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Abstract 

Infertility affects 1 in 6 couples worldwide and in approximately 50 % of these cases are 

attributed to a male factor. Whilst causes such as Klinefelter’s and Y chromosome 

microdeletions have been well established, the genetic causes behind severe spermatogenic 

failure are largely unknown, with around 40 % of all male infertility cases remaining idiopathic. 

De novo mutations (DNMs) are known to play a prominent role in many sporadic disorders 

with reduced fitness. These mutations, however, are vastly understudied in the field of male 

infertility due to the difficulty of obtaining parental samples. The foundation of this thesis is 

formed around the hypothesis that DNMs play a vital role in male infertility and explain a 

significant fraction of the genetic causes of this understudied disorder. To test this hypothesis, 

next generation sequencing (NGS) techniques were utilised to sequence the DNA of males with 

idiopathic azoospermia or oligozoospermia and their unaffected parents. An initial study was 

conducted, utilising a targeted 54-gene panel NGS assay to identify DNMs in 75 patient parent 

trios. However, this proved to be too narrow a gene pool with no possibly causative DNMs 

identified across the cohort. A further whole exome sequencing  (WES) study was then 

performed in a cohort of 185 males suffering from idiopathic male infertility and their parents. 

In total, 145 rare protein-altering de novo SNVs were identified. Following a systematic 

analysis assessing mutational impact and protein function, 29 DNMs were classified as possibly 

causative. A significant enrichment of loss-of-function DNMs in loss-of-function-intolerant 

genes (p-value = 1.00×10−5) was seen in infertile men compared to controls. A significant 

increase was also identified in predicted pathogenic de novo missense mutations affecting 

missense-intolerant genes (p-value = 5.01×10−4). One such gene containing a pathogenic 

missense DNM, RBM5, is an essential regulator of male germ cell pre-mRNA splicing and has 

been previously implicated in male infertility in mice. A follow-up study in a cohort of 2,506 

infertile males identified six rare heterozygous pathogenic missense mutations affecting RBM5, 

whilst no such mutations were present in a cohort of 5,784 fertile men (p-value = 0.03). Results 

from a minigene splicing assay suggested that mutations in RBM5 may potentially disrupt its 

function as a pre-MRNA splicing factor. The work presented in this thesis provides evidence 

for the role of de novo mutations in severe idiopathic male infertility, highlights several 

potential candidate genes causing infertility and suggests potential biological processes 

disturbed by these genes.  
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1.1 Introduction to Male Infertility  

Infertility is defined by the World  Health Organisation (WHO) as the inability for a couple to 

achieve pregnancy after one year or more of unprotected sexual intercourse (World Health 

Organization, 2019). Approximately 10 % – 15 % of all couples worldwide are affected by 

some form of infertility and in around 50 % of these cases, a male factor is the cause (Sharma 

et al., 2021). According to WHO, normal sperm production (Normozoospermia) occurs when a 

male produces greater than 16 million sperm per ml of ejaculate with 42 % motility, and at least 

4 % with a normal sperm morphology (World Health Organization, 2021).  

Male infertility (MI) is a complex multifactorial disorder, presenting with highly heterogeneous 

phenotypes (Oud et al., 2019; Tüttelmann et al., 2018; Vockel et al., 2021; Krausz et al., 2020). 

Within this condition are four main aetiologies to which the majority of all cases can be 

attributed (Krausz & A Riera-Escamilla, 2018; Laan, 2019; Tournaye et al., 2017). Quantitative 

sperm defects, caused by primary testicular failure, are the most common of the aetiologies 

representing around 75 % of all MI cases (Krausz, 2011). Quantitative issues for MI begin when 

a males sperm count is reduced below the normal levels; with mild, moderate, severe and 

extreme oligozoospermia being defined as a sperm count of 10 - 15 million sperm per ml of 

ejaculate (mild), 5 - 10 million sperm per ml (moderate), 0.1 - 5 million sperm per ml (severe), 

0 - 0.1 million sperm per ml (extreme) (Figure 1.1) (Choy & Amory, 2020; Koscinski et al., 

2007). Azoospermia is the most severe form of MI with the absence of any sperm in the 

ejaculate. Azoospermia can then be further broken down into non-obstructive azoospermia 

(NOA), caused by issues during spermatogenesis itself as a result of primary or secondary 

testicular failure, and obstructive azoospermia (OA) (Cioppi et al., 2021). OA is caused by 

bilateral distal or proximal obstruction of the ejaculatory ducts which represents in part the next 

most common cause of infertility- ductal obstructions and dysfunction. This is followed by 

disruptions of the hypothalamic-pituitary-gonadal (HPG) axis, also known as secondary 

testicular failure. The final, and least common, aetiology is qualitative sperm defects. 

Qualitative sperm defects involve a wide range of conditions ranging from reduced sperm 

motility (asthenozoospermia), morphological issues referred to as teratozoospermia or a 

combination of the two (asthenoteratozoospermia) (Coutton et al., 2015). Other issues with 

sperm quality can be seen as globozoospermia, a form of teratozoospermia in which large 

numbers of sperm are round-headed, present with cytoskeleton defects and typically lack an 

acrosome (Fesahat et al., 2020). Along with globozoospermia, the remaining rarest types of MI 

are Primary Ciliary Dyskinesia (PCD), Multiple Morphological Abnormalities of the sperm 

Flagella (MMAF) and sperm vitality issues such as necrozoospermia. PCD is a disease caused 
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by the malfunction of motile cilia, typically resulting in chronic respiratory infections however 

in males it is often associated with infertility due to disruption to the motile cilia within the 

sperm axoneme (Jayasena & Sironen, 2021; Newman et al., 2023). Unlike PCD, MMAF is 

localised to sperm and is characterized by sperm cells with a variety of irregularities of the 

sperm tail including absent, shortened, or coiled flagella (Ben Khelifa et al., 2014). 

Necrozoospermia  is found in around only 0.2 % – 0.4 % of all MI cases and whilst the exact 

threshold is still undetermined, it is represented by a majority of all sperm in the ejaculate being 

necrotic (Boursier et al., 2022; Brahem et al., 2012).  

 

 

Figure 1.1: Seminal alterations associated with male infertility. Reproduced with 

permission from Springer Nature. (Esteves et al., 2018) 
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1.2 Epidemiology of Male Infertility   

Whilst it is well reported that around 7 % of all males suffer from some form of infertility 

worldwide (Krausz, 2011), the epidemiology of the disease across different regions of the globe 

is difficult to report. Most often, the burden of infertility is placed upon the woman and in 

societies where male infertility is stigmatised or culturally not recognised, collecting accurate 

data is incredibly difficult. A study published in 2015 attempted to calculate the distribution of 

male fertility around the world (Agarwal et al., 2015). For many regions such as the Middle 

East, Asia, Latin America, and Africa however, data had to be extrapolated from couple 

infertility data. The study estimated that infertility rates in males were highest in Eastern Europe 

at around 8 % - 12 % of all males suffering from some form of infertility. A relatively substantial 

number of non-genetic factors are known to be risk factors for an increased likelihood of MI, 

with the most confidently linked factor known to be increased age. One study found that the 

time to pregnancy for men aged over 45 years was five times higher than that of men aged  25 

years and under (Hassan & Killick, 2003). It has been well documented for a number of years 

that, as a male ages, his blood testosterone production eventually begins to decrease, beginning 

approximately at the age of 40 (Feldman et al., 1994). This, alongside a decreased libido, lower 

semen volume and increased abnormal sperm morphology, are all thought to be potential 

reasons for decreased fertility in older men (Kumar Mahat & Arora, 2016). Smoking has also 

been shown to have a detrimental effect on fertility in males with one study of 2542 health 

males showing a 19 % reduction in sperm concentration in those who smoked >20 cigarettes 

per day (Ramlau-Hansen et al., 2007). A further study of 1,786 males identified a 15.3 %  

reduction in sperm density, 17.5 % decrease in total sperm count and a 16.6 % decrease in total 

motile sperm in males who smoked (Künzle et al., 2003). Obesity is another lifestyle factor 

which has been shown to increase the risk of infertility in males. Decreased levels of serum 

testosterone and Luteinising Hormone (LH) can be associated with obesity as well as a higher 

chance of suffering from qualitative sperm defects (Sermondade et al., 2013; M. Al-Ali et al., 

2014). It is thought that the essential hormones needed for the regulation of spermatogenesis 

are highly dependent on the correct levels of calorie and nutrition intake, and thus, any 

disruption to this is likely to have a knock-on effect (Michalakis et al., 2013).  

 

1.3 Biology of Male Fertility 

To understand and infer the potential mechanisms of male infertility, it is important firstly to 

understand the basics of male fertility and normal spermatogenesis. The human testes have two 

main functions, to produce hormones such as testosterone via the HPG axis, and to produce 
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male gametes via a process known as spermatogenesis – a single round of which takes 

approximately 74 days (Shalet, 2009; Cannarella et al., 2019). Spermatogenesis is a highly 

complex process regulated by a number of specific hormones and cells whereby 

undifferentiated diploid spermatogonial cells slowly evolve into the haploid cells (spermatozoa) 

(Sharma & Agarwal, 2011). Much of the volume of the testis consists of a series of convoluted 

tubules known as the seminiferous tubules enervated by blood vessels, nerves, lymphatic 

vessels and Leydig cells. The seminiferous tubules are split into three distinct layers based on 

the cells present at a given position, these are the basal compartment, the adluminal 

compartment and the lumen (Figure 1.2). The process of spermatogenesis is and driven through 

temporal regulation by the HPG axis (Singh et al., 2017; Clavijo & Hsiao, 2018; Kaprara & 

Huhtaniemi, 2018). In males, this axis consists of the hypothalamus, the pituitary gland and the 

testis (gonads). The hypothalamus secretes gonadotropin-releasing hormone (GnRH) in a 

pulsatile manner (Spaziani et al., 2021). GnRH is a key regulator in initiating the reproductive 

cascade by stimulating the release of gonadotropins from the pituitary gland. The GnRH binds 

to gonadotroph cells within the pituitary gland which then initiates the release of  both follicle-

stimulation hormone (FSH) and luteinizing hormone (LH) into the reproductive tract. LH is 

essential for the production of testosterone within the testis, with its function being bind to 

luteinizing hormone receptors (LHRs) and to stimulate the production of the hormone within 

the Leydig Cells in a pulsatile manner (Zirkin & Papadopoulos, 2018). The hormone 

testosterone plays many roles within the testis and other tissues including the acquisition of 

secondary sex characteristics, differentiation of the male gonads and the initiation and 

maintenance of spermatogenesis (Sharma et al., 2021). . Testosterone also plays an important 

part in the feedback regulation of the HPG axis itself, with elevated levels of testosterone 

exerting negative feedback on the GnRH secreting neurons, leading to decreased GnRH 

secretion (Bliss et al., 2010; Kaprara & Huhtaniemi, 2018). In response to LH, Leydig cells also 

produce a small amount of estrogens (Laan et al., 2012). Follicle-stimulation hormone acts 

within the seminiferous tubules themselves, stimulating Sertoli cells to induce the proliferation 

and differentiation of the Sertoli cells as well as promoting the secretion of the androgen binding 

protein (ABP) (Wang et al., 2022; Norman & Henry, 2015). Sertoli cells make up around 40 % 

of the seminiferous tubule and are essential for successful spermatogenesis; providing 

structural, functional, and metabolic support to the surrounding germ cells and are found in all 

three compartments of the seminiferous tubule (O’Donnell et al., 2022). Sertoli cells are often 

referred to as “nurse cells” due to their function in providing the necessary nutrients and support 

for germ cells as they progress from the less developed spermatogonia found adjacent to the 

basal membrane into the differentiated spermatozoa found in the lumen (França et al., 2016). 
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Additionally, these nurse cells regulate the levels of FSH secretion by producing the hormone 

inhibin B via a negative feedback mechanism acting on the pituitary gland (Pierik et al., 1998). 

The successful regulation of this axis during puberty is essential for the development of primary 

and secondary sexual characteristics in both males and females (Maggi et al., 2016; Singh et 

al., 2017; Spaziani et al., 2021). 

 

 

Figure 1.2: Section of the germinal epithelium in the seminiferous tubule. Sertoli cells 

divide the germinal epithelium into a basal and adluminal compartment, via the Sertoli cell. 

Spermatozoa are released into the lumen. Reproduced with permission from Springer Nature 
(Sharma & Agarwal, 2011) 
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The initial stage of spermatogenesis is defined as the proliferation and differentiation of the 

diploid spermatogonia. Spermatogonia can be split into two different subgroups, the stem cell 

type A spermatogonia, and the differentiated type B spermatogonia. Type A spermatogonia 

undergo mitosis in order to either produce more type A spermatogonia for stem cell population 

replenishment or differentiate into type B spermatogonia. The type B spermatogonia then 

undergo another round of mitosis to produce diploid primary spermatocytes. At this point, all 

proliferation has occurred within the basal compartment of the seminiferous tubule (Figure 1.3). 

During meiosis I, the primary spermatocytes move from the basal compartment of the tubule 

into the adluminal compartment and become haploid secondary spermatocytes. Meiosis II then 

occurs with the secondary spermatocytes transitioning into round spermatids. Spermatids then 

mature, undergoing structural and nuclear changes and forming the head and tail of the 

spermatozoa (Muñoz et al., 2015). The differentiated spermatids then progress towards the 

lumen, detaching from the Sertoli cells and become free spermatozoa (Shalet, 2009). A final 

stage of maturation occurs for these spermatozoa after release into the lumen, with the cells 

transitioning into the epididymis to acquire motility required for successful reproduction 

(Sharma & Agarwal, 2011).  

Given the complexity of the process of spermatogenesis, with multiple stages of proliferation 

and differentiation, it is easy to see how MI presents with such heterogeneous phenotypes. 

Arrest or disruption at any of the distinct stages of the process can often lead to the same 

conclusion of MI however upon further investigation, the pathology can differ hugely. For this 

reason, the more severe NOA is often further classified using histological samples as caused by 

either Hypospermatogenesis (HS), Germ Cell Arrest (GCA) or Sertoli Cell Only syndrome 

(SCO) (Cioppi et al., 2021). Hypospermatogenesis is seen when all stages of spermatogenesis 

are present, but the numbers of the cells are decreased whereas GCA and SCO represent the 

disruption of spermatogenesis at various stages and are highlighted by the absence of either 

some or all germ cells in the seminiferous tubules (Figure 1.3). SCO is arguably the most severe 

of all male infertility phenotypes with no germ cells present (Leslie, Mejias, et al., 2023). 
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Figure 1.3: Testicular histology of representative sections of seminiferous tubules from 

infertile men showing different spermatogenic patterns, conserved spermatogenesis (CS) 

containing all germ-cell stages A,B), maturation failure at the round spermatid stage (rsMF) 

showing no elongated spermatids C), maturation failure at the spermatocyte stage (scMF) with 

spermatogonia and spermatocytes but few or none spermatids D), maturation failure at the 

spermatogonia stage (sgMF) displaying only these primordial cells E) and Sertoli cell-only 

phenotype or germ-cell aplasia (SCO) where seminiferous tubules contain exclusively Sertoli 

cells F). Examples of different cell types, including Sertoli cells and specific germ-cell stages, 

are identified with lower case letters: a) spermatogonia; b) primary spermatocytes; c) round 

spermatids; d) elongated spermatids; s) Sertoli cell nucleus. Haematoxylin and eosin staining. 

Bar = 50 μm. (Muñoz et al., 2015) 

 

1.4 Non-Genetic Causes of Male Infertility  

Upon initial presentation at a fertility clinic, males are screened for a number of non-genetic 

conditions which are known causes of MI. The leading correctable cause of MI is varicocele 

(K. Wang et al., 2022). Varicocele is the abnormal dilation and enlargement of the scrotal venous 

pampiniform plexus, tasked with draining the blood from each testis (Leslie, Sajjad, et al., 

2023). The prevalence of varicocele in the general population  is around 15 % - 20 % of men, 

but this rises to around 40 % of all men undergoing fertility investigations (de Sousa Filho et 

al., 2018; Leslie, Sajjad, et al., 2023). In men presenting with varicocele, low sperm count can 

be seen with poor sperm motility and an increase in the number of abnormal sperm (Xue et al., 

2012). It is suggested that an increase in reactive oxygen species can occur in men with 

varicocele leading to oxidative stress and subsequently, sperm dysfunction (Wang et al., 2022). 
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Endocrine disorders are another known cause of MI, presenting in around 2 % - 5 % of all cases, 

with disturbance to the essential hormones driving spermatogenesis causing a diminishing 

effect on the fertility of males. Hypogonadotropic hypogonadism (HH) is a condition seen in 

infertile males which is caused by a dysfunction of the HPG axis (Morris et al., 2021; Sang et 

al., 2023). This form of secondary gonadotrophin deficiency results from a number of acquired 

factors which disrupt the normal function of either the hypothalamus or the pituitary gland.  The 

dysfunction of the HPG axis at this stage leads to deficient secretion of GnRH and, therefore, a 

subsequent deficiency in both LH and FSH resulting in reduced fertility (Kumar Mahat & 

Arora, 2016). Whilst HH can be due to genetics in the case of congenital hypogonadotropic 

hypogonadism (CHH), there are many non-genetic causes resulting in acquired HH. For 

example, tumours affecting the hypothalamus and pituitary gland can disrupt the function of 

the HPG axis physically through compression or infiltration of the glands (Famini et al., 2011). 

In the case of tumours such as prolactinomas, hormonal secretions from the tumour can cause 

inhibition of the secretion of GnRH (Brue & Delemer, 2007). Other causes of HH include 

traumatic brain injury, inflammation or infections such as meningitis, damage caused by 

radiation therapy, certain hormonal and steroidal medications and some chronic illnesses such 

as chronic kidney disease (Constine et al., 1993; Hohl et al., 2009; Rahnema et al., 2014; 

Garibotto et al., 2021). Separately, infections such mumps (viral) and STDs (bacterial) can lead 

to orchitis, an inflammation in either one or both testicles. This inflammation has been shown 

to cause testicular atrophy, leading to a decrease in sperm count, mobility, and morphology 

(Masarani et al., 2006).  

 

1.5 Genetic Causes of Male Infertility  

Whilst the majority of diagnosed MI cases are due to a combination of environmental risk 

factors and acquired conditions, as previously mentioned, around 15 % of all cases are thought 

to be caused by a genetic factor (Krausz, 2011). A correlation has been identified between the 

severity of the disease and the percentage of cases currently attributed to a causative genetic 

factor, with a 25 % risk of genetic abnormalities amongst azoospermia sufferers (Riera-

Escamilla et al., 2022) (Figure 1.4). As the severity of the infertility decreases, so does the 

contribution of genetics to the disease with a decrease in monogenic contribution as the sperm 

count of a patient increase.  
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Figure 1.4: The different types of quantitative disturbances of spermatogenesis and the 

frequency of genetic factors in each category. An inverse correlation exists between sperm 

count and prevalence of genetic anomalies (Krausz & Antoni Riera-Escamilla, 2018) 

 

1.5.1 Chromosomal Abnormalities in Male Infertility 

Chromosomal abnormalities are one of the most common genetic causes of MI and are 

identified in around 5 % of all men with oligozoospermia, and up to 15 % of men presenting 

with azoospermia (Flannigan & Schlegel, 2017). For this reason, men with significantly 

decreased sperm count will undergo karyotyping and other chromosomal analyses to identify 

any potential abnormalities.  

Klinefelter syndrome (KS) is an aneuploidy of the X chromosome resulting in a 47, XXY 

phenotype and is the most common chromosomal abnormality causing NOA (up to 15 % of 

NOA patients) (Vockel et al., 2021). This syndrome occurs due to nondisjunction of 

homologous chromosomes during meiosis I or chromatid pairs during mitosis or meiosis II, 

leading to the presence of an extra X chromosome (Flannigan & Schlegel, 2017). Klinefelter 

syndrome was first described in 1942 as a condition characterised by gynecomastia, small testes 

and severe spermatogenic disruption (Klinefelter et al., 1942), it was not until karyotyping was 

introduced in the late 1950s that the 47, XXY karyotype was determined as the cause (Jacobs 

& Strong, 1959). Males suffering from KS are found to have small firm testes with hyalinization 

of the seminiferous tubules leading to spermatogenic failure (Vockel et al., 2021).  

A second chromosomal abnormality known to lead to MI a disorder of sex development (DSD), 

46, XX syndrome, also known as 46, XX male syndrome. This syndrome was first reported in 

1964 and occurs in only 1 in 20,000 newborn males (Vorona et al., 2007; Chapelle et al., 1964). 

Whilst presenting with an XX phenotype, around 90 % of all males with this disorder are SRY 

positive due to a translocation of the SRY gene onto the X chromosome during meiosis, causing 

the male presentation and infertility (Capron et al., 2022). Patient phenotypes commonly 
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include undescended testis, short stature, gynaecomastia and always present with azoospermia 

(Röpke & Tüttelmann, 2017). 

Robertsonian translocations (RT’s) occur in around 0.9 % of all infertile men and in around 4 

% – 8 % of all oligozoospermic men (Krausz & Riera-Escamilla, 2018). The main characteristic 

of these translocations is a loss of genetic material due to the fusion of two long arms from 

acrocentric chromosomes and the loss of genetic material on the short arms. The most common 

RT is the 13q;14q translocation, resulting in impaired spermatogenesis and increased rates of 

sperm aneuploidy (Almesned et al., 2020). Large autosomal inversions can also cause male 

infertility with a chromosome 9 inversion thought to be responsible for between 3 % - 5 % of 

MI cases with the severity of the phenotype varying from oligozoospermia to 

asthenozoospermia (Flannigan & Schlegel, 2017).  

After KS, Y chromosome microdeletions (YCMD) are the most common genetic cause of MI, 

leading most often to azoospermia or severe oligozoospermia and are found in around 2 % of 

all infertile males (de Sousa Filho et al., 2018). In 1991, it was discovered that the distal portion 

of the Y chromosome contained a region with suggested involvement in spermatogenesis 

(Bardoni et al., 1991). In 1996, the region was mapped, and three separate loci were identified 

as the AZFa,  AZFb and AZFc regions (Vogt et al, 1996). It was found that microdeletions in 

these AZF regions were present in an increased rate in infertile patients at as. The region as a 

whole contains multiple genes which are expressed in the testis and are essential for successful 

spermatogenesis with at least 14 critical protein coding genes (Figure 1.5) (Neto et al., 2016).  
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Figure 1.5: Schematics on the genomic architecture and gene content of the reference 

AZFa, AZFb and AZFc regions of the human Y chromosome. (Navarro-Costa et al., 2010) 

 

Microdeletions can occur in one or multiple of the AZF regions resulting in a wide array of 

infertility phenotypes depending on the genes affected. Around 60 % of all Y chromosome 

microdeletions occur within the AZFc region at the distal aspect of the chromosome (Neto et 

al., 2016). This region contains the DAZ gene which has been implicated in MI. Microdeletions 

in the AZFc region are thought to be the least severe with phenotypes ranging from azoospermia 

to oligozoospermia (Nickkholgh et al., 2015). The AZFb region is implicated in around 15 % 

of all Y chromosome microdeletions with the phenotypic consequences of full deletions 

typically being azoospermia with testis histology showing SCO or GCA (Flannigan & Schlegel, 

2017). The AZFb region contains the gene RBMY1 which is expressed in the nucleus of germ 

cells from spermatogonia to round spermatids. RBMY1 is a testis specific splicing factor and 

thus deletion of this gene provides severe consequences for the process of spermatogenesis (Yan 

et al., 2017). The most severe type of YCMD are complete deletions of the AZFa region. This 

only occurs in around 3 % of all YCMD cases but all patients present with azoospermia due to 

SCO syndrome with no viable sperm produced (Neto et al., 2016). The AZFa region is home to 
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the genes UTY, USP9Y and DDX3Y, the latter of which has been shown to play essential roles 

in spermatogenic regulation within the spermatogonia (Flannigan & Schlegel, 2017).  

 

1.5.2 Monogenic Causes of Male Infertility  

Nearly 10 years prior to the discovery of the AZF region on the Y chromosome, the first gene 

on the X chromosome was linked to male infertility; the androgen receptor gene (AR) (Brown 

et al., 1988). Mutations in the AR gene lead to a variety of issues collectively known as 

Androgen Insensitivity Syndrome (AIS) with over 1000 different AR mutations having been 

described (Gottlieb et al., 2012). AIS is, like 46, XX syndrome, a form of DSD (Gulía et al., 

2018). The AR gene is critical for developmental processes and is a known DNA-binding 

transcription factor (Vockel et al., 2021). Androgen insensitivity syndrome can be further 

divided into complete androgen insensitivity (CAIS), partial androgen insensitivity (PAIS) and 

mild androgen insensitivity (MAIS) (Gottlieb & Trifiro, 1993). Genetic males (46, XY) who 

present with CAIS appear to have normal female external genitalia however lack internal 

female organs such as ovaries and a womb, often presenting with undescended testes. In 

contrast, patients who suffer from PAIS and MAIS have varying degrees of masculinization of 

the external genitalia and typically suffer from gynaecomastia, sparce facial and body hair and 

impaired spermatogenesis (Hughes et al., 2012). Around 1.5 % - 2.0 % of infertile males are 

identified as having AR mutations (Ferlin et al., 2006; Rocca et al., 2023).  

Congenital hypogonadotropic hypogonadism (CHH) is a rare condition which effects as few as 

1 in 86,000 males (Laan et al., 2021). Like HH, this is a DSD in which a failure of the secretion 

of GnRH leads to delayed puberty and, subsequently, infertility (Young et al., 2019; Grinspon 

et al., 2020; Laan et al., 2021). CHH patients often present with a lack of secondary sexual 

characteristics and, in certain sub forms of CHH such as Kallmann syndrome, an impaired sense 

of smell (Ichioka et al., 2024). In 1991, the X chromosome gene “anosmin-1” (ANOS1) was 

identified as deleted in patients suffering from Kallmann Syndrome (Legouis et al., 1991; 

Franco et al., 1991). The gene is an essential gene for development of the olfactory system and 

migration of GnRH neurons, and mutations within ANOS1 have been shown to cause anosmia 

and the reduced secretion of GnRH (C.I. Gonçalves et al., 2017; de Castro et al., 2017). A 

decade later, mutations were identified in a second gene “fibroblast growth factor receptor 1” 

or FGFR1 as autosomal dominant (AD) causes of Kallman syndrome (Dodé et al., 2003). Other 

genes known to be associated with Kallmann syndrome or CHH are CHD7 (AD), GNRHR (AR) 

and PROK2 (AR) (Sarfati et al., 2010; Catarina I Gonçalves et al., 2017; Balasubramanian & 

Crowley, 2017). Mutations in the gene SOX9 have been strongly associated with DSD in males 
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as the gene plays an important role in male sexual development and mutations lead to testicular 

dysgenesis (Katoh‐Fukui et al., 2015). The gene NR5A1 is a known transcriptional factor which 

has a critical role in the development and function of the gonads. NR5A1 is mostly expressed 

within the Sertoli and Leydig cells of the developing testis and the Sertoli cells of adult testis 

(Bashamboo et al., 2010). NR5A1 is also responsible for the transcriptional regulation of several 

genes involved in hormone production, sexual development and reproduction (Lin & 

Achermann, 2008). Variants in this gene have been identified as the second most common 

genetic variation responsible in cases of 46,XY DSD (Camats et al., 2012; Fabbri‐Scallet et al., 

2020). Despite most commonly being associated with DSD, recent studies have identified 

patients suffering from NOA and severe oligozoospermia with predicted pathogenic variants in 

NR5A1, mirroring the heterogeneity seen widely in male infertility (Rocca et al., 2020).  

 

Shortly after the discovery of AR mutations in infertile males, the Cystic Fibrosis 

Transmembrane Conductance Regulator gene (CFTR) on chromosome 7 was discovered to 

house mutations underlying the disease Cystic Fibrosis (Riordan et al., 1989; Kerem et al., 

1989). Over the course of the next few years, biallelic mutations in CFTR were identified in a 

number of cases of MI, specifically in patients who suffer from azoospermia as a result of 

Congenital Bilateral Absence of the Vas Deferens (CBAVD) (Dumur et al., 1990; Culard et al., 

1994). The vas deferens are the ducts that transport sperm from the testis to the ejaculatory 

ducts during ejaculation. Absence of these ducts in cases of CBAVD is classified as a ductal 

obstruction and results in obstructive azoospermia (Persily et al., 2021). Mutations in the CFTR 

gene can produce highly variable phenotypes with over 2000 CFTR variants currently identified 

ranging from severe to mild based on their phenotypic presentation (De Boeck, 2020). 

Typically, males presenting with azoospermia due to CBAVD will have bi-allelic CFTR 

mutations that are not in themselves causative of Cystic Fibrosis but rather, CFTR 

dysregulation, leading to the milder, CBAVD phenotype (Bieth et al., 2021). Interestingly, in 

around 20 % of all cases of CBAVD, no CFTR mutations are found (Yu et al., 2012). Potentially 

pathogenic variants have, however, been reported in the X chromosome gene ADGRG2 at an 

increased frequency in males with CFTR negative CBAVD (Table 1.1) (Patat et al., 2016; Yang 

et al., 2017).  

One year prior to the discovery of the AZF regions, deletions in a region on the Y chromosome 

were found in a number of azoospermic males and absent in healthy controls. Within this region 

the DAZ (Deleted in Azoospermia) gene was identified (Reijo et al., 1995). The DAZ gene is 

expressed within pre-meiotic germ cells and plays a vital role in RNA-binding during 
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spermatogenesis (Reynolds & Cooke, 2005). The year 2015 saw the publication of two separate 

papers in which mutations in the testis-expressed 11 gene (TEX11) were identified as a potential 

X-linked causes of azoospermia in infertile males (Yang et al., 2015; Yatsenko et al., 2015). 

Both studies identified loss-of-function (LoF), splice site and missense variants in TEX11 and 

conclude that disruption of this gene leads to meiotic arrest and NOA.  

In 2003, SYCP3 was identified as a monogenic cause of male infertility with mutations in this 

gene leading to meiotic arrest during spermatogenesis. This was the first of only four currently 

confirmed AD male infertility genes with NOA or oligozoospermic phenotypes, the other three 

being DMRT1, KLHl10 and SYCP2 (Oud et al., 2019; Miyamoto et al., 2003; Schilit et al., 

2020; Yatsenko et al., 2006; Lopes et al., 2013).  

A 2014 paper investigating the rare form of qualitative male infertility, MMAF, identified five 

subjects who presented with homozygous mutations in the DNAH1 (Dynein Axonemal Heavy 

Chain 1) (Ben Khelifa et al., 2014). DNAH1 is expressed in the testis and the gene encodes an 

axonemal inner dynein heavy chain which helps to drive proper flagellar movement (Jiang et 

al., 2021). Mutations in DNAH1 are found to disrupt the function of the dynein complex and 

cause defects in sperm flagellar structure and motility (Ben Khelifa et al., 2014; Amiri-Yekta et 

al., 2016; Jiang et al., 2021). 
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 Isolated Infertility 
Endocrine 

Disorder-related 

Infertility 

Syndromic 

Infertility 

 Phenotype CBAVD NOA Severe  
Oligozoospermia Globozoospermia MMAF CHH PCD 

Phenotypic 

presentation 

Bilateral 

absence of 

the vas 

deferens  

Complete 

absence of sperm 

in the ejaculate  

Severe depletion  

of sperm (0.1 - 5 

million sperm per 

ml) 

Sperm present 

with round heads 

and acrosomal 

malformation or 

absence 

Sperm present with 

a variety of 

irregularities of the 

flagella  

Incomplete 

development of 

secondary sexual 

characteristics and 

azoospermia 

Sperm motility is 

severely reduced 

due to malfunction 

of motile cilia in 

sperm axoneme  
Prevalence in 

infertile males 1 - 2 % 10 - 15 %  Up to 30 %*  < 0.1 % < 0.1 % < 1 % < 0.1 % 

Number of 

genes with 

moderate-

definitive 

linkage 

2 10 4 1 14 34 8 

 

Table 1.1: Summary table representing the key forms of male infertility, their prevalence among infertile patients and the number of genes 

causatively linked to the phenotype.  CBAVD: Congenital Bilateral Absence of the Vas Deferens, NOA: Non-Obstructive Azoospermia, MMAF: 

Multiple Morphological Abnormalities of the Flagella, CHH: Congenital Hypogonadotropic Hypogonadism, PCD: Primary Ciliary Dyskinesia.  

Data regarding number of genes linked to each phenotype at a moderate to severe level is adapted from a 2021 review on monogenic causes of male 

infertility (Houston et al., 2021). Statistics for phenotype prevalence in infertile males was collected from multiple sources: (Lin & Huang, 2020; 

Millar et al., 2021; Fakhro et al., 2018; Huang et al., 2022; Laan et al., 2021) 

* This value includes cases of severe OligoAsthenoTeratozoospermia as often patients present with both qualitative and quantitative sperm defects 

upon diagnosis.  (Tüttelmann et al., 2018)   
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1.5.3 Whole Exome Sequencing for Monogenic Disease Gene Discovery in Male Infertility 

Since the commercial introduction of Next Generation Sequencing (NGS) technology in the 

mid-2000s, a large number of genes have been implicated in MI due to the huge expansion in 

sequencing capabilities this provided (Xavier et al., 2021). The introduction of whole exome 

sequencing (WES) meant that instead of genes or small regions of a chromosome being studied, 

the entire coding sequence of a patient’s DNA could now be investigated, opening up a whole 

new method of disease gene research. In specific rare MI aetiologies such as MMAF, whole 

exome sequencing has been instrumental in identifying a number of causative recessive genes 

(Touré et al., 2021). The use of WES has led to identification of additional homozygous 

mutations in the known MMAF gene DNAH1 as well as two novel genes involved in sperm 

axonemal assembly CFAP43 and CFAP44 (Coutton et al., 2018). It is now thought that up to 60 

% of all MMAF cases can be explained by mutations in 18 genes which have been implicated 

within the last 10 years, largely through WES (Touré et al., 2021; Oud et al., 2021). For more 

“common” aetiologies, such as non-obstructive azoospermia, investigation into causative genes 

has been more difficult due to the enormous heterogeneity of the disorder and the wide array of 

phenotypes as a result. A small number of genes have been identified in azoospermic men 

utilising WES over the last 10 years, with TEX15 and MEIOB being two such examples 

(Okutman et al., 2015; Gershoni et al., 2019). Both of these studies were performed, however, 

in singular families and therefore potentially only explain a very small proportion of 

azoospermia cases. Within the last few years, multiple studies with international collaboration 

between MI research groups have been published with the aim of progressing disease gene 

discovery via analysis of multiple large cohorts (Appendix A). In particular, the International 

Male Infertility Genomics Consortium (IMIGC) was set up with the aim of gathering and 

sharing genomic datasets from large cohorts of infertile males to help accelerate replication of 

novel genomic findings. In 2020, a cohort of 58 males with unexplained meiotic arrest 

underwent whole exome sequencing. A homozygous frameshift variant c.676dup was identified 

in three unrelated males in the gene M1AP (meiosis 1 associated protein) (Wyrwoll et al., 2020). 

Utilising the IMIGC collaboration, WES datasets from an additional 2000 infertile NOA males 

in four different European cohorts were then screened for M1AP variants. In total, six additional 

infertile males were found to possess likely causal bi-allelic variants in M1AP providing strong 

evidence for the role of M1AP as an autosomal recessive (AR) NOA-associated disease gene. 

The role of recessive variants causing NOA was further explored in a 2022 paper published by 

the GEMINI group (Nagirnaja et al., 2022). A cohort of 924 infertile males with a NOA 
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phenotype underwent WES to identify rare, likely causative recessive mutations. In 20 % of all 

these cases (n = 178) a potential molecular cause was identified. After assessing the WES of a 

further 1,148 infertile males from additional IMIGC cohorts, a further 21 genes were also 

implicated. Within this study, 11 patients were affected by rare recessive variation in six piRNA 

biogenesis genes (PLD6, PNLDC1, RNF17, TDRD9, TDRD12, TDRKH) of which two have 

previously been found disrupted in infertile males (Arafat et al., 2017; Nagirnaja et al., 2021, 

2022). piRNAs are small non-coding RNA molecules which are abundant in male germ cells 

and are critical for the survival of the germ cell pool (Mann et al., 2022; Nagirnaja et al., 2021). 

The work in this paper indicates the importance of large-scale unbiased WES studies in infertile 

cohorts as well as pathway analyses of disease genes in order to identify the underlying 

biological mechanisms disrupted in different male infertility phenotypes. An additional paper 

in 2021 performed WES on 1305 azoospermic males, 90 of whom specifically presented with 

meiotic arrest (MeiA). In two MeiA males and four azoospermic males, likely pathogenic 

homozygous variants were identified in the gene MSH5. Additional biallelic mutations were 

identified in a further two men with MeiA in the closely related MSH4 gene. MSH4 and MSH5 

form a heterodimer which is known to be required for prophase of meiosis I during 

spermatogenesis. Functional studies performed in HEK293 cells revealed an arrest in early 

prophase of meiosis I in individuals with pathogenic MSH4 or MSH5 variants. This study 

reported the first known variants in the gene MSH5 causing male infertility (Wyrwoll et al., 

2021).  

Almost three decades after the initial discovery of the three separate AZF loci, WES data for 

1,600 NOA males has been used to identify the key gene located in the AZFa region which is 

indispensable for successful germ cell maturation (Dicke et al., 2023). Four different, likely 

pathogenic, LoF variants were identified in the AZFa gene DDX3Y in four individuals with 

three of the patients showing the typical AZFa SCO phenotype. Given that YCMDs of the AZFa 

region present with the most severe phenotype, and both full and partial deletions of the gene 

USP9Y has been identified in normozoospermic males (Alksere et al., 2019; Luddi et al., 2009), 

DDX3Y was an ideal candidate for the key spermatogenic factor in this region. The 

identification of these highly damaging mutations in NOA patients further corroborates the key 

role for DDX3Y in NOA.  

A study published in 2019 aimed to consolidate the findings of all published research into 

monogenic male infertility disease gene discovery, giving a list of all definitive and potential 

causative genes identified based on the gene-disease relationships and their clinic validity (Oud 

et al., 2019). In total, 78 genes were identified with at either a moderate, strong or a definitive 
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link to 92 different MI phenotypes. Of the 24 genes identified in patients with isolated MI, only 

4 (17 %) showed an AD inheritance pattern with the majority (n = 16, 66 %) showing recessive 

inheritance. An additional four variants were X-linked (17 %). An update to this review was 

published in 2021 with an expanded list of genes linked to MI (Figure 1.6) (Houston et al., 

2021). An additional 30 genes were identified in novel literature with at least a moderate link 

to male infertility. Of these 30 novel genes, 12 were related to isolated infertility with 11 novel 

AR genes and one AD gene. This novel AD finding was associated with isolated MI with an 

MMAF phenotype.  

This study, as well as others, highlights how despite 15 % of all cases of MI having a likely 

genetic cause, current diagnostic rates in these males is only around 4 % - 9 % (Tüttelmann et 

al., 2018; Olesen et al., 2017). This highlights the need for further research into the genetic 

causes of this disease, with larger cohort sizes and further NGS gene discovery studies needed 

to identify and validate novel causative genes in order to reach the genetic diagnostic levels of 

other heterogenous diseases such as Intellectual Disability (ID) (Vissers et al., 2016). A pilot 

study performed by the 100,000 genomes project highlighted the potential of using WES in 

idiopathic rare disease cases with a diagnostic yield of 40 % - 55 % for specific rare conditions 

such as ID and hearing or vision disorders. Likely causative variants were also identified in 30 

% of all patients presenting with an idiopathic case of a rare disease with a typically monogenic 

cause (Smedley et al., 2021). Unfortunately, MI was not one of the rare diseases assessed in this 

study. The success rate of WES seen in similar conditions to MI such as ID strengthens the 

argument for NGS utilisation in idiopathic infertile males.  
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Figure 1.6: Overview of all genes associated with male infertility phenotypes at an 

organ/cell level. Definitive genes are labelled in red, strong in orange and moderate in yellow. 

