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Abstract

Very few genetic variants are currently known to cause severe male infertility
phenotypes in a dominant fashion. This is explained by an absence of cohorts of
patient-parent trios, which impedes the study of this genetic inheritance model. It
has been demonstrated that de novo copy number variants (CNVs) on chromosome Y
cause severe male infertility, but up to now, such variants have not been identified
on the autosomes. In this thesis, I used whole-exome sequencing (WES) in a large
cohort of male infertility patient-parent trios to study the possible role of de novo and
maternally inherited CNVs as causes of quantitative sperm defects. I also used the
same method to identify likely pathogenic CNVs in two patients-only cohorts
affected by quantitative as well as qualitative sperm defects. We identified several
possibly causative de novo and maternally inherited CNVs, pointing us to novel
candidate genes for male infertility. Moreover, my findings contributed to the
identification of the first gene on chromosome X associated with a male infertility
phenotype characterised by multiple morphological abnormalities of the sperm
flagella. This study reveals unique insight into the genetic aetiology of severe male
infertility. Also, it illustrates the value of WES as a tool for CNV detection and
supports the increasing use of this genomic technique in the field of male infertility

genetics.
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Chapter 1. Introduction

1.1 Male Infertility

1.1.71 Definition and characteristics

Infertility is defined by the World Health Organization (WHO) as the inability of a
couple to achieve pregnancy after a year or more of unprotected sexual intercourse
(World Health Organization, 2019). Around 10-15% of couples in developed and
developing countries suffer from this condition, and male factors are thought to
account for 50% of infertility cases (Neto, Bach, Bobby Baback Najari, et al., 2016;
Tiittelmann, Ruckert and Ropke, 2018). The WHO established the average semen
parameters based on fertile men (men whose partners had a time to pregnancy < 12
months) from the general population. Normozoospemic men generally have an
average semen volume of 1.5 ml; 39 million spermatozoa per ejaculate; sperm
concentration of 15 million sperm /ml; a minimum of 58% of vital spermatozoa and
40% motile; at least 32% showing progressive motility and 4% of the spermatozoa
morphologically normal (World Health Organization, 2010). Male infertility is
divided into four aetiological categories. Quantitative defects of spermatogenesis
represent the largest category, for which primary testicular failure (also known as
primary hypogonadism) is the most frequent cause (Krausz, 2011; Krausz and Riera-
Escamilla, 2018). The second common category is ductal obstruction or dysfunction,
followed by alteration of the hypothalamic-pituitary axis (also referred to as
secondary testicular failure or secondary hypogonadism) (Krausz and Riera-
Escamilla, 2018). Finally, the smallest category consists of errors of the sperm
productions that lead to qualitative defects of the sperm (Tournaye, Krausz and
Oates, 2017; Krausz and Riera-Escamilla, 2018). Azoospermia, the condition of
complete absence of sperm in the ejaculate, is the most severe form of quantitative
sperm defects and is found in 10-15% of infertile men (F. Tiittelmann ef al., 2011).
This is the most impairing form of infertility because treatments (i.e., artificial
reproductive technologies) are often unfeasible due to the absence of spermatozoa
both in the ejaculate and in testicular tissue. Azoospermia can be caused by the
physical blockage of the male excurrent ductal system (referred to as obstructive
azoospermia) or by sperm production defects (indicated as non-obstructive
azoospermia). Other infertility phenotypes are associated with a reduced number of
spermatozoa (oligozoospermia), reduced sperm motility (asthenozoospermia),

morphological defects (teratozoospermia) or a combination of these features (Esteves

1



et al., 2018) (Figure 1.1). The last two conditions also have extremely rare sub-
categories, such as globozoospermia, which presents with round-headed sperm and
Primary Cilia Dyskinesia, a disease caused by the impairment of different parts of
the primary ciliary apparatus (Krausz, Escamilla and Chianese, 2015; Esteves et al.,
2018). Finally, a subtype of both is the Multiple Morphological Abnormalities of the
sperm Flagella (MMAF) syndrome.

Normozoospermia
Normal semen parameters

a Azoospermia - b Oligozoospermia

No sperm in ejaculate <15 million sperm per ml

)
M

¢ Asthenozoospermia d Teratozoospermia
<32% progressive <4% morphologically e Globozoospermia
motile sperm normal sperm

Small acrosome (
No acrosome {

Figure 1.1. Infertility phenotypes. a. Azoospermia b. Oligozoospermia ¢. Asthenozoospermia
d. Teratozoospermia e. Globozoospermia. Reprinted with permission from Springer Nature
(Esteves et al., 2018).




1.1.2 The biology of spermatogenesis

The heterogeneity of male infertility phenotypes is not surprising considering the
complexity of spermatogenesis, the process that produces sperm from primordial
germ cells. It includes the proliferation of spermatogonial stem cells, differentiation
into spermatocytes as well as generation and maturation of haploid spermatids
(Neto, Bach, Bobby B. Najari, et al., 2016; Chen et al., 2017) (Figure 1.2). A complete
round of spermatogenesis requires 64 days on average and continues throughout the
entire reproductive life (Misell et al., 2006; Griswold, 2016). These steps are regulated
by the hypothalamic-pituitary-testicular axis, which controls, through a series of
concatenated events, the level of gonadotropin-releasing hormone, follicle
stimulating hormone, luteinising hormone, testosterone and estradiol-178 (Sharma
and Agarwal, 2011; Chen et al., 2017). The entire process of spermatogenesis is
supported by the Sertoli cells. These cells contribute to testis formation under the
regulation of Y chromosome-specific genes (Griswold, 1998). Also, once testicles are
correctly formed, they provide structural, nutritional and paracrine support to the
germ cells and (particularly during the advanced steps of spermatogenesis) to the
haploid spermatids, which are metabolically limited (Mruk and Cheng, 2004). At
puberty, in the basal compartment, spermatogonial stem cells start their mitotic
process to renew the cell pool and generate spermatogonia that differentiate and
eventually become spermatozoa (Sharma and Agarwal, 2011). The spermatogonia
undergo mitosis to produce primary spermatocytes. These cells perform meiosis I to
form secondary spermatocytes, which in the adluminal compartment progress into
meiosis II to produce haploid spermatids. Once the latter are produced, the process
called spermiogenesis leads to their maturation (Sharma and Agarwal, 2011). During
this step, the spermatids acquire acrosomes and flagella. The mature spermatids then
detach themselves from the Sertoli cells and migrate into the lumen of the
seminiferous tubules, becoming free spermatozoa. (Sharma and Agarwal, 2011).
Interestingly, spermatids originating from the same spermatogonia, until this point,
remain connected by intercellular bridges that allow synchronised maturation and
biochemical exchanges (Dym and Fawcett, 1971; Braun et al., 1989; Sharma and
Agarwal, 2011). As a result of this process, spermatozoa are morphologically mature.
However, they will be able to fertilise only after the “capacitation” step, a
biochemical and physiological modifications taking place in the epididymis and the
female genital tract (Jin and Yang, 2017). Remarkably, Sertoli cells play a crucial role
in most of these processes, and spermatogenesis would not happen without them

(Sharma and Agarwal, 2011). Sertoli cells are related to a male infertility syndrome
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called the Sertoli-Cell-Only syndrome, characterised by the complete absence of
germ cells in the testis and consequent infertility. The complexity of spermatogenesis
is demonstrated by this multitude of steps, which need to occur regularly and
without complications. This is further illustrated by studies using mouse genetic
models that revealed more than 400 genes involved in spermatogenesis (Jamsai and
O’Bryan, 2011; Krausz, Escamilla and Chianese, 2015) and by proteomics,
epigenomics and genomics investigations that estimated that more than 2300 genes
are associated with spermatogenesis and testis functions (Schultz, Hamra and
Garbers, 2003).

Annulus

Secondary
spermatocytes

Adluminal
compartment

Basal compartment

Primary
spermatocytes

Spermatogonia

Basal lamina

Sertoli nucleus Interstitial space

Smooth endoplasmic reticulum

Spermatogonium B Rough endoplasmic reticulum

Figure 1.2. Section of the seminiferous tubules’ epithelium. Every compartment is defined by
the cell types present. From the basal compartment to the lumen, the spermatogonia undergo
different phases to become full morphologically formed spermatozoa. Reprinted with
permission from Springer Nature (Sharma and Agarwal, 2011).
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1.1.3 Risk factors and non-genetic causes of male infertility

Fertility is not stable throughout a man’s life and several risk factors can contribute to
its decrease. Genetic and non-genetic causes can impair spermatogenesis, leading to
more or less severe phenotypes. A 2016 review described the main risk factors and
non-genetic causes extensively (Mahat et al., 2016). The foremost risk factors are age
(Pasqualotto et al., 2004) and different living habits, including smoking (Nadeem,
Fahim and Bugti, 2012), alcohol consumption (Emanuele and Emanuele, 1998),
obesity (Kort et al., 2006), exposure to harmful physical and chemical agents (Cherry
et al., 2001; Ten et al., 2008) and long-term tiresome and resistance exercise (Tremblay,
Copeland and Van Helder, 2004; Safarinejad, Azma and Kolahi, 2009). Stress, both
physical and psychological, although still debated, has been suggested to be an
additional risk factor (Mahat et al., 2016) as well as habits that increase scrotal
temperature (Mieusset et al., 1987; Mieusset and B’ujan, 1994) or reactive oxygen
species (Olayemi, 2010) and the consumption of certain therapeutic drugs (Mieusset
and B’ujan, 1994). Risk factors aside, fertility can also be impaired by conditions such
as untreated varicocele (Cozzolino and Lipshultz, 2001; Jarow, 2001), a condition
characterised by the enlargement of scrotal veins; complications of mumps orchitis
(Masarani, Wazait and Dinneen, 2006), a condition in which patients have pain and
swelling of the testes after mumps infection; endocrinal disorders, such as hormone
deficiency (Lalitha et al., 2013); infections of the reproductive tract (Marconi et al.,

2009); ejaculatory disorders and immunological factors (Brugh and Lipshultz, 2004).

1.1.4 Treatments

Assisted reproductive technologies (ART), such as in-vitro fertilisation (IVF) and
intra-cytoplasmic sperm injection (ICSI), are modern treatments for male infertility.
IVF was performed successfully for the first time in 1978 (Steptoe and Edwards,
1978) and consists of oocyte fertilization through incubation with sperm in a Petri
dish. ICSI is an evolution of the IVF technique and was first introduced in 1992
(Palermo et al., 1992). It consists of the precise injection of a single spermatozoon into
the oocyte cytoplasm with a glass micropipette. The sperm for these procedures is
retrieved from the ejaculate when possible, but in severe infertility cases, epididymal
sperm aspiration or testicular sperm extractions are necessary (Esteves et al., 2018). In
azoospermia patients, sperm extraction can be performed if residual spermatogenesis
occurs in the testis (Esteves, 2015; Esteves et al., 2018). Both IVF and ICSI are

treatments used in more than 60 countries as reported by the International
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Committee for Monitoring Assisted Reproductive Technologies (Dyer et al., 2016;
Adamson ef al., 2018), and at least 200,000 babies are conceived through ART each
year worldwide (Qin et al., 2015). Several questions have been raised on the possible
consequences of ART on the health of the offspring, particularly for babies conceived
with ICSI procedure, which bypass the natural selection of the sperm. Some
published researches have reported a slightly increased risk of congenital
malformation in ART-born babies (Qin et al., 2015; Hoorsan et al., 2017). A small
increased risk for autistic disorders and intellectual disabilities (ID) has been found
in ICSI-born offspring compared to IVF-born babies (Sandin ef al., 2013). Despite
these findings, there is general uncertainty on whether ART substantially increases
the risk of congenital malformations or neurodevelopmental delay as well as on the
risk difference between IVF and ICSI procedures (Massaro et al., 2015; Catford et al.,
2017; Esteves et al., 2018). ICSI introduction provided a treatment option for severe
male-factor infertility (Sandin et al., 2013), but its influence on the reproductive health
of the offspring is currently understudied. This is mainly because the first ICSI-born
children are only now reaching the adult stage of their life, and not many research
groups have been able to assess their health, including their reproductive fitness
(Belva, Bonduelle and Tournaye, 2019). The first and so far only study investigating
the semen quality of young adults conceived through ICSI was published in 2016
(Belva et al., 2016). It showed decreased semen quality and quantity in a group of 54
young adults born with ICSI due to male infertility of their fathers. However, the
samples size was limited, and there was a weak negative correlation between the
total sperm count in the fathers and their sons (Belva et al., 2016). These data
highlight the need of long-term follow-up on babies born after ICSI and large studies
investigating the consequence of the technique on the reproductive health of the
offspring. This is a main interest of the field of male infertility genetics since IVF, and
especially ICSI, could allow the transmission of pathogenic genetic variants from
infertile fathers to their children. A full understanding of both the genetics of male
infertility and the impact of IVF and ICSI on the reproductive health of the offspring

is crucial for proper counselling and treatment.



1.2 The Genetics of Male Infertility

Genetic causes can explain male infertility cases, and the most severe phenotypes
correlate with the presence of germline genetic abnormalities (Krausz and Riera-
Escamilla, 2018). There are very few published studies investigating the causes of
infertility on a large, unbiased selection of infertile men. With the current knowledge
only 4 - 9.2% of male infertility cases can be explained by genetic causes, with 36 to
72% of the total left unexplained (Olesen et al., 2017; Punab et al., 2017; Tiittelmann,
Ruckert and Ropke, 2018).

1.2.1 Chromosomal abnormalities

Structural and numerical chromosomal aberrations play a major role in male
infertility. These variants are thought to interfere with meiosis during

spermatogenesis, leading to meiotic arrest (Sun et al., 2007).

