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V Abstract 

The Y chromosome is a small, gene-poor chromosome that is enriched with repetitive 

sequences. This is due to its inability to undergo recombination, which leads to 

genetic degeneration over evolutionary time. Consequently, it is sometimes regarded 

as a ñfunctional wastelandò. The genes that persist on the Y chromosome are 

essential for sex determination and male germ cell development. Among these, the 

transcription factor ZFY is one of very few genes consistently present on the Y 

chromosome in almost all eutherian species, indicating that it must have essential 

functions in men. A further distinctive feature of ZFY is the presence of two distinct 

developmentally regulated splice variants; a ubiquitous full-length major variant and 

a testis-specific minor short variant. This thesis seeks to understand the evolution, 

structure and function of ZFY, building on recent theoretical advances in 

understanding the mechanisms of transcription factor activity, and on up-to-date 

transcriptomic and proteomic experimental techniques.  

This thesis comprises four results chapters that collectively probe different aspects of 

ZFY structure and function. First, a phylogenetic analysis defines conserved versus 

rapidly evolving regions of ZFY and relates this to newly predicted functional motifs 

within the acidic domain. Secondly, cross-species examination of ZFY splicing data 

reveals that the testis-specific splicing pattern predates its recruitment to the Y 

chromosome, and potentially implicates RBMY as a potential splicing factor involved. 

Thirdly, RNA-Seq analysis highlights the core downstream pathways regulated by 

each splice isoform of ZFY, and finally pull-down proteomics identifies a range of 

potential interacting partners.  

Overall, the results identify a potential novel feedback loop regulating ZFY splicing 

during testis development and suggest several key pathways that ZFY may regulate 

including WNT signalling, ErbB signalling and extracellular matrix remodelling. Whilst 

an earlier observation that the short ZFY form is mis-expressed in some cancers was 

replicated, a wider role for ZFY as a cancer-testis gene was generally not supported.  
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1. Chapter 1: Introduction 

Overall Thesis Goals 

This thesis aims to investigate the structure and function of ZFY, a zinc finger 

transcription factor present on the Y chromosome believed to play an important role 

in regulating apoptosis and sperm development in the testis. Its possible role(s) in 

other tissues are hitherto largely uncharacterised, and analyses of its evolutionary 

history have not been grounded in an up-to-date understanding of its domain structure 

and function. 

In this introduction, the broad evolutionary history of the sex chromosomes will be 

discussed and related to the potential roles of Y-linked genes in spermatogenesis and 

cancer. Then, the biology of transcriptional regulation by zinc finger proteins, and what 

is known to date about ZFY function in light of this will be addressed. 

 

1.1 Overview of Sex Chromosomes  

Sex chromosomes are defined as chromosomes whose complement (copy number) 

varies between the sexes in a dioecious species (Abbott et al., 2017);(Palmer et al., 

2019). Within each species, sex determination is controlled by genes borne on the 

sex chromosomes that initiate a cascade of sex-specific gene expression, thus 

directing embryonic development towards either a male or female phenotype. These 

key sex-determining genes are located in a major sex-determining region that may 

also harbour sexually antagonistic genes: that is, genes that are advantageous for 

one sex but detrimental to the opposite sex (Abbott et al., 2017).  

The first observation of a sex chromosome was made in 1891 by Hermann von 

Henking (Carey et al., 2022). Lacking the ability to detect the cytologically minute Y 

chromosome, he noted the presence of an isolated chromosome that was not 

consistently passed in the gametes and named it ñXò to represent the unknown (Carey 

et al., 2022).  Subsequently, the first discovery of paired sex chromosomes that 

specifically correlated with organism sex was made by Nettie Stevens in 1905, 

observing that male mealworm cells carried a single smaller chromosome when 

compared to the female cells that carried equal size chromosomes (Stevens, 

1905);(Furman et al., 2020). Following the discovery of the sex chromosomes, it has 

been made clear that they exhibit major interspecific and intraspecific diversity and 

that a wide variety of sex chromosome systems have evolved independently in 

different taxa (Bachtrog et al., 2014);(Furman et al., 2020). 

Multiple different types of sex chromosome systems are found throughout the tree of 

life (Hake & OôConnor, 2008);(Ezaz et al., 2006). Amongst animals, the most common 

is male heterogamety, as seen in marsupials and eutherian mammals. In this system, 
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males have an XY sex chromosome complement (copy number) while females are 

XX. In this type of system, the Y chromosome is passed clonally from father to son, 

is never present in a female body, and does not undergo recombination over much of 

its length. This lack of recombination has profound consequences for its structure and 

gene content, leading to progressive degeneration of its functional content over 

evolutionary time.  

 

1.1.1 Sex Chromosome Evolution and the Specialised Gene Content of the Y  

Sex chromosomes can be either homomorphic or heteromorphic (Furman & Evans, 

2018);(Furman et al., 2020). Whilst homomorphic sex chromosomes have very little 

divergence between the pairs, heteromorphic chromosomes show a degree of 

genetic divergence. These can include SNPs, inversions, and/or deletions 

distinguishing the sex chromosomes (Furman et al., 2020). This latter model is 

followed by many sex chromosome systems and is clearly evident by the shared gene 

content observed in XY (marsupial and eutherian), and ZW (avian) UV (algae and 

bryophytes) systems. However, these systems differences have resulted in broad 

evolutionary and genomic implications (Bachtrog et al., 2011). Recently there has 

been increasing evidence that some sex chromosome systems have arisen 

independently, and these species do not share a common ancestor with X or Z 

(Bachtrog et al., 2011);(Furman et al., 2020).  

The prevailing theoretical model is that approximately 165 million years ago, the 

therian X and Y chromosomes originated from an ancestral autosomal pair through 

the emergence of SRY gene as a master sex-determining locus. This divergence of 

SRY from its X homologue SOX3 occurred subsequent to the split of monotremes 

from the eutherian and marsupial lineages (Holmlund et al., 2023). Subsequently the 

mammalian sex chromosomes evolved via a series of inversions on the Y 

chromosome, each event further suppressing X-Y recombination around the sex-

determining locus, expanding the non-recombining region and allowing further 

differentiation to proceed (B. Lahn & Page, 1999);(Vicoso, 2019) (Figure 1.1). 

Overall, there have been four major inversion events during primate evolution. The 

first major event occurred subsequent to the marsupial/eutherian split and involved 

translocation of autosomal material into the PAR as well as subsequent recruitment 

from the PAR into the non-recombing region.  Thus, there are a number of genes 

(including ZFY) that are autosomal in marsupials but sex-linked in 

eutherians.  Subsequent inversions primarily recruited material from the PAR into the 

non-recombining region of the Y, leading to successive "strata" of XY divergence, with 

the fourth event occurred during recent primate evolution. The four potential inversion 
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events have been proposed to drive the evolution of the Y chromosome and enable 

differentiation from the X chromosome. (B. Lahn & Page, 1999);(Vicoso, 2019). In 

addition to inversion events that drive X/Y divergence, a large block of autosomal 

material was recruited to the sex chromosomes subsequent to the 

marsupial/eutherian split, via translocation of autosomal material into the PAR 

followed by subsequent recruitment from the PAR into the non-recombing region. 

Thus, there are a number of genes (including ZFY) that are autosomal in marsupials 

but sex-linked in eutherians.  

 

 

Figure 1.1: The evolution of heteromorphic sex chromosomes (Vicoso, 2019). 

The male-determining gene (SRY), depicted as a dark blue line, is acquired first. Blue 

lines indicate the evolution of sexually antagonistic mutations advantageous to males. 

Pink regions are undergoing the process of acquiring dosage compensation, while 

red regions are fully dosage compensated. The order of events goes from left to right.  

 

The Y chromosome harbours two categories of genes: (1) genes that directly benefit 

males, such as those involved in regulating spermatogenesis, and (2) dose-sensitive 

X-Y homologous genes, whose expression from both sex chromosomes is crucial in 

somatic tissues of both males and females(Ellis & Affara, 2009);(Colaco & Modi, 

2018);(Subrini & Turner, 2021). These gene types become enriched as a result of the 

gradual degradation of Y genes over evolutionary time, with only those genes 

conferring sufficient selective advantage being retained. Consequently, the majority 

of the genes on the ancestral proto-sex chromosomes are lost while genes beneficial 

to spermatogenesis and male development accumulate. Moreover, any novel function 

benefiting males will undergo strong selection pressure due to its exclusive existence 

in men, leading to the acquisition of new male-specific functions on the Y 

chromosome as it diverges from the X (Ellis & Affara, 2009);(Colaco & Modi, 

2018);(Subrini & Turner, 2021). 
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1.1.2 Sex Chromosome Dosage Compensation  

While males inherit one X chromosome and one Y chromosome, females inherit two 

copies of the X chromosome leading to an imbalance in alleles between the sexes 

(Sidorenko et al., 2019). This has led to the evolution of dosage compensation 

mechanisms which randomly inactive one of the X chromosomes during early female 

embryonic development (Shvetsova et al., 2018);(Sidorenko et al., 2019). X 

chromosome inactivation serves to prevent the double expression of genes in females 

in comparison to males (Shvetsova et al., 2018). Both X chromosomes have an equal 

chance of being silenced, and once silenced, this state remains stable throughout all 

subsequent cell generations (Panning, 2008). This generates a mosaic of cells in 

females in which either the maternally inherited or paternally inherited X is silenced.  

Although X chromosome inactivation is observed in various placental mammals, with 

studies primarily focusing on mice and humans, monotremes lack extensive X 

inactivation, and marsupials exhibit paternally imprinted X inactivation (Ercan, 2015). 

In placental mammals, the trigger for X chromosome inactivation is Xist, while this 

gene is not conserved in marsupials (Furlan & Galupa, 2022). Xist is the X-inactive-

specific transcript and one of the first long noncoding RNAs identified in the early 

1990s (Borsani et al., 1991);(Brockdorff et al., 1991);(Loda & Heard, 2019). For X 

chromosome inactivation to occur the Xist gene is transcribed into RNA and spreads 

coating the entire X chromosome (Panning, 2008). Xist RNA recruits a plethora of 

chromatin-modifying factors leading to the structural reorganisation of the X 

chromosome resulting in the silencing of its >1,000 genes (Loda & Heard, 2019). This 

spreading event leads to the transformation of the inactivated X chromosome into an 

organised heterochromatic structure known as the "Barr body". However, ~12%-20% 

of human genes do escape gene silencing and are therefore expressed from both the 

active and inactive X chromosome and are thought to play a key role in female 

development and disease susceptibility. For example, human XO female embryos 

survive to term but are affected by Turnerôs syndrome (Loda & Heard, 2019). This is 

due to the deficiency of those X chromosomal genes which escape inactivation and 

for which two copies are necessary for normal female development.  

 

ZFY has been found to play a role in meiotic sex chromosome inactivation (MSCI) 

(see section 1.7.2.1), and as a result, abnormal expression of ZFY due to sex 

chromosomal abnormalities can lead to spermatogenesis failure. 
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1.1.3 Consequences of Sex Chromosome Aneuploidy 

Individuals with an XO chromosome complement develop as females due to the lack 

of the testis-determining gene SRY. This condition is commonly known as Turnerôs 

syndrome (Wilson, 1906);(Furman et al., 2020). Turnerôs syndrome was first 

described in 1938 as a consequence of a lack of Barr body (Mueller & Young, 1995). 

The presentation of Turnerôs syndrome can begin during pregnancy or later during 

adulthood with the main medical problems being short stature and ovarian failure 

(Ranke & Saenger, 2001). Other issues include lymphatic and skeletal abnormalities, 

with >60% of patients presenting with lymphoedema of the heads, feet and neck 

regions and is now used as a key diagnostic indicator (Atton et al., 2015). It is now 

more common for Turnerôs syndrome to be detected during the second trimester of 

pregnancy by an ultrasound (Mueller & Young, 1995). In Turner syndrome patients, 

the absence of SRY results in a female phenotype. However, the lack of the second 

sex chromosome in addition leads to phenotypes such as neck webbing, 

lymphedema, and horseshoe kidney. This implies that the genes responsible for these 

phenotypes are X-Y homologous and are present on both the X and Y chromosomes, 

suggesting that the X copy evades X chromosome inactivation. 

Other circumstances where there is a loss or gain of sex chromosomes have also 

been noted. Another common example is Klinefelterôs syndrome which was first 

described in 1942 (Mueller & Young, 1995);(Lanfranco et al., 2004). Klinefelter males 

present with an additional X chromosome (XXY), this has been identified in 1 in 1000 

males making it a relatively common condition. Common symptoms of Klinefelterôs 

syndrome include mild learning difficulties, being taller than average, gynaecomastia 

and being infertile (Mueller & Young, 1995). Trisomy X is the presence of an additional 

X chromosome (XXX) that has been identified in 0.1% of all females (Tartaglia et al., 

2010). Generally, these individuals lack physical abnormalities resulting in only 

approximately 10% of cases being diagnosed. Key although minor physical 

characteristics include epicanthal folds, hypertelorism, upslanting palpebral fissures, 

clinodactyly, overlapping digits, pes planus, and pectus excavatum (Tartaglia et al., 

2010). However, due to the surplus of X chromosomes, individuals with an extra X 

chromosome are more susceptible to autoimmune diseases (Loda & Heard, 2019). 

The upregulation of Xist leads to the silencing of two X chromosomes, potentially 

resulting in cell death (Loda & Heard, 2019). 
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1.1.4 Structure and Gene Content of the Human Y Chromosome 

The human X and Y chromosomes both contain regions known as the 

pseudoautosomal regions (PAR) (Figure 1.2) and these regions still recombine 

during male meiosis ensuring to keep X-Y nucleotide sequence identity (B. Lahn & 

Page, 1999). The two pseudoautosomal regions are known as PAR1 and PAR2 and 

behave as autosomes (Mangs & Morris, 2007). PAR1 is a much larger region 

spanning 2.6Mb, whilst PAR2 only spans 320kb. PAR2 has been found to be non-

essential for fertility and exhibits a much lower pairing and recombination frequency. 

However, many genes found in PAR1 escape X inactivation (Mangs & Morris, 2007). 

There are other regions on the X and Y chromosomes where this recombination event 

is suppressed, and these regions have become highly differentiated during evolution 

(B. Lahn & Page, 1999). This has resulted in only a few similarities persisting in these 

chromosomes. Most of these X-Y gene pairs are located on the short arm of the X-

chromosome and are concentrated towards the distal end. Whilst, on the Y 

chromosome, the genes act as singletons and are dispersed throughout the 

euchromatic portion of the Y chromosome (B. Lahn & Page, 1999). 

Figure 1.2: A schematic diagram demonstrating the location of the 

pseudoautosomal regions on both the X and Y chromosomes. These 

pseudoautosomal regions are homologous between the X and Y chromosome and 

can recombine acting in an autosomal fashion. Left chromosome: larger X 

chromosome, Right chromosome: smaller Y chromosome. Not to scale. 

 

The Y chromosome has been conserved across nearly all eutherian and marsupials, 

with only a few mammals noted as Y-less (Holmlund et al., 2023). In the human 
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genome, the Y chromosome is one of the smallest chromosomes with a size of ~60Mb 

(Quintana-Murci & Fellous, 2001). Previous papers have described the Y 

chromosome as wimpy and fragile due to it rapidly losing genes and shrinking PARs 

(Holmlund et al., 2023);(Ruiz-Herrera et al., 2022). These events are causing the Y 

functions to shift to autosomal chromosomes (Holmlund et al., 2023). At the current 

rate of decline, there is a possibility it may cease to exist within the next 10 million 

years (Holmlund et al., 2023). It was originally thought for many decades that the Y 

chromosome was a gene desert, with the only notable gene being SRY (Quintana-

Murci & Fellous, 2001);(Holmlund et al., 2023). Nevertheless, advancements in 

genomics have revealed that the Y chromosome contains numerous genes essential 

for male reproduction. The functions of many of these Y chromosome genes remain 

undiscovered and require further exploration. The challenge in assigning 

spermatogenic functions to Y-specific genes arises from the limitations of current 

conventional methods for function mapping. Other problems are associated with the 

highly repetitive sequence structure of the Y chromosome (Holmlund et al., 2023). 

The AZF regions on the Y chromosome are critical for male fertility, as they harbour 

genes necessary for spermatogenesis (Navarro-Costa, Plancha, et al., 2010). The 

first paper to name the AZF regions was published in 1996 where their investigations 

into Yq11 microdeletions associated with male sterility confirmed the presence of an 

AZF locus only in the distal Yq11 region (Vog et al., 1996). There are three AZF 

regions, AZFa, AZFb, and AZFc. (Figure 1.3).  

 

Figure 1.3: Schematic diagram of the Y chromosome AZF regions and gene 

content reproduced from (Esteves, 2015). This figure highlights the AZF loci on the 
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Y chromosome, consisting of the subregions AZFa, AZFb, and AZFc, and shows the 

genes located within each subregion. 

 

Among these regions, complete deletions of the AZFa region have been 

demonstrated to have the most severe impact on spermatogenesis, leading to a 

Sertoli cell-only phenotype (Table 1.1) (Dicke et al., 2023). Sertoli cell-only syndrome 

is characterised by azoospermia in which the seminiferous tubules are lined only by 

Sertoli cells resulting in spermatogenesis failure (Gashti et al., 2021). AZFa contains 

single-copy genes;USP9Y and DDX3Y, with DDX3Y encoding a testis-specific RNA 

helicase. Functional data and studies suggest that DDX3Y may be the key 

spermatogenesis gene within AZFa (Dicke et al., 2023). Dicke and colleagues 

identified four potential pathogenic loss-of-function variants in DDX3Y through the 

sequencing of more than 1,600 infertile men, with one mutation identified as being de 

novo. Testicular biopsy for three of these cases was performed and identified that the 

patients suffered from Sertoli Cell-Only phenotype. This confirmed DDX3Y as the key 

spermatogenic factor in AZFa and should be used within a diagnostic workflow (Dicke 

et al., 2023).  

AZFb spans a total of 6.23Mb and maps to ~18.1-24.7Mb of the Y (Navarro-Costa, 

Plancha, et al., 2010). The complete deletion of this extended genomic region on the 

Y chromosome leads to the loss of numerous Y genes including six protein-coding Y 

genes and is linked to meiotic arrest (Vogt et al., 2008). Deletions of the AZFb region 

account for 15% of the Y chromosome microdeletions, with AZFb microdeletions 

resulting in spermatogenesis arrest and azoospermia (Table 1.1) (Layman, 2012). 

The six protein-coding genes include EIFA1Y, HSFY, PRY, RBMY1, RPS4Y and 

KDMD(Vogt et al., 2021). In this thesis, RBMY is of interest because of its exclusive 

expression in male germ cells, particularly in premeiotic germ cells, with connections 

to functions in spermatogenesis and sperm motility (Vogt et al., 2021). 

The AZFc region is located in the palindromes P1-P3 and consists of genes critical 

for sperm production (Rhie et al., 2023). This region is the cause of genomic variation 

across the male population, yet the consequences on spermatogenesis are unclear 

(Navarro-Costa, Gon­alves, et al., 2010). The AZFc and AZFb regions overlap at the 

proximal end of the AZFc region and the distal end of the AZFb region. Evidence 

indicates that AZFc deletions lead to significant spermatogenic defects, resulting in 

men with these deletions having a reduced sperm concentration of less than 1 million 

sperm/ml compared to the normal concentration of over 20 million sperm/ml (Table 

1.1). Deletions in the AZFc region make up approximately 60% of all documented 

AZF deletions, underscoring their importance (Navarro-Costa, Gon­alves, et al., 

2010). 
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The emergence of AZFd remains a subject of controversy (Kent-First et al., 1999);(Yu 

et al., 2015). While some studies suggest that the AZFd locus cannot be located 

between the AZFb and AZFc regions as currently understood, while other studies 

have reported deletions in AZFd in relation to male fertility (Yu et al., 2015). Overall, 

when considering the structure of the Y chromosome, the AZFd region seems unlikely. 

Overall, the key spermatogenic genes are located in the AZF regions in the Yq11 of 

the Y chromosome, and deletions of these regions are detrimental to 

spermatogenesis and thus male fertility. 

 

Table 1.1: AZF microdeletions reproduced from (Dobbs et al., 2018). 

Microdeletion frequency in the different AZF regions and the prognosis of these 

deletions.  

 

1.2 Spermatogenesis 

Given the enrichment of spermatogenesis genes on the Y chromosome, in 

understanding Y gene function it is important to consider the cellular and molecular 

events occurring during spermatogenesis. 

 

1.2.1 Overview of Premeiotic Spermatogenesis 

Spermatogenesis is defined as the process in which spermatogonia forms 

spermatozoa and begins during puberty in males (Figure 1.4). The process can be 

split into three distinct phases: (1) the proliferative phase (cells undergo rapid 

division), (2) the meiotic phase (genetic recombination and segregation), and finally 

(3) the differentiation of round spermatids into spermatozoa (Russell et al., 1990). 

This entire process takes approximately 74 days in humans (Tenorio et al., 2016). 

From the age of puberty, males produce millions of sperm per day and the process of 

spermatogenesis continues throughout adulthood (Russell et al., 1990). 
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Spermatogonia are the starting point of spermatogenesis and are self-renewing 

mitotic stem cells located within the testis. From spermatogonia arises sperm 

necessary for male reproduction and fertility (Russell et al., 1990);(Wang et al., 2001). 

In males, there are three types of spermatogonia: stem cell spermatogonia, 

proliferative spermatogonia, and differentiating spermatogonia (Russell et al., 1990). 

Both stem cell and proliferative spermatogonia are also known as undifferentiated 

spermatogonia. Spermatogonia are located within the seminiferous tubules in contact 

with Sertoli cells. Once, undifferentiated spermatogonia differentiate these mature 

spermatogonia divide and enter the meiotic phase, forming the young primary 

spermatocytes, also known as preleptotene spermatocytes (Russell et al., 

1990);(Cannarella et al., 2020). 

Figure 1.4: A schematic diagram showing the process of spermatogenesis from 

spermatogonia to sperm. Spermatogenesis is a long process in mammals and one 

cycle takes approximately 74 days in humans. Recreated from paper (Griswold, 

2016).  

 

 

1.2.2 Overview of Meiosis 

The main stages of meiosis include genetic recombination, chromosome halving, and 

then increasing germ cell number resulting in haploid spermatids (Figure 1.5) 

(Russell et al., 1990).  
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Figure 1.5: A schematic diagram showing the stages of spermatogenesis 

alongside the chromosome number present at each stage. Spermatogonial stem 

cells continuously undergo mitosis to ensure constant supply throughout adulthood, 

however, some of these stem cells undergo meiosis beginning the process of making 

functional spermatozoa with half the number of chromosomes compared to the stem 

cells following two stages of meiosis. 

 

Prophase is the first meiotic division and is long-lasting, lasting roughly three weeks. 

Cell size and nuclei size increase during prophase. These changes in nuclei size and 

morphology are the basis of the stages of meiotic prophase. The prophase stage can 

be divided into five further subsections; preleptotene, leptotene, zygotene, pachytene, 

and finally diplotene (Figure 1.4). Preleptotene spermatocytes persist for 

approximately one day, while the meiotic division itself takes less than an hour and 

these spermatocytes require close contact with Sertoli cells and the epithelium 

(Cannarella et al., 2020). The preleptotene to leptotene transition is defined by the 

cells moving away from the tubule and forming a rounded form along with the nuclei 

rounding. Homologous chromosomes during zygotene become paired via the 

synaptonemal complex, a tripartite structure. At the end of zygotene, the 

chromosomes become fully paired and this generally lasts around 1.5-2 weeks. 

Crossing over occurs which is the process of genetic recombination, resulting in the 

final spermatids containing unique genetic material (Zickler & Kleckner, 1998). During 

pachytene the nucleoli grow larger and sex vesicle forms. When the cells enter 

diplotene, the synaptonemal complex dissociates and the chromosome pairs 

separate except at the chiasmata region (Zickler & Kleckner, 1998). These diplotene 
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cells are also known as the largest primary spermatocytes. Following diplotene, the 

remainder of the first meiotic division occurs very quickly and passes through 

metaphase, anaphase, and telophase to complete the first meiotic division forming 

secondary spermatocytes (Gilbert, 2000) (Figure 1.4/1.5). Secondary spermatocytes 

are very short-lived cells and rapidly enter the second meiotic division resulting in 

haploid spermatids (Gilbert, 2000).  

 

1.2.3 Overview of Spermiogenesis 

Once meiosis is complete, haploid spermatids enter the spermiogenic phase. It is 

during this phase that the flagellum develops, and this is composed of the midpiece, 

principal, and end pieces (Figure 1.6) (Russell et al., 1990). During flagellum 

development, mitochondria are recruited forming the middle piece of the flagellum 

and the outer dense fibres produce the midpiece as well as the principal piece. 

Another vital feature of spermatids is the acrosome, an essential system for egg 

penetration resulting in the restoration of the diploid condition (Berruti & Paiardi, 

2011). This development is slow and is not fully complete until the very last stage of 

spermiogenesis. During these last stages of spermatid development, the spermatids 

undergo nuclear shaping, nuclear condensation, and cytoplasm elimination. This 

ultimately results in fully morphologically complete sperm that are shed into the lumen 

of the seminiferous tubules. From there they progress to the epididymis where they 

undergo final maturation in preparation for fertilisation (Russell et al., 1990). 

Figure 1.6: Morphologic changes at spermiogenesis (Oehninger & Kruger, 2021). 

The cytoskeletal networks of Sertoli cells and germ cells are critical for the 

morphological changes that occur during spermiogenesis. (1) In the round spermatids 
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the acrosomal vesicle begins to form and this starts when the proacrosomal vesicles 

move from the trans-Golgi stacks to the nucleus. (2) In advanced round spermatids 

the acrosomal vesicle continues to develop and the Golgi apparatus begins to cluster 

initiating nucleus condensation. (3,4) Spermatid elongation starts with the formation 

of the head-to-tail coupling apparatus and the reshaping of the nucleus. Mitochondria 

are also organised in preparation for loading onto the outer dense fibres. (5,6) The 

elongated spermatids display a distinct acrosome, highly condensed nucleus, and 

excess cytoplasm (Oehninger & Kruger, 2021). 

 

1.2.4 Meiotic Sex Chromosome Inactivation During Meiosis 

Meiotic sex chromosome inactivation (MSCI) occurs during spermatogenesis and is 

a key contributor to a checkpoint process which eliminates germ cells with aberrant 

synapsis during mid-pachytene (Vernet, Mahadevaiah, de Rooij, et al., 2016). MSCI 

is a process of transcriptional silencing that results in the compartmentalisation of the 

X and Y chromosomes into the sex body (or XY-body) and the exclusion of RNA 

polymerase: a state that persists through the rest of pachytene and diplotene (Figure 

1.7) (Turner, 2007). This compartmentalisation is mediated through chromatin 

condensation events (Cloutier & Turner, 2010). MSCI is necessary for the successful 

completion of spermatogenesis (Alavattam et al., 2022). Therefore, if germ cells 

during spermatogenesis fail to undergo MSCI they will be eliminated via apoptosis 

during that mid-pachytene stage of meiosis and is therefore a factor of meiotic sterility 

(Vernet, Mahadevaiah, de Rooij, et al., 2016). This process in some ways 

conceptually resembles that of X chromosome silencing in female somatic cells to 

equalise X chromosome dosage between males and females (Panning, 2008). 

However, it is mechanistically distinct in that the trigger for transcriptional silencing 

during pachytene is the lack of synaptic pairing between the axes of the diverged X 

and Y chromosomes (Royo et al., 2010). MSCI is thus seen specifically in males since 

they carry unpaired chromosomes, unlike females with paired X chromosomes. 

Where chromosomal rearrangements are present that impede synapsis, affected 

autosomal segments may be silenced in either male or female meiosis ï in this case, 

the silencing is known as meiotic silencing of unpaired chromatin (MSUC) (Manterola 

et al., 2009);(Royo et al., 2010). 

As mentioned above in 1.2.1, the earliest identifiable cell type in men is the 

spermatogonial stem cells, which undergo mitosis to ensure sufficient self-renewal. 

At this stage in spermatogenesis, genes present on both the X and Y chromosomes 

are both transcriptionally active (Turner, 2007). The germ cells enter meiosis and 

during this many events occur in which again both X and Y chromosomes are still 

transcriptionally active and continue to remain, so until after the zygotene-to-

pachytene transition when meiotic synapsis is complete and both the X and Y 
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chromosome are silenced and compartmentalised into the sex bodies, peripheral 

nuclear subdomain (Figure 1.7). Following the formation of sex bodies MSCI persists 

continuing through into pachytene and diplotene. After exiting meiosis, most X and Y 

genes remain repressed whilst some are reactivated during spermatid formation 

(Turner, 2007). 

 

 

Figure 1.7: Meiotic sex chromosome inactivation schematic (Cloutier & Turner, 

2010). Early spermatocytes contain homologous chromosomes (black) which begin 

to synapse (shown in green). At this early stage, the autosomes (A) and the X and Y 

chromosomes are transcriptionally active. The autosomes are fully synapsed in 

pachytene spermatocytes and active, whilst the X and Y chromosomes only synapse 

at a small region of homology. This means that the exposed, unsynapsed regions are 

subject to MSCI resulting in the formation of the sex body (red). This means that the 

resulting developing sperm consists of a transcriptionally repressed X chromosome 

(Cloutier & Turner, 2010).  

 

1.2.5 Evolution of Spermatogenic Function 

There is rapid evolution of both the morphological and molecular aspects of 

spermatogenesis in mammals (Murat et al., 2023). These changes are probably due 

to evolutionary pressures on men to be reproductively successful. It has been found 

that the rapid evolution of the testes is accelerated by fixation rates of the following; 

gene expression changes, amino acid substitutions, and new genes in late 

spermatogenic stages (Ramm et al., 2014). It is thought that these changes could 

have been pushed by haploid selection, chromatin remodelling, and reduced 

pleiotropic constraints. Genes across species have been identified to show temporal 

expression changes whilst others showed conserved expression controlling ancestral 

spermatogenic processes. As a result of these changes, traits across mammals such 

as testis size, sperm production rates, sperm morphologies, and other cellular traits 

vary (Ramm et al., 2014). This is still true between closely related species. Gene 

expression comparison has shown this high evolutionary rate in testes is possibly due 
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to purifying selection. It was also suggested that testis-specific expression tends to 

be enriched with genes under positive selection, with new genes emerging during 

evolution predominately in the testis both likely contributing to the rapid phenotypic 

evolution (Murat et al., 2023). 

Looking specifically at chromatin remodelling during spermatogenesis has shown that 

this process leads to leaky transcription within the genome, which could be a causing 

factor of transcription resulting in the frequent emergence of new testis-expressed 

genes and alternative exon splicing events during evolution, such as those of ZFY 

(Soumillon et al., 2013);(Murat et al., 2023). Sex chromosomes were the result of the 

differentiation of ancestral autosomes, and this differentiation resulted in the 

emergence of MSCI in both eutherians and marsupials (Turner, 2015). This 

emergence increased the gene copy number to substitute for parental genes located 

on the X chromosome during meiosis under X chromosome inactivation to 

compensate for dosage. Even with this X chromosome dosage compensation 

evolution has led to many testis-expressed genes located on the X chromosome 

(Murat et al., 2023).  

Not only is there an evolutionary change in the genome but there are also physical 

changes associated with the sperm themselves. But why is this since all sperm 

function to fertilise an egg yet there is such a great sperm morphology difference 

across mammals (Ramm et al., 2014)? These changes have been suggested to be a 

result of sperm competition, which occurs when two or more males compete to 

fertilise a femaleôs eggs (Ramm et al., 2014). One observed morphological difference 

in sperm across species is sperm length. The current explanation of this evolutionary 

difference is the environment where fertilisation occurs (Kahrl et al., 2021). For 

instance, species with longer sperm typically deposit sperm directly into the female, 

while species with shorter sperm often inhabit aquatic environments where external 

fertilisation occurs (Kahrl et al., 2021). 

Spermatogenesis is a complex and dynamic cellular process, as evidenced by a study 

examining the single-cell transcriptome throughout mammalian spermatogenesis 

(Hermann et al., 2018). This analysis profiled gene expression from spermatogonial 

stem cells through spermatids. This type of information-rich, single-cell analysis of 

spermatogenesis provides valuable resources for investigating male meiosis, 

testicular cancer, male infertility, and contraceptive development. 

 

ZFY has been shown to be vital for spermatogenesis in mice, but a former master's 

student in the Fenton-Ellis lab identified the possible expression of the short-testis-

specific ZFY splice-variant in a head and neck cancer cell line, leading to the 
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hypothesis that ZFY may also have a cancer-specific role outside of the testis, which 

was investigated in this thesis. 

 

1.3 Cancer-Testis Antigens 

A cancer-testis antigen refers to a distinct category of tumour-associated proteins, 

typically found in male germ cells but not in somatic cells yet observed with irregular 

expression across various cancer types (Salmaninejad et al., 2016). Many of the 

cancer-testis antigens are encoded on the X chromosome and have historically been 

termed "X-CT genes" to differentiate from those encoded on autosomes (non-X-CT 

genes). (Feichtinger et al., 2012);(Nin & Deng, 2023). Due to their naturally reduced 

expression profile, they are being investigated as possible cancer biomarkers and 

targets for immunotherapy strategies (Salmaninejad et al., 2016). 

The first human cancer-testis antigen was discovered in 1991 by Thierry Boon and 

colleagues using cDNA expression (van der Bruggen et al., 1991);(Ward et al., 2016). 

Initially categorised as a melanoma antigen, the gene was later named MAGE1, 

followed by the discovery of two additional family members, MAGE2 and MAGE3 (Nin 

& Deng, 2023). Since then, significant progress in high-throughput PCR and 

sequencing methodologies has unveiled more than 200 cancer-testis antigens. 

However, the mechanisms underlying the activation of these genes during 

tumorigenesis remain poorly understood (Nin & Deng, 2023). 

Common patterns are observed in both tumour progression and germ cell growth and 

development, including invasion, migration, apoptosis resistance, immune subversion 

and angiogenesis (Salmaninejad et al., 2016);(X.-F. Li et al., 2020). Cancer-testis 

antigens are crucial for fertility in the male phenotype, with knockout experiments 

showing impaired fertility. Links have been made to functions including sperm 

metabolism, sperm RNA regulation, sperm movement and meiosis in sperm cells, 

however, they also are key players in tumour invasion and metastasis (Salmaninejad 

et al., 2016). This might also be attributed to the immune privilege of the testicular 

region generated by the blood-testis barrier, leading to the immune system failing to 

recognise cancer-testis antigens as self-proteins (Sammut et al., 2014);(Jay et al., 

2021). When these antigens are expressed outside the testes, they trigger an immune 

response, fostering a cancer-specific reaction. Consequently, this supports the 

justification for employing them as targets for immunotherapy (Jay et al., 2021). 

Multiple studies have shown that cancer-testis antigens drive multiple cellular 

pathways leading to cancer phenotypes in human cells suggesting an involvement in 

initiating or reactivating hallmarks of cancers (Figure 1.8) (Nin & Deng, 2023). Take, 

for instance, numerous cancer-testis antigens like SPO11, TEX15, and SYCP1/3, 
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which play roles in meiosis, a predictable association considering that germ cells are 

the sole site of meiotic cell division. These genes have distinct functions within 

meiosis, including involvement in DNA damage and repair response pathways during 

meiotic division, meaning that aberrant expression can potentially lead to abnormal 

chromosome segregation, aneuploidy, genomic instability, and mutations, 

characteristic features of cancer. Consequently, their expression in somatic or cancer 

cells has been linked to tumorigenesis, cancer advancement, or resistance to therapy. 

The MAGE family has demonstrated involvement in apoptosis regulation by impeding 

p53 promoter binding (Mei et al., 2020);(Nin & Deng, 2023). In multiple myeloma, 

MAGE3 was discovered to hinder apoptosis by activating p53-dependent BAX. This 

further underscores the link between cancer-testis expression and a pivotal cancer 

hallmark: resistance to apoptosis (Nin & Deng, 2023). This further implies that genes 

involved in controlling meiotic chromosome behaviour, regulating germ cells, and 

directing gametogenic development could potentially exhibit significant cancer-

causing effects if they are expressed abnormally in non-reproductive somatic cells 

(Sammut et al., 2014). 

 

Figure 1.8: The Hallmarks of Cancer (Nin & Deng, 2023). Examples of cancer-testis 

antigens with roles associated with each cancer hallmark. 

 

Consequently, due to the close connection between the roles of cancer-testis genes 

and the hallmarks of cancer ectopic activation of a germline programme may drive 

cells towards tumorigenesis. This could potentially also explain the differential 

prevalence of certain cancers in men and women due to the presence of cancer-testis 

antigens on the different sex chromosomes. This highlights the need for further 

investigations into this class of tumour-associated proteins to develop further cancer-
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testis antigen anticancer strategies. Especially given the limited understanding of the 

temporal relationship between meiotic gene expression and cancer development, a 

critical question arises: are meiotic genes activated late in the development simply 

due to the accumulation of cellular disruption and/or DNA damage, or do these genes 

actively drive cancer advancement? 

 

1.4 Differential prevalence of cancers between males and females 

Cancer susceptibility and cancer survival have been linked to sex differences, which 

have been reported to affect mutational burden, DNA repair, epigenetics, metabolism, 

tumour suppressor activity, cell cycle regulation and immunity (Rubin, 2022). These 

sex differences are different to sexual dimorphisms which refer to features such as 

ovaries and testes and differences between sexes such as height (Cook et al., 2012). 

Therefore, genetic, epigenetic and gonadal hormone actions are sexual 

differentiations which can lead to differences across disease prognosis, diagnosis and 

pathogenesis (Cook et al., 2012). However, what these differences mean for cancer 

risk, treatment response and prognosis are currently unknown and require further 

investigations (Rubin, 2022).  

While behaviours (smoking & alcohol), anthropometrics (body mass index), lifestyle 

(physical activity & diet), and demographic factors between males and females have 

been investigated and could explain the male predominance in at least 21 cancer 

sites, these cannot be the sole factors at play (Jackson et al., 2022). Three potential 

explanations to explain this predominance are currently available.  

One possible explanation is that there may be X-linked tumour suppressor genes that 

escape X inactivation (Rubin, 2022). Multiple essential tumour suppressors are 

located within the non-pseudo-autosomal region of the X chromosome, resulting in a 

lack of genetic and function equilibration between males and females. Examples 

include KDM6A, ATRX, DDX3X and TLR6/7, with a higher dose in women. These 

genes have important epigenetic and tumour suppressor functions including immune 

surveillance and cancer cell elimination, indicating that women have greater 

protection compared to men (Rubin, 2022). The second explanation is Y-linked proto-

oncogenes, which are inherently male-specific and can only be activated to trigger 

tumorigenesis in males such as TSPY and RBMY which have both been found to be 

ectopically expressed in diseased somatic cells (Kido & Lau, 2015). Since these 

genes are Y chromosome-specific they could potentially influence the development, 

progression and outcomes of male-predominated cancers (Kido & Lau, 2015). Finally, 

as mentioned in section 1.3 male germline genes have been shown to be wrongfully 

activated in cancers encoding cancer-testis antigens thus driving tumorigenesis 
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(McFarlane et al., 2014). The interest surrounding this category of cancer antigen has 

increased since their cancer-restricted profile makes them potentially a beneficial 

cancer biomarker for diagnosis, prognosis and subsequent immunotherapy 

(McFarlane et al., 2014). 