Organs top to bottom: brain, adrenal gland (and kidney), testes and epididymis with vas 

deferens. Bottom left: sperm fertilising an oocyte surrounded by cumulus cells. Right: 

seminiferous tubule cross-section. Leydig cells (blue), Sertoli cells (purple), basement 

membrane (pink), spermatogonia (green), spermatocytes (brown) and spermatids (pink and 

orange). ** denotes germ cell arrest gene for FANCM and TEX14. Genes were classified as 

unclear when they were not clearly linked to a specific organ. (Houston et al., 2021) 
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1.6 De novo Mutations (DNMs) as a Model for Dominant Disease 

1.6.1 De novo mutations in rare disease 

DNMs are spontaneous mutations which can occur either during gametogenesis or post 

zygotically and are therefore not present in either parent (Veltman & Brunner, 2012). Multiple 

studies investigating DNMs within the human genome have concluded that in the average 

human genome there are around 44 - 89 DNMs with around 1 - 2 of these lying within the 

coding regions of the genome (Neale et al., 2012; Kong et al., 2012; Francioli et al., 2015; 

Acuna-Hidalgo et al., 2016). It is also known that the number of DNMs present per genome 

increase with paternal age with approximately 1 - 1.5 additional DNMs present per year 

(Goldmann et al., 2016; Jónsson et al., 2017; Kong et al., 2012; Smits et al., 2022; Michaelson 

et al., 2012). Over the course of the last 10-15 years, DNMs have been recognised as 

contributors to a wide range of human disorders. These include disorders such as Autism 

Spectrum Disorder (ASD), Intellectual Disability (ID), Schizophrenia, Retinitis Pigmentosa, 

Amyotrophic Lateral Sclerosis (ALS) and Congenital Heart Disease (CHD) (Georgieva et al., 

2014; Müller et al., 2022; Martin-Merida et al., 2019; Satterstrom et al., 2020; Jin et al., 2017; 

Deciphering Developmental Disorders Study, 2017; Hamdan et al., 2017; De Vas et al., 2023). 

Most notably, as of 2023, it is thought that around 40 % of all cases of ID can be explained by 

DNMs in protein-coding genes (De Vas et al., 2023). Due to the spontaneous nature in which 

DNMs arise, the typical process of evolutionary selection that occurs with inherited variation 

has not occurred (Roach et al., 2010; Acuna-Hidalgo et al., 2016). This phenomenon gives 

DNMs the potential to be more deleterious and the ability to produce stronger phenotypic 

effects. 

Across multiple DNM studies, a consistent finding is the rate at which damaging missense or 

LoF DNMs occur is statistically higher amongst patient cases than in healthy controls (O’Roak, 

Vives, Girirajan, et al., 2012; Iossifov et al., 2014; Homsy et al., 2015). A study investigating 

DNMs in Schizophrenia patients identified a 3.5-fold increase of proportion of nonsense DNMs 

in sporadic trios compared to healthy trios (McCarthy et al., 2014). This same study concluded 

that the DNMs identified in these trios were significantly more likely to occur in genes with a 

higher probability of haploinsufficiency. Separately, in a cohort of 2270 ASD trios, a 

statistically significant 13.8 % carried a de novo LoF mutation (De Rubeis et al., 2014). In some 

cases of ASD, it has been noted that patients who present with a causative DNM typically show 

a more severe phenotype than those with inherited variation (O’Roak et al., 2014; Krumm et 

al., 2015).  In summary, the results of all these studies into the role of DNMs in varying diseases 
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indicate a predisposition for damaging DNMs to selectively distribute within genes and regions 

in which they are not tolerated and cause potentially stronger phenotypic responses.  

1.6.2 De novo mutations in male infertility 

Despite a clear role for genetic causes in male infertility, there is a significant lack of 

diagnostically relevant genes with idiopathic male infertility accounting for around 40 % cases 

(Tüttelmann et al., 2018; Oud et al., 2019; Kasak & Laan, 2021; Riera-Escamilla et al., 2022). 

To date, the majority of disease gene discovery relating to MI has been focussed on AR 

inheritance models or X/Y linked male infertility (Oud et al., 2019; Houston et al., 2021). AD 

causes of MI can be either maternally inherited or occur de novo in the patient. Whilst both 

inheritance models are important to investigate in this disorder, the ability of DNMs to avoid 

evolutionary selection makes these mutations potentially more deleterious and therefore of 

great interest to investigate in MI  (Acuna-Hidalgo et al., 2016).  

In conditions such as ID and other developmental disorders, where there is a high degree of 

reproductive lethality similar to that seen in MI, the role of DNMs has been proven to be of 

high aetiological importance (Veltman & Brunner, 2012; Vissers et al., 2016). Additionally, de 

novo factors are already known to play a significant role in male infertility in the case of AZF 

deletions on the Y chromosome and Klinefelter syndrome. As MI inherently cannot be passed 

on from father to child via spontaneous pregnancy, YCMD can be expected to occur mostly de 

novo in the affected men. Together, 25 % of all cases of NOA are explained by AZF deletions 

and Klinefelter syndrome (Krausz & Riera-Escamilla, 2018; Kasak & Laan, 2021). In 1999 a 

study was performed in which a DNM was identified on the Y-chromosomal gene USP9Y in a 

man with azoospermia that was absent in his fertile brother (Sun et al., 1999). This gene is 

located within the AZFa region on the Y chromosome and is thought to act as deubiquitinase, 

playing a role in the development of male germ cells (Colaco & Modi, 2018). Since this first 

study in 1999, however, there have been conflicting reports as to USP9Y and its role as an 

essential gene in male fertility, with examples of normozoospermic males presenting with 

deletions within the gene (Luddi et al., 2009; Krausz et al., 2006). It has recently been shown 

that the gene DDX3Y is most likely the causative gene for NOA within the AZFa region of the 

Y chromosome (Dicke et al., 2023). 

DNM discovery requires the sequencing of both parents as well as the affected patient in order 

differentiate between inherited heterozygous mutations and DNMs. In conditions such as early 

onset developmental delay, parents are typically available and eager to participate in such 

research. In the case of male infertility, one of the great limiting factors to de novo studies are 

the acquisition of parental samples. The age of infertile males at diagnosis, along with the 
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stigma that often comes with the disorder, means that parents are sometimes unavailable to 

provide a sample, or the patient does not want to disclose this information to family members. 

Currently there is a significant lack of large-scale systematic analyses into the role of DNMs in 

male infertility. In 2021 a pilot study was published in which 13 infertile males and their parents 

underwent WES in order to identify potential genes of interest containing pathogenic DNMs 

(Hodžić et al., 2021). The study identified five de novo mutations in genes which could 

potentially be associated with the azoospermic phenotype seen in the patients. Whilst this work 

provides a starting point for patient-parent trio analyses in cases of severe idiopathic male 

infertility, the authors acknowledge a lack of functional information connecting these genes to 

the NOA phenotype seen in the patients as well as a limitation on gene discovery due to the 

small sample size. With over 2,000 genes expressed during the process of spermatogenesis 

alone (Gao et al., 2022), it is highly likely that there are a large number of MI disease genes 

which are currently unidentified in patients. The use of NGS to detect DNMs in large-scale 

cohorts of infertile patients and their parents is an important line of research to address this.  

 

1.7 Current Treatments for Male Infertility  

For males who present with disorders of the HPG axis or other endocrine issues as the cause of 

their infertility, treatment will often involve hormonal therapy such as pulsatile gonadotropin-

releasing hormone (GnRH) infusion to help restore balance to the HPG axis and allow normal 

spermatogenesis to occur (Mao et al., 2017). Varicoceles can often be treated with surgically 

with around 50 % of patients showing significant sperm count improvements after surgical 

correction (Pathak et al., 2016). For those, however, who suffer from more permanent and 

incurable forms of MI, assisted reproductive techniques (ART) can be used to bypass the cause 

of the infertility and allow conception to occur. Most commonly, in vitro fertilisation (IVF) or 

intracytoplasmic sperm injection (ICSI) are utilized (Steptoe & Edwards, 1978). IVF is the 

method in which oocytes are harvested and fertilized in-vitro before implantation by mixing the 

oocyte with spermatozoa directly from the ejaculate. ICSI is utilised in cases where sperm 

count, or quality, is severely diminished by injecting an individual spermatozoon directly into 

the cytoplasm of an oocyte (Aggarwal et al., 2021; Esteves et al., 2018). In cases such as NOA 

and severe oligozoospermia a procedure called testicular sperm extraction (TESE) or micro-

TESE can be performed where the sperm count is so low that the ejaculate of the patient is 

unusable, and biopsies of the testis must be performed in order to isolate useable spermatozoa 

for ICSI (Achermann et al., 2021).  
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A study published in 2018 concluded that approximately 1.7 % of all births in the USA are 

conceived using IVF or other ART (Sunderam et al., 2018). This has appeared to be a huge leap 

in the treatment of male factor infertility with many couples now able to conceive but, in reality, 

only around 20 % - 30 % of all ART cycles are successful (Sunderam et al., 2018; Human 

Fertilisation and Embryology Authority (HFEA), 2021). Not only do these technologies not 

offer a solution for the large majority of patients undergoing treatment, but the potential to pass 

on problematic genetic mutations cannot be ignored. This is particularly important in cases of 

idiopathic male infertility with potential AD inheritance. 

The potentially negative effects of utilising sperm from males suffering from NOA can be seen 

as aneuploidy screening on embryos obtained after Intracytoplasmic Sperm Injection (ICSI) in 

NOA men showed increased levels of aneuploidy and mosaicism than expected with the mean 

sex chromosome aneuploidy rate being 0.8 % in ICSI children as opposed to 0.2 % in the 

general population (Bonduelle et al., 1998). Karyotyping of miscarriages occurring after 

Testicular Sperm Extraction ICSI (TESE-ICSI) procedures also highlighted an increase in 

aneuploidy levels (Bettio et al., 2008). It is logical therefore to assume that if increases in known 

genetic defects are seen in children who are conceived in this manner, the potential for passing 

on idiopathic male infertility to offspring is high. As many of the first children who were 

conceived from NOA males using ICSI have only reached reproductive age within the last 5 - 

10 years, very few studies have been performed on the overall fertility rates in ICSI conceived 

children. In 2016, the first comparison was performed between ICSI conceived children and 

those conceived via spontaneous pregnancy (Belva et al., 2016). The 54 young men conceived 

via ICSI were found to have significantly lower median sperm count and total motile sperm 

count than the spontaneously conceived males. It should be noted that, whilst the ICSI offspring 

were seen to have decreased sperm count, the median was still 31.9 million per ml of ejaculate 

which is far above the guidelines for quantitative sperm defects (Mild oligozoospermia = less 

than 15 million sperm per ml of ejaculate). As with many studies involving follow up 

investigations in ART conceived children, the number of patients assessed in this group is too 

small to provide any definite arguments regarding the use of ART and its effects on the children 

born from these procedures. An additional study from 2022 performed WES on 35 children 

conceived via IVF or TESE-ICSI and their parents to compare the number of DNMs found in 

these ART conceived children compared to 17 spontaneously conceived children and their 

parents who also underwent WES (Smits et al., 2022). It was found that there was no significant 

increase in the number of DNMs in the ART children compared to those who were naturally 

conceived. Whilst this appears to be a positive result, the size of this study is again is relatively 
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small to the number of children who are conceived via ART and further large-scale WES 

investigations are needed to truly determine the risk. A greater understanding of the genetic 

causes of MI, as focussed on within this thesis, will likely be invaluable for genetic counselling 

of infertile couples when assessing their treatment options.  

 

1.8 Project Aims and Chapters Outlines. 

1.8.1 Project Hypothesis and Aims 

Despite recent advancements in next generation sequencing technologies and decades of 

research into human MI, a staggering number of patients still lack insight into the cause of their 

infertility. With around 40 % of all MI cases remaining idiopathic, there is an overwhelming 

need for more in-depth investigations into novel disease genes related to MI. In this thesis, I 

aim to progress research into idiopathic MI by utilising NGS techniques to sequence large 

cohorts of infertile males and their parents to identify potential causative de novo mutations 

(DNMs). My overall hypothesis is that, like in diseases such as developmental delay, DNMs 

play an important role in idiopathic MI.  

Aims: 

1. To use NGS techniques to identify potentially causative DNMs in patients suffering 

from idiopathic MI. 

2. To investigate any genes containing DNMs for functional enrichment in male infertility 

associated pathways. 

3. To perform functional studies to investigate the potential disease mechanisms of any 

novel male infertility disease genes of interest. 

 

1.8.2 Chapter Outlines 

In the Introduction of this thesis, I have aimed to describe MI in terms of both its biological 

background and currently known causes of the disease as well as bringing attention to the need 

for further investigation into the large number of idiopathic cases of male infertility worldwide. 

In Chapter 2 of this thesis, I provide a detailed description of the Materials and Methods I have 

used throughout the entirety of the work described in this thesis.  

In Chapter 3, I discuss my primary investigation into the role of DNMs in idiopathic cases of 

MI by designing a targeted NGS sequencing assay to investigate 54 potential genes of interest 

for DNMs in an infertile patient parent trio cohort. 
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The work in Chapter 4 is my next study, where 185 idiopathic males and their patients undergo 

whole exome sequencing (WES) to identify novel disease genes containing potentially 

causative DNMs. The work in this chapter has been published in the journal “Nature 

Communications” for which I am co-first author. 

In Chapter 5, I  utilise the results from Chapter 4 to investigate the potentially damaging effects 

of a number of mutations in the pre-mRNA splicing gene RBM5 by attempting to determine 

any damage to the genes splicing abilities.  

In Chapter 6, I discuss the results of all the work presented in the thesis in relation to each other 

and what this means for the field of MI as well as further improvements. 
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Chapter 2: Materials and Methods
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2.1 Patient Sample Information  

2.1.1 Newcastle and Nijmegen Patient and Parental Samples 

As the focus of this PhD is to investigate de novo mutations (DNMs) in cases of severe male 

infertility (MI), all patients who had their DNA collected and sequenced suffered from severe 

idiopathic MI. This means that all the males suffered from non-obstructive quantitative sperm 

defects, either Azoospermia (total absence of any sperm within the ejaculate), Extreme 

Oligozoospermia (<0.1 million sperm per ml of ejaculate) or Severe Oligozoospermia (<0.1 - 

5 million sperm cells per ml of ejaculate)  (Krausz & A Riera-Escamilla, 2018; Lopes et al., 

2013). 

The samples included in this study were collected either in Newcastle, UK, or Nijmegen, The 

Netherlands. Patients, as well as their fertile parents, were enrolled at the Radboud University 

Medical Centre (Radboudumc) outpatient clinic between July 2007 and October 2017 (n = 175) 

and at the Newcastle upon Tyne Hospitals NHS Foundation Trust between January 2018 to 

January 2020 (n = 17). The study protocol was approved by the respective Ethics Committees 

/ Institutional Review Boards (Nijmegen: NL50495.091.14 version 5.0, Newcastle: REC ref. 

18/NE/0089) and written informed consent from all participants was obtained prior to 

enrolment in the study. For the patients, residual genomic DNA was extracted from a blood 

sample taken at the time of evaluation and treatment at the respective fertility centre. DNA from 

all parents was obtained from saliva by using the Oragene OG-500 kit (DNA Genotek, Ottawa, 

Canada). The reference values and semen nomenclature were used according to the WHO 

guidelines (World Health Organization, 2010) with all patients providing two consecutive 

semen samples indicative of either azoospermia or oligozoospermia. A semen analysis 

performed at the respective clinics diagnosed azoospermia in 114 of 192 men (59 %) and 78 

men with oligozoospermia (40 %). The oligozoospermic men were then classified as extreme 

oligozoospermia in 41 cases (53 %) and severe oligozoospermia in 37 (47 %). Clinical 

evaluation did not lead to an etiologic diagnosis and all patients were negative for AZF deletions 

and chromosomal anomalies. Most men were of Dutch or British descent (n = 167 and n = 16 

respectively). One male was from the United Arab Emirates, one male was from Saint Martin 

(Caribbean Islands) and the remaining seven men were of unknown descent.  

In this thesis, patient-parent trios were investigated using two different sequencing methods in 

order to identify DNMs which could help to explain their currently idiopathic infertility. Of 

these 192 patient-parent trio samples, 75 were subjected to targeted sequencing using single 

molecule Molecular Inversion Probes (smMIPs, see Chapter 3) and 185 underwent Whole 

Exome Sequencing (WES, see Chapter 4). Between the two studies, there was an overlap of 68 
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patients. In addition, a single father and son duo was sequenced using the smMIP assay as the 

mother sample from the trio failed at a later stage of the smMIP protocol.  

Alongside these patient-parent trios, an additional 145 patients were included in the WES study 

without availability of parental samples, following the above procedures and protocols. A total 

of 69 of these ‘singleton’ patients were sequenced using smMIPs, 13 from Newcastle and 56 

from Nijmegen. These samples were not analysed in this thesis but were prepared alongside the 

other 227 samples for sequencing using the smMIP assay for future investigation.  

 

Figure 2.1: A chart to show the breakdown of all infertile patient-parent trios sequenced using 

various techniques throughout this thesis. In total 185 patients and their parents underwent whole 

exome sequencing using either an Illumina’s Nextera DNA Exome Capture kit (n = 99) or the Twist 

Bioscience’s Human Comprehensive Exome Kit (n = 86). The initial 99 trios were first analysed by Dr 

Manon Oud at Radboud University, Netherlands before being re-analysed and prioritised by myself for 

the work in Chapter 4 of this thesis. From Dr Oud’s initial investigation, 54 genes of potential interest 

were highlighted and smMIP panel was created to identify any further mutations in these genes in a 

cohort of 75 patient parent trios, this is discussed in Chapter 3 of this thesis. Both the initial 99 and 

secondary 86 trios were analysed by myself in Chapter 4 of this thesis.   

*Of these 75 trios analysed using the targeted smMIP panel, 68 were then included in the secondary 

cohort of 86 infertile patient-parent trios who underwent whole exome sequencing. 
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2.1.2 Fertile Control Cohorts 

An anonymised exome dataset derived from 5,784 Dutch men and 5,803 Dutch women who 

had conceived at least one child was used as a control cohort for the frequency of rare variants 

in fertile men and fertile women. These men and women received routine exome sequencing at 

the Radboud University diagnostics centre as the healthy parent of a child with a severe 

developmental disorder. Although these men fathered a child with such a disorder, their fertility 

was expected to be comparable to that of an unselected sample from the human population. 

These samples were all sequenced either using Illumina’s Nextera DNA Exome Capture kit 

which is consistent with the processing of infertile patient samples sequencing in both 

Newcastle and Nijmegen. The pipeline used to process this sequencing data was the foundation 

on which the processing pipeline in section 2.3.2 was created making the data highly 

compatible. All of the sequencing data from these control samples was re-annotated using our 

own custom annotation system as mentioned in section 2.3.2 to bring the control data set in line 

with all the NCL and NIJ samples.  All variant information from these control samples was then 

filtered and assessed using the same methods as described in sections 2.3.3 - 2.3.4.   

 

2.1.3 Additional Patient Cohorts 

Exome data from four additional cohorts of infertile men were investigated in Chapter 4. The 

four external cohorts consisted of an Italian cohort (n = 48), a GEMINI cohort (n = 1,011), a 

MERGE cohort (n = 1,114) and a Geisinger-Regeneron DiscovEHR cohort (n = 88). 

For the Italian cohort of 48 patients with non-obstructive azoospermia (NOA), exome 

sequencing was carried out as a service by Macrogen Inc. (Republic of Korea) utilizing the 

SureSelect_V6 enrichment (Agilent) and a NovaSeq 6000 (Illumina). 

The Genetics of Male Infertility INitiative (GEMINI) is a multicentre study funded by the 

United States NIH. The GEMINI project performed WES on 1,011 unrelated men diagnosed 

with spermatogenic failure, the vast majority with unexplained NOA. Sequencing of genomic 

DNA was performed at the McDonnell Genome Institute of Washington University in St. Louis, 

MO, USA, using an in-house exome targeting reagent capturing 39.1 Mb of exome and 2 × 150 

bp paired-end sequencing on Illumina HiSeq 4000.  

The German Male Reproductive Genomics (MERGE) study comprised exome data of 1,114 

men with azoo-, crypto-, or severe oligozoospermia. Known causes for male infertility such as 

chromosomal aberrations and microdeletions of the AZF region were excluded in advance. 

WES was performed as previously described (Wyrwoll et al., 2020).  
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The 88 patients diagnosed with MI participating in the Geisinger-Regeneron DiscovEHR 

collaboration were selected from deidentified EHR information using the ICD-10CM code N46 

which refers to “Male Infertility” including oligospermia, azoospermia, other male infertility, 

and male infertility unspecified. All patients were sequenced at the Regeneron Genetics Center 

(RGC) as previously described (Dewey et al., 2016). Captured libraries were sequenced on the 

Illumina HiSeq 2500 platform with v4 chemistry using paired-end 75 bp reads. Exome 

sequencing was performed such that >85 % of the bases were covered at 20× or greater. Raw 

sequence reads were mapped and aligned to the GRCh38/hg38 human genome reference 

assembly using BWA-mem (Li & Durbin, 2010), single nucleotide and indel variants were 

called using GATK’s HaplotypeCaller (Auwera et al., 2013). 

For comparison purposes, all data retrieved from these distinct cohorts was converted to use the 

GRCh37 reference genome using LiftOver where necessary and then all variants were re-

annotated using Ensembl’s VEP v99 (McLaren et al., 2016) to minimize differences between 

datasets. 

 

2.2 Targeted Sequencing Work using smMIPs 

The initial experiment described in this thesis is based off work performed by a previous PhD 

student associated with our group, Dr Manon Oud. She had performed WES in 99 trios to 

identify any potentially pathogenic and disease causing DNMs in these infertile males. From 

this study, 54 genes were highlighted containing variants of interest. The experiment within this 

thesis involved a targeted sequencing method using single-molecule molecular inversion probes 

(smMIPs) to sequence these 54 genes in 75 trios and one father and son duo. The aim was to 

identify any additional potentially damaging DNMs in these genes of interest within these 

patients. 

The method of using smMIPs has been well documented as a cost effective and highly efficient 

technique where specific genes can be targeted and sequenced in multiple patients in a single 

run and has been used by several groups to selectively screen genes for potentially damaging 

mutations (Pogoda et al., 2019; Gallon et al., 2020; Hiatt et al., 2013; O’Roak, Vives, Fu, et al., 

2012). smMIPs consist of a backbone containing a unique molecular barcode for differentiation 

of smMIPs during multiplex sequencing, a ligation arm, and an extension arm (Figure 2.2A). 

These two arms are designed to target specific regions within the gene of interest before then 

capturing the target sequence (Figure 2.2B). 
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Figure 2.2: Single molecule Molecular Inversion Probe (smMIP) protocol from initial 

design to final sequencing. A) smMIPs are designed to cover specific regions of DNA using 

the program MIPgen, this aligns smMIPs with a target region of 109 bp to the target sequence, 

allowing for a minimum overlap of 10 bp and a maximum of 40 bp to ensure complete coverage 

of all exons. B) All smMIPs were designed with a ligation and extension arm totalling 40 bp in 

length which hybridise to the regions flanking the specific target to be amplified and an 8 bp 

unique molecular barcode which allows the differentiation between the reads assigned to each 

individual smMIP after sequencing. During the capture reaction, the smMIPs hybridise to the 

target region and the polymerase begins a ‘gap-fill’ reaction to copy the target sequence starting 

from the extension arm and forming a circularised smMIP after filling to the phosphorylated 

ligation arm. C) After exonuclease clean up, the smMIP is left as a linear single strand, through 

the PCR stage the index primer is added, which allows de-multiplexing of samples from the 

sequencing run, and then the sample can be sequenced. During the sequencing run, the smMIP 

is sequenced via Read 1, Read 2 and then the index is read separately.  

2.2.1 smMIP Design 

A total of 2,904 smMIPs were designed to fully cover and sequence 54 candidate genes for MI. 

All the work involving smMIPs and their design used the GRCh37/hg19 genome build. The 

University of California, Santa Cruz (UCSC) genome browser tool (https://genome.ucsc.edu/) 

was used to produce a Browser Extensible File (BED file) containing the start and end genomic 
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coordinates for every exon in the canonical transcripts of all 54 genes of interest (Table 2.1). 

The files also contained information regarding whether the gene lies on the positive or negative 

strand.  The BED file was then edited manually to add an additional 20 bp buffer onto both the 

start and end coordinates to ensure full coverage when smMIPs are designed. All exons were 

then named within the BED file in the following format: [gene]_cds[exon number].  

The previously produced BED file was run through a script which made use of the MIPgen 

program (Boyle et al., 2014), 1,000 genome index database (Hg19) and a list of all common 

Single Nucleotide Polymorphism (SNP) locations within these regions from the NCBI Single 

Nucleotide Polymorphism Database (dbSNP) (Sherry et al., 1999). The list of common SNPs 

was essential to account for any common SNPs that could be present at the targeting arm 

position of a given smMIP. In these cases, two alternate smMIPs were created at this position, 

the second accounting for the potential variation. The script then output a list of 2,904 smMIPs 

with information on their targeting arm sequences, region of interest sequences, arm sizes and 

coordinates, and their own individual name based on the gene and the position of the smMIP 

within that gene. The format of smMIP names can be seen here: INF1_smMIP_[gene 

name]_[given number], with the given number allowing a record to be of the smMIP and its 

position.  

Each smMIP has its own unique molecular barcode (UMB) to allow smMIP differentiation 

between reads for each individual smMIP after sequencing, and the size chosen was 8 bp which 

gives 65,536 potential base combinations. The region of interest for the smMIPs was set at 109 

bp and the ligation and extension targeting arms had a total of 40 bp in length. The minimum 

overlap of adjacent smMIPs was set to 10 bp and the maximum 40 bp. These parameters for the 

smMIP creation were chosen to give the best coverage of the targets possible.  Finally, the 

logistic optimal score, which determines at what point to stop optimising and accept a smMIP, 

was set to a minimum of 0.7 as recommended by the MIPgen program specifications (Figure 

2.2A).   

The smMIPs were ordered from Integrated DNA Technologies (IDT) as 25 nmol DNA Oligos 

in 96 well plates which had been normalized to 100 µM in IDTE Buffer pH 8.0. When not in 

use, the 96 well plates containing the oligos were stored at -80 °C. 
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Genes Investigated Using smMIPs 

ABCF3 ERG NUP210 

ABLIM1 EVC ODF1 

APC2 EXOSC9 OSBPL3 

APOBEC3G FBXO5 PLCL1 

ATP1A1 FNDC8 RASEF 

ATP8A1 FUS RPA1 

ATP8B4 FZD3 SIX2 

C9orf50 HELZ2 SMC2 

CAPN10 HNRNPL SOGA1 

CD81 HR STX7 

CDC5L ILVBL STXBP2 

CDK5RAP2 IQSEC1 TACC2 

CRACR2A LEO1 TLN2 

CWC27 LZTS2 TMEM62 

DGKZ MCM6 TOPAZ1 

DNAJC2 MPRIP U2AF2 

DNMT1 MYRIP WDR17 

EMILIN1 NEO1 ZBTB39 

 

Table 2.1: All  54 genes for which smMIPs were designed. 

 

2.2.2 smMIP Pooling and Preparation  

All 2,904 smMIPs were pooled together in a single library for sequencing. Due to the large 

number of smMIPs, they were initially pooled by gene, making 54 individual smMIP gene 

pools. Into each gene pool, 5 µl of the original smMIP was pooled giving a varied final volume 

depending on the number of smMIPs designed per gene. To achieve an equal concentration of 

each smMIP when pooling together from the individual gene pools, a 0.1x aliquot of each gene 

was added to the final smMIP pool, resulting in an equimolarly balanced pool at a volume of 

290.4 µl.  

In order for the smMIP region of interest to be properly captured, they needed to first undergo 

phosphorylation, which allows binding of the polymerase to the extension arm during the 

capture reaction. This was performed with 29 µl of the smMIPs, 1.2 µl of T4 Polynucleotide 

Kinase (PNK) (New England Biolabs), 23.8 µl of H2O and 6 µl of 10X T4 DNA ligase buffer 

with 10 mM ATP (New England Biolabs) for a final reaction volume of 60 µl. This reaction ran 

in the thermocycler at 37 °C for 45 minutes and then followed by a kinase inactivation at 65 °C 

for 20 minutes. The final concentration of smMIPs in this reaction mixture was 0.000167 µM. 
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2.2.3 Capture Reaction 

For the capture reaction, a similar approach was used to those previously described in literature, 

with some minor modifications (Oud et al., 2017; Hiatt et al., 2013). A molecular ratio of 1:800 

between genomic DNA and smMIPs was used during the capture reaction. Using the value of 

330 haploid genome molecules per 1 ng of DNA, it was determined that 26,400,000 smMIP 

molecules were required to capture the 100 ng DNA fully. Using Avogadro’s constant, it was 

possible to determine the picomoles required of the 1x smMIP pool in the capture reaction at 

4.38x10-5 pM. The formula used to calculate this was:  

(
𝑠𝑚𝑀𝐼𝑃 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 𝑝𝑒𝑟 100 𝑛𝑔 𝐷𝑁𝐴

6.02214076 ×102 )  × (1 × 1012) 

From this it was determined that 0.000262854 µl of the 1x smMIP pool would need to be added 

to the capture reaction to give the final concentration of 4.38x10-5 pM. This was determined 

using the following formula:  

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑝𝑖𝑐𝑜𝑚𝑜𝑙𝑒𝑠 𝑖𝑛 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑚𝑀𝐼𝑃𝑠 𝑖𝑛 1𝑥 𝑝𝑜𝑜𝑙 𝑖𝑛 𝑝𝑖𝑐𝑜𝑚𝑜𝑙𝑒𝑠 𝑝𝑒𝑟 𝑚𝑖𝑐𝑟𝑜𝑙𝑖𝑡𝑒𝑟
 

With this being such a minute volume, two serial dilutions of 1 in 100, with a final volume of 

200 µl in each, were performed starting with the initial smMIP pool to give a final concentration 

of 1.668x10-5 µM, or 1.668x10-5 pM/µl. The required volume of the diluted smMIP pool 

required in the capture reaction was 2.63 µl. 

Per individual sample, the capture reaction consisted of 2.63 µl of the diluted smMIP pool, 2.5 

µl of 10x Ampligase buffer (Epicentre), 0.08 µl dNTP 0.1 mM (Promega), 0.32 µl of Hemo 

Klentaq 10 U/µl (New England Biolabs), 0.2 µl of Ampligase 5 U/µl (Epicentre), 9.27 µl of 

H2O and 10 µl of sample DNA at a concentration of 10 ng/µl. The capture protocol was then 

performed with an initial step of 95 °C for 10 minutes and then 65 °C for 20 - 22 hours to allow 

for smMIP-DNA hybridisation and gap filling to occur (Figure 2.2B). 

The captured samples then underwent an exonuclease clean up reaction to digest any residual 

linear DNA present. To each sample, 0.5 µl of Exonuclease I (New England Biolabs), 0.5 µl of 

Exonuclease III (New England Biolabs), 0.2 µl pf Ampligase 10X Reaction Buffer (Epicentre) 

and 0.8 µl of H2O was added. The exonuclease reaction contained an incubation at 37 °C for 

45 minutes then 95 °C for 2 minutes to deactivate the exonuclease.  
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2.2.4 Addition of Specific Primers 

Post clean-up, all samples were processed through a PCR reaction, involving the addition of a 

unique reverse primer to each individual sample. This ‘index’ primer allows the identification 

and differentiation of reads assigned to each sample during the bioinformatic processing of the 

next generation sequencing data. The index primers were used in previous smMIP studies (Hiatt 

et al., 2013; O’Roak, Vives, Fu, et al., 2012) and ordered for use from both Metabion and 

Integrated DNA Technologies (IDT). Each reaction tube contained 12.5 µl of 2X Iproof 

(BioRad), 0.42 µl of 10 µM Universal forward primer (Illumina), 5 µl of exonuclease-treated 

smMIP-captured sample, 5.83 µl of H2O and then 1.25 µl of a unique reverse index primer with 

a total reaction volume of  25 µl. The PCR protocol used was as follows:  

 

Temperature Time Cycles 

98 °C 30 Seconds x1 

98 °C 10 Seconds 

x18 60 °C 30 Seconds 

72 °C 30 Seconds 

72 °C 2 Minutes x1 

4 °C Indefinitely x1 

 

Table 2.2: PCR protocol used for the addition of specific primers to the smMIP captured 

samples. 

Gel electrophoresis was used to confirm that both the capture of the target sequence and the 

PCR reaction itself had been successful. The 1.5 % agarose gel was made by first dissolving 

2.25 g of UltraPure Agarose (Invitrogen) in 150 ml of 1x TBE buffer (ThermoFisher). This was 

then microwaved for approximately 3 - 5 minutes to obtain a homogenised solution. Once it 

had cooled slightly, 9 µl (6 % of total volume) of GelRed (Biotium) was added and mixed in, 

after which, the gel mixture was then poured into the electrophoresis tray and left until set. The 

GelRed was added to allow visualisation of the DNA bands after running the gel, this was 

chosen as opposed to ethidium bromide due to the increased sensitivity and safety in 

comparison. Once set, the gel was placed into the Bio Rad Sub-Cell GT Cell tank which 

contained 1X TBE buffer (ThermoFisher). Samples were then individually pipetted into to each 

well in the gel at a total volume of 6 µl, with 3 µl of sample and 3 µl of 6X TriTrack DNA 

Loading Dye (Thermo Scientific) to allow visualisation of the samples whilst running. A ladder 
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was used in the first (and occasionally last) wells of each row of samples in order to be able to 

compare the size of product. In this case the ladder used was the BenchTop 100 bp DNA Ladder 

(Promega) diluted with 6X TriTrack DNA Loading Dye (Thermo Scientific) dye. The gels were 

then run at 80 volts for 60 minutes. All gels were then visualised under UV light using the 

GelDoc-It (UVP) system to confirm the presence of the correct DNA band sizes.  

 

2.2.5 Sample Pooling and Clean Up 

After confirming the correct product was amplified, the concentrations of all the samples were 

measured using the Qubit 3 Fluorometer (Invitrogen) using the Qubit dsDNA HS assay kit. A 

working solution was created containing 1 µl of Qubit dsDNA HS Reagent and 199 µl of Qubit 

dsDNA HS Buffer for each individual sample to be checked, and for the two standards needed 

to calibrate the Qubit machine. From this working solution, 190 µl was added to two individual 

tubes, one of these containing 10 µl of Qubit dsDNA HS Standard #1, the other containing 10 

µl of Qubit dsDNA HS Standard #2. For every DNA sample, 199 µl of the working solution 

was added to an individual tube and 1 µl of that sample was then added. The tubes containing 

the two standards and the samples were then all vigorously vortexed for 3 - 5 seconds before 

resting at room temperature for two minutes. Standards #1 and #2 were then read to calibrate 

the fluorometer before reading each sample. All samples were measured in triplicate to ensure 

accuracy, and an average of the concentrations was used as the final value. All samples were 

pooled equimolarly in a single pool, allowing for an even allocation of reads during sequencing 

to each individual sample. For the two initial test runs, the samples were all pooled directly into 

one tube however due to the large number of samples in the processed in the final NovaSeq 

(Illumina) run, samples were initially pooled with others of a similar concentration before then 

creating the one final pool. 

The pool was screened for non-specific PCR products using the Agilent High Sensitivity D1000 

ScreenTape System on the Agilent 4200 TapeStation according to the manufacturer’s standard 

protocol (Agilent). Any impurities were removed using the Agencourt AMPure XP bead PCR 

clean-up kit (Beckman Coulter), following the manufacturers protocol. Post clean-up, a repeat 

screening was performed on the TapeStation to confirm that the process had been successful. 

The concentration of the final pool was measured using the previously mentioned Qubit 

protocol, ready to then undergo library preparation.   
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2.2.6 Library Preparation and Sequencing Setup 

The final sample pool was diluted and prepared for sequencing using the manufacturer’s 

protocols for Illumina’s MiSeq and NovaSeq platforms. The initial two sequencing runs of four 

samples each, were performed on the Illumina MiSeq platform. The final pool containing the 

indexed, smMIP captured samples, was diluted down initially to 4 nM as required to proceed 

with the MiSeq Denature and Dilute library preparation (Illumina). This was prepared using the 

following formula:  

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑜𝑜𝑙 (𝑛𝑔/𝜇𝑙)

660 𝑔/𝑚𝑜𝑙 × 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒 𝑖𝑛 𝑏𝑝
 × 106 

The final sequencing run of all 300 patient and parental samples was performed using the 

Illumina NovaSeq platform using an Illumina S2 Flow Cell, using paired end reads, with an 

output of 2 x 150 bp and providing an output of 1000 – 1250 Gb of data. The library preparation 

was performed by staff within the Genomics Core Facility (GCF) at Newcastle University. 

Both the MiSeq v2 reagent kit (Illumina) and the NovaSeq 6000 S2 Reagent Kit v1.5 (Illumina) 

allowed for 325 cycles of sequencing to be performed for each run, 158 of these cycles were 

allocated to Read 1 sequencing and 158 to Read 2 sequencing to allow for paired end reads 

(Figure 2.2C). An additional eight cycles were allocated to the sequencing of the index sequence 

which allows the differentiation of reads assigned to individual samples. The MiSeq platform 

allowed for these parameters, as well as the sample names and index primer sequences to be 

input to the Illumina BaseSpace program which could be used to track the runs as they 

progressed as well as providing data quality metrics. The parameters were uploaded via a .csv 

file to the NovaSeq platform.  

 

2.2.7 Re-pooling with 1x and 10x smMIP Pool 

Re-pooling of the unphosphorylated smMIPS was performed after the first MiSeq sequencing 

run to assess whether any errors had occurred during the initial pooling. A new 1x 

unphosphorylated pool was made from the initial gene smMIP pools previously created in 

section 2.2.2 and the same protocol was followed as with the previous 1X pool. This new pool 

was then processed and captured using two of the same samples ‘Arg1’ and ‘BA’ that had been 

used in the initial run for a fair comparison.  

Information on the efficiency of smMIPs provided by the first MiSeq run was then used to 

rebalance the smMIP pool and improve the performance of the assay. The efficiency of each 
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individual smMIP within each individual sample was able to be determined using the UMB 

sequence to assign reads to separate smMIPs and the index sequence to allocate them into 

samples.  

The read fraction (RF) of all 2,904 smMIPs was determined from this initial run using the 

number of reads assigned to that smMIP as a fraction of the total number of reads produced 

during the sequencing run. The ideal RF for each smMIP was defined to be 0.0003, determined 

by the total number of smMIPs and their fraction of one individual read when working at equal 

efficiency. Using the assigned RF values, the smMIPs were split into four different groups: 

Overperformers with an RF >0.003, Within-Range with an RF of >0.00003 and <0.003, 

Underperformers with an RF of <0.00003 and Zero with smMIPs showing no assigned reads. 

All smMIPs that underperformed or were allocated zero reads across multiple samples were 

then pooled at 5 ul per smMIP, into a new 10x Pool which was then processed using the same 

methods starting from sections 2.2.2 to 2.2.5. 

 

2.2.8 Bioinformatic Processing of Sequencing Data 

All preliminary quality control checks of the sequencing data produced by the MiSeq runs were 

retrieved from BaseSpace (Illumina). These initial quality checks provided information such as 

percentages of clusters passing filter, percentages of clusters with a Q score of 30 or above, the 

number of reads achieved from the sequencing and the percentage of these reads assigned to 

each sample. Optimally, 100 % of all clusters would have a Q score of 30 as this is equivalent 

to the probability of an incorrect base being called once in 1000 times, providing a base calling 

accuracy of 99.9 %.  