Klinefelter syndrome (karyotype 47, XXY) is the most common chromosomal
abnormality causing non-obstructive azoospermia (Krausz and Riera-Escamilla,
2018) and in large studies explained between 0.9 and 3.5% of the cases (Olesen et al.,
2017; Punab et al., 2017; Tittelmann, Ruckert and Ropke, 2018). It was first reported
as a syndrome presenting with gynecomastia, aspermatogenesis and other distinctive
traits by the scientist who gave his name to the condition in 1942 (Klinefelter,
Reifenstein and Albright, 1942). Years later, Ferguson-Smith et al. and Jacobs and
Strong described the 47, XXY as the karyotype typical of the syndrome (Ferguson-
Smith et al., 1957; Jacobs and Strong, 1959). Another chromosomal abnormality
associated with male infertility is the 46, XX syndrome, also known as “de la
Chapelle” syndrome from the name of the scientist who reported the first case (de la
Chapelle et al., 1964). Patients with this syndrome are azoospermic, and 90% of them
also carry an SRY (sex-determining region Y) translocation on chromosome X (Capel,
1998; Zenteno-Ruiz, Kofman-Alfaro and Méndez, 2001). SRY is considered to be the
initiator of the male developmental pathway. It leads the differentiation of the
gonadal bipotential cells into testes (Zenteno-Ruiz, Kofman-Alfaro and Méndez,
2001). The remaining 10% of de la Chapelle syndrome cases are thought to be caused
by either genetic variants in unknown gene/genes involved in sex determination or
Y chromosome mosaicism (Zenteno-Ruiz, Kofman-Alfaro and Méndez, 2001). Other
structural variants, including Robertsonian translocations and large inversions, are

more frequent in severe oligozoospermia cases than normozoospermic men (Vincent
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et al., 2002). Due to the major involvement of chromosomal abnormalities, karyotype
analysis is one of the most common diagnostic tests advised for azoospermia and

severe oligozoospermia cases (Jungwirth A.D.T. et al., 2018).

A second diagnostic test advised for male infertility aims to detect deletions on the Y
chromosome. These chromosomal aberrations are often not detectable by
karyotyping due to their small size, and explain between 0.3 and 5.4% of all male
infertility cases (Olesen et al., 2017; Punab et al., 2017; Tittelmann, Ruckert and
Ropke, 2018). Some regions on the long arm of the Y chromosome were discovered to
be essential for spermatogenesis ~20 years ago, and since then, they have been called
azoospermia factor (AZF) regions (Vogt et al., 1996; Skaletsky et al., 2003). There are
three of these regions, named AZFa, AZFb and AZFc (the last two partially overlap).
They contain several genes highly expressed in the testis and likely to be involved in
spermatogenesis (Krausz and Riera-Escamilla, 2018). The phenotypes resulting from
the deletions of these regions vary according to the region involved and range from
azoospermia to oligozoospermia. Usually, the most severe condition (azoospermia
with absence of sperm in the testicular tissue) is found in patients carrying large
AZFa deletions, while a sub-normal quantity of sperm is found in subjects with AZFc
deletions (McLachlan and O’Bryan, 2010; Krausz and Riera-Escamilla, 2018) (Figure
1.3). The AZF flanking regions contain repeated homologous sequences that increase
the risk of nonallelic homologous recombination (NAHR) and consequently the risk
of structural variants occurring on this chromosome (Krausz and Riera-Escamilla,
2018). Klinefelter syndrome and Y chromosome microdeletions are the two most
common genetic causes of severe male infertility and together can be found in up to
~ 6% of the cases (Olesen et al., 2017; Punab et al., 2017). Relevant for this thesis, both
these abnormalities occur mostly de novo in the germline of the infertile men (Krausz
and Riera-Escamilla, 2018). Something that is not unexpected as both parents were
fertile and therefore unlikely to carry these severe chromosome abnormalities that

impact fitness.
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Figure 1.3. Overview of the various deletions of the AZF regions on chromosome Y. The
male infertility phenotype is usually more severe with AZFa deletions, while in patients with
AZFc deletions often sperm is present in the ejaculate (oligozoospermia) or in the testicular
tissue. CEN = centromere; PAR = pseudoautosomal regions; SCOS = Sertoli-cell-only
syndrome; SGA = spermatogenic arrest. Reprinted with permission from Springer Nature
(Krausz and Riera-Escamilla, 2018).

1.2.2 Dominant and recessive male infertility genes

Currently, very few genes have been associated with male infertility and even less
are routinely tested in the diagnostic follow-up of male infertility cases. Cystic
fibrosis transmembrane regulator (CFTR) gene is known to cause cystic fibrosis when
both the alleles are impaired. Most (>95%) male patients with cystic fibrosis are
infertile due to congenital bilateral absence of the vas deferens (CBAVD) (obstructive
azoospermia), the ducts that allow the spermatozoa to pass from the testes to the
urethra (Sokol, 2001; Popli and Stewart, 2007). There are also patients with CFTR
mutations that are infertile but do not show cystic fibrosis symptoms (Sokol, 2001). In
these men, the condition is thought to be caused by milder mutations and that
isolated CBAVD is a milder form of cystic fibrosis, affecting only the genital tract
(Patrizio et al., 1993; de Souza et al., 2018). A similar scenario was found investigating
the contribution of the Androgen Receptor (AR) mutations to male infertility.
Pathogenic variants of the AR gene cause Androgen Insensitivity Syndrome (AIS),
which can have different forms, from complete (CAIS) to mild (MAIS) (O'Hara and
Smith, 2017). If CAIS cases have an external female phenotype and impaired
masculinization, patients with milder forms, MAIS and partial AIS (PAIS), instead
tend to have an external male phenotype, advanced masculinization and testicular

maturation, but they suffer from male infertility (Ferlin et al., 2006; O’'Hara and
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Smith, 2015). An expansion of the CAG trinucleotide repeat in the first exon of the
AR gene (8-37 repeat units in unaffected individuals), has been also associated with
male infertility (Mobasseri et al., 2018). However, since the results of the
investigations have not always been concordant and often ethnicity-specific, this
expansion is usually considered just a risk factor, especially for the Caucasian
population (Mobasseri et al., 2018). The AR and CFTR genes are now classified as
male infertility genes (Jungwirth A.D.T. et al., 2018), and testing is being introduced
in the common diagnostic practice. Despite this, diagnostic procedures in male
infertility genetics have remained almost unchanged since the AZF regions were
discovered ~ 20 years ago, and are mainly limited to karyotyping, Y chromosome
deletion detection and CFTR and AR mutation screening (Tiittelmann, Ruckert and
Ropke, 2018; Oud et al., 2019).

Research output in male infertility genetics has grown substantially in the last few
years. A recent systematic review published at the beginning of 2019 evaluated
research papers reporting candidate male infertility genes (Oud et al., 2019). The
authors showed that the level of research on male infertility genetics grew steadily
since the 90s. Starting from 2012, next-generation sequencing (NGS) has increasingly
been used in laboratories worldwide. Despite increased research and many
candidate genes reported, the improvements in the field have not been substantial, as
illustrated by the already discussed unchanged diagnostic practice. Oud et al.
concluded that at the beginning of 2019, there were only 16 high-confidence
autosomal recessive (AURKC, CFAP43, CFAP44, CFAP69, CFTR, DNAH1, DPY19L2,
FANCA, FANCM, PLCZ1, PMFBP1, SPATA16, SUN5, TEX15, WDR66, XRCC2), 4
autosomal dominant (DMRT1, HSF2, KLHL10, SYCP3) and 4 X-linked (ADGRG2, AR,
NROB1, TEX11) genes known to cause isolated male infertility when mutated (Oud et
al., 2019). Most of the genes acting in a recessive manner were found in patients from
consanguineous families with specific forms of male infertility, particularly in
qualitative sperm defects. Variants in these genes are unlikely to explain a major
fraction of the more common quantitative forms of male infertility in the outbred
population. For the few autosomal dominant and X-linked genes, it is unknown
whether the pathological variants were inherited or represented de novo mutations
(Oud et al., 2019).

10



1.2.3 Different approaches to study male infertility genetics

The percentage of unexplained isolated male infertility cases can reach >70%
(Tiittelmann, Ruckert and Répke, 2018). In the past, different approaches were

attempted to identify novel genetic causes of male infertility.

Several Genome-Wide Association Studies (GWAS) were performed for the disease
in the last ~10 years and revealed significant association with a small group of SNPs
(Aston and Carrell, 2009; Aston et al., 2010; Dalgaard et al., 2012; Hu et al., 2012;
Kosova et al., 2012; Zhao et al., 2012). A 2014 review showed that the results from
these GWAS investigations were discordant, and associated SNPs conferred only a
modest risk (Aston, 2014). Thus, the researchers concluded that common SNPs do
not independently contribute to a clinically significant risk of severe male infertility
(Aston, 2014).

Numerous mutant mouse models with a reproductive phenotype were produced in
the last 20 years. They revealed hundreds of candidate male infertility genes and
helped associating these genes to specific male infertility phenotypes (Matzuk and
Lamb, 2008). The resequencing of these candidate male infertility genes identified in
animal models is another approach used in the field for disease gene discovery. This
method led to the identification of human male infertility genes, such as SYCP3
(Miyamoto et al., 2003) and TEX11 (Yang et al., 2015; Yatsenko et al., 2015; Xavier et al.,
2020). However, it is not an unbiased method. It depends on the knowledge of
disease genes in other species, which often have a similar but not identical

reproductive system compared to humans (Jamsai and O’Bryan, 2011).

Another approach involves cases-controls studies, which have been mainly used in
male infertility to investigate structural variants and mutations in specific candidate
genes (Tiittelmann et al., 2011; Krausz et al., 2012; Lopes et al., 2013; Yatsenko et al.,
2015). This method is helpful in the discovery of new disease genes, but requires very
large cohorts of patients and controls and detailed clinical and phenotypical

information (Jamsai and O’Bryan, 2011; Xavier et al., 2020).

As mentioned in paragraph 1.1.2, there are ~2300 genes predicted to be involved in
testis function and spermatogenesis (Schultz, Hamra and Garbers, 2003). Therefore, it
would require very large-sized unbiased genomic studies to obtain a complete
overview of all genes involved in the aetiology of male infertility. Equally important,
most research so far has been focused on recessive and X-linked forms of male

infertility, with little attention to dominant causes. This is reflected in the very few
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autosomal dominant genes confidently linked to the disease (Oud et al., 2019) and the
fact that the parental origin of their deleterious mutations has not been clarified.
Unless transmitted through the maternal side, dominant mutations cannot cause
male infertility since the disorder would prevent these variants from being passed on
from generation to generation. However, research into other disorders with a
negative effect on reproductive fitness showed that de novo germline mutations and
structural variants affecting the coding region frequently result in dominant diseases.
As an example, whole-exome (WES) and whole-genome sequencing (WGS) studies
demonstrated that damaging de novo germline mutations in the coding region of the
genome explain the majority of all severe ID (IQ < 50) (Vissers, Gilissen and Veltman,
2016). An important aspect of these diseases is their mutational target, i.e., the
number of genes that can cause the condition when de novo mutated. The size of the
mutational target is positively correlated with the disease frequency in the
population. The rarer is the condition, the smaller the mutational target, contrarily,
relatively frequent conditions, such as ID, have high genetic heterogeneity, and
isolated mutations in many genes could cause them (Veltman and Brunner, 2012)
(Table 1.1).

Frequency of disorder
Rare Low frequency Common
(<1/10,000) (1/10,000-1/100) (>1/100)
Mutational target
e.g. CHARGE syndrome e.g. Noonan syndrome e.g. intellectual disability
(1/10,000) (1/2,000) (2/100)
o=
R IR I  S=55
NRAS | | | — ] |
Single gene 2-100 genes >100 genes

Table 1.1. The relationship between the mutational target size and the frequency of genetic
disorders caused by de novo mutations. Disorders caused by mutations in a single gene are
rare because of the low probability of a mutational event in that specific gene. In contrast,
disorders caused by isolated mutations in many different genes are more common in the
general population. Reprinted with permission from Springer Nature (Veltman and Brunner,
2012).
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To demonstrate this concept, in 2016, there were more than 700 genes known to
cause intellectual disability and related disorders when mutated (Vissers, Gilissen
and Veltman, 2016). A similar scenario could be hypothesised for male infertility. It
affects ~7% of all men (Krausz and Riera-Escamilla, 2018), and numerous genes are
involved in spermatogenesis, making a high genetic heterogeneity very likely. A de
novo paradigm would also explain the persistence of the disorder in the outbred
population, despite its reproductive lethality. This is consistent with the observation
that the two most common genetic causes of non-obstructive azoospermia,
Klinefelter syndrome and Y chromosome deletions, represent de novo variants in
affected individuals (Thomas and Hassold, 2003; Krausz and Riera-Escamilla, 2018).
Nevertheless, no large-scale studies are investigating de novo single nucleotide

variants (SNVs) and copy-number variants (CNVs) in male infertility patients.

In order to investigate possible dominant forms of male infertility, it is crucial to
conduct studies involving a large number of patients and parents to identify
deleterious de novo and maternally inherited variants (that affects male fertility
exclusively). This task is substantially more difficult in male infertility, where
patients have already reached the adult stage of their life and often access to parental
DNA is not possible. Sometimes parents are unreachable (deceased or not willing to
participate). Other times patients do not consent to participate in the study or share
their fertility status with their parents since male infertility can still carry a social
stigma. In fact, even in modern days, based on obsolete stereotypes, it is relatively
common to attribute the failure of conceiving to the woman and/or to consider men
with fertility problems as lacking masculinity and virility (Gannon, Glover and Abel,
2004; Mumtaz, Shahid and Levay, 2013; Ergin et al., 2018). To overcome this problem,
international collaborations are critical as they can facilitate the recruitment of large
numbers of patients and parents. An example is the International Male Infertility
Genomics Consortium (IMIGC) (http:/ /www.imigc.org/), which includes, in
addition to our group at Newcastle University, groups working in three different
continents on the genetics of male infertility. The design of these studies should also
take advantage of the modern NGS techniques that allow an unbiased investigation
of the entire coding region of the genome, both for SNVs and CNVs. Discovering
novel disease genes acting in a dominant manner and novel forms of transmission
would improve not only diagnostic, but also drug discovery, genetic counselling and

personalised medicine.
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1.3 WES in Mendelian Diseases

NGS started to play a more routine role in infertility research since 2012 (Oud et al.,
2019). Amongst its advantages, it provides an unbiased approach and the ability to
investigate multiple classes of genetic variations (chromosomal abnormalities,
structural variants, SNV and small deletions and duplications, also known as
INDELs) with a single test. A 2018 systematic review investigated the cost of both
WES and WGS (Schwarze et al., 2018). The authors reported that the cost of WES
ranged between $555 (£382) and $5169 (£3592) per test and that of WGS between
$1906 (£1312) and $24810 (£17243). WGS allows the investigation of non-coding
regions, provides a more consistent sequencing coverage and a more reliable
identification of structural variants (Lelieveld et al., 2015). WES, however, is cheaper
and has multiple advantages in terms of speed and resources needed for data
processing, storage and interpretation (Lelieveld ef al., 2016). Its diagnostic yield
reached 25% for Mendelian diseases (Yang et al., 2013), a percentage much higher
than karyotype analysis (5 to 15%) (Shevell ef al., 2003; Shaffer, 2005), microarray
analysis (15 to 20%) (Miller et al., 2010) and Sanger sequencing of single genes, which
depends on prior knowledge of disease genes. It is also an affordable and effective
technique for Mendelian disease gene discovery since most of these disorders are
caused by variants disrupting the coding region, and to study diseases with a high
genetic heterogeneity (Bamshad et al., 2011; Lelieveld et al., 2015). All these
characteristics make WES a convenient first-tier approach to investigate the genetics
of male infertility. In this thesis, WES is used to study different cohorts of patient-
parent trios and single patients affected by quantitative and qualitative forms of male

infertility.