 

1.5 Preliminary Observation: ZFY is Potentially Associated with Cancer 

Given the above links between cancer and spermatogenesis, in searching for genetic 

factors that could explain the excess male prevalence of certain cancers, it makes 

sense to focus on sex linked genes, testis-expressed genes, and in particular genes 

that are known to have a role in apoptosis and/or chromatin remodelling. This thesis 

focuses on a zinc finger protein, ZFY, that falls within all three of those categories. 

ZFY is a Y-linked transcription factor with links to germ cell development, meiosis and 

apoptosis (see below), but its exact function remains poorly understood. Previous 

work in the Ellis-Fenton lab at the University of Kent showed altered splicing of ZFY 

in Human Papillomavirus (HPV) negative oropharyngeal squamous cell carcinoma 

(OPSCC) cell lines (Trujillo, 2019). Given the connection to apoptosis, this could 

potentially explain the male prevalence of head and neck squamous cell carcinomas 

(HNSCCs). 

 

1.6 Zinc Finger Proteins  

The Zinc finger protein family has been identified to play a significant role in 

spermatogenesis (Vickram et al., 2021). This group of transcription factors have been 

shown to have a critical role in proliferation and differentiation during 

spermatogenesis. 

In the late 1980s the first Zinc finger, Transcription Factor IIIa (TFIIIa) was discovered 

in the Xenopus laevis (Cassandri et al., 2017). This resulted in the downstream 

discovery of a new group of transcriptional activator proteins containing 30 amino acid 

repeat regions. Currently, 30 types of zinc-finger proteins have been designated 

based on their zinc-finger domain structure (Cassandri et al., 2017).  

The classical C2H2 (Kr¿ppel-type) zinc finger proteins form the largest mammalian 

regulatory protein family making up 1% of the total mammalian proteins (Iuchi, 2001) 

and almost half of the annotated transcription factors in the human genome (Emerson 

& Thomas, 2009). Their vast presence is demonstrated by 133 different C2H2 cDNA 

identified in the brain alone (Iuchi, 2001). Zinc finger proteins are involved in a range 

of cellular activities, these include development, differentiation, and tumour 

suppression. Zinc fingers seem to have a vital role which explains why they are also 

found in lower eukaryotes and prokaryotes (Iuchi, 2001). 
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Great variation is seen across the zinc-finger family, with differences in structure 

identified. Differences in cysteine/histidine combinations lead to the identification of 

non-classical types of zinc finger proteins (Figure 1.9) (Cassandri et al., 2017).  

 

Figure 1.9: A schematic representation of the zinc finger domain subtype 

structures (Cassandri et al., 2017). RING-type: really interesting new gene, PHD-

type: plant homeodomain and LIM-type: Lin-ll, Isl-1, and Mec-3.  

 

1.6.1 The Structure of Zinc Finger Proteins  

The majority of zinc finger proteins consist of an N-terminal protein interacting 

domain, and a C-terminal DNA binding domain (DBD) which is generally where the 

zinc finger motifs are located (Emerson & Thomas, 2009). The N-terminal interacts 

with other proteins in order to regulate transcription, whilst the C-terminal region binds 

to DNA. Within the N-terminal domain around 40% of the human ZF members also 

contain an N-terminal Kr¿ppel-associated box (KRAB) domain. This KRAB domain 

functions to repress transcription via the recruitment of KAP-1, which results in 

chromatin modification and gene silencing (Emerson & Thomas, 2009). Like other 

proteins, the binding potential depends on the amino acid sequence of the finger 

domains in the C-terminal and also the linkers between the fingers (Iuchi, 2001). The 

number of zinc fingers in tandem can vary from one to more than thirty (Iuchi, 2001). 

In contrast to the KRAB-ZF family of transcriptional repressors, other ZF proteins 

contain acidic activating domains (AADs) and promote rather than repress 

transcription (Emerson & Thomas, 2009). AADs have been identified as disordered 

regions of transcription factors that bind the coactivators needed for transcription, for 

example, the Med15 subunit of Mediator (Sanborn et al., 2021);(Staller et al., 2021). 

In general, there seems to be a lack of sequence conservation within AADs, yet they 

still manage to make specific protein-protein interactions with the necessary 

transcriptional machinery (Melcher, 2000). However, there is conservation in the 

proposed targets of AADs. Research has demonstrated a two-step mechanism 

whereby activator regions first stimulate the assembly of the transcriptional machinery 

on DNA, followed by overexpression of the activator regions themselves, which 

inhibits their initial stimulatory effect through a negative feedback mechanism. 



ом 
 

Therefore, the AAD region of transcription factors is vital for the recruitment of the 

necessary transcriptional machinery (Melcher, 2000).  

It has been found that many mammalian transcription factors interact specifically with 

transcription factor II D (TFIID) composed of the TATA-binding protein (TBP) and the 

TBP-associated factors (TAFs) (S. Piskacek et al., 2007). Within the AAD regions, 

nine amino acid transactivation domain (9aaTAD) motifs can be identified, and these 

are thought to be the specific binding regions within the domain (M. Piskacek et al., 

2016). The 9aaTAD domains are recognised by transcriptional machinery from yeast 

to man, and there are many prediction algorithms available to locate these motifs 

within a sequence (M. Piskacek et al., 2016). 9aaTADs have been found to be 

required for the function of the AADs for many eukaryote transcription factors and are 

vital for the transactivation function of many transcription factors (S. Piskacek et al., 

2007). The vast majority of DNA-binding motifs in eukaryotes consist of zinc finger 

domains (Isernia et al., 2020). A zinc finger domain consists of a zinc ion, coordinated 

by cysteines and histidines in varying combinations (Figure 1.10) (Cassandri et al., 

2017). This forms a complex and compact ɓɓ Ŭ-structure consisting of two ɓ-sheets 

and one Ŭ-helix which was identified by crystallographic studies (Isernia et al., 2020). 

 

Figure 1.10: A schematic diagram of C2H2 zinc finger domains in tandem. Zinc 

fingers consist of the zinc ion core surrounded by two cysteine and two histidine 

residues. 

 

Given the focus on ZFY, this project focuses on the C2H2 group of zinc finger proteins. 

The consensus sequence of C2H2 fingers is CX2CX3FX5LX2HX3H, consisting of 

hydrophobic residues contained within the core except for the two cysteines and two 

histidine residues (X. Li et al., 2022). It is believed that the C2H2 domain motif targets 

a three-base pair sequence (X. Li et al., 2022). Three main C2H2 subgroups have 

been identified via their number and pattern, these three groups are; triple-C2H2, 

multiple-adjacent-C2H2, and separated-paired C2H2 finger proteins (Iuchi, 2001). The 
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various C2H2 zinc finger subgroups have different binding capabilities. The triple-C2H2 

and multiple-adjacent-C2H2 subgroups can bind multiple different ligands, whereas 

the separated-paired fingers subgroup binds its target using a single finger pair. The 

amino acid residues in the alpha helices of the zinc fingers allow high affinity binding 

to their target DNA segments, which is their primary role. The zinc fingers can then 

control the transcription of target genes along with other participating factors (Iuchi, 

2001).  

It has been suggested that the greater the number of zinc fingers, the more specific 

the affinity is for ligands (Iuchi, 2001). It is also possible that proteins containing a 

large number of tandem zinc fingers bind only one specific target rather than multiple 

targets using different subsets of the available zinc fingers (Emerson & Thomas, 

2009). The size and diversity of the zinc finger protein family is surprising large even 

with the ancestral size being small (Emerson & Thomas, 2009). The KRAB-specific 

domain was identified to have first arisen in the tetrapod vertebrates (Emerson & 

Thomas, 2009);(Bellefroid et al., 1991);(Birtle et al., 2006) with this event being 

recognised as a key subject of the vertebrate lineage-specific expansion (Emerson & 

Thomas, 2009). 

The zinc finger structure provides the framework for versatile gene targeting allowing 

the zinc finger family group to have a diverse array of functions.  

 

1.6.2 The Biological Functions of Zinc Finger Proteins  

The functions of zinc finger proteins are reliant on the presence of zinc finger domains 

as they bind to target promoter regions, enabling the subsequent activation or 

inhibition of the target (X. Li et al., 2022). Zinc finger proteins have a wide array of 

roles within the human body, including involvement in processes like development, 

differentiation, metabolism, transcriptional and post-transcriptional regulation, 

activation, protein degradation, and signal transduction. The varied combinations and 

functions exhibited by these zinc finger proteins underscore their versatility within the 

biological system (S. Liu et al., 2022);(X. Li et al., 2022);(Iuchi, 2001). Many noted 

zinc finger protein functions relate to cellular biological processes with links to cancer 

progression, tumour invasion, and metastasis (S. Liu et al., 2022). 

Some Zinc finger proteins have been identified to have physiological roles in the skin 

such as KLF4, a C2H2-type transcription factor (Cassandri et al., 2017). In a mouse 

study knocking down KLF4, a crucial role in keratinocyte differentiation was identified 

as the absence of the protein resulted in altered skin barrier formation (Segre et al., 

1999). SLUG, another C2H2-type transcription factor has also been shown to be 

involved in adipocyte differentiation, with other zinc finger transcription factors noted 
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to have important roles in the intestine, muscles, and cellular stemness regulation 

(Cassandri et al., 2017);(Antonio P® rez-Mancera et al., 2007). 

Although zinc finger proteins are vital for health, they have also been shown to have 

an important role in diseases, such as cancer onset and progression (Cassandri et 

al., 2017). This is because zinc finger proteins are involved in key cancer progression 

pathways ranging from carcinogenesis to metastasis formation. Evidence suggests 

that zinc finger proteins can recruit chromatin modifiers and function as structural 

proteins regulating cancer cell migration and invasion. For example, ZNF281 has 

been identified as a major player in tumorigenesis and tumour invasion due to its role 

in the DNA damage response process and the epithelial-mesenchymal transition 

(Cassandri et al., 2017);(Pieraccioli et al., 2016). Many other zinc finger proteins have 

been identified as cancer-driving.  

 

1.7 Zinc Finger Y-Chromosomal Protein  

Zinc Finger Y-Chromosomal protein (ZFY)  is encoded by the ZFY gene located on 

the Y chromosome (Yp11.2) and ZFY protein belongs to the Kr¿ppel-type family of 

C2H2-type zinc finger proteins (Koopman et al., 1991). An X chromosome homologue 

of the gene exists in females and is known as ZFX. ZFX and ZFY appear to have 

diverged from a common ancestral gene prior to the diversification of placental 

mammals, as evidenced by their sequence homology. However, ZFX and ZFY have 

evolved distinct functional roles based on their locations on the X and Y 

chromosomes, respectively (Schneider-Gadicke et al., 1989). ZFY is a highly 

conserved transcription factor expressed in many tissues in placental mammals and 

has been suggested to have a role in spermatogenesis regulation, but these have not 

yet been fully established and understood (Romano et al., 2017);(Holmlund et al., 

2023). ZFY was previously thought and suggested to be the sex-determining gene, 

however, this was later disproved and SRY was identified as the sex-determining 

gene. Due to the lack of sex determination function, the ZFY gene has very much 

disappeared from public interest with research taking a back seat for almost two 

decades. Although it is not the sex-determining gene, ZFY has been recognised as 

pivotal in safeguarding the Y chromosome. ZFY acts as the overseer of meiotic 

surveillance, thus contributing to the preservation of the Y chromosome and averting 

its potential extinction (Waters & Ruiz-Herrera, 2020);(Holmlund et al., 2023). 

In humans, two splice variants have been identified; the full-length version (ZFYL) 

containing 8 exons (7 coding exons, Figure 1.11) expressed ubiquitously and a testis-

specific short-spliced version (ZFYS) lacking the third exon (second coding exon ï 



оп 
 

573bp) (Decarpentrie et al., 2012). This short transcript was identified via reverse 

transcription polymerase chain reaction (RT-PCR) (Decarpentrie et al., 2012).  

Figure 1.11: A schematic diagram of the Human ZFY gene transcript. ZFY 

consists of one non-coding exon shown in grey and 7 coding exons shown in blue. 

ZFY also consists of a large N-terminal acid activating domain spanning exons 2 to 6 

and a C-terminal DNA binding domain located in exon 8. The introns are highlighted 

as a black line. The total gene including introns is 47.13kb but the exon length is only 

5.336kb.  

 

Roles of both variants have been speculated but no studies have confirmed their 

separate functions. Prediction methodology has suggested that ZFY is located 

intracellularly within the nucleoli and nucleoplasm (ZFY: The Human Protein Atlas, 

2024). The exact function of these different variants is generally unknown, and both 

variants seem to have different expression patterns within males.  

ZFY has been most closely investigated in mouse models where two paralogous Y-

linked copies have been identified; Zfy1 and Zfy2 (Holmlund et al., 2023). Zfy1 is 

similar to human ZFY and produces both long and short isoforms, whilst Zfy2 

expresses almost exclusively the long isoform. In mice Zfy1 and Zfy2 are expressed 

in spermatocytes during meiotic prophase I leptotene and zygotene stages (Vernet, 

Szot, et al., 2014). Subsequently, both genes are then silenced at the onset of MSCI, 

this silencing is essential for pachytene progression (Royo et al., 2010). A secondary 

surge in expression post-meiosis was identified. Following meiosis, Zfy2 exhibits 

greater expression in spermatids compared to Zfy1 (Vernet, Szot, et al., 

2014);(Decarpentrie et al., 2012);(Holmlund et al., 2023). Studies in mice have 

demonstrated a shift in promoter activation following meiosis. Prior to MSCI, the 

expression of Zfy1 and Zfy2 is regulated by their homologous Zfy promoter. However, 

after meiosis, this regulation switches, and Zfy2 expression is driven by a potent, 

spermatid-specific promoter possibly explaining the shift in Zfy2 expression post-

meiosis. A splicing pattern similar to what has been demonstrated in humans is also 

seen in mice. Two Zfy1 transcripts have been identified; a short transcript missing 

exon 4 and a long transcript retaining exon 4. Exon 4 is homologous to exon 3 in 

human ZFY which is alternatively spliced out to form the short isoform and is therefore 
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equivalent to that of the mouse short Zfy transcript, with both short transcripts also 

being confirmed as testis-specific (Decarpentrie et al., 2012). The short Zfy1 transcript 

was most prominent in spermatocytes, whilst the long was prominent in spermatids. 

A short Zfy2 transcript was also identified but the expression of this transcript is at 

very low levels compared to the long Zfy2 form (Holmlund et al., 2023). In humans, 

northern blots and RT-PCR have confirmed that the ZFYS form is expressed pre-

meiotically, and its expression is testis-specific, whilst the ZFYL form has been 

identified to be expressed post-meiotically, but its expression is ubiquitous 

(Decarpentrie et al., 2012). This splicing pattern has been identified in other animals, 

such as sheep suggesting that ZFY splicing is a highly conserved event (Holmlund et 

al., 2023). 

The full-length mouse isoform has been shown to possess transactivation ability 

within a yeast reporter system, whilst the short-spliced version has no such detectable 

ability shown in Figure 1.13 (Vernet, Mahadevaiah, de Rooij, et al., 2016). It is 

suspected that the majority of Zfy transactivation in mice comes from the Zfy2  

isoform. 

Further work looking into mouse Zfy has also shown that Zfy1 and Zfy2 both trigger 

germ cell apoptosis and that subsequent silencing of both the Zfy1 and Zfy2 are 

necessary for pachytene progression (Vernet, Szot, et al., 2014);(Vernet, 

Mahadevaiah, de Rooij, et al., 2016). The differences between mouse and human 

ZFY, such as the existence of two paralogs and their restricted testis expression, 

causes some downstream problems when looking into their function and clinical 

relevance therefore, throughout this work, the focus has not been on the mice Zfy 

forms as identifying possible clinical relevance in humans was a key aim.  

ZFY structure follows the classical Zinc finger transcription factor structure, and it is 

presumed to have major importance in the roles it performs.  

 

1.7.1 The Structure of ZFY 

The overall structure of ZFY is one of a transcription factor as it contains a large N-

terminal AAD and a C-terminal DBD. Within the DBD, ZFY has thirteen zinc fingers, 

specifically C2H2-type zinc fingers. Because of these identified structures, it is 

believed that ZFY is a possible eukaryotic transcription factor. 

The ZFY zinc fingers follow the C-X2-C-X12-H-X3/X4-H pattern, therefore slightly 

differing from other C-X2-C-X12-H-X3-H zinc fingers. In this sequence structure; X is 

an amino acid, and the number indicates the number of residues, with C indicating a 

cysteine residue and H indicating a histidine residue. The number of amino acids 

between the histidines in ZFY zinc fingers alternate between three and four amino 
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acids which is expected to be the result of a duplication event. The C-X2-C-X12-H-

X3-H zinc finger pattern is commonly referred to as the poly-F as there are normally 

at least 4 zinc finger repeats in tandem however, ZFY contains 13 zinc fingers in 

tandem (Emerson & Thomas, 2009). 

ZFY as mentioned consists of eight exons, of which seven are coding exons. The 

large AAD is located within exons two to six, whilst the DBD is encoded by a single 

exon, exon eight. ZFY in total is 801 amino acids long (90.5KDa) with a very negative 

predicted charge of -16 and an isoelectric point between 5.65-5.99. However, the 

short-spliced variant which was identified via reverse transcription polymerase chain 

reaction (RT-PCR), lacks the second coding exon which encodes half the acidic 

domain and hence why it is referred to as ZFYS form (Figure 1.12). ZFYS is missing 

the 573bp second coding exon, which makes the short form a total of 191 amino acids 

shorter than that of the ZFYL form (Figure 1.12). 

Figure 1.12: A schematic comparing the two isoforms of ZFY. A: Genome 

organisation of ZFY. B: The two ZFY transcripts following splicing in which ZFY-short 

lacks the third exon which is 0.573kb indicated by the cross, making the total exon 

length 4.753kb. 

 

As previously mentioned in section 1.5.1, AAD and DBD in combination are hallmarks 

of eukaryotic transcription factors. The AAD and DBD of ZFY are separated by a short 

basic nuclear localisation signal in exon 7 implying that ZFY is a nuclear protein 

(Koopman et al., 1991). The AAD is thought to bind and recruit the necessary 

transcriptional machinery due to its highly negative charge. It is presumed due to 

these features in combination that ZFY acts like a conventional transcriptional factor 

and interacts with TFIID via TATA box binding protein (TBP)-associated factor (TAF9), 

a known transcriptional cofactor (S. Piskacek et al., 2007). Protein-protein 

interactions form between this cofactor and 9aaTADs, initiating and regulating 
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transcription machinery. GAL4, a transcription factor in yeast has been identified to 

contain these 9aaTADs and it has been demonstrated that these motifs are vital for 

GAL4ôs transactivation activity. Experiments carried out with the ZFYL acidic domain 

lacking the DBD have shown transactivation activity when fused to the Gal4-DBD S. 

cerevisiae reporter system (S. Piskacek et al., 2007);(Decarpentrie et al., 2012). 

Whilst ZFYS showed no transactivation activity possibly as a result of lacking part of 

the acidic domain due to the splicing event, there could be other factors at play. It was 

therefore predicted, that ZFYS could have a direct or competitive repressor function 

that blocks ZFYL functions (Figure 1.13) (Mardon et al., 1990). As a result, ZFYS has 

been designated as the inactive isoform, while ZFYL is recognised as the active 

isoform.  

However, ZFY transactivation has yet to be investigated within a mammalian 

expression model system, and it is possible that the events under these 

circumstances may differ from those seen in the yeast reporter model system. 

 

 

Figure 1.13: ZFY Transactivation activity (Decarpentrie et al., 2012). ɓ-

galactosidase activity was measured and compared between the pGBKT7 negative 

control and the fusion acidic domain from S. cerevisiae (sc) GAL4-AD positive control. 

ZFY isoforms with long or short acidic domains from humans (hs) or mouse (mm) 

were tested in duplicate from two independent transformations (four bars). The short 

acidic domains consistently failed to transactivate in yeast cells.  
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Located at the C-terminal end of ZFY the DBD consists of thirteen tandem zinc 

fingers. This region has demonstrated significant conservation among all ZFY 

variants and their homologs. When examining the genetic similarity between human 

ZFY and mouse ZFY1 and ZFY2, there is a minimum of 70% sequence identity 

(Holmlund et al., 2023). This similarity also holds for human ZFX. It is suggested that 

this DBD is vital for ZFY function (Holmlund et al., 2023).  

Deciphering the role of ZFY is complicated by the existence of both long and short 

isoforms generated by alternative splicing, a process that is still poorly understood. A 

component of this thesis will therefore examine the splicing event that produces these 

ZFY isoforms and potential gene/s that may regulate this process. 

 

1.7.2 Known Biological Functions of ZFY 

Although ZFY is expressed widely in many tissues in most mammalian species, its 

functions in non-testicular tissues remain completely unexplored. In 1990, 

researchers investigated the case of a human X,t(Y;22) female with a deletion of the 

ZFY gene, as it was thought that ZFY and ZFX might be associated with Turner 

syndrome (Page et al., 1990). Despite the absence of ZFY, the individual showed no 

somatic features of Turner syndrome, raising questions and creating uncertainty 

about the role of ZFY in somatic tissues (Page et al., 1990). 

The studies that have been performed to date have focused on its multiple roles 

during spermatogenesis. This work was recently reviewed by Holmlund et al 

(Holmlund et al., 2023) and studies fall into two classes; meiotic and post-meiotic. 

Firstly, work in the early 2000s focused on chromosomally variant mice lacking most 

or all of the Y chromosome, to which Zfy was then added back as a transgene to 

determine which function(s) were restored by the presence of Zfy.  More recently, 

CRISPR technology has allowed the use of gene targeting to produce specific 

knockouts of Zfy1, Zfy2 or both, and characterise the testicular phenotypes. 

Collectively, these studies have indicated that mouse Zfy functions at several stages 

in spermatogenesis, with specific roles related to unpaired germ cell removal, control 

of MSCI during meiosis I, progression of meiosis II, and promoting spermiogenesis 

(Holmlund et al., 2023). 

 

1.7.2.1 Meiotic Functions of ZFY 

ZFY has been suggested to have apoptotic control at both the MSCI checkpoint as 

well as the late spindle assembly (metaphase of the first meiotic division) checkpoint 

(Vernet, Mahadevaiah, de Rooij, et al., 2016). This means that incorrect expression 

of ZFY can cause germ cell death. The genomic location of ZFY on the Y 
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chromosome implies a negative feedback loop, which has not yet been established 

as direct or indirect. Y chromosome location is a sensor for the failure or success of 

MSCI, with juvenile mice lacking Zfy showing delayed onset of MSCI in 

spermatocytes (Vernet, Mahadevaiah, de Rooij, et al., 2016). The ZFY loop results in 

ZFY genes repressing their expression during the transition into pachytene of meiosis 

and then reactivating themselves in spermatids. But like with much of ZFY, this 

mechanism is not understood. However, models suggest that continuous stimulation 

of ZFY expression in lagging cells could stimulate the completion of MSCI and then 

the ceasing of ZFY transcription would allow for prophase to proceed as normal and 

spermatogenesis would continue (Vernet, Mahadevaiah, de Rooij, et al., 2016). 

However, if ZFY expression continues for a prolonged period, MSCI would fail, and 

cells would undergo apoptosis (Vernet, Mahadevaiah, de Rooij, et al., 2016). An 

example of MSCI leakage is observed in XYY males, where impaired Y chromosome 

silencing leads to arrested mid-pachytene spermatocytes that ultimately undergo 

apoptosis (Royo et al., 2010);(Decarpentrie et al., 2012);(Vernet, Mahadevaiah, de 

Rooij, et al., 2016). Male mice carrying an autosomal Zfy1 or Zfy2 transgene were 

found to wrongly express Zfy1/2 during pachytene, leading to extensive germ cell 

apoptosis. This affirmed that the pachytene expression of Zfy1/2 genes induces a 

stage IV block in XY males (Royo et al., 2010). In summary, ZFY serves three key 

functions in MSCI: (1) it acts as an MSCI activator, (2) functions as a progress sensor 

due to its Y chromosome location, and (3) acts as an executor for mis-expressed 

pachytene stage cells in the event of MSCI failure (Holmlund et al., 2023). With other 

functions linked to quality control and meiosis progression.  

During the first meiotic metaphase in males, there also needs to be efficient apoptotic 

elimination of univalent chromosomes (Vernet et al., 2011). Mouse studies 

demonstrated that XSxrbO male mice with deleted Y short-arm genes experience 

spermatogonial arrest. However, reintroducing Eif2s3y overcomes this 

spermatogonial arrest but does not result in the anticipated elimination of first meiotic 

metaphase spermatocytes in response to the univalent. Subsequently, it was 

discovered that Zfy2, but not Zfy1, was capable of restoring the apoptotic response 

to X univalence. This suggests that Zfy2 is necessary to trigger the response to 

univalent chromosomes at meiotic metaphase 1 (Vernet et al., 2011).  

Further research has also revealed that Zfy1 and Zfy2 are involved in facilitating the 

successful transition into the second meiotic stage (Vernet, Mahadevaiah, et al., 

2014). Both genes are expressed during the interphase stage, situated between the 

two meiotic divisions, a phase exclusive to male meiosis. This indicates that both Zfy1 
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and Zfy2 help promote the second meiotic division (Vernet, Mahadevaiah, et al., 

2014).  

The role of ZFY splice variation in regulating these functions remains somewhat 

unclear, however, it has been shown that ZFYS is expressed predominantly pre-

meiotically within the testis, whilst ZFYL is expressed predominantly post-meiotically 

suggesting that these two variants have different possible functions within 

spermatogenesis (Decarpentrie et al., 2012). If ZFYS is indeed a competitive inhibitor 

of ZFYL activity, one possibility is that the purpose of the short form is to block the 

activity of the long form until its expression is required later on in spermatogenesis. 

This is consistent with the generally greater effect of mouse Zfy2 in promoting all the 

phenotypes outlined above, and in particular with the work by Nakasuji et al that 

specifically knocked out the long splice variant while leaving the short splice variant 

untargeted (Nakasuji et al., 2017). 

To recap, mouse Zfy1 and Zfy2 are pivotal in enhancing meiotic quality control during 

pachytene, with Zfy2 additionally influencing processes during the first meiotic 

metaphase. Moreover, they are involved in initiating the second meiotic stage, 

underscoring the significance of ZFY in various stages of spermatogenesis. 

 

1.7.2.2 Post-Meiotic Functions of ZFY 

As mentioned above, ZFY expression increases in germ cells as the cells begin to 

enter meiosis, but then is silenced during MSCI during pachytene, it has been found 

that in mice Zfy2 is reactivated strongly in spermatids. Does this therefore suggest a 

spermatid function (Decarpentrie et al., 2012)? 

Previous findings have suggested that mouse Zfy2 plays a role in the formation of 

spermatozoa from haploid round spermatids (Yamauchi et al., 2015).  This paper, 

therefore, identified a novel role of Zfy2 in spermatogenesis and fertilisation 

(Yamauchi et al., 2015);(Vernet, Mahadevaiah, Decarpentrie, et al., 2016). Following 

the reactivation and continuation of ZFY in secondary spermatocytes, mouse round 

spermatids were identified to have Zfy2 dominance, and Zfy2 was identified as a key 

contributor to the transition of round spermatids to spermatids undergoing sperm 

morphogenesis (Figure 1.15) and function during assisted fertilisation (Yamauchi et 

al., 2015);(Vernet, Mahadevaiah, Decarpentrie, et al., 2016). This Zfy2 dominance in 

spermatids could be a result of Zfy2 containing a spermatid-specific promoter derived 

from an X-linked CYPT gene, a spermatid-specific gene family (Vernet et al., 

2012);(Yamauchi et al., 2015);(Vernet, Mahadevaiah, Decarpentrie, et al., 2016). Zfy1 

lacks this upstream promoter and is expressed at lower levels in spermatids. This 

presence of a spermatid-specific promoter could therefore explain the elevated levels 
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of Zfy2 transcripts in spermatids, explaining the secondary spike in ZFY expression 

post-meiotically in spermatogenesis (Decarpentrie et al., 2012). 

Vernet et al further confirmed the role of Zfy2 in sperm morphogenesis promotion 

after adding the Zfy2 transgene to XEY*XSry males in which the only Y genes present 

are Sry and the X-located Eif2s3y (Vernet, Mahadevaiah, Decarpentrie, et al., 2016). 

The introduction of the Zfy2 transgene advanced spermiogenic progression, whereas 

the addition of a Zfy1 transgene had no discernible impact on spermiogenic 

progression, resulting in the continued failure of sperm elongation. This further 

suggests that Zfy2 through its Cypt-derived promoter promotes spermatid elongation 

(Vernet et al., 2012);(Vernet, Mahadevaiah, Decarpentrie, et al., 2016).  

Both Zfy1 and Zfy2 have been continuously proven to be vital to male fertility, with 

knockout experiments showing abnormalities in their sperm including defects in 

morphology, motility, capacitation, acrosome reaction, and oocyte activation, as well 

as chromosomal aberrations (Nakasuji et al., 2017);(Yamauchi et al., 2022).  

 

1.7.3 Alternative Splicing Regulation in Relation to ZFY 

Splicing is the removal of introns from pre-mRNA before the exons are joined for 

translation into a functional protein (Baralle & Baralle, 2005). This process occurs in 

the spliceosome and is regulated by a variety of RNA-RNA, RNA-protein, and protein-

protein interactions to ensure that introns are removed, and exons are joined precisely 

in the correct order. However, on occasion errors occur and mutations can result in 

complete exon skipping, intron retention, or can introduce a new splice site (Baralle 

& Baralle, 2005).  

ZFY undergoes splicing producing a testis-specific short isoform, missing an entire 

exon. The splicer of ZFY is currently unknown. In this thesis, we propose that RBMY 

acts to prevent the inclusion of the ZFY core acidic domain exon, resulting in the 

identified short isoform.  

 

1.7.3.1 RBMY, an Overview 

RNA-binding motif on the Y chromosome (RBMY) is located on the Y chromosome in 

the AZFb region on the Yq11 and encodes a germ-cell-specific protein with functions 

associated with spermatogenesis (Tsuei et al., 2004).  

30 copies of RBMY genes and pseudogenes have been identified and possibly many 

are still unidentified, but only a few have been identified as functional (Tsuei et al., 

2004). Due to the multicopy nature of RBMY defining the specific function in 

spermatogenesis has been difficult (Brriton-Jones & Haines, 2000). 

Immunohistochemistry has shown the RBMY1A1 protein is localised within the 



пн 
 

nucleus of human male germ cells indicating its testis-specific function (RBMY1A1, 

2024). The expression of RBMY1A1 in normal tissues is restricted to the testis, with 

the median expression noted as 11.47 TPM (GEPIA2, Figure 1.14). Whilst 

expression was not identified elsewhere in the body as shown in figure 1.14 below. 

Alongside its specific expression in male germ cells, RBMY1A1 is highly conserved 

on the Y chromosome throughout evolution suggesting it is of high importance in 

spermatogenesis (Brriton-Jones & Haines, 2000).  

 

Figure 1.14: Gene expression profile of RBMY across all tumour samples and 

paired normal tissues (GEPIA2). The height of the bars represents the median 

transcript per million (TPM) expression.  

 

RBMY1A1 structure consists of a C-terminal protein interaction repeat domain which 

is enriched in serine, arginine, glycine, and tyrosine (Navarro-Costa, Plancha, et al., 

2010). This is probably the region that controls the regulatory function of RBMY1A1. 

RBMY1A1 is localised to domains enriched in pre-mRNA splicing components, likely 

due to the RNA recognition motif (RRM). It has been suggested that RBMY1A1 

modulates pre-mRNA splicing regulators such as SR and SR-related proteins, which 

modulate splice site selection through their RRM domain. These findings have 

confirmed RBMY1A1 function in splicing and mRNA metabolism but further studies 

looking to identify RBMY1A1-interacting proteins have shown potential alternative 

roles. RBMY1A1 was found to interact with the steroidogenic acute regulatory (STAR) 

protein, a mitochondrial protein regulating steroid hormone biosynthesis, and the 

testis-signal transduction and activation of RNA (T-STAR) protein. These interactions 

suggest that RBMY1A1 is also involved in aspects of meiotic and pre-meiotic 

regulation through the formation of protein complexes (Navarro-Costa, Plancha, et 

al., 2010);(Stocco, 2001). There has been partial success in identifying RBMY1A1 

RNA targets. Results indicate a complex system as the RRM domain seems to bind 

RNA with low and high affinity (Navarro-Costa, Plancha, et al., 2010). Alongside this, 
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RBMY1A1 also displays a unique complex RNA recognition mechanism consisting of 

two steps. Firstly, RBMY1A1 interacts with a sequence-specific site, and this is then 

followed by a conformational modification. This suggests a high plasticity concerning 

RNA partners. Murine studies have indicated 12 potential mRNA targets for 

RBMY1A1, with many of them being expressed in the testis (Navarro-Costa, Plancha, 

et al., 2010). 

Overall, RBMY is a key Y chromosome gene with functions relating to sperm 

development specifically in splicing regulation and gene expression during 

spermatogenesis. This makes RBMY a gene of interest for ZFY splicing and is why 

this thesis looks into this relationship. 

 

1.7.3.2 Why RBMY? 

In the paper that first discovered the ZFY alternative splicing, they looked at two 

human patients with early meiotic arrest (Decarpentrie et al., 2012). Patient APOP12 

had no AZF deletion and is therefore expected to show normal RBMY expression 

(Decarpentrie et al., 2012). This patientôs ZFYS expression was near normal levels 

(Figure 1.15) (Decarpentrie et al., 2012). Patient Ste363 had an AZFb deletion, which 

is known to eliminate RBMY expression, and was found to have much lower levels of 

ZFYS in the testis (Figure 1.15) (Decarpentrie et al., 2012). Thus, although the 

histological phenotype is somewhat similar in both patients, ZFYS expression is much 

lower in the patients lacking RBMY. 

 

 

Figure 1.15: RT-PCR analysis of ZFY transcripts (Decarpentrie et al., 2012). RT-

analysis of ZFY in human tissues of patient (A) APOP12 and (B) Ste363. The primers 

! . 
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were designed from exons 2 and 4, to include exon 3 (coding exon 2) which is spliced 

out forming the short ZFY isoform. PRM1 (Protamine 1), TNP1 (Transition protein 1) 

are spermatid specific and were used to confirm the absence of post-meiotic germ 

cells. HRPT = Housekeeping gene used as a positive control.   

 

Further circumstantial evidence is provided by expression timing. RBMY, like ZFYS, 

is testis-specific and is located in the nucleus of spermatogonia and spermatocytes, 

but not spermatids. This matches the predominant expression of ZFYS before 

meiosis and ZFYL post-meiosis in spermatids. Moreover, the phenotype of men 

carrying an AZFb deletion on their Y chromosome (and therefore lacking RBMY) is 

typically a complete mid-meiotic arrest. This is unlike the phenotype seen in other Y 

chromosome deletions not involving AZFb and is similar to the phenotype observed 

in mice transgenically overexpressing Zfy1 or Zfy2 during pachytene. If ZFYS is 

indeed a lower-activity variant that acts as an antagonist to ZFYL, then selective 

deficiency of ZFYS (triggered by absence of RBMY) might result in the same 

phenotype as ZFYL overexpression. 

Mechanistically, functional studies have investigated RBMXL2, a closely related gene 

to RBMY. The RBMXL2 gene is located on chromosome 11, with the protein only 

being expressed in the testis (Ehrmann et al., 2019). Mouse studies knocking down 

RBMXL2 showed a block in spermatogenesis, with adult mice only having very few 

spermatids and no elongated spermatids suggesting that RBMXL2 loss prevents 

sperm production, and this is possibly due to a developmental block during meiosis. 

It was found that the mouse germ cells could develop as far as meiosis but then would 

undergo cell death via apoptosis during diplotene. With enrichment of RBMXL2 

binding in both alternative exon sequences and in regions near regulated splice sites, 

as opposed to non-regulated events, was also noted. The study that RBMXL2 has a 

key role in meiotic transcriptome control, and thus, loss of RBMXL2 can result in male 

infertility due to germ cell type-specific cryptic splicing. This was confirmed by gene 

ontology analysis showing that many genes controlled by RBMXL2 splicing had 

functions in spermatogenesis, meiosis, and germ cell development. To further this 

25/186 RBMXL2 target genes were identified to result in infertility if the whole gene 

was deleted. Importantly for this hypothesis, it was shown that RBMXL2 acts by 

suppressing the use of a specific subset of acceptor splice sites, triggering the 

skipping of specific exons in the testis. This suggests that the closely related RBMY 

(the N-terminal RRM is 77.2% similar to RBMXL2 (Ehrmann et al., 2019)) may also 

act to block specific acceptor splice sites, i.e. that specific exons will be skipped in 

premeiotic male germ cells expressing RBMY. In the context of the hypothesis, we 

proposed that premeiotic RBMY expression could trigger skipping of the exon 3 of 

ZFY in spermatogonia. 
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1.7.4 ZFX, the X Chromosome Homologue of ZFY 

ZFX is the X-linked homologue of ZFY and has a similar structure. ZFX is located on 

the short arm of the X chromosome in the region of Xp21.3 and p22.1 (Schneider-

Gadicke et al., 1989). Evidence has suggested these two genes have diverged from 

a common ancestor due to their similarities in exon sequences and organisation. 

Within the C-terminal DBD, both ZFY and ZFX encode a total of 13 zinc fingers and 

99% of their zinc finger amino acids are identical suggesting functional similarities 

(Figure 1.16). Like ZFY, ZFX zinc fingers follow the same general zinc finger structure 

of C2H2. Due to their high similarity, ZFY and ZFX likely bind to the same DNA 

sequences and targets. Northern blot experiments within human-rodent hybrids 

suggest that ZFX escapes X-inactivation, as a higher level of ZFX transcripts was 

identified with an increasing number of X chromosomes (Schneider-Gadicke et al., 

1989). 

ZFX has been studied highly in relation to multiple different human cancers, with 

implications in the initiation or progression of human cancers including; breast, 

colorectal, glioma, renal carcinoma, prostate, and many more (Ni et al., 2020). 

Specifically, high expression of ZFX has been correlated with poor survival rates in 

cancer patients. This discovery leads to the thinking that ZFX does not seem to be a 

tumour-type-specific oncogene but rather it contributes to metaplastic transformation 

caused by tumour-promoting changes in the transcriptome. Again, like ZFY the 

mechanism by which ZFX influences these changes has not been determined (Ni et 

al., 2020). 

 

Figure 1.16: Schematic diagram showing the conservation between ZFY, ZFX, 

and ZNF711 (Ni et al., 2020). This family of zinc finger proteins is highly conserved 

with 96% overall sequence identity between ZFX and ZFY. The sequence 

conservation is even higher in the zinc finger (ZF) domain critical for function, 

approaching 100%. ZNF711 is a more distant zinc finger protein family member with 
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lower but still high similarity to both ZFX and ZFY. However, ZNF711 lacks two of the 

zinc fingers present in the ZF domain of ZFX/ZFY. 

 

Ni et al characterised the transcription factors that bind downstream of the ZFX CpG 

island promoter start site, providing both RNA-sequencing and ChIP-seq data (Ni et 

al., 2020). These datasets are of interest given the structural similarities between ZFY 

and ZFX despite their divergent functions. Analysing these ZFX-associated data may 

provide insights into ZFY transcriptional regulation. 

 

1.7.5 ZFYôs Role in Y Chromosome Evolution  

As mentioned earlier, the Y chromosome has earned the reputation of being fragile 

and vulnerable due to the loss of genes and PAR regions (Holmlund et al., 2023). It 

is widely believed that meiosis plays a significant role in the evolutionary dynamics of 

the Y chromosome (Holmlund et al., 2023). 