After quality control checks, FastQ files produced by the sequencing run were fed into a smMIP 

python pipeline custom made by Dr Simon Cockell at the Bioinformatic Support Unit at 

Newcastle University. The first step in processing the FastQ files involved retrieving the UMBs 

to ensure only unique reads continue processing and are aligned. Any reads without valid UMBs 

or lacking the matching smMIP arm sequences were discarded before mapping. The pipeline 

then aligns sequence reads to the UCSC reference genome hg19 with Burrows-Wheeler Aligner 

(bwa-mem 0.7.17). SAMtool version 1.3.1, was used to convert alignment files into BAM files 

by sorting and indexing them. The Picard toolkit v2.13.2 was used to mark duplicates and 

SAMtools was used to de-duplicate and index the resulting modified BAM files. Genome 

Analysis ToolKit v3.8 (GATK3) (Auwera et al., 2013), using IndelRealigner, BaseRecalibrator 

and Haplotypecaller, was used to perform indel realignment, base-quality score recalibration 
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and variant calling. The generated variant call files (VCF) were then annotated using the 

Ensemble’s Variant Effect Predictor (VEP)v92 (McLaren et al., 2016).  

 

2.2.9 Filtration of Identified DNMs 

The information contained within annotated VCF files provided detailed data on all variants 

detected per patient including the wild type (WT) and detected variant alleles, amino acid 

changes, consequences of the variant, allele frequency among different populations and 

multiple different pathogenicity scores predicting how potentially damaging any given mutation 

would be to the structure and function of the protein or gene product. 

Each proband sample file  underwent manual filtering to remove any variants with a gnomAD 

database allele frequency of >0.001 or 0.1 % to ensure only rare variants were highlighted. All 

variants which were non-synonymous and produced either missense, frameshift, stop-gained or 

start-lost consequences within exonic regions mutations were kept. It was after this step that the 

proband filtered variants were then cross referenced to the parental VCF files to rule out any 

inherited variants, keeping only those with de novo inheritance. 

As a further confirmation step, all remaining variants were visualised in the initial BAM files 

produced using the Integrated Genome Viewer (IGV).The variants which appeared to be true 

DNMs or were classified as unclear underwent Sanger sequencing for a final confirmation.  

 

2.2.10 Validation of Identified DNMs using Sanger Sequencing 

Validation of DNMs was performed using standard Sanger Sequencing approach on an Applied 

Biosystems SeqStudio 3200 Genetic Analyzer (ThermoFisher) to confirm the presence of the 

mutation in probands and its absence in the parents.  

Primers were designed for each variant using the program Primer3 (Untergasser et al., 2012). 

The design specifications included an optimum melting temperature of 60 °C with a range of 2 

°C either side, an optimum length of between 18 bp and 25 bp and a buffer region around the 

variant of interest of a size of 100 bp in both directions, to allow for any sequencing errors at 

the beginning and end of the Sanger output. Primers were checked for self-complementarity 

using the program Oligocalc (Kibbe, 2007) and for region specificity using the UCSC In Silico 

PCR tool (Kent et al., 2002). All Oligos were then ordered from Integrated DNA Technologies 

(IDT). 
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All variants were amplified using a similar PCR protocol to that in Table 2.1 with a 61.5 °C 

annealing temperature and 30 cycles as opposed to the previously mentioned 18. Each reaction 

tube contained 10 µl of 2X Iproof (BioRad), 0.3 µl of the custom forward primer, 0.3 µl of the 

custom reverse primer, 2 µl of patient DNA and 7.4 µl of H2O with a total reaction volume of 

20 µl. 

Once the presence of the correct size band was seen on an agarose gel, the variant was then 

taken forward for clean-up by method of EXO-SAP protocol. This reaction involved the 

addition of 0.025 µl of Exonuclease I, 0.25 µl of Shrimp Alkaline Phosphatase (SAP) (New 

England Biolabs) and 9.725 µl of H2O to the 20 µl post-PCR reaction mix. The reaction then 

ran at 37 °C for 30 minutes before inactivation of the reaction at 95 °C for 5 minutes.  

To prepare the amplified target regions for Sanger sequencing, the BigDye Terminator v3.1 

cycle sequencing kit (Applied Biosystems) was used. During this reaction, 0.5 µl Of BigDye 

Terminator 3.1, 4 µl of BigDye Terminator 5X sequencing buffer, 12 µl of H2O, and 0.5 µl of 

either the forward or reverse primer was added to 3 µl of the EXO-SAP treated PCR mix. The 

cycle times for this reaction can be seen in Table 2.3. All BigDye reactions were performed in 

96 well plates.  

 

Temperature Time Cycles 

96 °C 1 Minute x1 

96 °C 15 Seconds 

x25 50 °C 15 Seconds 

60 °C 2 Minutes 

4 °C Indefinitely x1 

 

Table 2.3: BigDye Terminator v3.1 protocol. 

To purify the samples, Ethanol Precipitation was carried out immediately after completion of 

the BigDye terminator protocol. 2 µl of 125 mM EDTA (Invitrogen), 2 µl of 3M Sodium Acetate 

(Invitrogen) and 70 µl of 100 % Ethanol (Sigma Aldrich) were added to each well. The plates 

were then sealed, mixed by inversion, and incubated at room temperature for 15 minutes before 

spinning at 2000g for 30 minutes. After spinning, the plate lid was removed and inverted onto 

tissue paper and gently tapped, before being placed in the centrifuge (still inverted on tissue 

paper) and spun up to 100g to remove the waste ethanol. 70 µl of 70 % ethanol was then added 
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to each well and the plate was spun at 1650g for 15 minutes. The waste ethanol was then 

removed again as previously described and the plate was left to air dry in the dark for 10 

minutes. After this stage, the pellets were then resuspended in 10 µl of Hi-Di Formamide 

(Applied Biosystems) before running on the Applied Biosystems SeqStudio 3200 Genetic 

Analyzer (ThermoFisher). ThermoFisher’s own variant analysis tool was then used to 

determine the inheritance model to which each variant adhered. 

 

2.3 WES Protocols 

2.3.1 WES Enrichment Kit Information 

Samples were initially prepared and enriched by the GCF at Newcastle University following 

two different exome enrichment kits. The first 99 trios were enriched using Illumina’s Nextera 

DNA Exome Capture kit, whereas the second set of 86 trios were enriched using the Twist 

Bioscience’s Human Comprehensive Exome Kit. This was done after an in-house comparison 

of both kits showed the Nextera kit was not very specific in also targeting a lot of non-coding 

regions, resulting in a lower average coverage in the coding region. These results will be further 

discussed in Chapter 4 of this thesis. All sequencing was performed on the NovaSeq 6000 

Sequencing System (Illumina) on an S2 flow cell using pair-end reading (2 x 100bp). More than 

99 % of all exonic regions were covered at least 1x using both enrichment kits, but the average 

coverage varied considerable for the coding region with 72× for the Illumina Nextera Kit and 

99x for the Twist Bioscience’s Kit.  

 

2.3.2 WES Post-Sequencing Processing 

Post sequencing processing of WES data was performed by the BSU and Dr Miguel Xavier. 

Sequenced reads were aligned to Human Reference Genome (GRCh37.p5) using BWA-Mem 

v0.7.17 (Li & Durbin, 2010), Picard (https://broadinstitute.github.io/picard/), and GATK 

v4.1.4.1(Auwera et al., 2013). The sex, ancestry and relatedness of each sample was calculated 

using Peddy (Pedersen & Quinlan, 2017), samples found to have the incorrect sex or were 

unrelated to the correct samples were excluded from this study. Following best practice 

recommendations, single nucleotide variations and small indels were identified and quality-

filtered using GATK’s HaplotypeCaller obtaining comparable results independently of the kit 

or the origin of the DNA. Afterwards, all variants were further analysed using a custom GATK4-

based algorithm to identify and separate high- and low-confidence de novo variants from 

inherited variants. Briefly, posterior genotype probabilities (GQ) were recalculated for each 
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sample at each variant site using Bayes’ rule to consider family and population priors (Auwera 

et al., 2013; Poplin et al., 2017). Variants were classified as low-confidence DNMs when they 

were absent in parental samples but detected in the proband with GQ ≥ 10 and either an allele 

count (AC) below four or allele frequency (AF) < 0.1 % in all samples, whichever is more 

stringent.  Variants with GQs ≥ 20 with either ran AC < 4 or AF < 0.1 % were classified as high 

confidence DNMs. Ensembl’s Variant Effect Predictor v99 (VEP) (McLaren et al., 2016) was 

used to fully annotate all de novo variants. 

 

2.3.3 Variant QC Filtering  

After sequencing of the samples, a large number of variants were present and many of these did 

not fit the parameters we would expect of a variant causing a rare disease. This is why a stringent 

set of filtering criteria were used to remove (1) variants which were too common in the general 

population, (2) variant positions that were poorly covered during sequencing or (3) variant calls 

that did not fit the de novo heterozygous frequency expected. The primary stages in filtering of 

variants included removing all variants with an allele frequency of >0.1 % in the gnomAD 

database to only include rare variants in our analysis. All variants then with <10 reads in the 

exome data and/or less than 15 % of these reads containing the mutation were then removed. 

Finally, any remaining variants located outside the exonic regions were removed. This provided 

the initial list of rare de novo variants.  

 

2.3.4 Variant Pathogenicity Prediction and Prioritisation 

A number of tools were used to assign a level of potential pathogenicity to all the remaining 

rare, protein altering DNMs in order to highlight any mutations which may have a detrimental 

effect on the function of the gene in which they lie in, thus being a mutation level investigation. 

Pathogenicity prediction was performed using the tools Sorting Intolerant From Tolerant (SIFT) 

(Vaser et al., 2016), MutationTaster (Schwarz et al., 2010), and PolyPhen2 (Adzhubei et al., 

2010) and all variants were classified according to the American College of Medical Genetics 

and Genomics (ACMG) and the Association for Molecular Pathology (AMP) 2015 guidelines 

(Richards et al., 2015). Both SIFT and Polyphen work by assessing the impact a mutation will 

have on the amino acid structure of protein and whether this is likely to alter the protein’s 

function (Vaser et al., 2016; Adzhubei et al., 2010). Mutation Taster on the other hand works by 

performing a series of in silico tests to determine the pathogenicity of a given SNP by 

investigating amino acid substitution, protein domain loss, potential splicing effects, 
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conservation of DNA at the point of the mutation, protein truncation and disruption of 

regulatory elements (Schwarz et al., 2010). All protein altering variants predicted to be 

pathogenic by at least two out of three prediction models, absent from the fertile male cohort, 

present in <5 males in the gnomAD database were considered for further functional analysis. 

Maternally inherited mutations present in genes identified as having a protein altering DNM 

were also independently identified in all patients and submitted to the exact same method of 

filtration and interpretation as described above. 

 

2.3.5 Interpretation of DNM-Containing Genes 

To further assess the potential pathogenicity of any DNMs highlighted, the function of each  

gene affected by a DNM was investigated. This highlighted whether any of the DNMs identified 

were found in genes likely to be involved in spermatogenesis or similar processes and whether 

they were likely to cause disruption to the normal function of these genes in these processes. 

The functional analysis was split into six different categories; each category provided a score 

of either 1 or 0 depending on whether a DNM gene met the threshold for that category. These 

categories included: RNA expression of the gene in the testis, RNA enrichment in the testis or 

presence in spermatogenesis, protein expression in the testis, whether an infertile mouse model 

already exists for the given gene, the protein function in relation to spermatogenesis and finally 

whether the given gene interacts with any known fertility genes. For expression levels retrieved 

for each gene of interest from the GTEx database (https://www.gtexportal.org), an expression 

of medium (≥10 < 100 TPM) or high (>100 TPM) gave a score of 1 with low (>2 < 10 TPM) 

and no expression (≥10 < 100 TPM) or high (>100 TPM) gave a score of 1 with low (>2 < 10 

TPM) and no expression (<2 TPM) giving a score of 0. RNA enrichment was based on elevated 

expression (tissue enriched, group enriched, or tissue enhanced) in the Human Protein Atlas 

(Uhlén et al., 2015) or being among the genes up or down regulated during spermatogenesis as 

found in a recent single cell RNA sequencing study (Guo et al., 2018). Protein expression was 

retrieved from the Human Protein Atlas (Uhlén et al., 2015)and interactions with known 

infertility genes was calculated using STRING version 11 (Szklarczyk et al., 2017). The final 

classification of the genes was then split into Not Causative, Unlikely Causative, Unclear and 

Possibly Causative. These classifications were given based on the variant scores out of 6 with: 

[0 points + not expressed/not detected/not present on several occasions = Unlikely Causative], 

[0 points + “Unknown” on several occasions = Unclear], [1–2 points = Unclear] and [3–6 points 

= Possibly Causative]. 
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Figure 2.3: A flow chart representing the variant pathogenicity assessment pipeline used to prioritise and assess all DNMs highlighted 

after sequencing. All the filtration steps shown in this flow chart were performed by hand in excel on data provided by VEP (McLaren et al., 

2016) annotated VCF files as a product of a custom pipeline as described in Section 2.3.2. All the information regarding used to filter “All de 

novo mutations” down to the “Potentially pathogenic de novo mutations” was present in these files. The supporting evidence used to categorise 

variants into either “Possibly Causative”, “Unclear”, “Unlikely Causative” and “Not Causative” was also performed by hand by assessing 6 

points of information. These were; RNA expression of the gene in the testis, RNA enrichment in the testis or presence in spermatogenesis, 

protein expression in the testis, whether an infertile mouse model already exists for the given gene, the protein function in relation to 

spermatogenesis and finally whether the given gene interacts with any known fertility genes. The databases used to gather this information are 

discussed and referenced in section 2.3.5. 
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2.3.6 Copy Number Variation (CNV) Analysis 

CNV calling was performed on the trio-based exome data with a custom GATK4-based 

pipeline, CNVRobot (https://github.com/AnetaMikulasova/CNVRobot). This workflow 

exploited the GATK4 sequence read depth normalization (McKenna et al., 2010) and a custom 

R-based segmentation and visualization (https://www.R-project.org). Parental samples from the 

trios under examination were used as controls for the normalization step. The CNVs detected 

were annotated using AnnotSV (https://lbgi.fr/AnnotSV) (Geoffroy et al., 2018). CNVs present 

in more than 1 % of the samples of the Database of Genomic Variants present in more than 10 

% of the patients were excluded from the analysis. The remaining rare deletions and 

duplications were individually inspected through the genomic profiles and detailed Log2Ratio 

plots generated by the workflow. Only CNVs involving more than two exons were further 

considered to minimize the inclusion of false positives, and two CNVs present in the probands 

but absent in their parents were selected for further validation. The CNV calling and processing 

was performed by Dr Kumara Mastrorosa, a previous PhD student at Newcastle University, 

however the genes affected by these de novo CNVs were independently investigated by me and 

are discussed within this thesis.  

 

2.3.7 Mutational Intolerance Statistical Tests  

To investigate whether there was an enrichment of de novo loss-of-function (LoF) mutations 

within genes that were intolerant to LoF mutations, the probability of LoF intolerance (pLI) 

score was used. The pLI score indicates how intolerant a gene is to a LOF mutation with a pLI 

score of 1 indicating a significant intolerance to LOF mutations with a likelihood for functional 

disruption to the gene if this mutation type occurs. This was based on data from the Genome 

Aggregation Database (gnomAD) (Lek et al., 2016) containing genetic data from 141,456 

individuals. This score was not used for filtering but rather for highlighting those variants which 

were likely to be more damaging.  

The likelihood was computed of the observed median pLI score of each gene (LoF in controls) 

set compared to the expected median pLI based on a previously described method (Lelieveld et 

al., 2016). The expected number of recurrently mutated genes was computed by redistributing 

the observed number of mutations at random over a determined set of genes based on their 

specific LoF and functional mutation rates. In contrast to previous studies (Lelieveld et al., 

2016; Samocha et al., 2014) however, a set of 2,766 coding DNMs in 1,941 control individuals 
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was used instead of using the complete set of 18,226 pLI annotated genes to obtain expected 

median pLI scores. This control data set was downloaded from the de novo-db version 1.6.1 

(http://de novo-db.gs.washington.edu/de novo-db) and was used to correct for the gene-specific 

mutation rate. The empirical P value was calculated by comparing the observed median pLI to 

the expected pLI following 100,000 random sampling simulations. Case and fertile controls 

were processed using the exact same filtration and annotation parameters as described above so 

that each variant detected was evaluated in a comparable manner. The same method was then 

repeated using the Loss-of-function observed/expected upper bound fraction, or LOEUF score 

(Oved et al., 2020), which also is an indicator of LoF intolerance. In contrast to the pLI score, 

the lower the LOEUF score, the more intolerant the gene is to LOF mutations.  

To evaluate the impact of the de novo missense mutations to each gene, the missense Z-scores 

for all genes containing de novo missense mutations, as calculated by gnomAD (Lek et al., 

2016; Samocha et al., 2014), were used to predict the tolerance of each gene to variation in 

place of the pLI scores when applying the methodology described above (Lelieveld et al., 2016) 

following 100,000 simulations. The missense Z-score, like both the pLI and LOEUF scores, 

indicates an intolerance of a gene to a certain kind of mutation which in this case is a missense 

mutation. The higher the missense Z-score, the more likely the gene is to be intolerant to these 

missense mutations. The presence of de novo missense mutations in missense intolerant genes 

was compared between predicted pathogenic and benign using a two-tailed Mann–Whitney U 

test in infertile samples and in controls independently. These statistical tests were all performed 

in R (R Core Team, 2020)by Dr Miguel Xavier of Newcastle University, however, the results 

were then analysed and investigated by me. 

 

2.3.8 Protein-Protein Interactions  

In order to predict the affected protein function and the potential role in disease, the protein-

protein interactions between the genes containing a DNM were evaluated using STRING 

version 11 (Szklarczyk et al., 2017). All genes containing DNMs were input into the STRING 

analysis tool and processed to highlight any functional links between genes affected by DNM. 

This was performed with for genes containing predicted pathogenic protein altering DNMs and 

then compared to all those containing likely benign DNMs, and separately, for synonymous 

DNMs.  
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2.3.9 Burden Tests  

After identifying likely pathogenic rare loss-of-function and missense DNMs, a gene-based 

burden test was performed to determine whether any of the 152 DNM genes contained more 

predicted pathogenic missense mutations in other cohorts of infertile men (n = 2,506) compared 

to fertile men (n = 5,784).The proportion of individuals with pathogenic variants in each of the 

genes carrying a DNM in the infertile cohort was statistically evaluated using two-tailed 

Fisher’s Exact tests, individual p values were corrected using the Bonferroni method corrections 

to adjust for performing consecutive statistical tests and reduced the risk of Type I errors. 

Similarly, a gene-based burden test was performed to compare fertile fathers (n = 5784) with 

fertile mothers (n = 5,803) to investigate whether any of the sexes predominantly carried a 

greater number of rare pathogenic mutations. These statistical tests were all performed in R (R 

Core Team, 2020) by my colleague Dr Miguel Xavier of Newcastle University and the results 

were then analysed and investigated by me. The results of this analysis are discussed in Chapter 

4 of this thesis and form the foundation of Chapter 5.  

 

2.4 Functional Studies 

The following methods relate to the data presented in Chapter 5 of this thesis. After the 

identification of a likely pathogenic de novo missense variant in RBM5 and identification of a 

further six patients with heterozygous, predicted pathogenic, missense mutations within the 

same gene in other infertile men, functional studies were performed to investigate the potential 

damage these mutations may have on the function of this gene. The gene RBM5 is a known 

splicing factor and has been well investigated regarding MI in mice and is also linked to lung 

cancer (Yu et al., 2020; O’Bryan et al., 2013). This study makes use of a known splicing target 

for the RBM5 gene, named FAS in order to investigate any potential disruption to RBM5’s 

ability to function as a splice factor caused by the specific point mutations found in these 

infertile men. 

 

2.4.1 gBlock Gene Fragment Design and Preparation 

To assess the effects of five of our RBM5 mutations on the genes splicing capabilities, gBlock 

gene fragments (Integrated DNA Technologies) were used. Six different gBlocks gene 

fragments were ordered from Integrated DNA Technologies (IDT), five containing the RBM5 

cDNA sequence with single base mutations detected in five different infertile patients 

(Chapter 4), the final containing the WT sequence.  
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To prepare the gene fragment for transformation into a p3XFLAG-CMV-14 expression vector 

(Sigma-Aldrich), a PCR reaction was used. The primers here introduced a flag epitope into the 

C-terminus of the RBM5 and left out the stop codon to ensure RBM5 reading frame reads 

immediately into the flag epitope sequence. The gene fragments were then purified into a 

volume of 50 µl using the QIAquick PCR Purification Kit and its associated protocol (Qiagen).  

After the PCR amplification, 4 µl of each gBlock insert underwent a double restriction digest 

reaction using 2 µl of both the HindIII and EcoRI restriction enzymes and 5 µl of Promega 

Buffer E (Promega). The same digest was performed on the empty p3XFLAG-CMV-14 

expression vector (Sigma-Aldrich) with a reaction mix of 10 µl vector, 2 µl HindIII, 2 µl EcoRI, 

5 µl Promega buffer E (Promega) and 26 µl H2O. The digests ran simultaneously at 37 °C for 

3 hours and were then purified using the previously mentioned QIAquick PCR purification kit 

(Figure 2.4a). 15 µl of each digested insert was then added to 1 µl of digested plasmid, 2 µl of 

10X Ligase buffer, and 2µl of T4 DNA Ligase to undergo a ligation reaction to form the 

plasmids for transformation of bacterial cells. This ligation reaction was left at 16 °C overnight. 

The next morning, the ligation mix was then re-cleaved using the NotI restriction enzyme to 

remove any empty plasmids which did not ligate with the insert and still have an intact NotI 

restriction site. 20 µl of ligation mix was added to 2 µl of NotI, 23 µl of H2O, and 5 µl of 

Promega buffer D. The reaction was incubated for 1 hour at 37 °C before the enzyme was 

deactivated at 65 °C for 10 minutes.  

 

Figure 2.4: Plasmid containing insert. a) Digested EcoRI and HindIII sites within the 

p3XFLAG-CMV14 expression vector and the digested RBM5 insert after restriction digest 

using HindIII and EcoRI restriction enzymes. b) Ligated plasmid containing the RBM5 

sequence insert and the primer positions for Colony PCR to confirm the insertion of the RBM5 
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sequence and the correct orientation of the sequence. The forward primer lies within the 

backbone of the plasmid to ensure the insert has been correctly orientated. 

 

2.4.2 Transformation of Cells and Plasmid 

In order to amplify the plasmid DNA for further use, 5 µl of recombinant plasmid DNA was 

added to 50 µl of host strain competent cells. As well as the 6 plasmids containing the RBM5 

sequences, a Fas minigene, provided by Professor Juan Valcarcel’s group at the Center for 

Genomic Regulation in Barcelona, was also transformed into the competent cells (Bonnal et 

al., 2008). The cell-plasmid mix was then left on ice for 10 minutes before a 1-minute heat 

shock at 42 °C and a further rest on ice for 5 minutes. The cell-plasmid mix was then added to 

1 ml of Luria-Bertani (LB) Media (5g Tryptone 1 % w/v, 5g NaCl 1 % w/v,  2.5g Yeast extract 

0.5 % w/v, 500ml ddH2O)   for a 1-hour cell recovery phase. The tubes were then spun down at 

3000 rpm for 1 minute and the remaining pellet was then resuspended in 200 µl of LB broth 

before spreading onto an 1.5 % LB agar plate containing ampicillin. These plates were then 

inverted and incubated overnight at 37 °C in a stationary incubator before colony picking. To 

confirm the presence of the correct DNA insert within the plasmids, a colony PCR was 

performed. PCR primers were designed to confirm both the presence of the insert and the 

correct orientation with the forward primer lying in the backbone of the plasmid and the reverse 

lying within the insert (Figure 2.4b). Colonies were picked from the plates using a 10 µl pipette 

tip and dipped into the PCR mixture before being transferred to a tube of LB media and grown 

overnight again. The colonies containing the correctly formed plasmids were then processed 

using the QIAprep Spin Miniprep Kit (Qiagen).  

 

2.4.3 Sanger Sequencing  

To confirm that the plasmid contained the correct unaltered insert sequence, Sanger Sequencing 

was used. Four different primer pairs were designed to amplify the entire region of the insert 

with a 150 bp overlap to ensure a full sequence coverage. The Sanger sequencing protocol was 

performed as described in section 2.2.10. 

 

2.4.4 Transfection 

Confluent HEK293 cells grown in Gibco Dulbecco's Modified Eagle Medium (DMEM) 

containing 10 % Gibco Fetal Bovine Serum (FBS) were used for transfection. Media was 

removed from the t75 flask containing HEK293 cells and a wash with 5 µl of Gibco phosphate 
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buffered saline 7.4 pH (PBS) was applied to remove leftover media. 2 µl of Gibco Trypsin-

EDTA (0.05 %) was then added, and the cells were left to incubate for roughly 5 minutes at 37 

°C until all cells had lifted from the flask. Cells were then seeded onto 6 well plates with a final 

concentration of around 1x106 cells/ml. The cells were then grown overnight at 37 °C to 70 % 

-80 % confluency.  

To transfect the minigene and mutant RBM5 into the HEK293 cells, 3.75 µl of Lipofectamine 

3000 Reagent (Invitrogen) was diluted in 125 µl of Opti-MEM Reduced Serum Medium 

(Gibco) , all volumes given are for an individual well. 1 µl of FAS minigene was added to the 

diluted Lipofectamine 3000 reagent. DNA (G-blocks) was then diluted in a separate Eppendorf 

tube to a concentration of 200 ng/µl in 250 µl of Opti-MEM. 10 µl of P3000 Reagent 

(Invitrogen) was added then added to the diluted DNA. 125 µl of diluted DNA  was then added 

to 125 µl of diluted lipofectamine 3000 reagent (Invitrogen) at a ratio of 1:1. The DNA-

Lipofectamine complex was then incubated for 10 - 15 minutes at room temperature. 250 µl of 

the DNA-lipid complex was then added to each well and the cells were then incubated for 1 

day at 37 °C . 

To harvest the cells, media was removed from each well and 1 µl of PBS was used to wash the 

cells. 250 µl of Gibco Trypsin-EDTA (0.05 %) was added per well and the cells were left to 

incubate for 5 - 10 minutes at 37 °C. 1 µl of DMEM media was added to the cells before being 

transferred to an Eppendorf tube. The media-cell mix was spun for 5 minutes at 7500g in order 

to pellet the cells. After spinning, the media was removed and 1 µl of PBS was added to 

resuspend the pellet. The 1 µl of PBS-cell mix was then split into 500 µl in two individual 

Eppendorf tubes. The tubes were then spun down and the PBS removed leaving the cell pellet.  

  

2.4.5 RNA Extraction and Processing 

One of the two Eppendorf tubes containing cell pellets was used to extract RNA. 100 µl of 

TRIzol (Invitrogen) was added to each cell pellet and this was vortexed for 5 minutes at room 

temperature before adding 20 µl of chloroform (Sigma Aldrich). The tubes were then shaken 

vigorously before a 3-minute incubation at room temperature. After centrifugation for 15 

minutes at 12000g and 4 °C , the clear liquid phase was moved to a sterile Eppendorf tube. The 

clear phase was then precipitated with 50 µl of chilled isopropanol, incubated at room 

temperature for 10 minutes and then centrifuged for 15 minutes at 12000g and 4 °C. The 

supernatant was then discarded, and the RNA pellet was washed with 250 µl of 75 % EtOH 

before vortexing, and a final centrifugation for 5 minutes at 7500g and 4 °C. The RNA pellet 
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was then dried at room temperature for 5 minutes before re-suspending in 25 µl of DepC H2O. 

The concentration of all extracted RNA was measured using the Nanodrop machine, with a 

260/280 ratio value of 2 and 260/230 ratio value between 2 - 2.2 indicating ‘pure’ RNA.  All 

RNA samples were then diluted and normalised to a concentration of 100 ng/µl. 

 

2.4.6 Reverse Transcription PCR 

Primers were designed to analyse the levels of each isoform of the FAS minigene present in 

each sample and a reverse transcription PCR (RT-PCR) was performed. The QIAGEN OneStep 

RT-PCR Kit (Qiagen) was used to perform the RT-PCR following the manufacturers protocol.  

The samples were then run on the QIAxcel Advanced (Qiagen) capillary electrophoresis system 

to visualise and quantify the levels of the two different isoforms produced. The concentration 

was determined for each isoform per sample and a percentage splice inclusion (PSI) was 

calculated for each sample using the formula:  

𝑃𝑆𝐼 =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑝𝑝𝑒𝑟 𝑏𝑎𝑛𝑑

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑝𝑝𝑒𝑟 𝑏𝑎𝑛𝑑 + 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑜𝑤𝑒𝑟 𝑏𝑎𝑛𝑑
 × 100 

The PSIs of the five variants were then compared to those of the wild type using paired t-tests 

to determine any statistically significant difference in the means.  

 

2.4.7 Western Blot Analysis 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to identify the RBM5 protein  

according to the molecular weight, described below. 

To the second 500 µl Eppendorf containing the other half of the cell pellet, 25 µl of 2x loading 

buffer was added and the cells were resuspended. To denature the proteins, the cell suspension 

underwent sonication before boiling the samples at 95 °C for 5 minutes on a heat block. 20 µl  

of each sample was then loaded onto an NuPAGE  4 % – 12 % Bis-Tris Gel (Invitrogen) 

alongside the PageRuler Plus Prestained Protein Ladder (Thermo Scientific) and 

electrophoresed in 1x NuPAGE MOPS SDS Running Buffer at 200 V for 40 minutes. The 

transfer of proteins from the polyacrylamide gel to the nitrocellulose membrane was performed 

using a Mini Blot Module (Invitrogen) and run in 1x Transfer buffer containing 50 ml of 

NuPAGE Transfer Buffer (20X) (Invitrogen), 100 ml of Methanol and 850 ml of deionized 

H2O. The transfer protocol used on the Invitrogen PowerEase Touch 350W (Invitrogen) ran for 

60 minutes at 10 volts.  



53 

 

After protein transfer, the nitrocellulose membrane was blocked in SuperBlock Blocking Buffer 

(Thermo Scientific) for 40 minutes at room temperature under light agitation. The membrane 

was then incubated over night at 4 °C  on a rotating mixer in the primary Anti-Flag antibody 

(Sigma-Aldrich) diluted to a concentration of 1 in 1000 in SuperBlock Blocking Buffer 

(Thermo Scientific). The membrane was then washed 3 times for 5 minutes each in PBS-T to 

remove any unbound primary antibody before being incubated in a secondary Anti-Mouse 

antibody (Invitrogen) diluted to 1 in 2000 concentration in SuperBlock Blocking Buffer 

(Thermo Scientific) for 1 hour at room temperature. The membrane was then washed twice for 

5 minutes each time in PBS-T to remove any unbound antibody, and a final time for 5 minutes 

in PBS.  This process was repeated with an α-tubulin primary antibody (Invitrogen) as a loading 

control and the Anti-Mouse secondary. This allowed for visualisation of both the protein of 

interest and the loading control on the same membrane.  

Visualisation of the membrane was performed on the Amersham Imager 600 after incubating 

the probed membrane in SuperSignal West Pico PLUS Chemiluminescent Substrate consisting 

of equal parts SuperSignal West Pico PLUS Luminol/Enhancer Solution and SuperSignal West 

Pico PLUS Stable Peroxide Solution. 
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Chapter 3:  Investigating de novo Mutations in a Panel of Candidate 

Infertility Genes Using Targeted Next Generation Sequencing 
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3.1 Introduction 

Next Generation Sequencing (NGS) technologies have improved greatly since their inception 

in the early 2000s, with the data output and range increasing dramatically and the cost per 

sample decreasing over time. In 2014 it was announced that the $1000 genome had been 

achieved (Check Hayden, 2014) and Illumina now claim that the $100 genome is within reach 

(Illumina, 2022). The advancement of these technologies has allowed the investigation and 

discovery of a large number of disease genes in rare diseases where this was previously much 

more difficult (Prokop et al., 2018). A paper published in 2013 lists over 180 novel genes 

associated with rare diseases through the use of NGS techniques discovered up to that point 

(Boycott et al., 2013). Since their widespread introduction in 2010, NGS techniques have been 

rapidly replacing conventional methods for Mendelian disease gene discovery, from around 7 

% of genes reported in OMIM in 2010 to 87 % in 2017 (Bamshad et al., 2019). This same study 

highlights the growing proportion of disease genes being identified as containing pathogenic de 

novo variants.  

Whilst NGS has provided a huge breakthrough in the discovery of many disease genes, Male 

Infertility (MI) presents with a large amount of genetic heterogeneity, with over 2,000 genes 

known to be involved in spermatogenesis alone (Krausz & Antoni Riera-Escamilla, 2018; 

Kasak & Laan, 2021). This, alongside the difficulty in acquiring large cohorts of patient-parent 

trios, has proven to be an issue when performing whole exome sequencing (WES) and whole 

genome sequencing (WGS) to identify monogenic causes of MI. NGS often results in the 

detection of a multitude of possible candidate variants, with mutations found in only one 

individual which are potentially causative of a patient’s infertility. This means that whilst a 

library of potential candidate genes is available, until there are more replicates, these genes 

cannot be clearly identified as MI associated genes - and a higher level of evidence is required 

(Houston et al., 2021; Oud et al., 2019).  

A cost-effective and efficient technique to identify recurrently mutated genes is to use a 

multiplex targeted gene panel assay. This approach allows multiple targets to be sequenced in 

many samples at one time, with high precision. Single-molecule Molecular Inversion Probes 

(smMIPs) provide a simple and adaptable means of investigating these smaller gene panels 

(Oud et al., 2017). 
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3.1.1 Single-molecule Molecular Inversion Probes as a Research Tool 

The smMIP assay was first described in a 2013 paper where researchers combined the already 

existing technique of Molecular Inversion Probes (MIPs) with the method of single molecule 

tagging (Hiatt et al., 2013). In the past, MIPs alone did not allow for the identification of the 

single genomic equivalents which were present in the input material. Resulting in a technique 

that, whilst boasting a low cost per sample and low sample input requirements, was not as 

sensitive or specific as often required (Turner et al., 2009; Shen et al., 2011; O’Roak, Vives, Fu, 

et al., 2012). With the addition of single molecule tagging, in the form of Unique Molecular 

Barcodes (UMBs), each individual DNA molecule sequenced can then be quantified to allow 

for consensus calling of single genomic equivalents and deduplication of PCR replicates (Kinde 

et al., 2011; Casbon et al., 2011; Hiatt et al., 2010). The structure of these smMIPs can be seen 

in Figure 2.2 in Chapter 2 of this thesis.  

Since then, there have been multiple studies using smMIPs to identify causative mutations 

within genes known to be linked with specific diseases. A recent study compared a smMIP 

assay, which was designed to target two specific exons within the GNAS gene, to a TaqMan 

genotyping assay to detect two specific point mutations in the GNAS gene (Bekers et al., 2019). 

The authors concluded that although both techniques showed high concordance levels, the 

smMIP assay allowed for the sequencing of whole exons rather than just the single point 

mutations, and thus providing additional information and the opportunity for a broader range 

of mutations on the GNAS gene to be discovered. 

In another study, a smMIP assay was used to further investigate what appeared to be germline 

de novo mutations in the gene SCN1A (de Lange et al., 2019). The smMIP assay was utilised to 

identify low-level mosaicism of pathogenic SCN1A variants in parents of children with 

suspected de novo SCN1A-related epilepsy (Dravet Syndrome). It was found that the targeted 

smMIP panel perform to a higher standard than Sanger Sequencing alone by identifying low-

level mosaicisms in an additional 5 % of all families involved in the study. This was particularly 

relevant for patients suffering from Dravet Syndrome as low-level mosaicism in the parents 

could have important implications for any future offspring, and thus genetic counselling would 

be required for the potential parents. 

Furthermore, smMIPs have been shown by our group and collaborators to potentially increase 

the diagnostic yield of detecting genetic variations in males affected by severe infertility (Oud 

et al., 2017), particularly when focusing on genes previously identified as a known cause of MI, 

or as likely candidate genes to cause MI when containing damaging mutations. In this study, 

smMIPs were used to target and screen 107 of these candidate genes in 1,112 infertile males all 
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presenting with idiopathic infertility. Following sequencing and variant analysis, 1 % - 1.5 % 

of these previously idiopathic patients received a probable diagnosis due to detection of 

chromosomal anomalies or AZF deletions. The authors of this study predict that this diagnostic 

yield value could be even further increased with the confident linkage of more genes to male 

infertility, something which can also be achieved by utilising the smMIP assay. 

For this Chapter of my thesis, a smMIP assay was used to sequence 54 genes which were 

initially highlighted as potential novel candidate MI genes in a study by Dr Manon Oud, in 

collaboration with our group which provided the basis for the WES work described in Chapter 

4 of this thesis. These 54 genes contained rare de novo mutations in individual males suffering 

from severe idiopathic MI and were identified as likely to affect male fertility when their regular 

function is disrupted. A list of all 54 genes can be found in Table 2.1 of this thesis. Each of these 

genes were identified as containing a DNM in a singular infertile male meaning despite the 

determined relevance of the genes to the disease of interest, there was little evidence to solidify 

them as disease genes. The focus of this chapter was to validate the relevance of these 54 genes 

as novel candidate infertility genes by identifying additional patients presenting with potentially 

damaging mutations in these genes of interest.  In total 2904 smMIPs were designed to target 

all 54 of these genes, aiding in the identification of any potential replications of de novo 

mutations in these genes within a new cohort of infertile males. The smMIP assay was 

performed on 299 samples, including 75 new patient-parent trios in order to identify possibly 

causative de novo mutations.  

 

3.2 Aims 

In this Chapter the aims of this work are: 

1. To design, assemble and rebalance a smMIP pool targeting 54 potential novel candidate 

male infertility genes to an optimal efficiency.  

2. To utilise this rebalanced smMIP pool to identify and assess the pathogenicity of any 

rare coding de novo mutations in the DNA of 75 infertile males. 

3. To highlight and further investigate any of the 54 genes containing rare coding de novo 

mutations in the new cohort as potential candidate male infertility genes.  
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3.3 Methods  

In this study, four control samples were used for initial control runs followed by a cohort of 299 

infertile patient and parental samples. Of these 299 samples, 225 were made up of 75 patient-

parent trios with an additional 74 singletons. These 75 patient-parent trios are the focus of this 

chapter and are also included in Chapter 4 where they undergo WES to investigate DNMs in all 

genes. These are fully described in Section 2.1.1 of Chapter 2: Materials and Methods. The 

methodology for designing and preparing the smMIP pool is found in Sections 2.2.1 and 2.2.2. 

Additionally, Sections 2.2.3 - 2.2.7 of the Materials and Methods describe the sample 

processing and sequencing preparation including the rebalancing stages. The bioinformatic 

processing of sequencing data and subsequent variant filtration, analysis and validation are 

described in Sections 2.3.8 - 2.3.10. The variant filtration and prioritisation workflow used is 

identical to that shown in Figure 2.3 of Chapter 2 of this thesis. 

All smMIP design, pool preparation, sample preparation, variant analysis and Sanger 

Sequencing was performed by me. The initial control runs (Run 1 and Run 2) were also entirely 

performed by me and Run 3 using the NovaSeq platform was partially assisted by the Genomics 

Core Facility (GCF) at Newcastle University. Processing of the Fastq files from Run 3 to 

produce Variant Call Format (VCF) files was performed using a custom pipeline designed by 

Dr Simon Cockell at the Bioinformatics Support Unit at Newcastle University.  