1.4 CNVs and male infertility

CNVs are the focus of this thesis. In the following chapters, de novo and inherited
CNVs are characterised in large groups of infertile men. At the same time, my
colleagues investigated the role of de novo and inherited SNVs in the same cohorts
using the same WES data. Previous studies have investigated the contribution of
CNVs (outside the chromosome Y) to the origin of severe male infertility (Frank
Tiittelmann et al., 2011; Lopes et al., 2013; Chianese et al., 2014; Eggers et al., 2015; Luo
et al., 2019). The authors looked for CNVs (mainly using microarrays) present more
frequently in infertile men than controls or screened specific loci associated with

male infertility in patients and unaffected individuals. These studies led to the
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discovery of several patient-specific variants associated with the disease. For
instance, performing a large case-control study, Lopes et al. provided important
information on the frequency of mutations in DMRT1, a gene implicated in the
disease aetiology (Lopes et al., 2013; Lima et al., 2015; Oud et al., 2019). For many
CNVs reported in the literature, a lack of information on inheritance does not allow
one to assess whether these CNVs deserve further studies. Parental information can
help determine whether a CNV is inherited from a fertile father (and therefore less
likely to explain male infertility in the proband), whether it is maternally inherited or
de novo in the germline of the infertile man. To date, only one article has been
published on the role of de novo and maternally inherited mutations in male
infertility (HodzZi¢ et al., 2020). The authors used WES to detect and interpret de novo
and inherited SNVs in a cohort of 13 men affected by idiopathic azoospermia and
their parents. They identified de novo variants in 5 novel candidate disease genes
(SEMA5A, NEURL4, BRD2, CD1D and CD63) and 3 potentially pathogenic
maternally inherited mutations in genes previously associated to male infertility.
Unfortunately, CNV analysis was not conducted by these authors. Thus, this thesis
represents the first study on the role of de novo (outside the chromosome Y) and

maternally inherited CNVs in severe male infertility.

1.5 CNV Detection from WES Data

In 2015, the rate of de novo CNV events was estimated to be 0.0154 per generation for
CNVs larger than 100kb (Kloosterman et al., 2015). This was, however, a rough
estimate, and a recent population study (Collins et al., 2019) demonstrated that our
knowledge is highly biased by the sequencing techniques and the structural variants
detection methods utilised. Therefore, the actual rate of de novo CNVs in the general
population is likely higher, especially if we consider de novo CNVs of all sizes. This
rate might further increase in cohorts of patients if de novo CNVs play a major role in
the disease. As an example, a 2014 study (Gilissen et al., 2014) showed that ~20% of
severe intellectual disability cases caused by de novo events were explained by a de
novo CNV. Also, a recent investigation on large cohorts of unaffected and autism
spectrum disorders (ASD) families showed a significantly higher rate of de novo

structural variants in ASD patients (Belyeu ef al., 2021).

In these studies, de novo variant discovery was performed using WGS data, which
provides greater sensitivity than WES. Nevertheless, WES is an undervalued

resource for CNV analysis. Many studies, also outside the field of male infertility,
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limit their WES analysis to SNVs and INDELs. This is likely to be due to the
bioinformatic resources and experience needed to conduct CNV analysis from this
type of data and the absence of a largely shared standard methodology, contrarily to
the well-established SNV detection workflows. Even in my personal experience, a
standard pipeline for CNV detection was not established for the WES data generated
at the Faculty of Medical Science at Newcastle University before 2018. Although not
always exploited, CNV analysis from WES data is helpful to improve the diagnostic
yield as well as to identify pathogenic and candidate pathogenic CNVs, as several
studies have demonstrated (Epilepsy Phenome /Genome Project Epi4K Consortium,
2015; Gambin et al., 2017; Pfundt et al., 2017; Corbett et al., 2018; Marchuk et al., 2018).
Microarrays were for a long time the primary genomic technology used for CNV
analysis (Miller et al., 2010). Compared to them (and WGS), WES covers only the 1-
2% of the genome corresponding to the coding region. The discontinuous signal in
WES data results is systematic biases such as inaccurate read mappability, biases
introduced by the PCR assay needed for the exome library amplification (e.g., GC-
content bias) and sequencing batch effects (Teo et al., 2012). For this reason, CNV
detection from WES data is limited to depth—of—coverage methods (Lelieveld et al.,
2016). This technique uses the WES data from multiple individuals to normalise the
sequencing read counts within genomic windows for each sample. This
normalisation step reduces the variability caused by the systematic biases. The
normalised read counts for each window of a single individual are then compared to
those of the other samples. Finally, CNVs are inferred correlating the increases or

decreases of the normalised reads counts to gains and losses, respectively.

CNV discovery from WES data does not allow the characterisation of the CNV
breakpoints within the introns, nor the detection of the position, the orientation, and
the number of additional copies. The sensitivity of WES for CNVs has been
compared to that of widely used medium resolution microarrays (de Ligt ef al., 2013;
Lelieveld et al., 2016). A 2013 study that compared the performance of WES and
microarrays in CNV discovery found a 88% concordance (de Ligt et al., 2013). In that
analysis, WES failed to detect a single exon deletion, and the authors suggested that
its minimum resolution is three exons. This conclusion has been supported by other
studies (Fromer, Jennifer L Moran, et al., 2012; Krumm et al., 2012). More recent WES-
based analyses identified smaller CNVs encompassing 1 or 2 exons (Gambin et al.,
2017; Marchuk et al., 2018; Tsuchida et al., 2018). This suggests that the minimum
resolution is dependent on the quality of the WES data and the algorithms used for
CNYV detection. For this reason, researchers might rely on several CNV detection
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tools when analysing their WES data. This possibly increases the sensitivity for
CNVs but has the downside of extending the length of the analysis due to the greater
number of calls and potential false positives. With improved sequencing
performances and better algorithms for CNV detection, it has been suggested that
WES will eventually substitute conventional microarrays for CNV analysis (Tsuchida
et al., 2018). Such strategy would allow SNV and CNV detection in the coding region
with a single test and eliminate the cost of a dedicated assay for CNVs, such as a
microarray test, which cost ranges approximately between $200 and $500 (Aston,
2014).
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1.6 Project Aims and Outline of the Chapters

From this introduction, it is hopefully clear that male infertility genetics is an
understudied field in medicine, and many questions are yet to be answered. The
work presented in this thesis explores the role of CNVs in male infertility, using WES
data from various patient (and parents) cohorts. My goal is to improve our

understanding of the genetics of male infertility.

In the next chapter, Chapter 2, I describe the materials and the methods used
throughout this thesis.

In Chapter 3, I assess the suitability of our WES data for CNV analysis. Also, I
investigate the consequences of performing WES using different exome enrichment

kits and DNA extracted from different tissues on WES coverage and CNV detection.

In Chapter 4, I investigate the role of de novo CNVs in male infertility using the WES
data from 183 azoospermia or severe oligozoospermia patient-parent trios. The
findings presented in this chapter are part of our pre-print paper currently in the
BioRxiv database (Oud et al., 2021) (see Appendix A).

In Chapter 5, I analyse the WES data from the same trio cohort to explore the
difference between paternal and maternal CNVs in male infertility patients and
assess the possible role of maternally inherited CNVs in the aetiology of severe

quantitative male infertility.

In Chapter 6, I investigate the CNV burden in another cohort of 142 patients with
quantitative male infertility to identify CNVs of potential diagnostic interests or

affecting the novel candidate disease genes discovered in the previous chapters.

In Chapter 7, I use the WES data from 24 patients with asthenoteratozoospermia to
identify CNVs of potential clinical interest that might cause this disease. The findings
in this chapter are included in a publication in the American Journal of Human
Genetics (Liu et al., 2021) (see Appendix A).

Finally, in Chapter 8, I discuss the results of all the projects conducted during my
PhD and their implications for the field. I also discuss how male infertility

diagnostics could be improved and ideas on the design of future studies.
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Chapter 2: Materials and Methods

2.1 Recruitment of Patients With Azoospermia and Severe Oligozoospermia

From 2007 to October 2017, a total of 331 male infertility patients with unexplained
non-obstructive azoospermia and severe oligozoospermia, with or without
asthenozoospermia, were recruited at Radboudumc outpatient clinic in Nijmegen
(the Netherlands). Additionally, 45 patients with similar phenotypes were recruited
at the Fertility Clinic, NHS Foundation Trust in Newcastle upon Tyne (UK) between
January 2018 and January 2020. The reference values and the semen nomenclature
used follow the WHO guidelines (World Health Organization, 2010). A blood sample
was collected from the patients during the clinical evaluation and their respective
fertility centre. All patients underwent karyotyping and AZF deletions screening
with negative results as inclusion criterium. We also obtained a saliva sample from
the parents of 201 patients. DNA was extracted from blood and saliva samples. All
the participants in the study gave written consent for the analysis of their DNA and
the evaluation of their clinical data. The study protocol was approved by the
respective Ethics Committees and / or Institutional Review Boards (Nijmegen:
NL50495.091.14 version 4, Newcastle: REC Ref: 18 /NE/0089).

2.2 Recruitment of Patients With Asthenoteratozoospermia

A total of 24 patients with asthenoteratozoospermia were recruited at Monash
University in Melbourne (Australia). These patients did not show any other obvious
pathological phenotype and their hormone levels, secondary sexual characteristics
and development of male external genitalia were normal. The patients were negative
for chromosomal abnormalities and AZF deletions. Sample collection was approved
by the human ethics panels at three different sites: Monash Day Surgery (Clayton),
Monash Medical Centre and Monash University, Australia. DNA samples from the
24 patients were sent to the International Centre for Life in Newcastle upon Tyne for

sequencing.

19



2.3 WES and Exome Enrichment Kits

WES was performed by the Genomic Core Facility (Newcastle University, UK) at the
International Centre for Life on an Illumina NovaSeq 6000 platform. Two exome
enrichment kits were used: the Nextera DNA Exome sequencing kit (previously
called TruSeq Rapid Exome) from Illumina and the Human Core Exome sequencing
kit from Twist Bioscience. The Nextera kit targets 45 Mb of exonic content (covers >
98% of the RefSeq, Consensus coding sequence (CCDS), and Ensembl coding
content), and according to the manufacturer, it achieves an excess of 75% of on-target

sequencing reads (https:/ /support.illumina.com.cn/content/illumina-

marketing /en/products /by-type / sequencing-kits / library-prep-kits / truseg-rapid-
exome.html). The Twist kit targets the CCDS and captures 33 Mb. According to

manufacturer, it should cover 99% of ClinVar variants

(https: / / www.twistbioscience.com / products /ngs / fixed-panels / human-core-

exome?tabzoverview).

2.4 WES Data Processing and Basic QCs

The initial processing of the sequencing data was performed by the Bioinformatics
Support Unit (Newcastle University, UK). The sequencing reads were aligned to the
human genome assembly GCRh37.p5 (hg19) using Burrows-Wheeler Alignment
(BWA-mem) version 0.7.17 (Li and Durbin, 2009). Indexing, duplicate marking, and
recalibration were performed with SAMtools version 1.6 (Li et al., 2009). Picard
version 2.21.1 (Picard Toolkit, no date) and GATK version 4.1.4.1 (Van der Auwera et
al., 2013).

The Bioinformatics Support Unit also performed checks to confirm the relatedness of
the trio members using Peddy (Pedersen and Quinlan, 2017). The package uses the
genotype data of the samples to compare pairs of individuals. For each pair, the IBS2
and IBSO metrics are calculated. The first represents the number of genomic sites in
which the individuals share two alleles, while the second represents the number of
sites in which no allele is shared. These parameters allow separating related and
unrelated individuals. The same tool and the same genotype data were also used to
confirm the sex of each individual. This analysis confirmed that the data from each
sample corresponded to the correct individual and family. It also excluded labelling

errors and sample swapping during DNA extraction and sequencing.
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The Bioinformatic Support Unit and Dr Miguel Xavier used Picard version 2.21.1

(Picard Toolkit, no date) to determine the coverage for each sample.

The sequencing reads of the samples were examined using the corresponding binary
alignment map (BAM) format file and the IGV visualisation tool (Thorvaldsdottir,
Robinson and Mesirov, 2013).

The WES data from the trio cohort (reference code: EGAS00001005417) and the
asthenoteratozoospermia patients (reference code: EGAS00001005018) are publicly
available at the European Genome-phenome Archive (EGA) (https:/ /ega-
archive.org) both as BAM files and in FASTQ format. The fertility status of each

individual is indicated.

2.5 Individual Target Coverage Comparison Between Samples Sequenced From
Saliva-Derived and Blood-Derived DNA

GATKS3 DiagnoseTargets version 3.8.1.0 was used to determine the coverage of each
target of the Twist exome enrichment kit in 43 probands (sequenced from blood-
derived DNA) and 43 fathers (sequenced from saliva-derived DNA), each with an
average exome coverage > 50X (see chapter 3). The coverage of the targets labelled by
the tool as “poor-quality”, which indicated a high probability of mapping errors, was
converted to 0. The coverage of each target in each sample was normalised dividing
it by the average exome coverage of the corresponding sample. The normalised
coverage of each target was compared between the groups of probands and fathers
using the Wilcoxon rank sum test (two-sided). The p-values obtained for each

comparison were corrected using the Bonferroni correction for multiple tests.

