines with A549 cells 

identified; score < -1 indicates the gene is essential for survival. CXCL8 (F) and IL6 (G) 
production was measured in cell-free supernatant after 24-hour stimulation with TNFα (10 

ng/mL) by ELISA. (H) The size of a scratch wound was measured every 24 hours for three 

days with incubation in growth medium. Wound closure was measured as a percentage 

compared to the initial wound size at zero hours. (I) Cell attachment to fibronectin was 

measured after 1 hour of incubation. (J) Proliferation was measured after 96 hours of 

incubation in growth medium by manual cell counting. (K) Percentage cell survival compared 

to no treatment control (y-axis) was determined by an MTT assay after 24-hour cigarette 

smoke extract (CSE) exposure. All data are presented as the arithmetic mean +/- standard 

error of the mean. (H & K) analysed by two-way ANOVA with Sidak correction for multiple 
comparisons testing. All other analyses were analysed by unpaired parametric t–tests. 

Statistical significance is represented by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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6.3.3 RPS4Y1 knockout significantly alters gene expression 
Now that a contribution of RPS4Y1 was established at the phenotypical level, we conducted 

RNA-sequencing to determine whether knocking out RPS4Y1 significantly alters gene 

expression. Sequencing was conducted after 6 hours of incubation with or without TNFα 
stimulation. At baseline, RPS4Y1 KO cells demonstrated 125 significantly increased genes 

(FDR < 0.05 and log2FC > 1.0) and 139 significantly downregulated genes (FDR < 0.05 and 

log2FC < -1.0). An interaction analysis was completed, comparing genes differentially 

regulated between wildtype and KO cell lines after TNFα stimulation (Figure 6.3A). The 

interaction analysis revealed no significantly upregulated genes, whilst SHISA9 and SPDEF 

were the only genes downregulated (Figure 6.3B). This means these two genes are relatively 

less expressed in RPS4Y1 KOs than wildtype cells after TNFα stimulation. SHISA9 expression 

is significantly increased in wildtype cells upon TNFα stimulation, but this is lost in RPS4Y1 

KO cells (Figure 6.3F). SPEDEF is an integral immunoregulatory and goblet cell differentiation 

factor in airway diseases[96]. This gene demonstrates reduced expression in RPS4Y1 KOs at 
baseline and a greater decrease in expression in knockout cells after TNFα stimulation (Figure 

1G). The heatmap in Figure 6.3C highlights the distinct transcriptional profiles between 

wildtype and knockout cells at baseline.  

Of particular interest is the expression of CXCL8 and IL6 after TNFα stimulation. In RPS4Y1 

KOs, the expression of CXCL8 is downregulated (Figure 6.3D). This correlates with the 

observed suppression of CXCL8 protein production in Figure 6.2F. Conversely, IL6 expression 

is consistent between wildtype and KO cells (Figure 6.3E), in contrast to the increased 

production of IL6 protein reported in Figure 6.2G. RPS4Y1 is a ribosomal protein that 

contributed to mRNA translation to protein. Our results indicate that in the absence of 
RPS4Y1, translation of IL6 mRNA into protein might preferentially increase in response to 

proinflammatory stimuli.  
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Figure 6.3: Differentially gene expression analysis of RPS4Y1 knockout vs. wildtype 
cell lines. Volcano plots of -log10(p – value) against log2fold-change in differentially expressed 

genes (DEGs) at baseline (A) and when KO and wildtype cell lines are stimulated with TNFα 

(10 ng/mL) for 6 hours minus baseline DEGs (B). The horizontal black line represented a false 

discovery rate < 0.05; dotted red vertical lines indicate log2fold-change > |1.0|. Red dots 

indicate significantly upregulated genes, and blue dots represent significantly downregulated 

genes in RPS4Y1 KOs. (C) Semi-supervised heatmap of DEGs at baseline between wildtype 

(purple) and RPS4Y1 KO (yellow) cell lines. Red indicates increased expression, and blue 

indicates reduced expression. Log2 counts per million (CPM) expression of CXCL8 (D), IL6 

(E), SHISA9 (F) and SPDEF (G) in wildtype and RPS4Y1 KO cells. Grey dots represent 
baseline levels; black and dark blue dots represent TNFα (10 ng/mL) stimulated samples. (A 

– E) Statistical significance was determined through differential gene expression analysis with

multiple comparisons correction completed using the Benjamini-Hochberg method. (F & G) 

Two-way ANOVA completed statistical analysis with Tukey’s correction for multiple 

comparison testing. (D – E) Data are presented as the arithmetic mean +/- SEM. Statistical 

significance is represented by *p<0.05, **p<0.01. n = 3 for all analyses. 
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6.3.4 RPS4Y1 regulates specific inflammatory and migration-related pathways 
To explore the pathways contributing to CXCL8 and cell adhesion, we analysed RPS4Y1 KOs 

at a protein level using LC-MS/MS. This analysis revealed that with 24-hour TNFα stimulation, 

three proteins were detected to be reduced in KO cells, with 20 individual proteins increased 
when RPS4Y1 is knocked out (FDR < 0.05, log2FC > 1.0, Figure 6.4A). NF-κB-repressing 

factor (NKRF) and syntenin-1 (SDCBP) were essential proteins raised in RPS4Y1 KOs (Figure 

6.4B & 6.4C). Higher levels of NKRF are linked to reduced CXCL8 production [57]. 

Significantly, NKRF gene expression does not correlate with protein production (Figure 6.4D). 

This indicates that the absence of RPS4Y1 enables more efficient translation of NKRF mRNA 

into protein, which may contribute to the suppression of CXCL8.  

To further investigate the contribution of RPS4Y1 to the regulation of gene expression, we 

completed a transcription factor enrichment analysis (Figure 6.4E). This identified multiple 

differentially activated transcription factor-related pathways. Notably, FOXA1 (Figure 6.4F) 

and STAT3 (Figure 6.4G) were negatively enriched in RPS4Y1 KO cells. As such, genes 
regulated by these genes demonstrate an overall reduction compared to wildtype cells. 

Studies have shown that FOXA1 and STAT3 activation significantly increase CXCL8 

secretion, and IL8 mRNA levels are reduced when both factors are knocked down. Therefore, 

reduced activation of the FOXA1 and STAT3 pathways may be driving the suppression of 

CXCL8 production in combination with increased levels of NKRF.  

SDCBP is increased at a protein level (Figure 6.4C), with overexpression of this protein linked 

to the promotion of cell migration and invasion [97]. Pathway analysis using g: Profiler revealed 

that cell migration and motility are positively enriched in RPS4Y1 KOs, where integrins 

mediate increased adhesion in RPS4Y1 KOs (Table 6.1). In support, we observe increased 
expression of integrin subunit α4 (ITGA4) and decreased expression of integrin subunit β8 

(ITGB8) in RPS4Y1 KOs (Figure 6.4H & 6.4I). The relative expression reported for these 

integrin molecules has been linked with increased adhesion to fibronectin and more significant 

cell migration.  
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Figure 6.4: Differential protein expression and transcription factor enrichment analysis 
after TNFα stimulation of wildtype and RPS4Y1 KO cell lines. (A) Volcano plot of log10 (p 

– value) against log2fold protein abundance change after 24-hour TNFα-stimulation (10

ng/mL). Log2protein intensity determined by LC-MS/MS for NKRF (B) and SDCBP (C). (D) 

pQTL linear regression analysis of NKRF log2protein intensity against NKRF log2counts per 

million (CPM) gene expression in wildtype and RPS4Y1 KO cells. (E) Volcano plot of -log10 (p 

– value) against log2 fold-change in transcription factor enrichment score. For both volcano

plots (A & E), horizontal black lines represented a false discovery rate < 0.05, and dotted red 
vertical lines indicate log2fold-change > |1.0|. Red dots indicate increased production (A)  or 

positive enrichment (E), and blue dots indicate reduced production (A) or negative enrichment 

(E) in RPS4Y1 KOs. (F & G) transcription factor enrichment score for FOXA1 and STAT3.

Log2CPM for ITGA4 (H) and ITGB8 (I) in wildtype and RPS4Y1 KOs. (B, C, F – I) Data 

presented as the arithmetic mean +/- SEM and analysed by unpaired parametric t – test. (D) 

Analysed by a spearman correlation with ‘r’ representing the correlation coefficient. Statistical 

significance indicated by *p<0.05, **p<0.01 and ***p<0.001. n = 3 for all analyses.  
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Table 6.1: Summary of g: Profiler pathway analysis using significantly up and 
downregulated genes in RPS4Y1 KO cells compared to wildtype cells at baseline. 

Positively Enriched in RPS4Y1 KO at 
Baseline 

Negatively Enriched in RPS4Y1 KO at 
Baseline 

Pathway FDR Pathway FDR 
Regulation of cell migration 4.33x107 Actin binding 1.47x10-2 

Regulation of cell motility 1.05x107 Guanine metabolic process 3.56x10-2 

Regulation of signalling 2.21x10-3 Myosin complex 4.71x10-2 

Cell adhesion mediated by 

integrins 

2.36x10-3 

FDR = false discovery rate 
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6.3.5 RPS4Y1 mediates the expression and translation of specific extracellular 
matrix proteins 
The extracellular matrix (ECM) and its integral proteins are important factors that mediate cell 

proliferation, migration and airway remodelling in asthma. Changes to these proteins are 

prominent in asthma and contribute to a worse disease prognosis. As such, we investigated 

how asthma-associated ECM proteins fibronectin (FN1), tenascin-C (TNC) and collagen 4α1 

(COL4A1) are altered at a transcriptional and protein level in the absence of RPS4Y1. 

Differential gene expression analysis after 48-hour incubation after quiescence untreated, 

revealed 1315 differentially expressed genes between RPS4Y1 KOs and wildtype cells at 

baseline (Figure 6.5A). To explore the correlation between changes in gene expression and 

protein production, GSVA was used to analyse how differentially expressed genes are 

changed in the LC–MS/MS proteomics dataset. This analysis indicated that genes 

upregulated or downregulated in RPS4Y1 KOs at baselines were similarly altered at a protein 
level (Figure 6.5B & 6.5C). 

Amongst the differentially expressed genes identified in Figure 5A, fibronectin and collagen 

4α1 gene expression is significantly increased (Figure 6.5D & 6.5F). This increase in mRNA 

expression is reflected at a protein level measured by ECM ELISA. Fibronectin indicates a 

trend towards increased production from RPS4Y1 KO cells (Figure 6.5E), whilst collagen 4α1 

production from KO cells is approximately double what wildtype cells produce (Figure 6.5G). 

Conversely, tenascin-C indicates similar expression between wildtype and RPS4Y1 KO cell 

lines (Figure 6.5H) yet demonstrates significantly increased production at a protein level when 

RPS4Y1 is knocked out (Figure 6.5I). TNC is closely implicated in promoting increased cell 
adhesion and migration in asthma. Therefore, we identify that RPS4Y1 has a complex and 

dynamic role in regulating the transcription and translation of extracellular matrix proteins. In 

particular, RPS4Y1 appears to mediate cell migration and attachment by producing tenascin-

C and interacting with crucial integrin receptors identified in Figures 6.5H & 6.5I. 
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Figure 6.5: Comparison of gene expression and protein abundance between wildtype 
and RPS4Y1 KO cell lines. (A) Volcano plot of -log10 (p – value) against log2fold-change of 

differentially expressed genes (DEGs) between wildtype and RPS4Y1 KOs after 48-hour 

incubation at 37°C/ 5% CO2. Horizontal black lines represented a false discovery rate < 0.05, 

dotted red vertical lines indicate log2fold-change > |1.0|. Red dots indicate upregulation, blue 

dots represent downregulation in RPS4Y1 KOs, and grey dots represent non-significant 

genes; n = 3. GSVA of up (B) or down (C) DEGs in RPS4Y1 KOs tracked in protein abundance 

dataset; n = 3. Log2 counts per million (CPM) of FN1 (D), COL4A1 (F) and TNC (H); n = 3. 

Fibronectin (E), collagen 4α1 (G) and tenascin-C (I) were measured by ECM ELISA. Higher 

levels of absorbance (y-axis) indicate a higher level of protein abundance; n = 6 – 9. Data are 

presented as the arithmetic mean +/- SEM and analysed by unpaired parametric t-test. 