The 54 genes sequenced using this smMIP targeted panel were all previously identified in a 

preliminary WES study performed by Dr Manon Oud as potential male infertility candidate 

genes. These genes were identified to contain a single de novo mutation of interest in individual 

patients from an initial 99 infertile males sequenced in Nijmegen, and these WES results are 

included and expanded upon in Chapter 4 of this thesis. The breakdown of samples used in 

different experiments throughout this thesis is represented in Figure 2.1 of the Materials and 

Methods chapter.  The initial DNMs in these 54 genes were highlighted as either “possibly 

causative” or “unclear” based on both variant level evidence and gene level evidence using an 

earlier less refined version of the methodology described in Section 2.3.8-2.3.10 of the 

Materials and Methods chapter of this thesis.  
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3.4 Results 

3.4.1 Initial Control Run using a 1x smMIP pool  

To determine the success and efficiency of the initial smMIP pool, quality scores were analysed 

which were generated from performing this assay on a small number of control samples. The 

first metrics used to determine the success of the initial smMIP sequencing run were the QC 

scores given through the BaseSpace platform (Illumina). The initial sequencing run performed 

very well with 94.62 % of all clusters passing the built-in chastity filters. Chastity is defined as 

the ratio of the brightest base intensity divided by the sum of the brightest and second brightest 

base intensities. Clusters pass this filter if no more than one base call has a chastity value below 

0.6 in the first 25 cycles . The capacity of the flow cell was for 30,000,000 reads and this run 

provided 28,261,210 reads (94.20 %) after any low-quality reads were removed. Additionally, 

in this run 95.26 % of all clusters achieved a Q score greater or equal than 30, where a Q score 

of 30 represents a 99.9 % base calling accuracy (Liao et al., 2017). The smMIP pool was tested 

on four samples which have been named Sample 1, Sample 2, Sample 3, and Sample 4 - for 

both Runs 1 and 2.  

As with all experiments performed within this Chapter, the samples used in this run were all 

pooled equimolarly and thus, after sequencing, it would be expected that each sample should 

be represented by an equal number of reads. Figure 3.1 shows the distribution of the reads 

passing filter between the four samples and it can clearly be noted that Sample 1 took up a 

higher percentage of the reads at around 37 % and Sample 4 underperformed with only around 

12 % of the reads being assigned to this sample.  
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Figure 3.1: Percentage of passing filter reads identified per sample in the initial control 

run using a 1x smMIP pool. 

 

After the run data had been processed via the in-house bioinformatics pipeline, the coverage 

data was available to assess the performance of each individual smMIP within each sample. To 

perform an evaluation of the overall quality of sequencing of each sample, the average coverage 

of each smMIP was identified, along with additional values including the maximum number of 

reads across the smMIPs and the total reads assigned to each sample. All coverage data 

presented was collected after the deduplication of the reads using the UMB of each smMIP. The 

coverage data for Run 1 can be seen represented in Table 3.1. As seen within the initial metrics, 

there is an obvious imbalance across the four samples, with Sample 4 significantly 

underperforming in comparison to the other three samples with only 9.5 % of all the 

deduplicated smMIP reads being assigned to this sample. Because of this underperformance, 

this sample was removed from further analysis and rebalancing runs.  

The median number of reads per smMIP along with the mean, gives a solid indication of how 

the smMIP pool is performing on average, with both Samples 1 and 3 performing similarly with 

an average of 161 and 153 reads per smMIP respectively, as well as medians of 112 and 110 

reads per smMIP. Across the three successful samples, an average of 81 % of all smMIPs were 

covered at a read depth of at least 10 reads.  
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Sample ID S1 S2 S3 S4 

Mean 161 126 153 46 

Median 112 75 110 18 

Min 0 0 0 0 

Max 2006 1778 1400 593 

StDev 178 151 158 66 

Total 468,919 366,720 443,042 134,428 

 

Table 3.1: Coverage data for Control Samples 1 – 4 from Run 1 using a 1x smMIP pool. 

The sample names given in the table are shortened whereby the “S” represents Sample. The 

metrics given here represent the number of reads per smMIP within each sample. From this 

table, it is clear that Sample 4 (S4) has greatly underperformed in comparison to the previous 3 

samples with less than half of the total assigned reads compared to the next best performer. 

 

In order to assess which smMIPs were underperforming and required rebalancing in the second 

control run, the Read Fraction (RF) value was determined for each smMIP. As mentioned in 

Chapter 2, the ideal RF for each smMIP was defined to be 0.0003, determined by the total 

number of smMIPs and their fraction of one individual read when working at equal efficiency 

(Oud et al., 2017). Using the assigned RF values, the smMIPs were split into four distinct 

groups: Overperformers with an RF >0.003, Within Range with an RF of >0.00003 and <0.003, 

Underperformers with an RF of <0.00003, and Zero with smMIPs showing no assigned reads. 

This data can all be found in Table 3.2. 

On average, 2,281 out of 2,904 smMIPs (78.5 % of total smMIPs) performed within the 

acceptable range, with Sample 3 appearing to perform the best with 2,343 on-target smMIPs 

(81 % of total smMIPs). Across the three samples, approximately 12 % of all smMIPs 

underperformed and a further 10 % had zero reads assigned to them. Only 7 % (n = 202) of 

smMIPs gave zero reads in Sample 3 compared to 12 % (n = 354) in Sample 2. Out of these 

202 smMIPs which had given zero reads in Sample 3, 160 were found to also have zero reads 

across Samples 1 and 2. Of the remaining 42 smMIPs with zero reads in Sample 3, 38 were 

underperformers across the two other samples and four were on target in either one, or both, of 

the other samples.  

It was decided that Sample 3 had shown the best overall performance within the smMIP pool, 

due to its higher number of on target smMIPs (81 %) and significantly lower number of smMIPs 

giving zero reads (7 %). Thus, the data from this sample would be used to rebalance the smMIP 

pool for a second control run. To action this, all 560 smMIPs classified as Underperformers or 
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Zeros were then added into the new smMIP pool at a 10x concentration in the hopes of 

improving the performance of these smMIPs.  

It was noted that many of these smMIPs which needed rebalancing belonged to specific genes 

which contain large numbers of smMIPs including: 83 % of all smMIPs in APC2 (n = 85),  74 

% in HELZ2 (n = 90) and 53 % in DGKZ (n = 89). There were, however, several smaller genes 

which showed a high percentage of smMIPs requiring rebalancing including 59 % of C9orf50 

(n = 13) and 56 % of CD81 (n = 10). Over 50 % of smMIPs needed rebalancing in six of the 

original 54 genes with only three genes (APOBEC3G, ODF1 and ZBTB39) not containing any 

underperforming smMIPs. All this data is represented in Table 3.6.  

 

Table 3.2: Read Fraction (RF) dataset for Samples 1 - 3 in Run 1 using a 1x smMIP pool. 

This table highlights the relative consistency in the number of underperformers across all three 

samples within the first run, whilst also showing an increase in the number of smMIPs 

performing within range in Sample 3 

 

3.4.2 Control Run 2 including rebalanced smMIPs in a new 10x pool 

The second control run was performed with the purpose of testing a newly rebalanced smMIP 

pool containing all 2904 smMIPs with the 560 Underperformers and Zeros  highlighted from 

Run 1 at a 10x concentration within the pool. The 10x pool was initially processed using the 

three successful control Samples (1 - 3) from Run 1, however at a late stage in the experiment, 

Sample 3 failed and thus only Samples 1 and 2 were fully processed with the rebalanced 10x 

pool. The samples processed using the newly rebalanced 10x pool are referred to as Sample 

1_10x and Sample 2_10x in all tables and figures within this chapter. An additional two samples 

were run on this flow cell; however, these samples were not part of this experiment and will not 

be further discussed in this chapter.  

smMIP quality RF Run 1 S1 Run 1 

S2 

Run 1 

S3 

Average Run 

1 

Zero 0 279 354 202 278 

Underperformer <0.00003 332 334 358 341 

Within Range >0.00003 and 

<0.003 

2289 2212 2343 2281 

Overperformer >0.003 4 4 1 3 

Total MIPs - 2904 2904 2904 2904 
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As with the first MiSeq control run, the metric scores gathered from BaseSpace were consistent 

with a high-quality sequencing run. The capacity of this flow cell again was 30,000,000 million 

reads and, after removing reads which did not pass filter, 29,020,418 reads were achieved 

meaning 96.7 % of the flow cell capacity was used. The number of clusters passing the inbuilt 

quality filters was 94.4 % and the average number of clusters with a Q score ≥ 30 was 95.0 %. 

Looking at the distribution of reads before any bioinformatic processing, it was observed that 

of the 15,195,091 reads passing filter assigned to the two samples captured with the rebalanced 

smMIP pool, 54 % were assigned to Sample 1_10x and 46 % to Sample 2_10x (Figure 3.2).  

Post-deduplication coverage data showed that the difference in number of reads assigned to 

each of these samples was further reduced with 49 % assigned to Sample 1_10x and 51 % to 

Sample 2_10x. The two 10x pool samples in Run 2 showed lower mean and median number of 

reads when compared to the samples using the 1x pool in Run 1 with a reduction from a median 

of 112 and 75 reads per smMIP in Run 1 to 64 and 63 reads per smMIP in Run 2 (Table 3.3). 

Similarly, to Run 1, Samples 1 and 2 showed an average of 82 % of all smMIPs at a read depth 

of 10 or more reads.  

 

Sample ID S1_10X S2_10X 

Mean 105 107 

Median 64 63 

Min 0 0 

Max 1,893 2,015 

StDev 141 153 

Total 303,858 311,895 

 

Table 3.3: Coverage data for Samples 1 and 2 from Run 2 using a 10x smMIP pool. The 

sample names given in the table are shortened whereby the “S” represents Sample. The metrics 

given here represent the number of reads per smMIP within each sample. From this table it was 

seen that the smMIPs from the individual 10x pools performed similarly to each other despite 

a slight increase in the number of reads assigned to Sample 2_10x compared to Sample 1_10x. 

 

The most important scores to compare the two runs after sample QC checks were the RFs, these 

values can be seen in Table 3.4 for the rebalanced 10x pool compared to the initial Run 1 values 

using a 1x smMIP pool. The difference between the two pools and their performance could be 

seen clearly. Samples 1 and 2 had an average of 317 smMIPs which were giving zero reads in 

the initial 1x smMIP pool run, however after utilising the 10x pool, an average of only 186 
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smMIPs gave zero reads in the same two samples (Figure 3.2). Samples 1 and 2 showed only 

17 % and 19 % of smMIPs underperforming or giving zero reads in the 10x pool, compared to 

21 % and 24 % in the initial run with the number of zero reads decreasing by almost 50 % in 

Sample 2. It was noted that in the second run, there were 81 smMIPs which gave zero reads in 

both Sample 1 and Sample 2 within the 10x pool that were also ‘Zero’ read smMIPs in the 

initial 1x Run 1 samples.  

 

 

Figure 3.2: Number of smMIPs giving zero reads in Samples 1 and 2 across both initial 

runs. It was seen that after rebalancing in Run 2 with 560 smMIPs at a 10x concentration within 

the smMIP pool, both Samples 1 and 2 had large reduction in the number of smMIPs giving 

Zero reads. In Sample 1, a reduction of 35 % of smMIPs giving Zero reads is seen and in Sample 

2, 46 %.  

 

Of the three genes mentioned in Section 3.3.1 which had a large number of Underperformers 

or Zeros across all samples in the initial run, two of the genes (APC2 and HELZ2) saw a 

decrease in the number of smMIPs underperforming or giving zero reads - with a decrease from 

85 (83 %) in Run 1 to 76 (74 %) in Run 2 for APC2, and from 90 (74 %) to 86 (71 %) in HELZ2 

across the same run sets. This data can be visualised in Table 3.5 and was calculated by 

determining the average RF of each smMIP across the two 10x pool samples (Sample 1_10x 

and Sample 2_10x) giving a total of 517 smMIPs which underperformed or gave zero reads on 

average across the two samples. Of these, 53 were classified as within range in Sample 1_10x 

and 28 within range in Sample 2_10x. After the rebalancing, an increase was seen in the number 

of genes showing no underperforming smMIPs from three to eight. As with this rebalancing  
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round, more than 80 % of all the smMIPs from the 10x pool were within an acceptable performance range, the 10x pool was used in the final 

infertile sample cohort sequencing run. 

 

 

 

 

 

 

 

 

Table 3.4: Read Fraction (RF) dataset comparing Samples 1 and 2 with the 1x smMIP pool to their performance with the rebalanced 10x 

smMIP pool. This table highlights the increased number of smMIPs performing within range after application of the new 10x smMIP pool to 

Samples 1 and 2 when compared to the initial 1x pool utilised in Run 1.

smMIP quality RF Run 1 

S1 

Run 1 

S2 

Run 2 

S1_10X 

Run 2 

S2_10X 

Average 

Run 1 

Average 

Run 2 

Zero 0 279 354 180 191 317 186 

Underperformer <0.00003 332 334 317 373 333 345 

Within Range >0.00003 and 

<0.003 

2289 2212 2393 2325 2251 2359 

Overperformer >0.003 4 4 14 15 4 15 

Total MIPs - 2904 2904 2904 2904 2904 2904 
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3.4.3 Targeted Sequencing using a multiplex smMIP panel on a cohort of 299 infertile 

males and parental samples 

The initial QC checks for the final 299 sample run were performed by the Genomics Core 

Facility (GCF) at Newcastle University (NCL) throughout the sequencing process. After 

processing through the BSU pipeline, the following analyses were performed.  

The initial metrics for the 299 samples are represented in Figure 3.3 as the mean number of 

reads per smMIP per sample. Whilst there are a handful of samples originating from Nijmegen 

(NIJ) that had many sequencing reads assigned on average to each smMIP, the general range 

between all four sample groups is fairly consistent with an average read per smMIP of 203 in 

NCL blood group, 213 in the NCL Saliva group, 240 in the NIJ Blood group and 243 in the NIJ 

Saliva group. Across these four cohorts, it was seen that the lowest mean number of smMIPs 

per sample ranges from 66 reads in the NCL Saliva category and 99 in the NCL Blood group. 

Across all 299 samples, the average and median read depth was 236x and 140x, respectively. It 

should also be noted that none of the samples in the sequencing run failed, with all having a 

satisfactory coverage and that all data is post-deduplication of the smMIPs.  

Looking at the overall coverage, the lowest number of reads assigned to a single sample was 

189,227 reads and the highest contained 4,251,930 reads. The sample with the highest reads 

can be visualised on the graph in Figure 3.3, as one of the few outliers within the Nijmegen 

samples with a disproportionately large number of average reads per smMIP (n = 1464). 

When assessing the success of the run, it was possible to analyse the proportion of smMIPs 

captured at a depth of at least 10 reads with an average of 92 % of all smMIPs  having a coverage 

of 10 or more reads across all 299 samples. Figure 3.4 represents the percentage of smMIPs 

with ≥10 reads in each sample with the two lowest performing samples having 78 % of all 

smMIPs at 10 reads or more. A further eight samples have between 80 % - 84 % of all smMIPs 

with ≥10 reads, and 62 additional samples were seen with 85 % - 89 %. The remaining 227 

samples saw over 90 % of all smMIPs achieving a read depth of at least 10 reads.  
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Figure 3.3: Comparison of Newcastle (NCL) and Nijmegen (NIJ) Blood and Saliva samples using the average number of reads per 

smMIP as a comparison tool.  
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The RF analysis of the 299 samples highlighted the improvement of the smMIP pool within this 

final run with an average of 87 % of all smMIPs performing within range across all 299 samples. 

This data is shown in Figure 3.5. The highest performing sample shows over 92 % of all the 

2904 smMIPs performing Within Range, only 5 % Underperforming and 2 % giving Zero reads. 

This contrasts with the worst sample with 81 % Within Range, 13 % Underperforming and 5 % 

giving Zero reads. The fact that all the samples have been successfully sequenced, have a high 

percentage of their smMIPs performing within range, and good coverages across all the smMIPs 

gives a strong indication that the smMIP pool has been well rebalanced. 

Upon further investigation, only seven smMIPs consistently gave Zero reads across all 299 

samples and these smMIPs had also been Zero read smMIPs in Runs 1 and 2. Of these seven 

smMIPs, five lay within individual genes with the last two relating to the gene EVC. 

To compare the Underperformers in the genes mentioned in Sections 3.3.1 and 3.3.2 to those in 

the final run, only 49 smMIPS underperformed in the gene APC2 (48 %), 25 in DGKZ (28 %) 

and 35 in HELZ2 (29 %), showing a vast improvement in the overall quality of the smMIP pool 

across the three runs. The gene CD81 was seen to have the worst performance of smMIPs with 

50 % (n = 9) underperforming or giving zero reads in comparison to the genes RASEF, CDC5L, 

STX7, FZD3, ODF1 and CWC27 which all had no smMIPs underperforming.  
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Figure 3.4: A graph to show the percentage of all smMIPs with at least 10 reads within 

299 samples. It was seen that in 76 % of all samples (n = 227) sequenced in the third and final 

run using the 10x smMIP pool, 90 % or more of the 2904 smMIPs were sequenced with at least 

10 unique reads. With 24 samples achieving more than 95 % of all smMIPs at ≥10 reads. Only 

two samples (1 %) of all samples had less than 80 % of all smMIPs covered with  ≥10 reads 

with actual values of 78 % in both samples. 
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Figure 3.5: Visual representation of the performance of all 2904 smMIPs across 299 infertile patient and parental sample
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Table 3.5: Underperformers and Zero smMIPs across three separate sequencing runs in 

all 54 genes. The smMIPs represented in column smMIPs for rebalancing after Run 1 are those 

which were found to be underperforming or giving zero reads within Sample 3 in Run 1 and 

were then rebalanced in the 10x pool in Run 2. Underperformers and Zeros Run 2 were 

determined by taking an average of the RF of all smMIPs in Sample 1_10x and Sample 2_10x. 

Underperformers and Zeros Run 3 were identified after the average RF was calculated for each 

smMIP across all 299 samples within the third Run.

Gene 

Gene 

Length 

(bp) 

Total 

smMIPs 

smMIPs for 

rebalancing 

after Run 1 

% of all 

smMIPs 

Under-

performers 

and Zeros 

Run 2 

% of all 

smMIPs 

Under-

performers 

and Zeros 

Run 3 

% of all 

smMIPs 

ABCF3 2246 48 2 4 % 2 4 % 6 13 % 

ABLIM1 7560 55 4 7 % 3 5 % 3 5 % 

APC2 10179 103 85 83 % 76 74 % 49 48 % 

APOBEC3G 1564 22 0 0 % 1 5 % 2 9 % 

ATP1A1 3670 57 4 7 % 2 4 % 3 5 % 

ATP8A1 8270 81 8 10 % 4 5 % 4 5 % 

ATP8B4 5688 74 5 7 % 3 4 % 3 4 % 

C9orf50 1945 22 13 59 % 10 45 % 8 36 % 

CAPN10 2621 45 20 44 % 18 40 % 8 18 % 

CD81 1482 18 10 56 % 13 72 % 9 50 % 

CDC5L 6241 43 3 7 % 0 0 % 0 0 % 

CDK5RAP2 6232 98 4 4 % 2 2 % 2 2 % 

CRACR2A 2704 45 2 4 % 4 9 % 3 7 % 

CWC27 2065 34 4 12 % 0 0 % 0 0 % 

DGKZ 3588 89 47 53 % 55 62 % 25 28 % 

DNAJC2 2291 37 4 11 % 0 0 % 2 5 % 

DNMT1 5274 99 8 8 % 4 4 % 6 6 % 

EMILIN1 3890 45 22 49 % 29 64 % 18 40 % 

ERG 4904 32 4 13 % 4 13 % 3 9 % 

EVC 6427 64 6 9 % 5 8 % 7 11 % 

EXOSC9 1587 27 3 11 % 1 4 % 1 4 % 

FBXO5 2054 20 4 20 % 2 10 % 2 10 % 

FNDC8 1352 15 5 33 % 5 33 % 5 33 % 

FUS 1824 35 4 11 % 1 3 % 3 9 % 

FZD3 13770 26 1 4 % 0 0 % 0 0 % 

HELZ2 10002 121 90 74 % 86 71 % 35 29 % 

HNRNPL 2142 34 7 21 % 9 26 % 10 29 % 

HR 5474 63 30 48 % 33 52 % 18 29 % 

ILVBL 2305 44 10 23 % 5 11 % 7 16 % 

IQSEC1 7700 61 10 16 % 16 26 % 9 15 % 

LEO1 2165 34 1 3 % 2 6 % 1 3 % 

LZTS2 2862 33 15 45 % 11 33 % 8 24 % 

MCM6 3753 44 1 2 % 2 5 % 2 5 % 

MPRIP 15419 61 5 8 % 7 11 % 9 15 % 

MYRIP 5073 46 2 4 % 5 11 % 5 11 % 

NEO1 7108 76 5 7 % 4 5 % 4 5 % 

NUP210 7206 111 8 7 % 7 6 % 8 7 % 

ODF1 1026 12 0 0 % 0 0 % 0 0 % 

OSBPL3 6749 47 1 2 % 1 2 % 1 2 % 

PLCL1 6696 42 6 14 % 8 19 % 3 7 % 

RASEF 5585 43 7 16 % 0 0 % 0 0 % 

RPA1 4847 36 2 6 % 0 0 % 3 8 % 

SIX2 2206 14 6 43 % 3 21 % 2 14 % 

SMC2 5928 72 1 1 % 2 3 % 4 6 % 

SOGA1 14218 80 15 19 % 15 19 % 13 16 % 

STX7 15845 20 1 5 % 0 0 % 0 0 % 

STXBP2 1885 45 27 60 % 24 53 % 18 40 % 

TACC2 9704 135 11 8 % 4 3 % 4 3 % 

TLN2 12023 143 3 2 % 6 4 % 6 4 % 

TMEM62 2707 34 4 12 % 4 12 % 1 3 % 

TOPAZ1 5334 83 2 2 % 3 4 % 5 6 % 

U2AF2 2146 29 14 48 % 13 45 % 11 38 % 

WDR17 7333 80 4 5 % 1 1 % 2 3 % 

ZBTB39 6268 27 0 0 % 2 7 % 2 7 % 
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3.4.4 Filtration of de novo Variants Identified in Patient-Parent Trios 

After the coverage files were assessed, annotated VCF files were analysed to highlight any 

potentially causative rare variants found in one of the 54 genes sequenced using the smMIP 

panel. This, and all further analysis steps were only performed on the 75 patients who had 

undergone sequencing as a trio.  

Initially, on average 250 unique variants were identified per sample before any filtration took 

place. The first filtering stage used to prioritize these variants included removing all variants 

which have a gnomAD allele frequency ≥0.1 % or those for which no global frequency is 

available. After removal of all common variants and a final filtration for only non-synonymous 

coding variants, a total of 13 rare, non-synonymous, coding de novo variants were identified. 

These 13 variants were present in 12 different samples, and all were located within a different 

gene each and can be seen in Table 3.6. It was noted that all 13 variants had a Minor Allele 

Frequency (MAF) between 10.34 % in the lowest sample and 33.33 % in the highest, with 10 

% being the cut off for de novo variants to be called within the bioinformatics pipeline.  

The variants then underwent a manual Binary Alignment Map (BAM) file check and from these, 

it was determined that five samples contained a MAF greater than 5 % in one of the parents 

(See Table 3.6), casting doubts on whether the variants were truly de novo. So, following this, 

Sanger Sequencing was performed in order to visualise the variant locations in the initial DNA 

samples to give an accurate determination of whether the variants were indeed true de novo 

variants. 
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Sample 
Original 

Location 
Codons Coverage 

Minor 

Allele 

Frequency 

Gene Consequence 

BAM 

Frequency 

Proband 

BAM 

Frequency 

Mother 

BAM 

Frequency 

Father 

Sanger 

Sequencing 

Result 

MI_0010_P chr10:116196083 cAg/cGg 489 29 % ABLIM1 missense_variant 29 % 1 % 0 % Inherited from 

Father 

MI_0010_P chr21:39947608 cCg/cTg 480 14 % ERG missense_variant 15 % 1 % 0 % Inherited from 

Mother 

MI_0019_P chr5:64181325 cAa/ca 116 10 % CWC27 frameshift_variant 10 % 0 % 2 % Variant not 

present 

MI_0031_P chr2:136602151 agA/agC 346 16 % MCM6 missense_variant 16 % 0 % 1 % Inherited from 

Mother 

MI_Proband00660 chr3:13417817 Gcg/Acg 150 22 % NUP210 missense_variant 22 % 0 % 5 % Inherited from 

Father 

MI_Proband01024 chr20:62191548 Gtg/Atg 10 20 % HELZ2 missense_variant 20 % 0 % 0 % Variant not 

present 

MI_Proband01181 chr12:3728463 Cgg/Tgg 302 15 % CRACR2A missense_variant 15 % 0 % 7 % Inherited from 

Father 

MI_Proband01320 chr6:153296225 aAt/aGt 48 33 % FBXO5 missense_variant 33 % 7 % 0 % Inherited from 

Mother 

MI_Proband01586 chr10:123844023 Ctg/Gtg 122 16 % TACC2 missense_variant 16 % 0 % 8 % Inherited from 

Father 

MI_Proband01697 chr2:27306220 cGc/cAc 76 14 % EMILIN1 missense_variant 15 % 0 % 0 % Inherited from 

Father 

MI_Proband01968 chr8:21982863 Cgg/Tgg 44 14 % HR missense_variant 13 % 2 % 0 % Variant not 

present 

MI_Proband01982 chr19:7707105 cGc/cAc 20 30 % STXBP2 missense_variant 30 % 0 % 0 % Variant not 

present 

MI_Proband02057 chr15:63125775 Gcc/Acc 465 17 % TLN2 missense_variant 18 % 0 % 9 % Inherited from 

Father 

 

Table 3.6: All rare de novo variants highlighted after filtering. After filtration, 13 rare de novo variants were identified. The BAM frequencies 

can be seen within the table for both the proband and the parental samples and a final classification of the variant after Sanger Sequencing is 

present.
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3.4.5 Validation of Rare de novo Variants Identified in Infertile Patients 

The Sanger Sequencing determined that all 13 variants were either false positives (n = 4) or 

were inherited from a parent (n = 9). Of the four variants which were proven to be false 

positives, three had an alternative allele coverage of less than 10 reads and the fourth showed 

the variant in 12 reads however this only provided an MAF of 14 %. This can be seen 

represented in Figure 3.5, which shows data for the NM_005144:c.1711C>T variant in sample 

MI_Proband01968 that had a coverage of 44 in the initial sequencing files and an MAF of 14 

%. The BAM files produced from the sequencing run further confirmed these values and 

showed only a 2 % MAF in the mother and 0 % in the father. However, Sanger Sequencing 

clearly highlighted that this variant was not present within the patient or either parent. 

 

 

Figure 3.6: Validation of NM_005144:c.1711C>T variant in in sample MI-Proband01968. 

a-c) show BAM file results for proband (a), mother (b) and father (c) from the initial sequencing 

result. Within the BAM file, it was seen that in 14 % of all reads in the proband, the variant was 

present. It was also present in 4 % of the maternal reads and absent from the paternal sample. 

d-f) show Sanger Sequencing coverage of the variant region. As the gene is transcribed on the 

reverse strand, the wild-type allele is G. It can be clearly seen that the variant (G>A) is not 

present in either the proband (d), the mother (e) or the father (f).  
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3.5 Discussion and Conclusions  

In this Chapter, I have designed and optimised a 2904 smMIP panel for targeted sequencing of 

54 genes which are potentially of interest in MI. These genes were highlighted as part of a study 

by Dr Manon Oud where WES was used to identify potentially causative de novo mutations in 

genes which were likely to influence the patient’s fertility when mutated. This preliminary study 

led to the discovery of 54 potential candidate male infertility genes and founded the work in 

Chapter 4 of this thesis. The aim was to look for any replications of mutations within these 54 

genes in a new cohort of infertile males by using a more targeted approach with the intention 

to prioritise these genes for further investigation. This was achieved by creating a smMIP assay 

targeting these 54 genes of interest and using it to investigate de novo mutations in a cohort of 

75 patient-parent trios after the assay was properly optimised. After multiple rounds of 

optimisation and then sequencing the infertile trios, it was found that there were no DNMs 

present in any of the patients within the 54 genes of interest. There were multiple potential 

reasons for this including sub optimal performance or coverage of the smMIPs as well as too 

small a gene panel utilised at such an early stage of gene discovery. 

The initial run worked well despite one of the samples clearly being of too low quality to 

successfully utilise the smMIP pool. In theory, with all samples performing optimally, it would 

be expected that 25 % of the total reads would be assigned to each of the four samples, however 

we can see that this was not the case in this run with Sample 4 being assigned only 12 % of all 

the reads. It was decided that the performance issue was likely due to one of two issues. Either 

an error when pooling all four samples together resulting in a lower sample concentration, or 

an issue with the quality of the sample DNA itself, resulting in a less successful capturing of 

the smMIPs. This is potentially represented by significantly decreased number of reads assigned 

to each smMIP on average to this sample seen in Table 3.1.  

Samples 1 - 3 showed a minimum of 76 % and a maximum of 81 % of all smMIPs performing 

within range without any form of rebalancing or optimisation of the pool. Whilst Sample 3 did 

show an increased number of smMIPs underperforming in comparison to Samples 1 and 2 in 

total, the number of smMIPs underperforming and giving zero reads was considerably lower 

overall, highlighting that many of those giving zero reads in Samples 1 and 2 were likely 

underperforming in Sample 3. One issue with this run was the relatively large number of 

smMIPs providing zero reads with 7 % - 12 % fitting this category. With this being the first run, 

it was highly likely that a number of smMIPs would need rebalancing due to the varying 

complexity of the genomic regions being targeted. The improvement of these Underperformers 
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and Zero read smMIPs was the aim of the second rebalancing run, with the intention of creating 

a shift of smMIPs into the Within Range category.  

After rebalancing, the number of underperformers remained largely the same when comparing 

Samples 1 and 2 in both the initial 1x pool and the 10x pool (Table 3.2), but this could be 

explained by the fact that the average number of smMIPs performing within range across the 

two samples has increased by around 100 in each case. This indicated that the 10x pool had 

caused a shift in the Zero smMIPs to Underperformers, and the Underperformers to Within 

Range group. This was particularly noticeable when looking at the Zero category for smMIPs 

in both samples, with Samples 1 and 2 showing only 17 % and 19 % of smMIPs 

underperforming or giving zero reads in the 10x pool compared to 21 % and 24 % in the initial 

run. The number of zero reads in Sample 2 were also seen to decrease by almost 50 %. These 

results were determined to be satisfactory enough to proceed to sequencing of the full 299 

patient and parental samples.  

This final sequencing run showed yet another improvement with all samples showing greater 

than 80 % of all smMIPs performing within range, with one sample reaching 92 %. When an 

analysis was performed to investigate any differences between the DNA origin in regard to the 

sequencing success, it was found that Saliva and Blood samples performed at similar levels 

with the only real discrepancy lying between a handful of Nijmegen Blood and Saliva samples 

which had considerably higher mean reads per smMIP than the majority of the other samples, 

both Blood and Saliva from both cohorts. It is highly likely that either dilution errors occurred 

in these samples during the initial sample preparation or pooling stages, or an overamplification 

has occurred during the PCR stages of the smMIP protocol, leading to a significantly increased 

number of reads being assigned to these smMIPs. Whilst this is not optimal, it did not have any 

lasting effect on the variant calling in these samples.  

When this study was compared to others using this smMIP assay, it was noted that the assay 

performed at a highly comparable standard. The work laid out in a previous study utilised a 

pool of 4,525 smMIPs to sequence a total of 107 causal and candidate genes in 1,119 infertile 

male patients (Oud et al., 2017). Within this study, 93 % of all smMIPs across the 1,119 samples 

were seen to be covered by at least 10 unique reads after sequencing. This is only slightly higher 

than the 92 % achieved within this thesis. Importantly, however, multiple rounds of rebalancing 

were performed and smMIPs of 1x, 5x, 10x, 20x and unphosphorylated smMIPs were added to 

the smMIP pool in the work by Oud et al., when compared to one round and either 1x or 10x 

concentration of smMIPs in this work. The further rebalancing and addition of smMIPs at 5x, 

20x would likely have helped to reduce the number of smMIPs achieving zero reads during 
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sequencing as well as those found to underperform, however, as the percentage of 

underperformers and the number of smMIPs providing less than 10 reads was relatively small, 

it was unnecessary to perform these additional rebalancing. 

Another study utilising a smMIP pool to investigate mutations in seven candidate genes for 

Developmental and Epileptic Encephalopathies assessed the performance of their smMIP pool 

based on the percentage of target bases covered at ≥10 reads within each sample (Hamdan et 

al., 2017). They noted that in 476 (80 %) of their samples, 90 % of the target bases were covered 

by at least 10 reads with the other 119 (20 %) of their samples obtaining a reduced coverage 

with only 70 % of their smMIPs achieving at least 10 reads. In the 299 samples described in 

this chapter, a similar statistic was seen with 227 (76 %) samples showing 90 % of their smMIPs 

with ≥10 reads; however, a significant improvement is then seen when compared to Hamdan et 

al. with 289 of the 299 samples having reached a coverage of 10 or more reads in 85 % of all 

smMIPs. The two worst performing samples within the cohort still achieved 78 % of all smMIPs 

covered at a read depth of 10x or greater showing the overall success of the smMIP assay for 

sequencing regions of interest whilst also highlighting how, with further rebalancing steps, the 

panel could be even further improved upon.  

After analysis of the sequencing data 13 rare (AF <0.1 % in the global population) de novo 

variants were prioritized in 12 different patients. Unfortunately, after performing further Sanger 

Sequencing validations of these variants, all 13 were found to be false positives. Sanger 

Sequencing showed that either the variant was not real, or it was in fact inherited from one of 

the parents. Of the 13 variants found to be false positive, four were proven to be false positives 

after Sanger Sequencing showed an absence of the variant in both the probands and the parents. 

Typically, for a germline de novo mutation, a MAF of 50 % would be expected. However, the 

minimum filters were set to 10 % in the processing stages of the variants in order to not exclude 

any potential mosaic mutations and to not limit the investigation of the variants too stringently 

before a manual inspection. After Sanger Sequencing was performed, it was clear that these 

four mutations were likely sequencing or alignment errors which have occurred during the 

preparation or sequencing protocol.  

Of the nine variants which were shown to be inherited after Sanger sequencing, it can be seen 

that five had an MAF of 5 % – 9 % in the affected parent. Due to the inclusion of only variants 

with MAF of 10 % or higher, these variants were not identified in the parents and thus when 

the proband and parental files were cross examined, appeared de novo. For those variants where 

low coverage is not the issue, it is possible that a bias was introduced during the PCR stage for 

reads not containing the variant. The cause of this would likely be due to poor sequencing 
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quality in these regions, with a number being covered only by one smMIP or the variant lying 

closely to the end of a read. 

Whilst no pathogenic rare de novo mutations were highlighted in these genes in this 75-trio 

cohort,  it must be remembered that the human genome contains over 20,000 genes (Pertea et 

al., 2018) and this smMIP panel has only investigated 54 of those, all of which had been found 

to have a potentially causative de novo variant in only one other patient in our prior male 

infertility WES cohort. It is not surprising that in a relatively small sample size no additional 

de novo mutations were identified. In fact, when performing WES on these samples later in 

Chapter 4, as well as additional samples, it was confirmed that no de novo mutations were found 

in these genes. This does not, however, mean that these genes are now unlikely to be MI genes. 

This work highlights the necessity for significantly larger cohorts when performing more 

targeted research. The majority of the genes involved in this smMIP panel are still considered 

to be of interest and require further investigation. One example of this is the gene U2AF2 which 

is noted to be a gene associated with pre-mRNA splicing whereby both the RNA and protein 

are highly expressed within the testis and present during spermatogenesis (Glasser et al., 2022). 

This gene still has potential to become a candidate male infertility gene, however, more work 

is yet to be done to prove this. It has been well documented that in complex heterogenic diseases 

such as male infertility as well as Intellectual Disability an exceptionally large sample size is 

required in order to accurately and confidently identify disease genes (Kaplanis et al., 2020). 

Our study indicates that smMIP based targeted sequencing may not be the best technique to be 

used at this stage in the discovery of MI genes whilst there are only single patients with 

mutations in all the potential candidate genes. The panel provides a very narrowed approach 

and whilst more genes can indeed be added to the smMIP pools over time, it is better suited to 

later stages of disease gene research and in genetic diagnostics rather than replication studies 

as applied in this chapter. If there is a well-established causative gene (or set of genes) which 

may often be mutated in a certain disease, the smMIP panel is an excellent, cost-effective, and 

time-conserving method to achieve high quality results. If the smMIP panel is being used as a 

diagnostic tool rather than an exploratory tool, more rounds of rebalancing could be performed 

on the pool itself to ensure that all smMIPs are performing at their optimal, and that all regions 

of the evaluated genes are fully covered. An automated variant calling, and filtering pipeline 

could then easily be employed in order to streamline interpretation and reporting. This could be 

of great use in future when a larger number of male infertility genes have been confidently 

identified in order to aid with investigations in a clinical setting. 
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One example of the clinical application of a smMIP assay is seen in (Gallon et al., 2020) where 

a smMIP panel was designed to target specific microsatellites within colorectal cancer samples 

to determine whether Lynch Syndrome is present. The smMIP panel may be used in this specific 

clinical setting to help predict the patient’s response to particular types of immunotherapies in 

their cancer treatments. Several smMIP-based panels have also been shown to greatly increase 

turnaround time in identifying mutations in the BRCA1 and BRCA2 genes where, in a 2017 

study, a smMIP panel was shown to yield a 100 % analytical sensitivity and specificity in 

identifying true positive variants in 152 samples whilst decreasing the turnaround time of 

testing by 60 % (Neveling et al., 2017). Both studies highlight how smMIP based panels allow 

for mass testing of multiple samples and demonstrate how the panels may be optimally used in 

a clinical diagnostic setting, where multiple patients will be tested regularly for mutations in a 

set of known disease-causing genes.  

From this work, it was clear that further studies were required to identify and consolidate the 

evidence for more candidate MI genes using a larger cohort of patient-parent trios, before 

utilising a highly targeted method such as the smMIPs again. This led onto the work in Chapter 

4 where WES was utilised in a larger cohort of patient-parent trios for disease gene discovery.  
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Chapter 4: Identification of Putative Pathogenic de novo Mutations in 

Severe Forms of Male Infertility 
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Preface: The work being presented in this Chapter is an adaptation and expansion on my Co-

First Author manuscript “A de novo paradigm for male infertility” published in Nature 

Communications (January 2022). As co-first author and the main writer of the manuscript, I 

have adapted the text and figures from this paper throughout the entirety of this chapter as well 

as having expanded on it by adding additional information and analyses. Any results that are 

not my own have been appropriately acknowledged within each respective section. 

 

4.1 Introduction  

Male infertility (MI) contributes to approximately half of all cases of infertility and affects 

around 7 % of the male population. For the majority of these men the cause of their infertility 

remains unexplained (Krausz & Antoni Riera-Escamilla, 2018). Despite a clear role for genetic 

causes in MI, there is a distinct lack of diagnostically relevant genes and at least 40 % of all 

cases are classified as idiopathic (Krausz & Antoni Riera-Escamilla, 2018; Kasak & Laan, 

2021; Oud et al., 2019; Tüttelmann et al., 2018). Severe Oligozoospermia (<5 million sperm 

per ml ejaculate) and Azoospermia (complete lack of sperm in the ejaculate) are the most severe 

forms of qualitative MI with the more severe Azoospermia being diagnosed in 10 % - 20 % of 

all MI cases (Tüttelmann et al., 2011; Choy & Amory, 2020). It has been shown that men with 

this most severe case of infertility are at the highest risk of being carriers of genetic 

abnormalities (25 % in Azoospermia cases) and this risk progressively decreases as the severity 

of the infertility decreases. With over 2000 genes known to be involved in spermatogenesis and 

the complex multifactorial pathology of MI itself, the number of genetic mutations being 

identified across all subcategories of the condition are steadily increasing (Kasak & Laan, 2021; 

Houston et al., 2021). 