2.6 CNV Detection Tools for WES Data

Before performing the CNV analysis, I tested three CNV discovery bioinformatic
tools and chose the one that was most suitable for my analyses. The first two, called
CoNIFER and XHMM, have been used in multiple publications (Poultney et al., 2013;
Epilepsy Phenome / Genome Project Epi4K Consortium, 2015; Pfundt et al., 2017;
Tsuchida et al., 2018) and evaluated in different analyses (Tan et al., 2014; Yao et al.,
2017). The third one was an unpublished tool developed by Dr Aneta Mikulasova
(Newcastle University, UK).
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CoNIFER was originally published in 2012 (Krumm ef al., 2012). This package has the
advantage of requiring a minimum of only 8 samples to perform the CNV calling (20
advised for optimal results) and provides a tutorial with a test dataset of 26 sample

on its website (http:/ /conifer.sourceforge.net/). It offers a quality check procedure to

identify and exclude poorly performing samples and a visualisation tool. CONIFER
has not been updated since 2012. Due to incompatibility with the most recent
versions of the libraries required to run CoNIFER, we were unable to install all its

functions on our machines, and the website providing support is no longer available.

XHMM was published in 2012 (Fromer, Jennifer L. Moran, et al., 2012). A detailed
tutorial was later published in a separate paper (Fromer and Purcell, 2014). The
package is designed to work with at least 50 samples and offers a tool to identify
poor quality ones, similarly to CoNIFER. Other functions include a visualisation tool
and a CNV statistical genotyping procedure to identify recurrently altered loci and
batch biases. XHMM, despite being as old as CoONIFER, was more user-friendly to
install and use, thanks to the detailed tutorial provided in the second paper.
However, we experienced similar libraries incompatibilities, and some functions
such as the visualisation and de novo CNV calling tools were not available to us. The
support for XHMM is limited to a Google group where users can interact, and its

webpage (http:/ /atgu.mgh.harvard.edu/xhmm) is currently offline.

The third CNV tool integrated GATK4 package’s read counts normalisation with
custom R-based segmentation and visualisation (Mikulasova et al. unpublished)
(www.github.com / AnetaMikulasova/ CNVRobot). The GATK4-based pipeline

(G4BP) was still in development when it was initially tested, but with support from

Dr Mikulasova and technical assistance from Dr Miguel Xavier (Newcastle
University, UK), it was easily installed and used. G4BP, contrarily to CONIFER and
XHMM, exploits a panel of controls to normalize the read count and allows to specify
female and male controls to improve the CNV detection on the sex chromosomes.
G4BP CNYV visualisation is the most advanced of the three CNV tools, allowing
detailed visualisation of the CNV profile for each chromosomal position. The
graphical representations integrate SNPs data to identify and visualize genomic
stretches of homozygosity and heterozygosity loss. Also, it integrates the CNV data
of the Database of Genomic Variations (DGV) (MacDonald et al., 2014), allowing
visual assessment of the number of variants identified in the healthy population for
each locus. Finally, it aggregates the data of the sequencing targets in the control

samples to show frequently altered loci. G4BP visualisation was easily adaptable for
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both singletons and trio analyses and enabled trio-based visualisation and controls-

case comparison.

A detailed benchmark and extensive comparison of the three packages were not
performed as it was not the aim of this project. However, the easier integration, the
trio-based options and the advanced visualisation provided by the G4BP tool made it

the default package for the CNV analyses performed during my PhD.

2.7 CNV Detection With G4BP CNV Tool
The G4BP requires the BAM files of the samples to detect the CNVs. The tool used

~200 parental samples as unaffected controls for the read count normalisation. The
sequencing read depth of each target of the exome enrichment kits is influenced by
several factors such as the PCR amplification performed during the library
preparation, the GC content of the genomic region sequenced, and the quality of the
reads mapping against the reference genome. The normalisation step uses the
GATK4 algorithm to remove the noise caused by these systematic biases of WES
based on a model constructed from the panel of controls. Using the normalised read
depth data, then a custom R-based segmentation procedure infers the copy number
status of each locus. The visualisation step generates the CNV plots, described in the
next paragraph, using a custom script that uses the R package KaryoploteR (Gel and
Serra, 2017). Other packages required for using the pipeline are part of the Tidyverse
collection (Wickham et al., 2019).

To obtain similar results as the ones presented in this thesis, I recommend following
the same sample exclusion criteria described in section 2.11 and using a similar

number of controls (~200) for the read count normalisation.

The data processing was performed on a 24 CPU Linux-based machine with ~1.5
terabytes of memory ram. The average processing time, including CNV calling and
visualisation, is estimated to be between 3 to 5 hours per trio or per patient with male
and female controls. Processing time is influenced by the exome coverage of the
sample under examination and consequently by the size of the corresponding BAM
file.
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2.8 G4BP Visualisation and Plot Description

In this paragraph, I introduce the reader to the different types of plots that the G4BP
CNV tool produces, and I explain how to interpret them as well as the information

that they provide.

2.8.1 Genome profile — Chromosome view — CNV plots

The G4BP pipeline produces three types of plots: Genome Profile (GP) plots (Figure
2.1), Chromosome View (CV) plots (Figure 2.2) and CNV plots (Figure 2.4). Each
graph presents information for three individuals. The sample in the lower section
(proband MI_01974 in Figure 2.1) is the individual under examination, while the one
in the middle (Father MI_01974 in Figure 2.1) and the one on the upper section
(Mother MI_01974 in Figure 2.1) can either be the parents (respectively father and
mother) or male and female controls. In the GP plot, all the chromosomes are
represented; in the CV plot, only a single one; and the CNV plot is a representation of
a specific genomic region containing a deletion or a duplication. In every graph, for
each sample, there is a log2ratio (number of observed normalised reads/number of
expected normalised reads) (Log2R in the plots) profile and minor allele frequency
(MAF) track. Here, MAF is defined as min(A, B)/(A+B), where A and B represent the

frequencies of the two alleles.
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Figure 2.1. Example of a Genome Profile plot for a trio (trio 1974). For each member of the
trio (from the top Mother, Father and Proband), there are a Log2ratio, representing the copy-
number status of the sequenced segments on each chromosome, and a minor allele frequency
plot, representing the allele frequency at each sequenced genomic position across all the
chromosomes.
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Figure 2.2. Example of a Chromosome View plot for chromosome 7 of trio 1974. For each
member of the trio (from the top Mother, Father and Proband), there are a Log2ratio plot,
representing the copy-number status of all the sequenced segments on the single chromosome,
and a minor allele frequency plot, representing the allele frequency at each sequenced
genomic position across the single chromosome.

The number of copies for each sequencing target is inferred from the number of
observed normalised sequencing reads, which are compared to a reference built from
the control dataset (i.e., unaffected individuals). Log2ratio = 0 indicates that a specific
target in the sample has the same average coverage as the reference and
consequently the same number of copies. An increase of the log2ratio represents the
presence of additional copies, while a decrease indicates a loss. On the autosomal
chromosomes, a log2ratio = -1 indicates the loss of one allele. The absence of the
locus is instead conventionally indicated by a log2ratio of -2. The sex chromosomes
are expected to have only one copy in the male reference, and the loss of that single
copy will be represented by a log2ratio of -2. In females, the chromosome X will have
a log2ratio = 1, due to the two copies of the chromosome, while the absent
chromosome Y will have log2ratio = -2. Each log2ratio profile is paired with a MAF
track positioned above. This graph indicates the SNP status in the corresponding
region. Homozygous SNPs have MAF = 1 or 0, while heterozygous SNPs are
indicated with MAF = 0.5. The SNP data is useful to confirm heterozygosity loss,
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reflected as the absence of heterozygous SNPs in a deleted region, and to identify
stretches of homozygosity. These characteristics are common to all the graphs
generated by the G4BP tool. The GP plot is used to identify the presence of
chromosome-wide abnormalities (e.g., additional / missing chromosomes) and to
confirm the sex of each individual. The CV plots show the profile of an entire
chromosome and can be used to investigate the regions surrounding a CNV. These
two types of graphs were also used to identify samples with a high level of noise. In
noisy samples (Figure 2.3), the log2ratio signal is highly variable across the targets.
Thus, the copy number status of the genomic segments is less clear than for other
individuals (Figure 2.1 and 2.2). This characteristic can affect specificity and
sensitivity and generate an extremely high number of CNV calls. The samples with
this type of GP and CV plots and with a CNV count > 3 standard deviations (SD)
above the mean (calculated from the corresponding cohort), such as Proband 1 (CNV
calls = 60, average in probands = 11, SD = 5) in Figure 2.3, were excluded as done in
other studies (Ruderfer et al., 2016; Wang et al., 2016).
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Figure 2.3. Example of a noisy sample. (A) GP plot and (B) CV plot of chromosome 7 of a
noisy individual (proband 1). The high level of noise is indicated by the high Log2R
variability of the genomic segments and the individual sequencing targets.
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The CNV plots are used to investigate specific deletions or duplications, and they
allow the visualisation of the single sequencing targets in the log2ratio profiles
(Figure 2.4).
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Figure 2.4. Example of a CNV plot for a paternally inherited deletion detected in proband
1974. For each member of the trio (from the top Mother, Father and Proband), there are a
Log2ratio, representing the copy-number status of each sequenced segment within the
genomic window, and a minor allele frequency plot, representing the allele frequency at each
genomic position of the sequenced segments. In proband and father 1974 a heterozygous
deletion has been detected (6 adjacent sequencing targets with a log2R = -1).

The CNV plots also display additional elements: beneath the log2ratio profiles, there
are the corresponding cytoband and a control track, represented as yellow bars.
These latter are one per target, and they schematically represent the frequency of loss
and gain in the control samples. The height of a yellow bar indicates how many
controls had high quality reads for that specific target. The more controls have the
specific target indicating a loss, the more its corresponding yellow bar will be
coloured in red from the middle to the bottom, while the more samples have the
target indicating a gain, the more its yellow bar will be coloured in green from the
middle to the top. In Figure 2.4, the targets within the deletions have shorter yellow
bars compared to the surrounding targets. This indicates that those targets were
uninformative (no reads mapped or low-quality mapping) in some controls, which
were therefore excluded. The red colour in the bars shows that those targets showed
a loss in multiple controls. This information is useful to identify frequently variated

loci in the control cohort. In Figure 2.4, for example, the heterozygous deletion is
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likely to be a frequent polymorphism. The horizontal bars beneath the control track
represents the variants from the DGV. The green bars represent the duplications,
while the red represents the deletions. The purple bars indicate a complex structural
variation. The more intense is the colour of the bars, the more corresponding variants
were listed in the database for that location. This gives an immediate indication of
the variability of the locus in a healthy population dataset. In the genomic loci
represented in Figure 2.4, several large deletions and duplications have been
reported in the samples of the DGV. Finally, the section on the bottom shows the

RefSeq genes in the corresponding genomic region.

2.9 Bar Charts and Box Plots

In this thesis, I often use bar charts and box plots to present my data. All these plots
were generated with the R package ggplot2 version 3.3.3, which is part of the
Tidyverse collection (Wickham et al., 2019).

2.10 Statistical Test

To test the differences between two groups, I used the Wilcoxon rank sum test.

2.11 Samples’ Exclusion Criteria for the CNV Analysis

Samples for which a 30X average exome coverage was not achieved were excluded.
Samples with a genome profile and chromosome view plots showing a high level of
noise (example in Figure 2.3) as well as a total number of CNVs >3 SD above the
average (calculated from the corresponding cohort) were excluded as done in other
studies (Ruderfer et al., 2016; Wang et al., 2016). Patients who naturally conceived
with their partner after being enrolled were also excluded from the study. A total of
183 patient-parent trios with azoospermia or severe oligozoospermia, 142 patients
with the same phenotypes for which parental samples were not available and 24

patients with asthenoteratozoospermia were retained for the CNV analysis.

2.12 CNV Annotations

All the CNVs identified were annotated using the tool AnnotSV version 2.0 (Geoffroy

et al., 2018) with default settings. This tool provides information for each CNV
28



identified, including the genes it encompasses as well as the number and IDs of the
CNVs listed in the DGV Gold Standard (MacDonald et al., 2014) that have at least a
70% overlap. Every gene involved in a CNV was also annotated with the
corresponding pLI score provided by the GnomAD database v2.1.1 (Karczewski et
al., 2020).

2.12.1 CNV prioritisation and classification criteria

To identify CNVs of potential clinical interest for male infertility, I first prioritised
CNVs present in < 1% of the samples included in the DGV Gold Standard to select
those rare in a dataset of healthy individuals. Secondly, I selected the CNVs
encompassing at least 10 sequencing targets as the more exons are involved in a
variant, the higher is its probability of being deleterious. To identify genes possibly
affected by heterozygous dominant CNVs, I looked for those with a pLI score > 0.9.
Such a score indicates a high probability of that gene to be intolerant to loss-of-

function variants (Lek et al., 2016).

For the trio cohort, I visually inspected the CNV plots of all the variants identified. I
classified as “de novo” the CNVs present in the proband but absent in both his
parents. I classified as “paternally inherited” the CNVs present only in the proband
and his father and as “maternally inherited” those present only in the proband and

his mother.

I also prioritised CNVs encompassing genes carrying a de novo mutation (in the
probands of the trio cohort) classified as possibly causative of the disease or of
unknown significance by Dr Manon Oud and Hannah Smith (see Appendix B). The

classification criteria are described in Oud et al. 2020.

At the end of 2019, the American College of Medical Genetics and Genomics
(ACMG) and the Clinical Genome Resource (ClinGen) published a scoring
framework to classify CNVs with an evidence-based method (Riggs et al., 2020).
These guidelines are advised to report constitutional CNVs maintaining consistency
and transparency across clinical laboratories. Despite recognizing the importance of
using these standards in a clinical setting, our studies aim to identify novel candidate
genes for male infertility and not to provide a definitive genetic diagnosis to the
patients. Also, the ACMG and ClinGen guidelines are often used to evaluate CNVs
encompassing several megabases identified in patients with severe

neurodevelopmental disorders or multiple congenital abnormalities, as mentioned in
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Riggs et al., 2020. We expect the candidate causative CNVs identified in patients with
isolated male infertility to be smaller, since these men do not have other observable
pathogenic phenotypes and a single impaired spermatogenesis gene might be
sufficient to cause the disease, and to occur in regions not previously studied in the
field, considering the very few genomic loci confidently associated to severe male
infertility so far. For this reason, here I provide the criteria that I used to classify the
CNVs identified in our studies. A heterozygous CNV was defined as likely

pathogenic for male fertility if:

1) the CNV was either de novo or maternally inherited and it was not present in any
other father of the trio cohort.