Statistical significance is represented by *p<0.05 and **p<0.01.  
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6.3.6 Genes altered in RPS4Y1 knockouts are associated with asthma severity 
in males 
RPS4Y1 has broad regulatory functions affecting inflammatory and fibrotic factors. As such, 

we conducted GSVA using genes upregulated in RPS4Y1 KOs and tracked their expression 

in bronchial biopsies from healthy patients and patients with asthma. We observe that genes 

upregulated in RPS4Y1 KOs are significantly decreased in asthmatic patients (Figure 6.6A). 

Further, using a linear regression model, RPS4Y1 expression positively correlates with FEV1 

% predicted in healthy and asthmatic males (Figure 6.6B). That is, increased expression of 

RPS4Y1 correlates with better lung function outcomes. We followed up these data by 

exploring how genes upregulated in RPS4Y1 KOs contribute to FEV1 % predicted scores using 

linear regression analysis. We observed that genes upregulated when RPS4Y1 is knocked 

out do not correlate with any change in FEV1% predicted in healthy male and female patients 

(Figure 6.6C & 6.6E) or female asthma patients (Figure 6.6F). However, we report a significant 
positive correlation in males with asthma (Figure 6.6D). These results indicate that genes 

usually suppressed by the function of RPS4Y1 are associated with worse lung function 

outcomes and asthma severity. When these genes have higher levels of expression, patients 

demonstrate better lung function measurements. As females do not express RPS4Y1, we do 

not expect a significant effect to be observed. However, as RPS4X expression does not 

change in asthma (Figure 6.1F), reduced expression of RPS4Y1 has functional consequences 

as recognised through FEV1 % predicted measurement in asthma. 
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Figure 6.6: RPS4Y1 expression and GSVA of upregulated genes in RPS4Y1 KO cells at 
baseline in healthy and asthmatic patients. (A) A subset of the top 50 significant 

upregulated genes in RPS4Y1 KO cells compared to wildtype cells were analysed for how 

they change in patients with and without asthma. Grey represents healthy patients, and gold 

represents asthmatic patients. Data are presented as the arithmetic mean +/- standard error 

of the mean and analysed by two-way ANOVA with Sidak’s correction for multiple comparison 

testing. Statistical significance is represented by *p < 0.05 (B) Correlation of log2 counts per 

million (CPM) expression of RPS4Y1 against FEV1 % predicted scores in males (n = 88). 

GSVA enrichment scores generated in (A) were correlated with the FEV1 % predicted scored 

for each patient and stratified by sex and disease. (C) healthy males; n = 42, (D) asthmatic 

males; n = 46, (E) healthy females; n = 35 and (F) asthmatic females; n = 50. Data are 

presented with 95% confidence intervals. Statistical significance by linear regression analysis 

with statistical significance determined at a p-value < 0.05 with correction for smoking pack 

years. 
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6.4 Discussion 
This study aimed to explore the function of RPS4Y1 in the context of asthma by investigating 

its contribution to regulating inflammation and fibrotic processes such as cell adhesion and 

migration. We initially highlight that RPS4Y1 expression is cell-specific and different to its X-

linked counterpart, RPS4X, in asthma. Further, RPS4Y1 expression was lower in male asthma 

patients than in non-asthmatics, while RPS4X expression did not change for either sex. We 

show that RPS4Y1 is involved in regulating proinflammatory cytokines CXCL8 and IL6. The 

combination of transcriptomic and proteomic analyses allowed us to explore potential 

pathways by which RPS4Y1 may regulate CXCL8 and IL6 production. As such, we uncover 

that in contrast to CXCL8, whose mRNA expression is altered, IL6 protein translation is 

increased whilst mRNA expression remains unchanged in the wildtype compared to RPS4Y1 

KOs. The apparent selectivity of RPS4Y1 to regulate the translation of protein extended to 

extracellular matrix proteins that are dysregulated in asthma [98-100], which we hypothesise 
promotes altered fibrotic processes of cell adhesion and migration. Finally, we generate an 

RPS4Y1-specific gene signature that only indicates an association with disease severity in 

asthmatic males. Altogether these data highlight that RPS4Y1 function is altered in asthma 

and may contribute to unique gene expression profiles between males and females.  

Some studies have identified an association between RPS4Y1 expression and asthma [92], 

through various immune cells [93, 101]. Our study shows RPS4Y1 affects the production of 

CXCL8 and IL6, which mediate the infiltration and activation of immune cells such as 

neutrophils and macrophages, driving the proinflammatory response in the airways [102]. A 

similar finding was reported by Chen et al. [103], where RPS4Y1 knockdown reduced CXCL8 
and IL6 production in endothelial cells with high glucose stimulation. In contrast, we show in 

RPS4Y1 KOs, CXCL8 production is suppressed whilst IL6 is increased. This indicates that the 

contribution of RPS4Y1 may be cell and stimuli specific. 

SPDEF gene expression is significantly reduced in RPS4Y1 KOs at both baseline and after 

TNFα stimulation, with this change reported to be greater than that in wildtype cells. SPDEF 

is well-known to be increased in airway epithelial cells of asthma patients [104, 105], inducing 

goblet cell metaplasia and increasing mucous production [106, 107]. Both mucous 

hypersecretion and increased goblet cell density are associated with asthma severity via 

increasing airway wall thickness [108]. McKay and Hogg posit that any alteration in airway 
wall structure may have worse effects on airflow in male children than females [108]. 

Therefore, dysregulation of SPDEF expression by RPS4Y1 may predispose male children to 

asthma development.  
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Notably, the immunoregulatory effect at a protein level was not completely reflected at a 

transcriptional level. CXCL8 mRNA production was reduced, like protein levels, which is driven 

by increased production of NKRF and activation of the FOXA1 transcription factor pathway. 

Increased NKRF production has been shown to cause suppression of CXCL8 in A549 cells 

[57]. Comparatively, FOXA1 knockdown was associated with reduced CXCL8 mRNA levels 
in two cell models and recovered upon induction of FOXA1 [109]. As such, the combination of 

these two factors being dysregulated in RPS4Y1 KOs results in decreased suppression of 

CXCL8. Of significant interest, the expression of IL6 in KO cells was equal to what was 

measured in wildtype cells. This indicates that in the absence of RPS4Y1, IL6 mRNA is 

preferentially translated to protein. This mechanism is highly complex, with increased IL6 

protein being produced to the lack of RPS4Y1 subunit enabling greater affinity with the 

ribosomal resulting in increased translation, or RPS4Y1 may function through extra-ribosomal 

means that are poorly defined. 

Nonetheless, despite as little as 10% of ribosomes containing RPS4Y1 [83], there is a distinct, 

specific and novel regulatory function of RPS4Y1 in IL6 production. Females do not express 
RPS4Y1, and further studies are required to determine whether RPS4X carries similar 

regulatory functions. However, we hypothesise this would not be the case due to the high 

expression level of RPS4X in males compared to RPS4Y1. This indicates a significant function 

for RPS4X supported by most ribosomes containing the X-linked version. Therefore, it is highly 

likely that RPS4Y1 carries an immunoregulatory function distinct from its X-linked counterpart. 

This difference may contribute to immunological differences observed been males and 

females with asthma.  

Pathway analysis revealed that RPS4Y1 also functions to regulate cell adhesion and 

migration. RPS4Y1 knockdown has been associated with increased cell invasion [110]. In 
particular, integrin-mediated cell adhesion is identified to be enriched in RPS4Y1 KO cells, 

driven by increased expression of ITGA4 and decreased expression of ITGB8. The relative 

expression of both integrin subunits is associated with increased adhesion to fibronectin and 

the promotion of cell migration. The extracellular matrix (ECM) is a highly complex scaffold 

that is carefully regulated in the lungs to enable robust response in the airways to external 

stimuli. As such, any dysregulation in the production of ECM proteins may contribute to airway 

remodelling and worse lung function outcomes in asthma patients. We identify a complex 

regulatory function of RPS4Y1 for three pertinent proteins in the context of asthma; fibronectin, 

tenascin-C (TNC) and collagen 4α1. Although RPS4Y1 KOs have increased transcription of 
fibronectin and collagen 4α1, this does not increase protein production levels. 
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In contrast, TNC gene expression is similar between wildtype and RPS4Y1 KOs, yet KO cells 

demonstrate significantly increased production of TNC protein. This is unique, as TNC is 

usually reduced in normal adult tissues [65], yet TNC is increased in the airways of asthmatics 

[68]. TNC is known to directly contribute to processes of cell motility and migration [66], which 

may explain the increased rate of wound closure observed in RPS4Y1 KOs compared to 
wildtype cells. These results reinforce the complex and particular function of RPS4Y1 in 

promoting and impeding the translation of ECM protein. Nonetheless, these data highlight a 

strong relationship between RPS4Y1 and ECM proteins that are prominent in asthma, 

indicating a role for RPS4Y1 in asthma progression.  

The functional contribution of RPS4Y1 to the clinical outcomes of patients with asthma is 

confirmed through our correlation of GSVA enrichment scores and lung function outcomes. 

Genes upregulated in RPS4Y1 KOs cells at baseline demonstrated a positive correlation with 

FEV1 % predicted scores only in male patients with asthma. FEV1 % predicted describes the 

volume of air expelled by an individual as a percentage of the average values by healthy 

individuals [111]. FEV1 % predicted is a useful clinical tool for determining asthma severity, 
with scores less than 60% considered severe [111, 112]. Therefore, we have identified a gene 

signature associated with RPS4Y1 that is only altered in males and correlates with asthma 

progression. Importantly, this result reinforces that asthma-related disease pathways are 

distinct between males and females and require deeper investigation. 

A multi-omics approach incorporating RNA-sequencing, proteomics and function studies is a 

significant strength of this investigation. This design allowed for use to identify complex 

regulatory contributions of RPS4Y1 impacting gene transcription and protein translation. 

Furthermore, we have identified novel functional effects of RPS4Y1 that directly relate to the 

hallmark features of asthma – inflammation and fibrosis. We have also identified potential 
pathways by which RPS4Y1 may mediate these outcomes, but further, more specific and 

carefully designed studies are required to validate and holistically explore these mechanisms. 

Due to the vital role of RPS4X, evidenced by the analysis of the DepMap database and is 

supported by multiple studies [78, 83, 84], it was not possible to generate and RPS4X KO cell 

line. Cases of Turner syndrome, where one copy of the X chromosome is missing in females, 

highlights that only one copy of RPS4X is necessary for survival, although various medical 

and developmental problem exist [79]. Therefore, due to reduced overall expression of 

RPS4X/Y1 in males (Figure 6.1C & 6.1D) indicates that males may carry a greater health 

susceptibility to disease development. This increased predisposition likely manifests in 

childhood, before the sex hormone production and activity are increased.  RPS4Y1 expression 

correlates with FEV1 % predicted scores, whereas decreased RPS4Y1 expression correlates 
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with increased asthma severity. Comparatively, RPS4X reports no significant correlation. This 

potentially indicates distinct functions between the two genes. 

Here, we have identified RPS4Y1 regulates hallmark asthma-relevant pathological processes 

of inflammation, cell adhesion and migration, and mediation of the extracellular matrix. These 

results implicate RPS4Y1 in the divergent development and progression of asthma between 
males and females. The use of an inducible RPS4X knockout model or small interfering RNAs 

may enable the investigation of the function of RPS4X, enabling a comparison to RPS4Y1. 

This work would enable a deeper understanding of ribosomal mechanisms and specific 

differences between RPS4Y1 and RPS4X. As such, these deeper investigations of the 

identified pathways and mechanisms will open the opportunity for identifying new and more 

effective clinical interventions to improve patient outcomes.  