 

4.1.1 De novo Mutations as a Cause for Male Infertility 

With such a high percentage of all MI cases remaining idiopathic, the need for further research 

into the genetic causes of this condition is significant. Previous studies in other conditions with 

reproductive lethality, such as neurodevelopmental disorders, have demonstrated a significant 

role for de novo mutations (DNMs) in their aetiology (Veltman & Brunner, 2012). It is suggested 

that due to the spontaneous nature of these mutations, they are likely more deleterious and thus 

provide an explanation for severe forms of MI, which cannot logically have been inherited and 

are associated with reduced fitness. 
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In line with this, it is well known that recurrent de novo chromosomal abnormalities play a 

significant role in MI (Xavier et al., 2021). Both azoospermia factor (AZF) microdeletions on 

the Y chromosome as well as an additional X chromosome, resulting in Klinefelter syndrome, 

occur de novo. Collectively, these de novo events explain up to 25 % of all cases of non-

obstructive azoospermia (NOA) and are commonly screened for during diagnostic tests in 

infertile males (Kasak & Laan, 2021; Krausz & Riera-Escamilla, 2018). Interestingly, in 1999, 

the first instance of a potentially damaging de novo point mutation in the Y chromosomal gene 

USP9Y was reported in a man with azoospermia (Sun et al., 1999). It has now been shown that 

deletion of this gene does not lead to infertility and the gene is more likely to be involved in 

improving the efficiency of spermatogenesis (Jedidi et al., 2019; Krausz et al., 2006; Luddi et 

al., 2009). Until now, a large-scale systematic analysis of the role of DNMs in MI had not been 

attempted. This is partly explained by a lack of basic research in male reproductive health in 

general (De Jonge & Barratt, 2019; Kasak & Laan, 2021), but also by the practical challenges 

of collecting parental samples for this disorder, which is typically diagnosed in adults. 

Recently, a pilot exome sequencing study in 13 infertile men and their parents published 

(Hodžić et al., 2021). Within this study, five genes were highlighted as potential candidate genes 

for MI: NEURL4, BRD2, SEMA5A, CD1D, and CD63. This study showed a promising start to 

research into this mode of inheritance for idiopathic MI, however the work was limited by its 

small sample size and thus lack of replications, highlighting the need for further studies in larger 

cohorts.  

 

4.1.2 Autosomal dominant male infertility disease genes 

In recent decades, the majority of research into MI has been focussed on recessive or X and Y 

linked causes of MI with all common screening methods identifying these types of mutations. 

Currently, only four autosomal dominant (AD) genes have been confidently linked to isolated 

male infertility in humans; DMRT1, KLHL10, SYCP2 and SYCP3 (Houston et al., 2021; Oud et 

al., 2019; Schilit et al., 2020). Doublesex- and mab-3-related transcription factor 1 (DMRT1) 

is a transcription factor which plays roles in male sex determination and differentiation by 

controlling male germ cell proliferation. Genes SYCP2 and SYCP3 (Synaptonemal Complex 

Protein 2 and 3) both produce proteins which are heavily involved in the synaptonemal 

complexes during meiotic prophase, with affected patients showing a variety of male infertility 

phenotypes including severe oligozoospermia, cryptozoospermia and meiotic arrest. Kelch like 

family member 10 (KLHL10) is thought to be involved in the process of ubiquitination and 

proteasomal degradation of proteins during spermatogenesis (Yatsenko et al., 2006). Whilst 
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these genes have been determined to play a role in AD-related male infertility, no parental 

samples were investigated of patients with mutations in these genes and thus it remains 

unknown whether any of the variants were maternally inherited or occurred de novo. The 

pathways and mechanisms that these four genes act within differ functionally yet ultimately all 

produce an infertile phenotype in the affected males, highlighting the heterogeneity of severe 

male infertility and emphasising the need for large scale studies into disease gene identification 

in this disorder.  

 

4.1.3 De novo Mutation Detection in Whole Exome Sequencing Data of 185 Patients 

The work in the previous Chapter of this thesis focussed on identifying de novo mutations in a 

cohort of infertile patients using a targeted sequencing approach. The targeted smMIP 

sequencing technique has the ability to sequence specific regions of DNA extracted from both 

blood and saliva samples. This method often achieves a high read depth, with our own study 

showing a mean of 240 reads per smMIPs covering each region (Khan et al., 2019). A high read 

depth allows for greater detection of low frequency variation and, alongside the potential for 

massively parallel sequencing of samples per run, makes the smMIP targeted gene panel an 

attractive method for investigating variation in known disease-causing genes (Hiatt et al., 2013). 

When used in a systematic approach to sequence large numbers of samples, this method boasts 

an approximate cost of $1 per gene per sample despite the initial high start-up costs associated 

with designing a smMIP panel (O’Roak, Vives, Fu, et al., 2012). Additionally, the ability to add 

or remove genes from the smMIP pool  gives it great flexibility. This Chapter moves on to make 

use of Whole Exome Sequencing (WES) to investigate mutations across the entirety of the 

coding portion of our infertile patients’ genomes. The human exome accounts for approximately 

1% of the human genome and is known to encompass 85 % of all known disease-related 

variation (van Dijk et al., 2014). The initial stage of WES differs from smMIP targeted 

sequencing as a commercially available target set is ready to be used, eliminating the need to 

design, pool and balance probe sets before patient samples can be sequenced. Both methods 

require sample preparation to capture the specific regions (either targeted genes or the whole 

exome) being sequenced. Downstream processing of samples for both smMIPs and WES are 

compatible with identical alignment and annotation tools utilised in both instances. The major 

difference at this stage is the substantially larger amount of data produced for processing and 

analysis per patient after WES. Due to the considerable amount of data produced in a single 

exome sequencing experiment, fewer samples can be sequenced in a single run and the overall 

read depth is also reduced. The increased number of runs as well as a need for larger data storage 
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and processing capabilities all contribute to higher cost per patient for exome sequencing in 

comparison to targeted sequencing. For disorders such as male infertility where there are very 

few associated disease genes and large numbers of idiopathic patients, these costs are arguably 

justified by the discovery potential unlocked when assessing a patient’s entire exome. 

Discussed here is the first large scale study on the role of DNMs in severe male infertility aiming 

to address the lack of knowledge in this subject. A total of 185 patients suffering from 

unexplained cases of severe oligozoospermia (n = 74) and azoospermia (n = 111), with both the 

patients and their parents having underwent WES in order to identify genes containing DNMs 

which could potentially explain the infertility observed in these patients. 

 

4.2 Aims 

1. To analyse Whole Exome Sequencing data of 185 infertile patient-parent-trios and 

identify all rare protein altering de novo variants.  

2. To assess the pathogenicity of all rare coding de novo variants identified and assess the 

likelihood of these DNMs to explain the infertility phenotype observed in the patient. 

3. Perform statistical analyses to investigate an enrichment for loss of function (LoF) and 

missense mutations in LoF and missense intolerant genes. 

4. Assess a replication cohort of infertile men (as well as fertile controls) for rare 

heterozygous mutations in genes found to contain DNMs in the 185 infertile patients. 

 

4.3 Methods 

Preparation of the samples for sequencing in this chapter is described in Chapter 2 section 2.3 

either in the Netherlands at Radboud University (n = 170) or by Dr Bilal Alobaidi at Newcastle 

University (n = 15). WES for all samples was conducted at Newcastle University by the 

Genomics Core Facility, also described in section 2.3 of this thesis. Post Sequencing processing 

was performed by the BSU at Newcastle University and by Dr Miguel Xavier. Analysis of 

sequencing data, including variant identification and interpretation, as well as primer design for 

Sanger validation was performed by myself. Approximately half of the samples (n = 99) were 

initially processed and had variants identified and validated at Radboud University by Dr 

Manon Oud, however I then re-processed them all after joint variant calling was performed 

including the entire cohort of patients and parents to improve the overall detection of variants 

and specifically of DNMs. Sanger Sequencing validation was performed both at Newcastle 

University by Dr Bilal Alobaidi and me, and at Radboud University by Petra de Vries. 
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Preparation of histological samples and figures was conducted by Dr Godfried van der Heijden 

in Radboud University, information presented previously in Chapter 2. Copy Number Variant 

(CNV) detection and related figure creation was performed by Dr Kumara Mastrorosa and for 

the purpose of this Chapter and the aforementioned publication, the genes identified within 

these de novo CNVs were analysed by me. Information regarding the processing of all 

additional patient and control samples can be found in Chapter 2 of this thesis in section 2.1. 

Figure 2.3 in Chapter 2 describes the workflow for variant filtration and prioritisation of 

samples within this chapter. 

 

4.4 Results  

4.4.1 Comparison of Whole Exome Sequencing Kits 

Whole Exome Sequencing of the 185 trios was performed on the NovaSeq 6000 Sequencing 

System (Illumina) with the initial 99 trios being sequenced using Illumina’s Nextera DNA 

Exome Capture kit and the subsequent 86 using the Twist Bioscience’s Human Core Exome 

Kit. Comparable results were achieved with both kits similarly covering more than 99.4 % of 

all exon regions according to RefSeq, CCDS, Ensembl and GENCODE databases (Table 4.1). 

Due to the greater target size covered using the Illumina Nextera kit (45,326,818bp compared 

to 36,539,805bp for the Twist Bioscience kit), a considerable difference was seen between the 

overall target coverage of samples prepared with the two different kits, with samples prepared 

using the Illumina Nextera DNA Exome Capture kit reaching an average read depth of 72x 

across the entire exome sequenced and samples prepared with the Twist Bioscience’s Human 

Core kit achieving a greater average depth per sample of 99X (Figure 4.1, Table 4.2). When 

comparing the saliva vs blood samples, a small but not statistically significant difference was 

detected between the coverage of the blood vs saliva samples from either of the two kits. The 

blood samples performed slightly better than the saliva samples in both cases with a coverage 

of 79X in the Illumina Probands vs 74X and 73X in the Illumina parental saliva samples and 

105X in the Twist probands vs 96X and 91X in the Twist parental saliva samples. Despite the 

slightly increased coverage in blood samples the number of SNPs called in each different DNA 

extraction group was not affected and was in fact highly comparable (n = 99,821 in Twist blood 

samples vs n = 99,861 and n = 99,170 in Twist saliva, n = 101,102 in Illumina Blood vs n = 

100,850 and n = 100,749 in Illumina saliva samples). 
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Table 4.1: Statistics of reads and alignment to reference genome per exome kit. 

Abbreviations: M = Million; bp = base pairs; Mb = Megabases. Exonic content covered refers 

to RefSeq, CCDS, Ensembl, GENCODE databases.

  Illumina’s Nextera DNA Exome 

Capture kit 

Twist Bioscience’s Twist Human 

Core Exome Kit 

Mean Coefficient of 

Variation 

Mean Coefficient of 

Variation 

Total Reads (M) 77.4 0.19 72.3 0.23 

Average Read 

length (bp) 

97.0 0.01 98.9 0.01 

Uniquely 

mapped reads 

(M) 

49.8 0.18 67.1 0.23 

Bases mapped to 

target (Mb) 

4648.9 0.19 4755.8 0.22 

Bases mapped to 

target ± 150bp 

(Mb) 

7550.1 0.19 7281.7 0.23 

Target size (bp) 45,326,818 - 36,539,805 - 

Exonic content 

covered  

99.4 % - 99.5 % - 
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Exome Kit Type 
Mean Sample 

Coverage 
SNPs Indels 

Het/Hom 

Ratio 

Insertion/Deletion 

Ratio 

ti/TV 

Ratio 

Illumina’s Nextera DNA 

Exome Capture kit 

Probands (Blood) 79X 101,102 11,274 1.6 0.85 2.25 

Mothers (Saliva) 74X 100,850 11,320 1.6 0.85 2.25 

Fathers (Saliva) 73X 100,749 11,318 1.59 0.85 2.25 

Twist Bioscience’s Twist 

Human Core Exome Kit 

Probands (Blood) 150X 99,821 11,785 1.72 0.84 2.24 

Mothers (Saliva) 96X 99,861 11,682 1.73 0.85 2.24 

Fathers (Saliva) 91X 99,170 11,698 1.72 0.85 2.24 
 

Table 4.2: Comparison of variants called for the different sample types per exome kit.
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Figure 4.1:  Target coverage on all 552 samples included in experiment. a) Fraction of 

capture target bases per depth for all samples by cell type of origin and exome kit used. Legend: 

Red dots - Illumina Blood samples; Green dots - Illumina Saliva Samples; Purple dots - Twist 

Saliva Samples; Blue dots - Twist Blood Samples; b) Fraction of capture target bases per depth 

of samples sequenced with Illumina’s Nextera DNA Exome Capture kit. Legend: Red dots - 

Illumina Blood samples; Green dots - Illumina Saliva Samples; c) Fraction of capture target 

bases per depth of samples sequenced with Twist Bioscience’s Twist Human Core Exome Kit. 

Legend: Blue dots - Twits Saliva Samples; Red dots - Twist Blood Samples; d) Fraction of 

capture target bases per depth of samples with DNA extracted from Blood cells for both exome 

kits. Legend: Red dots - Illumina Blood samples; Blue dots - Twist Blood Samples; e) Fraction 

of capture target bases per depth of samples extracted from saliva cells for both exome kits. 

Legend: Red dots - Illumina Saliva Samples; Blue dots - Twist Saliva Samples. 

 

4.4.2 Identification of Rare Potentially Pathogenic de novo Mutations 

After WES was performed, patient annotated VCF files were analysed to filter down all DNMs. 

I only included DNMs which were covered by at least 10 sequencing reads with at least 15 % 

of all sequencing reads containing the variant, found in protein coding regions of the exome 

and either rare (present in less than 0.1 % of the population in gnomAD) or previously not 

reported at all. After applying these filters, a total of 192 rare DNMs were identified in 185 

patients at a rate of 1.04 coding DNMs per patient. These 192 variants were then further filtered 

down to remove any non-protein altering DNMs to give a total of 145 rare protein altering 

DNMs (Figure 2.3). The distribution of these DNMs within the 185 unexplained cases of both 

azoospermia and severe oligozoospermia can be seen in Figure 4.2. A total of 76 patients were 

found to have no rare coding DNMs at all with this number increasing to 90 when non-protein 

altering DNMs were removed. A further 55 patients (n = 58 when looking only at protein 

altering DNMs) presented with one DNM and 54 patients (n = 37 when protein altering) had 

two or more DNMs. One patient in the cohort was found to have four rare protein altering 

DNMs and an additional patient presented with five rare protein altering DNMs. 
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Figure 4.2: Distribution of 192 de novo mutations in 185 patients.  

 

All of these de novo point mutations were autosomal apart from a singular DNM occurring on 

chromosome X, and all 145 rare, protein altering DNMs exist within different genes. At initial 

glance, none of these 145 DNMs occurred in a gene already known for its involvement in 

autosomal dominant human male infertility. 

To systematically evaluate and predict the likelihood of these DNMs causing male infertility 

and identify novel candidate disease genes, the predicted pathogenicity of all DNMs was 

assessed using three prediction tools: Sorting Intolerant From Tolerant (SIFT) (Vaser et al., 

2016), MutationTaster (Schwarz et al., 2010), and PolyPhen2 (Adzhubei et al., 2010). To define 

a variant as pathogenic, a minimum of two out of three of these prediction tools were required 

to classify the DNM as damaging. Using this approach, 84 of 145 rare protein altering DNMs 

were predicted to be pathogenic, while the remaining 61 were predicted to be benign. 

Whilst my own work focused on identifying de novo point mutations present in these patients, 

two rare de novo CNVs were also identified in the same WES data by Dr Kumara Mastrorosa 

(Figure 4.3). The seven genes affected by these two rare de novo CNVs were further 

investigated within this Chapter and the findings are presented in Table 4.7 along with all other 

DNMs found in this cohort.  

After the initial identification of the 145 rare, protein altering DNMs, a series of unbiased 

analyses were performed to investigate the variants and genes affected.  
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Figure 4.3: De novo Copy Number Variations (CNVs) identified in infertile men. A) De 

novo deletion of ca. 656kb (chr11:32975325-33631588) identified in patient Proband_066 

affecting genes QSER1 (partially), DEPDC7, TCP11L1, LINC00294, CSTF3, HIPK3 and 

KIAA1549L (partially). B) Deletion of ca. 6kb (chrX:108779109-108785919) identified in 

Proband_039 affecting gene NXT2. Log2Ratio tracks show the number of alleles in the specific 

region of chromosome in mother, father and proband, which also include the Minor Allele 

Frequency (MAF) plot showing SNP zygosity. Below the Log2R plots are the cytobands of the 

specific region of the chromosome. Horizontal red and green bars indicate respectively the 

deletions and duplications in the Database of Genomic Variants (DGV). The more intense the 

colour, the more CNVs are present in the region. Below the DGV track, RefSeq genes are 

indicated. (Oud et al., 2022) 

 

4.4.3 Loss-of-Function de novo Mutations in Loss-of-Function Intolerant Genes 

Broadly speaking, across genetic disorders, dominantly acting disease genes are usually 

intolerant to Loss-of-Function (LoF) mutations, as represented by a high Loss Intolerance 

probability (pLI) score (Lek et al., 2016) or a low Loss-of-function Observed over Expected 

upper bound Fraction (LOEUF) score (Karczewski et al., 2020). Prior to any further filtration 

or investigations into gene functions, these two scoring methods were applied to all genes 

containing LoF de novo mutations (n = 17). In the cohort of infertile men, a significant 

enrichment was detected in the number of LoF-intolerant genes with a LoF DNM with no such 

enrichment being identified in a cohort of 1,941 control cases from denovo-db v1.6.11 

(http://denovo-db.gs.washington.edu) (median pLI in patients with male infertility = 0.80, 

median pLI in controls = 3.75 × 10−5, p value = 1.00 × 10−5, N simulations = 100,000) (Figure 

4.4a). Comparable results were obtained using the LOEUF scores (median LOEUF in patients 

with male infertility = 0.34, median LOEUF in controls = 0.59, p value = 1.00 × 10−5, N 

simulations = 100,000) (Figure 4.4b). A list of all genes containing rare protein altering DNMs 

can be found in Table 4.3.  
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Figure 4.4: Analysis of the intolerance to LoF variants for DNM genes. A) Violin plot with 

quantile lines showing pLI scores in all genes in gnomAD (red), all genes affected by rare 

protein altering loss-of-function (LoF) de novo mutations (DNMs) in a control population 

(http://de novo-db.gs.washington.edu/de novo-db/) (green) and in all genes with a rare protein 

altering LoF DNM in our trio cohort (blue). Using the permutation-based, nonparametric test 

defined by Lelieveld et al. 64 a significant enrichment of LoF DNMs in LoF-intolerant genes 

in patient cohort was detected in comparison to the number of LoF in fertile control cohort 

(DNM LoF mutations in patients n = 17, median pLI in patients with male infertility = 0.80, 

DNM LoF mutations in controls n = 21, median pLI in controls = 3.75 × 10−5, p 

value = 1.00 × 10−5, N simulations = 100,000). The black dot indicates median pLI scores. 

b) Violin plot representing the distribution of the LOEUF scores of all genes in gnomAD, all 

genes affected by rare protein altering LoF DNMs in a control population (http://denovo-

db.gs.washington.edu/denovo-db/) and in all rare protein altering LoF DNM in our trio cohort. 

The observed median LOEUF score is displayed for each category as a black circle. The lower 

the LOEUF score, the more intolerant to LoF variation a gene is. This analysis shows a 

significance enrichment for LoF DNMs in LoF-intolerant genes when compared to a fertile 

control cohort (p-value = 1.00x10-5).  
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Table 4.3: pLI and LOEUF scores of all 17 genes containing rare protein altering LoF de novo mutations predicted to be pathogenic at a 

variant level. The pLI and LOUEF scores of a gene represent the likelihood of a gene being intolerant to LoF mutations with a pLI of 1 indicating 

a gene with the highest level of intolerance to LoF mutations and pLI of 0 indicating a greater tolerance for LoF mutations. The parameters for the 

LOEUF score differ with a LOEUF score of 0 representing the most LoF intolerant genes and a value of 9 representing the least intolerant.

Gene Variant Consequence pLI LOEUF Conclusion 

GREB1L chr18:19019514-AAGGGC-A Frameshift Variant 1 0.07 Possibly Causative 

ATP1A1 chr1:116930014-CT-C Frameshift Variant 1 0.12 Unclear 

ZFHX4 chr8:77763486-CT-C Frameshift Variant 1 0.14 Unclear 

HTT chr4:3213834-C-CG Frameshift Variant 1 0.18 Possibly Causative 

SOGA1 chr20:35438426-G-A Stop Gained 1 0.19 Unclear 

TENM2 chr5:167642269-GC-G Frameshift Variant 1 0.19 Unclear 

PPP1R7 chr2:242099831-CAATAA-C Frameshift Variant 0.99 0.24 Possibly Causative 

FBXO5 chr6:153293449-A-ATCAC Frameshift Variant 0.97 0.32 Possibly Causative 

RASAL2 chr1:178435121-G-T Stop Gained 0.8 0.34 Possibly Causative 

ZNF469 chr16:88494628-T-TC Frameshift Variant 0.72 0.37 Unclear 

KLC1 chr14:104129206-TC-T Frameshift Variant 0.37 0.41 Unclear 

OSBPL3 chr7:24874131-G-A Stop Gained 0 0.54 Unclear 

MSH5 chr6:31721100-CAT-C Frameshift Variant 0 0.7 Unlikely Causative 

EXOSC10 chr1:11136965-A-AT Frameshift Variant 0 0.74 Unclear 

EVC chr4:5743515-C-T Stop Gained 0 1.06 Unclear 

PCDHB1 chr5:140431405-T-TCCGGG Frameshift Variant 0 1.31 Unclear 

ZNF709 chr19:12575362-A-AC Frameshift Variant 0 1.86 Unclear 



96 

 

Due to their potentially deleterious nature, the damaging effects of the two rare de novo CNVs 

were also investigated by looking at the pLI score of the genes involved. Proband_066 

presented with a large 656 kb de novo deletion on chromosome 11, spanning six genes in total. 

This deletion partially overlapped with a deletion reported in 2014 in a patient with 

cryptorchidism and non-obstructive azoospermia (NOA) (Seabra et al., 2014). Two genes 

affected in both patients, QSER1 and CSTF3, are LoF-intolerant with pLI scores of 1 and 0.98, 

respectively. In particular, CSTF3 is highly expressed within the testis and is known to be 

involved in pre-mRNA 3′-end cleavage and polyadenylation (Grozdanov et al., 2018). 

 

4.4.4 Missense Mutations in Missense Intolerant Genes 

To further analyse the impact of the variants on the genes affected, the missense Z-score of all 

122 genes affected by a missense DNM was investigated. This score indicates the tolerance of 

genes to missense mutations based on the number of observed vs expected missense variants 

within the given gene where a positive score indicates a missense depletion (Samocha et al., 

2014; Deák & Cook, 2022). When comparing missense mutations found in the infertile cohort 

to those in a control cohort, no significant enrichment was found for missense DNMs present 

in missense-intolerant genes (median Z-score in male infertility patients = 0.83, median Z-score 

in controls = 1.04, p value = 1, N simulations = 100,000) (Figure 4.5a). Interestingly, however, 

a significantly higher median missense Z-score was observed in genes affected by a missense 

DNM predicted as pathogenic using the method described in section 4.4.1 (median Z-score = 

1.21, n = 63) when compared to genes affected by predicted benign (median Z-score = 0.98, n 

= 59) missense DNMs in our cohort (p value = 5.01 × 10−4, Figure 4.5b). It should be noted 

that the same analysis in controls showed no such significant difference (p value=0.95, Figure 

4.5c).
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Figure 4.5: Analysis of the intolerance to missense variants for DNM genes. A) Violin plots with quantile lines represent the distribution of the 

z-scores of all genes in gnomAD (red), all genes affected by rare protein altering missense DNMs in this study (blue) and in the previously 

mentioned control population (green). The higher the Z-score, the more intolerant the gene is to missense variants. Comparison between overall 

missense DNMs in our study (n = 122) and control population (n = 262) shows no significant difference (Two-sided Mann-Whitney U test, p-

value=1 b) Violin plot with quantile lines showing the distribution of Z-scores for genes with predicted benign (n = 59) and pathogenic missense 

DNMs (n = 63) in infertile patients. A significant increase in predicated pathogenic DNMs in missense-intolerant genes was detected compared to 

benign missense DNM (Two-sided Mann–Whitney U test, p value of 3.44 × 10−4). C) Violin plot with quantile lines showing the distribution of 

Z-scores of genes containing a rare protein altering missense DNM in the previously mentioned control cohort, where no significant enrichment 

(Two-sided Mann-Whitney U test, p-value=0.95) can be observed in the median missense-z score of genes containing rare protein altering benign 

missense DNMs (n=39, red) vs pathogenic missense DNMs (n=68, blue). (***p < 0.001).

a c 
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4.4.5 Protein–Protein Interactions Reveal Link to mRNA Splicing 

The final investigation into all 145 rare, protein altering DNMs prior to a functional assessment 

of the genes in relation to male infertility involved a network analysis to identify any recurrent 

pathways effected by DNMs in the infertile cohort. 

An analysis using the Search Tool for the Retrieval of Interacting Genes (STRING) database 

(Szklarczyk et al., 2017), revealed a significant enrichment of protein interactions amongst the 

84 genes affected by a protein altering DNM predicted to be pathogenic (PPI enrichment p 

value = 2.35 × 10−2, Figure 4.6). No such enrichment was observed for the genes highlighted 

as likely benign (n = 61, PPI enrichment p value = 0.206) or those affected by synonymous 

DNMs (n = 35, PPI enrichment p value = 0.992, Figure 4.7a, 4.7b). 

 

 

 

 

Figure 4.6: Protein–protein interactions predicted for proteins affected by pathogenic de 

novo mutations: Significantly larger number of interactions were observed in proteins affected 

by de novo mutations than expected for a similar sized dataset of randomly selected proteins 

(PPI enrichment p value = 2.35 × 10−2). The central module of the main interaction network 

(blue dashed circle) contains five proteins involved in mRNA splicing as well as a secondary 

branch containing five proteins involved in the mitotic cell cycle (Figure 4.8a). 

  

Number of nodes: 84 Average local clustering coefficient: 0.336 

Number of edges: 36 Expected number of edges: 25 

Average node degree: 0.857 PPI enrichment p-value: 0.0235 
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Figure 4.7: Protein-protein interactions between synonymous DNM. A) A protein-protein 

interaction analysis was performed on all protein altering benign DNM (n = 61) which classified 

as benign in two thirds of the pathogenicity scores. No significant interaction is seen between 

the different proteins (PPI enrichment p-value = 0.206). b) A protein-protein interaction analysis 

Number of nodes: 61 Average local clustering coefficient: 0.262 

Number of edges: 11 Expected number of edges: 8 

Average node degree: 0.361 PPI enrichment p-value: 0.206 

Number of nodes: 35 Average local clustering coefficient: 0.0571 

Number of edges: 1 Expected number of edges: 5 

Average node degree: 0.0571 PPI enrichment p-value: 0.992 
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was performed on all synonymous DNM (n = 36) which are known to not affect the gene. Here 

no significant interaction is seen with fewer edges than would be expected between this number 

of genes (PPI enrichment p value 0.992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number of nodes: 5 Average local clustering coefficient: 0.767 

Number of edges: 7 Expected number of edges: 1 

Average node degree: 2.8 PPI enrichment p-value: 1.56 x 10-5 

 

Figure 4.8: Functional modules of protein-protein interaction network. A) The five 

proteins: RBM5, HNRNPL, CWC27, CDC5L and U2AF2 all interact highly with one another 

(PPI enrichment p-value = 8.44 x 10-9) and are all seen to be involved in the biological process 

of mRNA splicing, via the spliceosome (False discovery rate: 1.72 x 10-7). b) The five proteins: 

FBXO5, SMC2, RPA1, CDC5L and MCM6 are all interconnected interacting with at least two 

other proteins within this module (PPI enrichment p-value = 8.44 x 10-9) and are all seen to 

have an involvement with the biological process of the mitotic cell cycle.  

Number of nodes: 5 Average local clustering coefficient: 1 

Number of edges: 10 Expected number of edges: 1 

Average node degree: 4 PPI enrichment p-value: 8.44 x 10-9 

a 

b 
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The STRING network analysis also highlighted a central module of interconnected proteins 

(U2AF2, HNRNPL, CDC5L, CWC27, and RBM5) with a significant enrichment of genes 

required for mRNA splicing (Figure 4.8a). Pre-mRNA splicing allows gene functions to be 

expanded by creating alternative splice variants of gene products and is highly elaborated within 

the testis (Song et al., 2020). One of these genes, RBM5 has been previously highlighted as an 

essential regulator of haploid male germ-cell pre-mRNA splicing and MI in mice (O’Bryan et 

al., 2013). Of note, RBM5 is a tumour suppressor in the lung (Jamsai et al., 2017), with reduced 

expression affecting RNA splicing in patients with non-small cell lung cancer (Liang et al., 

2012). HNRNPL is another splicing factor affected by a possible pathogenic DNM in the study. 

One study implicated a role for HNRNPL in patients with Sertoli cell-only phenotype (Li et al., 

2012). The remaining three mRNA splicing genes have not yet been implicated in human MI. 

However, mRNA for all three is expressed at medium to high levels in human germ cells and 

all are widely expressed during spermatogenesis (Wang et al., 2018). Specifically, CDC5L is a 

component of the PRP19-CDC5L complex that forms an integral part of the spliceosome and 

is required for activating pre-mRNA splicing (Ajuh, 2000), as is CWC27 (Brea-Fernández et 

al., 2019). U2AF2 plays a role in pre-mRNA splicing and 3′-end processing (Millevoi et al., 

2006). Interestingly, CSTF3, one of the genes affected by a de novo CNV in Proband_066, 

affects the same mRNA pathway (Seabra et al., 2014). 

A secondary functional module was also identified including genes CDC5L, SMC2, MCM6, 

FBXO5 and RPA1 which all proved to be involved in the biological process of the mitotic cell 

cycle. None of these five genes had been previously implicated in MI, however, all the encoded 

proteins show medium to high levels of expression within the testis and four of the five show 

RNA present in the testis at medium levels during spermatogenesis. Whilst also playing a role 

in pre-mRNA splicing, CDC5L has been shown to be an essential regulator of mitotic 

progression with knockdown experiments in tumour cells showing mitotic arrests and 

chromosomal misalignments (Mu et al., 2014). Structural Maintenance of Chromosomes 2 or 

SMC2 encodes a protein which is a principal component of the condensing complex, required 

for mitotic chromosome condensation (Dávalos et al., 2012). Minichromosome Maintenance 

Complex Component 6 (MCM6) has been identified as an essential regulator in the DNA 

replication system as part of the MCM complex (Zeng et al., 2021). The protein encoded by 

RPA1 plays an essential role in DNA replication as a part of the RPA heterotrimeric complex 

(Lin et al., 1998). It is also involved in DNA metabolism and the cellular response to DNA 

damage (Maréchal et al., 2014). Interestingly, all five of these genes were determined to be 



102 

 

Possibly Causative and the best candidate gene for the individual patient’s infertility after 

further analyses were performed as described in section 4.4.6. 

 

4.4.6 Classification of All de novo Mutations Within the Cohort of 185 Infertile Males 

After the completion of the unbiased assessments presented in the previous sections, all 145 

rare, protein altering DNMs were further classified using information on the function of the 

gene within which the DNMs lay. A total of six categories were investigated to give a conclusion 

on the likelihood of the DNM causing the patient’s infertility, these included: presence of an 

infertile mouse model, protein function, interactions with any known infertility genes, RNA 

expression in the testis, RNA specificity to the testis and protein expression in the testis. Of all 

192 initial DNMs, 29 affected genes were linked to male reproduction and classified as Possibly 

Causative, with a further 50 as Unclear, 52 as Unlikely Causative and 61 Not Causative (Figure 

2.3, Table 4.4). A final list of all DNMs and their classifications can be found in Appendix B. 

Table 4.4: De novo mutation (DNM) classification summary. Rare DNMs were classified 

based on pathogenicity, based on pathogenicity prediction, American College of Medical 

Genetics (ACMG) classification, number of cases in gnomAD and presence of exact mutation 

in fertile control cohort, as well as functional data taking into account RNA expression in testis, 

RNA enrichment in the testis or involvement in spermatogenesis, protein expression in the 

testis, model organisms, the protein function in relation to spermatogenesis and interactions 

with known fertility genes. 

 

4.4.7 Identification of novel de novo disease genes replicated across multiple cohorts 

In order to formally evaluate the potential link of DNM genes to MI, a replication study was 

required. After searching relevant literature for additional studies on de novo mutations in male 

infertility, only one pilot WES study including 13 trios was recently published in MI (Hodžić 

et al., 2021). None of the DNM genes reported in this study showed DNMs in our cohort and 

the numbers were too small to be considered a useful replication. To further study the DNM 

genes identified in our cohort, an investigation took place into the presence of rare predicted 

 
Possibly 

Causative 
Unclear 

Unlikely 

Causative 

Not 

Causative 
Total 

Missense 21 38 50 13 122 

Frameshift 4 8 1 0 13 

Stop gained 1 3 0 0 4 

In-frame indels 3 1 1 1 6 

Splice site 

variant 

0 0 0 11 11 

Synonymous 0 0 0 36 36 

Total 29 50 52 61 192 
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pathogenic mutations in these genes in exome datasets of infertile men (n = 2,506), in 

collaboration with members of the International Male Infertility Genomics Consortium and the 

Geisinger-Regeneron DiscovEHR collaboration (Dewey et al., 2016). For comparison, an 

exome dataset from a cohort of 11,587 fertile men and women from Radboudumc was included.  

In the additional infertile cohorts, 17 LoF mutations were identified in our DNM LoF-intolerant 

genes (pLI ≥ 0.9), but no statistical enrichment was detected in the number of LoF mutations in 

these genes compared to those in fertile men (Two-tailed Fisher’s Exact test with Bonferroni 

correction adjusted p-values > 0.05). Next, the enrichment of rare predicted pathogenic 

missense mutations was investigated in these cohorts (Table 4.5). A total of 11 genes showed 

an enrichment of pathogenic missense mutations in infertile men compared to fertile men (Two-

tailed Fisher’s Exact test, p-value < 0.05, Table 4.5). After applying the Bonferroni correction 

to counteract the effects of multiple testing, the only significant enrichment was observed in the 

RBM5 gene (adjusted p-value = 0.03). In this gene, six infertile men were found to carry a rare 

pathogenic missense mutation, in addition to the proband with a de novo missense mutation 

(Figure 4.9, Table 4.6). These mutations were found to lie throughout the entirety of the gene 

with five of the seven lying within the RRM1, OCRE and G-Patch functional domains (Figure 

4.9b). The sample information for all missense mutations found in the gene RBM5 can be found 

in Figure 4.9c. Importantly, no such predicted pathogenic mutations were identified in men in 

the fertile cohort. In line with these results, RBM5, already highlighted above as an essential 

regulator of male germ cell pre-mRNA splicing and male infertility (O’Bryan et al., 2013), is 

highly intolerant to missense mutations (missense Z-score 4.17). In addition to the comparison 

between fertile and infertile men, it was investigated whether there was any difference between 

the number of predicted pathogenic mutations carried in fertile men compared to fertile women. 

However, none of the DNM genes showed a significant difference between the sexes in that 

aspect (Two tailed Fisher’s Exact test with Bonferroni correction adjusted p values = 1, data not 

shown). Another gene of interest highlighted from this replication study is HUWE1. Whilst the 

statistical tests did not show these results to be significant, the adjusted p-value of 0.13 gives 

reason to consider this gene further, with six infertile males all having rare pathogenic missense 

mutations within HUWE1 whereas none such mutation was observed in the fertile Dutch men. 

In line with this, this gene shows a high level of intolerance to missense mutations (missense 

Z-score 8.87). During the functional assessment of genes, HUWE1 showed medium protein 

and RNA expression in both the testis and epididymis as well as confirmed RNA expression 

during spermatogenesis. A 2017 paper determined in mice that Huwe1 is critical for 
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maintenance of genomic stability during proliferation of spermatogonia through the vital role 

it plays in DNA repair regulation. (Bose et al., 2017). 

 

 

Table 4.5: Rare pathogenic missense mutations in exome data from various cohorts of 

infertile men and fertile control cohorts. Genes affected by a rare protein altering DNM were 

investigated in additional cohorts of infertile patients and a cohort of verified fertile men and 

women to identify other individuals carrying rare protein altering missense mutations. A burden 

test was used to compare the total number of predicted pathogenic missense mutations observed 

in all infertile vs. fertile men. A two-tailed Fisher’s Exact test was performed with and without 

Bonferroni correction applied to adjust p-values for multiple testing of all 152 genes of interest. 

The total male infertile cohort includes both the initial discovery cohort of 185 patients and an 

additional 2,321 infertile males from multiple replication cohorts detailed in section 2.1.3. 

 

Gene 
Missense Z-

score 

Total 

Infertile Men 

(n=2,506) 

Fertile Dutch 

Men 

(n=5,784) 

Burden test 

Infertile vs Fertile Men 

p value Adjusted 

p value 

RBM5 4.17 7 0 0.0002 0.03 

HUWE1 8.87 6 0 0.001 0.12 

REN 0.80 7 1 0.001 0.21 

HIST1H1D -8.06 10 5 0.004 0.59 

ABLIM1 1.62 6 1 0.004 0.60 

FUS 2.21 4 0 0.01 1 

CNOT4 3.49 5 1 0.01 1 

CDC5L 2.78 6 2 0.01 1 

ZNF629 3.86 6 2 0.01 1 

PCDHB1 1.02 11 8 0.01 1 

AK3 -1.97 10 7 0.02 1 
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Figure 4.9: RBM5 pathogenic mutations found in multiple infertile men from four 

different international cohorts: a) Localisation of RBM5 in human testis. DAPI in magenta, 

RBM5 in green and the acrosome in white. Staining was performed on testis sections from two 

control patients. For each patient, 50 seminiferous tubules were stained and analysed. RBM5 is 

expressed in most stages of germ cell development albeit at various levels. Expression in Sertoli 

cells is also observed. b) Schematic representation of RBM5 protein domains and the location 

of rare pathogenic mutations found in infertile males. c) Details of rare protein altering 

pathogenic variants found in RBM5 in seven infertile males. 

 

 

 

 

 

Cohort Sample_ID Genetic Coordinates 

(GRCh37) Refseq ID HGVS 
MERGE Cohort of Infertile Men  M248 chr3:50137446 NM_005778.4:c.371C>T   p.Pro124Leu 
NIJ/NCL Cohort of Patient-Parent 

Trios (DNM) Proband_108 chr3:50140556 NM_005778.4:c.524A>G p.Tyr175Cys 
MERGE Cohort of Infertile Men  M2086 chr3:50147036 NM_005778.4:c.1193G>T p.Gly398Val 
MERGE Cohort of Infertile Men  M325 chr3:50148177 NM_005778.4:c.1429G>A p.Gly477Arg 
NIJ/NCL Cohort of Infertile Men 

(Singleton)  Proband00524 chr3:50150877  NM_005778.4:c.1517T>A  p.Val506Glu 
MERGE Cohort of Infertile Men  M2013 chr3:50150955 NM_005778.4:c.1595C>T  p.Pro532Leu 
NIJ/NCL Cohort of Infertile Men 

(Singleton)  Proband00282 chr3:50154750 NM_005778.4:c.2260A>G   p.Met754Val 
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Table 4.6: Clinical details of individuals with RBM5 pathogenic mutations described in this study. Multiple infertile men from different 

cohorts were found with a rare pathogenic mutation in RBM5 in addition to the Proband_108 where a DNM in RBM5 was initially identified. 

        

Cohort 

Name 
Patient ID 

Age of 

Patient 
Karyotype 

Y 

deletions 

Conclusion 

Semen 

Analysis 

Conclusion 

Testis 

Histology 

Testicular 

Volume 

Left (ml) 

Testicular 

Volume 

Right (ml) 

Semen 

Conc. 