2) the CNV was present in less than 1% of the individuals of the DGV Gold Standard.
3) the CNV involved at least 10 exons.

4) the CNV affected at least 1 gene with pLI score > 0.9 that may play a role in
spermatogenesis (according to published literature or gene databases), or that has
been previously associated to a male infertility phenotype similar to that described in

the patient under examination.

A hemizygous CNVs was classified as likely pathogenic for male fertility if it met
criteria 1 and 2 and encompassed a gene that may play a role in spermatogenesis
(according to published literature or gene databases), or that has been previously
associated to a male infertility phenotype similar to that described in the patient

under examination.

The CNVs with unknown inheritance (i.e., when parental samples were unavailable)
that met the criteria 2, 3, and 4 (pLI score and size were not considered when the

CNYV was hemizygous) were classified as possibly pathogenic for male fertility.

2.12.2 Databases employed

As mentioned previously, I used the DGV Gold Standard to select the rare CNVs
identified in our cohorts of patients. The entire DGV includes structural variants data
from healthy individuals only, and to date (4™ July 2021), it comprises 983,845 CNVs
and 4,083 inversions from 75 studies (http:/ /dgv.tcag.ca). The DGV Gold Standard is
a subset of the DGV that includes only CNVs that were found in two separate studies

and in at least two different samples. To investigate the frequency of the CNVs

identified in our cohorts in other dataset, I also used the GnomAD-SV version 2.1
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database (Collins et al., 2020). This dataset includes structural variants data from
10,847 genomes of unrelated individuals from disease-specific and population
genetic studies (4" July 2021) (https:/ /gnomad.broadinstitute.org). Another large
database that contains CNV data is the DECHIPER database (Firth et al., 2009)

(https:/ /www.deciphergenomics.org). It contains data from 39,910 patients (7*

October 2021) with different pathogenic phenotypes. The database includes a
collection of CNVs involved in microdeletion and microduplication syndromes
associated with developmental disorders. These CNVs often encompass several
megabases and genes. It is unclear whether the impairment of these numerous genes
cause infertility as well as neurodevelopmental disorders. Therefore, it would be
complex to use this data to prioritise candidate causative variants among the CNVs
identified in our cohorts. For this reason, the DECHIPER database was not used for

CNV prioritisation.

Throughout the thesis, I report the RNA and protein expression levels of specific
genes in human tissues. This information was retrieved from the Protein Atlas
database. This project aims to map all the human proteins in cells, tissues and organs
(Uhlén et al., 2015).

Also, I often cite that impairment of specific genes causes pathogenic phenotypes in

mice. The mouse data were retrieved from the Mouse Genome Informatics database

(http:/ /www.informatics.jax.org). This website aggregates the data from studies on
mice and provides the list of pathogenic phenotypes observed in mice when a

specific gene of interest is disrupted.

To investigate whether the candidate disease genes identified had been previously
associated with spermatogenesis or male infertility in published studies, I used the

PubMed website (https:/ /pubmed.ncbi.nlm.nih.gov). This database contains more

than 32 million citations of biomedical literature (4" July 2021).

Protein interaction data were retrieved from the STRING database (Szklarczyk et al.,
2019). The database includes data from known and predicted protein-protein
interactions. It covers 24,584,628 proteins from 5,090 organisms (30* July 2021).

2.13 CNV Validation

The de novo autosomal CNV identified in proband 953 (see chapter 4) was validated

with a microarray assay. The assay was outsourced to the Northern Genetics Service
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at the International Centre for Life, Newcastle upon Tyne (UK). It was performed
using the whole genome Illumina Infinium CytoSNP-850K v1.1 microarray platform,

and the CNV analysis was conducted with the BlueFuse Multi v4.4 software.

The X-linked de novo CNV identified in proband 584 (see chapter 4) was validated
with a q-PCR assay. The experiment was performed by Dr Bilal Alobaidi using the
TagMan Copy Number Assay designed for the NXT2 gene (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s protocol.

The X-linked deletion identified in patient 2603 (see chapter 7) was validated with a
PCR assay. Dr Bilal Alobaidi designed the PCR primers using the tool Primer3Plus
(Untergasser et al., 2007) and performed the experiment. In chapter 7 the position of
the PCR products is described.
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Chapter 3. Influences on WES coverage and CNV Detection

3.1 Introduction

NGS is progressively substituting Sanger sequencing for disease-gene discovery in
male infertility research (Oud ef al., 2019). While Sanger sequencing is highly
dependent on previous knowledge of disease genes, WES and WGS offer an
unbiased approach and allow the investigation of all coding regions and of the entire
genome, respectively. Despite its limitations, such as non-uniformity of coverage,
limited structural variants detection ability and exclusion of the non-coding region,
WES is an extremely valuable tool for studying Mendelian diseases (Bamshad et al.,
2011), and its cost is substantially lower than that of WGS (Schwarze et al., 2018).
WES has been used successfully for variant analysis in several fields, revealing
pathogenic variants in known and novel genes (Pfundt et al., 2017; Boraldi et al., 2019;
Kherraf et al., 2019; Tong et al., 2020). In male infertility, it mainly led to the
identification of autosomal recessive candidate disease genes, of which 16 are to date
considered disease genes (Oud et al., 2019). However, it was never systematically
used to investigate dominant disease genes and currently, only 4 dominant genes
have unambiguously been linked to the disease (Oud et al., 2019). The difficulties in
acquiring parental samples for male infertility studies complicates the discovery of
pathogenic de novo and maternally inherited variants, and the large mutational target
expected for the disease requires large cohorts to be collected. By recruiting patient-
parent trios for azoospermia and severe oligozoospermia cases, our research group
hopes to address these problems and provide a first insight on the role of de novo and
inherited dominant variants in a large group of families. In addition, we collected
DNA from patients for whom parents were unavailable for both quantitative and

qualitative male infertility.

3.1.1 CNV detection from WES data

One of the main topics of this thesis is CNV detection from WES data. This type of
analysis is often neglected, and most researchers use WES data exclusively for SNV
identification. This is likely due to the bioinformatic resources and knowledge
needed to perform such analyses and the lack of widely accepted standards for CNV
discovery workflows. Due to the limitations of CNV detection from WES data,
explained in paragraph 5 of Chapter 1, the CNV detection is restricted to depth-of-

coverage methods. Current literature demonstrates that, despite the limitations, it is
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possible to perform a robust CNV analysis from WES data (Epilepsy
Phenome/Genome Project Epi4K Consortium, 2015; Pfundt et al., 2017; Corbett et al.,
2018). Moreover, recent studies suggest that good quality WES data and algorithms
even allow the detection of single or two-exons CNVs (Marchuk et al., 2018; Tsuchida
et al., 2018).

Since coverage is a crucial factor in CNV detection from WES data, in this chapter, I
explore the differences in coverage between WES data generated from DNA
extracted from the two sources of material that were available to us (i.e., blood for
patients and saliva for parental samples), as well as the impact of using two different
exome enrichment kits for the sequencing. In the literature, different studies
evaluated the consequences of using saliva-derived DNA instead of blood-derived
DNA for WES (Kidd et al., 2014; Zhu et al., 2015; Ibrahim et al., 2020). These analyses
suggested that the DNA from both the tissues can generate high-quality data.
However, none of these studies investigated the impact on CNV detection
specifically. Here, I inspect the WES data of our samples to identify putative loci
where coverage is systematically different in these two tissues. If detected, such
differences could affect the sensitivity and specificity of CNV detection, particularly

for de novo variants, where the same locus must be analysed in patient and parents.

34



3.2 Aims

In this chapter, I investigate the impact of using DNA extracted from different tissues
and the impact of using different exome enrichment kits on WES coverage and CNV

detection. This study aims to:

- Compare the WES coverage between samples sequenced with two different
exome enrichment kits, evaluate their suitability for variant detection and
assess the influence of the two kits on CNV calling.

- Investigate the consequences of using blood and saliva as starting material on

WES coverage and evaluate the impact on CNV detection.
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3.3 Results

From 2018 to 2020, our research group (specifically Dr Bilal Alobaidi and Lois Batty)
in collaboration with the Genomic Core Facility at the International Centre for Life
(Newcastle University), sequenced 764 DNA samples from different projects using
WES. These samples were collected from men affected by severe isolated forms of
male infertility. For 201 patients, parental samples were also sequenced. The
Bioinformatic Support Unit of Newcastle University and Dr Miguel Xavier, a senior
post-doc of our group, used the Picard package version 2.21.1 to generate the WES

coverage data included in the next paragraph.

3.3.1 Influence of the exome enrichment kit choice on coverage and CNV
detection

Initially, we wanted to evaluate the difference in coverage for WES data generated
with different exome enrichment kits. The first 329 samples were processed using the
Nextera DNA Exome enrichment kit from Illumina, while the subsequent 435
samples with the Human Core Exome enrichment kit from Twist Bioscience (see
Chapter 2 for design and other characteristics). These samples were sequenced in 10
sequencing runs on the Illumina Novaseq 6000 platform. In each run, 96 samples
were sequenced. These included samples from our laboratory and samples from
other research groups when we could not provide all 96 samples. The two exome
enrichment kits used have different designs. The Illumina kit targets 45 Mb, while
the Twist kit 33 Mb. Their designs are both based on the consensus coding sequence
(CCDS) (Pruitt et al., 2009); however, the Illumina kit's design is also based on the
RefSeq genes and the Ensembl coding content, according to the manufacturer. The
mean target coverage (in this chapter called “average exome coverage”) was used to
compare the two groups. This metric represents the average sequencing coverage of
the targeted region sequenced in the experiment (i.e., all the exons targeted by the
exome enrichment kit). Figure 3.1 shows the coverage distribution of the samples of

the two groups.
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Figure 3.1. Distribution of the Nextera (blue) (329) and Twist (yellow) (435) samples
according to their average exome coverage. The Twist samples have a generally higher
average exome coverage compared to the Nextera samples.

The data showed that the average exome coverage is significantly lower when using
the Illumina enrichment (average 55-fold) kit instead of the Twist enrichment kit
(average 87-fold) (p-value < 2.2e-16). Three Illumina-Enriched (IE) samples (proband
927, father 546 and father 873) had average exome coverage < 30X and were excluded

from further analyses.

We also wanted to investigate whether the different enrichment kits influenced the
number of CNVs identified. For this test, we compared the CNVs detected from the
WES data of 183 probands that were part of the patient-parent trio cohort. This
cohort included 92 samples enriched with the Illumina kit and 91 enriched with the
Twist kit. For the first group, a total of 1312 CNVs were called, while 742 CNVs for
the second (Figure 3.2A), with an average of 14 and 8 CNVs per sample, respectively.
In the IE samples, more CNVs were detected and a slightly higher percentage of
small CNVs (i.e.,, CNV involving 3 or 4 targets) (Figure 3.2B). However, IE samples
had a general higher noise level in the CNV data compared to Twist-Enriched (TE)
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samples. To better explain this difference, I used as an example proband 1724. The
exome of proband 1724 was enriched and sequenced initially with the Illumina kit as
part of the trio analysis and, in a separate experiment, with the Twist kit. The
genome profile and chromosome view plots produced by the CNV pipeline (see
Chapter 2 for plot description) for the IE sample show a higher Log2R variability
amongst the targets compared to the TE sample’s plots (Figure 3.3A-3.3B). Figure
3.3B shows how the more uniform Log2R of the targets in the TE sample allowed the
identification of a duplication not segmented in the IE sample. For proband 1724, 5
CNVs were identified using the TE sample data, and 16 using the IE sample data
(Table 3.1). 7 CNVs identified in the IE sample encompassed 3 or 4 targets, in
contrast to only 1 CNV detected in the TE sample. Importantly, 3 CNVs in total were
identified in both samples, indicating that they are likely real and not a detection

artefact.

Overall, the CNV detection was possible for samples enriched with both exome
enrichment kits. The higher amount of noise in the IE samples data suggests a lower
specificity compared to TE ones. However, IE samples produced a much higher
number of CNV calls. These differences must be considered when comparing CNV

data from IE and TE samples in future analyses.
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Figure 3.2. A. Number of CNVs identified in the IE and TE samples. The number of CNVs
identified in the IE samples is substantially higher than the number of CNVs detected in the
TE samples. B. Percentage of Small (3-4 targets), Medium (> 4 targets and < 10 targets),
Large (>= 10 targets) CN'Vs identified in the IE and TE samples. The IE samples have a
slightly higher percentage of Small CNVs.
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Proband 1724

lllumina enriched Twist enriched
sample sample
Average exome 61X 91X
coverage
CNV calls 16 5
Small CNVs (3-4 7 ]

probes)

Table 3.1. Average exome coverage and CNV data for proband 1724, enriched and sequenced

with both [llumina and Twist exome enrichment kits. The Twist enriched sample have a lower

number of total CNV calls and Small CNVs, despite having a higher average exome coverage
than the Illumina enriched sample.
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Figure 3.3. A. Genome profile of proband 1724 from the IE and TE samples. B. Chromosome
10 profile of proband 1724 for the IE and TE samples. In the red box, a duplication that was
detected in the TE sample, but failed the detection in the IE sample due to the noise.

39



3.3.2 Influence of the DNA origin on WES coverage

The infertile patients in our studies provided a blood sample in the clinics where
they were referred. These samples were used to extract DNA and perform WES. The
parents that agreed to participate in the study received a saliva collection kit at home.
Then they returned it to us for DNA extraction and WES. We compared the average
exome coverage distribution generated from blood-derived DNA to that generated
from saliva-derived DNA (Figure 3.4). For this comparison, we used the WES data of
all the collected trios regardless of their final inclusion in the variant analysis (Table

3.2). The samples excluded in the previous paragraph were not included in this

evaluation.
lllumina Twist
Probands (blood) 107 95
Fathers (saliva) 109 92
Mothers (saliva) 110 91

Table 3.2. The number of samples sequenced from blood- and saliva-derived DNA for each
exome enrichment kit used for comparison.
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Figure 3.4. Average exome coverage distribution of the trio members separated by exome
enrichment kit. WES was performed with saliva-derived DNA for mothers and fathers.
Proband samples were sequenced exclusively from blood-derived DNA. The samples
sequenced from blood-derived DNA showed a significantly higher average exome coverage
than the samples sequenced from saliva-derived DNA, independently from the enrichment kit
used.