6.5 Conclusion 
We show for the first time that RPS4Y1 regulates the protein translation of specific proteins, 
namely IL6 and ECM factors. We further identify the regulatory transcription factor pathway 

altered when RPS4Y1 is knocked out, potentially contributing to suppressed gene expression 

and protein production of CXCL8. Furthermore, we show that RPS4Y1 mediates the 

expression of integrins subunits α4 and β8, which associate with tenascin-C increasing cell 

adhesion and migration, which are known to contribute to worse asthma outcomes. We also 

establish that RPS4Y1 regulates a specific gene signature that is only dysregulated in asthma 

males, indicating that the imbalance of RPS4Y1 and RPS4X expression between males and 

females may contribute to sex differences in asthma. Importantly, this study provides more 

weight to the growing work investigating sex differences in asthma and other prominent 
respiratory diseases. As such, future studies can build on the findings of the current work to 

better explore the mechanisms driving sexual dimorphism in disease. 
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6.6 Supplementary Figures 

Figure S6.1: Schematic presentation of Chapter 6 study design and techniques used. 
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Figure S6.2: Production of CXCL8 (A & C) and IL6 (B & D) from RPS4Y1 knockout and 
wildtype cells when stimulated with IL-1β (A & B) and TGF-β1 (C & D). CXCL8 and IL6 

were measured after 24-hour IL-1β (10 ng/mL) and TGF-β1 (10 ng/mL) stimulation in cell-free 

supernatant by ELISA. All data are presented as the arithmetic mean +/- SEM. One-way 

ANOVA statistical analysis with Tukey’s correction for multiple comparisons. Statistical 

significance is indicated by **p<0.01; n = 5 – 13. 
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Chapter 7 – The histone demethylase, UTY, uniquely 
contributes to COPD severity 
7.1 Introduction 
Chronic obstructive pulmonary disease (COPD) is a chronic respiratory disease defined by 

progressive and irreversible airflow obstruction [113]. As a result, patients experience a 

decline in lung function, assessed by the forced expiratory volume in one second (FEV1) and 

the forced vital capacity (FVC). Clinically COPD is diagnosed when the ratio of these values, 

FEV1/FVC, is less than 0.7 post-bronchodilator treatment [114]. After diagnosis, COPD 

severity is separated into four stages determined by the patient’s FEV1 measurement as a 

percentage of the predicted FEV1 of the general population, as outlined by the Global Initiative 

for COPD (GOLD). COPD is the 3rd leading cause of death worldwide and has a worsening 

mortality trajectory [115]. Oxidative stress is introduced by noxious stimuli such as those 

cigarette smoke and biofuel exhaust [116], leading to cellular dysfunction and cell death[117]. 
An imbalance of regulated cell death (apoptosis) and cell renewal of structural cells contributes 

to lung destruction instigated by inhalation of cigarette smoke and the development of 

emphysema [117, 118]. Aberrant cell death correlates with the development of emphysema 

and worse patient outcomes [119, 120]. The exact molecular cause of COPD remains 

unknown. Cigarette smoking is the most well-defined risk factor [121]; however, approximately 

25 – 45% of individuals with COPD have never smoked [122]. This implies that non-smoking-

related factors such as genetic predisposition, exposure to other stimuli such as biomass fuel, 

and occupational exposures over time also contribute to COPD development. As such, COPD 

is considered a disease of adult-onset due to a lifetime of exposure to noxious stimuli [123]. 
Therefore, an intricate interaction between environmental exposures and molecular and 

genetic factors contributes to COPD development and progression.  

Compounding the complexity of COPD is that it has a distinct sexually dimorphic pattern, 

where adult females are potentially more at risk than males [28, 124]. Historically, males have 

been reported to have an increased incidence of COPD, although there is growing evidence 

towards greater susceptibility in females [125, 126]. This pattern is attributed to the 

normalisation of smoking rates between males and females. Studies indicate that female 

smokers are 50% more likely to develop COPD and experience increased exacerbation rates 

than males [124, 127, 128]. Of note, disease pathology also demonstrates a sexually 
dimorphic pattern. Males present with increased levels of emphysema, with females having 

more inflammation of the airways [127]. The factors and mechanisms causing this discrepancy 

in COPD severity and progression between males and females remain poorly understood and 
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understudied. This is highlighted by DeMeo [129], who discusses the critical need to explore 

multiple facets of COPD to generate better biomarkers and improve patient outcomes.  

The sex chromosomes present as a distinct inherent factor distinguishing males and females. 

Males carry an X and Y chromosome, whilst females express two X chromosomes. Complex 

epigenetic and molecular mechanisms exist to correct for an imbalance of gene expression, 
where one female X chromosome is effectively inactivated [130]. However, a subset of genes 

with Y-chromosome-linked counterparts escapes X-inactivation. Importantly, these genes 

demonstrate essential genome regulatory functions such as the histone demethylation gene 

pair KDM6A (UTX) and KDM6C (UTY). Both genes are described to catalyse the removal of 

trimethyl groups from lysine-27 residues of histone H3 (H327me3), with the demethylation of 

this site associated with gene activation [131]. Notably, both increased or decreased 

methylation of H3K27 have been implicated in disease severity and progression [132, 133]. 

Generally, histone methylation in COPD is poorly understood. Bryd et al. describe a significant 

decrease of H3K27 trimethylation in COPD bronchiolar epithelium [134], whilst another study 

identified increased levels of H3K27me3 in COPD patients [135]. Differences in study 
populations or sampling locations may cause this discrepancy. Anzalone et al. [135] note that 

an increase in H3K27me3 occurred irrespective of smoking status, despite previous studies 

identifying H3K27 methylation as sensitive to cigarette smoke [136]. This indicates that COPD-

specific changes in the H3K27me3 status may occur after smoking cessation, promoting 

disease progression.  

UTX has an 84% amino acid similarity with UTY [137], with 98% similarity identified across 

the histone demethylase domain[138]. As a result of this difference, some studies have 

determined that UTY lacks activity as a demethylase in vitro [139, 140]. However, a more 

recent study by Walport et al. [141] demonstrated that UTY does have an active histone 
demethylase site, although its activity may be reduced as site-specific and potentially includes 

non-histone targets. The importance of UTY is supported by studies showing deletion of UTX 

is fatal in females [138, 142], whilst males without UTX survive [141]. Therefore, some 

overlapping functions between UTX and UTY exist. In particular, their catalytic target, 

H3K27me3, is undoubtedly altered in COPD; however, how it relates to cigarette smoking 

remains unclear. 

In this study, we aim to explore the expression and contribution of UTX and UTY to the 

response to cigarette smoke, regulation of the inflammatory response, cell proliferation and 

cell death. We identify a unique gene expression pattern for UTY between the nasal and 

bronchial epithelium of COPD patients, which does not occur for UTX. Using knockout cell 

lines, we identify unique gene signatures differentially regulated by UTX and UTY, shedding 
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light on distinct biological pathways altered by either gene. Cumulatively, we generate a 

signature correlating with COPD disease severity, which appears unique to males. As such, 

our study uncovers distinct pathways regulated between UTX and UTY and highlights a 

potential cell survival mechanism mediated by UTY. As females do not express UTY, this 

differential function may contribute to sex differences in COPD.  

7.2 Methods 

7.2.1 Analysis of UTX and UTY expression in non-COPD and COPD patients 
The SHERLOCk RNA-seq dataset assessed UTX and UTY gene expression in paired nasal 

and bronchial brushings from non-COPD and COPD patients. UTY and UTX gene expression 

was evaluated in both nasal and bronchial brushing samples in male and female patients. Log2 

counts per million (CPM) were analysed for correlation with FEV1/FVC scores, using linear 

regression models accounting for age and pack years. The data were stratified by disease 
status according to GOLD stage of disease definitions [143]. The patient demographics of this 

study are located in section 3.16.5. 

7.2.2 Generation of CRISPR Cas9 knockout cell lines 
Using CRISPR-Cas9, three unique knockout (KO) cell lines were established in A549 cells for 

UTX and UTY, with UTX/UTY double-knockouts (DKO) also generated, as described in 

section 3.2. Double-knockout cells were generated using an established UTY KO cell by 

completing the CRISPR-Cas9 process targeting a UTX exon. A schematic representation of 

the overall study design and analyses is included in the supplement as Supplementary Figure 

S7.1 

7.2.3 Cell culture and treatments 
All generated cell lines were maintained in DMEM growth medium (DMEM supplemented with 

10% (v/v) FBS and 1% (v/v) antibiotic/antimycotic). A detailed description of cell maintenance 

technique and cell treatments are located in section 3.1.  

7.2.4 Western blot 
UTX and UTY knockouts were confirmed by western blot analysis. Anti-human UTX (D3Q1l, 

#33S10S, Cell Signalling) and anti-human UTY (#PA5-68440, Invitrogen) were used to detect 

and visualise protein bands. H3K27me3 abundance was also measured in KO samples using 

anti-human H3K27me3 (323, #61018, Biosearch). Detailed methodology is located in section 

3.19. 
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7.2.5 Measurement of CXCL8 and IL6 protein secretion 
Wildtype, UTX KO, UTY KO and DKO cell-free supernatants were collected 24 hours post-

stimulation with TNFα (10 ng/mL). The concentration of CXCL8 and IL6 was quantified by 

ELISA and was completed as described in section 3.3.   

7.2.6 RNA-sequencing 
Whole-cell RNA extracts from wildtype, UTX KO, UTY KO and DKO cells were collected 48 

hours post TGF-β1 (10 ng/mL) stimulation and processed as described in section 3.10 and 

section 3.11.   

7.2.7 Differential gene expression analysis 
Differential gene expression analysis was completed using the Dseq2 package in R. Wildtype, 

UTX KO, UTY KO and DKO cell lines were compared 48 hours after serum starvation at 

baseline (no treatment) and 48-hour TGF-β1 stimulation. A detailed description of differential 
gene expression (DGE) analysis is located in section 3.12.  

7.2.8 LC-MS/MS proteomics analysis 
Proteomics analysis was completed for wildtype, UTX KO, UTY KO and DKO cell lines as 

described in section 3.17. Protein lysate samples were collected 72 hours after serum 

starvation at baseline (no treatment) and 72-hour TGF-β1 (10 ng/mL) stimulation. 

7.2.9 Gene set variation analysis (GSVA) 
GSVA was completed as described in section 3.14. This analysis used the protein abundance 

dataset generated by LC-MS/MS to compare the transcriptome and the proteome of UTX KO, 

UTY KO and DKO cell lines by tracking the production of DEGs to their corresponding proteins 

in the LC-MS/MS analysis dataset. 

GSVA was also completed on RNA-sequencing data from nasal brushing collected in the 

OLiVIA study. Enrichment scores for DEGs identified for UTX KO, UTY KO and DKO cell lines 

were analysed in never, ex and current smoker patients. Patient demographics are described 

in section 3.16.4. 

The relationship between GSVA enrichment scores for DEGs associated with each knockout 

cell line with COPD stage and FEV1/FVC for patients recruited for the SHERLOCk study was 

also assessed. This analysis was further stratified by sex. Patient demographics are described 
in section 3.16.5. 

7.2.10 Analysis of biological pathways enriched in knockout cell lines 
Pathway analysis was completed using the g: Profiler online tool for UTX KO, UTY KO and 

DKO cell lines, as described in section 3.15. 
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7.2.11 Cell proliferation 
The cellular proliferation rate of wildtype, UTX KO, UTY KO and DKO cells was assessed by 

manual cell counting after 96-hour incubation in growth medium as described in section 3.9.  

7.2.12 Cigarette smoke extract (CSE) generation 
Marlboro Red standard cigarettes (Philip Morris) were used to prepare CSE, as described in 

section 3.6.  

7.2.13 Cell viability assay 
The cellular viability of wildtype, UTX KO, UTY KO and DKO cells after 24 and 48-hour CSE 

exposure was assessed using the MTT assay as described in section 3.7.  

7.2.14 pQTL validation 
Gene expression correlation with protein abundance levels from UTX KO, UTY KO, and 
wildtype was analysed using pQTL for wildtype, ZFX KO and ZFY KO cells as described in 

section 3.18. 
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7.2.15 CSE-induced cell death in primary human airway smooth muscle cells 
The use of human tissue for this study was approved by the Ethics Review Committee of St 

Vincent’s Hospital Sydney and the University of Technology Sydney Human Research Ethics 

Committee (UTS HREC: ETH16-0507; St Vincent’s Hospital HREC/15/SVH/351). Written and 
informed consent was obtained from all volunteers or next of kin.  