The continuous evolutionary pressure for the persistence of the Y chromosome is 

deemed to be down to the existence of a meiotic executioner (Waters & Ruiz-Herrera, 

2020);(Holmlund et al., 2023). The necessary criteria for this meiotic executioner are: 

(1) it must be encoded on the Y chromosome, (2) essential for fertility or survival, and 

(3) causes lethality at the pachytene stage during MSCI (Holmlund et al., 2023). ZFY 

is therefore a top contender for this meiotic executioner in eutherians. Evidence from 

mice (Vernet, Mahadevaiah, de Rooij, et al., 2016), horses (Ruiz et al., 2019), pigs 

(Barasc et al., 2012), and rodents where the Y chromosome had been lost through Y 

transposition to the X chromosome, ZFY had been discovered to be situated on the 

X chromosome (Holmlund et al., 2023). Additionally, after sequencing the Y 

chromosome of the giant panda, researchers identified an independent gene 

conversion occurring on exon 7 (Holmlund et al., 2023). This gene conversion was 

further identified in various other mammalian lineages. This implies that such a 

mechanism might serve to safeguard the functionality of ZFY on the Y chromosome 

in mammals (Holmlund et al., 2023). In particular, gene conversion affecting the DNA 

binding domain would serve to homogenise this region between X and Y homologues, 

ensuring that both continue to target the similar sets of downstream genes even as 

the acidic domain (controlling the strength and direction of transcriptional regulation) 

diverges between X and Y gene copies.  

 

1.7.6 ZFY is a Possible Proto-Oncogene 

While extensive research has examined ZFY's roles in spermatogenesis and other 

male-specific functions, studies have also emerged investigating ZFY as a candidate 
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cancer-testis gene. This is based on findings that ZFY is expressed in certain cancers 

yet displays more highly in the testis than in normal tissues. 

An oncogene results in the uncontrollable division of cells, potentially resulting in 

cancer (Oncogene, 2024). However, before the transition into an oncogene through 

mutation, the gene is known as a proto-oncogene and functions in regulating normal 

cell division. 

Experiments looking at ZFY expression, have shown unexplained expression of ZFY 

in cancer cells. It is thought that ZFY could possess indirect oncogenic activity (Tricoli 

& Bruce Bracken, 1993). The zinc finger motifs have shown the potential to regulate 

the expression of other target genes which suggests a potential role in malignancy 

development. Through RT-PCR and northern blots ZFY for example was identified in 

20 of 31 prostate adenocarcinomas, and then further southern blot analysis showed 

that the Y chromosome segment containing ZFY was not lost from a majority of the 

tumour cells. Unlike in benign hyperplastic tissue where ZFY was not identified to be 

expressed. This suggested that ZFY can become transcriptionally active in human 

tumours resulting in the dysregulation of other vital growth control genes contributing 

to malignancy formation (Tricoli & Bruce Bracken, 1993). At the time this data was 

published, the ZFYS splice variant had not been identified. 

According to the human protein atlas, ZFY has low cancer specificity but has been 

detected in many cancer types with suggestions to being a prognostic marker in head 

and neck cancers (ZFY: The Human Protein Atlas, 2024) (Figure 1.17). Overall, there 

is an ongoing need to identify new cancer biomarkers and potential therapeutic 

targets. ZFY represents a prospective cancer-testis gene based on its restricted 

expression profile and evidence of expression in certain tumour types. Further 

research is required to evaluate ZFY as a potential diagnostic marker or treatment 

target in specific cancers. 
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Figure 1.17: Gene expression profile of ZFY across all tumour samples and 

paired normal tissues (GEPIA2). The height of the bars represents the median 

transcript per million (TPM) expression. 

 

1.7.6.1 Head and Neck Cancer  

Previous work by a student in the Ellis-Fenton lab showed expression of the short-

spliced variant in HPV-negative oropharyngeal cancer squamous cell carcinoma 

(OPSCC) cell lines, which is intriguing given the excess male prevalence of head & 

neck squamous cell carcinomas (HNSCCs) (Trujillo, 2019). 

Head and Neck cancer (HNC) as of 2022 is the seventh most common cancer globally 

(Gormley et al., 2022). The incidence of HNCs has risen steadily, with a 36.5% 

increase observed over the past decade (Figure 1.18). Current projections indicate 

this rising incidence will continue (Sabatini & Chiocca, 2020). However, the mortality 

rate is also increasing whilst survival rates remain static. More specifically, 

approximately 90% of NHC are squamous cell carcinomas, which are when cancer 

arises from the epithelial lining of the oral cavity, pharynx, and larynx (Gormley et al., 

2022). Two very distinct oncogenic pathways have been shown to drive HNSCC 

carcinogenesis; either chemical carcinogens or HPV infection (Powell et al., 2021).  

 

Figure 1.18: The global age-standardized incidence rate of head and neck 

cancer (Gormley et al., 2022). This global incidence includes the lip, oral cavity, 

oropharynx, hypopharynx and larynx cancer sites.  

 

The increasing burden of HNSCCs has been correlated to tobacco-derived 

carcinogens, excessive alcohol consumption, or both (Johnson et al., 2020). Genetic 

risk factors have also been shown to contribute to HNSCC including Fanconi anemia, 

a rare disease associated with impaired DNA repair. But tumours arising from the 

oropharynx epithelial lining have been linked to infection with oncogenic strains of 
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HPV, normally HPV-16 but also possibly HPV-18. Comparisons between HPV-

positive and HPV-negative HNSCCC showed different gene expressions and 

mutational and immune profiles (Johnson et al., 2020).  

 

1.7.6.2 HPV-Negative vs HPV-Positive HNSCC 

HPV-negative HNSCC is largely caused as a consequence of tobacco which consists 

of more than 5,000 different chemicals. Of those 5,000 chemicals, the cancer-causing 

ones have been identified as polycyclic aromatic hydrocarbons (PAHs), including 

benzo(a)pyrene and nitrosamines (Johnson et al., 2020). These carcinogens undergo 

metabolic activation which can result in DNA mutations and other genetic 

abnormalities. An emerging tobacco-induced carcinogenesis mechanism points 

towards the alteration of microRNA (miRNA) expression (Powell et al., 2021). 

Tobacco could be altering miRNA regulation resulting in major signalling changes and 

metabolic processes. Alcohol is another key risk factor and is thought to enhance the 

exposure of epithelial cells to carcinogens. The oral microbiome could also be 

negatively impacted by chronic alcohol consumption, with links to decreasing the 

Lactobacillus abundance. This potentially leads to the growth of other oral microbiome 

pathogens which could promote carcinogenic effects (Powell et al., 2021).  

HPV-negative HNSCC has been associated with poor oral hygiene and lower 

socioeconomic status (Sabatini & Chiocca, 2020). These tumours exhibit significant 

genomic complexity, frequently harbouring mutations in the TP53 tumour suppressor 

and cell cycle regulators. HPV-negative status correlates with poorer prognosis, and 

standard treatment involves cisplatin and radiation therapy. HPV-positive HNSCC has 

a better prognosis and is more susceptible to treatment by radiation and anticancer 

drugs (Sabatini & Chiocca, 2020). 

HPV-positive HNSCC is mostly caused by HPV-16, with HPV-18, HPV-31, HPV-33, 

and HPV-52 being detected in only a small group of patients. The first discovery of 

HPVs oncogenic role was over 40 years ago by Zur Hausen who identified a possible 

link between HPV and cervical cancer onset (Sabatini & Chiocca, 2020). HPV-16 is a 

small, double-stranded, circular DNA virus that can integrate its viral genome into the 

human genome. The key players involved are the seven early genes (E1-E7) and the 

late genes (L1 and L2). The late genes are responsible for encoding the capsid 

proteins, whilst the early genes are responsible for replication and transcription of the 

genome. Specifically, E6 and E7 have been identified as essential for the oncogenic 

transformation in the host cells. E6 results in the oncogenic transformation by 

interacting with p53 to form a complex promoting the ubiquitylation and proteasomal 

degradation of p53 (C. Zhou & Parsons, 2020). This results in the loss of cell cycle 



рл 
 

regulation at the G1/S and G2/M checkpoints leading to genomic instability, 

accumulation of chromosomal aberrations, unchecked tumour cell proliferation, and 

eventual tumour formation (C. Zhou & Parsons, 2020). Whilst E7 works by strongly 

binding to RB1, a cell cycle regulator retinoblastoma-associated protein. This leads 

to the proteasomal destruction of RB1 resulting in further feedback upregulation of a 

commonly identified gene in oropharyngeal tumours known as p16INK4A (Johnson 

et al., 2020).  

A higher male-to-female ratio of HNSCC prevalence has been reflected, however, the 

exact mechanisms and causes remain generally unknown. 

 

1.7.6.3 HNSCC Male Prevalence 

A study between 1995 and 2012 comparing OPSCC showed a 2-fold prevalence in 

males (DôSouza et al., 2017);(Sabatini & Chiocca, 2020). However, HPV was still 

identified to be a major driver of OPSCC in both sexes, with 62% of males and 56% 

of females testing HPV-positive (Sabatini & Chiocca, 2020). Many potential 

suggestions have been made for gender differences seen in HPV-positive tumours. 

These include differences in sexual behaviour and lifestyle differences between the 

genders, such as smoking and alcohol consumption. Other potential factors include 

hormonal factors such as oestrogen-related and progesterone-related factors which 

could play a role in cancer protection specifically in females. However, it is likely that 

intrinsic biochemical and molecular differences between males and females, 

independent of sex hormone influences, may impact tumorigenesis in distinct ways 

and will therefore be affected by viruses in different ways (Sabatini & Chiocca, 2020).  

The Human Protein Atlas identifies ZFY as a favourable prognostic marker in head 

and neck squamous cell carcinomas. However, this data should be interpreted with 

caution, as the analysis does not adequately distinguish between ZFY and its X 

chromosome homolog ZFX. Investigating ZFY as a potential cancer-testis antigen is 

a focus of this thesis project. 

 

1.8 Project Outline & Aims 

The current understanding of human ZFY variants is limited, leading to several 

unanswered questions which form the basis of this research where we set out to 

better understand the structure/function relationships that underpin ZFY gene 

function and have sculpted its evolution. Using modern óomics-scale analyses at the 

genomic, transcriptional, transcriptomic and proteomic level we aimed to produce a 

cohesive set of interlinked experiments that address multiple facets of the 

structure/function relationships of this long-neglected gene and uncover novel 
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insights into its evolutionary history and mechanism of action in the testis and 

beyond. The progress of ZFY research over the past ~50 years (summarised in 

Figure 1.19) has left numerous unanswered questions, which have largely shaped 

the research aim of this thesis. 

 

Figure 1.19: A timeline showing the scientific discoveries of ZFY over the last 

~50 years summarised in this thesis introduction. The questions that have 

remained unanswered are highlighted in purple and make up this research project. 

 

To address this aim, the research has been broken down into specific objectives to:  

¶ Explore the evolutionary history of ZFY and how this relates to its predicted 

functional domain organisation. 

¶ Investigate how ZFY splicing is regulated to produce the short and long structural 

isoforms observed in testes, and whether this regulation is evolutionarily conserved. 

¶ Determine the downstream transcriptional targets of the short and long isoforms of 

ZFY, and how disruption of this translational programme may relate to its putative role 

as an oncogene. 

¶ Establish whether ZFYS and ZFYL have distinct interacting partners that co-

regulate distinct targets, or do they share a common interactome. 

These four objectives are explored across 4 results chapters in this thesis as 

described below. 

Using evolutionary analysis Chapter 2 investigates how ZFY has evolved from an 

autosomal gene to a sex chromosome gene at the point of the placental mammal 

divergence. Using a wide range of animal species DNA and protein sequence 

conservation was analysed to define portions of the ZFY open reading frame that are 

undergoing positive versus negative selection and interpret this in relation to  protein 

structural features and to specific evolutionary transitions.  
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Chapters 3, 4 and 5 utilise commercially synthesised ZFY constructs to investigate 

the following: 

Chapter 3 used RNA-Seq data to investigate whether splice variation in ZFY is 

conserved in species with autosomal Zf*, and how regulation of splicing variation in 

ZFY results in the second shorter variant. Using a modified GFP reporter system we 

aimed to test in vitro whether RBMY expression causes exon skipping of the third 

exon producing the short isoform 

Chapter 4 aimed to identify transcriptomic changes caused by the overexpression of 

ZFYL and ZFYS in a mammalian system using genome-wide RNA-Seq. A cell culture 

model was used to carry out global transcription profiling of the consequences of 

ZFYS and ZFYL overexpression to identify target genes and pathways, especially, 

any cancer-targeting pathways or oncogenes.  

Chapter 5 aimed to use protein purification and/or immunoprecipitation to express 

and purify the human ZFYL and ZFYS acidic domains (lacking DNA binding domains) 

in bacterial culture and perform preliminary structural characterisation to assess 

protein folding. Then using the purified protein, perform pull-down experiments to 

identify potential binding partners of both variants. However, following months of work 

and unsuccessful attempts a mammalian pull-down system was utilised to identify 

direct protein targets of both ZFY variants.  
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2. Chapter 2: Tracing the Evolution of ZFY from an Autosomal 

Gene to a Y Chromosome Gene 

 

2.1 Introduction 

2.1.1 Phylogenetics ï A Powerful Scientific Field 

Identifying and understanding the evolution of genes is vital to scientific discovery and 

insight into a geneôs function (Munjal et al., 2018). Phylogenetics is a powerful 

scientific field used to uncover the evolutionary relationships between - and histories 

of - species or specific genetic sequences. Due to the constant development of new 

sequencing technologies and analytical methods, the evolutionary history of a gene 

can be reconstructed from comparisons of orthologues across many species. 

Phylogenetic sequence analysis relies on the extraction of DNA, RNA or protein 

sequences to build a phylogeny of sequences based on the similarities and 

differences between species or within a species (Munjal et al., 2018). The basis of an 

evolutionary model assumes a tree-like structure known as a ñphylogenetic treeò, a 

model widely used to explore hypotheses (Huson & Bryant, 2006). A phylogenetic 

tree presents in a graphical form the history of a gene or taxon (Figure 2.1) (Scott & 

Baum, 2016). The tips of the tree represent the species, populations, individuals or 

genes under investigation. The tips are linked by branches which indicate the amount 

of genetic change that has occurred, with longer branches representing a greater 

amount of genetic change. A node is made when genetic isolation has resulted in a 

lineage split, giving rise to two or more new lineages. The branches then all converge 

on one point, known as the root of the tree which represents the last common ancestor 

(Scott & Baum, 2016). Accurate rooting of tree models is vital for the accurate 

interpretation of ancestral changes across sequences, but unrooted trees can still be 

very useful for showing the distance between sequences (Kinene et al., 2016). 
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Figure 2.1: The characteristics of a phylogenetic tree. Edited from (Scott & Baum, 

2016).  

 

A phylogenetic tree is a great way to start an evolutionary investigation but then 

understanding the selection pressures on the gene sequences is vital. Mutations in 

the gene sequences can range from single nucleotide changes to insertions, 

deletions, duplications or conversions (Anisimova & Liberles, 2012). These changes 

can be either beneficial or catastrophic to survival. DNA mutation rates vary within the 

genome and among species, for example, small-bodied mammal species have been 

shown to have higher rates of molecular evolution compared to their larger relatives 

(Kumar & Subramanian, 2002);(Bromham, 2009). This is potentially linked to smaller 

mammals having more generations per unit of time (Bromham, 2009). Within a 

species genome, there are regions of mutational hot and cold spots, with genes in 

mutational hot spots benefitting from higher mutation rates allowing for more flexible 

responses to the changing environment (Chuang & Li, 2004). While genes within 

mutational cold spots require protection from deleterious mutations (Chuang & Li, 

2004). These mutational variations within the genome have to be considered when 

looking at ancestry hence the development of several statistical best-fit models from 

Jukes-Cantor to Tamura-Nei and beyond when making phylogenetic trees (Posada & 

Crandall, 2001). These allow for the selection of the best model of nucleotide 

substitution and should be routine in phylogenetic analysis (Posada & Crandall, 

2001). 
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2.1.2 Detecting Selection Via Analysis of Mutation Rates 

Positive selection occurs when mutations are advantageous and are positively 

associated with fitness and survival (Agrawal et al., 2010);(Anisimova & Liberles, 

2012). This promotes the emergence of a new beneficial phenotype. A beneficial 

phenotype within a population will eventually become fixed as individuals carrying the 

mutation will give rise to a larger number of offspring and the allele will quickly begin 

to spread through the population with each new generation (Desai & Fisher, 2007). In 

contrast, negative or purifying selection removes deleterious variants, and this 

selection type is essential for retaining genetic regions vital for proper function and 

survival (Anisimova & Liberles, 2012);(Pouyet et al., 2018). Any deleterious allele is 

selectively purged from the population and is not passed on to offspring as the carriers 

have fewer offspring than noncarriers (Rapaport et al., 2021).  By calculating the 

mutation rates between coding DNA sequences, the method of selection can be 

identified (H.-S. Kim & Takenaka, 2000). 

Mutations can be subdivided into synonymous or non-synonymous substitutions. 

Synonymous substitutions result in a change in the DNA sequence but do not change 

the encoded amino acid, whilst a non-synonymous substitution is a change in the 

DNA sequence that does change the encoded amino acid (A. L. Hughes et al., 2008). 

A higher ratio of non-synonymous substitutions to synonymous substitutions is 

indicative of positive selection and infers that the amino acid change is beneficial. 

Over time this change becomes fixed and essential for its continuation (A. L. Hughes 

et al., 2008). Evidence from yeast and bacteria work have shown growing evidence 

that synonymous mutations are less selectively neutral concerning fitness despite 

their lack of effect on the encoded amino acids (Lebeuf-Taylor et al., 2019);(Bailey et 

al., 2021). It has now been suggested that synonymous mutations play a larger role 

in adaptation than originally thought (Bailey et al., 2021). Synonymous mutations are 

proposed to modify mRNA structures, thereby influencing translation initiation, mRNA 

stability, or even protein folding thus affecting protein function as a result (Kristofich 

et al., 2018);(Lebeuf-Taylor et al., 2019). While most synonymous alterations are 

deemed neutral or only mildly harmful, their impacts may be amplified under intense 

selection pressure. This was shown by identified point mutations in an enzyme 

required for arginine and proline biosynthesis, synonymous mutations were shown to 

affect the growth both positively and negatively. These mutations were proposed to 

either disrupt the stability of a stem-loop structure at the start codon or impede start 

codon accessibility. Both scenarios would consequently impact translational 

efficiency, leading to reduced mRNA stability since ribosomes would be unable to 

shield mRNA from degradation (Kristofich et al., 2018). This has shown the potential 
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importance of synonymous mutations in evolution and how thus far they have been 

under-appreciated. Nevertheless, since the selective pressures acting on non-

synonymous mutations are generally much stronger than those acting on 

synonymous mutations, the ratio of non-synonymous to synonymous changes 

(known as dN/dS comparison) can be used to infer the presence of positive or 

negative selection within any given genetic lineage (Kryazhimskiy & Plotkin, 2008). 

 

2.1.3 Understanding ZFY Evolution: Consequences of Y Linkage  

Y chromosome evolution is special with positive and negative selection acting 

differently on this unique chromosome. The Y chromosome undergoes erosion which 

has been linked to the reduced recombination between the X and Y chromosomes 

along the majority of their length (Engelstªdter, 2008). This leads to the ñhitchhiking 

effectò of deleterious mutations as the lack of recombination allows for the fixation of 

beneficial mutations on the Y chromosome, but they also bring with them deleterious 

mutations at other loci on the Y chromosome (Engelstªdter, 2008). Another 

mechanism in which deleterious mutations accumulate on the Y chromosome is 

termed ñMullerôs ratchetò. This process results in the irreversible fixation of deleterious 

mutations due to the absence of recombination explaining the rapid loss of the Y 

chromosome genes (Engelstªdter, 2008);(Sakamoto & Innan, 2022). Finally, the 

accumulation of deleterious mutations on the Y chromosome can also be influenced 

by a reduction in population size because of ñbackground selectionò (Engelstªdter, 

2008). Background selection is more potent on the Y chromosome as there is reduced 

recombination, leading to the reduction in the genetic diversity across the 

chromosome and the accumulation of deleterious mutations instead (Wilson Sayres 

et al., 2014).  This is further enhanced due to the low frequency of the Y chromosome 

in the population, as it is only found in males and thus further reduces the diversity 

(Wilson Sayres et al., 2014). All of these affect the Y gene evolution and explain the 

extremely low diversity of the entire human Y chromosome. Negative/purifying 

selection acts on the Y chromosome preserving both the number and the type of 

function-coding genes vital for male development (Engelstªdter, 2008). Although it 

was originally thought that the X and Y chromosomes were homologous, HJ Muller 

inferred that the Y chromosome's permanent heterozygosity was because of the lack 

of recombination exchange between the X and Y chromosomes and its transmission 

solely through males (Muller, 1918);(Charlesworth, 2003). This reflects the 

uniqueness of the Y chromosome and its evolution. 

ZFY is a highly conserved gene located on the Y chromosome in all eutherian 

mammals. However, in marsupial mammals, ZFY is located on an autosome rather 
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than the sex chromosomes (Sinclair, 1988);(Tucker et al., 2003). This indicates that 

after the evolutionary divergence of marsupials and eutherian mammals, ZFY 

became a sex-linked gene in eutherian mammals (Sinclair, 1988);(Tucker et al., 

2003). There is substantial sequence homology between the X and Y chromosomes, 

suggesting a history of either genetic recombination or gene conversion between 

them (Pamilo & Bianchi, 1993). However, genetic recombination between sex 

chromosomes can only occur in pseudoautosomal regions where the sequences are 

homologous. In 1989, Schneider-Gªdicke proposed that gene conversion between 

human ZFX and ZFY explains their high sequence homology (Schneider-Gadicke et 

al., 1989);(Pamilo & Bianchi, 1993). 

The evolution of the Y chromosome has been said to be protected by ZFY due to its 

role in meiosis surveillance (Holmlund et al., 2023). Although ZFY functions are 

generally unknown, ZFY has continued to persist on the Y chromosome even after 

being noted as a ñfragileò chromosome due to its rapid gene loss (Blackmon & 

Demuth, 2015);(Ruiz-Herrera et al., 2022). The loss of genes has been explained by 

its shrinking PARs, the accumulation of deleterious mutations and the reduced 

recombination. These are further exaggerated by the reduced number of Y 

chromosomes relative to autosomes in the population and therefore there is reduced 

diversity. This conservation of ZFY supports the notion that ZFY is essential for 

survival for reproduction as it continues to evolve and persist on the Y chromosome 

removing any detrimental mutations and maintaining its functions (Holmlund et al., 

2023). 

 

2.1.4 Understanding ZFY Evolution: Structural Considerations 

A transcription factor requires specific domain regions to be able to bind and activate 

its targets, these domains include an AAD and a DBD (Figure 2.2) (Boija et al., 2018). 

The DBD is vital for binding specific targets and the three main classes in mammals 

are zinc finger domains, homeodomains and helix-loop-helix domains (Frietze & 

Farnham, 2011). The structure a DBD adopts determines the interactions of these 

domains with target DNA sequences (D. H. Gonzalez, 2016). Within a subclass of 

DBD similarities between transcription factors occur due to similar DNA-binding 

specificities even if they have differing downstream functions (D. H. Gonzalez, 2016). 

ZFYôs DBD consists of thirteen zinc fingers which are essential for recognising 

specific DNA sequences as the amino acids in each finger define its DNA recognition 

specificity (Cassandri et al., 2017). Changes in these amino acids would alter the DNA 

sequence recognition of the transcription factor (Cassandri et al., 2017). This is 
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possibly why during evolution in general these DNA binding regions are acted on by 

negative selection to ensure the geneôs function is retained. 

Figure 2.2: ZFY transcription factor domains. A: ZFY gene exon breakdown. The 

green boxes highlight the coding exons, and the light blue box highlights the non-

coding exon. The acidic activating domain is located across coding exons 2-6 and 

exon 7 (coding exons 1-6) and the DNA binding domain is located in exon 8 (coding 

exon 7). These two domains are also linked by exon 7 (coding exon 6) containing the 

nuclear localisation signal. B: ZFY protein function. The acidic activating domain 

binds transcription machinery and consists of conserved 9aaTAD regions while the 

DNA binding domain uses thirteen zinc fingers to bind target DNA sequences. Note: 

The protein structure of ZFY is currently unknown. 

 

The AAD binds coactivators required for transcription and is classified based on its 

amino acid composition (Triezenberg, 1995);(Staller et al., 2021). In general, these 

regions have been classified as having rich areas of glutamine, proline or serine and 

threonine (Triezenberg, 1995). Unlike the DBD, the AAD are more disordered and 

lack conservation (Melcher, 2000);(Kotha & Staller, 2023), however, the 9aaTAD 

regions of the AAD which have been identified as vital for transcription factor function 

seem to represent the more conserved regions within the AAD. It is thought that these 

9aaTAD regions mediate conserved interactions with transcription cofactors (S. 

Piskacek et al., 2007), emphasising the need for the 9aaTADs to be under negative 

selection. Further analysis into these transcription factor-specific regions of ZFY is 

necessary to understand its conservation and explain its evolution. 

This chapter aims to understand the conservation of ZFY as a Y-linked gene following 

the eutherian/marsupial divergence. By assessing 18 eutherian land mammals the 

aim is to explain the process of change from an autosomal gene to a sex-

chromosome gene and identify any major changes in transcription-factor-specific 

regions that have resulted in ZFY's current functions.  
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2.2 Materials and Methods 

2.2.1 Nucleotide and Protein Sequence Collection  

The National Centre for Biotechnology Information (NCBI) database was the primary 

source for collecting ZFY coding domain sequences (CDS). The NCBI search tool 

was used with the keywords "ZFY" and "zinc finger Y-chromosomal protein" to identify 

available sequences from placental mammals. Many NCBI entries were partial 

sequences, as Y chromosome sequencing lags behind that of the X chromosome. 

The lack of complete ZFY sequences for many species and the availability of only 

partial sequences significantly reduced the sample size, as incomplete sequences 

could not be included. 

For species with complete ZFY sequences, the corresponding ZFX coding sequences 

were retrieved from the NCBI gene database using the search terms "ZFX" and "zinc 

finger X-chromosomal protein". If the ZFX sequence was not available, the species 

was removed. From the NCBI protein database, the corresponding protein sequences 

were then collected. The search found 18 placental land mammals with full ZFY and 

ZFX annotation (supplementary Table 1 & Table 2). 

Equus caballus (horse) was a mammal of interest, however complete ZFY nucleotide 

and protein sequences were not available on NCBI at the time. GTF files for the horse 

Y chromosome were obtained from Janeļka and colleagues' paper (Janeļka et al., 

2018). The ZFY coordinates were extracted from the GTF file and used to extract the 

ZFY nucleotide sequence from the whole horse Y chromosome sequence in NCBI. 

The EMBOSS toolkit was then utilised to translate the nucleotide sequence into the 

corresponding ZFY protein sequence. 

An additional 4 species where the nearest ZFX/Y homolog is autosomal were also 

identified and, sequences from these were used as outgroups for the analysis 

(Supplementary Table 3). Throughout the remainder of this chapter, these autosomal 

homologs are referred to as ñZf*ò to indicate that they are not X- or Y-linked. Zf* 

sequences from fish species including Danio rerio (zebrafish), Carcharodon 

carcharias (Great White Shark), Taeniopygia guttata (Zebra finch) and Takifugu 

rubripes (Japanese puffer) were also originally collected but these were later 

excluded due to difficulties with sequence alignments. 

 

2.2.2 Sequence Alignment 

The collected sequences were aligned using the program ñMolecular Evolutionary 

Genetic Analysisò (MEGA, V10.2.6, (Tamura et al., 2021)). MEGA was used for 

phylogenetic analysis, as it is an integrated tool for conducting both automatic and 
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manual sequence alignment, inferring phylogenetic trees, estimating rates of 

molecular evolution, and has many other features for evolutionary hypotheses. 

As aligning placental mammals with outgroup species is a complex task, initially the 

placental mammals were aligned. Initial protein sequence alignment was performed 

using ClustalW (Thompson et al., 1994) in MEGA (V10.2.6, (Tamura et al., 2021)) 

with the default parameters shown in Table 2.1. The resulting alignments were then 

manually curated to improve accuracy. Separate protein sequence alignments were 

generated for ZFY sequences only, ZFX sequences only, and combined ZFY/ZFX 

sequences. Subsequently, separate alignments for autosomal mammals were 

created. The alignments were then combined using Clustal omega (V1.2.2, (Sievers 

et al., 2011)) using the default commands and the autosomal species from 

supplementary Table 3 were seamlessly incorporated into the alignment without 

disturbing the pre-existing alignment. 

 

Table 2.1: Default ClustalW Protein alignment paraments on MEGA. These 

parameters are considered the default for the protein alignment algorithm. 

Pairwise Alignment 

Gap Opening Penalty 10.00 

Gap Extension Penalty 0.10 

Multiple Alignment 

Gap Opening Penalty 10.00 

Gap Extension Penalty 0.20 

Weight 

Protein Weight Matrix Gonnet 

Residue specific penalties ON 

Hydrophilic penalties ON 

Gap Separation Matrix 4 

End Gap separation OFF 

 

Nucleotide alignment poses increased complexity, as MEGA does not make use of 

the underlying triplet codon structure of the genome when aligning protein sequences, 

leading to sequence misalignment. To address this issue, PAL2NAL-EMBL (v14, 

(Suyama et al., 2006)) was employed to convert the protein multiple sequence 

alignments into nucleotide sequence alignments. This tool considers and assigns the 

appropriate codon sequences to the DNA sequence. To preserve the open reading 

frames nucleotides are mostly moved in groups of three while managing frameshifts 

and indels. By inputting the multiple protein sequence alignment alongside the raw 

nucleotide sequences collected from NCBI, a more dependable and true-to-life 

nucleotide alignment was achieved. 

Following this, both aligned protein and nucleotide sequences were constructed and 

were ready for subsequent analysis. 
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2.2.3 Phylogenetic Tree Construction 

Maximum-likelihood tree construction followed sequence alignment to determine the 

evolutionary history of the gene. Initially, MEGA was employed for phylogenetic tree 

construction, due to its diverse array of phylogenetic analysis tools, including best-fit, 

pairwise distance, and mean substitution. The best-fit method incorporates a 

bootstrapping technique with 1000 iterations, this was selected to ensure the 

robustness of the phylogenetic analysis. However, this approach proved to be time-

consuming and the IQ-TREE Web server (W-IQ, (Trifinopoulos et al., 2016)) was 

chosen as a more suitable tool for the analysis requirements. 

IQ-TREE employs an ultrafast bootstrapping method, enabling swift and efficient tree 

construction (UFBoot, (Hoang et al., 2018)). The aligned FASTA files were uploaded, 

and a comprehensive report was generated featuring the best-fit model identified 

through Bayesian Information Criterion (BIC), an unrooted maximum likelihood tree, 

and a consensus tree. The default IQ-TREE parameters used are stated in Table 2.2. 

The BIC-best-fit model maximum likelihood tree was exported in Newick format and 

underwent editing on FigTree (v1.4.4, http://tree.bio.ed.ac.uk/software/figtree/). Basic 

edits in FigTree involved rooting the tree at the desired species, incorporating 

bootstrapped values from IQ-TREE, and adding a scale bar. Following these basic 

adjustments, the tree was exported as an SVG file for further refinement in Inkscape 

(v1.3.2, https://inkscape.org/release/inkscape-1.3.2/) a graphical editor facilitating 

image rendering. In Inkscape, additional graphical enhancements such as 

colouration, size adjustments, and species grouping were added. 

 

Table 2.2: IQTREE default parameters used for both protein and nucleotide 

analysis. Ultrafast bootstrapping techniques were utilised, with a choice of 1000 

iterations made to enhance reliability. The substitution model was configured to 

identify and apply the best-fit model. The algorithm autonomously identifies the 

optimal model for the provided sequences, facilitating the construction of an unrooted 

tree based on the identified model. This is an interactive web server. 

IQ-Tree Options - Protein 

Substitution Model Sequence type/Model Amino acid 

Find best and apply 

Rate Heterogeneity Create site rates file 

State Frequency Estimated by Maximum 
likelihood 

Brach Support Bootstrap Ultrafast 1000 replicates 

Tree search Perturbation strength 0.5 

# of unsuccessful 
iterations to stop 

100 

Reconstruct 
ancestral seqs 

Root tree None 

Tree Type Unrooted 

IQ-Tree Options - Nucleotide 

Substitution Model Sequence type/Model Nucleotide 
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Find best and apply 

Brach Support Bootstrap Ultrafast 1000 replicates 

Tree search Perturbation strength 0.5 

# of unsuccessful 
iterations to stop 

100 

Reconstruct 
ancestral seqs 

Root tree None 

Tree Type Unrooted 

 

2.2.4 Conserved Domains Analysis 

After generating the sequence alignments, conserved domains within the ZFY coding 

region were analysed, specifically the AAD at the N-terminus and the DBD at the C-

terminus alongside the full CDS. These sequences were analysed using Fast, 

Unconstrained Bayesian AppRoximation (FUBAR, (Murrell et al., 2013), 

https://www.datamonkey.org/fubar) to test for selection. FUBAR prevents the often-

normal forcing of sites to belong to one class of unrealistic distribution constraints 

which often skews inference due to model misspecification by using an approximate 

hierarchical Bayesian method (Murrell et al., 2013). This allows for the identification 

of sites that are experiencing positive and negative/purifying selection in a much 

faster and more reliable way. The speed advantage of FUBAR functions well for larger 

datasets. FUBAR analysis is performed on nucleotide sequence and cannot be used 

for protein sequence analysis (Murrell et al., 2013). 

FUBAR analysis was performed on the aligned CDS, but further domain analysis was 

performed for a more comprehensive analysis. The NCBI Conserved Domain Search 

tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) was utilised to identify the 

AAD coordinates in each species' ZFY sequence. The NCBI default options were 

utilised and are shown in Figure 2.3. The nucleotide FASTA files were submitted to 

the tool and the reported coordinates were used to extract the corresponding AAD 

sequences in the aligned files. These alignments were then submitted to the FUBAR 

web server. Furthermore, within the AAD, nine amino acid transactivation domains 

(9aaTAD) are vital to their function. To identify these regions within the sequences an 

online prediction tool (https://www.med.muni.cz/9aaTAD/) was used. A moderately 

stringent pattern search was performed as recommended for mammalian 

transcription factors. Based on the refined criteria, predicted 9aaTADs are identified 

with either 100% confidence (perfect match) or weaker confidence which are not 

100% supported.  

The NCBI conserved domain database could not reliably identify the full DBD 

coordinates. Therefore, to analyse the complete domain, the coordinates were 

selected starting after the end of the previously identified AAD region to the end of 

the coding sequence 
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Figure 2.3: NCBI conserved domain search tool default options. These options 

allow for the collection of acidic transactivation domain coordinates for each species 

to allow further in-depth analysis. 

 

Within the DBD, an in-depth analysis of the 13 zinc finger motifs was carried out. The 

zinc finger sequences were identified using the http://zf.princeton.edu tool (Persikov 

et al., 2009);(Persikov & Singh, 2014), which returns the top 13 hits for putative zinc 

finger motifs from a protein sequence. The zinc finger prediction tool requires protein 

sequences as the input and does not function with nucleotide sequences, precluding 

downstream FUBAR analysis. Therefore, after inputting the protein sequences and 

obtaining the predicted zinc finger motifs, these protein sequences were converted to 

coding nucleotide sequences using TBLASTN. This allowed for selection analysis on 

the nucleotide sequences encoding the zinc finger domains for each species. 

FUBAR analysis was performed on the full CDS, AAD, DBD, and individual zinc 

fingers to assess selection. FUBAR evaluates selection on a per-site basis, identifying 

evidence for either pervasive diversifying or purifying selection (Murrell et al., 2013). 

This online tool utilises a Bayesian approach to analyse substitution rates across sites 

in a coding sequence alignment. FUBAR provides a more sophisticated selective 

pressure analysis than overall dN/dS ratios. FUBAR was also utilised due to its ability 

to analyse large alignments extremely fast over other programmes such as FEL 

(Murrell et al., 2013). By default, a posterior probability of 0.9 was set as >0.9 is 

strongly suggestive of positive selection. 

The nucleotide FASTA files were uploaded for evolutionary analysis employing this 

Bayesian approach. The resulting data encompassed details related to selection 

pressure, graphs illustrating posterior rate distribution, and site-specific information. 
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2.2.5 Geneconv Gene Conversion Tool 

Geneconv (v.1.81a) is a software that identifies the most likely possibility for aligned 

gene conversion events occurring between aligned sequences, as well as possible 

gene conversions outside of the provided alignment (Sawyer, 1999). These events 

are ranked by multiple-comparison corrected p-values and are listed in the data 

output. Predicted recombination between two aligned sequences is assessed based 

on BLAST-like statistics. This means that if two sequences are significantly similar, 

they are considered as undergoing possible gene conversion (Sawyer, 1999);(Jaya 

et al., 2023). 

Geneconv identifies regions exhibiting large identical DNA stretches as potential 

conversions (Casola et al., 2012). These sites are identified by the comparison of the 

identical fragment lengths against the premutation of the observed alignment. 

Geneconv utilises two p-value methods to support the identification of a gene 

conversion; (1) a permutation method and (2) the Karlin & Altschul (Karlin & Altschul, 

1990) method based on BLAST tools for DNA sequencing matching. The permutation 

method has been said to be more accurate whilst Karlin-Altschul is computationally 

much faster. The permutation procedure first identifies the highest-scoring fragments 

within the alignment both globally and pairwise (Sawyer, 1989). 10,000 permutations 

are the standard for Geneconv, meaning that the columns of the alignment are 

randomly permuted 10,000 times. A maximum fragment length score is calculated 

from this permuted array globally and pairwise again. A global permutation p-value is 

based on the number of permuted alignments that have a higher score than the 

original observed fragment, these p-values are globalised by multiple comparison 

corrections for all the sequence pairs within the alignment. Pairwise permutation p-

values are not corrected for multiple comparisons across the sequence pairs. Using 

uncorrected p-values can introduce bias as it means gene conversions between more 

distantly related sequences with a higher density of different sites will not be 

significant in length against a background of more closely related pairs. This means 

there are normally fewer significant global fragments identified due to the more 

conservative methodology (Sawyer, 1989). 

After excluding autosomal Zf* sequences from the pre-aligned nucleotide FASTA files, 

the remaining sequences of the placental mammal species were organised with 

alternating ZFY and ZFX sequences. This arrangement facilitated the grouping of 

data by Geneconv. Subsequently, the organised FASTA file was fed into the 

Geneconv program (v1.81a) via the command-line interface. By default, Geneconv 

uses N=10,000 permutations in the permutation procedure. The following options 

were set: /w123 initialised GENECONV's internal random-number generator to 
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guarantee that the program output will always be the same, on different computers. 

The option /lp tells GENECONV to produce lists of pairwise significant fragments and 

global lists. /b2 was used to make GENECONV consider consecutive pairs in this 

case the ZFY and ZFX pairing system.  

Executing this command triggers Geneconv to generate an output comprising a 

FRAG file and a SUM file. The SUM file encompasses log run details and information 

about the inputted data, while the FRAG file contains information about potential gene 

conversions. This information includes species data and the corresponding 

coordinates where gene conversions have been detected. These nucleotide 

coordinates were utilised to pinpoint the relevant sequence, and through BLASTX 

analysis, these nucleotide sequences could be compared with the accession 

numbers of associated species to identify the protein sequence. This identification 

process allows the determination of gene conversion positions, specifically whether 

they occur within the DBD region. 