The results showed a significantly higher average exome coverage for samples
sequenced from blood-derived DNA (probands) compared to those sequenced from
saliva-derived DNA (mothers and fathers), independently from the enrichment kit
used (Figure 3.4). Average exome coverage > 60X for all the samples was achieved
only for blood-derived DNA samples enriched by the Twist enrichment kit. For
saliva-derived DNA, the average exome coverage obtained using the Twist kit was
higher than that obtained using the Illumina kit. The percentage of samples with
average exome coverage > 60X increased from 18 to 91% when using the Twist kit
instead of the Illumina kit. Importantly, this data shows that, despite the differences,

using both DNA sources and both the exome enrichment kits, we were able to
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generate WES data with an average exome coverage > 30X for the large majority of

the samples.

3.3.3 Influence of the DNA origin on individual gene coverage

While it was clear that the saliva-derived DNA generated WES data with a lower
average exome coverage than blood-derived DNA, we wondered whether there was
also a systematic variation in coverage for individual genes. To test this hypothesis,
the sequencing coverage of each target of the Twist enrichment kit was compared
between groups of samples sequenced with DNA extracted from both tissues. WES
data from 43 fathers (saliva-derived DNA) and probands (blood-derived DNA) with
average exome coverage > 50X was selected for the comparison. The GATK3
DiagnoseTargets tool was used to retrieve the single sequencing targets coverage
information (see Chapter 2). For each target, the average coverage in the blood and

saliva group was calculated and used for evaluation (Table 3.3).

Blood-derived = Saliva-derived
DNA samples = DNA samples
(43 probands) (43 fathers)

Average exome coverage 94X 82X

Total number of targets in the exome

194283 - 6819 - 548
enrichment kit (AUT - X-Y)

Targets with no informative reads in

2096 - 426 - 337
both groups (AUT - X -Y)

Targets with >=10X coverage but

<10X in the other group 106 6

Number of genes encopassed by
targets with >=10X coverage but <10X 93 6
in the other group

Table 3.3. Comparison of two groups of samples sequenced from blood- and saliva-derived
DNA. The samples of both groups were sequenced using the Twist exome enrichment kit.
The average exome coverage was higher for the blood-derived DNA samples as well as the
number of targets with >=10X coverage but less than 10X in the other group. AUT =
autosomal chromosomes, X = chromosome X, Y = chromosome Y.
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The number of targets with no informative reads (no mapped reads or low-quality
mapping) in both groups accounted for 1% on the autosomes, 6% for the
chromosome X and 61% for the Y chromosome. The chromosome Y had no
informative reads for more than half of its targets, probably due to limitations of
short-read mapping. To test the presence of genes better covered in one group
compared to the other, I looked for sequencing targets with >= 10X coverage in one
group and < 10X in the other. This threshold is commonly used in the SNV analysis
to exclude loci that might not provide sufficient coverage for calling heterozygous
variants (Rehm et al., 2013; Kong et al., 2018). If a gene was sufficiently sequenced in
one group (e.g., probands) but not in the other (e.g., parents), the accuracy for calling
de novo mutations would likely decrease. In total, 106 targets were sequenced at a
minimum of 10-fold coverage in the blood group but at less than 10-fold in the saliva
one. This represents 0.079% of the total targets present in the exome enrichment kit.
Most of these targets were distributed in different genes, with 90 out of 106 affecting
each a single gene. 8 genes were encompassed by two of these targets and only one
gene (NOMOI1, 31 exons in total) by 3 targets. Vice versa, only 6 targets were
sequenced at a minimum of 10-fold coverage in saliva-derived DNA samples and
less in blood-derived DNA samples. They affected 6 different genes. Overall, very
few targets were sulfficiently covered in one group but not in the other. The spread of
these targets amongst several genes suggests that this difference will have a limited
impact on the variant analyses of the coding region. The different number of targets
identified in the two groups might be the consequence of the different average exome

coverage.

CNV detection from WES data might be influenced by systematic biases of the
sequencing (Hehir-Kwa, Pfundt and Veltman, 2015). Some sequencing targets may
be systematically deeper sequenced in blood-derived DNA than in saliva-derived
DNA or vice versa due to the tissue of origin. Such differences might influence the
results of the CNV workflow, which is based on the depth of coverage and uses
parental samples as unaffected controls (see Chapter 2 for detail). To test this
hypothesis, I looked for sequencing targets that showed a higher coverage in one
group compared to the other using the data of the 43 patient-father pairs. I first
normalised each individual target coverage of each sample with the respective
sample’s average exome coverage to account for the variability within the groups.
Then I compared the normalised target coverage of the 201,650 targets between the
blood and saliva groups. I performed the Wilcoxon rank sum test (two-sided) for
unpaired groups and subsequently corrected the p-values obtained with Bonferroni
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correction for multiple tests. The targets that showed a significant bias (Bonferroni
corrected p-values < 0.05) toward one group were 4 (0.002% of the total). Specifically,
4 targets covering 4 out of 5 exons of PRSS1, a gene that encodes a trypsinogen
(Koshikawa et al., 1994), were sequenced at higher coverage in the saliva group
(Figure 3.5). Only a minor fraction (4 out of 201,650) of the targets presented a
sequencing bias in one group. Thus, the tissue difference between the starting

material used for WES is unlikely to influence the CNV analysis.

Target 1 2 3 4 5
Chromosome chr?
Start 142457336 142458406 142459625 142460282 142460719
End 142457375 142458565 142459878 142460418 142460871
P-value
Bonferroni 1.38E-03 1 1.09E-06 2.39E-02 8.89E-05
corrected
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Figure 3.5. Location of the targets on the PRSS/ gene with the respective Bonferroni
corrected p-values (significant values in bold). Below, the normalised target coverage in
blood- and saliva-derived DNA samples for each PRSS/ target. For each target, the wider the
segments, the more samples (out of the 43 of the group) had the corresponding normalised
coverage.

44



3.3.4 Influence of the DNA origin on CNV detection, a practical comparison

Based on the results presented in the previous paragraph, we did not expect the
DNA origin to influence the CNV calling. To test this hypothesis, I performed the
CNV calling with the WES data of 10 samples sequenced from saliva-derived DNA,
all using the same WES enrichment kit (Twist kit). These samples consisted of 10
fathers from our trio cohort that were not included as unaffected controls in the CNV
detection pipeline. I compared the number of CNVs detected in these fathers with
that of the corresponding probands. Table 3.4 shows the number of CNV calls in each

sample and the respective average exome coverage.

A DNA N Average o\ B pna . Average .\
. Individual exome L. Individual exome
origin calls origin calls
coverage coverage
Father_N0004 110X Proband_N0004 78X 3

6
Father_N0054 107X 7 Proband_N0054 108X 10
Father_N0064 71X 6 Proband_N0064 128X
Father_00147 78X 5 Proband_00147 95X
Saliva Father_00596 61X 7 Blood Proband_00596 100X
Father_01063 80X 2 Proband_01063 96X
Father_01320 85X 3 Proband_01320 125X
Father_01928 77X 7 Proband_01928 86X
Father_02167 90X 6 Proband_02167 84X
5

Father_02205 76X Proband_02205 98X 11

g 0 © O o O O

Table 3.4. A. CNV calls and average exome coverage of 10 fathers (saliva-derived DNA
samples) that were not used as unaffected controls in the CNV workflow. B. CNV calls and
average exome coverage of 10 probands (blood-derived DNA samples) from the same trios.

On average, the number of calls per sample in the saliva group was 5, while in the
blood group was 7. Respectively, they had an average exome coverage of 84X and
100X. Interestingly, the only two probands with a lower average exome coverage
than their respective fathers (Proband_N0004 and Proband_02167) had a lower
number of CNV calls as well. Despite the small sample size, the data is consistent
with the expectation that the DNA origin does not directly influence the CNV calling
from WES data. Instead, as expected, the average exome coverage is one of the main

parameters that influences the CNV detection.
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3.4 Discussion

In this chapter, I explored the influences of two factors on WES coverage and
consequently on CNV detection: the choice of the exome enrichment kit and the
tissue used to extract the DNA.

To investigate the consequences of using different exome enrichment kits, I
compared the average exome coverage of samples enriched with the Illumina
Nextera DNA kit to that of samples enriched with Twist Human Core exome kit. TE
samples showed a substantially higher average exome coverage than IE ones, despite
being sequenced on the same platform and with the same number of samples per
sequencing run. This difference is likely due to the dissimilar designs of the two
enrichment kits. Illumina kit targets 12 Mb more than its Twist equivalent, according
to the manufacturers. Chilamakuri et al. assessed the performance of the Illumina kit
and demonstrated that it covers several UTRs (Chilamakuri et al., 2014). It also covers
more coding bases since its design is based not only on CCDS regions, as it is for
Twist kit, but also on the RefSeq and Ensembl coding content data. However, a
published direct comparison of the two kits is not available in the literature. The
wider targeted region of the Illumina kit might explain the lower average exome
coverage of IE samples as well as the greater number of CNVs identified. On the
other hand, Twist kit produced high average exome coverage, and its advertised
uniform coverage of the target region is reflected in a lower noise level in the CNV
data (Figure 3.3A and 3.3B). Illumina kit might be a suitable choice for exploratory
studies that want to investigate the coding region as well as the UTRs and detect a
greater number of CNVs, despite a possibly lower specificity due to the high level of
noise in the CNV data. The Twist kit appears instead better suited to sequence a
smaller fraction of the genome at high coverage and to perform a more reliable CNV
analysis. It might be preferentially used in routine clinical research where the interest
is focused on variants in known genes since the manufacturer states that 99% of
ClinVar variants are covered with this kit. Notwithstanding these differences, both
the enrichment kits were able to produce an average exome coverage much higher
than 30X, which is conventionally considered the minimum acceptable coverage, and

were both suitable for CNV analysis

The second factor influencing the average exome coverage was the tissue of origin of
the DNA used for WES. We used the WES data from our trio cohort to explore this
aspect. The WES data of the probands, sequenced from blood-derived DNA, showed

a significantly higher average exome coverage compared to the WES data of the
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parents, sequenced from saliva-derived DNA. A significant difference was found for
both the exome enrichment kits. One hypothesis is that the lower average exome
coverage of samples sequenced from saliva-derived DNA was caused by a different
quality of the DNA extracted from this tissue (Kidd et al., 2014). Residual substances
in saliva, such as food or tobacco, might have disturbed the DNA extraction. More
importantly, the microbial DNA possibly present in saliva (Quinque et al., 2006; Lim
et al., 2017) might have been extracted and sequenced in a small percentage with the
human DNA, even though it should not be enriched using the exome enrichment
kits. The sequencing reads derived from bacterial DNA would remain unmapped
against the human reference and therefore excluded, reducing the overall average
exome coverage of the samples. Finally, the more laborious procedure for saliva
samples collection that required the individuals participating in the study to ship
their saliva samples to our laboratory might have increased the DNA degradation in
these samples. Nevertheless, the samples sequenced from saliva DNA were able to
reach an average exome coverage above 30X, and the vast majority (91%) of those
enriched with the Twist enrichment kit had an average exome coverage above 60X,
which is commonly considered an optimal coverage. These results confirmed what
reported by different studies that showed an acceptable quality of the WES data
generated from saliva-derived DNA (Kidd et al., 2014; Zhu et al., 2015).

These studies, however, did not explore what consequences the use of saliva-derived
DNA for WES might have on CNV detection. To investigate this aspect, we
compared the coverage of each sequencing target of the Twist exome enrichment kit
between 43 samples sequenced from saliva-derived DNA and 43 samples sequenced
from blood-derived DNA and looked for systematic variation in coverage for

individual genes.

First, we established that a very small percentage of targets (<1%) had an average
coverage >=10X in one group but <10X in the other. The number of these targets was
different in the blood (106 targets) and saliva (6 targets) groups. Almost all of them
were distributed across different genes and did not affect large contiguous coding
regions. This suggests that the difference between the groups is not systematic for
specific genes and would have a minimal impact on the variant analysis. The
different number of targets identified in the two groups might be the consequence of

their different average exome coverage.

Secondly, we identified 4 targets (< 0.01% of the total) that were systematically

sequenced at higher coverage in saliva-derived DNA. These probes targeted 4 exons
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of the PRSS1 gene (5 exons in total). This gene encodes a trypsinogen produced by
the pancreas that has an active role in digestion (Koshikawa et al., 1994; Teich et al.,
2006). Its higher coverage in saliva-derived DNA might be due to a somatic
difference in the DNA. For instance, this gene might be more active in saliva than
blood, and therefore its locus might have been more accessible and easier to sequence
in saliva-derived DNA. Overall, the very small fraction of targets showing a
systematic difference in coverage in samples sequenced from blood- and saliva-
derived DNA indicates that using both these groups of samples for CNV studies is

unlikely to bias the results.