Airways were isolated from the lung and small airways (less than 2 mm) in patients undergoing 

lung transplantation or resection for thoracic malignancies, as previously described[144]. 

Primary human airway smooth muscle (hASM) cells were grown in a T175 flask with DMEM 

growth medium. The cells were incubated at 37°C/ 5% CO2. At 80% confluency, cells were 

seeded at 3.4x104 cells/mL, as described in section 3.1, in a 6-well cell culture plate for the 

following experiments. Once confluency was achieved, primary hASM cells were exposed to 

cigarette smoke extract following the methods described in section 3.6. However, only one 

cigarette was bubbled through 25 mL of DMEM for 2 min, constituting 100% CSE. hASM cells 
were incubated with 15% and 20% CSE at 37°C/5% CO2 for 24 hours. Cell death was 

measured using two methods, the lactase dehydrogenase assay [144] and using mitotracker 

green [145], which have been previously described. An Accuri C6 flow cytometer was used to 

enumerate the live cells containing mitochondria stained with mitotracker green.  

Primary hASM cells were treated with MitoQ, to assess the impact of blocking mitochondrial 

reactive oxygen species (ROS) production. Briefly, hASM cells were pre-treated with MitoQ 

(50 nM) for 18 hours. Cells were then exposed to CSE at different concentrations post-ligand 

washout. The clinical features of the patients used for this work are summarised in Table 7.1. 

Table 7.1: Clinical summary of Non-COPD and COPD patients. Data are presented as the 

arithmetic mean +/- standard deviation. 

Non-COPD COPD 
n 7 7 

Age, yr 66 (+/- 5.35) 55 (+/- 7.19) 

Smoking History > 40 pack years > 40 pack years

FEV1/FVC > 0.7 < 0.4 

Surgery Resection Transplant 

FEV1 = Forced expiratory volume in one second; FVC = forced vital capacity. 
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7.3 Results 

7.3.1 UTY but not UTX gene expression correlates with COPD severity 
To examine whether UTY expression equivocates for the double dosage of UTX, we analysed 

the expression of both genes using paired nasal and bronchial brushing samples collected in 

the SHERLOCk study. Figures 7.1A & 7.1G demonstrate that the sum of UTX and UTY 

expression in males is greater than the total expression of UTX in females in both the nasal 

and bronchial samples. This difference is caused by significantly greater expression of UTY 

compared to UTX in males, where UTX expression in males is approximately 50% of that in 

females. Therefore, we observe an imbalance in both UTX and combined UTX and UTY 

expression between males and females.  

Considering this imbalance, we aimed to explore whether UTX and UTY expression changes 

in COPD. In the nasal epithelium, UTX expression is unchanged in males and females (Figure 
7.1B), but UTY is significantly increased in males (Figure 7.1C). This is directly opposite to 

what is observed in the bronchial epithelium, where UTX expression decreases in females 

(Figure 7.1H) and UTY expression decreases in males with COPD (Figure 7.1I). COPD is 

primarily a disease of the lower airways and respiratory tract. Nonetheless, it is important to 

recognise gene regulation differences in the nasal epithelium distinct from the bronchial 

epithelium. We explored this phenomenon further, reporting that changes in gene expression 

directly correlate with the severity of the disease (Figure 7.1F and 7.1L). Linear regression 

analysis of UTX and UTY gene expression with FEV1/FVC ratio revealed that only UTY 

correlated with lung function outcomes in COPD patients (Figure 7.1D and 7.1J). However, 
no significant association was reported for UTX. As such, UTY expression reflects the severity 

of COPD progression in patients. UTX expression in both males and females is reduced in the 

bronchial epithelium compared to the nasal irrespective of COPD diagnosis (Figure 7.1M & 

7.1N). However, UTY expression remains similar between the nasal and bronchus in non-

COPD patients yet shows a significant decrease in the bronchial epithelium in COPD patients 

(Figure 7.1O). This indicates that UTY is dynamically regulated in response to COPD 

diagnosis. These data demonstrate an essential and complex contribution of UTY to the 

progression and severity of COPD. 
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Figure 7.1: Gene expression of UTX and UTY in nasal brushings (A – F) and bronchial 
brushings (G – L) from COPD patients. (A & G) Average gene expression of UTX (blue) 

and UTY (pink) in males and females in counts per million (CPM). (B, C, H & I) Gene 

expression of UTX and UTY stratified by COPD diagnosis and sex. (D & J) UTY log2CPM 

gene expression correlated with FEV1/FVC ratio in males with COPD; data were analysed 

using a linear regression model. (E, F, K & L) UTX and UTY log2CPM gene expression 

stratified by COPD disease stage. (M – O) UTX and UTY log2CPM gene expression in paired 
nasal (grey) and bronchial (black) brushing samples, stratified by disease diagnosis. All data 

(except D, J, M – O) presented as the arithmetic mean +/- SEM and analysed by one-way 

ANOVA with Tukey posthoc test. (M – O) analysed by two-way ANOVA with Sidak correction 

for multiple comparisons. n = 101 females/89 males nasal brushings and 85 females/88 males 

bronchial brushings. All UTY analyses only included male patients. Statistical significance was 

determined at p < 0.05 and signified by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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7.3.2 Double-knockout of UTX and UTY alters cell death mechanisms in 
response to cigarette smoke extract 
It is essential to explore the overall contribution of UTX and UTY to the pathological processes 

involved in COPD. As such, we investigated the function of both genes in inflammation, cell 

death and proliferation by generating A549 knockout cell lines using CRISPR-Cas9. Three 

different cell lines were generated, UTX knockout, UTY knockout and a UTX/UTY double-

knockout (DKO). Confirmation of gene knockout was completed using western blotting of 

H3K27me3, the target histone site for UTX and UTY (Figure 7.2A), and RNA-sequencing 

(Figure 7.2B & 7.2C). Genome sequencing confirmed the introduction of stop codons or indels, 

leading to a truncated protein sequence (Supplementary Figure S7.2). Interestingly, UTX 

expression indicates a trend towards decreased expression in UTY KOs (Figure 7.2B). 

Comparatively, UTY gene expression in UTX KOs is similar to wildtype cells (Figure 7.2C). 

There is no significant change from wildtype levels for both UTX and UTY expression in 
double-knockout cell lines. This highlights that a complex regulatory network exists between 

UTX and UTY. Both genes are required for normal function, but some compensation and 

equivalent function exist in single knockouts.  

The functional characterisation of the knockout cell lines supports this. No significant 

difference in the regulation of CXCL8 and IL6 was observed across all cell lines (Figure 7.2D 

& 7.2E). A trend towards reduced proliferation (Figure 7.2F) and doubling time (hours) was 

found in UTX (24 hours) and UTY (25 hours) KOs, but a significantly slower rate of proliferation 

in DKO (33 hours) compared wildtype cells (23 hours).  

Cigarette smoking is a major contributory factor to COPD development and progression. As 
such, Figures 7.2G and 7.2H explore the different contributions of UTX and UTY in regulating 

cell death induced by cigarette smoke extract (CSE). After 24-hour exposure, UTY KOs 

reported higher survival levels than wildtype cells after exposure to 50% and 75% CSE (Figure 

7.2G), but this difference does not exist after 48 hours. No change in survival is seen for UTX 

KOs. A significant increase in survival is seen for DKO cell lines. After 24 hours, more than a 

75% survival rate is seen for all CSE concentrations (Figure 7.2G). After 48 hours of exposure 

to 50% CSE, 80% cell survival is recorded for DKO cells compared to no treatment, whilst the 

death rate is similar to wildtype at higher CSE concentrations. 
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Figure 7.2: Changes in regulation of inflammation, proliferation and cell survival in 
knockout cell lines. (A) Western blot analysis of H3K27me3 in wildtype, UTX KO and UTY 

KO cell lines. (B & C) log2 counts per million (CPM) gene expression for UTX (B) and UTY (C) 

across all cell lines. (B – F) the x-axis indicates the genotype of the cell line. CXCL8 (D) and 

IL6 (E) were measured after 24-hour TNFα (10 ng/mL) stimulation in cell-free supernatant by 
ELISA. (F) Cell counting measured proliferation after 96 hours of incubation at 37°C/5% CO2 

in growth medium. Percentage cell survival compared to control was analysed using MTT 

assay 24 (G) and 48 hours (H) after cigarette smoke exposure (CSE). All data are presented 

as mean +/- SEM. (B – F) One-way ANOVA statistical analysis was conducted using Tukey's 

multiple comparison corrections; *p<0.05, ****p<0.0001, n=6-12. (D – E) Two-way ANOVA 

with two-stage step-up Benjamini, Kreiger and Yekutieli multiple comparisons correction 

method used; *p<0.05, **p<0.01, n=8-9. Black dots represent wildtype cell lines, red 

represents UTX knockout cells, blue represents UTY knockout cells, and purple represents 

DKO. 
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7.3.3 Knockout of UTX primarily contributes to the expression profile of the 
double-knockout cell line 
We completed RNA-sequencing analysis to explore genes and pathways that are differentially 

regulated in UTX, UTY and double-knockout cell lines. Differential gene expression analysis 

was conducted without stimulation to observe differences at baseline compared to wildtype 

cells. UTX KOs reported 1215 differentially expressed genes (DEGs), UTY KOs had 1435 

DEGs and double-knockout cells presented 1725 DEGs (Figure 7.3A – 7.3C).  

We compared the single knockout cell lines at baseline to explore the distinct functions of UTX 

and UTY. However, we removed the DEGs when either single KO cell lines were compared 

to wildtype cells to investigate how they affect different pathways. This analysis revealed 

genes exclusively regulated between UTX and UTY, highlighting genes regulated explicitly by 

either gene. This analysis revealed 76 differentially expressed genes distinctly regulated by 

either UTX or UTY (Figure 7.3D). This finding emphasises that UTX and UTY have similar 
targets, but a distinct subset of gene targets does exist, potentially contributing to the 

functional differences reported in Figure 7.1. We completed a similar double-knockout analysis 

method but subtracted significant differentially expressed genes by UTX and UTY single 

knockouts at baseline from the double-knockout comparison to wildtype cells. Subsequently, 

787 genes were reported to be uniquely differentially expressed in the DKO cell lines (Figure 

7.3E). This analysis reveals a significant subset of differentially regulated genes to 

compensate for the loss of both UTX and UTY. These genes are not dysregulated when either 

UTX or UTY are individually knocked out compared to wildtype cells. As such, this gene list 

represents genes that are similarly regulated by both UTX and UTY. Table 7.2 summarises 
pathway analysis of the top 50 genes up or downregulated in the above analyses. Histidine 

catabolism is positively enriched in UTY knockout cells with mitochondrion-related processes 

downregulated. These pathways may contribute to the differential response of UTY to 

cigarette smoke exposure. 

The heatmaps (Figure 7.3F & 7.3G) demonstrate how differentially regulated genes in DKOs 

(Figure 7.3E) and unique to UTX and UTY (Figure 7.3G) are altered across all cell lines. 