(x106) 

Semen 

vBlume 

(ml) 

Semen 

pH 

FSH 

(U/L) 

Testicular 

Sperm 

Retrieved 

Urological 

History 

NIJ/NLC 

Cohort of 
Patient-

Parent 

Trios  

Proband_108 40 46,XY None 
Severe oligo-

zoospermia 

N/A  

(No biopsy) 
N/A N/A 0.5 3.2 7.5 N/A N/A Unknown 

                              

NIJ/NLC 
Cohort of 

Infertile 

Men 

Proband00282 32 46,XY None Azoospermia 

N/A  

(Biopsy 
compromised) 

15 15 0 3.1 7.7 6.7 Yes 

Cryptorchism with 
orchidopexy 

(unknown if 

unilateral/bilateral) 

NIJ/NLC 

Cohort of 

Infertile 

Men  

Proband00524 36 46,XY None Azoospermia 
Hypo-

spermatogenesis 
11 6 0 3.4 7.5 47 Yes None 

MERGE 

Cohort of 

Infertile 
Men 

M248 43 46,XY None Azoospermia Complete SCO 14 27 0 7.3 7.7 31.7 No None 

MERGE 

Cohort of 
Infertile 

Men 

M325 36 46,XY None Azoospermia 

Predominant 
SCO with some 

focal arrest up 
to round 

spermatids but 

no sperm 

8 11 0 2.5 7.9 9.5 No None 

MERGE 

Cohort of 
Infertile 

Men 

M2013 28 46,XY None Azoospermia 
N/A  

(No biopsy) 
7 8 0 3.2 8.3 27.9 N/A None 

MERGE 
Cohort of 

Infertile 

Men 

M2086 33 46,XY None Azoospermia 
N/A  

(No biopsy) 
23 27 0 4.7 7.9 11.3 N/A None 
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4.4.8 Recessive and Maternally Inherited Assessment of DNM Genes 

The focus of the experiments in this thesis was to identify likely causative DNMs in patients 

with idiopathic male infertility. This would normally occur by causing dominant disease, but 

DNMs can also cause recessive disease if combined with an inherited mutation on the other 

allele. To assess this, all genes found to contain a rare DNMs were  systematically evaluated 

through a literature review as well as a study of databases such as ClinVar to assess whether 

they had been implicated as a recessive male infertility gene. Any genes which had been 

implicated as recessive were then classified as unlikely causative if no additional mutation was 

identified on the alternate allele. One such mutation was found in the MutS Homolog 5 (MSH5) 

gene. MSH5 is known to be involved in DNA mismatch repair and meiotic recombination in 

its heterodimeric form with MSH4 (Wyrwoll et al., 2021; Guo et al., 2017; Chen et al., 2022). 

Recently, two separate studies identified a total of six individual patients with likely pathogenic 

homozygous variants in MSH5 (Kherraf et al., 2022; Wyrwoll et al., 2021). Due to the lack of 

a secondary inherited mutation within our infertile patient and the strong evidence for a 

recessive inheritance model for the gene MSH5, the heterozygous DNM in our cohort was 

classified as unlikely causative. Alternatively, in Proband_060, who carried a DNM in Testis 

and Ovary Specific PAZ Domain Containing 1 (TOPAZ1) on the paternal allele, a maternally 

inherited variant predicted to be pathogenic was identified. TOPAZ1 is a germ cell-specific gene 

which is highly conserved in vertebrates (Baillet et al., 2011). Studies in mice revealed that 

TOPAZ1 plays a crucial role in spermatocyte, but not oocyte, progression through meiosis 

(Luangpraseuth-Prosper et al., 2015). In humans, TOPAZ1 is expressed in germ cells in both 

sexes (Wang et al., 2018; Guo et al., 2015; Li Li et al., 2017). Analysis of the testicular biopsy 

of this patient revealed a germ cell arrest in early spermiogenesis (Figure 4.10). The DNM 

found in this patient alongside the maternally inherited variant was therefore classified as likely 

causative, with TOPAZ1 noted as a likely recessive candidate gene for male infertility. 

Maternally inherited mutations can also result in dominant causes of male infertility if not 

affecting female fertility. All DNM genes were examined for the presence of maternally 

inherited mutations in the entire cohort and compared this to the presence of paternally inherited 

mutations in the same genes. A total of four maternally inherited variants predicted to be 

pathogenic were identified in DNM genes (TENM2 (2×), CWC25, and EVC). All of these 

variants, however, were also observed multiple times in an exome dataset from a cohort of 

5,784 fertile men suggesting that these maternally inherited variants are not causative of MI. 
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Figure 4.10: Description of control and TOPAZ1 proband testis histology and aberrant 

acrosome formation. a, b) H&E stainings of (a) control and (b) Proband_060 with pathogenic 

mutations in TOPAZ1 gene. The epithelium of the seminiferous tubules in the TOPAZ1 proband 

show reduced numbers of germ cells and an absence of elongating spermatids based on the 

analysis of 150 seminiferous tubules in control and patient. c, d) immunofluorescent labelling 

of DNA (magenta) and the acrosome (green) in (c) control sections and (d) TOPAZ1 proband 

sections. (c) The arrowhead indicates the acrosome in an early round spermatid and the arrows 

the acrosome in elongating spermatids. Spreading of the acrosome and nuclear elongation are 

hallmarks of spermatid maturation. (d) No acrosomal spreading (see arrowheads) or nuclear 

elongation is observed in the TOPAZ1 proband. The asterisk indicates an example of 

progressive acrosome accumulation without spreading. Scale bar: (a, b) 40 µm and (c, d) 5 µm. 

(Oud et al., 2022) 
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4.5 Discussion 

In this Chapter, I aimed to address the lack of research and knowledge surrounding the topic of 

isolated male infertility by analysing exome sequencing data of 185 infertile males and their 

parents. After filtration of raw data files, 192 rare de novo mutations were identified in the 

cohort of infertile men with 145 of these being protein altering. Currently there are no large-

scale studies into DNMs in cases of male infertility and therefore there is no direct comparison 

group when assessing the DNM rate in this cohort. A large amount of research has been 

performed looking at diseases with a similar reduced reproductive fitness in which DNMs were 

assessed such as ID and Autism Spectrum Disorder (Gilissen et al., 2014; Acuna-Hidalgo et al., 

2016; Michaelson et al., 2012). Whilst the rates vary slightly within each study, it is widely 

accepted that on average within the genome of each individual, one to two de novo point 

mutations will be identified within the coding regions of DNA (Acuna-Hidalgo et al., 2016). 

Our results are highly compatible with these boundaries with a rate of 1.04 DNMs per patient 

in coding regions. Of these 145 protein altering DNMs, 122 were missense variants, 17 were 

loss-of-function (LoF) mutations (13 frameshift, four stop-gained) and six were in-frame indels. 

An assessment of the pathogenicity of each variant was then carried out using three different 

tools (SIFT, PolyPhen and MutationTaster) which determined the likely effect of the DNMs on 

the overall structure and function of the gene they lay within. Following this assessment, 84 of 

the rare protein altering DNMs were found to be likely pathogenic at a variant level, whilst the 

remaining 61 were likely to be benign. Two additional de novo CNVs were detected, effecting 

a total of seven genes, two of which have been previously reported in a partially overlapping 

deletion reported in a patient with cryptorchidism and non-obstructive azoospermia (Seabra et 

al., 2014).  

Of all 192 genes identified in our infertile male cohort, one was determined to lie in a previously 

highlighted AR MI gene (MSH5). According to a 2021 update, there are currently 68 genes 

linked to MI in a definitive, strong, or moderate manner (Houston et al., 2021). These 68 genes 

represent 0.34 % of the total genes found in the human genome. Applying this to our own 

dataset of 192 genes, we would expect around one DNM to lie in a gene known for a recessive 

form of MI which is consistent with our results. When factoring in all known AR genes, 22/192 

DNMs lay in genes associated with some form of AR disorder. A 2021 study focussing on AR 

variation determined a list of 1,929 currently known genes with confirmed recessive inheritance 

representing around 9.65% of all known genes (Fridman et al., 2021). Of the 192 genes found 

in our cohort, we would therefore expect around 19 DMNs in known AR genes, again highly 

consistent with our own results. Despite being linked to recessive conditions, these DNMs may 



110 
 

still play a role in dominant male infertility with many of these genes being expressed 

ubiquitously, playing a role in multiple important biological processes within the human body. 

A DNM was highlighted in the gene CWC27 which is associated with AR Retinitis Pigmentosa 

(Bertrand et al., 2022), this gene however shows low tissue specificity and enhanced RNA 

expression as well as enrichment in early spermatids. This information, alongside its role in 

pre-mRNA splicing highlights it as a gene of interest for male infertility (Brea-Fernández et al., 

2019; Busetto et al., 2020).  

Prior to a functional assessment of the genes containing DNMs and a final classification for 

each DNM being provided, unbiased analyses were then performed to determine whether any 

significance was seen in the data. An initial test emphasized an enrichment for LoF DNMs in 

LoF-intolerant genes when the pLI and LOEUF scores were investigated for all genes 

containing LoF DNMs in the infertile male cohort, compared to LoF mutations in a healthy 

control male cohort (DNM LoF mutations in patients n = 17, median pLI in patients with male 

infertility = 0.80, DNM LoF mutations in controls n = 21, median pLI in controls = 3.75 × 10−5, 

p value = 1.00 × 10−5, N simulations = 100,000). This observation indicates that LoF DNMs 

likely play an important role in MI as is seen in developmental disorders and severe intellectual 

disability (Y. Gu et al., 2020; Fritzen et al., 2018). One example from the patient cohort is a 

heterozygous likely pathogenic frameshift DNM which was observed in the LoF-intolerant 

gene GREB1L (pLI = 1) of Proband_076. Homozygous Greb1l knockout mice appear to be 

embryonic lethal, however, typical MI phenotypic features such as abnormal foetal testis 

morphology and decreased foetal testis volume are observed (De Tomasi et al., 2017). 

Interestingly, this Proband_076 presents with reduced testis volume and severe 

oligozoospermia. Nonsense and missense mutations in GREB1L in humans are known to cause 

renal agenesis (Brophy et al., 2017) (OMIM: 617805), not known to be present in our patient, 

however, all previously reported damaging mutations in GREB1L causing renal agenesis are 

either maternally inherited or occurred de novo which led the authors of a renal agenesis studies 

to speculate that disruption to GREB1L could cause infertility in males (De Tomasi et al., 2017). 

A recent WES study involving a cohort of 285 infertile men also noted several patients 

presenting with pathogenic mutations in genes with an associated systemic disease where male 

fertility is not always assessed, highlighting the need for broader phenotyping to occur during 

clinical studies in order to progress research forward in rare diseases (Alhathal et al., 2020). 

The work in this Chapter also uncovered an enrichment for likely pathogenic missense de novo 

mutations (at a variant level) in missense intolerant genes by comparing those pathogenic 

missense DNMs present in the infertile male cohort (median Z-score = 1.21, n = 63) to the 
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missense DNMs categorised as likely benign at a variant level (median Z-score = 0.98, n = 59) 

within the same cohort (p value = 5.01 × 10−4). No such difference was seen when comparing 

these two categories within the control cohort (p value = 0.95, Figure 4.4c). This indicates that, 

missense mutations that are determined to be likely pathogenic occur more frequently in genes 

which are intolerant to these types of mutations in this infertile cohort than in a control cohort. 

This suggests that more damaging de novo missense mutations are occurring in genes which 

are intolerant to these missense mutations and that may contribute to MI. 

A protein-protein interaction network was created to investigate the functional pathways 

containing genes with predicted pathogenic protein altering DNMs present. This investigation 

highlighted a significant enrichment for interactions amongst these 84 genes with a PPI 

enrichment p value of 2.35 × 10−2 (Figure 4.5). This level of enrichment did not exist in either 

genes containing predicted benign protein altering DNMs or those affected by synonymous 

DNMs (Figure 4.6). This suggests that the proteins affected by predicted pathogenic DNMs in 

the cohort of infertile males likely share common biological functions. Two examples of this 

can be seen in Figure 4.7 where two functionally distinct modules of interacting proteins lie 

within a central network displayed in Figure 4.5. The two modules highlight numerous genes 

involved in the processes of mRNA splicing and mitotic cell cycle. Due to the high levels of 

cellular division and alternative splicing within the testis and during spermatogenesis, 

damaging mutations in genes essential to the successful maintenance of these pathways are 

likely to have catastrophic effects during spermatogenesis itself (Yeo et al., 2004; Song et al., 

2020).  

De novo mutations are highly researched in the field of ID and, within this, they have been 

observed to occur more frequently in regions of the genome which are more likely to cause 

disease when compared to healthy cohorts (Lim et al., 2017; De Vas et al., 2023). Our research 

is the first of its kind to show statistically significant test results highlighting pathogenic DNMs 

occurring in more damaging regions in patients with infertility. Given the genetic heterogeneity 

of the disease, it is unsurprising that we see no recurrently mutated genes. The biological 

pathways in which the likely pathogenic DNM genes work, and the intolerant genes in which 

they lie, mirror the results from previous studies into the distribution of DNMs in rare disease 

cohorts.  

After performing replication studies to identify any further heterozygous mutations in genes 

containing rare protein altering DNMs, the gene RBM5 was highlighted as a strong candidate 

gene for MI with a possibly causative DNM being present in the infertile male trio cohort and 

six additional heterozygous variants found in the larger infertile male cohort. The gene RBM5 
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was previously highlighted in the protein-protein interaction network as involved in mRNA 

splicing gene RBM5 and is well known to be an essential regulator of haploid male germ cell 

pre-mRNA splicing. Mice with a homozygous ENU-induced allele point mutation in RBM5 

present with azoospermia and germ cell development arrest at round spermatids (O’Bryan et 

al., 2013). (O’Bryan et al., 2013). Despite the abundance of evidence for the role of this gene 

in mouse infertility, little research has been performed on this gene in relation to human MI 

(Jamsai et al., 2017). Due to its strong links to infertility in mice and its essential role in the pre-

mRNA splicing pathway, alongside the presence of damaging heterozygous mutations in seven 

patients suffering from severe male infertility, the gene RBM5 presents as a strong candidate 

gene for human male infertility with a need for further investigation into the function of this 

gene within the process of spermatogenesis itself. As well as its role in pre-MRNA splicing, 

RBM5 is a known tumour suppressor with multiple studies linking dysregulation of the gene to 

breast, lung and renal cancers (Oh et al., 2006; Scanlan et al., 1999). A 2017 study investigated 

the role of RBM5 as a tumour suppressor in mice by downregulating the gene and exposing 

them to a known tobacco smoke carcinogen. The main finding of this study was that whilst 

Rbm5 LOF mice did not develop cancer at a higher rate than healthy mice, the mutant mice 

displayed a much more aggressive lung cancer pathology (Jamsai et al., 2017). This study 

highlights how genetics, along with environmental factors such as smoking can lead to greater 

risk of comorbidities, particularly in patients with DNMs in genes which are ubiquitously 

expressed throughout the body and play a role in several different biological pathways. All 

patients who were sequenced for the DNM and singleton cohorts in both the Netherlands and 

Newcastle underwent assessment for suitability for the study and during this were questioned 

as to any underlying medical conditions either potentially related or not to their infertility. This 

is standard practice when patients attend clinics. According to our patient data, there was no 

currently known comorbidities in the RBM5 DNM patient. This would be an important subject 

to broach with patients in future once more genes have been more confidently linked to male 

infertility during genetic counselling sessions. As well as its role in pre-MRNA splicing, RBM5 

is a known tumour suppressor with multiple studies linking dysregulation of the gene to breast, 

lung and renal cancers (Oh et al., 2006; Scanlan et al., 1999). A 2017 study investigated the role 

of RBM5 as a tumour suppressor in mice by downregulating the gene and exposing them to a 

known tobacco smoke carcinogen. The main finding of this study was that whilst Rbm5 LOF 

mice did not develop cancer at a higher rate than healthy mice, the mutant mice displayed a 

much more aggressive lung cancer pathology (Jamsai et al., 2017). This study highlights how 

genetics, along with environmental factors such as smoking can lead to greater risk of 

comorbidities, particularly in patients with DNMs in genes which are ubiquitously expressed 
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throughout the body and play a role in several different biological pathways. All patients who 

were sequenced for the DNM and singleton cohorts in both the Netherlands and Newcastle 

underwent assessment for suitability for the study and during this were questioned as to any 

underlying medical conditions either potentially related or not to their infertility. This is 

standard practice when patients attend clinics. According to our patient data, there was no 

currently known comorbidities in the RBM5 DNM patient. This would be an important subject 

to broach with patients in future once more genes have been more confidently linked to male 

infertility during genetic counselling sessions.  

Only the gene RBM5 showed statistical significance after burden testing but five singleton men 

were also identified as harbouring likely pathogenic heterozygous mutations in the X 

chromosome gene HUWE1. The DNM initially highlighted in this gene was classified as 

“possibly causative” due to the multiple lines of evidence suggesting a role for HUWE1 as a 

candidate male infertility gene. Expanded studies into larger cohorts of infertile males and their 

parents are necessary to potentially identify more patients with mutations in both this gene and 

all others identified in this study.  The use of singleton cohorts as a replication in this study has 

provided interesting and useful results, leading directly to the investigation of RBM5 as a cause 

of male infertility in Chapter 5 of this thesis. It must be noted that all additional variants 

highlighted in the additional infertile cohorts are of unconfirmed inheritance with only their 

status as likely pathogenic rare heterozygous mutations being confirmed. Whilst the results 

were constrained by confirming the absence of these mutations in large databases such as 

gnomAD, as well as our control “fertile” male cohort, there is a chance they could be paternally 

inherited variants. It is because of this that we emphasise the necessity of validation of these 

results in further large-scale studies in patient-parent cohorts to give true replication. 

Additionally, the five infertile singleton cohorts made use of different enrichment kits during 

WES leading to potential variation in the regions covered, with some gene data unavailable for 

certain cohorts.  

In 2010, a pilot study was published pointing to a de novo paradigm for mental retardation 

(Vissers et al., 2010) (now more appropriately termed developmental disorders or intellectual 

disability). This work contributed to the widespread implementation of patient–parent WES 

studies in research and diagnostics for neurodevelopmental disorders (Vissers et al., 2016), 

accelerating disease gene identification and increasing the diagnostic yield for these disorders. 

The data presented here suggest that a similar benefit could be achieved from trio-based exome 

sequencing in MI. In order to achieve this there is an urgent need to expand on this work as 

larger studies are essential to identify recurrently mutated DNM genes and further demonstrate 
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the exact contribution of DNMs to MI. Modelling studies recently performed for developmental 

disorders showed that more than 350,000 trios may be required to have approximately 80 % 

power to detect all haplo-insufficient genes causing this disorder (Kaplanis et al., 2020). 

Evidently, these numbers can only be reached by implementing trio-based exome sequencing 

as a routine diagnostic test and by sharing these diagnostic data with the international research 

community. The work required to functionally validate the impact of these DNMs on 

spermatogenesis is also no small task and will require extensive work throughout the research 

community. Altogether, this will not only help to increase the diagnostic yield for men with 

infertility but will also enhance our fundamental biological understanding of human 

reproduction and natural selection. In addition, it will indicate whether male infertility follows 

a dominant inheritance pattern, and this has impact for disease transmission. Couples that seek 

treatment for male infertility should be counselled on the risk of transmitting this condition to 

their offspring, something that is now limited to couples receiving fertility treatment due to Y 

chromosome deletions. Male infertility is also increasingly seen as the most visible symptom 

of a more complex disease with associated comorbidities (Kasman et al., 2020). Studying the 

long-term health of men with DNMs in specific genes should help in identifying genotype–

phenotype correlations that may impact more than the fertility of these men. 
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Chapter 5: mRNA Splicing in Male Infertility 
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5.1 Introduction 

5.1.1 Novel Candidate Male Infertility Genes and Their Roles in mRNA Splicing 

In Chapter 4 of this thesis, predicted pathogenic DNMs were identified in infertile patients in 

five genes which all play a role in the process of pre-mRNA splicing via the spliceosome. The 

proteins encoded by the genes U2AF2, CWC27, CDC5L, HNRNPL and RBM5, all interact with 

the spliceosomal machinery in differing circumstances, and all pose an interesting avenue for 

further functional investigation. All five genes show prominent levels of transcription across 

multiple human tissues, including the testis, according to data from the Human Protein Atlas 

(Uhlén et al., 2015). In order to further understand the role these genes and their transcriptional 

products play, a brief introduction into pre-mRNA splicing and the spliceosome is essential. 

 

 5.1.2 Pre-mRNA Splicing and the Spliceosome 

Pre-mRNA splicing is an essential step in post-transcriptional gene regulation and allows 

significant expansion of the human proteome and increased functional complexity, with around 

95 % of all multi-exonic human genes providing one or more alternative splicing products (Pan 

et al., 2008; Nilsen & Graveley, 2010). The total number of potentially protein coding genes in 

the human genome is approximately 20,000, however, the number of transcripts created from 

these genes has been suggested to be around 300,000(Pertea et al., 2018). It has been noted that 

different splice variants created during pre-mRNA splicing are typically differentially expressed 

in the different tissues of an organism or are produced during various stages of developmental 

processes and in response to changing physiological states (Trapnell et al., 2010).  

The process of pre-mRNA splicing occurs via a large ribonucleoprotein complex known as the 

spliceosome, which is comprised of five small nuclear ribonucleoproteins (snRNP) as well as 

at least 300 non-snRNP protein factors (Ren et al., 2021). The snRNPs are RNA-protein 

complexes which recognise specific sites at intron/exon boundaries and bind to unmodified pre-

mRNA, and other proteins, to form and engage the spliceosome (Figure 5.1). This facilitates 

intron excision and exon ligation, or pre-mRNA splicing. Each snRNP contains a uridine rich 

small nuclear RNA (snRNA), U1, U2, U4, U5 and U6 and its own unique group of proteins.  
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Figure 5.1: Assembly and activation of the yeast spliceosome and the complete splicing-

reaction cycle. The 5′SS, BPS and 3′SS are first recognized by the U1 small nuclear 

ribonucleoprotein (snRNP), splicing factor 1 (SF1; also known as branchpoint-bridging protein) 

and U2AF, respectively, forming an early spliceosome (known as the E complex). SF1 is 

displaced by the U2 snRNP to form the pre-spliceosome (A complex), which associates with 

the U4/U6.U5 tri-snRNP to assemble into the pre-catalytic spliceosome (B complex). The B 

complex represents the first fully assembled spliceosome. There are at least six additional 

distinct spliceosome complexes: Bact, B*, C, C*, P and the intron lariat spliceosome (ILS). 

Each complex has a unique composition, and conversion between complexes is driven by highly 

conserved RNA-dependent ATPase/helicases (in bold). Notably, a spliceosomal complex can 

have distinct conformational states, which may also differ in composition. For example, the B 

and ILS complexes each have at least two distinct conformations (Shi, 2017) Reproduced with 

permission from Springer Nature. 

 

To begin, the U1 snRNP recognises and binds to the 5′ splice site of the pre-mRNA by base-

pairing within the intron of the conserved splice site. At the same time, Splicing Factor 1 

(SF1/mBBP) binds to the conserved branch point sequence (BPS) within the intronic region of 

the pre-mRNA, U2FA2 (U2AF 65k Da subunit) binds to the polypyrimidine (PY) tract and 

U2AF1 (U2AF 35 kDa subunit) binds to the 3′ splice site (Berglund et al., 1998). This is referred 

to as Complex E of the Spliceosome and during its formation, the intron is bridged and the 
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splice sites are brought together (Kent & MacMillan, 2002). In an ATP-dependent reaction, the 

U2 snRNP displaces SF1/mBBP bound at the BPS, to form the A Complex. A pre-formed tri-

snRNP U4/U6.U5, in which U4 and U6 are extensively base-paired to each other, then binds to 

the 5′ splice site to form the B complex (Fica & Nagai, 2017). Following the destabilization of 

the U1 and U4 snRNPs and association of PRP19/CDC5L (NTC complex) as well as a number 

of other RNA-RNA and RNA-Protein re-arrangements, the B complex then becomes activated 

(Grote et al., 2010). This stage initiates the splicing process whereby a cleaved 5′ exon is 

formed, and an intermediate intron-3′-exon lariat is also produced (Bessonov et al., 2008). The 

C complex is established during this time and catalyses the second step of splicing, this involves 

the full excision of the intron to create an intron lariat, and the 5′ and 3′ exons are then ligated 

to form mature mRNA which can then potentially be translated into a protein. (Wolf et al., 

2009). 

 

5.1.3 Candidate Male Infertility Genes and Their Roles in the Spliceosome 

Whilst Figure 5.1 highlights a large number of proteins and complexes involved with the core 

spliceosome, a large number of additional splicing factors are involved in these steps including 

the five genes of interest highlighted in section 5.1.1. 

U2AF2 encodes a core pre-mRNA splicing factor which is also known as the 65kDa subunit 

U2AF (U2AF65) which binds initially to the PY tract of the transcript undergoing pre-mRNA 

splicing via the spliceosome. The U2AF65 subunit then forms a complex with SF1 and U2AF35  

which in turn then ensures splice site fidelity at the 3′end within complex E of the spliceosome 

(Glasser et al., 2022; Maji et al., 2020). U2AF65 is also known to recruit the NineTeen Complex 

(NTC) to the spliceosome to form the B complex (Grote et al., 2010). The NTC is made up of 

multiple proteins including both PRP19C and CDC5L, the latter being encoded by another gene 

highlighted in Chapter 4 of this thesis as containing a DNM in an infertile patient. It is thought 

that the NTC is likely to be a target for a number of spliceosomal ATPases which catalyse the 

transitions between and activation of complexes of the spliceosome (de Almeida & O’Keefe, 

2015). The role of the splicing factor encoded by the gene CWC27 is not as well understood as 

that of U2AF2. The gene CWC27 encodes for a spliceosome associated cyclophilin that 

interacts with another similar protein  called CWC22 and recruits the translation initiation factor 

EIF4A3 to the spliceosome (Busetto et al., 2020). This in turn leads to the formation of the exon 

junction complex (EJC) within the B-act and C complexes of the spliceosome (Bertrand et al., 

2022). HNRNPL encodes the splicing factor hnRNPL which is an essential component of the 

nuclear hnRNP complex and can act either as an inhibitor or an activator during the pre-mRNA 
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splicing process. As an inhibitor, hnRNPL is involved in the inhibition of recessive exon 

inclusions by binding to CA repeat regions (Hui et al., 2003), maintaining a normal working 

splicing process. As an activator hnRNPL is involved retaining/activating as well as 

determining the splicing efficiency of various introns (J. Gu et al., 2020). The final gene of 

interest was RBM5 or RNA binding motif protein 5. RBM5 is a known tumour suppressor gene 

and has been implicated in cancers of both the lung and breast upon varying levels of gene 

expression (Jamsai et al., 2017). The protein produced by RBM5 is responsible for the regulation 

of alternative splicing in multiple apoptosis related mRNAs during the spliceosomal A complex 

(Niu et al., 2012). The RBM5 protein and its function as a pre-mRNA splicing factor is the main 

focus of the work in this chapter due to the detection of one predicted pathogenic DNM as well 

as five predicted pathogenic heterozygous missense mutations in this gene in other cohorts of 

infertile males (none of which were observed in fertile control men, see Chapter 4).  

 

5.1.4 Spliceosome Related Diseases 

Mutations in genes involved in the spliceosome can lead to localised dysregulation of pre-

mRNA splicing and disease states with around 9 % of all disease-causing mutations reported in 

the Human Gene Mutation Database (HGMD) being splicing mutations particularly in tissues 

where alternate splicing is rather prevalent (Anna & Monika, 2018). One such example occurs 

in Retinitis Pigmentosa (RP),  the most common inherited retinal disease, whereby a 

progressive degradation of photoreceptors eventually results in blindness. In around 15 % – 20 

% of all autosomal dominant cases of RP (adRP), a mutation occurs in the RP-PRPF gene 

family encoding human splicing factors (Yang et al., 2021). The most common mutations are 

found in PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, SNRNP200/Brr2 and RP9 genes. All but 

RP9, a non snRNP splicing factor, are involved in the tri-snRNP U4/U6.U5 (Figure 5.2). 
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Figure 5.2: U4/U6.U5 tri-snRNP complex consisting of 3 major snRNPs U4,U5 and U6 

and their associated snRNP specific factors. It is this tri-snRNP which binds to the 5′ splice 

site of the pre-mRNA forming the B complex of the Spliceosome via an ATP-dependant 

reaction.  

 

PRPF3,4 and 31 are U4/U6 snRNP specific factors, PRPF6,8 and Brr2 are U5 snRNP specific 

factors (Růžičková & Staněk, 2017). Accounting for 8.9 % of all adRP cases, mutations in the 

gene PRPF31 lead to a disruption of the normal function of the PRPF31 protein which 

constitutes part of the U4 snRNP and tethers the U5 snRNP to the U4/U6 snRNP by interacting 

with PRPF6, thereby inhibiting the formation of the U4/U6.U5 tri-snRNP (Yang et al., 2021). 

Over 220 mutations of distinct types have been recorded in this gene as resulting in either 

altering the sequence and structure of the protein or in a decreased level of expression which in 

turn then leads to retina-specific spliceosome dysregulation (Růžičková & Staněk, 2017). 

Mutations in the gene PRPF31 lead to a specific form of RP with varied penetrance across 

patients known as Retinitis Pigmentosa 11 or RP11(Mordes et al., 2006). Furthermore, the gene 

SMN1 produces the protein SMN which plays an indirect yet essential role in the generation of 

the pre-splicing machinery by recruiting and assembling the snRNP spliceosome components 

(Pellizzoni et al., 1998). Whilst the specific disease-causing pathways are not yet fully 

understood, it has been theorised that it is this specific gene function which is being disrupted 

in patients where SMN1 mutations were found to be causing reduced levels of SMN protein, 

leading to Spinal Muscular Atrophy (Hensel et al., 2020). 

It is noteworthy that mutations in genes encoding core splicing factors, as well as dysregulation 

of the function of these factors, can be seen to result in disruptions of specific tissues such as 

the retina (Mordes et al., 2006) despite being so integral in the generic process of pre-mRNA 
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splicing. One theory behind this is that the tissues which are affected by these diseases are those 

which show relatively high levels of alternative spicing and increased presence of snRNAs 

(Tanackovic et al., 2011). The fact that these processes occur much more frequently in specific 

tissues suggests that pre-mRNA splicing is essential and integral to the functioning of these 

tissues and mutations in genes associated with the spliceosome or other splicing factors are 

more likely to cause disruption and disease states (Cao et al., 2011).  

 

5.1.5 The Role of mRNA Splicing During Spermatogenesis 

Spermatogenesis is a transcriptionally taxing and complicated process during which mature 

spermatozoa are produced from spermatogonial sperm cells (Song et al., 2020) During each of 

these stages, multiple different genes are dynamically expressed to regulate and facilitate the 

differentiation and processing of the male germ cells. The testis and the brain both show the 

highest levels of alternative splicing (AS) occurring in any tissues throughout the body (Naro 

et al., 2021). The highest proportion of this AS is via exon skipping (Yeo et al., 2004).  

Pre-mRNA splicing can influence the regulation of spermatogenesis in multiple ways, some 

genes involved in spermatogenesis will undergo AS and thus disruption of splicing factors 

effects their function downstream. An example lies within the gene SPAG16. SPAG16 or Sperm 

Associated Antigen 16, is a protein coding gene which, via AS, produces two major protein 

isoforms, one which associates with the axoneme of the sperm tail and the second which 

localises in the nucleus of post meiotic germ cells (Zhang et al., 2007). 

In some other cases, it is possible that the disruption of  genes involved pre-mRNA splicing via 

knockout or genetic mutation, can potentially cause detrimental downstream effects to the 

splicing machinery within the testis and can even lead to spermatogenic arrest. The MORF4-

related gene which lies on chromosome 15, MRG15, is a multifunctional chromatin organiser 

which is thought to play a role in histone acetylation and binds to methylated Histone H3 lysine 

36 (H3K36) in introns of transcriptionally active cells (Peña et al., 2011; Luco et al., 2010). The 

gene MRG15 is also implicated in homologous recombination DNA repair and alternative 

splicing (Iwamori et al., 2016; Hayakawa et al., 2010). Whilst pre-mRNA splicing is often 

regulated by RNA binding proteins, regulation via epigenetic factors such as histone 

modification can also occur. Spermatogenic arrest is observed when MRG15 is knocked out in 

mice, and one particular study notes that the mRNA of no less than 66 germ cell specific genes 

were no longer present in the mice (Iwamori et al., 2016). Furthermore, it was noted that introns 

typically removed in multiple mRNAs involved with sperm chromatin condensation in the 
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round spermatids were still present after MRG15 knockout. This suggests that depletion of the 

MRG15 protein, which usually co-localises with splicing factors within the round spermatids, 

potentially causes male infertility by disrupting the epigenetic regulation of pre-mRNA splicing 

via histone modification.  

 

5.1.6 Using a FAS Minigene to Investigate the Effect of SNVs on the Splicing Functionality 

of RBM5  

A study was previously published in 2008 in which the relationship between RBM5 and the FAS 

(Mollinedo & Gajate, 2006) gene was investigated (Bonnal et al., 2008). FAS, also known as 

Fas Cell Surface Death Receptor, has been shown to play a significant role in the regulation of 

programmed cell death. RBM5 is involved in the regulation of alternative splicing of apoptosis 

related genes, including the FAS receptor and when the levels of RBM5 were altered, a switch 

was seen between the levels of two isoforms of the FAS receptor gene products (Bonnal et al., 

2008).  

The FAS gene encodes two potential isoforms with antagonistic functions. When exon 6 of the 

gene is spliced, a membrane bound pro-apoptotic form of the FAS receptor is translated. In 

contrast, when FAS exon 6 is skipped the mRNA encodes a soluble apoptotic inhibitor protein 

(Bonnal et al., 2008). To perform these experiments a FAS minigene was created, expressing 

the genomic sequences between exons 5 and 7 of the gene, which also contained a mutation 

within the PY tract upstream of exon 6. This results in a naturally higher occurrence percentage 

of exon skipping (Figure 5.3). This mutation was included to allow for a more obvious 

observation of increased exon inclusion. The main result of the paper demonstrated that when 

levels of RBM5 are depleted, a decrease in the soluble antiapoptotic form of FAS receptor was 

seen. In contrast, RBM5 overexpression led to an increase in FAS exon 6 skipping (Bonnal et 

al., 2008).  
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Figure 5.3: FAS Minigene and Products: a) The FAS minigene used in this Chapter’s 

experiments and in the paper by (Bonnal et al., 2008) is represented here. The green dashed 

lines represent the exon junctions after splicing between exons 5 and 6 and exons 6 and 7 

whereby the sixth exon is retained. The purple dashed annotation represents the exon junction 

of shorter isoform product with the exclusion of exon 6 of the gene.   

b) The two splice products made from the minigene are shown, with the initial longer product 

and the shorter second product with a skipped exon.  

 

In order to investigate the variants found in patients in Chapter 4 of this thesis, experiments 

were performed making use of the FAS minigene previously designed by and kindly supplied 

by Professor Juan Valcarcel Juarez and his group (Bonnal et al., 2008). My hypothesis was that 

if the mutations found in the gene RBM5 in our infertile male patients are potentially causing 

infertility via changing the pre-mRNA splicing pathway, introducing these mutations into the 

RBM5 sequence, and co-expressing the mutated genes with the FAS minigene in a model cell 

system should cause a change in splice inclusion patterns between. To test this, five of the six 

RBM5 variant sequences and one wild-type sequence were ordered as synthesised DNA (G 

blocks), cloned into a splice reporter plasmid, and transformed into E. coli. Selected plasmids 

were then transfected into HEK293 cells alongside the FAS minigene before RNA and protein 

extraction. The level of splice inclusion was then measured as a Percentage Splice Inclusion 

(PSI), and then compared to the PSI made from HEK293 cells co-expressing wild type RBM5 

protein to determine whether a significant difference was seen in the levels of exon inclusion.  
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5.2 Aims 

1. To investigate the potential mechanism of the mRNA splicing pathway disruption as a 

cause of MI. 

2. To design and implement a co-transfection assay utilising five mutant and one wildtype 

RBM5 expression vector alongside a pre-existing FAS minigene in HEK293 cells. 

3. To determine the effect of these RBM5 mutations on the gene’s capabilities to regulate 

splicing of the FAS minigene, analysing any resulting variation in FAS splice isoform 

ratios made between mutants and wild type.  

 

5.3 Methods 

The methods for work performed in this Chapter can be found in Chapter 2, Section 2.4. G-

blocks representing five mutations, previously highlighted in Chapter 4 of this thesis, were 

ordered and the corresponding variants can be seen below in Table 5.1.  

Insert 

Number 
Patient Variant RefSeq ID HGVS 

1 Chr3:50140556-A-G c.524A>G p.Tyr175Cys 

2 Chr3:50150877-T-A c.1517T>A p.Val506Glu 

3 Chr3:50154750-A-G c.2260A>G p.Met754Val 

4 Chr3:50137446-C-T c.371C>T p.Pro124Leu 

5 Chr3:50150955-C-T c.1595C>T p.Pro532Leu 

 

Table 5.1: Information on the five variants identified in infertile men in the gene RBM5 

and their corresponding insert number for the experiments performed within this chapter. 

Variant 1 was identified in the whole exome patient-parent trio data and is de novo, the 

remaining five variants were all identified in infertile singletons and thus the inheritance model 

is unknown. 

The experiments performed utilising the FAS minigene were performed in HeLa cells (Bonnal 

et al., 2008). Human Embryonic Kidney cells were chosen as the most suitable for this 

experiment due to the robust nature of the cell line as well as its rapid growth rate and ease of 

transfection. Benefits of using HEK293 cells include their ability to stably express desired 

genes, their high efficiency at producing large amounts of recombinant proteins, and most 

importantly HEK293 are highly amenable to transfection and can be transfected using a 

variety of chemical and physical methods (Tan et al., 2021; Thomas & Smart, 2005). The 

nature of this experiment was to determine whether mutations in RBM5 change the splice 

patterns of the FAS minigene. At this stage, a testis specific cell line was not essential and 
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HEK293 cells presented the most suitable option. HEK293 cells were utilised for all 

transfection stages in this experiment with the RNA and protein being isolated from these 

cells. Both FAS and RBM5 show relatively consistent levels of RNA transcription in both 

HeLa and HEK293 cells with FAS showing low expression levels in both (4.8 nTPM in HeLa, 

6.3 nTPM in HEK293) and RBM5 showing high expression levels in both (87.2 nTPM in 

HeLa, 31.2 nTPM in HEK293). 

 

5.4 Results 

5.4.1 RNA Expression of FAS Isoforms in HEK293 Cells 

To investigate the effect on splicing of the five previously mentioned RBM5 mutations, RNA 

was extracted from HEK293 cells transfected with RBM5 mutant plasmids and the FAS 

minigene plasmid. The RNA was then processed via a one-step RT-PCR to amplify the two 

separate splice isoforms transcribed from the FAS minigene. The larger ‘Isoform 1’ including 

exons 5,6 and 7 can be seen as the upper band ( + exon 6) in Figure 5.4, and the smaller ‘Isoform 

2’ produced when exon 6 is spliced out is represented by the lower band (- exon 6). Cells were 

co-transfected with both the RBM5 expression vector and the FAS minigene on three separate 

occasions as shown in Figure 5.5. These results were then quantified using the inbuilt Qiaxcel 

software. PSI values were calculated for each variant and compared to the Wild Type (WT) and 

are shown in Table 5.2.  

 

Figure 5.4: RT-PCR results showing RNA expression of Isoform 1 and 2 of FAS Minigene 

in HEK293 cells when transfected with various mutant RBM5 inserts. The upper band 

shown at around 180 bp represents the long isoform (Isoform 1) of FAS including exons 5, 6 

and 7 of the minigene, the shorter isoform (Isoform 2) is represented by the band at around 115 

bp. The stronger the band the greater the concentration of that isoform within the sample. The 

RT-PCR samples were run on the QIAxcel Advanced System (Qiagen) and concentration 

information for each isoform in each sample was also collected. The darker the band, the higher 

the concentration of the isoform. 
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Variants 1 2 3 4 5 WT 

Replicate 1 64.48 57.84 81.91 53.65 51.41 45.53 

Replicate 2 35.71 39.66 78.60 45.38 36.45 42.89 

Replicate 3 51.10 39.10 78.16 43.88 41.55 35.07 

Standard 

Deviation 

14.40 10.66 2.05 5.26 7.61 5.44 

p-value 0.3788 0.4330 0.0037 0.0838 0.6854 - 

 

Table 5.2: Percentage splice inclusion data of FAS exon 6 from RT-PCR results showing 

RNA expression of Isoform 1 and 2 of FAS Minigene in HEK293 cells when transfected 

with various mutant RBM5 inserts. The standard deviation and p-values were calculated 

using a two-tailed paired t-test comparing the data for each three replicates of a specific insert 

to the three data points for the Wild Type (WT) RBM5 insert. 