 

2.2.6 Ancestral Sequence Reconstruction 

The web server GRASP ((http://grasp.scmb.uq.edu.au/),(Foley et al., 2022)) was 

used to infer potential ancestral sequences for both ZFY and ZFX. GRASP can 

determine ancestral character states as well as identify the most strongly supported 

potential insertions and deletions. The aligned nucleotide sequences previously 

generated and Newick-formatted maximum-likelihood trees for ZFY only, ZFX only, 

and both ZFY and ZFX, were incorporated into GRASP for ancestral protein analysis. 

GRASP then generated the most probable ancestral sequence for each node of the 

tree exported for closer analysis. 
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2.3 Results 

2.3.1 ZFY Is Evolving More Rapidly Than ZFX, Particular in Rodents 

Phylogenetic tree construction was performed to determine the rates of genetic 

change in ZFY across placental mammals. Following ZFY and ZFX sequence 

alignment, phylogenetic trees were constructed to examine how ZFY is evolving over 

time for both protein sequences and nucleotide sequences (protein alignment can be 

found in Supplementary Figure 1). The aim was to examine the relationships between 

ZFY and ZFX sequences to identify genetic changes that have accumulated in ZFY 

over evolutionary timescales which have led to its distinction from ZFX.   

The protein alignment was generated first due to protein sequences being easier to 

work with. The complete alignment consisted of 839 sites in total, with 390 conserved 

sites and 432 variable sites across all species, ranging from placental mammals to 

fish. There were 37 gaps in the alignment, which can be caused by indels that have 

occurred during evolutionary time within different species. (Supplementary Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ст 
 

 

C
ƛ
Ǝ
ǳ
Ǌ
Ŝ
 
 
н
Φ
п
Υ
 
t
Ƙ
ȅ
ƭ
ƻ
Ǝ
Ŝ
ƴ
Ŝ
ǝ
Ŏ
 
¢
Ǌ
Ŝ
Ŝ
 
/
ƻ
ƴ
ǎ
ǘ
Ǌ
ǳ
Ŏ
ǝ
ƻ
ƴ
 
ƻ
Ŧ
 
ǘ
Ƙ
Ŝ
 
½
C
¸
 
ŀ
ƴ
Ř
 
½
C
·
 
Ǉ
Ǌ
ƻ
ǘ
Ŝ
ƛ
ƴ
 
ǎ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
Ŝ
ǎ
Φ
 

!
ƭ
ƭ
 
Ǉ
ƭ
ŀ
Ŏ
Ŝ
ƴ
ǘ
ŀ
ƭ
 
Ƴ
ŀ
Ƴ
Ƴ
ŀ
ƭ
ǎ
 
ŀ
ƴ
Ř
 
Ƴ
ŀ
Ǌ
ǎ
ǳ
Ǉ
ƛ
ŀ
ƭ
ǎ
 
ŀ
Ǌ
Ŝ
 
ƛ
ƴ
Ŏ
ƭ
ǳ
Ř
Ŝ
Ř
 
ǿ
ƛ
ǘ
Ƙ
 

·
Ŝ
ƴ
ƻ
Ǉ
ǳ
ǎ
 
ƭ
ŀ
Ŝ
Ǿ
ƛ
ǎ

 

ǳ
ǎ
Ŝ
Ř
 
ǘ
ƻ
 
ƻ
ǳ
ǘ
Ǝ
Ǌ
ƻ
ǳ
Ǉ
Φ
 

½
C
·
 
ƛ
ǎ
 
ŀ
ƴ
ƴ
ƻ
ǘ
ŀ
ǘ
Ŝ
Ř
 
ŀ
ǎ
 

Ǌ
Ŝ
Ř
 ŀ
ƴ
Ř
 
½
C
¸
 
ƛ
ǎ
 
ŀ
ƴ
ƴ
ƻ
ǘ
ŀ
ǘ
Ŝ
Ř
 
ŀ
ǎ
 

ō
ƭ
ǳ
Ŝ

Φ
 
b
ǳ
Ƴ
ō
Ŝ
Ǌ
ǎ
 
ŀ
ǘ
 
ǘ
Ƙ
Ŝ
 
ƴ
ƻ
Ř
Ŝ
 

Ǌ
Ŝ
Ǉ
Ǌ
Ŝ
ǎ
Ŝ
ƴ
ǘ
 
ǘ
Ƙ
Ŝ
 
ō
ƻ
ƻ
ǘ
ǎ
ǘ
Ǌ
ŀ
Ǉ
Ǉ
ƛ
ƴ
Ǝ
 
Ǌ
Ŝ
ƭ
ƛ
ŀ
ō
ƛ
ƭ
ƛ
ǘ
ȅ
Φ
 
¢
Ƙ
Ŝ
 
ǎ
Ŏ
ŀ
ƭ
Ŝ
 
ō
ŀ
Ǌ
 
ō
Ŝ
ƭ
ƻ
ǿ
 

ǘ
Ƙ
Ŝ
 
ǘ
Ǌ
Ŝ
Ŝ
 
ǎ
Ƙ
ƻ
ǿ
ǎ
 
ǘ
Ƙ
Ŝ
 
ō
Ǌ
ŀ
ƴ
Ŏ
Ƙ
 
ƭ
Ŝ
ƴ
Ǝ
ǘ
Ƙ
Σ
 
Ƴ
Ŝ
ŀ
ǎ
ǳ
Ǌ
Ŝ
Ř
 
ŀ
ǎ
 
ǎ
ǳ
ō
ǎ
ǝ
ǘ
ǳ
ǝ
ƻ
ƴ
ǎ
 
Ǉ
Ŝ
Ǌ
 
ǎ
ƛ
ǘ
Ŝ
Φ

 .
ŀ
ȅ
Ŝ
ǎ
ƛ
ŀ
ƴ
 
ƛ
ƴ
Ŧ
ƻ
Ǌ
Ƴ
ŀ
ǝ
ƻ
ƴ
 
Ŏ
Ǌ
ƛ
ǘ
Ŝ
Ǌ
ƛ
ƻ
ƴ
 
ό
.
L
/
ύ
 
ǎ
Ŏ
ƻ
Ǌ
Ŝ
Υ
 

м
с
ф
у
о
Φ
т
р
н
с

Φ
 
.
Ŝ
ǎ
ǘ

πŬ
ǘ
 
Ƴ
ƻ
Ř
Ŝ
ƭ
 
ŀ
Ŏ
Ŏ
ƻ
Ǌ
Ř
ƛ
ƴ
Ǝ
 
ǘ
ƻ
 

.
L
/
Υ
 
I
L
±
ō
Ҍ
C
Ҍ
D
п

Φ 

 



су 
 

Figure 2.4 shows the protein phylogeny of the ZFY and ZFX sequences with Xenopus 

laevis (African clawed frog), Gallus gallus (chicken), Ornithorhynchus anatinus 

(platypus) and Monodelphis domestica (opossum) with a Zf* sequence as outgroups. 

The tree is rooted at the outgroup African clawed frog with the first nodes showing the 

divergence of birds, monotremes and marsupials, in all of which Zf* remains 

autosomal. Within eutherians, ZFX from Loxodonta africana (elephant) and then 

Artiodactyl and Carnivora ZFX appear to diverge immediately following the eutherian 

radiation, prior to the ZFX/ZFY split. However, these early nodes are not well 

supported by bootstrapping and are likely to be artefactual. 

All eutherian ZFY sequences included trace back to one ancestral node supported by 

a strong bootstrap score of 100%. ZFY grouping follows the taxonomic expectations, 

with most orders of species grouping together with the exception of Artiodactyls. Sus 

scrofa (pig) seems to diverge away from the other Artiodactyls, however, this lineage 

break is not strongly supported, with the node only having a confidence value of 32%. 

This separation is not seen for the ZFX sequences. For the remaining ZFY 

sequences, the orders; Primates, Rodentia, and Carnivora cluster as expected with 

Perissodactyla and Proboscidea only having one species included in this analysis. 

Comparing the ZFX and ZFY regions of the tree, the branch lengths are much longer 

for ZFY than ZFX, indicating accelerated evolution of the Y paralog compared to the 

X homolog. This has been previously observed (Tucker et al., 2003) and may be due 

to the reduced effective population size of the Y compared to the X chromosome. This 

observation is particularly pronounced for ZFY in Rodentia. Rodent ZFY has a much 

longer branch length indicating a large number of genetic changes over time making 

rodent ZFY very distinct both from other (non-rodent) ZFY and from ZFX. 

Furthermore, Marmota marmota marmota (Marmot) is seen to diverge away earlier 

than Mus musculus (mouse) and Rattus norvegicus (rat) with 84% branch support 

(UFboot). This could suggest that rat and mouse have a more recent common 

ancestor resulting in a separate rat/mouse rodent lineage before the divergence of 

the primates, however, with only 84% UFboot support it is not very likely as confident 

nodes are >95% for this metric.  Overall, the rodent ZFY sequences appear to have 

undergone accelerated evolutionary rates compared to other eutherian groups like 

Primates. A similar acceleration is seen in ZFX evolution, with the ZFX branch for 

Rodentia being longer than the branches for other orders suggesting rapid evolution 

in the rodents. However, this is not as pronounced for ZFX as it is for ZFY and is also 

not seen in marmot. 

At this level of comparison ï i.e. aligning protein sequences - it is evident that the 

individual species' ZFY and ZFX sequences are not clustered together or intermingled 
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as would be expected from recurrent gene conversions. This implies that if there are 

gene conversion events happening between the two sequences, these are sufficiently 

small scale not to perturb the overall structure of the phylogenetic tree (see following 

section). Instead, ZFY and ZFX appear to be entirely distinct from each other across 

the whole protein level, diverging very early on, concurrently with the broader 

differentiation of X and Y nonrecombining regions. However, owing to the strong 

constraints placed on protein sequences by negative selection, more subtle 

evolutionary signatures may be obscured in this analysis, and to resolve these it is 

necessary to align the nucleotide sequences directly. 

 

2.3.2   Possible Gene Conversions Identified by Nucleotide Phylogeny  

Following the protein alignment described above, nucleotide alignments were 

generated specifically for the mammalian sequences. For this alignment, the 

nonmammalian relatives (frog and chicken) were omitted, and platypus was used as 

the outgroup due to the difficulty in generating nucleotide alignments over wider 

phylogenetic distances. Aligning the nucleotide sequences allows the comparisons to 

make use of information from synonymous changes that distinguish nucleotide 

sequences without altering the protein-coding sequence. The nucleotide alignment 

comprised of 2,475 sites, including 1,203 conserved sites and 1,218 variable sites, 

with 72 identified gaps. 

This part of the thesis aimed to identify gene conversions which could have occurred 

resulting in the high homology of ZFY and ZFX. By looking at the nucleotide level the 

hope is to see sequences of high homology clustering together and thus potentially 

identify species where ZFY and ZFX have undergone gene conversions. 
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Figure 2.5 shows the nucleotide phylogeny of the ZFY and ZFX sequences with 

platypus as an outgroup. The main difference noted between the protein and 

nucleotide phylogenetic trees is the clustering of elephants. When looking at the 

nucleotide level, both elephant ZFY and ZFX are clustered together, suggesting there 

may have been an early gene conversion in this species. This branch is highly 

supported, with a branch support value of 100%. Following the early divergence of 

the elephants, the tree then breaks to separate ZFX in primates and rodents from the 

remaining ZFX and ZFY sequences (94%), which is again different to the protein 

clustering and discordant with the known phylogeny of mammals. These phylogenetic 

discrepancies are indicative of further potential lateral genetic transfer events (i.e. 

gene conversions). These are explored further in Section 2.3.5.   

 

2.3.3   Defining the Functional Domains of ZFY 

Investigations into individual structural and regulatory regions of ZFY and ZFX across 

eutherian mammals compared to outgroup species were performed. Key elements 

under investigation were the 9aaTAD motifs within the AAD, involved in the 

transcriptional activation of target genes (M. Piskacek, 2009) and the zinc finger 

domains within the DBD which bind the target DNA (Grover et al., 2010). 

The general understanding of this class of transcription factors is that DBDs are 

generally more strongly conserved than AADs within mammals. This has led to a 

poorer understanding of AAD structure/function relationships because of its poor 

conservation and being more intrinsically disordered (Udupa et al., 2024). However, 

specific interaction motifs within the AAD, known as 9aaTADs have been identified as 

being more conserved across species suggesting they possess a high level of 

importance in the functioning of transcription factors (S. Piskacek et al., 2007);(M. 

Piskacek et al., 2016). To demonstrate the high conservation of both 9aaTAD motifs 

and zinc fingers across ZFY/ZFX across a plethora of species the coordinates of 

these regions were mapped across the exon shown in Figure 2.6. 
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Figure 2.6: A plot showing the reference Homo sapiens ZFY transcript (coding 

exons 1-7) against the 9aaTAD motifs and zinc fingers across all the species 

included in the analysis. Green: 9aaTAD motifs that were identified but are not 

100% confident, Dark Green: 9aaTAD motifs that were identified with 100% 

confidence & Yellow: zinc finger domains. Exon 2 is the exon that is alternatively 

spliced in testis. 

 

As seen in Figure 2.6 there is a great conservation of both 9aaTAD motifs and zinc 

finger domains which corresponds to their vital importance in both ZFY and ZFX 

activity. The majority of the 9aaTAD motifs are located in exon 2, which could explain 

the difference in transcriptional factor activity between ZFYS and ZFYL since 9aaTAD 

motifs are vital for binding the transcriptional machinery. In exon 5 there is a single 

highly conserved 9aaTAD motif which is constitutively present in all species except 

mouse and rat. This could be related to the somatic functions of ZFY as mouse and 

rat Zfy are testis specific. Furthermore, mouse Zfy2 has a very high transactivation 

ability despite the loss of some of the lower confidence 9aaTAD motifs. This could 

suggest that these motifs are not key to ZFYSô transactivation and may be false 

positive predictions. It was also noted that these motifs were not present in Xenopus 

and are thus not highly conserved in general. When analysing the 9aaTAD motifs 

between ZFX and ZFY, only 13.5% of the species exhibit identical 9aaTAD mapping, 
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as shown in Figure 2.6. Whilst there is a greater variation across the 9aaTAD motifs, 

which is expected due to the less organised conservation of the AAD, the zinc fingers 

are constant throughout the placental and autosomal Zf* (98% of the species have 

13 zinc finger domains) with the exception of the mouse Zfy2 paralogue which is 

missing zinc finger 3. These zinc finger domains are vital to target binding and suggest 

that they are under pressure to remain fixed to continue to function as necessary. 

 

2.3.4 Specific Domain Selection Analysis  

Further to phylogenetic tree construction, an in-depth analysis of the underlying 

selection pressure on each region of ZFY was investigated. Selection pressure 

analysis was performed using FUBAR, which investigates the non-synonymous vs 

synonymous changes at the nucleotide level. This kind of probabilistic analysis is 

useful for identifying sites that are evolving under selection in protein-coding genes 

and is much more advantageous to other existing software which are simply too slow 

due to the size of the dataset (Murrell et al., 2013). 

 

2.3.4.1 The ZFY Coding Domain Sequence Remains Under Negative Selection 

The aligned nucleotide sequences of the coding domain of ZFY were inputted into 

the FUBAR software to obtain selection pressure information across the entire 

protein-coding gene. An analysis comparing ZFY and ZFX DNA alignments was also 

performed. 

 

Figure 2.7: Alignment-wide ZFY sequence selection pressures. A: A table 

presenting the selection pressures identified by FUBAR at sites across the coding 

!

 

.
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domain. B: A graph showing the posterior distribution looking at the synonymous vs 

non-synonymous substitution rate across the coding domain. The dot's size 

correlates with the posterior weight assigned to the grid point, while its colour reflects 

the intensity of selection (ratio dN/dS). A posterior probability of 0.9 was selected to 

ensure reliability. A nucleotide alignment consisting of 21 sequences was inputted into 

the software. The outrgoup species included were platypus and opossum, with 

eutherians expanding out to primates. 

 

Presented in Figure 2.7 is the analysis of 823 protein sites performed by FUBAR. 

FUBAR only found evidence of 1 site under positive selection, with 533 sites identified 

as being under negative selection. With the posterior probability threshold set at 0.9, 

the evolutionary pressures on the remaining 289 ZFY sites could not be conclusively 

classified as either positive or negative selection or the sites are neutral. The 1 site 

identified to be under positive selection is strongly upheld to a posterior probability of 

0.98.  Looking at the posterior distribution alignment wide in Figure 2.7B  it is clear 

that the synonymous substitution rate exceeds the non-synonymous substitution rate 

in ZFY, with DNA level changes not affecting ZFYôs protein sequence. 

Figure 2.8:  Alignment-wide ZFY sequence selection pressure at site 214 .A: Site 

214 posterior distribution indicative of positive selection at work. B: Schematic 

diagram of site 214ôs location in ZFYôs AAD. 

 

After the identification of 1 site under positive selection, Figure 2.8A shows the 

posterior distribution across the site. It is clear in comparison to the alignment-wide 

distribution plot, that this site is undergoing positive selection. It is evident that this 

site's non-synonymous substitution rate exceeds its synonymous substitution rate, 

confirming the presence of positive selection at this site. Site 214 is an amino acid 

located in the AAD portion of ZFY and is not within a predicted 9aaTAD region which 

are known regions of greater conservation due to their functional importance in the 

AAD (Figure 2.8B). Site 214 encodes the amino acid Alanine (A) in the primates 
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except marmot where A is replaced with Glycine (G) with this amino acid also being 

present in other species such as the artiodactyls. Across the rodents, this site 

encodes different amino acids with the marmoset encoding Serine (S), mouse 

encoding Isoleucine (I) and rat encoding valine (V), this could indicate that this site is 

under differing pressures in these species that is beneficial to the rodent family. Other 

species with an S at site 214 include pig, Mustela, horse and opossum.  Dog is the 

only species where site 214 encodes Asparagine (N). Though the rodents show 

changes in the encoded amino acid they are not the only species undergoing changes 

at this site. 

 

2.3.4.2 The ZFY and ZFX Coding Domain Sequences Show Similar Selection Pressures 

Following an initial selection pressure analysis on ZFY sequences in isolation, the 

ZFY and ZFX combined nucleotide alignment was inputted into the FUBAR software 

to see if any significant distinctions between them are identifiable that are leading to 

their continuation on the Y and X chromosomes respectively. 

Figure 2.9: Alignment-wide ZFY and ZFX sequence selection pressures. A: A 

table presenting the selection pressures identified by FUBAR at sites across the 

coding domain. B: A graph showing the posterior distribution looking at the 

synonymous vs non-synonymous substitution rate across the coding domain. C: 

Schematic diagram of site 216ôs location in ZFYS AAD. A posterior probability of 0.9 

was selected to ensure reliability. A nucleotide alignment consisting of 39 sequences 

was inputted into the software. Species used in this analysis included platypus as the 

monotreme specie, opossum as the marsupial specie with eutherians expanding out 

to primates.  
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The alignment wide posterior distribution of ZFY and ZFX combined in Figure 2.9 

highly resembles Figure 2.8 which looked at ZFY in isolation. Again, one sole site 

was found to be under positive selection in both ZFY and ZFX, and this is site 216, 

an amino acid located in the acidic activating domain and not within a known 9aaTAD. 

Further inspection showed that this site is the same site identified in Figure 2.8 from 

the ZFY-specific analysis and is spliced out in ZFYS. This change in site number is 

due to the addition of more sequences and has shifted the alignment slightly. This site 

in all the primate ZFX sequences encodes G, alongside the artiodactyls. In the ZFX 

rodents, the marmot encodes S, the mouse encodes N, and the rat encodes A, all 

distinct from the ZFY rodents. However, the rat Zfx site corresponds to the primate 

ZFY sequences. Similar to marmot, pig, dog, mustela, elephant and horse ZFX 

sequences encode S which is concordant with mouse evolving faster than rat and 

marmot. 

Both ZFY and ZFX appear to undergo evolutionary changes influenced by negative 

selection, as indicated in Figure 2.9 where the count of synonymous substitutions 

surpasses non-synonymous substitutions, signifying their crucial biological role. The 

shared identification of a specific site in both analyses reveals that this site is subject 

to positive selection in both ZFY and ZFX. Given its location within the acidic domain 

region, this suggests a potential functional significance in relation to ZFY/ZFX and 

their evolution across various species. 

 

2.3.4.3 The Analysis of the ZFY Acidic Activating Domain and DNA Binding Domains 

Evolution 

Following coding domain-wide analysis of the selection pressures acting on ZFY and 

ZFX, a look into the AAD and DBD of ZFY was carried out. 
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Figure 2.10: ZFY specific posterior distribution of (A): the acidic activating domain 

and (B): the DNA binding domain of ZFY indicating either positive or negative 

selection. A posterior distribution of 0.9 was set.   

 

Fubar analysis in Figure 2.10 shows that both the ZFY DBD and AAD have 2 sites 

identified as being under positive selection based on these sites having a posterior 

probability greater than the limit of 0.9. Many of the sites in the AAD and DBD were 

under negative selection, ensuring the conservation of the protein structure and 

function in these transcription factor-specific regions. However, sites 31 and 144 in 

the AAD were identified as being under positive selection. The remaining sites cannot 

be defined as under positive or negative selection or are neutral. Site 31, identified 

as undergoing positive selection, resides within a predicted 9aaTAD region pinpointed 

by a tool referenced in section 2.2.1. However, it is worth noting that this particular 

9aaTAD region doesn't perfectly match the tool's prediction, thus hindering absolute 

confirmation. Site 31 interestingly is mostly conserved in the primates and rodents 
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(mouse and rat) with the site encoding Aspartate (D) while the majority of changes 

are seen in the artiodactyl (S), carnivore species (G, D) and marmot (N). Conversely, 

site 144 doesn't fall within a 9aaTAD but aligns with the previously identified site that 

underwent positive selection in the whole sequence alignment analysis. The two sites 

(111 & 112) identified as under positive selection in the zinc finger DBD are located in 

the region between zinc finger 3 and 4. All ZFY primates encode AN at these sites, 

and changes are seen in the rodents (marmot = NN, mouse and rat = VN). Many of 

the other sequences encode variations of AN, with some encoding A and a different 

second protein, whilst others encode an alternative protein and then N. Elephant isnôt 

included in this rule and encodes SS at these identified sites. Though these sites are 

undergoing positive selection, the selection of each species seems to differ except 

for the primates. Zinc fingers and 9aaTADs are thought to be the more conserved 

regions of the DBD and AAD respectively, which would explain why these sites largely 

remain under negative selection to ensure the function of the protein remains intact. 

 

2.3.5 Exon 7 is Subject to Gene Conversion and Rapid Evolution  

Given the evidence for gene conversion seen in Figure 2.5 and since gene 

conversions typically affect short regions of DNA and thus likely only convert part of 

the ZFX/ZFY sequence in any given species, this chapter sought to explore this 

further by looking separately at the phylogenetic history of different domains of the 

gene. Following on from the whole-gene analysis presented above, separate 

phylogenetic trees were constructed looking either at the transactivation domain 

(coding exons 1-6) or DNA binding domain (coding exon 7) of the gene. 
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Figure 2.11: A: Nucleotide phylogenetic tree construction of ZFY coding exons 

1-6, best-fit model according to BIC = K2P+G4 (BIC score: 19168.9192). B: 

Phylogenetic tree construction of ZFY coding exon 7, best-fit model according to 

BIC = TIM3e+I+G4 (BIC score: 17083.7858). Both trees are rooted at platypus for 

standardisation and the amount of genetic change for the branch length is noted for 

each tree. 

 

The accumulation of DNA changes across coding exons 1-6 of ZFY during its 

transition from an autosomal gene to a sex-linked gene at the marsupial/eutherian 

divergence is shown in Figure 2.11A. This phylogenetic tree emphasises the first six 

coding exons, which encode the N-terminus AAD and mirrors the divergence pattern 

observed in the nucleotide phylogenetic tree of the entire sequence depicted in 

Figure 2.5. Figure 2.11B illustrates the DNA changes in coding exon 7 only which 

encodes the DBD.  

Separating the two functional domains of the gene in this way shows that in Figure 

2.11A, there is a clear separation between ZFY and ZFX sequences and that within 

the ZFX and ZFY sub-trees, there are no discordances with the expected phylogeny 

of mammalian orders ï thus we can conclude that there are few if any gene 

conversion events within this region of the gene. In contrast, when attention shifts to 

the nucleotide alignment of coding exon 7 in Figure 2.11B, the narrative takes a 

different turn with a series of potential gene conversions in elephant, horse, pig, 

marmot and stoat. These are identified by the clustering of these speciesô ZFY and 

ZFX sequences together, indicating they are highly similar in this exon. Overall, ZFY 

and ZFX sequences are no longer grouping separately but are intermingled, with 

many of the individual species or taxa clustering their ZFY and ZFX sequences 

together.  

The overall picture is therefore one of recurrent gene conversion occurring specifically 

within exon 7, leading to the differences in phylogenetic association between,  

Figures 2.11A and 2.11B, with Figure 2.5 representing a confounded amalgamation 

of the signal across different regions of the gene.  This restriction of conversion events 

to exon 7 aligns with the imperative to preserve the functionality of the DBD, and 

furthermore suggests there may have been evolutionary pressure to ensure the X 

and Y paralogs maintain identical (or closely similar) DNA binding domains within 

each species. Thus, ZFX and ZFY likely share a common set of downstream targets, 

but their effects on those targets may differ due to the accumulated changes in the 

activation domain (exons 1-6) that have not been homogenised between X and Y 

copies.  Interestingly, however, the acceleration of ZFY evolution seen in Figure 2.4 

and Figure 2.5 is seen in both the activation domain and DBD. In particular, in exon 
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7, in each paired set of ZFY/ZFX genes (partially or wholly homogenised at the root 

of the pair by gene conversion), the following Y branch is longer than the X branch. 

 

2.3.6 Genetic Exchange Between ZFY and ZFX Could Have Led to Their High 

Homology, but They Continue to Persist for Male and Female Function 

Respectively 

It is thought that the divergence pattern of mammalian ZFY and ZFX must be down 

to X and Y chromosome conversions (or recombinations) due to their not completely 

independent separation from each other (Pamilo & Bianchi, 1993). Following on from 

the identification of recurrent gene conversion in exon 7, Geneconv was utilised to 

identify the potential breakpoints for the gene conversions between aligned DNA 

sequences (Sawyer, 1989). Geneconv is able to identify possible gene conversions 

within and outside the alignment. Inner fragment conversion is when a possible gene 

conversion between ancestors of two given sequences in the aligned file is identified, 

while an outer sequence fragment conversion is when there is evidence of a possible 

gene conversion outside of the alignment or was within the alignment but then was 

later destroyed by continuous genetic mutations or gene conversion (Sawyer, 1989). 

 

2.3.6.1 Global Fragment Analysis Reveals Possible Gene Conversions Across a Range 

of ZFY/ZFX Species 

Global fragment analysis reveals gene conversions with p-values corrected for both 

the sequence length and sequence number.  Because of the more stringent correction 

for global analysis compared to pairwise analysis, fewer conversions are normally 

detected. Geneconv only outputs suspected gene conversions if they pass at least 

one of the p-values for significance. 

 

Table 2.3: Global inner fragment analysis. The table displays potential conversions 

identified using Geneconv. Permutation (sim) p-value and Bonferroni-corrected (BC) 

KA p-values are listed for each identified conversion. Num. Poly = Number of 

Polymorphisms, Num. Diffs= Number of Differences, Total Diffs = Total number of 

differences. * Indicates significant p-values <0.05 highlighting the cell background. 

Sequence 
Names 

Sim 
Pvalue 

BC KA 
Pvalue 

Aligned Offsets Num
. 
Poly 

Num. 
Diffs 

Total 
Diffs 

Mismatch 
Penalty 

Begin End Length 

Rattus 
norvegicus 
ZFY2; 
Rattus 
norvegicus 
ZFX 

0.0311* 0.05350 2353 2426 74 21 0 437 None 
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Loxodonta 
Africana ZFY; 
Loxodonta 
africana ZFX 

0.0316* 0.05354 1931 2189 259 82 0 123 None 

Mustela 
erminea ZFY; 
Mustela 
erminea ZFX 

0.0430* 0.07910 2032 2279 248 79 0 123 None 

 

Table 2.3 shows the global inner fragments that have possibly undergone gene 

conversion making their DNA homology significantly higher than expected. Geneconv 

identified three potential gene conversions between ZFY and ZFX in rat, elephants 

and Mustela erminea (stoat). A significant permutation p-value (0.0311) was 

calculated for a global fragment between rat Zfy and Zfx at the offsets 2352-2426 in 

the alignments which corresponds to a region within zinc fingers 12 and 13 of the 

DBD (Table 2.3). This means 311 out of the 10,000 permutations across the global 

alignment had fragments as long or longer than this sequence pair.  This tract had a 

similarity of 74 nucleotides with 21 polymorphic sites identified between the two rat 

sequences. Overall, 437 sites were identified to be different between the two aligned 

sequences. No internal mismatches were identified in this tract and there was no 

applied mismatch penalty. This is indicative of a potential gene conversion; however, 

the evidence of this gene conversion is not significant for the BC KA p-value but 

indicates something of interest. Whilst BC-KA p-values are less accurate, and this 

tract is suggestive of a gene conversion additional evidence would be required for 

confirmatory purposes. However, when looking at the less stringent pairwise analysis, 

this fragment has a permutation score of p=0.0037 (37 permutations out of 10,000 

have a longer fragment) (Supplementary Table 4) and passes KA p-value testing, but 

as mentioned previously this kind of testing is not corrected for multiple-comparison 

and only looks at the specific sequence pair and not all the potential pairs leading to 

bias. 

Another significant global permutation p-value (0.0316) was calculated for a 259-

nucleotide global fragment between elephant ZFY and ZFX at the offsets 1931-2189 

in the alignment (Table 2.3). This region encompasses zinc fingers 7 through 10 in 

the DBD of ZFY. Of the 259 nucleotides, 82 polymorphic sites were identified between 

the two elephant sequences. No internal mismatches were identified in this tract and 

no applied mismatch penalty. This is indicative of a potential gene conversion but like 

the rat global fragment, the conversion is not significant for the BC-KA p-value. A 

significant pairwise permutation p-value (0.0016) and a significant KA p-value 

(0.00282) were identified for this fragment alongside two other fragments identified 

as significant by pairwise analysis (Supplementary Table 4). A 207-nucleotide 
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fragment spanning zinc fingers 10 through 13 and a 165-nucleotide fragment 

spanning zinc fingers 4 and 5 were also identified as possible regions of gene 

conversions through pairwise analysis, these need to be treated with caution as they 

are not corrected based on the global alignment (Supplementary Table 4). These 

finding of potential gene conversion in elephants supports the branching of the 

phylogenetic tree in Figures 2.5 and 12.1B. 

Finally, a global inner fragment at the offsets 2032-2279 in the stoat alignment has a 

significant similarity p-value (0.0430) identifying it as another possible region 

suspected of a gene conversion. This identified region encompasses zinc fingers 9 

through 11, with 79 sites identified to be polymorphic. Overall, 123 sites were 

identified as being different, but no internal mismatches were identified. No mismatch 

penalty was present. Like the elephant, another inner fragment was identified by 

pairwise analysis spanning zinc fingers 6 through 8, but global correction removed 

this identified fragment (Supplementary Table 4). 

Overall, all three global inner fragments are indicative of gene conversion, but due to 

failing BC-KA p-value significance but passing the more conservative permutation 

testing, whilst suggestive they cannot be fully trusted and therefore cannot be 

confirmed as gene conversions.  However, they do further emphasise that the DBD 

is undergoing gene conversions as seen in Figure 2.11B. 

Global outer-segment fragment analysis was also performed by Geneconv and aimed 

to identify possible gene conversions that have occurred outside of the alignment or 

are hidden by a vast number of mutations or conversions. An outer fragment is 

defined by Geneconv as a maximal DNA length where a single sequence contains all 

unique nucleotides at each polymorphic site in the alignment. This fragment is unique 

in the alignment and is not shared with any other sequence. This could indicate a 

gene conversion from outside of the chromosome. 

 

Table 2.4: Global outer-segment fragment analysis. The table displays potential 

conversions identified using Geneconv. Permutation (sim) p-value and Bonferroni-

corrected (BC) KA p-values are listed for each identified conversion. Num. Poly = 

Number of Polymorphisms, Num. Mats= Number of nonunique sites within the 

fragment, Total Mats = Total number of nonunique sites for that sequence. * Indicates 

significant p-values <0.05. 

Sequence 
Names 

Sim 
Pvalue 

BC KA 
Pvalue 

Aligned Offsets Num
. 
Poly 

Num
. 
Mat 

Total 
Mats 

Mismatch 
Penalty 

Begin End Length 

Bos taurus 
ZFY 

0.0000* 0.00000* 1050 1067 18 14 0 842 None 

Bos taurus 
ZFY 

0.0045* 0.00831* 1035 1048 14 8 0 842 None 
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Two potential global outer-segment fragments were pinpointed in the AAD of cow ZFY 

as possible regions of gene conversions and are highlighted in Table 2.4. These two 

short fragments are located in the AAD of the cow and have been classed as unique 

to the cow ZFY sequence, as these specific sequences are not detectable elsewhere 

in the global alignment. Both identified fragments exhibit significant p-values under 

permutation and BC KA metrics indicating strong evidence of a conversion within cow 

ZFY but potentially from outside of the Y chromosome. This could indicate that cow 

ZFY is slowly developing novel functions through alterations in the AAD responsible 

for binding transcriptional machinery.  

Pairwise outer-sequence fragments were also identified in the acidic domain of 

marmot and mouse ZFY, which corroborates with their rapid evolutionary divergence 

(Supplementary Table 5). Whilst, both p-value metrics provide significant support for 

these unique fragments between sequence pairs, they are not unique across the 

global alignment and therefore are not recognised by the global comparison. This 

indicates that whilst marmot ZFY and mouse Zfy2 have short unique fragments with 

their ZFX homologue, these fragments are not unique to the ZFX/ZFY family. So, 

while marmot and mouse ZFY display species-specific accelerated evolution against 

their ZFX ortholog, they do not possess substantial activating domain uniqueness 

globally.  

 

2.3.6.2 Calibrating the Phylogeny Using Known Species Divergence Times 

The next analysis delved further into the acceleration of ZFY evolution in rodents by 

computing the substitution rate per million years for every ancestral branch. By 

generating a time tree ((https://timetree.org/), (Kumar et al., 2022)) the number of 

years between each node in millions of years was gathered. The Newick trees 

contained the branch length in substitutions per site between nodes. By using these, 

the number of substitutions per site per millions of years was calculated for each 

branch. This would allow confirmation of which nodes are undergoing greater genetic 

changes such as the rodents. 

 

Table 2.5: Timetree of ZFY nucleotide coding domain divergence. Through 

Timetree.org, the age of each node in million years (MYA) was identified. 

Substitutions per site for each branch were then determined using IQtree. By 

combining these data points, the substitutions per site per million years were 

calculated for each branch. Substitution columns are coloured by value highlighting 

low (light-coloured) and high (dark-coloured) substitution rates. Note: Equus caballus 

is excluded as the ZFY sequence does not group as expected making node 

calculations difficult. 
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Starting Node End Node 

Time of 
Starting 
Node 
(MYA) 

End of 
Starting 
Node 
(MYA) 

Time 
Covered 
by 
Branch 
(MYA) 

Substitutions 
per Site 

Substitutions 
per site per 
Myr 

Theria 
Monodelphis 
domestica 

160 0 160 0.0271 0.000169 

Theria  Eutheria 160 99.2 60.8 0.0663 0.00109 

Eutheria 
Loxodonta 
africana 

99.2 0 99.2 0.0498 0.000502 

Eutheria Boreoeutheria 99.2 94 5.2 0.0081 0.001558 

Boreoeutheria 
Euarchontoglire
s 

94 87.2 6.8 0.0089 0.001309 

Boreoeutheria 
Artiodactyl - 
Caniformia 

94 76 18 0.0038 0.000211 

Euarchontoglires Rodentia 87.2 68.8 18.4 0.0064 0.000348 

Euarchontoglires Simiiformes 87.2 42.9 44.3 0.0348 0.000786 

Rodentia 
Marmota 
marmota 
marmota 

68.8 0 68.8 0.0645 0.000938 

Rodentia 
Rattus 
norvegicus ï 
Mus musculus 

68.8 13.1 55.7 0.1859 0.003338 

Rattus norvegicus 
ï Mus musculus 

Rattus 
norvegicus 

13.1 0 13.1 0.0255 0.001947 

Rattus 
Norvegicus ï Mus 
musculus 

Mus musculus 13.1 0 13.1 0.0607 0.004634 

Simiiformes 
Callithrix 
jacchus 

42.9 0 42.9 0.0381 0.000888 

Simiiformes Catarrhini 42.9 28.82 14.08 0.0082 0.000582 

Catarrhini Cercopithecidae 28.82 17.75 11.07 0.0035 0.000316 
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Cercopithecidae 
Rhinopithecus 
roxellana 

17.75 0 17.75 0.0056 0.000315 

Cercopithecidae 
Papio anubis ï 
Macaca mulatta 

17.75 10.45 7.3 0.0018 0.000247 

Papio anubis ï 
Macaca mulatta 

Papio anubis 10.45 0 10.45 0.0014 0.000134 

Papio anubis ï 
Macaca mulatta 

Macaca mulatta 10.45 0 10.45 0.0015 0.000144 

Catarrhini Homininae 28.82 8.6 20.22 0.0102 0.000504 

Homininae 
Gorilla gorilla 
gorilla 

8.6 0 8.6 0.0034 0.000395 

Homininae 
Homo sapiens ï 
Pan troglodytes 

8.6 6.4 2.2 0.0013 0.000591 

Homo sapiens ï 
Pan troglodytes 

Homo sapiens 6.4 0 6.4 0.0021 0.000328 

Homo sapiens ï 
Pan troglodytes 

Pan troglodytes 6.4 0 6.4 0.0026 0.000406 

Artiodactyl - 
Caniformia 

Caniformia 76 45.1 31 0.015 0.000484 

Caniformia 
Canis lupus 
familiaris 

45.1 0 45.1 0.0313 0.000694 

Caniformia Mustela erminea 45.1 0 45.1 0.0398 0.000882 

Artiodactyl - 
Caniformia 

Artiodactyl 76 61.8 14.2 0.0066 0.000465 

Artiodactyl Sus scrofa 61.8 0 61.8 0.0268 0.000434 

Artiodactyl 

Odocoileus 
virginianus 
texanus ï Bos 
taurus ï Capra 
hircus 

61.8 22.79 39.01 0.0371 0.000951 
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Odocoileus 
virginianus 
texanus ï Bos 
taurus ï Capra 
hircus 

Odocoileus 
virginianus 
texanus 

22.79 0 22.79 0.0147 0.000645 

Odocoileus 
virginianus 
texanus ï Bos 
taurus ï Capra 
hircus 

Bos taurus ï 
Capra hircus 

22.79 22 0.79 0.004 0.005063 

Bos taurus ï 
Capra hircus 

Bos taurus 22 0 22 0.012 0.000545 

Bos taurus ï 
Capra hircus 

Capra hircus 22 0 22 0.0074 0.000336 

 

Table 2.5 shows the accumulation of substitutions across the branches seen in 

Figure 2.5, which highlights the rapid Rodentia evolution. Within the Rodentia clade, 

substantial changes in substitution rates occur at each diverging node, indicating that 

they are accumulating a higher number of substitution changes over time, driving their 

rapid evolution away from other species. This corresponds with the extensive branch 

lengths seen for this group at both the protein (Figure 2.4) and nucleotide (Figure 

2.5) levels. 