Interestingly, Figure 3G shows genes upregulated in UTX KOs are similarly upregulated in 

DKOs. This finding indicates that the majority of change in responsiveness observed in DKOs 

is due to the loss of UTX, which has a uniquely distinct effect on gene expression outside of 
the function of UTX. The gene HSP90AB1 was significantly upregulated across all knockout 

cell lines compared to wildtype cells (Figure 7.3H). This gene encodes the heat shock protein 

90 alpha B1 (HSP90ab1) which is closely associated with apoptotic processes and the 

mitochondrial function[146]. CHORDC1 expression was increased in UTY and DKO knockout 

cell lines compared to wildtype cells, with expression from DKO cells also significantly 
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increasing compared to wildtype cells (Figure 7.3I). This gene functions as a co-chaperone 

with HSP90ab1 across various cellular processes. This data indicates that HSP90ab1 

increased expression paired with increased expression of CHORDC1 promotes increased cell 

survival to CSE, as depicted in Figure 7.2H.  
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Figure 7.3: Differential gene expression analysis of UTX and UTY knockout cell lines. 
(A – D) Volcano plots of -log10(p-value) against log2 Fold-change in gene expression for UTX 

(A), UTY (B) and double-knockout (C) cell lines against wildtype cells at baseline. (D) presents 

genes differentially expressed between UTX and UTY knockout cell lines, which are not 
altered when either individual KO is compared to wildtype cells. (E) presents genes that are 

differentially expressed between DKO and wildtype cells that are not also changed when UTX 

or UTY are knocked out alone. Statistical significance was determined at a false discovery 

rate < 0.05 (horizontal line) and log2FC > |1.0| (vertical lines). (E & F) Supervised heatmap of 

differentially expressed genes in the double-knockout cell line (E) and the DEGs unique to 

UTX and UTY (F) at baseline. Genes with increased expression are coloured red, and 

decreased genes are coloured blue. The genes are tracked for wildtype (purple), double-

knockout (yellow), UTY KO (orange) and UTX KO (green) cells. Log2 counts per million (CPM) 

gene expression for HSP90AB1 (H) and CHORDC1 (I) presented as the arithmetic mean +/- 

SEM. Data is analysed by one-way ANOVA with Tukey's correction for multiple comparisons. 
Statistical significance is represented by *p<0.05, **p<0.01 and ****p<0.0001; n=3 for all 

analyses. 

Table 7.2: Summary of g: profiler pathway analysis using genes up and downregulated 
genes across all knockout cell lines at baseline.  

Increased in UTX KO at 
baseline 

Increased in UTY KO at 
baseline 

Increased in DKO at 
baseline 

Enriched 
Pathway FDR Enriched 

Pathway FDR Enriched 
Pathway FDR 

Cell surface 
receptor 
signalling 

4.5x10-2 Histidine 
catabolic process 

1.8x10-2 Cell surface 
receptor 
pathway 

2.7x10-2 

Cell death 2.1x10-2 Histidine 
metabolic 
process 

2.9x10-2 Basement 
membrane 

3.3x10-4 

Decreased in UTX KO at 
baseline 

Decreased in UTY KO at 
baseline 

Decreased in DKO at 
baseline 

Enriched 
Pathway FDR Enriched 

Pathway FDR Enriched 
Pathway FDR 

Superoxide-
generating 
NADPH oxidase 
activator activity 

4.8x10-2 Mitochondrion 6.0x10-3 Cellular 
response to 
stimulus 

1.1x10-2 

Secretory 
vesicle 

2.4x10-2 EGR-EP300 
complex 

4.9x10-2 Signal 
transduction 

1.3x10-2 

FDR = false discovery rate; NADPH = nicotinamide adenine dinucleotide phosphate; EGR = 

early growth response 1 
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7.3.4 UTX and UTY can partially compensate for the loss of the other 
Differential gene expression analysis indicated an ability for UTX and UTY to compensate for 

the loss of the other gene. We used GSVA analysis to explore this concept in more detail 

across all cell lines. Genes upregulated when UTX or UTY is knocked out are upregulated 
across all knockout cell lines (Figure 7.4A & 7.4B). Similarly, genes downregulated in UTX 

and UTY KOs are also downregulated across all knockout cell lines (Figure 7.4E & 7.4F). 

Notably, genes are downregulated at a greater level when UTX and UTY are knocked out, 

indicating these genes function as more potent gene activators than repressors. This is 

confirmed by other studies showing H3K27me3 as a repressive mark [147]. This notion is 

further supported when investigating genes up (Figure 7.4C) and downregulated (Figure 7.4G) 

by DKO cells. Importantly, these results show that genes dysregulated in DKO cells are 

similarly altered in the single knockout cell lines, although to a lesser extent. Figures 7.4D & 

7.4H highlight that the transcriptome of UTX KO cells is more similar to DKO cells, with UTY 

KOs demonstrating a distinctly opposite regulation of the same gene set. Importantly, this 
reinforces that UTX and UTY have different effects on gene regulation. These GSVA results 

show UTX and UTY cannot compensate when the other is absent. Interestingly, we highlight 

that a unique and distinct set of genes are upregulated when UTX and UTY are knocked out, 

which are not altered compared to wildtype cells in single knockout cells.  
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Figure 7.4: GSVA analysis of differentially expressed genes across all cell lines. Genes 

upregulated (A – D) or downregulated (E – H) in UTX, UTY and double-knockout cell lines to 

wildtype cells at baseline. Data are presented as arithmetic mean +/- SEM and analysed using 

one-way ANOVA with Tukey correction for multiple comparisons. Statistical significance is 

indicated by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n = 3.  
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7.3.5 Changes in gene expression are reflected at a protein level 
We have established unique responses between all knockout cell lines at a transcriptomic 

level. However, it is necessary to complete peptide-centric proteomic analysis to confirm 

whether these changes in gene expression are functionally apparent at a protein level. We 
used LC/MS-MS analysis with GSVA to determine whether differentially expressed genes 

were tracked through a protein abundance dataset. Three proteins were significantly 

downregulated in UTX KOs compared to wildtype cells at baseline (PLS1, ANXA13 and MCU). 

The same three genes were downregulated in UTY KOs with SLC9A3R1 also decreased 

(Figure 7.5A & 7.5B). More proteins were differentially expressed in the DKO cell lines, with 

41 proteins increased, and 196 proteins decreased, compared to wildtype cells. Both PLS1 

and ANXA13 were the two most significant differentially expressed proteins across all cell 

lines. Figure 7.5D shows that DKO cells have a unique expression profile at a protein level 

compared to UTY and UTX KOs, which are relatively similar. The profile of this protein 

heatmap shows a more significant difference between DKOs and the single knockout cell line 
than in the gene expression heatmap (Figure 7.3F). This observation, combined with the 

significantly increased number of differentially expressed proteins in DKO compared to single 

knockouts, indicates that UTX and UTY affect translational processes and factors.  

Across all three differential protein analyses, PLS1 (Plastin 1), MCU (Mitochondrial calcium 

uniporter), and ANXA13 (Annexin A13) are consistently significantly downregulated (FDR < 

0.05; log2FC < -1). We report these proteins to demonstrate equally reduced protein 

abundance in all knockout cell lines compared to wildtype cells (Figure 7.5E – 7.5G). This 

indicates that UTX and UTY are vital regulators of these proteins, with the presence of both 

UTX and UTY together necessary for normal expression. 

GSVA analysis of significant differentially expressed genes tracked in the protein dataset 

demonstrated that changes in gene expression and similarly reflected at the protein level 

(Supplementary Figure S7.3A – S7.3F). This analysis reinforces that double-knockout of UTX 

and UTY has a compounding effect on gene expression. Genes up or downregulated in DKO 

are also increased or decreased in single knockout cell lines, although less than what is 

reported when both genes are knocked out (Supplementary Figure S7.3C & S7.3F). As such, 

UTX and UTY have overlapping targets, where the presence of one can partially compensate 

for the loss of the other.  
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Figure 7.5: GSVA of differentially expressed genes in proteomics dataset. (A – C) 
Volcano plots of -log10(P-value) against log2 fold change in protein abundance for UTX (A), 

UTY (B) and double-knockout (C) cell lines compared to wildtype cells at baseline. The solid 

horizontal black line indicates a false discovery rate (FDR) of 0.05. Dotted red vertical lines 

represent log2 fold change |1.0|. Blue dots represent statistically significant proteins that are 
downregulated; red dots represent statistically significant proteins that are upregulated. (D) 

Supervised heatmap of differentially expressed genes in the double-knockout cells line across 

all cell lines used. Genes with increased expression are coloured red, and decreased genes 

are coloured blue. The genes are tracked for wildtype (purple), double-knockout (yellow), UTY 

KO (orange) and UTX KO (green) cells. Log2 Protein intensity measured by LC-MS/MS of 

PLS1 (E), MCU (F) and ANXA13 (G) in all cell lines at baseline. Data is analysed by differential 

protein analysis with statistical significance, an FDR < 0.05, and Benjamini-Hochberg 

correction for multiple comparison testing. (E - G) Data are presented as the arithmetic mean 

+/- SEM. Statistical significance is indicated by *FDR<0.05, **p<0.01 and ***p<0.001. n = 3 

for all analyses. 
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7.3.6 Differentially regulated genes in UTX/UTY double-knockout are altered 
with smoking status 
Figures 7.2G & 7.2H demonstrated significantly increased survival rates in DKO cells 

compared to wildtype, with a slightly increased survival rate in UTY KOs. As such, exploring 

how differentially expressed genes in the knockout cell lines are altered in patients with 

different smoking histories was pertinent. We conducted GSVA analysis of DEGs identified in 

our knockout cell lines within a cohort of never, ex and current smoking patients[20]. The 

results show that genes upregulated or downregulated in UTX (Figure 7.6A & 7.6E) and UTY 

(Figure 7.6B & 7.6F) knockout cell lines are not altered with smoking status. Genes 

upregulated in DKO cells also show no change (Figure 7.6C). However, downregulated genes 

indicate increased expression in ex-smoker nasal epithelium compared to never-smoker 

patients (Figure 7.6G).  

When the refined list of differentially expressed genes unique to the DKO cell line is used, we 
report distinct changes in gene expression depending on smoking status. These genes are 

only differentially expressed in DKO cells and not altered in the single knockout cell line. 

Genes that are only upregulated in DKOs compared to wildtype cells are increased in ex-

smokers compared to both never and current smoker individuals, with no difference reported 

between never and current smokers (Figure 7.6D). The reverse is observed for genes that are 

only downregulated in DKO cells. These genes are also downregulated in the nasal epithelium 

of ex-smokers but are not significantly changed in never or current-smoker patients (Figure 

7.6H). These findings indicate that UTX and UTY function together to produce an adaptive 

response to cigarette smoke when the stimulus is removed. This highlights a potential 
mechanism for epigenetic modifications in response to cigarette smoke exposure in the 

respiratory tract.  
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Figure 7.6: Enrichment of differentially expressed genes in knockout cell lines in nasal 
epithelium of patients with different smoking statuses. Grey dots = never smokers, blue 

dots = ex-smokers and red dots = current smokers. A subset of the top 50 significantly 

increased (A – D) and decreased (E – H) genes in all knockout cell lines. Data are presented 

as the arithmetic mean +/- SEM. One-way ANOVA completed statistical analysis with Tukey's 

post hoc test. Statistical significance is represented by *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001; n = 36 never smokers/ 30 ex-smokers/ 36 current smokers. 
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7.3.7 Mitochondrial and H3K27 functions are altered in COPD affecting cell 
death mechanisms 
A link between UTX and UTY and cigarette smoking exists (the primary factor contributing to 

COPD development). We highlight increased cell survival in UTY KO cells compared to 

wildtype cells. Dysregulated cell death is an essential pathological feature contributing to the 

destruction of lung tissue and alveolar structures. We aimed to investigate differences in cell 

death responses to cigarette smoke extract in primary cells isolated from the airways of COPD 

and non-COPD patients. Figure 7.7A shows increased cell death after 20% CSE exposure in 

non-COPD patient cells compared to baseline, whilst no difference is reported for COPD cells. 

This finding is replicated using mitotracker green (Figure 7.7B). This methodology highlights 

a distinct loss of mitochondria in non-COPD cells after CSE exposure, which does not occur 

in COPD-derived cells. These results establish that the regulation of cell death in COPD is 

aberrant, leading to increased cell survival rates, with mitochondrial-related pathways 
potentially involved. Subsequently, cells were treated with MitoQ – a targeted antioxidant 

compound that reduces the production of reactive oxygen species (ROS) from mitochondria 

[148]. Non-COPD patient-derived cells demonstrate increased survival in response to 20% 

CSE exposure with mitoQ treatment (Figure 7.7C), whilst no change in cell survival occurred 

in COPD patient-derived cells. Therefore, mitochondrial-related cell death mechanisms are 

aberrant in COPD. Importantly, all patients in this study are heavy smokers, meaning that 

difference in survival rates is due to the presence of COPD and is independent of a lifetime 

smoking effect.  