Lastly, to test this expectation, I performed CNV calling in 10 samples sequenced
from saliva-derived DNA, corresponding to 10 fathers from the trio cohort that were
not included as unaffected controls in the CNV workflow. I compared the number of
CNVs called in these samples to that detected in the respective probands, which
were sequenced from blood-derived DNA. The lower average number of calls per
sample identified in the saliva group is likely the consequence of the lower average
exome coverage, rather than a systematic difference caused by the DNA origin. Two
probands had lower average exome coverage than their respective fathers. These
probands were the only ones with fewer CNVs than their parents. The cohort size
used for this test was limited, but the data suggests that the average exome coverage
is the only direct influence on CNV calling. Since saliva-derived DNA produces WES
data with generally lower coverage than blood-derived DNA, samples extracted
from this tissue could be sequenced in sequencing runs with a lower number of total
samples. This might allow reaching a higher average exome coverage with a slight
increase in cost per sample. Moreover, for every candidate de novo CNV identified in
the probands, it is necessary to independently verify the absence of the variant in the
parents with a separate test, as their lower average exome coverage might prevent its
detection from the WES data. Nevertheless, this study demonstrates that saliva-
derived DNA generated WES data suitable for CNV analysis and suggests that
samples with the same average exome coverage are comparable independently of the

tissue used for DNA extraction.
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3.5 Conclusions

In this chapter, I instigated how using different exome enrichment kits and DNA
extracted from different tissues influences WES’s performance. Specifically, I
explored the consequences on WES coverage, the metric on which CNV detection
from WES data is based. I described how the different designs of two exome
enrichment kits from Illumina and Twist Bioscience companies influence the WES
coverage and their advantages and drawbacks on CNV calling. I also confirmed that
performing WES with saliva-derived DNA is a valid method, as previously reported
in the literature. Finally, I demonstrated that using saliva-derived DNA for WES does
not produce systematic coverage bias in multiple genes. However, it produces WES
data with lower average exome coverage than using blood-derived DNA in the same

sequencing conditions.
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Chapter 4. De Novo CNVs in Idiopathic Quantitative Forms of Male
Infertility

4.1 Introduction

Male infertility is a frequent condition that affects ~7% of men (Krausz and Riera-
Escamilla, 2018). Genetic factors can cause the most severe forms of isolated male
infertility; however, a large percentage of the cases often remains unexplained
(Tiittelmann, Ruckert and Ropke, 2018). Genetic mutations causing male infertility
undergo negative selection, but at the same time, male infertility is still present at
high frequency in the outbred human population (Krausz and Riera-Escamilla, 2018).
In this population, we do not expect all idiopathic cases to be recessively inherited.
Concurrently, the most severe forms of infertility cannot be passed to the offspring
from the father in a dominant fashion. In other fitness-impairing diseases, the role of
de novo mutations is prominent (Acuna-Hidalgo, Veltman and Hoischen, 2016), and
we hypothesise a similar scenario for male infertility. Evidence supporting this
hypothesis comes from the two most frequent genetic causes of severe male
infertility: chromosome Y deletions and an additional X chromosome causing
Klinefelter syndrome, which both occur de novo. In large cohorts of patients, these
genetic variants explain up to 5.4% and 3.5% of the cases, respectively (Olesen et al.,
2017; Punab et al., 2017; Tittelmann, Ruckert and Ropke, 2018). Besides these two
causes, the contribution of de novo variants to the aetiology of the disease remains
unknown to date. Only one recent pilot study investigated de novo point mutations in
13 azoospermia patient-parent trios (HodZi¢ et al., 2020) and identified 5 candidate
disease genes acting in a dominant manner. However, the contribution of de novo
CNVs has not been explored. In this chapter, I present the results of sequencing the
exome of 183 azoospermia and severe oligozoospermia patient-parent trios and

using the G4BP CNV detection tool to identify de novo CNVs.

4.1.1 De novo CNVs in the general population and Mendelian diseases

De novo CNVs are rare in the general population (Acuna-Hidalgo, Veltman and
Hoischen, 2016). However, a recent population study revealed that the ability to
detect this type of variant is often influenced by the method used and the sample size
(Collins et al., 2020). In 2007, a microarray-based study estimated the rate of de novo
CNVs to be 0.01 per generation in the general population and up to 0.1 for a cohort of
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patients with autism (Sebat et al., 2007). Later in 2015, a WGS-based study proposed a
rate of 0.0154 events per generation for CNV larger than 100kb (Kloosterman et al.,
2015). This study was the only one that specified a de novo CNV rate in relation to the
variants size. Recently, the rate of de novo structural variations, including deletion,
duplications, insertions, inversions, translocations and complex variants, has been
estimated by investigating a large dataset of WGS data (Belyeu et al., 2021). The
authors of this paper studied 33 large multigeneration families as well as a large ASD
cohort, including 2000+ autism patient-parent trios and quartets. They identified de
novo structural variations rates of 0.160 and 0.206, respectively, for unaffected and
autism families. This suggests that the rate of de novo CNVs might be higher than
previously anticipated and confirmed that cohorts of patients can be enriched for
such variants. Thus, we might expect a comparable situation in our male infertility
trio cohort if de novo CNVs occurring outside the chromosome Y are an actual cause
of the disease. However, since WGS has much higher sensitivity than WES, we
expect to detect fewer de novo CNVs in our data compared to the study by Belyeu et

al.

4.1.2 Parent of origin of de novo variants

De novo point mutations are transmitted preferentially through the paternal side
(approximately 80%) (Goldmann et al., 2016; Jénsson et al., 2017). This is likely due to
the larger number of rounds of DNA replication and consequent errors occurring
during male gametogenesis. Similarly, studies on de novo CNVs revealed an
analogous paternal bias (Hehir-Kwa et al., 2011; Ma et al., 2017). In male infertility,
pathogenic de novo variants affecting spermatogenesis genes may undergo negative
selection in the male germline. Therefore, in male infertility patients, we might find
more de novo variants transmitted from the maternal side than generally expected (~
20%). To test this hypothesis, in this chapter, I determine (where possible) the parent

of origin of the de novo CNVs identified in our cohort.
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4.2 Aims

To investigate the role of de novo CNVs in male infertility, I:
- Identified de novo CNVs from WES data of 183 patient-parent trios.
- Evaluated the pathogenicity of the de novo CNVs detected.

- Determined their parent of origin.

- Identified novel candidate dominant and X-linked male infertility genes.
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4.3 Results

WES data from 183 patients affected by azoospermia or severe oligozoospermia and
their parents were analysed with the G4BP CNV tool to identify deletions and
duplications. A total of 2054 CNVs was detected in the probands, with an average of
11 CNVs identified per sample. Common variants were excluded, and only rare
CNVs (present in <1% of the samples of the DGV Gold Standard) were retained for
further analysis. The duplications largely exceeded the number of deletions for both
the total and rare CNVs (Figure 4.1). The plots of rare CNVs generated by the G4BP
tool were visually inspected, and deletions and duplications present in a proband but
absent in the respective parents were selected. Two de novo deletions were identified
in two different probands (Table 4.1).

1309

1000

Type

Deletions
Duplications

Count

500

TOTAL CNVs RARE CNVs DE NOVO CNVs

Figure 4.1. Number of CNVs identified in 183 probands with azoospermia or severe
oligozoospermia. The number of duplications exceeded the number of deletions for both the
total and rare CNVs. The de novo CNVs were deletions exclusively.
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Genomic location . Genes with a
Proband (GRCh37) Size Probes Genes oLl score > 0.9

CSTF3-CSTF3-AS1 -

chr11:32975325- DEPDC?7 - HIPK3 - CSTF3 -
953 33631588 656 kb & KIAA1549L - LINC00294 - QSER1

QSER1-TCP11L1

chrX:108779111-
4 -
58 108785995 7 kb 4 NXT2

Table 4.1. Proband, genomic coordinates, size, and genes involved in the two de novo
deletions identified.

4.3.1 De novo deletions

The first de novo deletion was identified on chromosome 11 of proband 953. The
chromosome view plot (Figure 4.2) and the CNV plot (Figure 4.3) clearly show the
absence of this event in both the mother and the father of the same trio. The CNV
deleted a 656 kb region and removed one copy of 8 genes (Table 4.1 — Figure 4.3).
Figure 4.3 represents the location of the CNV in detail, and the MAF track shows the
absence of heterozygous SNPs (MAF = 0.5) within the deleted region. This is
consistent with the absence of one allele. This region has not been reported as deleted
in the DGV Gold Standard nor in the GnomAD-SV database. Two genes
encompassed by the deletion have a pLI score > 0.9 and are therefore likely to show
haploinsufficiency: CSTF3 (pLI = 0.98) and QSER1 (pLI = 1). Deletions of the coding
regions of these two genes have not been reported in the samples of the two
population databases mentioned. QSERI has medium expression in the testis,
according to the Protein Atlas database, and was recently recognised as a DNA
methylation regulator (Dixon et al., 2021). CSTF3 is highly expressed in the testis,
both at the RNA and protein level, and it is involved in the pre-mRNA processing
(Grozdanov et al., 2018). The literature did not reveal any link between the function

of the other genes in the deleted region and the phenotype of the patient.
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Figure 4.2. Chromosome-view plot of chromosome 11 in trio 953. In the orange box, the de
novo deletion is highlighted as well as the correspondent parental genomic regions.
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Figure 4.3. CNV plot of the de novo deletion identified in proband 953. The deletion removed
a single copy of 8 genes. The MAF track shows absence of heterozygous SNPs (MAF = 0.5)
within the deleted region in the proband, which suggests loss of heterozygosity.

The SNP data from proband 953 was investigated to determine the parent of origin of
the de novo CNV. 9 exonic informative SNPs in the hemizygous region, sequenced at
>10-fold coverage, revealed that the retained allele was maternally inherited. In
contrast, the corresponding paternal SNPs were absent (Table 4.2). This data

indicated that the de novo deletion arose on the paternal allele.

The de novo deletion was validated with a microarray assay carried out at Northern
Genetics Service (see methods in Chapter 2). The results confirmed the presence of
the deletion in proband 953 and its absence in the parents. It also confirmed that the
deletion had a paternal origin and estimated a slightly larger size of 688kb. The genes

involved were the same 8 identified from the WES data.
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Number of

Genomic location  Proband Mother = Father Gene Region sequenging Patern.aI/MaternaI
(GRCh37) SNP SNP SNP reads in SNP in proband
proband

chr11:32704946 A/C A/IC C CCDC73 Intron 7 22 Both
chr11:33053107 T T C DEPDC7 Exon 5 13 Maternal
chr11:33054794 G G T DEPDC7 Intron 8 18 Maternal
chr11:33065394 T T C TCP11L1 Exon 2 36 Maternal
chr11:33078643 C C T TCP11L1 Intron 3 17 Maternal
chr11:33080496 C C T TCP11L1 Intron 5 12 Maternal
chr11:33097876 T T/IC C LINC00294  Exon 1 16 Maternal
chr11:33106616 T T C CSTF3 Exon 21 31 Maternal
chr11:33129997 T T C CSTF3 Intro 3 13 Maternal
chr11:33211922 G G A CSTF3-AS1  Exon 4 7 Maternal
chr11:33564123 T C KIAA1549L Exon 2 32 Maternal
chr11:33667333 AG AG G KIAA1549L  Exon 17 40 Both

Table 4.2. 11 informative SNPs at different genomic coordinates within (in orange) and
outside (no colour) the hemizygous region on chromosome 11 of proband 953. The SNPs in
the hemizygous region are maternally inherited exclusively, while the paternal ones are
absent.

The second de novo deletion was identified on chromosome X of proband 584. The
chromosome view (Figure 4.4) and the CNV plots (Figure 4.5) show the hemizygous
deletion in the proband and one and two alleles within the same genomic region,
respectively, in the father and mother of the same trio. The CNV was 7 kb large and
removed the unique copy of the gene NXT2. No CNVs in this region are listed in the
DGV Gold Standard or the GnomAD-SV database. According to the Protein Atlas
database, NXT2 has high RNA expression levels in the testis, and it is highly
conserved amongst eutherians (Khan et al., 2018). It is involved in the mRNA nuclear
export (Herold et al., 2000).
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Figure 4.4. Chromosome-view plot of chromosomes X in trio 584. In the orange box, the de
novo deletion is highlighted as well as the correspondent parental genomic regions.
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Figure 4.5. CNV plot of the de novo deletion identified in proband 584. The only copy of the
NXT?2 gene was deleted and no other genes were involved in the CNV.

The MAF track in Figure 4.5 shows the presence of SNPs within the deleted region, a
scenario incompatible with the hemizygous deletion detected. Examination of the
sequencing reads from the binary alignment map (BAM) file of the sample,
performed with the IGV visualisation tool, showed that only reads with low-quality
mapping scores were mapped against that region. The imperfect segmentation of the
first two probes of the deletion might have caused the retention of those reads and

the erroneous representation of the SNPs in the plot.

The de novo deletion in proband 584 must have originated on the maternally
inherited X chromosome since fathers do not transmit the X chromosome to male
offspring. A qPCR assay, performed by Dr Alobaidi, confirmed the complete deletion
of NXT2 in the proband and the expected number of copies in his parents. (i.e., 2 in
the mother and 1 in the father).

59



4.3.2 A mosaic deletion in a father

An interesting discovery was made in the WES data of father 1385. The same region
on chromosome 11 de novo deleted in proband 953 showed an ambiguous
segmentation of a large segment with Log2R between 0 and 1 (Figure 4.6). The
segmentation did not represent a deletion (Log2R = -1), but it did not represent the
signal expected for two alleles either (Log2R = 0). We commissioned a microarray
assay for this sample at the Northern Genetics Service to investigate this region
further. The results revealed a 3.1 Mb large mosaic deletion. This deletion was
flanked by smaller mosaic deletions respectively 205 kb and 192 kb large (Table 4.3 —
Figure 4.5). The largest mosaic deletion was estimated to be present in 50/60% of the
cells, while the two smaller ones only in 10/30%. The CNV event completely
overlapped with the de novo deletion in proband 953 and encompasses all the deleted
genes (Figure 4.6). The segmentation of the same region in proband 1385 represented
two alleles, and CNVs at that locus were not identified (Figure 4.6). Thus, the mosaic

deletions were not transmitted to the proband and cannot be the cause of his

infertility.
. . Percentage of cells
. Genomic location . .
Individual Size Genes estimated to carry
(GRCh37) ;
the deletion
ohr11:32938165- 05 kb CSTF3 - DEPDCY - LINC00294 - QSER1 - TCP11L1 10-30%
33143126
ABTB2 - APIP - C110rf91 - CAPRINT - CAT - CD44 -
CD59 - CSTF3 - CSTF3-AS1 - EHF - ELF5 - FBXO3 -
chr11:33156954- FBXO3-AS1 - FJX1 - HIPK3 - KIAA1549L - LDLRAD3 - .
Father 1385 36272348 8IMb MO2 - LOC100507144 - LOC101928510 - MIR1343 - 50-60%
MIR3973 - NAT10 - PAMRT - PDHX - SLC1A2 -
SNORD164 - TRIMA44
chr11:36273754- 192 kb COMMD - PRR5L 10-30%

36466141

Table 4.3. Coordinates, genes involved, and percentage of cells estimated to carry the mosaic
deletions identified in father 1385.
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Figure 4.6. Mosaic deletions detected in father 1385 compared to the de novo deletion
identified in proband 953. The region involved in the mosaic deletions completely overlap
with the region de novo deleted. The CNV plot of proband 1385 shows the presence of 2
alleles in the same region, suggesting that the mosaic deletions in father 1385 were not
transmitted to the proband.
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4.4 Discussion

The study presented in this chapter is the first to investigate the role of de novo CNVs
outside the AZF regions. The analysis of WES data of 183 azoospermia and severe
oligozoospermia patients revealed 2054 CNVs in total. Duplications were almost
twice the number of deletions for both the total and rare CNVs. Algorithms for CNV
detection from WES data usually identify more duplications than deletions (Guo et
al., 2013). This bias could indicate the presence of false positives, which are often
called in regions rich in segmental duplications and highly polymorphic loci

(Rajagopalan et al., 2020).