 

2.3.7 Ancestral Reconstruction of ZFY/ZFX Ancestors 

In an attempt to determine the ancestral sequences of significant nodes in the 

ZFY/ZFX evolution, ancestral reconstruction was performed using the GRASP tool. 

The key nodes of interest for sequence reconstruction included: the last common ZFY 

ancestor before divergence, the final ancestral ZFX, the last shared rodent ZFY 

progenitor, and the earliest primordial ZFY/ZFX predecessor preceding separation. 

GRASP performs the reconstruction analysis by constructing phylogenetic trees with 

labelled nodes corresponding to an ancestral sequence it predicted. The nodes and 

the predictive sequences are labelled with the % confidence determined by GRASP. 

 

2.3.7.1 Tracing Back to the Last Common Ancestor of ZFY/ZFX following the 

Marsupial/Eutherian Divergence  

Ancestral reconstructed sequences at phylogenetically relevant nodes were selected 

from the GRASP output. For this construction analysis, the last ZFY/ZFX ancestor 

was selected and compared against the predicted final ancestral ZFX preceding 
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sexual differentiation, as well as the first ZFY sequence following divergence onto the 

Y chromosome. This comparison would hopefully provide some insight into the 

genetic changes occurring following the divergence of ZFY and ZFX on the Y- and X-

chromosome respectively. 

 

 



фл 
 

 

                            10        20        30        40        50        60            

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   MDEDGLELQPQEPNSFFDATGADATHMDGDQIVVEVQETVFVSDVVDSDITVHNFVPDDP  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                            70        80        90       100       110       120         

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   DSVVIQDVIEDVVIEDVQCPDIMEEADVSETVIIPEQVLDTDVTEEVSLAHCTVPDDVLA  

N18_ZFY_Ancestor   ......................L.....................................   

N16_ZFX_Ancestor   ............................................................   

 

                           130       140       150       160       170       180      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   SDITTATMSVPEHVLTSESMHVPDVGHVEHVVHDNVVEAEIVTDPLTTDVVSEEVLVADC  

N18_ZFY_Ancestor   .........I..................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           190       200       210       220       230       240      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   ASEAVIDANGIPVEQQDDDKSNCEDYLMISLDDAGKIEHDGSSEMTMDAESEIDPCKVDG  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           250       260       270       280       290       300      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   TCPEVIKVYIFKADPGEDDLGGTVDIVESEPENDHGVGLLDQSSSIRVPREKMVYMTVND  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           310       320       330       340       350       360      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   SQQEDEDLNVAEIADEVYMEVIVGEEDAAVAHEQQIDDTEIKTFMPIAWAAAYGNNTDGI  

N18_ZFY_Ancestor   ...................................M........................   

N16_ZFX_Ancestor   ............................................................   

 

                           370       380       390       400       410       420      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   ENRNGTASALLHIDESAGLGRLAKQKPKKRRRPDSRQYQTAIIIGPDGHPLTVYPCMICG  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           430       440       450       460       470       480      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   KKFKSRGFLKRHMKNHPEHLTKKKYRCTDCDYTTNKKISLHNHLESHKLTNKAEKAIECD  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           490       500       510       520       530       540      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   ECGKHFSHAGALFTHKMVHKEKGANKMHKCKFCDYETAEQGLLNRHLLAVHSKNFPHICV  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           550       560       570       580       590       600      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   ECGKGFRHPSELKKHMRIHTGEKPYQCQYCEYRSADSSNLKTHVKTKHSKEMPFKCEICL  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   
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Figure 2.12: Ancestral reconstruction of the first ZFY/ZFX ancestor following 

the marsupial/eutherian divergence. N35_ZFYX_Ancestor is the predicted 

progenitor of all eutherian ZFY and ZFX homologs following the marsupial/eutherian 

split when looking at a global alignment of ZFY and ZFX sequences. 

N18_ZFY_Ancestor and N16_ZFX_Ancestor describe the theoretical changes 

resulting in the initial sex chromosome derivationðthe last universal ZFY and ZFX 

variants prior to Y or X linkage respectively. The phylogenetic tree and node selection 

can be seen in Supplementary Figure 2. 

 

The sequence comparison in Figure 2.12 compares the ZFYX ancestor against its 

N18 and N16 subsequent ZFY and ZFX divergent nodes. Figure 2.12 only shows 3 

                           610       620       630       640       650       660      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   LTFSDTKEVQQHALIHQESKTHQCLHCDHKSSNSSDLKRHIISVHTKDYPHKCDMCDKGF  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           670       680       690       700       710       720      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   HRPSELKKHVAAHKGKKMHQCRHCDFKIADPFVLSRHILSVHTKDLPFRCKRCRKGFRQQ  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           730       740       750       760       770       780      

                   ....|....|....|....|....|....|....|....|....|....|....|....|  

N35_ZFYX_Ancestor   NELKKHMKTHSGRKVYQCEYCEYSTTDASGFKRHVISIHTKDYPHRCEYCKKGFRRPSEK  

N18_ZFY_Ancestor   ............................................................   

N16_ZFX_Ancestor   ............................................................   

 

                           790  

                   ....|....|....  

N35_ZFYX_Ancestor   NQHIMRHHKDVGLP  

N18_ZFY_Ancestor   ..............   

N16_ZFX_Ancestor   ..............   
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protein substitutions (M>L, V>I, I>M) between the ZFYX ancestor and the ZFY-

specific ancestor. In contrast, no substitutions are seen between the ZFYX ancestor 

and the ZFX-specific ancestor. All 3 ZFY-specific changes are localised within the 

more variable AAD of ZFY rather than the more conserved DBD region, which persists 

unchanged. The substitutions although in the AAD do not fall in the predicted more 

conserved 9aaTAD regions of the domain. Although there are minimal changes, 

changes in the protein sequence can have major changes in protein structure and 

function. However, these changes were tolerated when ZFY moved to the Y 

chromosome.  

The negligible divergence seen between the reconstructed sequences prompts 

further examination as more variation between these homologs would be expected 

during their divergence on non-recombining sex chromosome. Although evidence has 

suggested ZFY is under negative selection further mutations would be expected that 

would lead to the role divergence of ZFY and ZFX. Hopefully, by comparing further 

nodes in the reconstruction will lead to the identification of impactful changes.  

Further inspection of ZFY sequences at vital nodes of divergence aimed to observe 

the rapid evolution of ZFY within the rodent lineage. Specifically, the reconstructed 

sequences at these divergent points; the rodent ancestor, the rat/mouse ancestor, the 

marmot ancestor and the primate ancestor were examined. These nodes were 

selected for a stepwise analysis of the rodent divergence, as marmot seems to 

diverge away from the other rodents in the analysis and groups more towards the 

primate species. 
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                                     10        20        30        40        50        60            

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   MDEDGLELQPQEPNSFFDATGADATHMDGDQIVVEVQETVFVSDVVDSDITVHNFVPDDP  

N10_Rodent_ZFY_Ancestor     ....E.............GI........................................   

N8_Rat_Mouse_Ancestor       ....EI..T...E..L..GI....V................L.N --- ..V..........   

N7_Marmota_Ancestor         ....E.............GI.......................N................   

N6_Primate_Ancestor         ....EF............GI.......................N................   

 

                                     70        80        90       100       110       120         

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   DSVVIQDVIEDVVIE- DVQCPDILEEADVSETVIIPEQVLDTDVTEEVSLAHCTVPDDVL  

N10_Rodent_ZFY_Ancestor     ............... - ....S..........N.........S..................   

N8_Rat_Mouse_Ancestor       ...I...... N.L.. - ..H.SN....T.I.DN.........L.TA......QFPI. - .I.   

N7_Marmota_Ancestor         ............... - ....S..........N.........S..................   

N6_Primate_Ancestor         ............... - ....S..........N.........S..................   

 

                                    130       140       150       160       170       180      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   ASDITTATMSIPEHVLTSESMHVPDVG---- HVEHVVHDNVVEAEIVTDPLTTDVVSEEV  

N10_Rodent_ZFY_Ancestor     .....S.S..M.........I..S... ---- ........S....................   

N8_Rat_Mouse_Ancestor       ..S..STSLTM.....M..AI..S... ---- .I.Q.I..SL..T.VI.....A.ISE -- I   

N7_Marmota_Ancestor         .....S.S..M.........I..S... ---- ........S....................   

N6_Primate_Ancestor         .....S.S..M.........I..S... ---- ........S....................   

 

                                    190       200       210       220       230       240      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   LVADCASEAVIDANGIPVEQQD-------- DDKSNCEDYLMISLDDAGKIEHDGSSEMTM  

N10_Rodent_ZFY_Ancestor     ..................D... -------- ..........................G...   

N8_Rat_Mouse_Ancestor       ..........L.SS.M.L.... -------- ...V...............T..E....V..   

N7_Marmota_Ancestor         ..................D... -------- ..........................GV..   

N6_Primate_Ancestor         ..................D... -------- .........................TGV..   

 

                                    250       260       270       280       290       300      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   DAESEIDPCKVDGTCPEVIKVYIFKADPGEDDLGGTVDIVESEPENDHGVGLLDQSSSIR  

N10_Rodent_ZFY_Ancestor     ..................................................E....N....   

N8_Rat_Mouse_Ancestor       N....T..Y.L.E.S.............E...V.E........TD.GNEAEVI......H   

N7_Marmota_Ancestor         ..................................................E....N....   

N6_Primate_Ancestor         ..................................................E....N....   

 

                                    310       320       330       340       350       360      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   VPREKMVYMTVNDSQQEDEDLNVAEIADEVYMEVIVGEED------- AAVAHEQQMDDTE  

N10_Rodent_ZFY_Ancestor     ........................................AAVAAAA..AV.......S.   

N8_Rat_Mouse_Ancestor       ...D - N...S.S...K.E..T ----------- K....D..AGDT - AADTSE.......S.   

N7_Marmota_Ancestor         ........................................AAVA - AA..AV.......S.   

N6_Primate_Ancestor         ........................................AAVA - AA..AV....I..S.   

 

                                    370       380       390       400       410       420      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   IKT - FMPIAWAAAYGNNTDGIENRNGTASALLHIDESAGLGRLAKQKPKKRRRPDSRQYQ  

N10_Rodent_ZFY_Ancestor     ... - .............S..........................................   

N8_Rat_Mouse_Ancestor       ..AA.L........D..S.E..DQ.V.......Q...G..D.VP...A..KK..E.K...   

N7_Marmota_Ancestor         ... - .............S..........................................   

N6_Primate_Ancestor         M.. - .............S..........................................   

 

                                    430       440       450       460       470       480      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   TAIIIGPDGHPLTVYPCMICGKKFKSRGFLKRHMKNHPEHLTKKKYRCTDCDYTTNKKIS  

N10_Rodent_ZFY_Ancestor     ............................................................   

N8_Rat_Mouse_Ancestor       ....VA...QT.I.....F......TKS.....I.....Y.A....H......S......   

N7_Marmota_Ancestor         .........................................A....H.............   

N6_Primate_Ancestor         .........................................A....H.............   

 

                                    490       500       510       520       530       540      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   LHNHLESHKLTNKAEKAI------ ECDECGKHFSHAGALFTHKMVHKEKGAN- KMHKCKF  

N10_Rodent_ZFY_Ancestor     ...........S...... ------ ............................ - .......   

N8_Rat_Mouse_Ancestor       ....M......I.T..TT ------ ...D....L....T.C...TM.E...V. - .TY....   
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Figure 2.13: Ancestral reconstruction of the ZFY ancestors following the move 

to the Y Chromosome. N10_Rodent_ZFY_Ancestor: The last shared predecessor 

of mouse, rat and marmot ZFY. N8_Rat_Mouse_Ancestor: The last common 

progenitor prior to the divergence of rat and mouse Zfy. N7_Marmota_Ancestor: The 

final marmot ZFY variant before becoming an independent lineage. 

N6_Primate_Ancestor: The most recent evolutionary ancestor linking all analysed 

N7_Marmota_Ancestor         ...........S...... ------ ............................ - .......   

N6_Primate_Ancestor         ...........S...... ------ ............................ - .......   

 

                                    550       560       570       580       590       600      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   CDYETAEQGLLNRHLLAVHSKNFPHICVECGKGFRHPSELKKHMRIHTGEKPYQCQYCEY  

N10_Rodent_ZFY_Ancestor     .E..........................................................   

N8_Rat_Mouse_Ancestor       ........T...H........K.....................I.V..............   

N7_Marmota_Ancestor         .E..........................................................   

N6_Primate_Ancestor         .E..........................................................   

 

                                    610       620       630       640       650       660      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   RSADSSNLKTHVKTKHSKEMPFKCEICLLTFSDTKEVQQHALIH- QESKTHQCLHCDHKS  

N10_Rodent_ZFY_Ancestor     ........................D................... - ...............   

N8_Rat_Mouse_Ancestor       K..........I.......I.L..G...........A....... - ...R....S..N...   

N7_Marmota_Ancestor         ........................D................... - ...............   

N6_Primate_Ancestor         ........................D................... - ...............   

 

                                    670       680       690       700       710       720      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   SNSSDLKRHIISVHTKDYPHKCDMCDKGFHRPSELKKHVAAHKGKKMHQCRHCDFKIADP  

N10_Rodent_ZFY_Ancestor     ............................................................   

N8_Rat_Mouse_Ancestor       .........................S..............T..S............SP..   

N7_Marmota_Ancestor         ............................................................   

N6_Primate_Ancestor         ............................................................   

 

                                    730       740       750       760       770       780      

                            ....|....|....|....|....|....|....|....|....|....|....|....|  

N18_Earliest_ZFY_Ancestor   FVLSRHILSVHTKDLPFRCKRCRKGFRQQNELKKHMKTHSGRKVYQCEYCEYSTTDASGF  

N10_Rodent_ZFY_Ancestor     ............................................................   

N8_Rat_Mouse_Ancestor       .L...........NV..K....K......C..Q...........................   

N7_Marmota_Ancestor         ............................................................   

N6_Primate_Ancestor         ............................................................   

 

                                    790       800       810       820    

                            ....|....|....|....|....|....|....|....|...  

N18_Earliest_ZFY_Ancestor   KRHVISIHTKDYPHRCEYCKKGFRRPSEKNQHIMRHHKDVGLP  

N10_Rodent_ZFY_Ancestor     ......................................E....   

N8_Rat_Mouse_Ancestor       ......................................E....   

N7_Marmota_Ancestor         ......................................E....   

N6_Primate_Ancestor         ......................................E....   
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primate ZFY sequences. The phylogenetic tree and node selection can be seen in 

supplementary Figure 3. 

 

The rapid divergence of the rat and mouse Zfy sequences is illustrated in Figure 2.13. 

The first rodent ancestor sequence exhibits minor changes in the protein sequence, 

with a more noticeable number of substitutions identified in the AAD. However, the 

divergence of the mouse and rat lineage is evident, as numerous more substitutions 

are visible within both the AAD and DBD, but more prominently in the AAD. 

Substitutions are visible in the 9aaTAD and nuclear localisation motif of the AAD 

which are typically regions of greater conservation. The rat and mouse ancestor also 

have changes within the zinc fingers, although the zinc finger structures continue to 

persist due to the consistent presence of C and H residues. These changes suggest 

potential structural and functional changes of rat/mouse ZFY that make it distinct from 

other species. The marmot ancestor shares similarities with the primate ancestor, 

providing evidence for the marmot's divergence from the rodent lineage. 

This rapid rodent divergence is less evident in the ZFX ancestral reconstruction 

analysis, with fewer substitutions seen between the earliest ZFX ancestor and the 

rat/mouse ancestor. 
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Figure 2.14: Ancestral reconstruction of the ZFX ancestors following the move 

to the X Chromosome. N9_Rodent_ZFY_Ancestor: The last shared predecessor of 

mouse, rat and marmot ZFY. N8_Rat_Mouse_Ancestor: The last common progenitor 

prior to the divergence of rat and mouse ZFY. N7_Marmota_Ancestor: The final 

marmot ZFY variant before becoming an independent lineage. 

N6_Primate_Ancestor: The most recent evolutionary ancestor linking all analysed 

primate ZFY sequences. The phylogenetic tree and node selection can be seen in 

Supplementary Figure 4. 

 

Depicted in Figure 2.14 is the more conserved evolution of ZFX across the taxons 

compared to ZFY. This emphasises that ZFY has acquired a unique function different 

to ZFX or that ZFY has lost ZFX functions Though the marmot has diverged away 

from the remaining rodent clade in this analysis, the node is only 36% supported, 

which indicates that there is weak evidence for this node, but the changes between 

the marmot and rat/mouse are still dramatic enough to result in the divergence of the 

order taxon.  Similar to ZFY, the majority of the substitutions in ZFX are within the 

AAD, with the 9aaTAD and nuclear localisation motifs experiencing fewer alterations. 

The DBD remains highly conserved across all the ancestors with only 7 protein 

substitutions identified across the sequences, with only 2 being located within a zinc 

finger. This further highlights the maintained conservation of the DBD across the 

ZFY/ZFX ancestors. 
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2.4 Discussion  

The Y chromosome has an unusual evolutionary history yet continues to persist in 

the genome harbouring the master-switch gene required for male determination and 

is abundant in spermatogenesis-specific genes (Bachtrog, 2013);(B. T. Lahn et al., 

2001). Sex chromosomes have evolved independently from autosomes many times 

across many lineages, with the therian sex chromosomes evolving around ~180 

million years ago following the split from monotremes. Following this split, the sex 

chromosomes of species like birds and snakes evolved independently, with the 

original autosomes responsible for the mammalian sex chromosomes still existing in 

birds today (Bachtrog, 2013);(J. F. Hughes & Page, 2015). Due to their unique 

function in sex determination, the sex chromosomes are subject to unique 

evolutionary forces, and they therefore play a role in speciation, adaptation and other 

evolutionary processes. Although the Y chromosome is known to be important, the 

chromosome is still targeted for degradation, resulting in most of its original genes 

being lost over evolutionary time. This is evident in some genetic studies which have 

shown that some speciesô Y chromosomes harbour almost no genes and some 

speciesô have completely lost their Y chromosome. Although the gene content of the 

human Y chromosome is consistently targeted by degradation, ZFY persists in the 

human genome emphasising the potentially vital role of this gene (B. T. Lahn et al., 

2001);(Bachtrog, 2013);(J. F. Hughes & Page, 2015). Since ZFY was disproved as 

the sex-determining gene, its research interest diminished, and further investigation 

stopped. Therefore, this thesis aimed to investigate ZFYôs persistence on the Y 

chromosome and its importance in male development.  

The evolutionary trajectory of ZFY over the past 200-300 million years suggests it has 

been subject to negative selection pressures, especially in regions crucial for its male 

developmental function, such as the AAD and DBD. Investigations into these region-

specific areas confirmed the negative selection pressures on the AAD and DBD 

showing the importance of maintaining sequence integrity in these regions for DNA-

binding targets essential to ZFY's male-determining functions. Within the AAD and 

DBD, the 9aaTAD and zinc finger domains respectively, are crucial to function and 

are largely under negative selection to ensure the conservation of these key 

functioning motifs. Positive selection on these sites would consequently change the 

coding sequence and, therefore, potentially alter DNA-binding sites necessary for 

ZFYôs male-determining functions. While ZFY evolution mostly aligns with expected 

taxonomic patterns, Rodentia, particularly rat and mice, display accelerated evolution, 

suggesting potential adaptation to new roles within the rodent lineage. This is evident 

by the high substitution rates (Table 2.4) calculated in the rodent lineage. This 
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contrasts with ZFX evolution, which, while also evolving, shows less pronounced 

changes, indicating potentially different evolutionary pressures or roles between ZFY 

and ZFX in rodents. However, it is well established that rodents have one of the 

highest mutation rates among mammals, so longer branch lengths for rodent species 

are typically expected (Nabholz et al., 2008). 

The high homology between ZFX and ZFY raised the possibility of gene conversion 

events. A gene conversion arises between paralogous genes resulting in the 

reshuffling and homogenisation of their DNA sequences resulting in the paralogous 

genes becoming highly similar (Mansai & Innan, 2010). This can cause downstream 

problems in the inference of both duplicated genes and multigene families' 

evolutionary history. Geneconv detects recent gene conversions across an alignment 

of sequences in a pairwise manner, with the significance determined by the random 

shuffling of variable sites within the alignment. However, it is difficult to robustly detect 

gene conversions via Geneconv due to the limited power when the gene conversion 

rate per site is large (Mansai & Innan, 2010). This is suggested to be the result of 

frequent homogenisation reducing the number of variable sites and the heterogeneity 

of the configurations at the variable sites (Mansai & Innan, 2010). This means that 

the detection of few gene conversions could mean two things; (1) gene conversions 

are not very active in this region or (2) gene conversions are extremely frequent. 

Constant gene conversion repeats can result in a long stretch of DNA with very few 

mismatches (Mansai & Innan, 2010). Consequently, gene conversions detected by 

Geneconv possibly do not reflect real converted regions however, when the data is 

combined with phylogenetic tree analysis there is very good evidence for potential 

gene conversions. 

While the alignment-wide nucleotide phylogenetic tree didn't reveal many gene 

conversion events, the clustering of elephant ZFY and ZFX suggested a possible 

gene conversion during their evolutionary split. However, upon tree construction of 

only coding exon 7 which encodes the DBD multiple more possible gene conversion 

events were identified, whilst this was not evident in coding exons 1-6. Further 

investigation by Geneconv uncovered three potential conversions in rat, elephant, 

and stoat, supported by significant permutation p-values, though they fell short of BC-

KA p-value thresholds. Although permutation p-values and tract analysis hinted at 

gene conversion, additional evidence is needed for validation. Notably, global outer-

fragment analysis detected a potential gene conversion in cow ZFY, backed by strong 

permutation and BC-KA metrics, possibly originating from outside the Y chromosome. 

Both phylogenetic tree construction and gene conversion analysis software identified 

gene conversions across rats, elephants, and stoats. This further reinforces the 
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argument that the high homology between ZFY and ZFX could be attributed to gene 

conversions. It has further been suggested that these gene conversions are unique 

to the DBD (coding exon 7) potentially due to their high specificity for targets 

emphasising the continued need for these sites to be under negative selection. 

Despite these findings, the anticipated number of gene conversions was not as great 

as expected, indicating that while ZFY and ZFX share high homology, their 

divergence might account for their distinct functions. It is also important to consider 

that the high similarity between these genes could be due to ancestral duplication, 

meaning the present sequence similarities may be the result of identity by descent 

not gene conversions. 

After aligning ancestral sequences, few changes appeared at the first breakpoint of 

ZFX and ZFY, unexpected given their relocation to separate chromosomes. However, 

further ancestral node analysis revealed more changes in ZFY sequences of 

subsequent lineages, particularly in key functional regions like zinc fingers in the DBD 

and 9aaTAD in the AAD. Mutations in these regions would alter DNA-binding sites 

and downstream targets. Tracing back ZFY showed far more changes than ZFX, 

potentially explaining the functional divergence between them. This also explains the 

accelerated Rodentia evolution, evidenced by the greater protein changes in mice 

Zfy1 and Zfy2, suggesting completely different functionalities. While intriguing, this 

predictive analysis remains inconclusive without further investigation into the 

ancestral nodes and sequences. 

In conclusion, ZFY persistence on the Y chromosome is attributed to negative 

selection pressure acting on the key functional regions of the gene. This is indicative 

of a unique functional role differing from ZFX on the X chromosome as even with its 

high homology, ZFY has maintained a male-specific function vital to sex 

determination. Changes throughout the lineage splits have resulted in the uniqueness 

and functional divergence of the two homologues. 
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3. Chapter 3: Unravelling ZFYôs Splicing Mechanism: Exploring 

the Role of RBMY 

 

3.1 Introduction  

3.1.1 Alternative Splicing Increases Genome Complexity 

Human ZFY exists in two forms regulated by splicing; a canonical full-length isoform, 

ZFYL, and a testis-specific short isoform denoted ZFYS. Two types of splicing exist: 

(1) constitutive splicing is the removal of introns and the ligation of exons in the order 

in which they appear in the gene and (2) alternative splicing results in the deviation 

from the preferred sequence by the rearrangement or removal of exons (G. Wang et 

al., 2015);(Stamm et al., 2005). Alternative splicing was first described as a concept 

in 1978, accounting for the discrepancies between the number of protein-coding 

genes and proteins in humans. This concept disproved the original notion of ñone 

gene - one RNA - one protein,ò with 95% of human genes identified as undergoing 

splicing at some point during development (G. Wang et al., 2015);(Matlin et al., 2005). 

Alternative splicing plays a major role in cellular differentiation and organism 

development due to increasing the complexity of gene expression (G. Wang et al., 

2015). A higher complexity and quantity of alternative splicing has been discovered in 

higher eukaryotic organisms, with species-specific splicing conservation resulting in 

species differentiation and genome evolution (G. Wang et al., 2015). 

Through the emergence of microarray data and expressed sequence-tagged data, 

analysis has revealed five main types of alternative splicing; mutually exclusive 

exons, cassette alternative exons, alternative 3ô splice site, alternative 5ô splice sites 

and intron retention (Figure 3.1) (G. Wang et al., 2015);(Jiang & Chen, 2021). In 

vertebrates and invertebrates, 30% of the alternative splicing patterns were identified 

as exon-skipping, whilst in lower metazoans the main type is intron retention (G. 

Wang et al., 2015);(E. Kim et al., 2006). 
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Figure 3.1: The five main types of alternative splicing. A: constitutive splicing, B: 

mutually exclusive exons, C: cassette alternative exons, D: alternative 3ô splice site, 

E: alternative 5ô splice site, and F: intron retention. Taken directly from (G. Wang et 

al., 2015). 

 

Splicing consists of two major processes: spliceosome assembly and the actual 

splicing of pre-mRNAs (G. Wang et al., 2015). The spliceosome, a large 

ribonucleoprotein consists of small nuclear ribonucleic proteins (snRNPs) forming a 

core unit upon splicing signals at the 5ô and 3ô splice sites. In a stepwise manner, 

conserved DExD/H-type RNA-dependent ATPases/helicases assemble on the core 

and execute splicing steps resulting in a variety of exon ligations and intron excisions. 

Alternative splicing is controlled by a wide range of interactions between cis and trans 

components (G. Wang et al., 2015);(Matlin et al., 2005). Alternative splicing is 

inhibited by negative factors including heterogenous nuclear ribonucleoproteins 

(hnRNPs) binding to exonic splicing silencers and intronic splicing silencers. 

However, alternative splicing is activated by positive trans-acting factors binding to 

exonic splicing enhancers and intronic splicing enhancers (G. Wang et al., 2015). This 

alternative splicing system is a key part of generating complex proteomes supporting 

embryonic stem and precursor cells during the differentiation of cell lineages, 

epithelial-mesenchymal transitions, adult organ development and the immune system 

(Ule & Blencowe, 2019). 
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3.1.2 Alternative Splicing of ZFY Forms a Testis-Specific Short Variant 

As discussed in sections 1.7 to 1.7.6.3 of the introduction, the mammalian ZFY gene 

is located on the Y chromosome and up until 2012 only a single ubiquitous ZFY 

protein had been identified. However, in 2012 Decarpentrie et al identified a 

secondary testis-specific ZFY transcript encoding a truncated ZFY protein with a 

shorter acidic domain (Decarpentrie et al., 2012). Further analysis indicated that this 

transcript encoded a protein lacking the entire second coding exon because of 

alternative splicing (cassette splicing event as per Figure 3.1c), allowing for one gene 

to express two splice variants. Moreover, these splice variants are both differentially 

expressed and functionally distinct, with the short isoform being testis-specific and 

having greatly reduced transactivation ability compared to the long form (see 

introduction sections 1.7 to 1.7.3.2 for further detail) (Decarpentrie et al., 2012).    

Importantly, mammalian ZFX does not appear to produce a short splice form 

equivalent to ZFYS. The occurrence of a Y-specific isoform exclusively expressed in 

the testis poses an evolutionary mystery: which came first?  If the ancestral autosomal 

Zf* gene also expressed a testis-specific splice isoform, then the current Y-specific 

ZFYS represents an ancestral testis-specific expression pattern that has been 

retained following X/Y divergence and indeed the requirement for a testis-specific 

splice form could have been a factor driving recruitment of ZFY into the non-

recombining portion of the eutherian sex chromosomes. Alternatively, if ancestral 

autosomal Zf* did not produce the short splice form, then the current Y-specific ZFYS 

represents neofunctionalization ï a novel expression pattern that has evolved after 

X/Y divergence. While we cannot directly observe the ancestral expression pattern, 

we can infer the splice regulation of ancestral autosomal Zf* by looking at the splicing 

of autosomal ZFX/Y relatives in marsupials and birds, where it retains its ancestral 

autosomal genomic location. 

A further unresolved mystery is how ZFY splicing is regulated ï which gene or genes 

act to trigger the skipping of the cassette exon during early germ cell development? 

In this study, based on a range of circumstantial observations set out in sections 1.7.3 

to 1.7.3.2 of the introduction, we hypothesised that RBMY acts to hinder the 

incorporation of the ZFY core acidic domain exon, leading to the formation of the 

observed short isoform. Specifically: 

Å Based on expression data, ZFYS is only expressed in cell types that also express 

RBMY. 

Å The phenotype for human AZFb deficiency (i.e. RMBY deficiency) resembles the 

mouse phenotype for overexpression of ZFYL ï this would be predicted if RBMY 

triggers conversion ZFYL to ZFYS. 
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Å A close relative of RBMY, RBMXL2, acts to suppress the use of specific splice 

acceptor sites, suggesting that the function of RBMY is also likely to involve 

suppressing the inclusion of specific exons in its downstream targets. 

This chapter sets out to address these two questions; is the testis-specific form seen 

in ancestral autosomal species and is RBMY causing the skipping of ZFY exon 2. To 

address these core questions this chapter is split into two parts, firstly, published 

cross-species data will be used to determine whether marsupials and birds also 

produce a testis-specific short ZFY splice form. Secondly, replicate data from the 

Fenton/Ellis lab demonstrating the expression of both ZFYS and RBMY in two head 

and neck squamous cell carcinomas. Finally, use a mammalian splicing reporter 

system to quantify the effect of RBMY expression on exon skipping for the ZFY 

cassette exon that is omitted in ZFYS. 
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3.2 Materials and Methods  

3.2.1 RNA-Seq Data Analysis Looking into Splicing Variations 

Cardoso-Moreria and team investigated the evolutionary patterns of ZF gene 

expression in mammalian organs, and they have publicly accessible RNA-Seq data 

for numerous mammals and organs (Cardoso-Moreira et al., 2019). Both the 

unprocessed and processed RNA-Seq data can be accessed on ArrayExpress. The 

mammals examined for splicing variation were E-MTAB-6769 (chicken), E-MTAB-

6798 (mouse), E-MTAB-6814 (human), and E-MTAB-6833 (opossum). RNA-Seq data 

was gathered from the testis, brain, cerebellum, liver, kidney, heart, and ovary. 

Although data from all these organs were collected, the ovaries were excluded from 

the analysis due to the focus on male-specific aspects. Many time points during 

development were analysed, but between each species, these time points varied, and 

the number of replicates also varied, with the most replicates being two. Time points 

were selected to roughly show ñbirthò, ñmid-meiosisò and ñmature adultò as well as 

possible (Table 3.1, 3.2, 3.3 & 3.4). 

 

Table 3.1: Available RNA-Seq data for chicken at birth, mid-meiosis and 

adulthood. Six organs have available data each with 2 replicates available. 0dph 

(days post-hatch), 10wph (10 weeks post-hatch) and adult is when premeiotic, mid-

meiotic and mature sperm are the most advanced stages present in the testis. 

Organ 0 dph 10 wph Adult 

Testis 2 2 2 

Brain  2 2 2 

Heart 2 2 2 

Kidney  2 2 2 

Liver  2 2 2 

Cerebellum 2 2 2 

 

Table 3.2: Available RNA-Seq data for mice at birth, mid-meiosis and adulthood. 

Six organs have available data each with 2 replicates available. 0 days (ñbirthò), 2 

weeks (ñmid-meiosisò ï stra8 highest) and 9 weeks (ñmature adultò). 

Organ 0 days 2 weeks 9 weeks 

Testis 2 2 2 

Brain  2 2 2 

Heart 2 2 2 

Kidney  2 2 2 

Liver  2 2 2 

Cerebellum 2 2 2 

 

Table 3.3: Available RNA-Seq data for humans at birth, mid-meiosis and 

adulthood. Six organs have available data each with varying data availability. 

Organ 4-8 
months 

13-17 
years 

25-29 years 46 years 54-60 
years 

Testis 2 2 2 1 1 
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Brain 2 1 1 0 2 

Heart 2 1 1 0 1 

Kidney  2 0 0 0 0 

Liver  2 1 1 0 2 

Cerebellum 2 2 2 0 2 

 

Table 3.4: Available RNA-Seq data for opossum at birth, mid-meiosis and 

adulthood. Six organs have available data each with varying data availability. 28 

days (ñbirthò), 60 days (ñmid-meiosisò ï stra8 highest) and 180 days (ñmature adultò). 

Organ 28 days 60 days 180 days 

Testis 2 2 2 

Brain  2 1 1 

Heart 0 1 2 

Kidney  1 2 1 

Liver  1 2 2 

Cerebellum 1 2 0 

 

BAM files were deposited, and these files were downloaded. It was noted that they 

originally annotated these files using the Ensembl 69 annotation and had only allowed 

for uniquely mapped reads. Using the wget function the desired bam files were 

downloaded onto the HPC system. Samtools was used to sort, index and then flank 

each BAM file with the corresponding coordinates of the ZF gene of interest ~+/- 

5000bp. These coordinates were identified using the Ensembl 69 GTF files available 

for each species (Table 3.5). However, for chicken, this was not possible as the 

Ensembl 69 annotation did not have ZF annotated. This meant that the chicken bam 

files had to be remapped to the latest Ensembl annotation (109) (Table 3.5), sorted, 

indexed and then flanked with the corresponding coordinates.  

 

Table 3.5: Genes analysed for each species. The Ensembl annotation used was 

version 69 except for chicken, where an updated annotation was required to include 

Zf genes missing from the original version. 

Species Genes Analysed Ensembl Annotation 

Human ZFY & ZFX 69 

Mouse Zfy1, Zfy2, Zfx & Zfa 69 

Opossum Zf 69 

Chicken Zf 109 

 

Using the flanked bam files and the indexed files, sashimi plots could be produced to 

identify gene expression and splicing events in each organism and each organ. Plots 

were produced using the pysashimi package (v1.5.0). The -M Min_Coverage function 

was applied to establish thresholds on the number of reads supporting a junction, with 

limits set to include junctions supported by a minimum of 10 reads. The complete 

code can be found in the folder Chapter 3 ï Splicing Analysis at 

https://github.com/IzzyGarcia/Thesis-code. 

https://github.com/IzzyGarcia/Thesis-code
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3.2.2 Cancer Cell Line Maintenance 

Two head and neck squamous cell carcinoma cell lines were used to assess 

endogenous ZFYS expression and the influence of RBMY on splicing. PCI-30 is a 

HPV-negative oral tongue squamous carcinoma derived from a 54-year-old male. 

UM-SCC-104 is a HPV-positive oral cavity squamous carcinoma from a 56-year-old 

male that uniquely contains HPV-16 and expresses E6/E7 oncoproteins. 

Both cell lines were cultured at 37ÁC under humidified conditions, with 5% CO2 in 

Gibco Dulbeccoôs Modified Eagle Medium (DMEM, Gibco, 11574486) supplemented 

with 10% Fetal Bovine Serum (FBS, Gibco, 11570516) and 1% L-Glutamineï

PenicillinïStreptomycin (Sigma-Aldrich, G6784). For passaging, cells were washed 

twice with 1x phosphate-buffered saline (PBS) (Oxoid, BR0014G) and incubated with 

trypsin-EDTA (Gibco, 0.25%, 11560626) at 37ÁC for 1 minute or until completely 

detached. The trypsinised cells were collected, centrifuged at 1,200 x g for 4 minutes, 

and resuspended in fresh media. A logarithmic growth phase of the cells was 

maintained by passaging the cells. 

Trypan blue was used to assess the viability of cells. Trypan blue stain (Logos 

biosystems, #T13001, 0.4%) was used and does not enter viable cells with an intact 

cell membrane. The cell mixture was mixed in a 1:1 ratio with the dye (i.e., 10uL to 

10uL) and was mixed gently. A haemocytometer was used to count the cells, and a 

viability percentage and cell count could be calculated. 

 

3.2.3 Reverse Transcription Polymerase Chain Reaction 

Reverse transcription polymerase chain reaction (RT-PCR) was performed to assess 

ZFY/RBMY expression in the Head and Neck Cancers. 

Following the collection of cell pellets, RNA extraction was performed using the 

Qiagen Rneasy mini kit (QIAGEN, 74104), using the protocol provided. Following 

RNA extraction, the RNA concentration was quantified using a NanoDrop ND-1000 

Spectrophotometer to determine the concentration and purity. Subsequently, the RNA 

was converted back into complementary DNA (cDNA) using the LunaScript RT 

Supermix Kit (New England BioLabs, #E3010) which has been optimised for first-

strand cDNA synthesis. The protocol followed for cDNA synthesis can be found in 

Table 3.6 and Table 3.7. Alongside this, a no-template control and no-RT buffer 

control were set up. 

The thermocycler used was the Mastercycler X50a ï PCR Thermocycler (Eppendorf, 

cat no. 6313000042).  
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Table 3.6: Lunascript RT supermix reaction mixture set up for RNA samples. 

20ÕL total volume reactions were set up for each RNA sample, using 1Õg of RNA per 

sample. 

Components Volume Final concentration 

5x RT supermix 4Õl 1x 

RNA sample Variable  1Õg 

Water Makeup to 20Õl - 

 

Table 3.7: Thermocycler Conditions for cDNA synthesis. These conditions are the 

standard stated in the Lunascript protocol. It is expected that 1000ng of RNA is 

converted to 1000ng of cDNA using this setup. 

Cycle step Temperature (ÁC) Time (min) Cycles 

Primer annealing 25 02:00 1 

cDNA synthesis 55 10:00 

Heat inactivation 95 01:00 

 

After cDNA was synthesised from the cancer cell RNA, the 50 ng/ɛL cDNA reactions 

were diluted to produce a 5 ng/ɛL working solution for use in subsequent experiments. 

Successful cDNA synthesis was validated by PCR amplification of the TBP 

housekeeping gene (Table 3.10) using GoTaq G2 Flexi DNA polymerase (Promega, 

M7801) in 10ɛL reactions. The component concentrations used are listed in Table 

3.8. 

 

Table 3.8: GoTaqÈ G2 Flexi DNA Polymerase reaction setup. The reaction 

components and concentrations are stated, and these are standardised across all 

chapters. The concentrations were optimised based on the kit protocol. 

Component Final concentration 

5x GoTaq green Flexi buffer 1x 

MgCl2 3mM 

dNTP  0.2mM each dNTP (dATP, dCTP,dTTP, 
dTTP) 

GoTaqÈ G2 Flexi DNA polymerase 1.25u 

Forward primer 1uM 

Reverse primer 1uM 

Water Makeup to the final volume required 

 

A standardised thermocycler setup shown in Table 3.9 was used for the GoTaq G2 

Flexi polymerase with many of the conditions remaining the same across 

experiments. The annealing temperature was often adjusted based on the primer pair 

melting temperature (Tm). Changes to the extension time were also made according 

to the expected product length, with longer extensions for larger products being 

required. Finally, the number of PCR cycles was optimised between 25-35 depending 

on the amplification yield required. 
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Table 3.9: Standardised GoTAQ G2 Flexi Polymerase Thermocycler conditions. 