Increased cell survival in COPD-derived cells reflects the increased survival we observed in 
the DKO cell lines in response to CSE (Figure 7.2G & 7.2H). This pattern indicates that genes 

regulated by UTX and UTY may be altered in COPD patients, causing increased cell 

survivability to noxious stimuli. Genes upregulated in DKO cells compared to wildtype are 

decreased in the nasal epithelium of COPD patients (Figure 7E). This decrease is predominant 

in severe COPD patients, with mild COPD individuals demonstrating no difference compared 

to non-COPD patients (Figure 7.7F). In the bronchial epithelium, genes downregulated in DKO 

cells are increased in COPD patients (Figure 7.7G), with this increase seen only in severe 

COPD patients (Figure 7.7H). Therefore, we have identified a gene expression signal 

regulated by UTX and UTY, reflecting the stage of COPD progression.  

The FEV1/FVC ratio is the primary measurement for the severity of COPD. Therefore, we used 

linear regression analysis to assess the relationship between lung function and GSVA 

enrichment score from our knockout cell lines. Considering the distinct patterns of COPD 

susceptibility and severity between males and females combined with the unique expression 

pattern of UTY (Figure 7.1), we investigated the association between DEGs in UTY KOs and 
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the severity of COPD. Genes upregulated in DKO cells at baseline positively correlated with 

lung function scores for both sexes in the nasal epithelium (Figure 7.7I). In contrast, genes 

downregulated in DKO cells are negatively associated with lung function in the bronchial 

epithelium (Figure 7.7J). Next, we analysed genes that are regulated explicitly between UTX 

and UTY. Genes relatively downregulated in UTY KO cells indicate a negative correlation with 
lung function in males (Figure 7.7K). When UTY is absent, these genes have reduced 

expression, which is associated with worse lung function outcomes only in male patients. 

Similarly, when genes that are relatively upregulated when UTY is absent are increased in 

male patients, the patients indicate worse FEV1/FVC ratios (Figure 7.7L). Importantly, these 

correlations highlight that males with COPD demonstrate greater responsiveness to gene 

expression changes, affecting lung function.  



166 

Figure 7.7: Comparison of cell death in non-COPD (grey) and COPD (black) hASM cells 
(A – C) and comparison of GSVA enrichment scores of differentially expressed genes 
in double-knockout cells with COPD severity (D – K). (A & C) Measurement of cell death 

using LDH assay after exposure to 20% cigarette smoke extract between non-COPD (grey) 

and COPD (black) patients derived hASM cells. (B) Analysis of cell death using mitotracker 

green dye methodology. Data are presented as mean +/- SEM and analysed by a mixed-

effects model with Sidak correction for multiple comparisons; n = 3 non-COPD & 7 COPD. 

GSVA enrichment scores were generated using the top 50 significant differentially expressed 
genes in the double-knockout cell line at baseline in non-COPD and COPD patient nasal (D, 

E, H & J) and bronchial (F, G, I & K) epithelium. Analysis was stratified by disease stage (E & 

G). Data are presented as the arithmetic mean +/- SEM and analysed by parametric t-test (D 

& F) or one-way ANOVA with Tukey correction for multiple comparisons (E & G); n = 23 non-

COPD/ 24 mCOPD/ 125 sCOPD. Statistical significance is represented by *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. (H – K) A multiple linear regression model assessed the 

correlation between GSVA enrichment score and FEV1/FVC in COPD patients. Statistical 

significance was determined at p<0.05; n = 51 males/ 91 females. 
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7.4 Discussion 
We identify a unique expression pattern for UTY in COPD patients, where UTY is decreased 

in the nasal epithelium but increased in the bronchial epithelium. This change of expression 

correlates with disease severity, with the change of expression increasing or decreasing with 

the stage of COPD for the patient. As such, we highlight a potential contribution or 

dysregulation of UTY in a disease state which may contribute to COPD patient outcomes. 

Using knockout cell lines, we demonstrate that when UTX and UTY are both knocked out, cell 

proliferation dramatically decreases and cell survival to noxious stimuli increases significantly. 

We identify some ability for UTX and UTY to compensate for the loss of the other gene using 

single knockout cell lines. However, we also identify a list of genes exclusively differentially 

regulated between UTX and UTY, which we postulate mostly comprises gene targets beyond 

demethylase functions [138]. We recognise a complex interaction between UTX and UTY 

function using independent clinical datasets with both the smoking response and COPD 
development. 

The distinct change in the expression of UTY in the nasal and bronchial epithelium highlights 

a complex interplay between the gene and COPD. This observation arguably contradicts the 

‘field of injury’ concept where similar common molecular responses to stimuli are observed 

throughout the respiratory tract [149]. Although, this pattern may be a protective mechanism 

of the body in preparation for future insults. The GSVA analysis in patients with different 

smoking histories revealed an alteration in gene expression patterns observed only in ex-

smokers. This trend indicates that the body attempts to form protective changes upon 

removing the stimuli through epigenetic mechanisms. As COPD is a disease of the lower 
respiratory tract, affecting bronchioles and alveoli [150, 151]. Therefore, the observed 

discrepancy in UTY expression between the nasal and bronchial epithelium may indicate an 

interaction between the upper and lower respiratory tracts in COPD.  

UTX is described to have significantly more histone demethylase activity than UTY [138, 141, 

152], which is confirmed through our western blot analysis. Despite this divergence in the 

active catalytic domain, multiple studies have proposed redundancy in the functions of UTX 

and UTY [147, 153], indicating demethylase-independent functions for both genes [154]. Our 

data support this notion, as we observe a moderate response in single knockout cell lines, 

whereas the effect is significantly exaggerated in the double-knockout cell line. However, there 
are exceptions also reported. DKO cells demonstrate significantly increased survival to 

cigarette smoke extract, and UTY KO cell lines also indicate slightly increased survival. 

However, no change to wildtype is reported for UTX KO cells. The loss of Y-chromosome-

linked genes with smoking and subsequent increased risk of aberrant regulation of cell death 

is well reported [155-157]. Our data indicate a significant contribution of UTX maintaining and 



168 

supporting correct cell death mechanisms. In particular, heat shock protein 90 (HSP90) 

isoform HSP90ab1 and CHORDC1 have been linked with COPD, where dysfunction of HSP90 

is associated with decreased risk of COPD development and apoptotic mechanisms involved 

in hyperoxic cell death [158-160]. We identify HSP90ab1 is upregulated in all single and 

double-knockout cell lines, however, CHORDC1 expression is also increased in UTY and 
DKOs with no change reported in UTX KOs. This pattern and magnitude of the change in 

expression directly reflect the altered pattern of cell survival to CSE. Therefore, we propose 

that UTX and UTY both regulate the expression of HSP90. However, the increased expression 

of the co-chaperone molecule CHORDC1 [158] results in a dysregulation of apoptotic 

processes.  

A distinct interaction between cigarette smoking and dysregulation of cell death and 

proliferation and the pathogenesis is described in the literature [117]. A differential response 

between non-COPD and COPD-derived cells to CSE has been reported [9]. We show cells 

isolated from COPD patients have increased survival rates compared to cells derived from 

non-COPD patients. This pattern reflects our observed response by UTY and DKO cell lines 
to CSE. Mitotracker Green is a reliable reporter of mitochondrial mass in live cells [161], with 

mitochondrial level functioning as a marker of apoptotic cell fate. This combined with MitoQ, a 

mitochondrial-specific antioxidant [162], protecting only non-COPD patient cells from CSE-

induced cell death, implicates a dysregulation of mitochondria promoting persistent survival 

from COPD cells. Mitochondrion-related biological pathways were negatively enriched in UTY 

KO cells, and the HSP90 proteins interact closely with the mitochondria to regulate cell death 

[163]. Importantly, patients selected for this analysis were matched for smoking history, 

indicating that dysregulation of mitochondria is a function specific to COPD diagnosis and not 

smoking. Collectively, these data indicate that UTX and UTY may function at the nexus of 
mitochondrial regulation of cell death through HSP90 and CHORDC1. However, future studies 

are needed to explore and identify whether UTX and UTY are contributing to this mechanism 

via demethylase or non-demethylase activity. 

We identify that UTY potentially contributes more to sex differences in COPD outcomes, 

although UTX stops greater aberrant pathological processes from occurring. This discrepancy 

is apparent through the gene signature we generated via GSVA analysis in COPD patients. 

Gene upregulated or downregulated in DKO cell lines at baseline indicated a significant 

correlation with COPD severity through FEV1/FVC scores. Notably, this correlation was 

predominantly reported in male patients, namely in the bronchial epithelium (the primary site 
of COPD pathology). This apparent stability of gene expression in females may be due to 

double dosage UTX from two X-chromosomes.  
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This study builds upon previous work characterising the function of UTX and UTY. We 

highlight some redundancy allowing both genes to compensate for losing the other. But also 

demonstrate that both genes are necessary for correct cell cycle regulation. Our use of both 

single knockout and double-knockout cell lines allowed for greater depth of analysis and 

identification of novel functions of UTX and UTY. However, following up on many of the 
potential mechanisms and pathways identified remained beyond the scope of the current 

analysis. Nonetheless, this body of work provides a strong basis for future studies to explore 

the contribution of UTX and UTY in greater detail. Supporting analysis of differential gene 

expression after CSE exposure may provide more insight into functional differences between 

the cell lines. Although, the observed baseline differences offer a valid perspective of the 

pathways basally altered by these genes. Cumulatively these data provide exciting insight and 

momentum for future studies to continue investigating how UTX and UTY affect sex 

differences and the progression of COPD.   

7.5 Conclusion 
In summary, we identify a novel expression profile for UTY in COPD throughout the respiratory 

tract and confirm and expand on the current literature on the functions of UTX and UTY. We 

show that UTX and UTY, to an extent, can compensate for the loss of the other, but our DKO 

model reveals more about their combined regulatory role in cell death and the cell cycle. These 

pathologically relevant processes are shown to be prevalent in COPD, linking dysregulation 

of UTX but primarily UTY to sex differences in COPD progression and severity. The results of 

this study provide future investigations with greater scope and potential gene targets. Building 

upon this knowledge will help find and understand mechanisms causing sex differences in 
disease, leading to the development of new, more effective treatments to improve patient 

outcomes.  
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7.6 Supplementary Figures 

Figure S7.1: Schematic presentation of Chapter 7 study design and techniques used. 

Figure S7.2: Dendrogram and indel graphic of representative of knockout cell lines. 
Dendrograms of UTX (A) and UTY (C) sequences were generated using Benchling.com and 

aligned to a wildtype sequence. A deleted base is highlighted in red with a dash (-); 16 bases 

have been deleted in the representative UTX KO (A), and two bases were deleted in the 

represented UTY KO sequence. The translated amino acid sequence is presented below each 

respective dendrogram with an asterisk (*) indicating a stop codon. (B & D) Total eff. = the 

percentage of the sample sequences that indicate the mutation shown in the dendrograms. 
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Figure S7.3: GSVA analysis of differentially expressed genes in the proteomics dataset. 
Genes upregulated (A – C) or downregulated (D – F) in UTX, UTY and double-knockout cell 

lines to wildtype cells at baseline tracked for their corresponding protein abundance in the 

proteomics dataset. Data are presented as the arithmetic mean +/- SEM and analysed using 

one-way ANOVA with Tukey correction for multiple comparisons. Statistical significance is 

indicated by *p<0.05, **p<0.01, ****p<0.0001. n = 3.  
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Chapter 8 - General summary, discussion and future 
directions 
Sexual dimorphism refers to differences between males and females at the organ, cellular and 

molecular levels. This observable divergence between the sexes is critical for establishing 

biological differences and enabling sexual reproduction [24]. Sexual dimorphism as a 
phenomenon has been largely understudied and subsequently misunderstood [164]. In 

particular, many studies have overlooked the impact of biological sex as a determining factor 

in disease, often considering sex as a covariate or confounding factor in epidemiological 

studies. This oversight has limited our understanding of differences in disease patterns and 

processes between males and females. In recent years sex as a critical biological factor has 

garnered increased attention, motivated by a statement by the National Institute of Health 

(NIH) [165]. This call highlighted that biology must be considered at all levels of research, from 

the design of experiments, analysis of data and reporting findings from animal and human 

studies. This sentiment is reflected throughout multiple research and reviews articles that have 

delved into the differences between males and females [28, 30, 124, 166]. A key finding noted 

by these studies is that sex differences exist across multiple diseases, but an individual's 

response to treatment may also be related to the biological sex[30, 167]. An essential and 

prudent goal of this is to develop novel, more effective and personalised medical interventions 

to improve patient health outcomes.  