 

From Figure 5.4, it was clearly seen that across all three replicates of Variant 3, Isoform 1 was 

expressed at a higher concentration than Isoform 2. After quantification of the bands, it was 

found that, when the PSI values were compared to that of the Wild Type RBM5 in a paired t-

test, there was a statistically significant difference (p-value = 0.0037). This showed a significant 

shift towards splice inclusion in the cells expressing RBM5 with a c.2260A>G variant existing 

in exon 24 of 25 of the gene compared to the level of splice inclusion occurring in cells 

expressing Wild Type RBM5. The three replicates of Variant 3 also were the most consistent 

(SD = 2.05 %). Interestingly the results for Variant 3 were very similar to the RT-PCR results 

Figure 5.5: RT-PCR results showing RNA expression of Isoform 1 and 2 of FAS Minigene 

in HEK293 cells when transfected with empty flag vectors. Percentage splice inclusions for 

these three samples were 82.76 %, 83.05 % and 78.86 % respectively.  
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for the empty flag plasmids which were transfected into the same cells and contained no RBM5 

at all (Mean PSI = 81.56 %, Figure 5.5).  

Whilst more difficult to visualise by eye, after quantification, Variant 4 showed consistently 

higher levels of splice inclusion of exon 6 across all replicates when compared to the WT 

replicates. When performing a paired t-test, however, it was found that although very close with 

a p-value of 0.0838, no statistical significance was found between Variant 4 and WT PSIs. The 

standard deviation for the Variant 4 RT-PCR highlighted slightly more variation between the 

replicates than seen in the Variant 3 replicates (SD = 5.26 %).  

Variants 1, 2 and 5 were all found to show no statistically significant difference when PSI values 

were compared between these samples and the WT samples (p-value = 0.3788, 0.4330 and 

0.6854 respectively). Interestingly, all three of these variants did however show increased levels 

of splice inclusion in replicates 1 and 3 when compared to the corresponding WT replicates. In 

replicate 2 for Variants 1, 2 and 5 there is a marked decrease in the PSI compared to WT 

replicate 2.  

As well as a change when compared to the WT replicates, both Figure 5.4 and Table 5.2 

highlight a level of variability across different repeats. The Variant 1 showed decreased splice 

inclusion in the replicate 2 with 35.71 % when compared to 64.48 % in replicate 1 and 51.10 

% in replicate 3 (Standard deviation of 14.40 %). The Variant 2 repeats also showed varied 

results with Sets B and C showing lower levels of splice inclusion (39.66 % and 39.10 %) and 

Set A showing 57.84 % (Standard deviation of 10.66 %).  

 

5.4.2 Protein Expression of RBM5 in HEK293 Cells 

After the above analysis revealed a significant change in PSI of exon 6 in the cells co-

transfected with RBM5 Variant 3 and thus a greater concentration of splice isoform 1 of the FAS 

minigene, a Western Blot was performed. This was to identify any changes to the expression of 

RBM5 in this sample compared to the wild type which could explain the previously mentioned 

results. Figure 5.6 shows two bands per lane representing RBM5 protein expression. From this 

figure it was seen that the level of RBM5 protein expressed is significantly decreased in the 

three lanes loaded with the Variant 3 replicates. This is represented by the significantly fainter 

bands in these lanes. An error in loading was ruled out by monitoring equal expression of α-

Tubulin which was detected as a loading control. It appears that whilst significantly depleted, 

very faint bands can be observed for RBM5 protein expression in all repeats of Variant 3 and 

thus protein expression is severely reduced but not completely absent.  
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Figure 5.6: Western Blot showing protein expression of RBM5 in HEK293 cells co-

transfected with mutated RBM5 and a FAS minigene. The RBM5 protein is represented by 

the dual bands on the western blot at a size of 92 kDa and α-tubulin was used as a loading 

control with a molecular weight of 50 kDA. Samples from replicate 1 are represented by “A”, 

replicate 2 by “B” and replicate 3 by “C”. 

 

5.5 Discussion 

The aim of the work in this chapter was to investigate the potential mechanism of the mRNA 

splicing pathway disruption as a cause of male infertility. After co-transfecting mutated RBM5 

inserts with a FAS minigene, one of the five RBM5 variants (Variant 3) showed a statistically 

significant difference in FAS exon 6 splice inclusion when compared to the wild type RBM5 

protein (p-value = 0.0037). One further variant (Variant 4) was close to achieving statistical 

significance with a p-value of 0.0838 and consistently higher PSI values in all three replicates 

compared to the WT. The remaining three variants showed no noteworthy results with variation 

across the replicates and high p-values.  

RNA extracted from samples containing Variant 3, or c.2260A>G, showed a substantial 

increase in the concentration of the exon 6 inclusive isoform 1 of FAS (mean PSI of 79.56 %) 

compared to the WT (mean PSI of 41.16 %). Based on the PSI results in Table 5.2, WT RBM5 

expression typically leads to exclusion of exon 6, however with the c.2260A>G almost 80 % 

of all FAS produced is exon 6 inclusive. Notably, the Variant 3 results closely resembled those 

achieved when transfecting the empty flag plasmid which itself had a mean PSI of 81.56 % 

(Figure 5.4, Table 5.2). It was confirmed, however, before transfection was performed that 

RBM5 variants had been correctly cloned into the p3XFLAG-CMV14 expression vector by 
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means of colony PCR and Sanger Sequencing (description in Chapter 2 Section 2.4.3). Western 

Blot analysis showed trace amounts of RBM5 protein expressed in these samples (Figure 5.6). 

These results suggest that the c.2260A>G variant had a significant effect on the translation of 

the RBM5 gene into the protein itself leading to a dramatic under expression of RBM5. These 

results are consistent with previous literature in that reduced RBM5 protein levels lead to an 

increase in FAS exon 6 splicing inclusion. It has been previously reported that when levels of 

RBM5 are reduced, a greater percentage of the exon 6 inclusive isoform is produced, and 

overexpression of RBM5 leads to increased exon skipping. Thus, RBM5 causes skipping of 

FAS gene exon 6 (Bonnal et al., 2008).  

The severity of the downregulation of the RBM5 protein, along with the large shift in splice 

inclusion of exon 6 of the FAS minigene leads to the suggestion that the variant itself causes 

protein instability. At a basic level, it can be seen that the position in which this mutation lies 

within RBM5 is highly conserved across over 99 species with a phyloP100 score of 9.025, 

indicating that changes made to the wild type allele at this position are much more likely to 

produce a damaging effect. The hypothesis that the introduction of the c.2260A>G variant at a 

highly conserved site effects the ability for the protein to remain stable would need to be further 

investigated. The p.Met754Val amino acid change seen here does not initially appear to be a 

severe one when looking at the properties of each amino acid with Methionine and Valine both 

being non-polar with hydrophobic side chains. However, Valine itself is a small aliphatic amino 

acid and Methionine is regarded as a long non-aliphatic amino acid. The SIFT score (Vaser et 

al., 2016), which predicts whether an amino acid substitution is likely to affect protein function, 

was the most severe value possible for this specific variant (SIFT = 0) and categorised the 

variant as  pathogenic. Previous literature has shown disease states resulting from a single base 

substitution resulting in a Met-Val change, specifically in the AD disease Hyperkaliaemic 

periodic paralysis (Rojas et al., 1991).  

The positioning of this mutation in the middle of the penultimate exon within the gene leads to 

speculation as to how a late-stage mutation can cause the severe under-expression of the protein 

seen in the Western Blot analysis. One such explanation for this is the formation of a degron at 

the position of the variant. A degron is a protein degradation signal which are often short linear 

motifs embedded within the protein sequence (Mészáros et al., 2017). The presence of a degron 

towards the terminal end of a protein has been shown to potentially contribute to Spinal 

Muscular Atrophy (Cho & Dreyfuss, 2010) . In this case, the majority of the time (ca. 80 %)  

SMN2 produces an unstable transcript lacking the exon 7 of the gene and when this exon is 

missing two components of the transcript, the YG box and the C-terminal EMLA sequence, 
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form a degron (Seo et al., 2016). It is possible that a similar mechanism is occurring in the 

RBM5 gene containing Variant 3 with a novel degradation signal being introduced, causing the 

destabilisation of the protein, and thus explaining the Western Blot analysis. If testis biopsy 

samples exist for the patient presenting with this RBM5 variant, it would be of great interest to 

determine the levels of RBM5 protein expression to confirm whether the downregulation is as 

severe in vivo. In the patient it would be expected that the expression of the RBM5 protein 

would be reduced however not as severe as seen in the cell culture due to the heterozygous 

nature of the variant within the patient.  

Whilst four of the five mutations tested do not appear to have a significant effect on the splicing 

of FAS, the potential remains for these mutations to be causing the infertility observed in these 

patients. With the level of variation between the PSI values across samples 1,2 and 5 (SD = 

14.40 %, 10.66 % and 7.61 % respectively) and the fact that Variant 4 almost showed 

significance (p-value = 0.0838), the first logical step would be to repeat these experiments with 

a greater level of stringency. The replicates (1 - 3) for this experiment were biological replicates, 

with each replicate performed on a separate passage of the same HEK293 cell line. A limitation 

of the initial experimental design was a lack of technical replicates for each biological replicate 

and the experiment could have benefited from the accuracy that these technical replicates would 

have provided. These would have been particularly important in the case of the second set of 

biological replicates where the data for Variants 1, 2 and 5 does not agree with that for 

Replicates 1 and 3. In Variants 1, 2 and 5 both replicates 1 and 3 show increased levels of splice 

inclusion between the variant and the WT, this however is not mirrored in Replicate 2 where 

for all 3 variants, a decrease is seen in splice inclusion when compared to the WT. The use of 

technical replicates would have allowed clarification as to whether the change in pattern seen 

in the second replicate set for these three variants was true or likely due to experimental error.  

Another important component that this experiment would have benefitted from would have 

been the inclusion of a positive control to confirm whether the use of the FAS minigene as an 

RBM5 splicing target was appropriate to reflect the expected male infertility phenotype 

resulting from damaging RBM5 mutations. It is already known from work performed in mice 

that the introduction of a specific Rbm5 point mutation (p.Arg263Pro) causes male infertility 

and effects the splicing capability of Rbm5 for a number of testis specific proteins (O’Bryan et 

al., 2013).  The addition of a g-block containing this specific mutation in this experiment would 

have been valuable, providing the ability to determine whether the use of the FAS minigene was 

appropriate for the human male infertility phenotype being investigated depending on any 

splicing changes observed.  
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Whilst the work in this chapter aimed to determine the effect of RBM5 mutations identified in 

Chapter 4 on the gene’s capabilities to regulate splicing of the FAS minigene, the rationale 

behind it is that mutations to RBM5 could potentially be causing infertility in several infertile 

patients. There are multiple different methods by which this could be assessed within the scope 

of infertility and the process of spermatogenesis itself. Initially, if no significance was seen after 

repeating the experiments in the manner mentioned above for these variants, an alternative route 

to investigate the effect of these other mutations would be to utilise a different target of RBM5 

as a minigene. A target gene which plays a specific role in the process of spermatogenesis would 

be preferable, rather than FAS which has been shown to be involved specifically with 

programmed cell death (Scott et al., 2009). Such a potential target would be the ASB1 gene 

which has been implicated in the process of spermatogenesis following studies with Asb1 

knockout mice which present with hypospermatogenesis (Kile et al., 2001). Both ASB1 and 

RBM5 show enhanced RNA single cell specificity to early spermatocytes and late spermatids 

respectively and are present throughout the process of spermatogenesis in all testis specific cell 

types in the Human Protein Atlas (Uhlén et al., 2015). 

In 2013, it was shown that mice carrying a specific missense mutation (p.Arg263Pro) in the 

gene RBM5 presented with aberrant splicing of the gene Asb1 with a greater occurrence of exon 

skipping implying a disruption to the pre-mRNA splicing of this target due to RBM5 functional 

disruption (O’Bryan et al., 2013). This mutation lies within the RNA recognition motif (RRM) 

2 domain of the gene, a domain untouched by the five variants found in the infertile patient 

cohort described in this chapter. Interestingly however, Variant 4 which was close to significant, 

lies within the RRM1 domain of the gene. With the presence of a known infertile mouse model 

already affected by Rbm5 mutations, it would be possible and justified to perform in vivo 

studies within mouse models in future. This could be performed utilising the methodology 

previously described in the 2013 paper with the introduction of our own potentially causative 

mutations into the model. In vivo studies such as these are relatively time consuming and 

significantly more costly than working in in vitro models. Before moving on to studies like 

these, acquiring repeated successful results from in vitro studies would be advantageous. It 

would, be of interest to investigate the effect of the damaging c.2260A>G variant to observe 

whether in mice this does also produce a near total depletion of the RBM5 protein. 

Whilst studies have been performed in mice displaying disruption to fertility when Rbm5 is 

mutated, these do not exist for human samples. The experiment that would be of most interest 

to back up the work in this chapter would be to assess RBM5 expression levels, as well as other 

known key spermatogenic genes known to be regulated by RBM5, within testis biopsy samples 
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from the infertile patients with RBM5 mutations. This would then require a comparative sample 

cohort of healthy testis biopsy tissue as well as biopsy material from other infertile males with 

no known RBM5 mutation. In the case of this experiment, the initial patient with a DNM in 

RBM5 did not have any testis biopsy material taken hence why this experiment was not 

conducted. It may be possible in future to revisit this idea if additional patients are identified 

with potential damaging DNMs in the gene RBM5, strengthening the evidence for a causative 

link between these mutations and the infertility phenotype.  

The work performed in this chapter provides a start to functional studies into the effects of 

damaging mutations to the function of RBM5. After analysing the results, it is clear that the 

initial experiment had limitations and would need repeating with additional improvements to 

re-assess the validity of the results. If this work proved successful after improvement of the 

experimental design, the method could be applied to other the mutations found in genes 

involved in mRNA splicing. New targets for minigene creation would need to be identified for 

the genes CDC5L, CWC27, HNRNPL and U2AF2, however once this step has been completed, 

the experimental analysis would be as followed in this chapter.  
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Chapter 6: Discussion and Concluding Remarks 
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6.1 Introduction 

Male infertility (MI) is a relatively common clinical condition with around 7 % of all males 

worldwide suffering from some form of infertility (Krausz & Antoni Riera-Escamilla, 2018). 

There are currently a large number of known causes for MI, both genetic and non-genetic 

(Kasak & Laan, 2021; Xue et al., 2012; Michalakis et al., 2013). The condition itself is 

extremely genetically heterogeneous which is unsurprising given the complexity of the process 

of spermatogenesis and the vast number of genes involved in its regulation (Neto et al., 2016). 

This complexity results in a wide variety of infertility phenotypes. Genetic factors are thought 

to play an important role in MI with the percentage of genetic causes increasing as the sperm 

output of the patient decreases (25 % in Azoospermia) (Krausz, 2011). Whilst some genetic 

causes, including Klinefelter syndrome, AZF region microdeletions and recessive CFTR 

mutations are well recorded and studied, a large percentage of all sporadic male infertility cases 

remain idiopathic. Recent studies within the field of MI highlight how between 40 % – 70 % of 

all MI cases presented to clinics are idiopathic (Punab et al., 2016; Houston et al., 2021; Kumar 

Mahat & Arora, 2016).  With the large number of idiopathic cases seen in MI, it is logical to 

infer that there are numerous genes and mutations causing the infertility in these patients that 

have not yet been discovered. Conditions such as Intellectual Disability (ID), which show a 

similar reduction in reproductive fitness to MI, have found that DNMs play a large role in 

causing the disease. The introduction of NGS techniques such as whole exome sequencing 

(WES) and whole genome sequencing (WGS) have significantly advanced research in ID, with 

patient-parent trio NGS studies allowing the discovery of several disease genes (Gilissen et al., 

2014; Vissers et al., 2016; Veltman & Brunner, 2012).  

Investigating the de novo paradigm for MI has been the basis of my research as described in 

this thesis. Across the Chapters I have utilised different sequencing techniques in order to 

identify DNMs in potential novel candidate genes for MI. In Chapter 4 I successfully identified 

145 rare protein coding DNMs in a cohort of 185 patient parent trios with 29 of these classified 

as likely causative of the infertility phenotype in these patients, and a further 50 remaining 

unclear with limited gene level evidence. After a systematic analysis of an additional 2,506 

infertile singleton males, six additional males were identified with predicted pathogenic 

heterozygous missense mutations in the gene RBM5, in addition to the original patient with a 

pathogenic DNM in the same gene. Functional studies investigating the damaging effects of 

RBM5 mutations on its function as pre-mRNA splicing factor showed promising results, 

indicating a potential pathway to further investigate in relation to autosomal dominant (AD) 

male infertility.  
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6.2 Next Generation Sequencing (NGS) as a Tool for Disease Gene Discovery in Male 

Infertility  

6.2.1 NGS Use in Male Infertility Research 

Over the last decade, NGS technologies have advanced considerably with a significant 

improvement in sequencing output and a drastic reduction in costs (Xavier et al., 2021). These 

technologies range from targeted panel sequencing of multiple genes to whole exome and whole 

genome sequencing. These NGS approaches have allowed for considerable amounts of data to 

be assessed in large cohorts of patients at one given time, in contrast to traditional technologies 

such as Sanger Sequencing and Karyotyping (Medeiros et al., 2022; van Dijk et al., 2014). It is 

no surprise that these technologies are being applied to study an increasing number of different 

diseases and disorders with the aim of identifying genetic causes to rapidly provide a genetic 

diagnostic in known disease genes or discovering new genetic causes and identifying novel 

candidate disease genes. For disorders such as ID, where the genetic heterogeneity and reduced 

reproductive fitness mirrors that of MI, a large number of genes have been identified using NGS 

techniques in both singleton and trio cohorts (Lelieveld et al., 2016; Kaplanis et al., 2020; 

Gilissen et al., 2014). These studies have proven to be successful with hundreds of genes now 

identified as causative ID genes, and high genetic diagnostic levels (Kaplanis et al., 2020; 

Vissers et al., 2016).  A recent paper highlights how in the year 2019, 62 % of all genetic studies 

published on the subject of MI included some form of NGS based technique (Xavier et al., 

2021).  The implementation of NGS in MI research up to now however has mostly been 

successful in identifying new recessive disease genes for rarer, more well-defined forms of 

infertility such as Multiple Morphological Abnormalities of the Flagella (MMAF) (Lin Li et al., 

2017; Zhu et al., 2018) and Hypogonadotropic Hypogonadism (Butz et al., 2021; Cangiano et 

al., 2021). Due to the large amount of heterogeneity leading to both Oligozoospermia and NOA 

giving rise to a wide variety of phenotypes, disease gene discovery for these forms of MI has 

not progressed as much. 

 

6.2.2 Targeted Panel Sequencing; a Useful Clinical Diagnostic Tool but Inefficient for 

Disease Gene Discovery 

The first analyses I performed using an NGS technique is reported in Chapter 3, where I 

designed and optimised a targeted smMIP panel to sequence a total of 54 genes which had been 

previously identified as containing DNMs. This smMIP panel was used to sequence 75 infertile 

males and their unaffected parents. After processing of the sequencing data and filtration of all 

initially identified DNMs, no rare DNMs were identified in any of the 54 targeted genes within 
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the cohort. There were likely a number of issues which contributed to the lack of results in this 

case. The first, and likely most important issue is the size of the gene pool as well as the genes 

targeted in the first place. It is well established that only one to two DNMs occur in the coding 

region of each person’s DNA and with around 20,000 protein coding genes found in the human 

genome (Oud et al., 2017; Pertea et al., 2018). Taking this into account, it is not surprising that 

no DNMs were identified in such a small gene pool representing only 0.27 % of all protein 

coding genes. When compared to the previously mentioned study by Oud et al, where 1,112 

infertile males were screened for all mutation types in 107 causal and candidate DNM genes, 

the number of patients assessed by using smMIPs in this thesis were drastically reduced (7 %) 

(Oud et al., 2017). In the Oud et al. study, only one heterozygous variant which may, or may 

not, have been de novo was identified in the gene SYCP3, a gene which has been previously 

identified as a monogenic cause of MI and only a further 16 patients received a genetic 

diagnosis (diagnostic yield = 1.5 %).   

At an experimental level, despite two rounds of optimisation to ensure all smMIPs were 

performing within an acceptable range, only 87 % of all the smMIPs in the final run performed 

to an acceptable level. When looking at the number of smMIPs achieving 10 unique reads across 

the samples, 92 % fell within this range which is comparable to work published in a similar 

smMIP study performed on infertile males (Oud et al., 2017). These statistics would make the 

work seem successful. However, when looking in depth into individual genes,  only six genes  

(11 %) within the panel had no smMIPs underperforming whereas a number of genes had 

regions which were covered by underperforming smMIPs across all samples, including the 

genes APC2 (48 % of smMIPs underperforming), CD81 (50 % of smMIPs underperforming) 

and DGKZ (28 % of smMIPs underperforming). This led to regions within these genes where 

the sequencing quality was not high enough to identify or call any potential DNMs. The only 

way to improve upon this would be to implement additional rounds of optimisation of the 

smMIPs within the pool, adding in supplementary smMIPs at 5x and 20x concentrations. This 

would hopefully help improve the coverage and performance of the underperforming smMIPs 

within the pool by reducing the amount of some smMIPs which were potentially 

overperforming and increasing the concentration of those which were drastically 

underperforming.  

From this work it would appear that whilst the smMIP panel has great potential for identifying 

DNMs in a tailored group of genes, it should not be used in the early stages of disease gene 

discovery - but rather after a number of genes have been confidently linked to the disorder first. 

smMIP panels have been shown to be diagnostically useful in both colorectal cancers and BRCA 
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screening in clinical settings (Gallon et al., 2020; Neveling et al., 2017), but  isolated MI has a 

long way to go before these panels are likely to be useful. Given the large genetic heterogeneity 

of MI and the lack of recurrently mutated genes identified, performing targeted sequencing in 

such a limited pool of genes in a relatively small cohort was unlikely to highlight any recurrent 

DNMs. At this early stage in MI candidate gene discovery, particularly for dominant causes of 

MI, unbiased, all-gene inclusive investigations are needed before we can move on to systematic 

targeted approaches. 

Whilst isolated MI should not be targeted with this smMIP approach for the time being, rarer 

MI phenotypes such as MMAF have seen a dramatic rise in the number of associated disease 

genes in the last five years from WES discovery studies. One such study from 2020 consolidated 

a list of 18 novel MMAF linked genes (Touré et al., 2021). With these 18 genes accounting for 

between 30 % – 60 % of all MMAF cases across the discovery cohorts, it is possible that a 

smMIP panel could be applied in a clinical diagnostic setting, identifying variants in these genes 

in MMAF patients. As more genes arise from additional NGS studies in MI cohorts, additional 

MMAF genes could be added easily in order to perfect the panel providing a cost effective and 

efficient method for MMAF diagnostics.  

 

6.2.3 Whole Exome Sequencing (WES) as an Unbiased Approach for Novel Male Infertility 

Gene Discovery 

WES is now being used widely across the field of MI with studies occurring in large cohorts of 

infertile males across the globe. Research by groups such as the Genetics of Male Infertility 

Initiative (GEMINI) and  Male Reproductive Genomics (MERGE) studies have identified a 

number of novel male infertility candidate genes utilising WES approaches in their cohorts of 

infertile males (Hardy et al., 2021; Nagirnaja et al., 2021; Salas-Huetos et al., 2021; Wyrwoll 

et al., 2020). In Chapter 4 of this thesis, I demonstrate that WES is a useful tool in identifying 

DNMs in a cohort of 185 idiopathic infertile patient-parent trios. All these patients had 

previously undergone multiple different clinical assessments to identify their potential cause of 

infertility including a physical examination, semen analysis, hormone level evaluation and 

genetic screening including Karyotyping and AZF deletion detection. The next logical step in 

investigating the patients who remained idiopathic was to look for any potentially pathogenic 

mutations which could be causing their infertility.  

In total, 29 causative and 50 unclear rare protein coding DNMs were highlighted. It should be 

noted that none of the genes identified during this experiment was found containing a DNM in 

more than one patient and none of the genes containing these rare DNMs were previously 
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highlighted as causal MI genes. The lack of recurrence of mutations in these genes makes it 

impossible to classify any gene as a “true” MI gene. Identifying additional patients showing 

variation in these genes is the next step needed to start highlighting and determining true de 

novo male infertility genes. Whilst trio sequencing has been shown to provide a much higher 

diagnostic rate than singletons alone (Smedley et al., 2021), gathering a large cohort of not only 

infertile males but their parents too is logistically challenging, particularly for this disorder. 

Unlike with ID, where the presentation age of the disorder is likely as a child, males are unlikely 

to know they are infertile until they are much older which provides challenges in acquiring 

parental samples due to advanced parental age, lack of contact with parents or potentially the 

death of parents. Additionally, infertility is often regarded as a female issue and when a male 

factor is identified, this can be seen as shameful by many patients who then do not wish to share 

this information with parents or other family members. These factors mean that obtaining 

parental samples for MI is much more difficult than for other disorders, and this can be seen 

reflected in the lack of large-scale studies performed on infertile patient-parent trios so far. The 

work presented in Chapter 4 represents the largest published trio based NGS study to date 

regarding MI with only one smaller pilot study in 13 trios having been previously published 

(Hodžić et al., 2021). In order to reach the discovery levels seen in ID, the need for recruitment 

of larger cohorts is a necessity. In ID has been suggested that up to 350,000 trios need to be 

sequenced in order to have an 80 % chance of detecting all haplo-insufficient genes causing this 

disorder (Kaplanis et al., 2020). Whilst this number is a far cry from the modest 185 trios 

described in this thesis, I believe my work highlights the advantages of utilising WES for 

infertile patients in order to identify DNMs.  

In an attempt to expand the discovery effort within the UK, collaborations have been set up 

between the Newcastle male infertility group and hospitals in both Manchester and Sheffield 

for both singleton and patient-parent trio recruitment as well as international collaborations with 

groups in India, Iran, and Germany. With the inclusion of these extra sites and cohorts as well 

as our continued collaboration with RadboudUMC, it is hoped we can build up a larger database 

of WES data to increase the power of our disease gene discovery, with the aim of identifying 

recurrently mutated genes in multiple patients. Additional international collaborations have also 

been set up via consortia such as the International Male Infertility Genomics Consortium 

(IMIGC) (http://www.imigc.org/). The IMIGC are currently working towards this aim of 

gathering large cohorts of infertile patients in order improve the statistical and bioinformatic 

analyses of genomic data as well as identifying novel candidate genes for MI. In Chapter 4, the 

presence of rare pathogenic mutations in genes containing rare protein coding DNMs was 
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investigated in WES data from 2,506 infertile males, originating from both the IMIGC and the 

Geisinger-Regeneron DiscovEHR collaboration (Dewey et al., 2016). Without the data 

provided through these collaborations, the discovery of additional patients with potentially 

pathogenic variants in the gene RBM5 would not have been possible.  

Widespread implementation of WES as a routine diagnostic test in global infertility clinics and 

health care services has the potential to not only identify recurrent mutations in known or 

implicated MI genes, but also continue the discovery of novel linked genes. With the nature of 

WES data, retrospective diagnoses are entirely possible as a growing list of genes are linked to 

MI, therefore, it is important to emphasise that both diagnostics and research go hand in hand. 

 

6.2.4 Genome Sequencing for Future Advances in Genetic Studies 

Chapters 3 and 4 of this thesis focus on two different NGS techniques, targeted panel 

sequencing and whole exome sequencing, both of which in this case only assessed the coding 

regions of DNA within the patients. I have previously established that within this coding region, 

a person has on average, one to two DNMs, however there are around 44 - 82 DNMs found in 

a person’s entire genome (Acuna-Hidalgo et al., 2016). By excluding non-coding regions 

(approximately 98 % of the human genome) (The ENCODE Project Consortium, 2012), it is 

possible that a large number of causative DNMs are being missed. A 2022 study in 242 autism 

spectrum disorder patients and their families identified an enrichment for non-coding DNMs, 

causing disrupted chromatin interactions leading to altered expression of nearby genes involved 

in early neural development (Kim et al., 2022). This model could be applied to MI whereby 

mutations in non-coding regions alter the expression of one or a number of the thousands of 

genes involved in spermatogenesis. WGS not only allows for the investigation of non-coding 

regions but has also been shown to provide better overall sequencing coverage of exonic regions 

than WES (Meienberg et al., 2016). WGS is also particularly useful for the detection of 

structural variants (SV) and repeat expansions, with the continuous coverage of the genome 

allowing for a more reliable calling of SVs with greater confidence than WES data (Gilissen et 

al., 2014; Lelieveld et al., 2015; Rajan-Babu et al., 2021).  

A recent study performed by Genomics England as a part of the 100,000 genomes project 

showed how the incorporation of WGS into diagnostic tests for patients with idiopathic rare 

diseases lead to an increase of diagnostic yield (Smedley et al., 2021). The study found that, 

after WGS analysis, the diagnostic yield for specific conditions such as ID, hearing disorders 

and vision disorders ranged from 40 % - 55 % and across all disorders with a likely monogenic 
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cause, 30 %. The results of this study led to 25 % of all those with a novel diagnosis receiving 

immediate clinical treatment or counselling. The large increase in diagnostic yield and 

actionable findings demonstrates the invaluable nature of implementing NGS sequencing as a 

routine test for those with idiopathic rare disorders. An important point to make is that whilst 

this thesis focuses specifically on DNMs in male infertility, introducing NGS into routine 

clinical assessments would not only allow the identification of these rare dominant causes of 

infertility, but also variants of all inheritance models which may provide further insight into 

different inheritance models for male infertility.  

Currently, with dominant disease gene discovery still at its early stages for MI, the lower cost 

and lack of research into non-coding variation in MI means that WES is likely to remain the 

more common NGS technique used for disease gene identification at present . The significant 

increase in discovery potential of WGS should not be ignored and is likely to become used more 

in mainstream research as costs decrease. Related to this, a pilot study is currently ongoing to 

re-analyse all 185 trios assessed in Chapter 4 of this thesis utilising WGS in order to further 

causative gene discovery in MI cases for all inheritance models, including SVs and repeat 

expansions. From this data it will be possible to systematically compare the two techniques and 

better suggest which method is more appropriate and effective at identifying mutations of all 

inheritance patterns in males suffering from severe idiopathic MI based on the number of 

relevant findings as well as the costs associated with both technologies.  

 

6.3 De novo Mutations as a Model for Dominant Disease in Male Infertility 

The majority of research into MI and its associated genes has been focussed on inherited forms 

of the disorder, with autosomal recessive (AR) inheritance being the most widely researched 

monogenic inheritance pattern (Houston et al., 2021). According to Oud et al., around 66 % of 

gene-disease relationships highlighted in MI with at least a moderate level of evidence can be 

attributed to AR inheritance (n = 16), whilst only 17 % showed autosomal dominant (AD) 

inheritance (n = 4) (Oud et al., 2019). The discovery of many of these AR disease-gene 

relationships are due to research in consanguineous families, (Yıldırım et al., 2018; Ma et al., 

2019) and whilst they may explain some familial forms of MI, they are likely to be far less 

common in the outbred population due to selection pressure. As previously stated, MI remains 

a relatively common condition despite it often leading to drastically reduced reproductive 

fitness. So clearly, investigation into other inheritance models may be the key to diagnosing a 

number of idiopathic cases. AD forms of MI are severely underrepresented, however, 

maternally inherited and de novo mutations are two strong inheritance models to investigate in 
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idiopathic MI cases. DNMs make an excellent model for investigation due to their ability to 

avoid typical evolutionary selection that would occur with inherited variation, thus making 

these mutations potentially more deleterious (Hodžić et al., 2021; Veltman & Brunner, 2012). 

In patients suffering from conditions such as Developmental Delay (DD), DNMs have been 

proved to be causative in around 42 % of all cases (Deciphering Developmental Disorders 

Study, 2017). Like DD, MI has a high mutational target size with over 2,000 genes involved in 

the process of spermatogenesis alone meaning that the likelihood of a DNM occurring in one 

of these genes is much higher than in a disease with a smaller number of causal genes (Veltman 

& Brunner, 2012). As highlighted earlier, chromosomal abnormalities underlying infertility 

such as Klinefelter’s and Y chromosome microdeletions occur de novo, validating in part the 

role of this genetic model for MI.  

Chapter 4 of this thesis provided vital evidence that de novo point mutations are likely to play 

a role in MI. A total of 192 rare DNMs were identified across the cohort (n = 185) giving a 

DNM rate of 1.04 per patient, in line with the one to two DNM determined to be present in the 

average person’s coding region (Acuna-Hidalgo et al., 2016). At this stage, the DNMs had only 

been assessed relating to their rarity in the general population and whether they affected the 

amino acid structure of the given protein, therefore unbiased analyses were able to be performed 

to assess any patterns found in the genes in which the DNMs lay. This unbiased approach 

highlighted a significant enrichment for Loss of Function (LoF) DNMs occurring in genes 

which were more intolerant to LoF mutations when compared to a cohort of fertile controls (p 

value = 1.00 × 10−5). The idea that LoF DNMs were found to occur more frequently in genes 

where they are not tolerated in infertile males and not in controls highlights an important pattern 

for a potential link between MI and DNMs. Interestingly, a paper published in 2022 investigated 

the inheritance patterns of 605 LoF intolerant genes (pLI = 1), 217 of which were associated 

with a mendelian disease (Fabre & Mancini, 2022). It was seen that of the 217 LoF intolerant 

genes with a known inheritance pattern, 69.1 % were AD, 12.4 % showed X linked inheritance 

followed by 12 % AR and the remaining 6.5 % had mixed inheritance. Whilst the authors 

determined no definitive preferential mode of inheritance being associated with highly 

constrained genes, it is clear from this data that a significant proportion of all known disease 

genes with high intolerance to LoF mutations showed an AD inheritance pattern.  

After determining the likely pathogenicity of all 145 DNMs, 84 were found to be pathogenic at 

a variant level. From this a further enrichment was highlighted for likely pathogenic missense 

DNMs to be found in genes which are intolerant to missense mutations when compared to likely 

benign missense DNMs found in the patients (p value = 5.01 × 10−4). This finding once again 
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indicated that, in these patients suffering from severe male infertility, more damaging mutations 

are occurring in genes which are less tolerant to these types of mutations. This furthermore 

highlights how, whilst there are over 20,000 genes expressed in the human genome, these 

infertile patients are showing clustering of DNMs in genes which are intolerant to these 

mutation types. A pathway analysis of the genes containing pathogenic DNM types showed an 

enrichment of interactions between these genes (p value = 2.35 × 10−2), signifying common 

biological pathways in which the DNMs occurred. Two pathways in particular, the pre-mRNA 

splicing pathway and mitotic cell cycle, were shown to contain a number of the genes with 

predicted pathogenic DNMs. This finding was incredibly interesting, as both recurrently 

affected pathways identified are essential for the normal function of spermatogenesis within 

males (Gazvani et al., 2000; Song et al., 2020). High levels of alternative splicing and cellular 

division occur within the testis, especially during spermatogenesis, and identifying several 

likely pathogenic DNMs in genes within these pathways provides further evidence that DNMs 

likely play a role in male infertility (Naro et al., 2021).  

For successful investigation into causative de novo or maternally inherited variants in MI in the 

future, there is a dire need for replication studies in large cohorts to assess the lists of current 

candidate genes. With 79 Potentially Causative and Unclear variants in as many genes identified 

in this cohort of only 185 trios, it is plausible that in larger cohorts considerably more disease-

linked genes will be identified for the first time. The only way these can be confirmed as true 

infertility genes is via the identification of recurrently mutated genes and so, as mentioned in 

section 6.2.4, diagnostics and research must work in tandem to recruit and sequence larger 

cohorts of infertile males and their parents in particular for de novo gene investigation. Even 

with the increase of infertile males sequenced, there will likely always be a deficit in the number 

of parental samples needed for recurrent DNM identification in all potential dominant MI genes. 

In cases where parental samples are unavailable, it would be interesting to determine if there 

was a way to identify whether these variants occurred de novo or were inherited. The 

development and introduction of a tool which could analyse all available data on de novo 

mutations across a wide variety of disorders in order to identify patterns seen when DNMs are 

present and thus predict the likelihood of heterozygous variants being de novo in origin would 

be invaluable. A DNM likelihood score, much like those used to determine whether a variant is 

likely to be pathogenic or a gene is intolerant to certain mutation types, would mean the struggle 

for acquisition of parental samples would be less detrimental to the progress of investigations 

into de novo causes of infertility. In Chapter 4 of this thesis, an enrichment was found for LoF 

DNMs mutations in LoF intolerant genes, as well as potentially pathogenic missense DNMs in 
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missense intolerant genes. It would be interesting to see if this was found consistently in 

multiple patient-parent trio cohorts and, if so, whether genes associated with de novo mutations 

across multiple disease types show this increased level of intolerance in comparison to other 

inheritance models. If this was found to be the case, it could be easier to predict, to a degree of 

certainty, whether a potentially pathogenic mutation was likely to be de novo or not in the 

absence of parental samples.  

 

6.4 RBM5; An Investigation into the Pre-mRNA Splicing Pathway as an Essential Male 

Fertility Pathway  

The work presented in Chapter 4 provided no genes with recurrent mutations in the original 

185 patients. Interestingly, however, after analysing a cohort of over 2,500 infertile singletons 

for heterozygous mutations in all 145 genes containing rare, protein altering DNMs, six 

additional patients were identified with likely pathogenic heterozygous missense mutations in 

the gene RBM5. In total, one likely causative missense DNM and six likely causative 

heterozygous missense mutations were identified in RBM5, a gene known to play a role in the 

pre-mRNA splicing pathway. RBM5 was found to be one of the genes highly intolerant to 

missense mutations which further increased the interest in this gene. Whilst the additional 

mutations found in the replication cohort could not be determined as de novo or inherited, the 

fact that seven mutations were identified in idiopathic infertile males and non were present in a 

control cohort of infertile males (n = 11,587) made this gene the primary candidate for further 

investigation.  

Previous studies into RBM5 highlighted this gene as an essential regulator of haploid male germ 

cell pre-mRNA splicing and have shown that when specific point mutations were introduced 

into Rbm5 in mice, a resulting azoospermic phenotype was observed (O’Bryan et al., 2013). It 

was found in this study that the R263P point mutation led to shifts in levels of Rbm5 specific 

splice targets within the mouse testis, effecting multiple different pathways within the mice 

leading to their sterility. The evidence provided by this study, as well as the presence of seven 

different heterozygous mutations in this missense intolerant gene, lead to the functional work 

presented in Chapter 5 of this thesis.  Using a FAS minigene assay, a gene known to be regulated 

by RBM5, I assessed the effect of five of the likely causative mutations - including both the 

DNM and four mutations identified in the replication cohort. The FAS minigene used in these 

experiments was provided by Professor Juan Valcarcel Juarez and the work performed in 

Chapter 5 was based around the findings of this paper where it is stated that increased levels of 

RBM5 cause increased levels of exon 6 skipping and thus reduced levels lead to increased levels 
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of the exon 6 inclusive FAS isoform (Bonnal et al., 2008).  If the likely causative DNMs had 

any effect on RBM5 and its function, it would have been expected that a large increase in the 

levels of the exon 6 inclusive isoform would be seen in all cases. However, this was only seen 

for one variant of the five tested. The tests performed included co-transfection of plasmids 

containing either mutant RBM5 sequence or the wild type (WT) into HEK293 cells, along with 

the FAS minigene. RNA and protein were extracted from the cells after a day and RT-PCR and 

Western Blotting were performed to assess the FAS RNA levels and the RBM5 protein 

expression. Variant 3 or c.2260A>G showed a statistically significant increase in splice 

inclusion when compared to the control wild type RBM5, with almost 80 % of the FAS produced 

including exon 6 (p-value = 0.0037). Interestingly, Western Blot analysis showed nearly zero 

expression of the RBM5 protein extracted from variant 3 transfected cells. Whilst this provided 

insight into the severely reduced levels of splicing occurring, due to the lack of RBM5 

expressed, it did not fit with the initial hypothesis that the variants introduced would affect the 

function of RBM5, rather that this particular variant appears to inhibit the expression of the gene 

altogether. One explanation for this could potentially be the introduction of a degradation signal, 

or degron, which destabilises the protein and thus leads to reduced expression (Mészáros et al., 

2017). The fact this mutation occurs in a heterozygous state in the patient leads to the potential 

argument that the gene may be haploinsufficient, with one mutated copy being enough to cause 

an infertility phenotype. In order to determine the full effect of this mutation on infertile males, 

heterozygous mutations would need to be assessed. It has already been seen in mice that the 

specific point mutation that causes infertility, has no effect in heterozygous mice. This does not 

however mean that the gene is not haploinsufficient in humans (Elsea & Lucas, 2002).  