This table states the standard conditions used on the thermocycler, with alterations 

made where necessary based on the primer pairs being used. 

Phase Temperature (ÁC) Time (min) Cycle Number 

Initial denaturation 94 02:00  1 

Denaturation  94 00:15 25-35 

Annealing Variable  00:15 

Extension 72 00:30 - 01:00 

Final extension  72 05:00 1 

Hold 4 Infinite 1 

 

After PCR, the amplified products were analysed by agarose gel electrophoresis. 

Agarose gels (2% w/v) were prepared by measuring agarose powder (Melford 

Biolaboratories, MB1200) and dissolving it in 1X Tris-borate-EDTA (TBE) buffer 

solution. The 1X TBE was prepared by diluting a 10X stock solution (Fisher 

Bioreagents, 10x TBE, BP1333-4) with Milli-Q water. This was then microwaved to 

fully dissolve the agarose. After complete dissolution, SYBR safe (Invitrogen, 

S33102) was introduced at a 1x concentration and gently mixed. The agarose mixture 

was then poured into a tank tray and allowed to solidify. Once firm, the comb was 

gently removed, and 1x TBE was poured to cover the entire gel. A 100bp DNA ladder 

(Fisher Scientific, Invitrogen #15628019) was loaded on the agarose gels alongside 

the PCR products. After loading samples, the gels were run at 90V for 45 minutes. 

To identify the expression of ZFY and RBMY in these cancer cells, specific primers 

were designed. The ZFY primers designed in Table 3.10 will produce two band sizes 

depending on whether ZFYL or ZFYS is expressed. The forward primer is located in 

the first coding exon of ZFY, whilst the reverse primer is located in the third coding 

exon. These primers therefore surround the second coding exon which is spliced out. 

RBMY primers were also designed to identify if it is also mis-expressed in cancers 

alongside ZFY. 

 

Table 3.10: Primer sequences designed for determining ZFY expression in Head 

and Neck cancer. The Human ZFY primers were taken directly from Decarpentrie et 

al. (2012). The RBMY primers were designed by a previous masterôs student (Trujillo, 

2019). TBP was used as a loading control to ensure even loading of cDNA. 

Primer Name Accession 
Number 

Primer Sequence Tm (ÁC) Product 
Length 
(bp) 

Human ZFY 
 

NM_003411.4 For: 
GAATTGCAGCCACAAGAGCC 
Rev: 
CACCTTGATGACTTCAGGAC 

57.2 ZFYL: 729 
ZFYS: 156 52.9 

Human 
RBMY1A1 

NM_005058.4 For: 
GAAACCAATGAGAAGATGCTT 

51.0 473 

56.3 
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Rev: 
TTGCTTCTTGCCACAGCAG 

TBP  
 

NM_003194.5 
 

For: CCCATGACTCCCATGACC 
Rev: 
TTTACAACCAAGATTCACTGT
GG 

55.2 108 

53.4 

 

3.2.4 GFP Splicing Construct  

A luciferase reporter system from (Younis et al., 2010) was adapted to a GFPC1 

vector by Dr. Florian Heyd at the Free University of Berlin as stated in (Neumann et 

al., 2020). A cassette containing a chimeric ɓ-globin/immunoglobulin intron was 

inserted into the middle of the GFP gene, turning it from a single-exon transcript to a 

two-exon transcript. This change allows the insertion of another exon into the middle 

of the reporter system (Figure 3.2). 

 

3.2.4.1 Lysogeny Broth Media and Agar 

Lysogeny Broth (LB) was prepared using 1% Bacto Tryptone (GIBCO, REF 211705), 

0.5% Bacto Yeast Extract (GIBCO, REF 212750) and 1% Sodium Chloride (Fisher 

Scientific, 10418420). The LB medium was sterilised by autoclaving before use.  

LB agar was made with the same composition as the LB medium described above, 

with the addition of 1.2% agar (GIBCO, REF 214530). The LB agar was also 

autoclaved before use to sterilise it. 

 

3.2.4.2 DNA Transformation  

The reporter construct was generously provided by Dr. Florian Heyd and 

subsequently transformed into NEB 5-alpha competent E. coli cells (NEB, #C2988J) 

following the manufacturer's protocol and plated on Kanamycin-containing LB agar 

plates (final concentration 50ug/mL). 

 

3.2.4.3 Plasmid DNA Miniprep & Reporter Cloning  

Following the transformation of the reporter construct into E. coli, colonies were 

inoculated in 5mL LB overnight cultures supplemented with a final concentration of 

50 Õg/mL kanamycin. These were incubated overnight in a shaking incubator at 37ÁC.  

The following morning, minipreps using the QIAprep Spin Miniprep Kit (Qiagen, Cat. 

No./ID: 27104) were performed following the provided kit method using the 5mL 

overnight cultures. A NanoDrop ND-1000 Spectrophotometer was used for DNA 

quantification. The DNA concentration, 260/280 and 260/230 ratios were noted down. 
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Subsequently, the second coding exon of ZFY, together with ~500bp flanking intronic 

sequence was commercially synthesised by GenScript and cloned into the GFP 

reporter vector using the XmaI/XhoI sites in the intron region. The ZFY exon 

sequences provided for insertion are shown in supplementary Table 6. In addition to 

the GFP reporter clones, GenScript also synthesised an RBMY-mCherry construct to 

use for co-transfection experiments alongside the GFP reporters. 

Figure 3.2: Luciferase reporter adapted to a GFPC1 vector schematic 

demonstrating the addition of the second coding exon of ZFY. The second 

coding exon of ZFY is alternatively spliced in males, with the current hypothesis 

suggesting RBMY is the splicing factor. If the additional exon is spliced out a GFP 

signal will be produced, whilst the inclusion of the additional exon will result in no 

signal since GFP is broken. 

 

Upon receiving the GFP-Splicing reporter and RBMY-mCherry constructs, they were 

transformed into NEB 5-alpha competent E. coli cells (New England BioLabs, 

C2987H) and plated on LB agar plates with the appropriate antibiotics for selection. 

The GFP reporter vector is kanamycin resistant, while the RBMY-mCherry construct 

in the pcDNA3.1 backbone is ampicillin resistant (final concentration 100ug/ml). 

Overnight cultures were prepared, and plasmid DNA was extracted using the QIAprep 

Spin Miniprep Kit (Qiagen, Cat. No. 27104) as mentioned previously. 

 

3.2.5 GFP-Splicing Reporter Mammalian Cell Transfection  

To monitor ZFY splicing in a mammalian system, synthetically designed constructs 

(Figure 3.2) were transfected into mammalian cells and fluorescence was used to 

detect changes in ZFY variant expression. 
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3.2.5.1 HEK293 Cell Maintenance 

Human embryonic kidney 293 cells (HEK293), a female hypotriploid human cell line 

derived from a foetal kidney, was used as the model system to monitor ZFY splicing. 

This adherent cell line was selected based on its reliable growth characteristics and 

high transfection efficiency. HEK293 cells were provided very generously by the 

Garrett Lab.  

HEK293 cells were cultured at 37ÁC under humidified conditions, with 5% CO2 as 

described in section 3.2.2. A logarithmic growth phase of the HEK293 cells was 

maintained by passaging the cells every 2-3 days. Due to the cells being adherent, 

the cells were detached from the flask via trypsinisation. Trypsinisation was performed 

on these adherent cells as described in section 3.2.2. 

 

3.2.5.2 Lipofectamine 3000 Transfection  

Lipofectamine 3000 Transfection (ThermoFisher Scientific, #L3000001) allows for the 

transfection of nucleic acids into eukaryotic cells at high efficiency.  

Experimental conditions included: control (no transfection), RBMY-mCherry only (red 

fluorescence positive control), ZFYexon-mutant (green fluorescence positive control), 

ZFYexon only (GFP-Splicing construct), ZFYexon+mCherry (GFP-splicing construct 

cotransfected with mCherry) and ZFYexon+RBMY (GFP-Splicing construct 

cotransfected with RBMY-mCherry).  

On day zero HEK293 cells were seeded into a 6-well plate with the optimised seeding 

density (no transfection = 300,000 cells per well & transfection = 450,000 cells per 

well), topping up to a 6mL total media volume per well. Once seeded, the plates were 

incubated at 37ÁC for 24 hours.  

On day 1, the cells were transfected with the volumes and quantities stated in Table 

3.11. A diluted DNA master mix and diluted lipofectamine master mix were produced 

separately and combined in a 1:1 ratio and then incubated at RT for 10-15 minutes. 

To note: 2Õg of each construct was transfected into the corresponding well, with co-

transfections consisting of 2Õg of both individual constructs. This DNA: lipid mix was 

then added to the corresponding wells. The cells were then left for a further 48 hours.  

Following the incubation period, the cells underwent trypsinisation as previously 

stated, collected, and then pelleted. 

 

Table 3.11: Lipofectamine 3000 reaction component volumes and protocol. 2Õg 

of the desired DNA construct was added to each well and left for 48 hours. 

 Component 6-well plate volume (per-
well) 

Opti-MEM Medium 125ÕL 
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Diluted 
Lipofectamine 
Reagent 

Lipofectamine 3000 Reagent 5.5ÕL 

Diluted DNA  Opti-MEM Medium 125ÕL 

DNA  2Õg 

P3000 Reagent (2ÕL/Õg of 
DNA) 

4ÕL 

1:1 ratio Add diluted DNA to diluted lipofectamine 3000 reagents (1:1 
ratio) 

Incubate at RT for 10-15 minutes 

250Õl of DNA-lipid complex added to cells (2Õg DNA per well) 

 

3.2.5.3 Cell Fixing and Harvesting  

48 hours post-transfection, the cell media was removed, and the cells were washed 

twice with ice-cold 1X PBS. The cells were then fixed for 10 minutes at room 

temperature using 4% paraformaldehyde (PFA) in PBS. After fixation, the cells were 

again washed with cold 1X PBS, collected in Eppendorf tubes, and stored at 4ÁC for 

up to several days. 

 

3.2.5.4 Slide Preparation and Fluorescence Microscopy  

Once the cells were collected, slides for fluorescence microscopy were prepared. 5ÕL 

of fixed cell suspension was placed onto a Superfrost microscope slide (Fisher 

Scientific, 11562203) and left to dry on a hotplate (31ÁC). Once dry, a drop of 

VECTASHIELDÈ Antifade Mounting Medium with DAPI (Vector Laboratories, H-

1200-10) was placed on top of the cells and a coverslip was gently placed on top with 

slight pressure.  

Prepared slides were then visualised using the Olympus BX61 epifluorescent 

microscope and SmartCapture 3 software. Images were captured using the Texas 

Red, FITC, and DAPI filters at a x20 magnification. 

 

3.2.6 Flow Cytometry  

Flow cytometry analysis was performed using a BD Accuri C6 Plus system. The FL1 

laser (522/30 nm filter) was used to detect GFP fluorescence, while the FL3 laser 

(670 nm long pass filter) detected mCherry fluorescence. For the flow cytometry 

setup, the cell count was set to 10,000, and cells were gated based on forward and 

side scatter to remove any debris. Gating thresholds and alignments were determined 

using control samples. Using the analysis function on the program software, 

alignment was set for both GFP and mCherry signal peaks using the control samples 

(Figure 3.3). Since multiple immunofluorescent labels were used in this experiment, 

there was a potential for a given fluorochrome to emit signals in the incorrect detector. 
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Consequently, a compensation factor of 4% was established to account for spectral 

overlap between fluorochromes. 

To prevent sample carryover between runs, the flow cytometry system was flushed 

with water between samples. 

Figure 3.3: Flow cytometry gating strategy using untransfected control HEK293 

cells. A: Plot A shows the forward scatter-area (FSC-A) (X-axis) and side scatter-

area (SSC-A) (Y-axis) highlighting the gated cell population highlighted by E1. B: 

Gating and alignment of the GFP signal using the negative control. C: Gating and 

alignment of the mCherry signal using the negative control. D: Quadrant plot 

indicating percentages of cells positive for GFP only (Top left), mCherry only (Bottom 

right), double positive (Top right), or negative (Bottom left). 

 

3.2.7 GFP-Splicing Reporter Polymerase Chain Reaction  

RNA extraction and cDNA synthesis were performed as mentioned in section 2.2.3 of 

this chapter.  

To determine if RBMY regulates alternative splicing of ZFY to generate the ZFYS 

isoform, PCR was performed using the primers listed in Table 3.13 below and the 

GoTaq G2 Flexi DNA polymerase kit (Promega, M7801). The PCR reaction setup is 

described in Table 3.9 of this chapter. The thermocycler conditions for this PCR can 

be found in Table 3.13. To control for even sample loading, the expression of the 

housekeeping gene TBP was examined in parallel. The expected band size for TBP 

is 108bp (Table 3.10). 

! . / 

5 
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The primers in Table 3.12 target sequences flanking the alternatively spliced exon 

and will produce either a short 167 bp amplicon if splicing occurs or a longer 740 bp 

amplicon containing the exon. Successful splicing of the exon should result in only 

the short PCR product, while retention of the exon gives the larger band. 

 

Table 3.12: GFP-splicing reporter system primers. These primers were designed 

and taken directly from (Neumann et al., 2020), and work by binding to GFP upstream 

and downstream of the inserted intron. IDT synthetically designed primers. 

Primer Name Accession 
Number 

Primer Sequence Tm Product 
Length 
(bp) 

GFP Splicing 
Reporter  

- For: 
CACATGAAGCAGCACGACTT 
Rev: 
TCCTTGAAGTCGATGCCCTT 

55.9Á
C 

Long: 740 
Short: 167 

56.3Á
C 

 

Table 3.13: Thermocycler conditions for the GFP splicing primers. Since both 

short and long amplicons were expected in some lanes, a slightly longer extension 

time was used during PCR to ensure efficient amplification of both products. 

Phase Temperature 
(ÁC) 

Time (min) Cycle Number 

Initial denaturation 94 02:00 1 

Denaturation  94 00:15 30 

Annealing 60 00:15 

Extension 72 00:45 

Final extension  72 05:00 1 

Hold 4 Infinite 1 
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3.3 Results 

3.3.1 Human and Mouse Splicing Events are not Directly Detected in Short Read 

RNA-Seq 

Using the public organ-specific RNA-Seq data for both humans and mice at varying 

development stages, reads were flanked to the coordinates of ZFY in the Ensembl 

genome. Reads across the exons could then be plotted graphically using pysashimi, 

however, a complication in mapping was noted. This meant that very few uniquely 

mapping intron-spanning reads were identified in both these species. This is due to 

the presence of both X and Y copies, and specifically the presence of Zfy1/2 in mice 

which causes the mapping complication. Due to the high similarity between the X and 

Y homologues, unique mapping is more difficult. However, the splicing patterns of 

humans and mice are already known from published data. 
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Figure 3.4: Sashimi plot of transcripts mapped to the human genome in the 

region of ENST00000155093 (zinc finger protein Y-linked). The read count for 

junction-spanning reads linking specific exons is noted. Forward strand - Exons: 8, 

Coding exons: 7. DBD: DNA binding domain, NLS: Nuclear localisation signal, * 

alternatively spliced exon. 
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Figure 3.5: Sashimi plot of transcripts mapped to the mouse genome in the 

region of ENSMUST00000065545 (zinc finger protein Y-linked 1). The read count 

for junction-spanning reads linking specific exons is noted. Note that the exons run 

right to left - Reverse Strand - Exons: 9, Coding exons: 7. DBD: DNA binding domain, 

NLS: Nuclear localisation signal, * alternatively spliced exon. 
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Figure 3.6: Sashimi plot of transcripts mapped to the mouse genome in the 

region of ENSMUST00000115891 (zinc finger protein Y-linked 2). The read count 

5.5 
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for junction-spanning reads linking specific exons is noted. Note that the exons run 

right to left - Reverse Strand - Exons: 9, Coding exons: 7. DBD: DNA binding domain, 

NLS: Nuclear localisation signal, * alternatively spliced exon. 

 

As seen in Figures 3.4, 3.5 & 3.6 there are low read numbers across all organs. In 

the human plots, reads can be seen in all organs apart from the liver, but even then, 

the read numbers are too low to identify the testis splicing pattern known to be present 

in humans and mice. While reads are not expected in the mice organs except for the 

testis, the read information is still limited. As mentioned before, the presence of X and 

Y copies complicates mapping, which explains why there are very few uniquely 

mapping intron-spanning reads in these species. Due to the lack of splice junctions 

supported at any given age, Figures 3.4, 3.5 & 3.6 display pooled reads. This 

decision was made to enhance the number of unique reads mapping to the intron-

spanning regions by pooling the data for each species at each age. This would 

hopefully improve the visibility of any potential splicing pattern, however, for the 

human and mouse data this still resulted in a low read number as seen.  

However, due to Zf* being autosomal in both chicken and opossum there was no 

additional mapping complication as there are no X and Y copies, meaning there was 

much better-read mapping across the organs. 

 

3.3.2 The Eutherian Testis-Specific Isoform ZFYS is Conserved in Opossum 

Using public RNA-Seq data from opossum across a variety of developmental stages, 

reads were flanked to the coordinates of Zf* in the Ensembl genome. Reads across 

the exons could then be plotted graphically using pysashimi. Figure 3.7 summarises 

mapped transcript reads to the Opossum Zf* gene residing on chromosome 4. Figure 

3.7 clearly shows 12 reads indicative of an exon skipping event resulting in the 

exclusion of the second coding exon, i.e. conservation of the ZFYS splice form in 

marsupials. Importantly, this exon was never skipped in any other tissue, even the 

cerebellum where there is a similar absolute level of expression to testis. Therefore, 

it can be concluded that the generation of a testis-specific short transcriptional isoform 

likely represents the ancestral state before recruitment of Zf* to the eutherian sex 

chromosomes, and that subsequently the eutherian Y copy (i.e. ZFY) has retained 

this testis-specific function while the X copy (i.e. ZFX) no longer produces the short 

form. 
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Figure 3.7: Sashimi plot of transcripts mapped to the opossum genome in the 

region of ENSMODT00000009508 (zinc finger protein X-linked). The read count 

for junction-spanning reads linking specific exons is noted. Note that the exons run 

right to left ï Reverse Strand. Exons: 9, Coding exons: 7. Only 8 exons are shown 

here (2-9, missing the first non-coding exon). DBD: DNA binding domain, NLS: 

Nuclear localisation signal, * alternatively spliced exon. 

5.5 
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3.3.3 A Potential Alternative Short Zf* Splice Form is Observed in Chicken Testis 

Following the marsupial work, transcript mapping of chicken RNA-Seq data was 

conducted to investigate whether the observed splicing effect is also present in more 

distantly related vertebrates. Figure 3.8 surprisingly does not validate the existence 

of a testis-specific splicing pattern as seen in eutherian mammals. Instead, it reveals 

an unexpected finding. In all examined organs, fewer transcript reads align with 

ENSGALT00010007123 where exon 6 is missing, and notably, exon 6 is generally 

included. Regarding the spliced second coding exon, it appears to be present in the 

testis without exclusion. However, numerous additional peaks outside exon regions 

are discernible in the testis which are not found in other organs and further to this, 

transcripts are mapped to regions between these sites. This suggests a novel testis-

specific splicing event involving Zf* in chickens. Specifically, the splice junctions and 

read counts shown by the sashimi plot indicate the presence of three novel exons, 

labelled A, B and C in Figure 3.8. These are each linked to each other and to the 

NLS-containing exon by well-supported splice junctions specifically in testis. There 

are however no well-supported splice junctions linked to the 5ô end of exon A 

suggesting that this may be an alternative transcriptional start site. Overall, the novel 

exons imply a testis-specific transcript starting with exon A and including exons A/B/C 

followed by the NLS and DNA binding domain of ZFY. The resulting novel form would 

therefore entirely omit the acidic domain, and might therefore function equivalently to 

mammalian ZFYS, as a ZFY form that retains DNA binding capacity but without 

transactivation ability. If so, it implies that chickens and mammals both generate 

ñtransactivation-deadò ZFY variants, but via different mechanisms. Unfortunately, we 

did not have time (or access to chicken testis tissue) to follow up on these 

observations in the scope of this PhD. 
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Figure 3.8: Sashimi plot of transcripts mapped to the chicken genome. The read 

count for junction-spanning reads linking specific exons is noted. 

ENSGALT00010007123 is the ZFX-201 transcript (Note that the exons run right to 

left ï Reverse Strand: 7 exons, 6 coding) annotated on Ensembl and 

ENSGALT00010007119 is the ZFX-202 transcript (Note that the exons run right to left 

ï Reverse Strand: 9 exons, 7 coding) annotated on Ensembl. Note that the exons run 

! . / 
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right to left.  DBD: DNA binding domain, NLS: Nuclear localisation signal, * 

alternatively spliced exon. 

 

3.3.4 ZFYS and RBMY are Expressed in a Head and Neck squamous Cell Carcinoma  

Primers for ZFY were designed to surround the second coding exon, which 

undergoes alternative splicing. The forward primer was positioned within the first 

coding exon of ZFY, while the reverse primer was situated in the third coding exon. 

As RBMY is testis-specific in humans (and all mammals), the aim was to also see if 

it becomes mis-expressed in cancer cells like ZFY, primers were therefore designed 

to determine the level of RBMY.  

PCR was performed and visualised on a 2% agarose gel to determine the presence 

of these testis-specific genes in two head and neck squamous cell carcinomas; 

SCC104 and PCI30. 
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Figure 3.9: 2% agarose gel following ZFY PCR amplification in SCC104 and 

PCI30. Three replicates for SCC104 and PCI30 are shown alongside three control 

samples. HEK293 negative control: a female cell line with no endogenous ZFY 

expression, cDNA synthesis negative control: to ensure no contamination during 

cDNA synthesis occurred and a no template control. TBP was used as a confirmation 

of equal loading. Predicted band sizes: ZFYL = 729bp highlighted by the blue arrow 

and ZFYS = 125bp highlighted by the red arrow. 

 

Clear bands in Figure 3.9 are at the expected size for ZFYL (729bp) across both 

SSC104 and PCI30 which is not seen in the three controls. Furthermore, a faint band 

at the expected size of ZFYS (125bp) is also evident across the SSC104 and PCI30 

replicates which is not seen in the control lanes; a greater signal was noted in PCI30. 

This suggests that these head and neck squamous carcinomas express a low amount 

of ZFYS, a testis-specific gene. The band at ~270bp is present across all lanes 

including the female control (HEK293) and is, therefore, a non-specific contaminant 

band. The identity of this band was not further confirmed in this thesis. In parallel, 
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RBMY PCR amplification was performed in SCC104 and PCI30 to confirm its 

presence. 

Figure 3.10: 2% agarose gel following RBMY PCR amplification in SCC104 and 

PCI30. Three replicates for SCC104 and PCI30 are shown alongside three control 

samples. HEK293 negative control: a female cell line with no endogenous RBMY 

expression, cDNA synthesis negative control: to ensure no contamination during 

cDNA synthesis occurred and a no template control. TBP was used as a confirmation 

of equal loading. Predicted band sizes: RBMY = 473bp - highlighted by the blue arrow. 

 

The expression of RBMY in PCI30 but not in SSC104 is shown in Figure 3.10, by a 

distinctive band at 473bp. PCI30 exhibits RBMY expression and demonstrates a 

higher abundance of the ZFYS band in Figure 3.9, supporting the hypothesis that 

RBMY may impede the inclusion of the second coding exon. Notably, these primers 

generate non-specific bands in lanes corresponding to SCC104, PCI30, and HEK293, 

prominently at approximately 400bp. The identity of this band is uncertain, but its 

visibility in the HEK293 lane suggests a potential endogenous gene expressed in 

females.  
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These results confirm the co-expression of two testis-specific genes; ZFYS and 

RBMY in PCI30, a HPV-negative oral tongue squamous carcinoma. This is less 

evident in SCC104, but potentially the levels are lower and not so detectable. 

 

3.3.5 Direct Testing of RBMY Regulation of ZFY Splicing in a Model System 

Using a modified GFP splicing reporter system, constructs were synthetically 

designed to contain the second coding exon and the second coding exon with splice 

site mutations. The principle of the assay is when the GFP-exon2 reporter is 

transfected by itself, the ZFY exon will be included in the mature transcript, breaking 

the GFP open reading frame and resulting in no detectable GFP signal. A positive 

control with splice site mutations was constructed which would prevent the inclusion 

of the ZFY exon, resulting in the GFP open reading frame remaining intact and a GFP 

signal would be detectable. Finally, when mCherry tagged RBMY was cotransfected 

with the GFP-exon2 reporter, it is predicted that the RBMY would trigger the exclusion 

of the ZFY exon, resulting in a detectable GFP signal. By using mCherry and GFP 

tags changes in fluorescence could be monitored by flow cytometry and microscopy. 

Subsequent RT-PCRs could also be used to look at the splicing ratio. 
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Figure 3.11: Microscopic and flow cytometry analysis of the splicing constructs 

following transfection into HEK293 cells. A: Each sample was analysed under x20 

magnification and flow cytometry. Flow cytometry graphs display four quadrants; -ve 

= no signal, mCherry+ = Red signal, GFP+ = Green signal and Dual = both red and 

green signal detected. Samples top panel left to right: control, RBMY-mCherry only, 

ZFYexon-mutant (ZFY exon with splice site mutations in the reporter system). 

Samples bottom panel left to right: ZFYexon (ZFY exon inserted into the reporter 

construct), ZFYexon+RBMY (ZFYexon cotransfected with RBMY), ZFYexon-

mCherry (ZFYexon cotransfected with mCherry-only). B: Graph representing the 

combined repeats data across the transfections n=3 (ZFYexon-mCherry n=1).  

 

Gating was set based on three samples. The control sample with no expected 

fluorescence was used as a negative control to determine untransfected cells. RBMY-

mCherry was used as a positive gating for the mCherry filter, and ZFYexon-mutant 

was used as a positive for the GFP filter. By setting alignments based on this, samples 

were standardised.  

In Figure 3.11A, untransfected cells are depicted clustering in the -ve quadrant in the 

bottom left corner, indicating the absence of both green and red signals. Following 

the transfection with RBMY-mCherry, there was a significant shift in cell distribution, 

with 60.6% now residing in the mCherry +ve bottom right quadrant, signifying that 

60.6% of the cells express RBMY.The ZFYexon-mutant is anticipated to exhibit the 

highest GFP signal due to splice site mutations causing exon removal even in the 

. 
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absence of RBMY. This restoration of the GFP open reading frame results in a green 

fluorescence signal. According to Figure 3.11A, 37.8% of the cells exhibit a GFP 

signal, with an additional 4% leaking into the dual quadrant. Despite setting a 

compensating factor, there is still some evident spill-over into different channels, albeit 

minor. 

The ZFYexon without RBMY yields only 10.4% of cells fluorescing green compared 

to the 37.8% observed in the ZFYexon mutant. This 10.4% discrepancy may be 

attributed to a limited level of exon skipping even in the absence of RBMY. However, 

it is evident that when the ZFYexon is cotransfected with RBMY, the green 

fluorescence increases. In this cotransfection, the focus is on the dual quadrant, 

highlighting cells emitting both green and red fluorescence. Notably, 32.5% of the 

cells exhibit dual fluorescence, meaning that overall, of the cells expressing RBMY, 

70% also emit a green signal due to the splicing out of the ZFY exon from the 

construct. This shift in signal is also seen in Figure 3.11B where the replicates were 

combined. There is a pattern shift when focusing on ZFYexon compared to the 

ZFYexon cotransfected with RBMY. When cotransfected, the GFP signal of ZFYexon 

matches that of the ZFYexon-mutant with a GFP mean fold change of 3.8. An 

additional cotransfection control experiment was also conducted using the ZFYexon 

construct alongside a commercially synthesised intermediate mCherry-tag. However, 

the intermediary construct used in creating the RBMY-mCherry construct proved to 

be unstable, as indicated by the poor transfection efficiency and the weak red signal 

observed compared to the RBMY-mCherry +red signal (Figure 3.11B n=1).  
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Whilst these initial results were promising, PCR confirmation was subsequently 

performed to determine the ratio of GFP and GFP+exon with primers located in the 

GFP regions surrounding the inserted exon. 

Figure 3.12: 2% PCR agarose gel using GFP splicing reporter primers. L: ladder, 

1: untransfected control, 2: mCherry only, 3: RBMY-mCherry, 4: ZFYexon, 5: 

ZFYexon + RBMY, 6: ZFYexon + mCherry, 7: ZFYmutant, 8: ZFYmutant + RBMY, 9: 

ZFYmutant + mCherry, 10: cDNA synthesis negative control, 11: GoTaq NT control. 

Expected bands: GFP = 167bp, GFP+exon = 740bp.  

 

In Figure 3.12, lanes 7, 8, and 9 show the ZFYexon-mutant samples, displaying only 

a single band at the anticipated GFP size. This implies the removal of the second 

coding exon with mutated splice sites from the GFP open reading frame, resulting in 

the production of a full-length, uninterrupted GFP. Negative controls (lanes 1, 2, 3, 10, 

and 11) show no bands, as both GFP or a GFP reporter system are not expressed. 

However, lanes 4, 5, and 6, containing the ZFYexon, reveal variations in the upper 

and lower band ratio across the lanes. The relative abundance of the upper (ZFYL) 

and lower (ZFYS) bands was quantitated using ImageJ. ImageJ is capable of 

comparing signal intensity between selected bands. To do this the background was 

first removed and the mean gray value-only option was selected. Using the analysis 

tool the background signal was calculated and subtracted from the actual band signal. 

Each lane was outlined for analysis and the data was plotted for each lane as a peak 

signal. Finally, using the line tool, the signal peaks were joined, and the wand filter 

could be used to determine the amount of signal produced from each band under 

investigation. This data was then used to determine the ratio of ZFYL to ZFYS.  
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In lane 4, ZFYexon expression alone yields a greater amount of the full-length 

construct, with a ratio of 72:28 (L:S), represented graphically in Figure 3.13. Co-

transfection with RBMY-mCherry shifts this ratio to 39:61, indicating an increased 

presence of the expected shorter band after exon removal. Conversely, co-

transfection with mCherry alone results in a ratio of 54:46, suggesting a higher 

splicing-out of the exon in the presence of mCherry alone. This raises concerns and 

diminishes confidence in the reporter system design, although the most significant 

change is observed in the presence of RBMY. It has also been suggested that the 

mCherry was produced in an intermediate step of the construct cloning and is 

potentially less stable.  

Figure 3.13: A bar graph showing the ratio of ZFYS and ZFYL expression across 

the experimental conditions. The X-axis shows the construct and the ZFYL and 

ZFYS split, with the expression percentage (%) of the ratio plotted on the Y-axis.  
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3.4 Discussion  

The majority of all protein-coding genes are alternatively spliced (Tazi et al., 2009). 

This plays a crucial role in enhancing the coding potential of eukaryotic genomes by 

allowing a single gene to produce multiple distinct proteins through the generation of 

diverse mRNA transcripts (Tazi et al., 2009). In 2012, Decarpentrie et al identified a 

short testis-specific ZFY variant arising from an alternative splicing event which 

excluded the second coding exon of the ZFY gene (Decarpentrie et al., 2012). Despite 

this finding, the reasoning behind this event and the splicer remains largely unknown 

as research around ZFY dwindled after it was disproved as the sex-determining gene. 

In this chapter, RBMY was explored as a potential splicing factor for ZFY, prompted 

by suggestive evidence hinting at a correlation between these two testis-specific 

genes. 

Following investigation into the possibility of marsupial ZF splicing, it was found that 

opossum ZF also undergoes a testis-specific splicing event that is not evident in the 

other organs. Although most transcripts maintain the exon expressing the default full-

length form, there is a discernible pattern suggesting the presence of a testis-specific 

short Zf* isoform pointing to a potentially splicing event before the movement of ZFY 

onto the Y chromosome. Furthermore, when investigating chicken ZF, an unexpected 

testis-specific phenomenon was identified. In the chicken testis, a distinct pattern of 

read mapping emerges in contrast to the other organs, yet understanding precisely 

what is occurring proves challenging. The analysis of mouse and human read 

mapping data for ZFY is limited because the low number of reads mapping to the 

gene renders the interpretation of the data challenging. The low read count could be 

due to the multi-mapping reads being discarded. However, RT-PCR evidence has 

previously demonstrated the existence of a testis-specific short ZFY variant in 

placental mammals. 

To validate the previous findings indicating the expression of both ZFYS and RBMY 

in head and neck cancer cell lines, PCR analysis was conducted. Some cancer cells 

have been identified to exhibit unexplained ZFY expression, leading to the hypothesis 

that ZFY may possess some indirect oncogenic activity beyond its function in the 

testis. Due to previous findings in the Ellis-Fenton lab, ectopic expression of the short-

spliced variant in HPV- OPSCC cell lines was suggested to explain the male 

prevalence for HNSCCs. The data presented indicates that ZFYS is expressed in 

both SCC104 (HPV+) and PCI30 (HPV-) at low levels, whereas RBMY is only 

detectable in PCI30. PCI30 exhibits higher ZFYS expression and co-expression of 

RBMY, suggesting RBMY's involvement in ZFY splicing. However, the absence of 

RBMY expression in SCC104 contradicts this hypothesis. It is possible that the RBMY 
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levels in SCC104 were below detection thresholds, or potentially an alternative RBMY 

variant may be present, facilitating ZFY splicing at lower levels. The RT-PCR analysis 

for RBMY revealed an unexpected band, slightly smaller than the expected RBMY 

band, present in all lanes; SCC104, PCI30, and HEK293 cell lines. This observation 

suggests the expression of an endogenous gene in both male and female cells. A 

potential candidate for this band could be RBMX, the X chromosome homologue of 

RBMY. Given its location on the X chromosome, RBMX is expected to be present in 

both male and female cell lines and could therefore be cross-reacting with the RBMY 

primers. It has been demonstrated that RBMXL2 suppresses a specific subset of 

acceptor splice sites, leading to the skipping of certain exons within the testis 

(Ehrmann et al., 2019). However, when looking at the designed primers, the forward 

primer shows 76% homology to RBMX (NM_002139.4). In comparison, the reverse 

primer is only 26% homologous, suggesting there would be no cross-reaction with 

the reverse primer. Furthermore, the predicted size of an RBMX product is 470bp 

which is larger than the contaminating band present in Figure 3.10 and very similar 

to that of RBMY. The potential unintended product could be another variant of RBMY, 

RBMY1D, which is predicted to have a product length of 450bp with these designed 

primers. However, again this seems to be too large for the band visible. This extra 

band causes more uncertainty in the ZFYS oncogenic role. 

To monitor the changes in ZFYS abundance in the presence of RBMY, a GFP-splicing 

reporter system was utilised. Following HEK293 transfection, the GFP fluorescence 

was determined to investigate if RBMY is splicing the second coding exon of ZFY. 

The results provide some support as an increase in GFP signal was identified 

following the addition of RBMY. However, the ZFYexon alone produced a greater 

background GFP signal than expected (~11%). A potential reason for this is that the 

ñlongò transcript which retains the ZFY exon has no coding potential and is thus 

targeted for nonsense-mediated decay. This means that we are preferentially 

detecting a small fraction of transcripts that do manage to exclude the ZFY exon even 

in the absence of RBMY. Although some degree of post-translational modifications is 

expected to occur in cells, the observed results could potentially indicate an issue 

with the reporter system itself. However, approximately 70% of the cells expressing 

RBMY also exhibited the spliced GFP version, lending some support to the 

hypothesis. Nevertheless, due to the higher background signal observed, caution is 

warranted in interpreting the results. The PCR analysis raised further concerns as a 

high abundance of the GFP-spliced band was observed in all samples. Although the 

GFP band signal was more intense in the sample co-expressing ZFYexon and RBMY 
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compared to the ZFYexon controls, and matched the GFP positive controls, the PCR 

results alone do not provide conclusive evidence to support the hypothesis.  

While the aims of this chapter were largely met and initial evidence supports RBMY 

as a splicer of ZFY, further modifications to the reporter system are needed to 

confidently confirm RBMYôs role. Further to this, changes to the cell lines could also 

be useful. For example, the normal immortal keratinocytes (NIKS) cell line could be 

used as they express only the long form, alongside PCI30 which contains both the 

short and long form. Then using these cell lines, RBMY transfections could be 

performed to monitor changes in the ratio of the long and short form in the presence 

of RBMY, the potential splicer of the second coding exon.  

Furthermore, a more extensive cancer cell line panel would further aid the analysis of 

ZFYS oncogenic activity. However, the presence of background bands does 

complicate analysis and subsequent qPCR across the samples is not an option. This 

means the development of a better assay for ZFYS is necessary before any high-

throughput analysis of a potential role in cancer is possible. 
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4. Chapter 4: Overexpressing ZFY in HEK293 cells to Conduct 

Transcriptomic Analysis 

 

4.1 Introduction  

4.1.1 The Growing Transcriptomic Field  

Transcriptomic technologies play a crucial role in the examination of an organism's 

transcriptome, which encompasses the total set of RNA transcripts including; 

messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA) and other 

non-coding RNAs (ncRNA) (Lowe et al., 2017);(Dong & Chen, 2013). This discipline 

first emerged in the early 1990s when a partial human transcriptome was published 

with 609 mRNA sequences from the brain. Since then, rapid technological 

advancements have driven an explosion in transcriptomics making it a global 

approach. The two main transcriptomic technologies are microarrays and RNA 

sequencing (RNA-Seq), with RNA-Seq now at the forefront (Lowe et al., 2017). 

Transcriptomic analysis has facilitated the monitoring of gene expression changes 

across diverse organisms, enhancing our understanding of human diseases such as 

cancers (Lowe et al., 2017);(Supplitt et al., 2021). In the field of oncology, the 

development and application of transcriptome profiling have been instrumental in the 

identification of cancer biomarkers, gene signatures, abnormal expression patterns, 

and targets for anti-cancer therapies. Continued knowledge expansion will further the 

genomic background and pathogenesis of specific tumours and potentially further 

enhance personalised medicine (Supplitt et al., 2021). 

RNA-Seq investigations have been driven by significant enhancements in next-

generation sequencing (NGS) capabilities, with increasing knowledge of quantitative 

and qualitative aspects of the transcriptome of both eukaryotic and prokaryotic 

organisms (Ozsolak & Milos, 2011). NGS developments have eliminated challenges 

often seen in microarray and sanger-sequencing-based approaches (Kukurba & 

Montgomery, 2015). A typical RNA-Seq workflow (Figure 4.1) starts with isolating 

RNA from a biological material of choice (i.e., cells or tissues). The RNA is then 

reverse transcribed to produce cDNA. Subsequently, the cDNA is either fragmented 

or amplified through primed cDNA molecules, followed by the ligation of sequencing 

adaptors. The cDNA is used to prepare a sequencing library. Sequencing is then 

performed on an NGS platform and the current dominating NGS platform is Illumina. 

Following NGS, transcriptomic analysis is performed to analyse gene expression to 

understand the global transcriptional landscape. Conventional RNA-Seq data 

generates FASTQ-format files containing sequenced reads from the NGS platform 
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(Lowe et al., 2017). These reads are then aligned to a reference genome and mapped 

reads can be assembled into transcripts. Gene quantification is then performed using 

software packages such as DESeq2. Using DESeq2 or other packages, the main 

objective of many gene expression experiments aims to identify transcripts that 

exhibit differential expression under different conditions (Kukurba & Montgomery, 

2015);(Love et al., 2015). 