A detailed review of the literature, as presented in Chapter 1, highlights that sex differences 

are prevalent in disease susceptibility, progression and prognosis. This pattern exists across 

multiple organ systems, with the more susceptible sex varying depending on the disease with 

the organ [28]. For example, adult males are more likely to suffer idiopathic pulmonary fibrosis 

[168], whilst adult females with asthma demonstrate increased rates and worse outcomes with 

asthma [32]. As such, a distinct yet highly complex interaction between biological sex and 

disease exists.  

Asthma and chronic obstructive pulmonary disease (COPD) are two prevalent chronic 

respiratory diseases. Australia has one of the highest rates of asthma in the world, with 11.2% 

[169] and COPD presents as the fifth leading cause of death in the country [170]. As such,

these conditions significantly burden the Australian healthcare system and population and 

present as pertinent diseases for further research. Furthermore, both these conditions present 

a unique pattern of sex differences, making them ideal candidate diseases for the focus of this 

thesis. Young males demonstrate an increased incidence of asthma compared to young 

females (12.1% vs 7.9%) [87], although this pattern flips post-puberty towards increased 

asthma diagnosis in females (13.9%) compared to males (9.6%). COPD indicates greater 
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severity in females [171]. This may be driven by a response to cigarette smoking, where 

females show worse lung function than males despite similar smoking rates [128].  

Importantly, sex differences in asthma and COPD are observable at a molecular level, leading 

to differences in pathological processes. For example, immune cell populations between 

males and females with asthma are distinct and different [172], males experience more 
significant alveolar destruction in COPD compared to more small airway inflammation and 

fibrosis in females [127].  Despite the considerable burden of asthma and COPD on society, 

the exact cause and disease mechanisms for both conditions remain poorly understood. We 

hypothesise that by exploring the mechanisms promoting sexually dimorphic 

pathophysiological processes, a deeper holistic understanding of the diseases will occur. This 

will shed light on fundamental pathologic features, enabling the development of novel 

treatments for patients.  

Chapter 2 presents data that shows that sex differences in the regulation of proinflammatory 

cytokines CXCL8 and IL6 are observable in vitro [173]. This data revealed that irrespective of 

the disease diagnosis, primary pulmonary fibroblasts isolated from female patients produced 
more IL6 than male cells when stimulated with TNFα. No change in CXCL8 production was 

reported between the sexes. Notably, differential IL6 production was observed from cells 

removed from the human body and hence, removed from the impact of the sex hormones. 

Therefore, we propose the observed sex difference in inflammation was driven by an intrinsic 

factor that differs between male and female cells. This conclusion provided evidence that sex 

chromosome-linked factors may contribute to this effect. 

Human males carry one X chromosome and one Y chromosome, whilst females carry two 

copies of the X chromosomes. To account for this discrepancy, one X-chromosome in females 

is inactivated [174]. Approximately 15-25% of X-chromosome genes escape inactivation (XCi), 

with the expression levels of these genes attributed to phenotypic variability between the 

sexes[175]. As a result, females present with a 'double-dosage' of these genes. Many of these 

genes have highly similar but non-exact homologs on the Y-chromosome (XY gene pairs) to 

'balance' gene expression between males and females. In particular, a growing body of work 

demonstrates the Y-chromosome has an active contribution to disease processes [40, 176, 

177]. It was previously thought the expression of Y-chromosome genes is limited to the 

gonads; however, studies show that its expression can be elevated in non-reproductive tissues 

[178]. Furthermore, XY gene pairs include whole genome regulatory factors such as 

transcription factors (ZFX and ZFY), ribosomal subunits (RPS4X and RPS4Y1) and epigenetic 

histone demethylases (UTX and UTY) [1]. As such, these genes regulate the normal cellular 

and molecular processes at a whole genome level. As the sequences can differ up to 16%  at 
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an amino acid level [137], this may lead to an imbalance or functional variations between the 

X and Y chromosome-linked versions. Earlier studies have shown that these genes regulate 

disease processes [45, 94, 179]. However, limited studies have attempted to explore and 

compare the functions of these genes to identify important regulatory mechanisms due to 

variations in the sequence of XY gene pairs and subsequent divergence in function. As 
females do not express the Y-linked version, this may lead to sex biased gene expression 

driving sexual dimorphism in disease susceptibility, severity and pathological mechanisms in 

asthma and COPD.  

This notion informed the general aim of this thesis and project. To investigate the functions of 

candidate X and Y chromosome gene pairs (ZFX, ZFY, RPS4X, RPS4Y1, UTX and UTY) for 

their contribution in regulating hallmark features of asthma and COPD – inflammation, fibrosis 

and cell death. We further aimed to compare the functions of these genes to determine 

whether the Y chromosome-linked homolog can account for the double-dosage of the X 

chromosome-linked gene.  

We generated CRISPR-Cas9 knockouts (KO) for the candidate XY gene pairs with multi-omics 
analyses to explore this aim. This methodology highlighted changes at a transcriptomic and 

protein level allowing the identification of novel functions and pathways for each gene. As a 

result, we have generated a valuable body of work that provides the impetus for future studies 

to further expand on the imbalance between X and Y chromosome gene pairs and their 

contribution to disease outcomes. The following three sections will outline our novel findings 

in inflammation, fibrosis and cell death associated with the candidate XY gene pairs. 

8.1 XY gene pair regulation of the inflammatory response 
Inflammation is a critical pathological feature in asthma and COPD, with TNFα established as 

a prominent elevated inflammatory stimulus [101, 180, 181]. As such, we have used TNFα as 

a proinflammatory stimulus to explore how the candidate genes regulate the immune 

response. CXCL8 and IL6 are major cytokines that activate the infiltration and activation of 

immune cells in asthma and COPD [182, 183], which have distinct regulatory pathways. 

Therefore, the observed suppression of CXCL8 and increased IL6 production in ZFX (Chapter 
5) and RPS4Y1 (Chapter 6) knockout cell lines indicate that these genes function at the nexus

of both regulatory pathways. 

In ZFX knockouts, gene expression correlated with the relative change in protein production 
(Chapter 5). In RPS4Y1 KOs, CXCL8 gene expression was reduced, and IL6 gene expression 

was similar to levels observed in wildtype cells (Chapter 6). Therefore, in RPS4Y1 KOs, the 

translation of IL6 protein was explicitly increased. This data indicates that RPS4Y1 containing 

ribosomes can precisely regulate the translation of certain proteins [81]. In ZFX KO cells, both 
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RELB and NKRF transcription factor pathways were activated, which has been linked with the 

suppression of CXCL8 gene expression [57] (Chapter 5). Similarly, in RPS4Y1 KOs, NKRF 

protein is also increased. This, combined with suppression of the FOXA1 transcription factor 

pathway, which, when activated, increases CXCL8 mRNA production [109] (Chapter 6). Thus, 

CXCL8 production is reduced. We also posit that ZFX modulates IL6 production through the 
CEBPA/CEBPB transcription factor pathway. CEBPA activity decreases in ZFX KOs while 

CEBPB increases (Chapter 5). Overexpression of CEBPA attenuates IL6 production[58], 

whereas CEPBP functions synergistically with NF-κB (a key mediator of inflammatory 

responses [184]) to promote transcription of IL6 [59]. 

When discussing the regulation of inflammation in both asthma and COPD, it is necessary to 

consider the viral inflammatory response. Common viruses such as human rhinovirus (HRV), 

respiratory syncytial virus (RSV) or influenza are found to be major drivers of exacerbations 

in both COPD and asthma [185]. Females with COPD or asthma experience more 

exacerbations and also demonstrate worse outcomes compared to males [186, 187]. 

Therefore, although beyond the scope of this thesis, it is pertinent to reflect on the roles these 
candidate gene pairs may play in modulating the inflammatory response in response to viral 

infections between the sexes. ZFX and RPS4Y1 were shown to strongly contribute to both 

CXCL8 and IL6 regulation (Chapters 5 and 6). Both IL6 and CXCL8 are vital in the early 

response to viral infection [182, 188], with a recent study highlighting their increased gene 

expression after respiratory epithelial cells were infected with both HRV and RSV strains [189]. 

Further, ZFX has been associated with T-cell renewal and proliferation [44, 45], a vital immune 

cell involved in the viral inflammatory response [190]. The nasal epithelium, compared to the 

bronchial epithelium, demonstrates distinct responses to pathological stimuli [191]. In 

particular, nasal epithelium-derived cells present a more robust antiviral response than 
bronchial epithelial cells [192]. We observe a strong differential expression of UTY between 

the nasal and bronchial epithelium, which is affected by the presence of COPD (Chapter 7). 
However, we observed a limited effect of knocking out UTY or UTX on the inflammatory 

response in our cellular models. This may be due to cell specificity as multiple studies have 

identified a role for UTX in modulating the effectiveness of virus-specific CD8+ T-cells [193], 

T-helper cells [194], or natural killer (NK) cells [195]. However, these studies do not compare

the roles of UTX and UTY or explore whether the functions of these proteins differ depending 

on the location in the respiratory tract. As such, ZFX/ZFY and UTX/UTY present as sexually 

dimorphic genes that may contribute to sex differences observed in virus-induced 
exacerbations in asthma or COPD. Future studies need to investigate these candidate genes 

in the context of primary viral response cells, such as T-cells and NK cells, to potentially 

uncover new targets to mitigate viral infections in asthma and COPD.  
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These results indicate that ZFX and RPS4Y1 modulate complex signalling pathways and 

mechanisms contributing to the immune response. No effect on the immune response was 

reported for UTX and UTY (Chapter 7). Future studies must holistically reveal how ZFX and 

RPS4Y1 mediate these transcription factor pathways. This notion is fundamental, as ZFY KOs 

did not indicate any change in the regulation of the immune response, identifying that ZFY 
function is distinct from ZFX in an inflammatory context. We also show that ZFX expression is 

greater in females than in males (Chapter 5). Our data indicate that ZFX allows a more robust 

immune response, whilst there is a negligible contribution by ZFY. As such, this imbalance 

may contribute to a sexually dimorphic inflammatory response in asthma and COPD.  

8.2 XY gene pair regulation of remodelling and fibrotic processes 
Fibrosis is a complex and multifaceted process that manifests in asthma and COPD [52, 196], 

with poorly understood mechanisms driving this disease process. Fibrosis contributes to 

airway remodelling, ultimately causing a reduced breathing ability in patients via airway 
obstruction. The key features driving structural changes in the airways are a thickening of the 

epithelial layer through increased cell proliferation or cell migration, cell attachment, and 

altered extracellular matrix (ECM) deposition [196, 197]. Dysregulation of these features 

causes reduced breathing ability in patients due to a narrowing of the airway by thickened 

epithelial layers or reduced elasticity of the lungs [198]. The standard clinical method for 

assessing the physiological effect and disease progression uses FEV1 and FVC lung function 

scores. Sex differences in these processes have been identified, where males indicate 

increased rates of fixed airflow obstruction [32], whilst another study reports greater fibrotic 

and remodelling changes in females [34]. As such, fibrosis and remodelling presents a key, 
clinically relevant process.  

To assess regulation of migration and proliferation, we used the wound healing assay [199]. 

ZFX and RPS4Y1 KOs demonstrated a faster wound closure rate than wildtype cells (Chapter 
5 & 6). In contrast, ZFY KOs failed to close the wound after 72 hours, reinforcing that functional 

differences between ZFX and ZFY exist (Chapter 5). ZFX knockouts also indicated a reduced 

proliferation rate with increased attachment to fibronectin, whilst only a trend towards 

decreased proliferation was seen for ZFY. Therefore, we postulated that knock out of ZFX 

increases cell migration, which was confirmed by pathway analysis. A slower proliferation rate 

leads to an inability of ZFY KOs to close the wound due to a breakdown in mitotic structures, 
which was also identified by pathway analysis. UTX and UTY single knockout cell lines 

indicate a trend towards a slower proliferation rate with doubling times of 24 and 25 hours, 

respectively, compared to wildtype cells with 23 hours. Double-knockout cells demonstrate a 

dramatically reduced proliferation rate, with a doubling time of 33 hours (Chapter 7). This 



177 
 

highlights the ability of UTX and UTY to partially compensate for the loss of the other, 

indicating some overlapping functions between this XY gene pair.  