A further variant showed close to significant levels of splice inclusion with a p value of 0.0838 

with consistently higher PSI values than seen in the corresponding WT samples. The remaining 

three variants however showed no significance at all. When looking at the RT-PCR data of these 

samples, there was a lack of consistency across the samples with some showing increased levels 

of splicing compared to the WT and others, decreased with standard deviations of (14.4 %, 10.7 

% and 7.6 % in across the three replicates for variants 1, 2 and 5.  It is clear that the work 

performed in this Chapter would benefit significantly from repeat studies, to more accurately 

determine whether all five variants did have an effect on RBM5’s splicing abilities. Moreover, 

it is highly likely that this work will be repeated and continued in future within my research 

group. 

The use of the FAS minigene in these experiments was chosen because was a well-known RBM5 

splicing target which had already undergone previous testing. If I were to investigate these 
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variants further, I believe it would be valuable to be able to test the effect of these variants on 

RBM5’s testis specific targets such as the gene ASB1 which has been proven to show altered 

exon splicing levels when RBM5 is mutated (O’Bryan et al., 2013). It may be the case that 

whilst these specific mutations do not disturb FAS, a cell surface death receptor, they may affect 

genes specifically involved in spermatogenesis. I would also recommend applying similar 

experimental design to studying the other four DNM containing pre-mRNA splicing genes; 

CDCL5, CWC27, HNRNPL and U2AF2 as this could lead to a solid confirmation of disruption 

to the pre-mRNA splicing pathway leading to sporadic MI.  An experiment I would have liked 

to perform in these patients would have been to assess the protein and RNA expression of RBM5 

and its splicing targets in vitro using testis biopsies from the infertile males presenting with de 

novo and heterozygous mutations. This however was not possible due to a lack of tissue samples 

from these males but would be of great benefit for further studies in these patients. The 

introduction of multi-omics has helped improve understanding of a number of different cancers, 

giving insights into the pathways which are altered during a disease state (Montagne et al., 

2023; Xiao et al., 2022). The use of transcriptomics in particular could be of great use in 

idiopathic MI to identify changes that occur during the process of spermatogenesis in both 

healthy and infertile males (Hermann et al., 2018). Currently, variants in genes involved in the 

pre-MRNA splicing have only been identified as enriched in dominant MI. No such enrichment 

has been found in MI cases of different inheritance models. In recessive forms of MI, 

enrichments of mutations in other specific pathways essential for spermatogenesis to occur 

successfully have been identified. piRNAs are small non-coding RNAs essential for survival of 

the germ cell pool and are highly enriched within the testis (Nagirnaja et al., 2021). Biallelic 

mutations in a number of genes involved in the piRNA biogenesis pathway have recently been 

identified in infertile males suffering from NOA. (Wyrwoll et al., 2022; Nagirnaja et al., 2022)  

With the significant amount of alternative splicing that takes place during spermatogenesis (Yeo 

et al., 2004) and previous research implicating disruption to mRNA splicing genes in MI 

(Iwamori et al., 2016; Hayakawa et al., 2010), I believe the investigations into the gene RBM5 

and the other four pre-mRNA splicing genes to be essential for a further understanding of the 

aetiology of MI.  

 

6.5 Future Implications of Male Infertility Disease Gene Discovery 

6.5.1 Implications for Assisted Reproductive Techniques 

As more genetic causes of infertility are discovered, the need for genetic counselling in these 

patients will increase significantly. In dominant causes of disease, there is a 50 % chance of 
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offspring inheriting the damaging mutation, and so what was once a de novo variant appearing 

for the first time in the germline has the potential to become an inherited variant with the use 

of Assisted Reproductive Techniques (ART). ART bypass the infertility of a patient in all but 

the most severe cases, with only a singular sperm needed for ICSI-IVF to occur (Tournaye, 

2012). It is reasonable to expect that, if de novo mutations do play a role in severe MI and more 

children who were born via ART reach reproductive age, that an increase in the number of MI 

cases will be seen. In fact, a 2019 study compared reproductive hormone levels and different 

semen parameters of young males conceived spontaneously versus those conceived by ICSI 

(Belva et al., 2019). It was found that, whilst no difference was seen in hormonal levels between 

the two groups, the ICSI conceived offspring presented with significantly decreased sperm 

concentration, sperm count and total motile sperm present. Whilst no correlation was identified 

between the semen concentration or motile sperm count of the young males compared to their 

fathers, this study still brings to light the worrying possibility of multigenerational infertility 

being introduced into the general population. As many of these genes being identified as 

potential de novo MI candidate genes are not investigated in the female population, their effect 

on daughters conceived by ART could potentially be detrimental to female fertility. Another 

possibility is that dominant MI variants inherited by daughters conceived through ART may 

remain “silent” with a 50 % chance then of passing on this damaging mutation to any future 

sons. These scenarios highlight how, if proper diagnosis and subsequent genetic counselling is 

not implemented, then it may be the case that the issues are simply passed onto future 

generations.  

Understanding the disease mechanisms of causative variants and the genes in which they reside 

is of high importance for couples considering ART. In the UK in 2019, ART success rates ranged 

from 32 % in women under the age of 32 to only 5 % in women aged over 43 (Human 

Fertilisation and Embryology Authority (HFEA), 2021). Whilst ART works for some, for at 

least two thirds of all couples will be unsuccessful in achieving pregnancy. Being able to predict 

the likelihood of ART success based on the damaging effects of pathogenic variants identified 

in patients has the potential to save thousands of women from undergoing what is an incredible 

invasive procedure and stressful ordeal in cases where MI causing variants are disruptive not 

only to the process of spermatogenesis but also to fertilization or healthy development of an 

embryo. It could be expected that causative damaging mutations in genes involved in essential 

cell division or mitotic pathways may have catastrophic implications during the replication 

heavy process of foetal development.  
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6.5.2 Comorbidities Associated with Genetic Causes of Male Infertility  

Understanding causative variation in infertile males cannot only provide increased diagnostic 

rates, but also help more fully interpret the overall health of infertile patients in general. Male 

infertility has been well established as a disorder associated with a number of comorbidities and 

an overall reduced life expectancy (Jensen et al., 2009; Eisenberg et al., 2015). The condition 

is associated with a number of different environmental risk factors such as smoking, obesity, 

exercise levels, and diet, as well as age, highlighting a pattern of poorer health in infertile males 

(Dupont et al., 2019; Ferramosca & Zara, 2022; Hassan & Killick, 2003; Sermondade et al., 

2013; Sharma et al., 2016; Xie et al., 2022). A number of studies have communicated increased 

risks for serious conditions such as ischemic heart disease, diabetes, and cancer (Eisenberg et 

al., 2016; Hanson et al., 2016; Glazer et al., 2017; Laan et al., 2021). A 2022 study looking at 

WES data from a cohort of 836 NOA patients found that 1 in 28 NOA patients carried a 

medically actionable secondary finding after genetic investigations with the largest group 

identified with variants in cancer associated genes (Kasak et al., 2022). The early recognition 

of increased cancer risk as a secondary finding from WES could be invaluable to the patients 

allowing for early screening and potentially improved prognosis should cancer be found.  The 

gene RBM5, in which seven different potentially pathogenic variants were identified, is a known 

tumour suppressor and reduction in RBM5 levels has been found in multiple types of lung and 

breast cancers (Yu et al., 2020; Liang et al., 2012; Jamsai et al., 2017). Whilst the implications 

of these heterozygous variants on the function of RBM5 are still not fully understood, the 

potential for comorbidities in these patients shines a light on the significant findings that could 

be found via WES in patients and the fact that utilising these NGS techniques can provide a 

wealth of invaluable information on a patient’s overall health. In line with this, utilising a 

patients genotype and phenotype information to categorise them into specific subgroups could 

provide vital information into specific comorbidities associated with particular MI phenotypes 

caused by variation in specific gene families or pathways, allowing better clinical follow-ups 

and potentially treatment of these, and future patients. 

6.5.3 Future investigations of candidate genes and potential therapies  

The use of NGS for disease gene discovery in male infertility has so far shown promising results 

in determining the cause of MI in infertile patients, both in the work provided in this thesis as 

well as by others in the field (Houston et al., 2021). Whilst showing that DNMs are likely to 

play a role in male infertility is a milestone achievement, the natural progression of this research 

is in understanding the implications of these findings in relation to patient management and 

potential treatment. A first step that needs to be taken is the continuation of sequencing larger 
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patient-parent trio cohorts, utilising both WES and WGS to identify recurrently mutated genes 

in multiple patients to identify and validate a greater number of candidate MI genes. As this list 

of confidently linked candidate genes grows, functional studies can take place to confirm the 

role of these genes within the scope of male infertility. The discovery of further patients with 

mutations in pre-mRNA splicing genes, such as those found in the RBM5 patients, would justify 

further experimentations like those performed in Chapter 5 where the effect of specific 

mutations can be observed on the splicing factor’s known targets. This, however, is just one 

biological pathway in which dysregulation could lead to infertility. Additional investigations to 

progress infertility research and advance functional studies would be the collection of tissue 

samples from all infertility patients to allow transcriptional analyses on each patient. These 

analyses could be utilised to confirm newly discovered infertility-affected biological pathways 

in idiopathic patients, in addition to supporting the investigation into mechanisms of infertility 

in patients with identified causes for their infertility. A 2023 review highlights how the inclusion 

of multi-omic datasets could help advance understanding of the underlying mechanisms of male 

infertility and allow for development of novel treatment options (Wagner et al., 2023). The 

review discusses multiple studies which utilise transcriptomics, proteomics and metabolomics 

individually to identify genes, pathways and mechanisms which are all associated with impaired 

male infertility (He et al., 2009; Wang et al., 2009; Walters et al., 2020). The authors conclude 

that whilst integration of these techniques would require large datasets and greater international 

collaboration, this is likely necessary to obtain additional insight into the pathology of male 

infertilty.  

As infertility research progresses, consolidation of a list of infertility genes should be possible 

and work can begin to establish any possible treatment options for these patients. As previously 

mentioned, for most patients, treatment will lie in genetic counselling and informing patients 

about their likelihood of successful ART based on their specific genetic variation. One 

alternative therapy which may become feasible in the future is gene therapy. This class of 

medical treatment involves the insertion, deletion or replacement of genetic material to alter a 

patient’s genome in order to treat their disease (Nature 2023). The use of gene therapy to repair 

genetic defaults has been explored in infertile mice in multiple studies. In 2002 a study using 

lentiviral gene transfer was able to restore spermatogenesis in previously infertile Sl/Sld  mutant 

mice (Ikawa et al., 2002). Despite the increase in spermatogenesis in these mice, ICSI was still 

required to generate normal offspring.  A more recent study was published in 2021 in which 

gene therapy was used to correct genetic mutations in the gene Tex11 in mice which lead to 

meiotic arrest. This study utilised the CRISPR-Cas9 method to correct defects in Tex11 in 
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extracted Spermatogonial Stem Cells (SSCs) from infertile mice (Wang et al., 2021). These 

corrected SSCs were then re-implanted into the infertile mice and restored spermatogenesis. As 

with the 2002 study however, offspring were only obtained by utilising ART methods, in this 

case “Round Spermatid Injection” (ROSI).  Whilst these studies look promising, as of 2022 

there were only four approved gene therapy treatments in the United States. These therapies 

treat rare diseases such as Haemophilia B, Inherited Retinal Disease and Spinal Muscular 

Atrophy (SMA), all of which have a severe impact on a patient’s quality of life (Heo, 2023; 

Maguire et al., 2021; Mahajan, 2019; Wong et al., 2023). Currently, these therapies cost millions 

of dollars per patient and therefore, whilst scientifically possible, the use of gene therapy to 

treat infertility is likely to remain a low priority when ART methods such as IVF and ICSI can 

be utilised in many cases (Wong et al., 2023). It could be possible in future that if sub-groups 

of male infertility patients are identified for whom ART is not viable, that gene therapy is seen 

as an alternative treatment. Infertile males often suffer with co-morbidities such as an increased 

risk of cancer due to their genotype. In these instances, gene therapy could be a viable route of 

investigation. Ideally, all patients would be offered this form of treatment but with the large 

associated costs and lack of current human research, corrective gene therapy has a long way to 

go before being introduced into the world of male infertility treatment. 

6.6 Concluding Remarks 

Male infertility is a complex and genetically heterogenic disorder which affects 1 in 6 couples 

worldwide. In 50 % of these cases a male factor is the cause. Despite the prevalence of this 

issue across the globe, very few genes have been identified as MI genes, and up to 70 % of all 

cases remain unsolved. The work in this thesis provides pivotal evidence for the role for de 

novo mutations (DNMs) in sporadic cases of severe male infertility and highlights the necessity 

for further research in larger cohorts to identify all MI linked genes. Implementation of NGS 

into routine clinical diagnostics in idiopathic males would provide a wealth of data with which 

should increase diagnostic rates and allow better genetic counselling for those undergoing ART. 

Until this occurs, global collaborations between research groups will continue to be essential to 

further the field of male infertility gene discovery. 
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Appendix A: Comparative assessment of the design and results of recent core publications using WES to investigate monogenic causes of male 

infertility. 

 

Study Title and Reference 
Year of 

Publication 

Number of 

Cases 

Patient 

Phenotypes 
Key Findings of the Study 

A genomics approach to male 

infertility (Alhathal et al., 2020) 

2020 285 Singletons NOA or SO Variants were highlighted in 20 genes with previously 

established or implicated links to male infertility including 

TEX11 and SYCP2. 33 novel candidate genes were also 

identified, all with biological links to male germ cell 

development, three of which were recurrently mutated 

within the cohort (TERB1, PIWIL2, and ZSWIM7). 

Bi-allelic Mutations in M1AP Are a 

Frequent Cause of Meiotic Arrest 

and Severely Impaired 

Spermatogenesis Leading to Male 

Infertility (Wyrwoll et al., 2020) 

2020 58 Singletons NOA, 

specifically 

MeiA 

A homozygous frameshift variant c.676dup was identified 

in M1AP, encoding meiosis I associated protein, in three 

unrelated men. Three additional individuals carrying 

homozygous c.676dup and three carrying combinations of 

this and other likely causal variants in M1AP were 

identified across four additional infertile cohorts. The 

presence of a homozygous missense variant, c.1166C>T 

(p.Pro389Leu), was also identified in five men from a 

consanguineous Turkish family. 

Genetic dissection of 

spermatogenic arrest through 

exome analysis: clinical 

implications for the management 

of azoospermic men (Krausz et al., 

2020) 

2020 147 Singletons Maturation 

Arrest 

Five novel genes were identified with strong evidence 

linking them to the MA phenotype (ADAD2, TERB1, 

SHOC1, MSH4, and RAD21L1). Four of these were 

validated in two independent MA cohorts. Nine additional 

patients carried pathogenic variants in seven previously 

reported genes (TEX14, DMRT1, TEX11, SYCE1, MEIOB, 

MEI1, and STAG3), upgrading the clinical significance of 

these genes.  

Whole-exome sequencing of a large 

Chinese azoospermia and severe 

oligospermia cohort identifies 

novel infertility causative variants 

and genes (Chen et al., 2020) 

2020 314 Singletons NOA or SO Six pathogenic/likely pathogenic variants and four variants 

of unknown significance were identified in genes known to 

cause NOA/SO (DMC1, MEI1, TEX11, AR, HAUS7, 

TEX11, WNK3).  A further 20 novel NOA candidate genes 

affecting 25 patients were identified. Five of these genes 
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(BRDT, CHD5, MCM9, MLH3, and ZFX) emerged as 

strong candidates, supported by evidence from both murine 

functional studies and human single-cell (sc)RNA-

sequencing data. 

De novo mutations in idiopathic 

male infertility—A pilot study 

(Hodžić et al., 2021) 

2020 13 Trios NOA De novo mutations were identified in ten genes, of which 

five showed potential association with the azoospermia 

phenotype seen in patients (SEMA5A, NEURL4, BRD2, 

CD1D, and CD63). All candidate genes exhibited 

significant differential expression when comparing testis 

samples from individuals with severely impaired 

spermatogenesis to those with normal spermatogenesis. 

Rare potentially pathogenic mutations were also identified 

in previously implicated MI candidate genes FKBPL, 

UPF2, CLCA4 and NR0B1. 

Bi-allelic variants in DNA 

mismatch repair proteins MutS 

Homolog MSH4 and MSH5 cause 

infertility in both sexes (Wyrwoll et 

al., 2021) 

2021 1305 

Singletons 

NOA or Crypto 

90 with MeiA 

Likely pathogenic homozygous variants in the gene MSH5 

were identified in six individual infertile males (two with 

MeiA and four with azoospermia). This was the first 

implication of mutations in this gene in male infertility. 

Biallelic variants were also highlighted in the gene MSH4 in 

two males with MeiA phenotypes. γH2AX staining revealed 

an arrest in early prophase of meiosis I in individuals with 

pathogenic MSH4 or MSH5 variants. In vitro expression of 

the detected LoF MSH5 variants showed MSH5 protein 

truncation in one case and a total loss of MSH5 in the other. 

Exome sequencing reveals variants 

in known and novel candidate 

genes for severe sperm motility 

disorders (Oud et al., 2021) 

2021 21 Singletons Severe motility 

disorders 

In 10 of 21 patients with severe sperm motility issues, 

pathogenic variants were found in known sperm assembly 

genes: CFAP43 (n = 3), CFAP44 (n = 2), CFAP58 (n = 1), 

QRICH2 (n = 2), DNAH1 (n = 1) and DNAH6 (n = 1) 

representing 48 % of all patients. Furthermore, six novel 

human candidate sperm motility genes were identified 

DNAH12, DRC1, MDC1, PACRG, SSPL2C and TPTE2. 

Diverse monogenic subforms of 

human spermatogenic failure 

(Nagirnaja et al., 2022) 

2022 924 Singletons NOA WES of 924 singletons lead to the identification of 221 

potentially NOA associated genes. A further investigation in 

an additional replication cohort lead to the compilation of a 

higher confidence list of 21 genes associated with NOA. All 
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these 21 genes were observed in multiple NOA cases and 

had nominally significant association with NOA in a 

comparison with 11,587 fertile controls. These genes 

however did not reach exome wide significance. In the 

initial 221 identified genes an enrichment was seen for 

previously unidentified LoF mutations on the X and Y 

chromosomes (p = 0.018).  

Large-scale analyses of the X 

chromosome in 2,354 infertile men 

discover recurrently affected genes 

associated with spermatogenic 

failure (Riera-Escamilla et al., 2022) 

2022 2354 

singletons 

NOA or Crypto Focussing on the X chromosome, 55 recurrently mutated 

genes were identified as novel candidate genes for 

azoospermia/cryptozoospermia. Of these, 21 were strongly 

associated with the patient phenotype and 34 showed 

moderate association. The gene RBBP7 was seen to be most 

frequently affected with nine NOA in the cohort presenting 

with mutations. Functional studies supported the role of this 

gene in germ stem cell maintenance.  

DDX3Y is likely the key 

spermatogenic factor in the AZFa 

region that contributes to human 

non-obstructive azoospermia 

(Dicke et al., 2023) 

2023 1655 

singletons 

NOA or Crypto In the initial cohort of 1655 singletons, three males carried 

different LoF variants in DDX3Y. In a WES replication 

cohort (GEMINI), an additional LoF variant was identified. 

Significantly, none of the four variants were present in the 

gnomAD database. TESE was performed for three of the 

variant carriers and providing a testicular phenotype of 

SCO for all three cases, a phenotype associated typically 

with carriers of complete AZFa deletions. The study 

provided evidence and suggested that the gene DDX3Y is 

the key gene leading to spermatogenic failure observed in 

men with complete AZFa deletions. 

N.B. Crypto: Cryptozoospermia , MeiA: Meiotic Arrest,  NOA: Non-Obstructive Azoospermia, SO: Severe Oligozoospermia 
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Appendix B: Table of all DNMs identified in 185 patient-parent trios in NIJ / NCL cohorts of infertile men.  

Patient ID Origin 
Semen 

Analysis 
Gene 

Chromosome 

coordinates (GRCh37) 

Conclusion 

Variant / 

Gene 

Conclusion Patient 

Proband_005 Netherlands Azoospermia CDK5RAP2 chr9:123215805-G-A 
Possibly 

causative 

Candidate de novo point mutation 

(CDK5RAP2) 

Proband_006 Netherlands Azoospermia 

ATP1A1 chr1:116930014-CT-C Unclear 

Multiple candidate genes 
TLN2 chr15:63029134-G-A Unclear 

HUWE1 
chrX:53589090-

TTCCTCC-T 

Possibly 

causative 

Proband_008 Netherlands Azoospermia 

ABCC10 chr6:43417749-C-T Not causative 

No candidates 
CP chr3:148927135-C-T 

Unlikely 

causative 

Proband_010 Netherlands Azoospermia 

FUS 
chr16:31196402-

TGGCGGCGGC-T 
Not causative 

No candidates 

LTBP1 chr2:33246090-C-G 
Unlikely 

causative 

Proband_012 Netherlands 

Extreme 

oligozoosperm

ia 

RP1L1 chr8:10480174-C-T Not causative No candidates 

Proband_013 Netherlands Azoospermia ERG chr21:39755563-G-A Unclear 
Candidate de novo point mutation 

(ERG) 

Proband_017 Netherlands Azoospermia CDC5L chr6:44413480-G-A 
Possibly 

causative 

Candidate de novo point mutation 

(CDC5L) 

Proband_019 Netherlands Azoospermia ABLIM1 chr10:116205100-G-A 
Possibly 

causative 

Candidate de novo point mutation 

(ABLIM1) 

Proband_020 Netherlands Azoospermia 
CCDC126 chr7:23682709-C-T Not causative Candidate de novo point mutation 

(RASEF) RASEF chr9:85607885-C-T Unclear 

Proband_022 Netherlands Azoospermia APC2 chr19:1453118-G-A Unclear 
Candidate de novo point mutation 

(APC2) 
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Proband_025 Netherlands Azoospermia NEO1 chr15:73575428-G-A Not causative No candidates 

Proband_028 Netherlands 

Extreme 

oligozoosperm

ia 

OR5P3 chr11:7846930-A-T Unclear 
Candidate de novo point mutation 

(OR5P3) 

Proband_030 Netherlands 

Extreme 

oligozoosperm

ia 

SIKE1 chr1:115323119-T-G Unclear 

Multiple candidate genes 
TRAF7 chr16:2218149-C-T 

Possibly 

Causative 

Proband_033 Netherlands Azoospermia 

KRT33B chr17:39521752-G-C 
Unlikely 

causative 
Candidate de novo point mutation 

(ATP8A1) SENP7 chr3:101212750-G-C 
Unlikely 

causative 

ATP8A1 chr4:42626573-T-C Unclear 

Proband_038 Netherlands Azoospermia NOC3L chr10:96100055-T-G 
Unlikely 

causative 
No candidates 

Proband_039 Netherlands Azoospermia NXT2 
chrX:108779109:10878

5919 

Unlikely 

causative 
No candidates 

Proband_041 Netherlands Azoospermia ASIC5 chr4:156763436-C-T Unclear 
Candidate de novo point mutation 

(ASIC5) 

Proband_042 Netherlands Azoospermia 

PLCL1 chr2:198966024-C-T Unclear 

Multiple candidate genes 
DNAJC2 chr7:102957321-T-A 

Possibly 

causative 

AK3 chr9:4722547-T-C 
Unlikely 

causative 

Proband_043 Netherlands Azoospermia IL33 chr9:6251221-G-A 
Unlikely 

causative 
No candidates 

Proband_044 Netherlands Azoospermia 

PRDM16 chr1:3328833-A-T Unclear 

Multiple candidate genes 
PPP1R7 

chr2:242099831-

CAATAA-C 

Possibly 

Causative 

Proband_045 Netherlands Azoospermia EVC chr4:5743515-C-T Unclear 
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BHMT chr5:78426892-C-G 
Unlikely 

causative 

Candidate de novo LoF mutation 

(EVC) 

Proband_048 Netherlands 

Extreme 

oligozoosperm

ia 

MCM6 chr2:136624195-T-C 
Possibly 

causative 

Candidate de novo point mutation 

(MCM6) 

Proband_049 Netherlands Azoospermia 

ATP8B4 chr15:50168651-T-C 
Unlikely 

causative 

No candidates ZNF577 chr19:52376320-T-C 
Unlikely 

causative 

NUP210 chr3:13359251-T-C 
Unlikely 

causative 

Proband_050 Netherlands 

Extreme 

oligozoosperm

ia 

HIST1H1D chr6:26234816-C-G 
Unlikely 

causative 
No candidates 

Proband_051 Netherlands 

Extreme 

oligozoosperm

ia 

FNDC8 chr17:33448840-G-A 
Unlikely 

causative 
No candidates 

Proband_052 Netherlands 

Severe 

oligozoosperm

ia 

SOGA1 chr20:35438426-G-A Unclear 
Candidate de novo point mutation 

(SOGA1) 

Proband_053 Netherlands 

Extreme 

oligozoosperm

ia 

CD81 chr11:2417877-T-C 
Possibly 

causative 

Candidate de novo point mutation 

(CD81) 

Proband_055 Netherlands Azoospermia OSBPL3 chr7:24874131-G-A Unclear 
Candidate de novo point mutation 

(OSBPL3) 

Proband_057 Netherlands 

Extreme 

oligozoosperm

ia 

ABCB9 chr12:123430670-C-T 
Unlikely 

causative 
No candidates 

Proband_060 Netherlands Azoospermia 

IL12RB2 chr1:67861761-C-G 
Unlikely 

causative Candidate de novo point mutation 

(TOPAZ1) 
TOPAZ1 chr3:44286601-A-G 

Possibly 

causative 
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Proband_061 Netherlands Azoospermia SEC14L1 chr17:75208114-A-G Not causative No candidates 

Proband_062 Netherlands 

Extreme 

oligozoosperm

ia 

FOXF2 chr6:1391182-A-G Unclear 
Candidate de novo point mutation 

(FOXF2) 

Proband_063 Netherlands 

Extreme 

oligozoosperm

ia 

CNOT4 chr7:135048789-T-C 
Unlikely 

causative 
No candidates 

Proband_064 Netherlands 

Severe 

oligozoosperm

ia 

C9orf50 chr9:132374702-G-A 
Possibly 

causative 

Candidate de novo point mutation 

(C9orf50) 

Proband_066 

Sint 

Maarten 

(Caribbean) 

Extreme 

oligozoosperm

ia 

HIPK3 

chr11:32975325:336315

88 
Unclear  

Multiple novel candidate genes 

QSER1 

DEPDC7 

TCP11L1 

CSTF3 

KIAA1549L 

TDRD10 chr1:154493890-G-A 
Unlikely 

causative 

CWC27 chr5:64077814-C-G 
Possibly 

causative 

Proband_073 Netherlands 

Extreme 

oligozoosperm

ia 

INO80 chr15:41372056-G-A 
Possibly 

Causative 

Candidate de novo point mutation 

(INO80) 

Proband_074 Netherlands 

Severe 

oligoasthenozo

ospermia 

ZNF709 chr19:12575362-A-AA Unclear 

Multiple novel candidate genes 

EMILIN1 chr2:27305208-G-A Unclear 

WDR17 chr4:177067235-G-A Unclear 

ZNF311 chr6:28963503-G-A 
Unlikely 

causative 

Proband_076 Netherlands Azoospermia STARD10 
chr11:72466763-

GAGA-G 

Possibly 

Causative 
Multiple novel candidate genes 



158 

 

GREB1L 
chr18:19019514-

AAGGGC-A 

Possibly 

Causative 

Proband_077 Netherlands 

Extreme 

oligozoosperm

ia 

MSH5 chr6:31721100-CAT-C 
Unlikely 

causative 
No candidates 

Proband_079 Netherlands Azoospermia ILVBL chr19:15226717-C-T Unclear 
Candidate de novo point mutation 

(ILVBL) 

Proband_080 Netherlands 

Extreme 

oligozoosperm

ia 

HOXA1 chr7:27134363-T-G Unclear 
Candidate de novo point mutation 

(HOXA1) 

Proband_081 Netherlands Azoospermia ZFHX4 chr8:77763486-CT-C Unclear 
Candidate de novo LoF mutation 

(ZFHX4) 

Proband_083 Netherlands Azoospermia 

F13B chr1:197026291-G-T 
Unlikely 

causative Candidate de novo point mutation 

(HNRNPL) 
HNRNPL chr19:39329152-C-T 

Possibly 

causative 

Proband_085 Netherlands 

Severe 

oligoasthenozo

ospermia 

NLRP10 chr11:7981967-C-T 
Unlikely 

causative 
No candidates 

Proband_087 Netherlands 

Severe 

oligoasthenozo

ospermia 

LEO1 chr15:52252183-A-C 
Possibly 

causative 

Candidate de novo point mutation 

(LEO1) 

Proband_088 Netherlands 

Extreme 

oligozoosperm

ia 

GDAP1L1 chr20:42893167-C-T Not causative No candidates 

Proband_089 Netherlands Azoospermia 
COLGALT2 chr1:184006280-A-C 

Unlikely 

causative 
Candidate de novo point mutation 

(SSH2) 
SSH2 chr17:27963222-G-A Unclear 

Proband_090 Unknown 

Extreme 

oligozoosperm

ia 

SETX chr9:135205489-C-T 
Unlikely 

causative 
No candidates 
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Proband_095 Netherlands Azoospermia 

MPRIP chr17:17062191-C-T Unclear 
Candidate de novo point mutation 

(MPRIP) SORCS2 chr4:7728558-G-A 
Unlikely 

causative 

Proband_097 Netherlands Azoospermia TENM2 chr5:167642269-GC-G Unclear 
Candidate de novo LoF mutation 

(TENM2) 

Proband_101 Netherlands 

Extreme 

oligozoosperm

ia 

CHST12 chr7:2472611-C-T 
Unlikely 

causative 
No candidates 

Proband_102 Netherlands 

Extreme 

oligozoosperm

ia 

HR chr8:21973239-C-T 
Unlikely 

causative Candidate de novo point mutation 

(SMC2) 
SMC2 chr9:106885442-T-C 

Possibly 

causative 

Proband_106 Netherlands Azoospermia TACC2 chr10:123976284-C-T 
Unlikely 

causative 
No candidates 

Proband_108 Netherlands 

Severe 

oligoasthenozo

ospermia 

CYP4F12 chr19:15794526-G-A 
Unlikely 

causative 

Candidate de novo point mutation 

(RBM5) 
RBM5 chr3:50140556-A-G 

Possibly 

Causative 

TAF9 
chr5:68660785-GTCA-

G 

Unlikely 

causative 

Proband_115 Netherlands 

Severe 

oligoasthenozo

ospermia 

CDC42BPG chr11:64603286-G-A Not causative 
Candidate de novo point mutation 

(RPA1) RPA1 chr17:1756424-T-C 
Possibly 

causative 

Proband_116 Netherlands 

Severe 

oligoasthenozo

ospermia 

FBXO5 
chr6:153293449-A-

ATCAC 

Possibly 

causative 

Candidate de novo LoF mutation 

(FBXO5) 

Proband_117 Netherlands Azoospermia FLNC chr7:128477754-C-T Unclear 
Candidate de novo point mutation 

(FLNC) 

Proband_118 Netherlands Azoospermia CDCA8 chr1:38166170-C-T Not causative No candidates 
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Proband_119 Netherlands 

Severe 

oligoasthenozo

ospermia 

ZCCHC2 chr18:60242391-A-G 
Unlikely 

causative 
No candidates 

Proband_121 Netherlands Azoospermia 

AMPD2 chr1:110168336-A-T Unclear 

Candidate de novo point mutation 

(AMPD2) 
HIVEP1 chr6:12163643C-T Not causative 

SPEF2 chr5:35792492-C-G 
Unlikely 

causative 

Proband_122 Netherlands Azoospermia SIGLEC10 chr19:51919175-C-T Not causative No candidates 

Proband_124 Netherlands 

Severe 

oligoasthenozo

ospermia 

PPP1R3A chr7:113518521-A-C 
Unlikely 

causative 
No candidates 

Proband_125 Netherlands Azoospermia 
CHST4 chr16:71571634-G-A Not causative Candidate de novo point mutation 

(STXBP2) STXBP2 chr19:7711198-C-T Unclear 

Proband_126 Netherlands 

Severe 

oligoasthenozo

ospermia 

ABCF3 chr3:183907504-C-T Not causative No candidates 

Proband_127 Netherlands 

Extreme 

oligozoosperm

ia 

TMEM62 chr15:43441280-C-G Unclear 
Candidate de novo point mutation 

(U2AF2) U2AF2 
chr19:56170622-T-

TCGGAGC 

Possibly 

causative 

Proband_128 Netherlands Azoospermia HELZ2 chr20:62195532-G-A Unclear 
Candidate de novo point mutation 

(HELZ2) 

Proband_129 Netherlands Azoospermia FIZ1 
chr19:56104069-ATCT-

A 
Unclear 

Candidate de novo point mutation 

(FIZ1) 

Proband_130 Netherlands Azoospermia 
MAVS chr20:3846631-C-T 

Unlikely 

causative 
Candidate de novo point mutation 

(TMPPE) 
TMPPE chr3:33134784-T-C Unclear 

Proband_132 Netherlands Azoospermia USH2A chr1:216595434-C-A 
Unlikely 

causative 
No candidates 

Proband_133 Netherlands Azoospermia EMP1 chr12:13366446-G-C 
Unlikely 

causative 
No candidates 
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Proband_134 Netherlands 

Extreme 

oligozoosperm

ia 

ERI3 chr1:44687249-T-C 
Unlikely 

causative 
No candidates 

Proband_135 Netherlands 

Severe 

oligozoosperm

ia 

POPDC3 chr6:105609709-C-T Unclear 
Candidate de novo point mutation 

(POPDC3) 

Proband_136 Netherlands 

Severe 

oligoasthenozo

ospermia 

PLEKHA1 chr10:124189195-C-G 
Unlikely 

causative 
No candidates 

BTAF1 chr10:93753563-T-C 
Unlikely 

causative 

Proband_137 Netherlands Azoospermia C12orf49 chr12:117155674-G-A Unclear 
Candidate de novo point mutation 

(C12orf49) 

Proband_138 Netherlands 

Severe 

oligozoosperm

ia 

GRIP1 chr12:66849967-G-A 
Unlikely 

causative 
No candidates 

Proband_139 Netherlands 

Extreme 

oligozoosperm

ia 

RNF223 chr1:1007489-C-T 
Unlikely 

causative 

Multiple novel candidate genes 

ZNF469 chr16:88494628-T-TC Unclear 

MAP3K3 chr17:61759150-C-T 
Possibly 

Causative 

C17orf74 chr17:7330308-G-A 
Unlikely 

causative 

TMPRSS11B chr4:69107421-T-C Unclear 

Proband_142 Netherlands Azoospermia GPR75-ASB3 chr2:53921057-G-A Unclear 
Candidate de novo point mutation 

(GPR75-ASB3) 

Proband_144 Unknown Azoospermia ODF1 chr8:103563960-C-G 
Possibly 

causative 

Candidate de novo point mutation 

(ODF1) 

Proband_145 Netherlands 

Extreme 

oligozoosperm

ia 

EXOSC10 chr1:11136965-A-AT Unclear 
Candidate de novo point mutation 

(EXOSC10) 
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Proband_146 Unknown 

Severe 

oligoasthenozo

ospermia 

OTOA chr16:21728238-C-T Not causative No candidates 

Proband_148 Netherlands Azoospermia 

CRHR1 chr17:43907477-G-A Unclear 

Multiple novel candidate genes 
HTT chr4:3213834-C-CG 

Possibly 

Causative 

Proband_149 Netherlands Azoospermia 

SNED1 chr2:242012773-A-G 
Unlikely 

causative Candidate de novo LoF mutation 

(PCDHB1) 
PCDHB1 

chr5:140431405-T-

TCCGGG 
Unclear 

Proband_150 Netherlands Azoospermia SPECC1L chr22:24761453-G-A 
Possibly 

Causative 

Candidate de novo point mutation 

(SPECC1L) 

Proband_153 Netherlands Azoospermia IQSEC1 chr3:13008948-A-T Unclear 
Candidate de novo point mutation 

(IQSEC1) 

Proband_154 Netherlands Azoospermia 
ARHGAP33 chr19:36276183-G-A Unclear Candidate de novo point mutation 

(ARHGAP33) C10orf107 chr10:63445916-A-G Not causative 

Proband_156 Netherlands Azoospermia 

LRRN2 chr1:204587973-G-A Unclear 
Candidate de novo point mutation 

(LRRN2) SRCIN1 chr17:36714613-G-A 
Unlikely 

causative 

Proband_157 Netherlands Azoospermia 
REN chr1:204124193-G-A Unclear 

Multiple novel candidate genes 
SIPA1L3 chr19:38643580-G-A Unclear 

Proband_158 Netherlands Azoospermia 

TP53TG5 chr20:44003729-T-A 
Possibly 

Causative 

Candidate de novo point mutation 

(TP53TG5) 
DHX36 chr3:153994607-C-T 

Unlikely 

causative 

YEATS2 chr3:183524758-C-A 
Unlikely 

causative 

Proband_160 Netherlands Azoospermia 
SDF4 chr1:1158720-C-T 

Possibly 

Causative Multiple novel candidate genes 

ITSN2 chr2:24522905-C-T Unclear 
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Proband_165 Netherlands 

Extreme 

oligozoosperm

ia 

MYOF chr10:95168662-C-T Not causative 
Candidate de novo LoF mutation 

(RASAL2) RASAL2 chr1:178435121-G-T 
Possibly 

Causative 

Proband_166 Netherlands Azoospermia C6orf25 chr6:31691437-G-A Unclear 
Candidate de novo point mutation 

(C6orf25) 

Proband_168 Netherlands 

Extreme 

oligozoosperm

ia 

KLC1 chr14:104129206-TC-T Unclear 
Candidate de novo LoF mutation 

(KLC1) 

Proband_170 Netherlands Azoospermia PRPF4B chr6:4049340-C-T Unclear 
Candidate de novo point mutation 

(PRPF4B) 

Proband_173 
United 

Kingdom 
Azoospermia 

ZNF629 chr16:30793127-G-C Unclear 

Candidate de novo point mutation 

(ZNF629) 
CXXC11 chr2:242812032-G-A 

Unlikely 

causative 

IRAK2 chr3:10255045-A-T 
Unlikely 

causative 

Proband_178 
United 

Kingdom 

Severe 

Oligozoosperm

ia 

MICU1 chr10:74322772-C-T 
Unlikely 

causative 
No candidates 

GHRHR chr7:31016058-C-T 
Unlikely 

causative 

Proband_179 
United 

Kingdom 
Azoospermia 

CELSR2 chr1:109807146-T-C Unclear 
Candidate de novo point mutation 

(CELSR2) BASP1 chr5:17275915-C-T 
Unlikely 

causative 
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