Figure 4.1:Overview of an RNA-Seq workflow. RNA is extracted and isolated from 

a biological material, for example, cells. The RNA is converted into cDNA by reverse 

transcription and sequence adaptors are ligated to the cDNA fragment ends. Using 

these an RNA-Seq library is made, and sequencing can occur. An Illumina platform 

is normally the NGS technology of choice.  Following RNA-Seq, bioinformatics 

analysis can be performed following the alignment and mapping of transcripts to a 

reference genome.  

 

4.1.2 Gene Overexpression System  

A commonly employed method for investigating the biological pathways of a specific 

gene of interest is to induce overexpression of the gene in a system (Prelich, 2012). 

This system has been exploited since the development of yeast transformation 

techniques and has been evolving since then (Prelich, 2012);(Beggs, 1978). Within 

this chapter, overexpression of ZFYS and ZFYL is conducted in a mammalian cell line 

to identify potential pathway interactions and hint at a more specific function of ZFY. 
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Following overexpression, RNA was isolated and sent for RNA-Seq to subsequently 

investigate the differential gene expression under the influence of ZFYS or ZFYL. 

For the past 25 years, the HEK cell line has served as a widely employed expression 

tool (Thomas & Smart, 2005). Derived from the transformation of HEK cells through 

exposure to sheared fragments of human adenovirus type 5 (Ad5) DNA, this cell line 

is commonly referred to as the HEK293 cell line (Thomas & Smart, 2005). However, 

following transcriptomic profiling it is been suggested that HEK293 cells are more 

likely to be derived from embryonic adrenal gland cells which were potentially 

inadvertently collected alongside the embryonic kidney cells and cultured (Y.-C. Lin 

et al., 2014). HEK293 cells are extensively utilised due to their rapid growth rate and 

relative ease of transfection making them a great tool for biological functional analysis 

(Pulix et al., 2021). These reasons justify the selection of this cell line for the 

experiment, including the additional factor that the cell line is of female origin. ZFY is 

encoded on the Y chromosome and is consequently absent in the female genome. 

Utilising a female cell line like HEK293 ensures the absence of endogenous ZFY 

expression, with only transfected ZFY being present. This means that any changes 

in gene expression will be a consequence of the transfected ZFY. 

 

4.1.3 The Current ZFY Functional Knowledge 

Following the discovery that ZFY is not the sex-determining gene, interest in its 

function and significance has diminished. Consequently, the complete understanding 

of ZFY's roles remains elusive, but studies suggest crucial involvement in 

spermatogenesis. ZFY is highly unusual in that it is a core component of the Y 

chromosomal gene content across all mammals and is therefore one of the very few 

genes that evade the general processes of gene inactivation and loss on the Y 

(Waters & Ruiz-Herrera, 2020). The survival of the Y chromosome relies on its 

functions in spermatogenesis and sex determination, with the remaining Y 

chromosome genes proving beneficial for male-specific development (Waters & Ruiz-

Herrera, 2020). This indicates that ZFY must be important for male differentiation as 

it continues to persist throughout evolution. 

Initial studies have suggested that ZFY plays a role in spermatogenesis, with roles 

linked to MSCI, meiosis progression and general spermatogenesis progress 

(Holmlund et al., 2023). Mouse studies have shown that ZFY2 functions in sperm 

development (Vernet, Mahadevaiah, Decarpentrie, et al., 2016), and both ZFY1 and 

ZFY2 have been shown to be vital for efficient MSCI in spermatocytes (Vernet, 

Mahadevaiah, Decarpentrie, et al., 2016). In ZFY-deficient mice testes 17.5 days 

post-partum, a combination of MSCI leakage in early pachytene cells and pachytene 
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cell death was noted (Vernet, Mahadevaiah, Decarpentrie, et al., 2016). In mice, ZFY 

genes have demonstrated executor functions at MSCI checkpoints, possibly 

influenced by their genomic positioning on the Y chromosome. Additionally, their 

location implies a plausible negative feedback loop wherein ZFY regulates its 

expression during the pachytene transition. This proposes that sustained ZFY 

expression advances MSCI to its conclusion, leading to the termination of ZFY 

transcription and allowing prophase to progress. However, if prolonged ZFY activity 

prevents MSCI completion, it can lead to MSCI failure and subsequent cell apoptosis 

(Vernet, Mahadevaiah, Decarpentrie, et al., 2016).  

Nakasuji et al demonstrated that mice with double knockout of ZFY1 and ZFY2 

exhibited significant sperm abnormalities, encompassing issues with morphology, 

motility, capacitation, acrosome reaction, oocyte activation, and chromosomal 

aberrations (Nakasuji et al., 2017). This suggests that both ZFY1 and ZFY2 play a 

role in many spermatogenesis processes. Sperm head and tail formation has also 

been linked to ZFY1 and ZFY2. With previous reports showing that in ZFY1-KO, 

ZFY2-KO, and ZFY1/2-DKO sperm samples, the occurrence of morphologically 

abnormal sperm was noted at rates of 4.5%, 82.9%, and 100%, respectively. This 

further suggests that ZFY2 dominates sperm development, but a level of both ZFY1 

and ZFY2 is needed for successful sperm development. This further shows that ZFY1 

and ZFY2 are indispensable for spermiogenesis, but understanding the mechanisms 

that underlie this is required to shed light on fertilisation and embryonic development 

failure (Nakasuji et al., 2017). 

A constraint in numerous present ZFY investigations is that studies of ZFY function 

rely on mouse models, while studies of its transactivation ability have only been 

carried out in yeast. Given that mouse ZFY exhibits some homology to human ZFY 

similar functions are expected, but variations do occur particularly since mice have 

evolved to possess two Y-linked ZFY genes: ZFY1 and ZFY2. This chapter aims to 

understand the importance of ZFY functionally in humans. By overexpressing ZFYS 

and ZFYL individually into HEK293 cells the aim is to gain an understanding of 

potential ZFY pathways and functions using RNA-Seq and downstream 

transcriptomic analysis.  

This work will also confirm the relative transactivation power of ZFYS and ZFYL in a 

mammalian cell system and see if this recapitulates the yeast finding that ZFYS is a 

far weaker transcription factor. In particular, given the fact that ZFYS and ZFYL share 

a common DNA binding domain and thus likely compete for access to their target 

gene promoters, it is important to understand how their effects differ from each other. 

From the yeast data two potential hypotheses were identified: (a) that ZFYS may be 
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a transcriptional inhibitor rather than an activator; (b) that ZFYS is a weaker 

transcriptional activator than ZFYL. In either case, ZFYS would act as a net antagonist 

to ZFYL activity, either directly by counter-regulation in hypothesis (a), or indirectly 

via competitive inhibition in hypothesis (b).  
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4.2 Materials and Methods  

4.2.1 DNA Constructs and Transformations 

To examine the effects of ZFY overexpression in mammalian cells, DNA constructs 

were produced containing the gene of interest in a pcDNA3.1(+) vector backbone with 

either an N-terminal HA or an N-terminal GFP (Figure 4.2). Both the full-length form 

and the alternatively short-spliced form of ZFY were cloned into the vector with either 

HA- or GFP-fusion proteins using the Xhol/Xbal sites of the vector (Table 4.1) (see 

supplementary data sequence A and Sequence B). These DNA constructs were 

commercially synthesised by GenScript and provided as lyophilised plasmid DNA. 

Figure 4.2: pcDNA3.1(+) Plasmid Map from SnapGene. A: pcDNA3.1+N-eGFP 

plasmid. B:  pcDNA3.1+N-HA plasmid. pcDNA3.1(+) is a common plasmid type used 

in mammalian expression, with a CMV promoter and high expression levels. 

pcDNA3.1 is ampicillin-resistant. 

 

Table 4.1: ZFY plasmid constructs produced by GenScript. These DNA 

constructs were specifically designed for use in our overexpression protocol using the 

pcDNA3.1(+) plasmid backbone in Figure 4.2. 

Vector backbone Insert Tag Antibiotic 
Resistance 

pcDNA3.1(+) hZFY-long (full length) N-terminal HA-
tag 

Ampicillin 

pcDNA3.1(+) hZFY-short (isoform) 
 

N-terminal HA-
tag 

Ampicillin 

pcDNA3.1(+) hZFY-long (full length) 
 

N-terminal 
eGFP-tag 

Ampicillin 

pcDNA3.1(+) 
 

hZFY-short (isoform) 
 

N-terminal 
eGFP-tag 

Ampicillin 

 

On arrival of the constructs, the tubes were centrifuged at 6,000 x g for 1 minute at 

4ÁC. 20ÕL of sterilised water was added to dissolve the DNA with the aid of a vortex. 

! . 
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The plasmids were then transformed into NEB 5-alpha competent E. coli cells (NEB, 

#C2988J) following the manufacturer's protocol, and transformants were selected on 

ampicillin (Melford, A0104) containing LB agar plates (final concentration 100Õg/mL), 

see 3.2.4.1 to 3.2.4.2 in Chapter 3. 

 

4.2.2 Plasmid DNA Miniprep 

Following the transformation of the DNA constructs into E. coli, colonies were 

inoculated in 5mL LB overnight cultures supplemented with a final concentration of 

100Õg/mL ampicillin. These were incubated overnight in a shaking incubator at 37ÁC.  

The following morning, minipreps using the QIAprep Spin Miniprep Kit (Qiagen, Cat. 

No./ID: 27104) were performed following the provided kit method using the 5mL 

overnight cultures. A NanoDrop ND-1000 Spectrophotometer was used for DNA 

quantification. The DNA concentration, 260/280 and 260/230 ratios were noted down. 

 

4.2.3 Mammalian Cell Line  

HEK293 cells were used as described in Chapter 3 section 3.2.5.1. 

 

4.2.3.1 Lipofectamine 3000 Transfection 

For this experiment, ZFYS and ZFYL form DNA constructs were transfected into the 

cells with either an N-terminal GFP tag or an N-terminal HA tag. Two forms of controls 

were used: a no-transfection control and an empty GFP backbone control pEGFP-N1 

(Addgene, 6085-1), as transfection itself may have an impact on the cells. The 

samples prepared are stated in Table 4.2. 

 

Table 4.2: The experimental samples prepared for use in the overexpression 

experiment. The optimal seeding density was determined to achieve an appropriate 

confluence at the time of harvest for RNA extraction. It was observed that transfection 

slightly inhibited growth, requiring a higher seeding density for transfected cells to 

reach the target confluence. *Control group. 

Sample Name DNA construct 
transfected 

Seeding density 
(cells/well) 

Control 1 * - 300,000 

Control 2 * - 300,000 

Control 3 * - 300,000 

Empty pEGFP-N1 1 * Empty pEGFP-N1 450,000 

Empty pEGFP-N1 2 * Empty pEGFP-N1 450,000 

Empty pEGFP-N1 3 * Empty pEGFP-N1 450,000 

ZFY-Short GFP 1 ZFY-Short N-terminal GFP 450,000 

ZFY-Short GFP 2 ZFY-Short N-terminal GFP 450,000 

ZFY-Short GFP 3 ZFY-Short N-terminal GFP 450,000 

ZFY-Long GFP 1 ZFY-Long N-terminal GFP 450,000 

ZFY-Long GFP 2 ZFY-Long N-terminal GFP 450,000 

ZFY-Long GFP 3 ZFY-Long N-terminal GFP 450,000 
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ZFY-Short HA 1 ZFY-Short N-terminal HA 450,000 

ZFY-Short HA 2 ZFY-Short N-terminal HA 450,000 

ZFY-Short HA 3 ZFY-Short N-terminal HA 450,000 

ZFY-Long HA 1 ZFY-Long N-terminal HA 450,000 

ZFY-Long HA 2 ZFY-Long N-terminal HA 450,000 

ZFY-Long HA 3 ZFY-Long N-terminal HA 450,000 

 

The lipofectamine protocol utilised is outlined in 3.2.5.2 of Chapter 3. 

 

4.2.3.2 Cell Microscopy 

The transfection efficiency was assessed to confirm that a satisfactory number of cells 

(>50%) had incorporated the DNA constructs. Cells were grown on glass coverslips 

and pre-treated with 1mg/mL Poly-D-Lysine (Sigma-Aldrich, A-003-E) to aid cell 

adhesion. GFP-tagged DNA constructs were transfected into the cells for microscopy 

due to the presence of a fluorescent tag. Following transfection, fixation of the cells 

was performed as described in section 3.2.5.3 of Chapter 3. This was followed by 

adding a drop of the Antifade Mounting Medium with DAPI (Vector Labs, H-1200) to 

a Superfrost microscope slide (Fisher Scientific) and gently placing the glass coverslip 

cell side down onto the Superfrost slide.  

These slides were then ready for visualisation using the Olympus BX61 Fluorescence 

Microscope using the software SmartCapture3. Cells were visualised using the DAPI 

(385nm) and FITC (475nm) channels, allowing for nuclei detection and subsequent 

uptake of the GFP-tagged ZFY isoforms. Microscope slides were subsequently stored 

at 4ÁC in light-protecting boxes. 

 

4.2.3.3 Flow Cytometry 

Transfection efficiency was also assessed using flow cytometry. At the 48-hour end 

time point of transfection, the cells were washed and collected in 1x PBS (Oxoid, 

BR0014G). Using the BD Accuri C6 Plus, 10,000 cells were counted per sample and 

the FL1 channel (laser 488nm) was selected to detect the GFP signal. For this 

particular experiment set, the no transfection control HEK293 cells were used to gate 

for no GFP signal, whilst the empty-GFP vector was used as a GFP positive signal 

control. Using these samples,  gating was set on the selected cell population to check 

the transfection efficiency of the constructs. This method gives us a more reliable 

quantification of transfection efficiency. An example gating plot for the negative control 

samples is shown in (Figure 4.3) ï see Results section for further plots. 
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Figure 4.3: Flow cytometry graphs from the negative control sample (see figure 

4.7 for results). This sample set was used to set the gating for cells with no GFP 

signal. A: A graph displaying the forward scatter area (FSC-A) on the X-axis and the 

side scatter area (SSC-A) of the HEK293 cells on the Y-axis. The cell population of 

interest is highlighted using this plot and is highlighted by the circle called E1. This 

excludes the debris outside the circle. B: This plot is gated based on the E1 population 

identified in plot A. The side-scatter height (SSC-H) is plotted on the X-axis and the 

SSC-A is plotted on the Y-axis and allows for the identification and exclusion of signals 

from cell doublets. P2 is selected as the singlet cells that are used for further gating. 

C: This plot shows the GFP signal in the P2 cell population. FITC-A is plotted on the 

X-axis and SSC-A is plotted on the Y-axis. The focus in this plot is the top two 

quadrants, which are labelled GFP- and GFP+. These quadrant positions were gated 

based on the control populations. 

 

4.2.4 Western Blotting 

Following transfection, cells were collected in 20ÕL of lysis buffer (100Mm Tris-HCL, 

600mM NaCl, 4% Sodium deoxycholate, 4% SDS & 4mM EDTA) and incubated on 

ice for 15-30 minutes. Centrifugation followed at 13,000 x g for 30 minutes at 4ÁC. 

The insoluble pellet was then discarded whilst the supernatant was kept. Following 

this, protein levels were determined using the Bicinchoninic Acid (BCA) protein assay 

kit (Thermo Scientific, 23235) along with standards containing Bovine Serum Albumin 

(BSA) at known concentrations (200Õg/mL, 40 Õg/mL, 20 Õg/mL, 10 Õg/mL, 5 Õg/mL, 

2.5 Õg/mL, 1 Õg/mL, 0.5 Õg/mL, 0 Õg/mL). The working reagent was prepared by 

mixing 25 parts micro-BCA reagent A (MA), 24 parts micro-BCA reagent B (MB), and 

1-part micro-BCA reagent C (MC). The protein samples and standards were 

combined 1:1 with the working reagent, mixed thoroughly, and incubated at 60ÁC for 

1 hour. 2ɛL of each sample was then pipetted onto a ɛDrop plate. The absorbance 

was measured at 562nm using a multi-label plate reader. Readings were then blank 

corrected by subtracting the absorbance readings of the blanks. A standard curve was 

constructed from the blank-corrected absorbance values of the standards and was 

then used to estimate the concentration of the unknown samples. 

 

! . / 
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Following the determination of the total protein concentration, 20Õg of protein lysate 

was mixed with Laemmli sample buffer (10% glycerin, 60mM Tris-HCl, 2% SDS, 0.1M 

DTT, 0.01% bromophenol blue, pH 6.8) and boiled at 95ÁC for 5 minutes, denaturing 

the proteins. These samples were then loaded onto a 4-12% Bis-Tris Mini Protein Gel 

(Invitrogen, NP0321BOX) at 150V for ~1 hour in MOPS SDS running buffer 

(Invitrogen, NP0001).  

Before transfer, the Polyvinylidene Fluoride (PVDF) western blotting membrane 

(Roche, 03010040001) was activated in 100% methanol and then soaked in Towbin 

transfer buffer (25mM Tris, 192mM Glycine, 20% (w/v) methanol, pH 8.3) for 10 

minutes, alongside the gel and filter paper (BIO-RAD, #1703965). This process allows 

the equilibration of the components and the removal of any salts and detergents from 

the gel. Following soaking in the transfer buffer, the proteins were transferred from 

the gel to the membrane using a semi-dry blotter (Trans-Blot SD Semi-Dry 

Electrophoretic Transfer Cell, Bio-Rad, 170-3940). The components were layered as 

follows; filter paper, PVDF membrane, gel, and filter paper. Between the stacking of 

each layer, they were carefully rolled to ensure no bubbles were present which would 

disrupt transfer. The transfer occurred at 15V for 20 minutes. 

Following the transfer, non-specific binding was prevented by blocking the membrane 

in 5% BSA (FisherScientific, #BP1600-100) in 1x Tris-buffered saline with tween 

(TBST) (20mM Tris Base, 150mM NaCl, 0.1% Tween, pH 7.6) for 1 hour at RT, before 

primary antibody incubation. After blocking, the membrane was incubated in the 

primary antibody (diluted in blocking buffer, Table 4.3) for 1 hour at RT or overnight 

at 4ÁC. Unbound or weakly bound primary antibody was removed by washing the 

membrane 3 x 10 mins in 1x TBST. Following washing, the membrane was incubated 

in a secondary antibody (diluted in blocking buffer, Table 4.3) for 1 hour at RT or 

overnight at 4ÁC. Like before, the membrane was washed following incubation 3 x 10 

mins in 1x TBST. The membranes were then incubated in Electrochemiluminescence 

(ECL) Western Blotting Substrate (Thermo Scientific, 10590624) for 5 minutes, before 

imaging the membrane on the Syngene G:BOX Chemi XX6 using GeneSys image 

capture software, for chemiluminescent detection of proteins. 

 

Table 4.3: Antibodies used for Western blotting. Associated concentrations and 

dilutions used for each antibody are included. 

Antibody 
Name 

Company Primary or 
Secondary 

Clonality Species Target Conc. Dilution 

Anti-GFP 
(B-2)  
 

Santa Cruz 
Biotechnology 
[sc-9996] 

Primary Monoclon
al 

Mouse GFP-tag 200ug/mL 1:10,000 

Anti-HA 
(F-7)  

Santa Cruz 
Biotechnology 

Primary Monoclon
al 

Mouse HA-tag 200ug/mL 1:1,000 
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 [sc-7392] 

Anti-Beta 
actin (C-
4)  

Santa Cruz 
Biotechnology 
[sc-47778] 

Primary  Monoclon
al 

Mouse Beta-
Actin 

200ug/mL 1:100,00
0 

m-IgG Fc 
BP-HRP 

Santa Cruz 
Biotechnology 
[sc-525409] 

Secondary Polyclona
l  

Mouse IgG BP 
HRP 
Conjugat
e 

100ug/mL 1:10,000 

 

4.2.5 RNA Extraction 

Following the collection of the mammalian cell pellets, RNA extraction was performed 

using the Qiagen Rneasy mini kit (QIAGEN, 74104), using the protocol provided (see 

3.2.3 in Chapter 3). After obtaining the RNA concentration, samples were sent to 

Novogene for sequencing.  

 

4.2.6 RNA-Seq Data Collection and Preparation 

RNA sequencing was carried out by Novogene using 150 bp paired-end reads on an 

Illumina sequencing platform. The following packages were downloaded before 

analysis; Python (3.6.10), Conda (4.10.3), FastQC (0.11.9), R (3.2.2), HISAT2 (2.2.1), 

and Samtools (1.14) (Table 4.4). The exact code used for the RNA-Seq analysis in 

this chapter can be found in Chapter 4 ï Transcriptomics at  

https://github.com/IzzyGarcia/Thesis-code. 

 

Table 4.4: Required Programmes and respective reference and web resources. 

Tool and 
Resources  

Reference  

Python  https://www.python.org/ 

Conda https://docs.conda.io/projects/conda/en/stable/ 
https://anaconda.org/ 

FastQC https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

HISAT2 Kim, D., Paggi, J.M., Park, C. et al. Graph-based genome alignment and 
genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol 37, 907ï
915 (2019). https://doi.org/10.1038/s41587-019-0201-4 

R   R Core Team (2021). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. URL: 
https://www.R-project.org/. 

Rstudio RStudio Team (2019). RStudio: Integrated Development for R. RStudio, 
Inc., Boston, MA URL: https://www.rstudio.com/ 

Samtools http://www.htslib.org/ 

FeatureCounts https://www.rdocumentation.org/packages/Rsubread/versions/1.22.2/to
pics/featureCounts 

 

The raw high-throughput sequencing data produced by Novogene was provided as 

FASTQ files containing the sequenced reads. These FASTQ files were downloaded 

and transferred to the University's high-performance computing cluster using wget 

and verified using md5sum checksums. 

https://github.com/IzzyGarcia/Thesis-code
https://docs.conda.io/projects/conda/en/stable/


мпу 
 

Quality control (QC) analysis of the raw sequencing reads was performed using 

FastQC software. FastQC calculates a range of quality metrics to assess the quality 

of raw reads, including evaluations of sequence quality (Figure 4.4a), GC content 

(Figure 4.4b), and library complexity. A HTML-formatted report is produced for each 

FASTQ file. 

Figure 4.4. An example of FastQC metrics on raw read sequence files. A: Bar 

chart depicting the Phred quality score distribution across each nucleotide position in 

the sequenced reads. The Phred quality scores are plotted on the Y-axis and the 

nucleotide position in the sequenced reads are shown on the X-axis. Green: Good 

Quality, Orange: reasonable quality, Red: poor quality. B: Plot displaying the GC 

content distribution across all sequenced reads. It is important to note whether the 

central peak corresponds to the expected GC. The y-axis represents the number of 

sequences, while the x-axis shows the mean GC content percentage. The blue line 

represents the theoretical GC content expected and the red line represents the 

inputted data GC content. 

 

Following the QC checks, the raw reads were aligned to the reference genome using 

HISAT2. The human reference genome sequence (release 105) and associated 

chromosome GTF annotation files were obtained from the Ensembl database for use 

as the reference in the alignment using wget. HISAT2 indexing was performed using 

the hisat2-build tool (-p 10 added to increase the number of threads) and the toplevel 

human reference files. The raw reads were then aligned to the indexed reference 

genome using HISAT2. These sequences are paired-end reads therefore, it is crucial 

that the input files were not interchanged and were correctly paired. The SAM 

alignment files produced from HISAT2 were unsorted, Samtools was used to sort the 

SAM files and convert them to BAM format for subsequent feature counting analysis. 

Feature counts (2.0.1) summarised the paired-end reads and counted the fragments 

to produce a count matrix containing all of the read data. The resulting output from 

feature counts is a tab-delimited text file containing the gene identifier and the 

corresponding count of reads mapped to that gene for every sample. 

 

! . 
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4.2.7 DESeq2 

The differential gene expression analysis was conducted on the assembled count 

matrix using the DESeq2 software, and this analysis was carried out in R Studio 

(4.1.2). Once in R studio the following libraries were installed; DESeq2 (1.34.0), 

ggplot2 (3.4.0), RColor Brewer (1.1-3), calibrate (6.7-1), enhanced volcano (1.14.0), 

tidyverse (1.3.2), AnnotationDbi (1.58.0) and org.Hs.eg.db (3.18) (Table 4.5). 

 

Table 4.5: RStudio Packages and respective reference and web resource. 

Package Name Reference 

DESeq2 Love, M.I., Huber, W., Anders, S. (2014) Moderated estimation of 
fold change and dispersion for RNA-seq data with DESeq2 
Genome Biology 15(12):550.  
URL: https://bioconductor.org/packages/DESeq2 

ggplot2 H. Wickham. ggplot2: Elegant Graphics for Data Analysis. 
Springer-Verlag New York, 2016. URL: 
https://ggplot2.tidyverse.org 

RColorBrewer https://rdocumentation.org/packages/RColorBrewer/versions/1.1-
3 

calibrate Graffelman, J. and van Eeuwijk, F. (2005). Calibration of 
multivariate scatter plots for exploratory analysis of relations within 
and between sets of variables in genomic research. Biometrical 
Journal, 47(6), 863-879. 
URL: https://doi.org/10.1002/bimj.200510177 

EnhancedVolcano  Kevin Blighe, Sharmila Rana and Myles Lewis (2021). 
EnhancedVolcano: Publication-ready volcano plots with enhanced 
colouring and labeling. R package version 1.12.0. URL: 
https://github.com/kevinblighe/EnhancedVolcano 

tidyverse Wickham et al., (2019). Welcome to the tidyverse. Journal of Open 
Source Software, 4(43), 1686. URL: 
https://doi.org/10.21105/joss.01686 

AnnotationDbi Herv® Pag¯s, Marc Carlson, Seth Falcon and Nianhua Li (2021). 
AnnotationDbi: Manipulation of SQLite-based annotations in 
Bioconductor. R package version 1.56.2. URL: 
https://bioconductor.org/packages/AnnotationDbi 

Org.Hs.eg.db Marc Carlson (2021). org.Hs.eg.db: Genome wide 
annotation for Human. R package version 3.14.0. 

dplyr Hadley Wickham, Romain Fran­ois, Lionel Henry and Kirill M¿ller 
(2022). dplyr: A Grammar of Data Manipulation. R package version 
1.0.8. 
URL: https://CRAN.R-project.org/package=dplyr 

hmisc  https://hbiostat.org/r/hmisc/ 

 

DESeq2 is a widely used algorithm for analysing RNA-Seq data. It assesses the 

relationship between variance and mean in high throughput count data and identifies 

differential expression using a negative binomial distribution. The count matrix was 

imported, and conditions were assigned to produce a coldata metadata, a data frame 

containing the metadata about each sample. The metadata was refined to include 

only entries with adjusted p-values (padj) < 0.05, allowing for the extraction of 
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contrasts between conditions. Subsequently, the data frame was annotated using the 

org.Hs.eg.db package to incorporate standard gene symbols and their corresponding 

chromosome locations. 

Using DESeq2, QC checks on the samples were performed. Both Principal 

Component Analysis (PCA) and correlation heatmaps were generated to visualise the 

sample clustering. The heatmap was generated using the heatmap.2 DESeq2 tool. 

Verifying that the samples cluster according to their respective conditions is crucial. 

After examining sample clustering, specific contrasts were defined, and MA and 

volcano plots were generated to visualise differences in gene expression profiles 

between groups. An MA plot compares the gene expression between two genotypes 

with the log fold-change (LFC) plotted on the Y-axis and the overall expression on the 

X-axis. The MA plot was produced using the plotMA function from DESeq2, filtered to 

highlight genes with padj <0.05. A volcano plot also presents and identifies meaningful 

changes within the dataset. The volcano plot was generated using the 

enhancedVolcano library, applying filters to highlight genes with padj < 0.05 and 

absolute log2 fold changes (L2FC) exceeding 1. 

The gene lists from DESeq2 were merged with a UniProt annotated CSV file. 

Duplicate entries and non-coding proteins were then removed, as duplications can 

occur due to annotation errors on the sex chromosomes. The gene lists were filtered 

to retain only those genes exhibiting absolute L2FC  greater than 1 or less than -1, 

representing significant differentially expressed genes. Filtering by baseline 

expression levels was attempted using DESeq2, which normalises count values 

across samples. However, no clear correlation was identified that would justify setting 

a rational cutoff for baseline expression filtering. The tidyverse inner_join and anti_join 

functions were utilised to identify commonalities and differences between the ZFY 

short and long isoform comparisons. This dataset was now ready for further 

downstream analysis. 

 

4.2.8 ZFX Differential Expression Data 

ZFX is the X chromosome homologue of the gene of interest ZFY and has been 

implicated in the initiation or progression of a variety of different human cancer types. 

However, like ZFY the underlying mechanism by which ZFX influences transcriptional 

regulation is yet to be determined. 

A previous study by Weiya Ni et al focused on characterising the transcriptional 

influence of ZFX in HEK293T cells using a CRISPR knockout and add-back 

approach, with RNA-Seq data available in the supplementary materials (GEO: 

GSE145160) (Ni et al., 2020). This ZFX RNA-Seq data was obtained to identify any 
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commonalities with the ZFY dataset, despite being performed in HEK293T rather than 

HEK293 cells. The HEK293T line is derived from HEK293 cells via transfection with 

an SV40 origin plasmid and was therefore considered sufficiently comparable for this 

analysis.  

The data from Weiya Ni et al was sorted based on p-value <0.05 but not for LFC, this 

was altered to match the filtering in this thesisô methods (Ni et al., 2020). The tidyverse 

functions anti_join and inner_join were utilised to compare the differentially expressed 

genes from the ZFX dataset of Weiya Ni et al to those identified in this thesis, to 

assess similarities and differences between the two datasets. 

 

4.2.9 Gene Ontology 

After differential expression analysis with DESeq2, pathway enrichment was carried 

out using the Reactome database. Reactome is a freely accessible online resource 

containing curated biological pathway data for humans that enables visualisation and 

analysis of pathway interactions. The filtered differential gene lists were inputted into 

the Reactome analysis tool. Options were selected such as whether to include 

interactors to expand the analysis background. Reactome then performed enrichment 

analysis to identify pathways overrepresented among the input genes compared to 

the genome background. The pathway enrichment results for each gene set were 

compiled in an Excel document. Filters were applied to highlight pathways with p-

values <0.05 regardless of false discovery rate (FDR), as well as more stringently 

filtered pathways with both p-values <0.05 and FDR <0.05. It is important to note that 

pathways failing to meet the significance threshold of both p-value <0.05 and FDR 

<0.05 cannot be justifiably considered enriched. 

 

4.2.10 Primer Design and Selection 

Following the downstream analysis of the RNA-Seq data, genes were selected to 

produce a bioinformatics validation panel. Primer design is a critical step when setting 

up PCRs for gene expression analysis. PCR primers that anneal poorly or that anneal 

to more than one sequence during amplification can significantly impact the quality 

and reliability of the results. The NCBI tool Primer-BLAST is widely used for PCR 

primer design and is what we used to design the primers. 

Using the accession number of the desired gene and selecting the parameters in 

Table 4.6, forward and reverse primers were outputted per gene by the program and 

subsequently selected for testing. These primers were then ordered and synthesised 

by Integrated DNA Technologies (IDT) using their standard production type (25nmole 

purification and desalted) (Table 4.7). 
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Table 4.6: NCBI tool Primer-blast parameters. Standard parameters were mainly 

selected as necessary on the NCBI tool. 

Product/Amplicon Size 100-150 bp long (for efficient amplification) 

Number of primers to return  10 primers 

Melting temperature Minimum of 60ÁC and a maximum of 63ÁC; 
the ideal primer melting temperature is 60ÁC 
(with a maximum difference of 3ÁC in the 
melting temperatures, Tm, of the two 
primers). 

Exon/intron selection Primer must span an exon-exon junction 

GC content  40-60% to ensure maximum product stability 

Advanced settings Repeat filter - None (only for SNORD3 - 
because snoRNAs have multiple copies in 
the genome and get flagged as repeats) 

 

Table 4.7: Primers designed for RNAseq downstream analysis validation. 

Primers were designed using the NCBI Primer-BLAST tool. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/. 

Gene name Accession 
Number  

Primer Sequence Tm 
(ÁC) 

Product 
Length 
(bp) 

WNT7a NM_004625.4 For: CTCCGGATCGGTGGCTTC 
Rev: AGGCCCATTTGTGAGCCTTC 

59.9 149 

60.6 

TMPRSS2 NM_005656.4 For: GGGGATACAAGCTGGGGTTC 
Rev: GATTAGCCGTCTGCCCTCAT 

60.1 113 

59.6 

FGF3 NM_005247.4 For: 
GGAGAACAGCGCCTACAGTATT 
Rev: TGCTCCGAAGCATAGAGTCG 

60.2 126 

59.6 

IFIT2 NM_001547.5 For: 
ACTGCAACCATGAGTGAGAACA 
Rev: 
CGATTCTGAAACTCAGTCCGGT 

60.2 149 

60.4 

RBMXL2 NM_014469.5 For: GTTTGGCCAACCAACCACAA 
Rev: AAGCCATTACGGTCCCCAAG 

59.8 141 

60.0 

ZFX NM_003410.4 For: TGTTCCCTGAGCTGTGCTTT 
Rev: 
TCATCAGTCACAGCTCCTGTC 

59.8 150 

59.5 

FRMPD2 NM_001018071.4 For: CCGCCACATCAGCCCC 
Rev: 
GAACCCGACAAGCTTCCAGA 

60.2 118 

60.0 

SNORA7B NR_002992.2 For: TCCTGGGATCGCATCTGGA 
Rev: GGAATGGAATGGGTGCCTCT 

60.1 90 

59.7 

SNORD3D  
(Non-coding, 
ENSG00000262202) 

NR_006882.1 For: TGAACGTGTAGAGCACCGAA 
Rev: ATCAATGGCTGACGGCAGTT 

59.3 108 

60.3 

CPN2 NM_001080513.4 For: TCGGCCCTCACGAAGATGC 
Rev: 
TGGACGAAGCAGTCACAACC 

62.4 107 

60.6 

For: GCCTTCATGTAGAGGGGACG 57.4 140 
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ENSG00000289202 
(Non-Coding Protein 
LncRNA) 

ENSG000002892
02 

Rev: GCCCAGCCTTTCAGATCAGT 57.5 

 

Housekeeping genes are necessary for qPCR normalisation to provide accurate gene 

expression analysis and primers for these were selected (Table 4.8). The inclusion of 

these housekeeping genes also known as reference genes serves to correct for 

sample-to-sample variation therefore improving the reliability of an experiment 

(Adeola, 2018). 

 

Table 4.8: Housekeeping genes used for qPCR normalisation. Accession number 

and primer nucleotide sequence included. 

Gene 
name 

Accession 
Number  

Primer Sequence Tm 
(ÁC) 

Product 
Length 
(bp) 

GAPDH NM_001289746.2 For: 
GTCATCCATGACAACTTTGGTA 
Rev: GGATGATGTTCTGGAGAGC 

52.8 136 

52.7 

TBP NM_003194.5 For: CCCATGACTCCCATGACC 
Rev: 
TTTACAACCAAGATTCACTGTGG 

55.2 108 

53.4 

ACTB NM_001101.5  For: CGCCGCCAGCTCACC 
Rev:  
CACGATGGAGGGGAAGACG 

60.6 120 

57.7 

 

4.2.11 Primer Checking and cDNA Synthesis 

Following the arrival of the designed primers, 100uM stocks were produced using the 

corresponding volume of PCR-grade water. From this stock, a 10uM working stock 

was prepared and then stored at -20ÁC. 

cDNA synthesis was carried out using the remaining RNA samples that were sent for 

the original sequencing and the protocol followed for cDNA synthesis can be found in 

3.2.3 of Chapter 3. A second set of RNA samples from an independent transfection 

were also subsequently used for further validation.  

After cDNA was synthesised from all 18 samples, the 50ng/ɛL cDNA reactions were 

diluted to produce a 5ng/ɛL working solution for use in subsequent experiments. 

Successful cDNA synthesis was validated by PCR amplification of the GAPDH 

housekeeping gene using GoTaq G2 Flexi DNA polymerase (Promega, M7801) in 

10ɛL reactions. The component concentrations used are listed in Table 3.8 in chapter 

3. 

A standardised thermocycler setup shown in Table 3.7 (chapter 3) was used for the 

GoTaq G2 Flexi polymerase with many of the conditions remaining the same across 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1519311456
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experiments. After PCR, the amplified products were analysed by agarose gel 

electrophoresis. 

 

4.2.12 pGEM-T Easy Vector Ligation and Transformation  

To clone PCR products the pGEM-T easy vector system (Promega, #A1360) was 

utilised due to the convenient reduced incubation time as a result of the rapid ligation 

buffer provided. The ligation was set up as demonstrated in Table 4.9. 

 

Table 4.9: pGEM-T easy vector ligation reaction. Ligation reactions were set up 

following the manufacturer's protocol using the provided positive control insert DNA 

and a background control without an insert. The positive control contains an insert 

that will ligate into the pGEM-T vector, while the background control lacks an insert 

and will not ligate. 

Reaction Component Standard 
Reaction 

Positive 
Control 

Background 
Control 

2x Rapid ligation buffer, T4 
DNA ligase 

5Õl 5Õl 5Õl 

pGEM-T Easy Vector 
(50ng) 

1Õl 1Õl 1Õl 

PCR product* XÕl - - 

Control Insert DNA - 2Õl - 

T4 DNA Ligase (3 Weiss 
unit/Õl) 

1Õl 1Õl 1Õl 

Nuclease-free water to a 
final volume of: 

10Õl 10Õl 10Õl 

*Molar ratio of PCR product optimised based on size of PCR product 

The reactions were mixed by pipetting, and subsequently incubated for 1 hour at RT. 

Then following ligation, 2ÕL of the ligation reaction was mixed with 50ÕL of the NEB 

5-alpha competent E. coli cells (NEB, #C2988J), and the protocol was completed as 

mentioned previously using ampicillin as the selection antibiotic. Following this, a 

dozen colonies were selected for a colony PCR, performed as mentioned above using 

the GoTaq G2 flexi DNA polymerase. PCR-amplified products were analysed on a 2% 

w/v agarose gel. From the remaining PCR-amplified product, LB/ampicillin overnight 

cultures were sent up for DNA extraction to be sent off for sequencing to identify the 

bands. 

 

4.2.13 Quantitative Reverse-Transcription Polymerase Chain Reaction 

Quantitative Reverse-Transcription PCR (RT-qPCR) was performed using the 

PowerUp SYBR green master mix (Applied Biosystems, ThermoFisher, A25741). 

Reactions were set up in 10ÕL volumes for each primer pair and each cDNA sample, 

as outlined in Table 4.10. 10ÕL/well reactions were prepared in optical 96-well 

reaction plates (Applied Biosystems, ThermoFisher, N8010560) and the plates were 
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sealed with adhesive plate seals (Thermo Scientific, AB1170). The components were 

thoroughly mixed and briefly centrifuged to spin down the contents and remove air 

bubbles. The PCR instrumentation used was the QuantStudio 3 system, with data 

analysis performed by the comparative Ct (ææCt) method. The QuantStudio 3 

thermocycler uses preset, optimised conditions for SYBR green reactions, so the 

default cycling program was utilised (Table 4.11). To check for primer contamination, 

no-template water controls were run for each primer pair on every plate. Expression 

was normalised to the ACTB endogenous control included on each plate. Reactions 

were performed in duplicates to check for consistency. 