Tenascin-C (TNC), a prominent ECM protein in asthma[200], was increased at a protein level 

in both ZFX and ZFY knockout cells (Chapter 5). TNC is well known to promote cell migration 

and support cellular attachment [66]. This, combined with increased production of integrin 
subunit α4 (ITGA4) and reduction of integrin subunit β8 (ITGB8), further supports increased 

levels of cellular attachment and migration[201]. Notably, TNC usually is minimally expressed 

in adult tissues [65]. The stark increase of TNC from ZFX and RPS4Y1 KO cells indicates a 

novel function of these genes in regulating this ECM protein. TNC gene expression in RPS4Y1 

KOs is unchanged compared to wildtype cells, whilst an increase in protein production is 

observed, whilst collagen α4 and fibronectin expression reflect protein production (Chapter 
6). This aligns with our previous observation for IL6, confirming that RPS4Y1 containing 

ribosomes preferentially promote or suppress the translation of specific mRNAs. 

8.3 XY gene pair regulation of cell death in response to cigarette smoke 
extract 
The regulation of cell death is an essential mechanism in maintaining homeostasis, where 

damaged or malfunctioning cells are eliminated [117]. Cigarette smoking is a pathological 

factor for asthma and COPD, causing worsened disease outcomes and severity [136, 202]. 

Dysregulation of cell death mechanisms persists in COPD even after smoking cessation [203]. 

Further, cells from asthma patients indicate increased sensitivity to cigarette smoke [204]. Sex 

differences in response to cigarette smoke are widely reported at the physiological and 

transcriptomic levels [28, 205, 206]. Therefore, the candidate XY gene pairs may contribute to 

sex differences in response to cigarette smoke and cell death mechanisms. 

ZFY and UTY knockout cell lines demonstrated increased survival rates compared to wildtype 

cells in response to CSE exposure (Chapters 5 & 7). RPS4Y1 KOs only indicated a trend 

towards reduced cell death (Chapter 6). This data confirms that the Y chromosome is closely 

linked with the response to cigarette smoke [156]. Studies highlight that loss of the Y-

chromosome promotes aberrant cell survival in males and is linked with an increased risk of 

disease and mortality [157, 207]. As identified by pathway analysis, we posit that increased 

ZFY KO survival is caused by a malformation of mitogenic structures such as the centrosomes 
(Chapter 5). However, more detailed future studies are required to identify the precise 

mechanism by which ZFY regulates cell death processes.  

Across all UTX and UTY knockout cells, we observed an apparent increase in expression of 

the gene for heat shock protein 90 alpha, class B, member 1 (HSP90ab1), which is shown to 

prevent hyperoxic cell death [160] and be associated with COPD [158] (Chapter 7). However, 
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this gene was also observed in UTX KOs, indicating that it cannot solely contribute to aberrant 

cell survival. We also identified that CHORDC1 gene expression is explicitly increased in UTY 

and DKO cell lines, with the level of expression correlating with the amount of cell survival. 

CHORDC1 is a known co-chaperone factor that interacts with HSP90ab1 [208]. Little is known 

about this interaction; thus, more work is required to uncover how these two factors interact 
with UTX and UTY to promote aberrant cell survival. Pathway analysis revealed the 

mitochondria are negatively enriched in UTY KO cells, highlighting a connection with 

HSP90ab1's mechanism of action[163]. Importantly, we highlight through our investigation of 

primary cells that the mitochondria are dysregulated in COPD patient-derived cells. As such, 

we identify a mechanistic connection between UTY and cell death regulating factors in COPD 

(Chapter 7). As UTY is a male-specific gene, this pathway may elucidate why sex differences 

in the smoking response and COPD outcomes exist. 
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8.4 Graphical summaries of the novel findings presented in this thesis
The following figures summarise the major findings of Chapters 5, 6 and 7.

8.4.1 ZFX and ZFY differentially regulate hallmark features of asthma –
inflammation, fibrosis and death

Figure 8.1: Chapter 5 summary - Altered cell processes in ZFX (1 – 6) and ZFY (6 – 8)
knockout cells. Created with BioRender.com

1. Suppressed TNFα-induced expression of CXCL8 by increased production of RELB and

NKRF

2. Increased TNFα-induced expression of IL6 by complexing of CEBPB and RELA
3. Increased expression and production of ITGA4

4. Increased expression and production of tenascin-C

5. Increased expression and production of fibronectin

6. Increased expression and production of collagen 4α1 (also in ZFY knockout cells)

7. Breakdown proteins needed for centrosome and microtubule recruitment

8. Increased cell survival in response to noxious stimuli in cigarette smoke extract
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8.4.2 Novel regulatory role of RPS4Y1 in inflammation and fibrotic processes

Figure 8.2: Chapter 6 summary - Gene and protein expression regulation in RPS4Y1 
knockout cells. Created with BioRender.com

1. Suppressed TNFα-induced expression of CXCL8 by increased production of NKRF

protein (2) and reduced activity of FOXOA1 (3)

4. Increased TNFα-induced expression of IL6 by increased translation of IL6 mRNA into

protein by RPS4Y1 negative ribosomes

5. Increased expression of FN1 but reduced translation into protein by RPS4Y1 negative

ribosomes

6. Normal expression of TNC with an increased translation of protein by RPS4Y1 negative
ribosomes

7. Increased expression of ITGA4

8. Increased expression and protein production of collagen 4α1
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8.4.3 The histone demethylase UTY uniquely contributes to COPD severity

Figure 8.3: Chapter 7 summary - Cellular and molecular changes in UTX, UTY and 
double-knockout cells. Created with BioRender.com

1. Increase in H3K27me3 marks due to loss of demethylase activity (UTX KO and DKO

cells)

2. Minimal change in H3K27me3 levels in UTY KOs

3. Increased expression of HSP90ab1 (across all knockout cell lines)

4. Increase expression of CHORDC1 (slight increase in UTY KO and greater increase in

DKO cells)

5. HSP90 and Chordc1 interact with mitochondria to promote cell survival (UTY KO and

DKO)

6. Slight increase in cell survival in response to noxious stimuli from UTY KO and greater
increase from DKO cells
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8.5 Future directions 
This project provides substantial evidence and insight into the complex function of X and Y 

chromosome gene pairs. We have applied these findings in asthma and COPD, identifying 

pathologically relevant pathways that may contribute to sexual dimorphism in disease 

susceptibility, progression and prognosis. Nonetheless, significantly more studies are required 

to explore and confirm the mechanisms identified in this project.  

The knockout models used throughout this thesis were generated in A549 cells, an alveolar 

basal epithelial cell type. As such, we developed a phenotype profile specific to this cell type. 

Epithelial cells are pivotal for multiple diseases contributing to disease development and 

progression [209]. Thus, we determined that epithelial cells function as a good model for 

understanding the fundamental functions of these genes. However, it is known, and we 

confirm that the candidate XY gene pairs demonstrate tissue and cell-specific expression 

patterns [2, 210]. Therefore, we believe conducting similar investigations in other cell types 
will be invaluable in holistically defining the function of these genes. Previous studies of these 

genes seemingly contradict some findings from the current body of work. Rashmi et al. found 

that UTY knockdown increased the expression of CXCL9 and CXCL10 cytokines in 

macrophages [211], which was not seen in our study. 

Similarly, another study showed that IL6 production was reduced by RPS4Y1 knockdown in 

endothelial cells, whilst IL6 was increased in our investigation [103]. Asthma and COPD are 

diseases orchestrated by dysfunction of multiple cell types, from airway smooth muscle cells 

and fibroblasts to lymphocytes and macrophages [212], which contribute to sex differences. 

Therefore, future studies must establish how the XY gene pairs affect disease mechanisms.  

The small interfering RNA (siRNA) knockdown model in primary cells isolated from disease-

diagnosed patients with functional recovery studies will be incredibly valuable. This 

methodology and the multi-omics analysis used in this project could confirm many of the 

proposed mechanisms we have presented. Signalling pathways are highly complex, and a 

nexus of multiple factors function together to stimulate the production of one or multiple genes. 

As a result, there is significant redundancy in this pathway [213]. The current study's design 

did not allow any resolution to identify how the candidate XY gene pairs may function across 

different pathways. Using siRNA, recovery assays, and specific pathway inhibitors will allow 

for a more refined detection of mechanisms. 

Furthermore, UTX and UTY are histone demethylases yet are known to have demethylase-

independent functions [141] and can be associated with protein complexes to alter gene 

transcription [138]. However, few studies have explored this exciting and intricate mechanism. 

Protein tagging is a useful technique where changes in protein interactions can be tracked 
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and analysed. This study will provide valuable insight into the non-demethylase functions of 

UTX and UTY. Across all studies completed in Chapters 4, 5 and 6, we have generated an 

extensive list of differentially expressed genes. These studies highlight the crucial pathways 

mediated by XY gene pairs and provide an impetus for future studies of sexually dimorphic 

genetic and molecular factors. However, the suggested experiments discussed above will give 
concrete evidence for the precise mechanism of action and identify target pathways for 

developing novel clinical interventions.  

The sex hormones, estrogen and testosterone, contribute to sex differences between males 

and females. Naturally, they present a critical factor in asthma, where disease susceptibility 

between males and females switches at puberty, but there is a lack of consensus regarding 

the effects of estrogen and testosterone in both sexes with asthma [214-216]. Further, both 

estrogen and testosterone are implicated in the progression and severity of multiple respiratory 

diseases [217-220]. Despite evidence that sex hormones modulate disease symptoms and 

outcomes, whether they contribute to pathogenesis and increased susceptibility remains 

unclear. Exploring this concept remained beyond the scope of the current project. However, 
UTX and UTY are described to interact with the estrogen receptor affecting gene transcription 

[221]. 

Further, RPS4Y1 is reported as a corticosteroid resistance gene [93]. Corticosteroids are an 

important class of medications in treating asthma that has been shown to be associated with 

estrogen [222, 223]. Therefore, sex chromosome-linked genes potentially present as a pivotal 

connection and factor in the function of sex hormones and sex differences in disease.  

Using in vivo knockdown mouse models for the XY gene pairs will holistically examine the role 

of these genes at an organism level. As these genes are critical in embryonic development 

[78, 138, 224], using a global knockout model may result in lethality and invalid data. Using 

antisense oligonucleotide to induce gene knockdown, specifically in the lung, will present a 

model to analyse how these genes may contribute to the development of asthma and COPD. 

Furthermore, this model can be expanded to utilise the robust 'four core genome' model [225] 

to examine the contribution of sex hormones. These models, paired with in vitro models, will 

offer insights that begin to unravel the complex interaction between biological sex and disease. 



184 

8.6 Conclusions 
This PhD thesis has identified novel contributions of ZFX, ZFY, RPS4Y1, UTX and UTY to the 

hallmark features of asthma and COPD – inflammation, fibrosis and cell death. Importantly, 

the function of these highly similar X and Y chromosome-linked gene pairs is not equivalent. 

As these genes modulate disease-relevant processes, divergent functions may lead to sex 

differences in the susceptibility and severity of disease in males and females. The data 

presented substantiate previous findings and contribute to the growing literature exploring 

sexually dimorphic processes. There is significant scope for future studies to continue 

elucidating and uncovering the factors contributing to sexual dimorphism in asthma and 

COPD. 

Nonetheless, the current body of work provides a valuable base for future studies to expand 

upon. At the inception of this PhD project, the contribution of sex chromosome genes and 

consequences of sex-biased unequal gene expression was significantly understudied. In the 
following years, studies have dramatically increased the integration of biological sex as a 

contributing factor to disease outcomes. Cumulatively, the results and findings of this thesis 

provide novel insights into the role of genes encoded on the sex chromosomes in regulating 

critical pathological features of asthma and COPD. This vital data provides a foundation to 

identify new target pathways for the development of new, more effective treatments to improve 

patient outcomes.  
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