 

Table 4.10: PowerUp SYBR Green Master Mix. This protocol is the pre-formulated 

and optimised setup for the 2X master mix designed specifically to amplify targets for 

accurate gene expression analysis. The total reaction volume should be 10ÕL, 

including the desired primer pairs and DNA. 

Reaction Component  Final Concentration  

PowerUp SYBR green master mix (2x) 1x 

Forward Primer 300nM 

Reverse Primer 300nM 

DNA  10ng 

Water Makeup to 10ÕL final volume 

 

Table 4.11: qPCR experiment thermocycler cycle. This cycle is the default method 

for the QuantStudio3 system when using the SYBR green master mix kit. 

Cycle Stage Temperature 
(ÁC) 

Time 
(min) 

Increment 
(ÁC/s) 

Number of Cycles 

Hold Stage 50 02:00 1.6 1 

95 10:00 1.6 

PCR Stage 95 00:15 1.6 40 

60 01:00 1.6 

Melt Curve 
Stage 

95 00:15 1.6 1 

60 01:00 1.6 

95 00:01 0.15 

 

4.2.14 Cancer Dataset and Cancer Correlation Analysis 

Correlation analysis is a statistical technique used to determine if two variables are 

related. In this case, it was applied to assess whether the differentially expressed 

genes associated with ZFY overexpression show any relationship with genes 

correlated with ZFY expression levels across cancer cell lines. The goal was to 

evaluate if the genes and pathways altered by ZFYS and ZFYL overexpression in 

HEK293 cells reflect processes linked to endogenous ZFY expression in cancer 

contexts. 
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To further analyse potential correlations between ZFY expression and cancer, data 

from cancer cell lines in the Cancer Cell Line Encyclopaedia (CCLE) project of the 

DEPMAP database was examined. The CCLE contains extensive genetic and 

pharmacologic profiling data on a large panel of human cancer cell lines generated 

starting in 2008 (Figure 4.5). 

Figure 4.5: CCLE data collection. Consisting of 1829 cancer datasets ranging from 

lymphoma to breast cancer. Taken from the website DepMap: The Cancer 

Dependency Map Project at Broad Institute. 

 

The CCLE contains expression data for 1,392 of the total 1,829 cancer cell lines, 

including 614 females, 770 males, and 445 of unknown gender. Among the cell lines 

with expression data, 56 were derived from head and neck cancers.  

In RStudio the following libraries were loaded; tidyverse (1.3.2), dplyr (1.0.10) and 

Hmisc (5.1-0) (Table 4.5). The datasets were loaded and prepared. The cell line data 

was filtered to only include male cell lines since ZFY is Y-linked. Of the 770 male lines, 

699 had usable expression data. The DepMap_ID column was removed, and the 

dataset was then filtered for ZFY, and the output expression correlation for each cell 

line was collected. The columns of interest for assessing correlation were the Pearson 

correlation coefficient (R), p-value, and adjusted p-value for each gene.  

The correlation data underwent filtering for significance with a threshold of p-value 

<0.05, collecting only significant genes. Initially, the Pearson R value was filtered for 

values Ñ20%, but this threshold was subsequently adjusted to Ñ10% due to a 



мрт 
 

significant lack of overlap between the two datasets. This adjustment to Ñ10% led to 

an increase in the detectable overlap between the cancer dataset and the ZFY 

dataset. This weak correlation of Ñ10% limits the reliability of this analysis and 

indicates only a modest relationship between the genes differentially expressed with 

ZFY overexpression and endogenous ZFY expression levels in cancer cell lines. 

Using this correlation data, Leukaemia cell lines were selected for cancer correlation 

confirmation. 

 

4.2.15 Leukaemia Cell Lines 

Three Leukaemia cell lines were selected from experimental data and the available 

cell lines. MEC-1 (DSMZ.de) is a chronic B cell leukaemia cell line established from 

the peripheral blood of a 61-year-old. THP-1 (ATCC.org) is an acute monocytic 

leukaemia cell line derived from the peripheral blood of a 1-year-old male. Finally, 

U937 (DSMZ.de) is a histiocytic lymphoma established from the pleural effusion of a 

37-year-old man. U937 was used as a control, as experimental data has shown no 

ZFY expression in this male cell line. 

All Leukaemia cells were cultured at 37ÁC under humidified conditions, with 5% CO2. 

Unlike HEK293 cells, these cell lines were grown in suspension cultures.  

THP-1 and UP37 were cultured in an RPMI-1640 media (Sigma, #R0883) with 10% 

FBS, 1% pen/strep and 1% (2mM) L-glutamine, whilst MEC-1 was cultured in an 

IMDM media with L-glutamine (Pan-Biotech, #P04-20150) supplemented with 10% 

FBS and 1% pen/strep. Both of these media are widely used for Leukaemia cell 

growth. As with HEK293 cells, a logarithmic growth phase was maintained, with the 

cells being passaged every 2-3 days depending on the cell count. As these cultures 

are not adherent cells, no trypsin was used. The recommended seeding densities 

ranged from 100,000 to 150,000 cells/mL. Trypan blue was used to assess the 

viability of cells as described in 3.2.2. 

 

4.2.16 RNA Extraction Part 2 

Cell pellets containing ~2x106 cells were collected for RNA extraction. For this RNA 

extraction, the MonarchÈ Total RNA Miniprep Kit (New England BioLabs, #T2010S) 

was used, and the additional steps for Leukocyte cells stated in the kit protocol were 

completed. The concentration of the RNA was determined by nanodrop. Following 

RNA extraction, the RNA was converted back into cDNA via the LunaScript RT 

Supermix Kit (New England BioLabs, #E3010). The protocol is stated in Table 3.6. 

The thermocycler conditions for cDNA synthesis are as follows in Table 3.7. 
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4.2.17 Cancer Cell Line Primers  

Primers were selected from the correlation analysis. Primers specific to the short and 

long forms of ZFY were also developed, as shown in Table 4.12. Primers were 

purchased from IDT.  

 

Table 4.12: Primers designed from the correlation analysis alongside primers 

for ZFYL and ZFYS detection. Primers were designed as previously explained using 

the NCBI primer tool in Table 4.6.  

Gene 
Name 

Accession 
Number 

Forward Primer Tm 
(ÁC) 

Product 
Length (bp) 

TICAM2 NM_021649.7 For: 
CGCTCGCCTGCAGATTGAAA 
Rev: 
ACACTGTGCCTTTTACCCCAA 

58.5 140 

57.0 

ZBED6 NM_001395895.1 For: 
GCTGCTGCGAATCACCAAAA 
Rev: 
TGGTCTCACCTGAAGCCTCT 

56.8 119 

57.9 

RASAL3 NM_022904.3 For: 
GCCCCACTGCTTTCAGGTAA 
Rev: 
ACGCTCAGCCATGTCTCTTC 

57.7 150 

57.3 

LONRF1 NM_152271.5 For: AGAAGTGGTTTCCGGGCCA 
Rev: 
CAAGTCACTGGGTTCTGCTCG 

59.4 131 

58.1 

ZFYS NM_003411.4 For: GATGGAATAGTGGATGATGC 
Rev: 
GTACACCTTGATGACTTCAGGAC 

50.7 126 

55.1 

ZFYL NM_003411.4 For: 
AGCAAGATAATGACAAAGCCAG 
Rev: Same as ZFYS reverse primer 

53.4 164 

55.1 

ZFY (Both 
Short and 
Long) 

NM_003411.4 For: 
GAATTGCAGCCACAAGAGCC 
Rev: Same as ZFYS reverse primer 

57.2 ZFYS = 159 
ZFYL = 732 

55.1 

 

4.2.18 Primer Optimisation & RT-qPCR 

Using the GoTaq G2 Flexi DNA Polymerase (Promega, M7801) each primer was 

tested for specificity. The concentration of the kit reagents used was as previously 

described in Table 3.8. The standardised GoTAQ2 thermocycler protocol can be 

found in Table 3.9 with slight alterations made to thermocycler times, annealing 

temperatures, cycle numbers and DNA/template concentration depending on the 

primer pair used.  
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PCR products were loaded onto a 2% (w/v) agarose gel (Agarose, Melford 

Biolaboratories Ltd, MB1200) for 45 minutes at 90V as described in section 3.2.3. A 

100bp DNA ladder (Invitrogen, 15628019) was loaded alongside the PCR products. 

RT-qPCR was carried out using the QuantStudio3 system (96-Well 0.2mL block) 

instrument. Comparative Ct was carried out using SYBR Green PCR master mix 

(Applied Biosystems, 4309155). 10uL reactions were carried out as previously 

described in Table 4.10 and the methodology of the thermocycler (Table 4.11) 

remained the same, with exceptions including ZFYS, ZFYL, TICAM2 and ZBED6 

where the annealing temperatures were altered based on the optimisation. 

Using the data provided by QuantStudio3, the ddCT was calculated and plotted using 

graph pad. During these calculations, the results were first normalised to the 

housekeeping gene and then to the female control cell line, HEK293. A 2-way ANOVA 

test can be carried out on graph pad using the mean of our duplicates, the standard 

deviation (SD) and the number of repeats. The SD was calculated in Excel using 

STDV.P. To further identify the significance a multiple comparison could be completed, 

where within each column the rows were compared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



мсл 
 

4.3 Results 

4.3.1 Nuclear Localisation of GFP-Tagged Constructs 

To determine the localisation of the constructs DAPI was used, a fluorescent stain 

capable of binding to AT-rich regions of DNA, resulting in the emission of blue light. 

Figure 4.6: DAPI-stained HEK293 cells containing the transfected constructs. 

DAPI binds to nuclear DNA and is highlighted in this figure as blue fluorescence which 

is seen in all cell types. The green fluorescence depicts the successful transfection of 

the GFP constructs and is therefore not identifiable in the no transfection control. 

Individual channels were taken and the SmartCapture software produced a merged 

image overlaying the two-coloured signals. Images were captured with an x60 

magnification.  
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DAPI-stained cell nuclei in blue in Figure 4.6, is consistent with DAPI's ability to bind 

A-T-rich double-stranded DNA regions. Green fluorescence is also evident in the 

transfected HEK293 cells, verifying effective transfection across all three GFP-tagged 

constructs. As anticipated, both the ZFY-Long and ZFY-Short constructs localised to 

the nucleus, aligning with the reported function of ZFY. In contrast, free GFP from the 

pEGFP-N1 control transfection is found in both nucleus and cytoplasm. The absence 

of green fluorescence in the non-transfected control reflects the lack of GFP 

expression. Unlike the directly visualisable GFP fusions, the HA-tagged construct 

does not intrinsically fluoresce, preventing the direct detection of its subcellular 

localisation and expression via microscopy. 

 

4.3.2 High Transfection Efficiency Achieved 

Flow cytometry was used to score the cells based on the presence of GFP to 

determine the transfection efficiency. The green fluorescence of GFP can be detected 

by the flow cytometer using the FL1 laser (laser 488nm). The non-transfected 

HEK293 cells were used as a negative control, whilst the pEGFP-N1 empty vector 

was used as a transfection-positive control.   
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Figure 4.7: Flow cytometry data showing the transfection efficiency percentage 

in each transfected sample. Gating was set using the non-transfected cells as a 
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negative control and the pEGFP-N1 transfected cells as a positive control. A: This 

plot illustrates how the FSC-A (X-axis) and SSC-A (y-axis) were used to select the 

desired cell population and therefore, remove any debris. E1 denotes the selected 

cell population. B: Cell doublets were removed from the selected cell population, P2 

is now the wanted cell population. C: The plot highlights the cells emitting a GFP 

signal. The top right quadrant labelled as ñGFP+ò consists of the cells emitting a green 

fluorescence signal highlighting that these cells express the transfected constructs. 

The top left quadrant labelled ñGFP-ñ contains all the cells with no green signal.  

 

The plots in Figure 4.7 demonstrate the higher transfection efficiency of the small 

empty GFP vector (92%) compared to the larger ZFY-GFP fusions, as expected. 

However, both ZFY-short and ZFY-long achieved transfection efficiencies of >50%, 

meeting the target aim. Both constructs were equivalently efficient, with only a 1.7% 

difference noted but this could just be done to noise. 

 

4.3.3 Western Blot Confirmation of Successful Transfection  

Protein lysates from transfected mammalian cells were analysed by SDS-PAGE and 

western blotting. Membranes were probed with anti-GFP and anti-HA antibodies 

(Table 4.3) to validate successful transfection and expression of the tagged ZFY 

constructs at the expected sizes. 
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Figure 4.8: Western blots of the transfected constructs. A: Western blot of the 

HA-tagged construct lysates. Control = non-transfected HEK293 cell lysate, ZFY-S 

HA = ZFY-S HA-tagged transfected HEK293 cells & ZFY-L HA = ZFY-L HA-tagged 

transfected HEK293 cells. B: Beta-actin antibody used as a loading control. C: 

Western blot of the GFP-tagged construct lysates. Control = non-transfected HEK293 

cell lysate, pEGFP-N1 = empty GFP transfected cells, ZFY-S GFP = ZFY-S GFP-

tagged transfected HEK293 cells & ZFY-L GFP = ZFY-L GFP-tagged transfected 

HEK293 cells. D: Beta-actin antibody used as a loading control. Expected molecular 

weights; pEGFP-N1 = 27-30KDa, ZFYS-GFP = ~96.3KDa, ZFYL-GFP ~117.5KDa, 

ZFYS-HA ~70.4KDa, ZFYL-HA ~91.6KDa & Beta-Actin = 42KDa. 

 

Shown in Figure 4.8 is the detection of the transfected constructs in protein lysates 

at the expected molecular weights by western blotting. Strong band intensity 

demonstrates efficient transfection and expression of the HA- and GFP-tagged ZFY 

isoforms in the mammalian cells. The protein bands run slightly higher than the 
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expected molecular weight, which is likely to be due to ZFY containing highly negative 

regions which could prevent binding of SDS. Notably, the ZFYL-GFP transformation 

consistently gave lower signal by Western blot, potentially due to reduced expression 

or translation efficiency of the longer construct. This is consistent with the slightly 

weaker GFP fluorescence seen for this construct in Figure 4.7. Following multiple 

confirmations of successful transformation, RNA was isolated and sent for RNA 

sequencing.  

 

4.3.4 Good QC Analysis and Alignment Rates 

Following RNA sequencing data collection, quality control analysis was performed. 

Reports were produced by FastQC (version 0.11.9). The main focus was the 

alignment rate and the number of QC-failed reads. It was also noted if there was any 

adapter contamination. 

 

Table 4.13: QC analysis of the FASTQ files provided by Novogene. Sample read 

number, alignment rate and QC-results from the FastQC analysis are provided in the 

table below. 

Sample Name Number of 
Reads 

Alignment Rate QC-failed Reads 

R1_Control_1 71723038 97.27% 0 

R2_Control_2 82017584 97.25% 0 

R3_Control_3 67042865 97.29% 0 

R4_1_pEGFP_N1_1 89520020 86.54% 0 

R5_pEGFP_N1_2 71873235 86.57% 0 

R6_pEGFP_N1_3 63953343 87.60% 0 

R7_1_ZFYS_GFP_1 59298530 95.28% 0 

R8_ZFYS_GFP_2 76739990 95.27% 0 

R9_ZFYS_GFP_3 49949802 95.46% 0 

R10_1_ZFYL_GFP_1 54178329 96.70% 0 

R11_1_ZFYL_GFP_2 76377424 96.45% 0 

R12_ZFYL_GFP_3 56767674 96.49% 0 

R13_1_ZFYS_HA_1 71574319 95.68% 0 

R14_ZFYS_HA_2 57479841 96.08% 0 

R15_1_ZFYS_HA_3 63091116 95.99% 0 

R16_ZFYL_HA_1 65338642 96.44% 0 

R17_ZFYL_HA_2 65031044 96.62% 0 

R18_ZFYL_HA_3 65074987 96.54% 0 
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Ideal alignment rates are >80% but generally expected to exceed 50%. As shown in 

Table 4.13, all samples displayed good alignment rates above 80%, with no reads 

failing QC checks. The total read counts were lower in the ZFY transfected samples 

compared to control samples. No adapter contamination was present so read 

trimming was not necessary. 

 

4.3.5 ZFY Over-expression does Not Silence the X Chromosome 

Chromosome counting was performed by quantifying mapped reads per chromosome 

to evaluate the potential triggering of chromosome-wide silencing by ZFY 

overexpression. X chromosome inactivation during spermatogenesis reduces X-

linked expression to <1%. While chromosome-wide effects were not expected in HEK 

cells, ZFY's influence on X-silencing in meiotic contexts provided a rationale for this 

analysis. A substantial decrease in X-linked reads in ZFY transfected cells could 

indicate ectopic induction of X-inactivation-like effects. 

Figure 4.9: Graph showing the relative change in chromosome count across 

the different samples. For each construct a chromosome count was calculated, and 

the relative change was plotted on the Y-axis. The chromosome number and its 

corresponding colour are noted as a key in the above graph. 

 

In Figure 4.9 there is no evidence of X chromosome silencing resulting from ZFY 

overexpression, as the relative proportion of X-linked reads is consistent across 

samples. The most pronounced change is an increase in chromosome 21 

representation in the GFP empty vector control cells, with a minor elevation also 

visible for ZFYL-GFP. The reason for this is unknown, and potential could be down to 

one specific gene giving a false read. Therefore, there is no decrease indicative of 

ectopic X-inactivation triggered by ZFY overexpression. 
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4.3.6 DESeq2 Differential Gene Expression Analysis 

DESeq2 takes count data from high-throughput sequencing to test for differential 

gene expression across samples. DESeq2 stands as a prevalent tool in RNA-Seq 

analysis, offering an extensive perspective on gene expression alterations across 

various conditions, distinguishing itself from alternative packages (Love et al., 

2014)(Love et al., 2015). By using negative binomial distribution DESeq2 can make 

it account for the dispersion across the entire dataset providing more accurate p-

values and FDR estimates (Love et al., 2014)(Love et al., 2015). 

 

4.3.6.1 Dataset Dispersion  

To ensure that the sequencing data is accurately modelled, dispersion is calculated 

for each gene. DESeq2 calculates the variation by using the mean gene expression 

level via the ñshrinkageò model. The dispersion can then be modelled based on the 

expression level using estimated maximum likelihood estimations and the dispersion 

value for each gene is then plotted.   

Figure 4.10: Dispersion Plot. A dispersion plot shows the gene variance on the Y-

axis and the mean expression on the X-axis. Empty GFP was used as the control 

sample. Created using the bfigplotDispEsts package readily available in DESeq2. 

 

The desired decreasing dispersion at higher mean counts is seen in Figure 4.10, 

enabled by the multiple biological replicates per condition. It is important that the data 

follows the red fitted line which plots the expected dispersion value for genes at a 

given expression strength. Greater numbers of replicates provide stronger shrinkage 

and power for estimating variation, facilitating the identification of differential 

expression. The inclusion of three biological replicates improved the detection of gene 
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expression changes across conditions and leads to the data following the ñfittedò data 

line. It is vital that the dispersion is accurate as correctly estimating these parameters 

is vital for detecting differential expression. Underestimation can lead to false 

discovery. 

 

4.3.6.2 Sample Clustering 

To explore the similarities and differences across the samples, sample clustering QC 

was performed using DESeq2. Sample clustering indicates how well the replicates 

cluster together and will show any major sources of variation within the data. Sample 

clustering was accessed using Principal Component Analysis (PCA) (Figure 4.11) 

and Hierarchical clustering Heatmap (Figure 4.12). PCA highlights the variation in the 

dataset in a two-dimensional way. The greatest variation is called the first principal 

component, PC1. A heatmap works similarly to the PCA but shows the gene 

expression correlation across the samples in the dataset.  Initially, the analysis was 

conducted by comparing the transfected cells with the non-transfected control cells. 

However, subsequent examination suggested that transfection itself induced gene 
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variation. Consequently, the analysis shown proceeded using the empty-GFP vector 

as the control group. 

Figure 4.11: Principal Component Analysis Plot. Focusing here on the major 

variances noted as PC1 (X-axis) and PC2 (Y-axis). This was made in DESeq2 using 

the empty vector as the control group. 

 

In the depicted PCA plot in Figure 4.11, it is evident that the primary source of 

variance is attributed to the introduction of ZFY via transfection into the mammalian 

cells. This transfection effect accounts for a substantial 74.3% of the observed 

changes, as indicated by PC1. ZFYS seems to be positioned intermediately on the 

axis, indicating that the ZFYS transfection produces a similar change as the ZFYL 

transfection but to a lesser degree. Additionally, about 10.4% of the variations (PC2) 

appear to distinguish ZFYS from both ZFYL and the empty-eGFP control capturing 

ZFYS-specific biology. This can be attributed to the introduction of foreign DNA, 

potentially influencing biological processes linked to genes responsible for immune 

responses to viral infections. Consequently, these alterations may induce minor 

changes in gene expression, contributing to the overall dataset variance, albeit at a 

relatively modest percentage. Furthermore, ZFY-L constructs seemed to show similar 
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effects to that of pEGFP-N1 but the PC2 effect could be due to the larger size of the 

ZFYL constructs which are harder to incorporate into the genome. 

Another graphical representation of sample clustering is a heatmap.  

Figure 4.12: A sample distance matrix otherwise known as a heatmap. As with 

the previous plots the empty GFP was used as the control group. In this plot, blue 

denotes similarity and green denotes dissimilarity between sample groups, with the 

branches showing the grouping of the samples.  The lighter the green the greater the 

difference in the transcriptome. The heatmap.2 package was used in DESEQ2 to 

produce the plot. 

 

Based on the presented plots in Figure 4.11 and Figure 4.12, it can be asserted with 

confidence that the replicates exhibit cohesive grouping, demonstrating consistency 

in both experimental and informatics methods. Notably, both the constructs and tags 
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exhibit clear grouping in both the heatmap and PCA plots. Specifically, all six ZFYS 

samples cluster together distinctively, while the six ZFYL samples also exhibit 

cohesive grouping. We can confirm that since the HA- and GFP-tagged versions of 

each construct cluster together the tag is not distorting them greatly. Furthermore, 

from this we can answer one of the hypotheses, as ZFYS and ZFYL cluster together, 

they must regulate the same genes in the same direction, ruling out the hypothesis 

that ZFYS has a direct antagonistic effect to ZFYL. However, ZFYS still may compete 

for binding and could be a weaker activator. These observation supports the 

conclusion that ZFY significantly influences gene expression levels in these 

mammalian cells. 

Subsequently, using the unfiltered data, the L2FC was plotted with a significant p-

value set to <0.05. This looked at the entire set of genes including protein coding and 

non-protein coding to compare the two ZFY variants and their effect on the cellôs gene 

expression.  
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Figure 4.13: L2FC plots comparing the transcriptomic effect of both ZFY 

variants and the different tagged versions. A: HA-tagged ZFY construct 

comparison, with the log2 fold change in ZFYS relative to pEGFP-N1 control plotted 

on the X-axis and log2 fold change in ZFYL relative to pEGFP-N1 control plotted on 

the Y-axis. Only genes found to be significant at an adjusted p-value <0.05 are plotted. 

B: GFP-tagged ZFY construct comparison, with the log2 fold change in ZFYS relative 

to pEGFP-N1 control plotted on the X-axis and log2 fold change in ZFYL relative to 

pEGFP-N1 control plotted on the Y-axis. For both graphs, the colours indicate if the 

gene expression was changed by greater that 2-fold (= 1 log2 unit) in response to both 

constructs, to one individual construct or neither. The black dashed line indicates the 

linear regression of the ZFYL response vs the ZFYS response for all points shown. 

The red dashed line indicates a 1:1 relationship, i.e. the expected value if the fold 

change were the same in both the ZFYL and ZFYS experiments.  

 

Figure 4.13 demonstrates that both ZFYS and ZFYL regulate many of the same 

genes in the same direction. However, is it notable that positively regulated genes 

(right hand side of the chart) largely fall above the 1:1 line, indicating a stronger 

upregulation by ZFYL than by ZFYS. Conversely, negatively regulated genes fall 

below the 1:1 line, indicating stronger downregulation by ZFYL than ZFYS. There 

seem to be very few genes targeted solely by ZFYS, with potentially a few targeted 

solely by ZFYL. However, given how close this graph falls to a straight line, this 

suggests that there are no genes that selectively regulate by only one isoform: i.e. 

every gene regulated by ZFYL is also regulated to some degree by ZFYS and vice 

versa. The only things that fall outside this trend are a few points located close to the 

origin that are located within the ñnoiseò scatter of the linear relationship. Again, there 

is very little difference between the GFP and HA-tagged constructs indicating that the 

tag is not introducing appreciable bias to the study.  

While it is clear from the overall scatter plot that ZFYL has a stronger effect on all its 

downstream targets than ZFYS, the magnitude of this difference is hard to estimate 

directly from the graph and will be further understated since the Western blot 

experiment (Figure 4.8) showed that for both the HA- and GFP-tag experiments, the 

ZFYL construct was expressed more poorly than the ZFYS construct.  Thus, in this 

RNA-Seq expression dataset, ZFYL is exerting a larger downstream effect despite 

being present in fewer copy numbers per cell. 

To attempt to quantify this, we examined the read counts mapping specifically to the 

GFP portion of each construct, in order to compare the true relative expression level 

of the transfected construct in each case. This gives a measure of the construct 

expression that is not biased by the different length of the transgene in each 

experiment. 
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Table 4.14: GFP-Count for each transfection to determine the number of 

transgene transcripts in each transfection.  

Sample Name Transfection Name GFP-Hit 

R1 Control 0 

R2 Control 0 

R3 Control 0 

R4_1 pEGFP-N1 5966700 

R5 pEGFP-N1 4548180 

R6 pEGFP-N1 3754494 

R7_1 ZFYS GFP 425511 

R8 ZFYS GFP 584082 

R9 ZFYS GFP 408822 

R10_1 ZFYL GFP 166502 

R11_1 ZFYL GFP 262579 

R12 ZFYL GFP 132234 

R13_1 ZFYS HA 27 

R14 ZFYS HA 23 

R15_1 ZFYS HA 27 

R16 ZFYL HA 0 

R17 ZFYL HA 0 

R18 ZFYL HA 0 

 

In Table 4.14 a larger number of GFP transgene transcripts are present in the ZFYS-

GFP samples compared to the ZFYL-GFP samples, with the average GFP read level 

in the ZFYS experiment being 2.53 times higher than the read level in the ZFYL 

experiment. It was also noted that pEGFP-N1 transgene expression level is much 

higher (as also seen in Figure 4.8)  most likely due to it being a much smaller 

construct. The ZFYS-HA experiment did have a few reads mapping to GFP which is 

not expected. However, the numbers are so small (about 10,000 times lower) that it 

is most likely due to be a result of index hopping during the RNA sequencing process. 

This low-level cross-contamination of the sequencing dataset was too small to pose 

a problem in downstream analysis.  

Returning now to Figure 4.13, we note that the absolute magnitude of the regulatory 

changes is compressed by the log2 transformation. On converting these numbers 

back to absolute fold changes, the most strongly upregulated genes showed 

approximately 26-fold upregulation by ZFYS (a 64-fold increase relative to the 

pEGFP-N1 control) and a 27.5-fold upregulation by ZFYL (a 181-fold increase relative 

to the pEGFP-N1 control). Thus, although the ZFYL construct is only expressed at 



мтр 
 

approximately one third the level of ZFYS construct (Table 4.14), it nevertheless 

produced an approximately ~3x higher effect at the most strongly regulated target 

genes, indicating that for these genes ZFYL is almost 10-fold as efficient a 

transcriptional activator on a per-molecule basis.  

Overall, we conclude that while ZFYS does not directly antagonise ZFYL via 

transcriptional repression, it may function in vivo as a competitive inhibitor by 

competing for target binding sites and having a weaker downstream effect. 

 

4.3.6.3 Differential Gene Expression Contrasts 

To understand the variations in gene expression profiles among various genotypes, 

utilising MA plots and volcano plots is an excellent initial step. 

MA plots graphically present the average of normalised counts against the log2 fold 

change for all genes. MA plots colour the significant differentially expressed genes 

making it a very efficient way to illustrate the shift in gene expression and the LFC 

ñshrinkageò. While a volcano plot plots and annotates the differentially expressed 

genes identified in the contrast. 

Figure 4.14: MA plots showing the log fold-change (LFC) plotted on the Y-axis 

and the overall expression on the X-axis. A: ZFYL-GFP vs Transformed, B: ZFYL-

! . 
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HA vs Transformed, C: ZFYS-GFP vs Transformed and D: ZFYS-HA vs Transformed. 

Blue dots denote significant changes. 

 

Highlighted in Figure 4.14 is the significant number of differentially expressed genes 

across all samples in comparison to the empty GFP vector control samples shown by 

the blue colouration. Further interpretation is difficult from the MA plot.  

 

 

Figure 4.15: Volcano Plots showing the differential gene expression across the 

constructs. The Y-axis shows the negative base-10 log of the p-value and the X-axis 

depicts the logarithmic fold change, limited to values greater than 1 or less than -1 

highlighted in red. A: ZFYL-GFP vs Transformed, B: ZFYL-HA vs Transformed, C: 

ZFYS-GFP vs Transformed and D: ZFYS-HA vs Transformed. Genes significant for 

p-value and L2FC are highlighted in red.  

  

Based on these results, further investigation into the differentially expressed genes 

proceeded. Subsequent analysis opted to focus solely on the ZFY-GFP samples in 

comparison to the empty control GFP as transfection alone seems to cause some 

changes in the genome. Moreover, when looking at the sample clustering there does 
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not seem to be a significant tag effect suggesting that the HA- and GFP-tagged 

constructs are showing similar gene expression profiles. 

 

4.3.6.4 Differential Gene Lists 

After opting to focus solely on the ZFY-GFP samples in comparison to the empty 

control GFP, analysis of the raw DESeq2 dataset revealed a substantial number of 

differentially expressed genes, numbering in the thousands. Notably, the disparity 

was more pronounced in ZFYL-GFP, with 12,057 differentially expressed genes 

compared to 10,027 in ZFYS-GFP. However, these genes were initially filtered based 

solely on a p-value < 0.05 in DESeq2. To refine the dataset for significant analysis, 

additional filtering was applied by introducing L2FC criteria (>1 or <-1). Consequently, 

this filtering reduced the gene count to 5,706 for ZFYL and 3,293 for ZFYS. 

The subsequent steps involved distinguishing between protein-coding and non-

protein-coding genes, given the focus on protein-coding genes. Through annotation 

with UniProt IDs and identification of protein-coding genes, 4,063 ZFYL protein-

coding genes and 2,377 ZFYS protein-coding genes remained. Before commencing 

any analysis, a final data sorting step was implemented to eliminate duplicates, 

resulting in 4,040 ZFYL and 2,362 ZFYS differentially expressed genes. 

After completing the data sorting process, both inner and anti-join functions were 

employed to identify shared genes that might be regulated by both ZFYS and ZFYL, 

as well as to identify unique genes potentially regulated exclusively by one of the 

variants. It was observed that ZFYS and ZFYL exhibited 2,090 differentially 

expressed coding genes in common, indicating the regulation of a substantial number 

of shared genes. Additionally, ZFYL regulated an extra 1,950 coding genes not 

regulated by ZFYS. In contrast, ZFYS had only 272 uniquely differentially expressed 

genes, suggesting a comparatively lower regulatory impact. This implies that ZFYL 

functions as the more active transcription factor. 
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Subsequently, eliminating any ZFX differentially expressed genes identified in Weiya 

Ni et al enabled an examination focused on genes exclusively influenced by ZFY and 

not ZFX, given the assumption of their binding to similar targets/sites. Following this 

filtering process, out of the 2,090 genes regulated by both ZFYS and ZFYL, 1,866 

were not concurrently regulated by ZFX. Likewise, for the ZFYL-exclusive genes, the 

count decreased from 1,950 to 1,879, and for ZFYS, it reduced from 272 to 268. The 

observed pattern suggests a limited overlap in targets between ZFY and ZFX, as a 

considerable number of the differentially expressed genes identified did not exhibit 

differential expression by ZFX. This might elucidate the reason behind the divergence 

of ZFX and ZFY, as their functions appear to significantly differ from each other. Refer 

to Figure 4.16 for the presented data. 

 

Figure 4.16: A Venn diagram showing the differentially expressed genes. These 

genes were identified in the ZFY DESeq2 analysis alongside the ZFX data from 

Weiya Ni et al (Ni et al., 2020). 

 

It was observed that a significant majority of the differentially expressed genes were 

predominantly upregulated, indicating a L2FC greater than 1. Among the 1,866 genes 

influenced by both ZFYS and ZFYL but not ZFX, 58.4% (1,090) exhibited an L2FC 

exceeding 1. Furthermore, of the 1,879 genes exclusively regulated by ZFYL 

(excluding ZFX-regulated genes), 64.6% (1,213) were found to be upregulated. In 
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contrast, when considering ZFYS-exclusive genes (excluding ZFX-regulated genes), 

the majority displayed downregulation, with only 28.4% (76 genes) of them being 

upregulated. In Weiya Ni et al, a similar observation was made as out of the 614 

genes identified to be differentially expressed, 68.1% (418) of the genes were 

upregulated (Ni et al., 2020). A gene validation panel was created utilising the gene 

lists. 

 

4.3.7 Bioinformatics Validation  

To validate the bioinformatic analysis employed, a panel of genes identified as 

differentially expressed were selected for primer design for subsequent RT-qPCR 

analysis to confirm whether they are in fact up or downregulated in the cells. Nine 

genes (Table 4.15) were used in this confirmatory experiment, originally eleven gene 

primers were designed but, after primer testing and optimisation two of the primers 

were proven to not work specifically. Alongside the differentially expressed genes 

selected, primers were also designed from housekeeping genes for the normalisation. 

 

Table 4.15: Gene name of the selected genes with their corresponding log2 fold 

changes (L2FC) in the ZFYS and ZFYL transfections respectively. 

Gene Name ZFYS L2FC ZFYL L2FC 

WNT7A 8.58 9.93 

TMPRSS2 6.30 8.99 

FGF3 5.98 8.72 

IFIT2 -5.26 -6.92 

RBMXL2 -3.76 -4.27 

ZFX -1.13 -1.47 

SNORA7B 5.39 0 

ENSG00000289202 3.74 0 

SNORD3D 0 0 

 

Listed in Table 4.15 are the L2FC for both ZFYS and ZFYL from the transfection 

datasets, representing the expected RT-qPCR results if properly validated. The 

selected upregulated genes exhibit greater L2FC in the ZFYL data, further implying 

that ZFYL is a more active transcription factor despite lower TPM compared to ZFYS. 

This pattern holds for the downregulated genes as well. Numerous snoRNAs were 

differentially expressed, especially in the ZFY transfected lines, alluding to an 

unknown regulatory role. Notably, snoRNAs were excluded from downstream 

analyses as non-coding proteins were removed. While the selected snoRNAs showed 
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no changes with ZFYL, two of the snoRNAs increased with ZFYS. SNORD3D served 

as a control since both datasets showed no expression. Validation used two distinct 

RNA sets: Transfection Set 1 was submitted for sequencing, while the independent 

Transfection Set 2 was not sequenced. 

Figure 4.17: RT-qPCR data using the designed primers for the genes of interest 

selected from the RNA-Seq analysis datasets. ddCT shows the L2FC of the genes 

when normalised to the housekeeping gene, ACTB. * P Ò 0.05, ** P Ò 0.01, *** P Ò 

0.001, **** P Ò 0.0001. 

 

Highlighted in Figure 4.17 is that both sets of transfections corroborate with each 

other and show very similar results. All the genes expected to be upregulated (not 

including the snoRNAs), and more so by ZFYL are showing this and these include 

WNT7A, TMPRSS2, and FGF3. Again, the downregulated genes, which are expected 

to be more greatly downregulated by ZFYL are confirming the in-silico analysis. With 

regards to the snoRNAs, these validate the in-silico analysis less. SNORD3D is not 

expressed in either the transfection line and this is confirmed by RT-qPCR, but the 

remaining snoRNAs do not corroborate the analysis. SNORA7B and 

ENSG00000289202 unfortunately are showing a downregulation by both forms of 

ZFY which is unexpected but the same is seen across both transfection sets. 

Genomically, most SNORA and SNORD genes are located within the introns of other 

protein-coding genes (Zimta et al., 2020). This means they usually don't have their 

own poly-A tail and are instead released from the mRNA of the "host" gene during 

splicing. So, the signal seen for any given snoRNA is a complex mix of fully processed 

snoRNAs, potentially also a contribution from partially processed "host" mRNAs and 
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may vary depending on how the RNA and cDNA are prepared, whether there is 

selection for poly-A RNA or whether the cDNA synthesis is primed with oligo-dT or 

random hexamers (Zimta et al., 2020). This could provide some explanation as to 

why there is a lack of confirmation through PCR.  

 

4.3.8 Gene Ontology and Enrichment Analysis 

Enrichment analysis was performed using Reactome, and many data set variations 

were used in this analysis. See supplementary Table 7 for the genes associated with 

the highlighted enriched pathways mentioned below.  

The first analysis looked at the upregulated pathways affected by both ZFYS and 

ZFYL but not ZFX. The ZFX differentially expressed data was excluded from this 

analysis. This means genes with a L2FC >1 were selected to identify potential 

activated pathways. 

Figure 4.18: Enrichment analysis plot showing the pathways controlled by 

ZFYS and ZFYL upregulated genes. This plot only shows the pathways identified 

with a p-value <0.05, the * represents the pathways which also had an FDR < 0.05. 

 

Figure 4.18 shows that although many of the genes upregulated by both ZFYS and 

ZFYL act on many biological pathways with a significant p-value, they do not pass 

the FDR significance. This means they cannot necessarily be trusted as target 

pathways of ZFY. The significant pathways include many collagen-associated 

biological processes and extracellular matrix processes. Many of the genes falling in 

these pathways are collagen type proteins, matrix metallopeptidases and other matrix 

related genes such as ADAM15 which is an enzyme involved in the sperm epididymal 
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maturation acrosome reaction (Past®n et al., 2014). Collagen serves as a scaffolding 

protein within the extracellular matrix (Siu & Cheng, 2004);(Siu & Yan Cheng, 2008). 

In adult mammalian testes, the Sertoli and germ cells are closely associated with a 

modified form of extracellular matrix known as the basement membrane. Research 

has shown the vital importance of the extracellular matrix in providing support to 

Sertoli and germ cells within the seminiferous epithelium, particularly in relation to 

spermatogenesis (Siu & Yan Cheng, 2008). This suggests a potential explanation as 

to why collagen-related pathways are being activated. 

Following selecting just ZFYL-affected genes, the enrichment analysis was performed 

again. 

Figure 4.19: Enrichment analysis plot showing the pathways controlled by just 

ZFYL upregulated genes. This plot only shows the pathways identified with a p-

value <0.05, the lack of * demonstrates that none of the highlighted pathways passed  

FDR < 0.05. 

 

As seen above, Figure 4.19 shows that many pathways are targeted by the ZFYL 

differentially expressed genes with a significant p-value, but none of these pathways 

pass the FDR significance. Many of the pathways seem to be linked to ion channels, 

post-translation modification & G alpha signalling to state a few. Ion channels are vital 

to sperm physiology due to their roles in sperm-cell differentiation and maturation, 

motility activation, chemotaxis towards the oocyte, and fertilisation to name a few 

(Pinart, 2022). Potassium regulation has been linked to spermatozoa volume 

regulation which fertility depends on greatly (Barfield et al., 2005). Additionally, 

research has demonstrated the involvement of the G protein-coupled receptor 

(GPCR) superfamily in regulating ion-water balance in the epididymis, facilitating the 

development of efferent ductules, forming the blood-epididymal barrier, and 
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