The first de novo deletion removed one copy of 8 genes located on chromosome 11 of
proband 953. The deletion has not been reported in the databases examined. QSER1
and CSTF3 were the only constrained genes (pLI > 0.9) affected, and likely
pathogenic SNVs were not identified on the remaining allele. CSTF3 has high
expression in the testis and plays a role in pre-mRNA processing (Grozdanov et al.,
2018). My colleagues Dr Manon Oud and Hannah Smith, who performed the de novo
SNV analysis on these samples, found a similar function for several candidate
disease genes that carried a de novo likely pathogenic SNV, such as U2AF2, CDC5L
and RBM5 (Oud et al., 2021). RBMS5 is also an essential regulator of pre-mRNA
splicing in mice germ cells (O'Bryan et al., 2013). Alternative splicing in the testis is
complex and occur at a lower level only in the brain (Song et al., 2020). This process is
likely one of the critical regulator mechanisms of testis development and
spermatogenesis in mammals (Song et al., 2020). CSTF3 is, therefore, a compelling
novel candidate male infertility gene. However, we cannot exclude that the loss of a
copy of the other genes involved in the deletion might also contribute to the origin of
the disease. In 2014, a partially overlapping deletion was reported in a patient
exhibiting cryptorchidism and azoospermia by Seabra et al. (Seabra et al., 2014). This
1 Mb large heterozygous deletion removed 7 genes encompassed by the de novo CNV
identified in our study (Figure 4.7). In that case, though, parental samples were not
available, and the inheritance remained unknown. The authors of the article
suggested that the patient’s phenotype was caused by the haploinsufficiency of WT1,
a gene associated with male infertility (Seabra et al., 2015; Xu et al., 2017). WT1 is not
deleted in our patient, but genes such as QSERI and CSTF3 are in common, and it is
possible that their haploinsufficiency also contributed to the phenotype. Given the
presence of two Alu Y repeats with high homology in the genomic region where the
CNV was identified, Seabra et al. proposed a repeat-mediated nonallelic homologous

recombination as the likely mechanism that generated the deletion. The same
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mechanism might have caused the de novo deletion found in proband 953 and the
mosaic events in father 1385. However, a better characterisation of the genomic
region aimed to identify repeated regions and inversions should be performed to

verify this hypothesis.

I > Seabra et al. 2014 deletion
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Figure 4.7. Comparison between the de novo deletion identified in proband 953 and the
deletion reported in Seabra et al. 2014. 7 genes are in common between the two CNVs.

The 3 mosaic deletions identified in father 1385 affecting the same region on
chromosome 11 were estimated to affect a different percentage of cells, with the
largest region deleted in 50-60% of the cells. These mosaic deletions might underlie a
possibly more complex rearrangement in father 1385 that cannot be fully
characterised with WES or microarrays. The deletions were not transmitted to the
proband and therefore cannot be the cause of his infertility. Interestingly, father
1385’s partner has a history of two miscarriages. It is pure speculation, but the
transmission of these large deletions to the offspring, in which they would become
germline events, might have been the underlying cause of these unsuccessful

pregnancies.

The second de novo deletion was reported on chromosome X of proband 584. It
removed the unique copy of the NXT2 gene. Deletion of this gene has not been
reported in either the DGV Gold Standard or the GnomAD-SV database. NXT2 has a
medium level of protein expression and a high RNA expression in the testis,
according to the Protein Atlas database. It participates in mRNA nuclear export
(Herold et al., 2000) and might be part of the complex alternative splicing mechanism
present in the testis that was mentioned above. NXT?2 is evolutionarily conserved in

eutherians but has been reported as dispensable for fertility in mice (Khan et al.,
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2018). In that species, however, this gene’s expression is not testis-enriched (Khan et
al., 2018), contrarily to what has been found in humans. We propose both the two de
novo deletions identified as likely pathogenic and possibly causative of the male
infertility phenotype in the respective patients. Further functional studies and
screening larger cohorts of patients will clarify the frequency of these variants and

the specific pathways in which the deleted genes participate.

In the cohort of 183 patient-parent trios, only two de novo CNVs were identified,
resulting in a de novo CNV frequency of 0.01. This frequency is similar to one
previously observed in the general population (i.e., 0.01) and lower than what found
in patients with ID or autism (i.e., 0.1) (Sebat et al., 2007; Kloosterman et al., 2015;
Vissers, Gilissen and Veltman, 2016). The large difference in the de novo CNV
frequency between male infertility and intellectual disability patients may be
partially explained by the use of WES for CNV detection, which might not have
detected all the de novo CNVs in our cohort. Compared to ID, where large CNVs
affecting multiple genes cause the disease, it is possible that, in isolated severe male
infertility, the deletion of (part of) a single gene is sufficient to cause infertility
without resulting in additional phenotypes. Thus, this cohort might be enriched with
small de novo variants with a size below the minimum resolution of CNV detection
from WES data (usually estimated as at least 3 exons) (Lelieveld et al., 2016). It is also
important to remember that patients with de novo CNVs on the Y chromosome were
excluded from our study; therefore, our de novo CNV rate for male infertility patients
is likely underestimated. Lastly, it is possible, of course, that de novo CNVs do not
contribute to the origin of male infertility and ID equally. Our research group is now
performing WGS for the entire trio cohort. This data is likely to reveal previously
undetected de novo CNVs and provide a more accurate estimate of the de novo CNV

rate in these patients.

Finally, we identified the parent of origin for both the de novo CNVs identified. The
deletion on chromosome 11 arose on the paternal allele, while the one on
chromosome X must be transmitted from the mother, who is the only parent that
passes an X chromosome to male offspring. My colleague Dr Giles Holt worked on
phasing the de novo SNVs identified in this cohort of trios by our colleagues (Oud et
al., 2021). He was able to phase 29% of the de novo point mutations found. The results
revealed that 72% of the total and 75% of those classified as likely pathogenic
occurred on the paternal allele. The cause of this paternal bias is often attributed to

the higher rounds of replication occurring in the male germline, and similar
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percentages (~80%) were previously reported in the literature (Goldmann et al., 2016;
Jonsson et al., 2017). If these likely pathogenic variants impair reproductive fitness,
we wondered how they could escape negative selection in the paternal germline. We
propose three possible scenarios to explain this phenomenon: (1) the de novo variant
occurs following the temporal window in which the fertility gene is active; (2) the de
novo variant impairs a gene that does not actively participate in spermatogenesis, but
it is essential for supporting the future germline in the offspring; (3) it has been
observed that the cells originating from the same spermatogonial cell are able to form
cysts and share mRNA and proteins (Dym and Fawcett, 1971; Braun et al., 1989;
Sharma and Agarwal, 2011). This could mask the deleterious effect of a de novo
variant that occurred in one of these cells. These 3 mechanisms might explain why
these likely pathogenic SNVs and CNVs also occurred on the paternal allele and
were passed to the next generation via fully functioning sperm, resulting in infertile
offspring. An interesting mechanism that increases the number of pathogenic de novo
variants that are passed to the next generation from the paternal side was identified
in 2003. Goriely et al. described pathogenic mutations in the FGFR2 gene that
conferred a selective advantage to the spermatogonial cells where they arose but
were deleterious for the embryonic development (Goriely et al., 2003). Although this
mechanism allows pathogenic de novo variants of paternal origin to be passed to the
offspring, we consider this unlikely to happen for de novo variants that cause male
infertility, since these variants would confer a selective advantage to spermatogonial
cells and, at the same time, impair spermatogenesis in the male offspring. Further
investigations are required to reveal new insight on natural selection and timing of de

novo variants affecting male fertility.
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4.5 Conclusions

In this chapter, I investigated the role of de novo CNVs in severe idiopathic male
infertility, using the WES data of 183 patient-parent trios. Two likely pathogenic de
novo CNVs were identified in two patients, one on the paternal allele and one on the
maternally inherited chromosome X. These variants highlighted 3 novel male
infertility candidate genes and suggest for the first time that de novo CNVs outside

chromosome Y can contribute to the aetiology of the disease.
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Chapter 5. Maternally Inherited CNVs in Idiopathic Quantitative
Forms of Male Infertility

5.1 Introduction

In the previous chapter, I investigated the role of de novo CNVs in 183 patient-parent
trios affected by azoospermia and severe oligozoospermia. The same cohort is further
analysed in this chapter to explore the possible contribution of maternally inherited
CNVs to the aetiology of the disease. Inherited CNVs, transmitted through the
maternal lineage, might affect spermatogenesis genes and consequently impair the

reproductive fitness of the patients without affecting female fertility.

In the previous century, several papers described maternally inherited translocations
(Chandley et al., 1972; CHANDLEY et al., 1975; Debiec-Rychter et al., 1992) and other
chromosomal abnormalities (Smith et al., 1965) associated with impaired fertility in
males but not in females. More recently, Sazci et al. reported a case of a translocation
in a male with primary infertility that was transmitted from his fertile mother (Sazci
et al., 2005). These studies did not explore the contribution of single genes because of
the limited resolution of the genomic techniques available at the time. Nevertheless,
they highlighted the need for performing karyotyping in infertile couples as it was
thought that these large rearrangements would not allow regular meiosis during
spermatogenesis. A thesis that was subsequently supported by other investigations
(Sun et al., 2007).

In the last 10 years, multiple studies aimed to identify disease causing variants on the
X chromosome (Krausz et al., 2012; Chianese et al., 2014; Lo Giacco et al., 2014;
Yatsenko et al., 2015). Chromosome X is of particular interest since it is enriched in
genes expressed during spermatogenesis (Vockel et al., 2019). Also, this chromosome
has been singled out largely because it is maternally inherited in men. An additional
copy of chromosome X in males causes Klinefelter’s syndrome (XXY), a main de novo
cause of azoospermia (Krausz and Riera-Escamilla, 2018). In addition, 4 X-linked
genes (ADGRG2, AR, NROB1, TEX11) are considered disease-causing when mutated
in males (Oud et al., 2019). In 2015, Yatsenko et al. identified a pathogenic
hemizygous deletion involving three exons of TEX11 in 2 patients with non-
obstructive azoospermia. Subsequent screening of the gene in a separate cohort of
patients with the same phenotype revealed additional disrupting point mutations
that were absent in normozoospermic controls (Yatsenko et al., 2015). Disruptive

ADGRG2 mutations lead to obstructive azoospermia since the gene is essential for
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the normal formation of the vas deferens (Patat et al., 2016). Pathogenic mutations in
the AR and NROBI genes cause androgen insensitivity syndrome (Ferlin et al., 2006)
and early-onset adrenal hypoplasia congenital with hypogonadotropic
hypogonadism at puberty (Suntharalingham et al., 2015), respectively. Both these
conditions lead to endocrine disorders with severe male infertility as a consequence.
Remarkably, amongst these 4 X-linked disease genes, TEX11 is the only gene known
to cause isolated non-obstructive azoospermia and the first identified carrying a
pathogenic CNV (Yatsenko et al., 2015).

On the other hand, a few studies have compared the CNV burden in infertile patients
and controls to reveal patient-specific variants on the autosomes (Frank Tiittelmann
et al., 2011; Stouffs et al., 2012). However, the unknown inheritance of these variants
makes the prioritisation of likely pathogenic CNVs challenging. Now that we have
the availability of parental samples, we can explore the role of maternally inherited
CNVs on the autosomes for the first time in a systematic manner and test whether X-
linked likely pathogenic variants occur de novo or are maternally inherited. To date,
there are no pathogenic maternally inherited CNVs associated with isolated severe
male infertility. In this chapter, I present an exploratory study investigating
maternally inherited CNVs in 183 male infertility trios. Contrarily to de novo CNVs,
which are extremely rare, we expect that approximately half of the CNVs identified
in each proband will be maternally inherited. Therefore, prioritising those that are
likely pathogenic is a challenging task. This study explores the differences between
maternally and paternally inherited CNVs and identifies rare maternally inherited

CNVs that might play a role in male infertility.

68



5.2 Aims

To investigate the role of maternally inherited CNVs in male infertility, I aimed to:

- Assess the differences in number and size between autosomal maternally and

paternally inherited CNVs identified in a cohort of 183 patient-parent trios.
- Evaluate the likely pathogenicity of rare maternally inherited CNVs.

- Identify novel candidate dominant and X-linked male infertility genes.
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5.3 Results

In this chapter, I used the cohort of 183 patient-parent trios affected by azoospermia
and severe oligozoospermia to investigate the role of maternally inherited CNVs in
severe isolated male infertility. The G4BP CNV detection tool identified a total of
2054 CNVs in the probands, with an average of 11 CNVs per sample. First, to
compare maternally inherited (MI) and paternally inherited (PI) CNVs, I excluded
the de novo CNVs reported in the previous chapter. Then, visual inspection of all the
CNV plots allowed the exclusion of the CNVs with unclear inheritance and possible
technical artefacts. This group included: CNVs poorly segmented in the probands
and therefore possible false positives; homozygous CNVs; and variants for which
inheritance could have been either maternal or paternal. I also excluded the variants
identified on the sex chromosomes. The excluded CNVs constituted 53% of the total
(i.e., 1099 CNVs). Most (62%) of these CNVs comprised only 3-4 sequencing targets,
and 89% encompassed < 10 targets. The remaining 931 CNVs constituted a high
confidence dataset of inherited autosomal CNVs. Of these, 439 were PI, and 492 were
ML

5.3.1 Maternally inherited CNVs versus paternally inherited CNVs

Initially, I wanted to test whether there was a different number of rare (present in
<1% of the samples of the DGV Gold Standard) large (encompassing at least 10
sequencing targets) MI and PI CNVs in severe male infertility patients. To select
large CNVs, the number of targets encompassed was preferred to the CNV size in
kilobases. Since one sequencing target corresponds to a single exon, this parameter
better indicates the amount of coding region involved in the CNV event. CNVs that
are rare in the general population and encompass a large portion of the coding
region are often associated with disease phenotypes (Li et al., 2020). I compared the
number of MI and PI CNVs for different CNV categories: the number of total
deletions and duplications, the number of rare ones and the number of those rare
and large (Figure 5.1). The total number of MI CNVs was 492, 53 more than PI CNVs.
Also, the number of MI duplications (271) was higher than PI ones (225) as well as
the number of rare duplications (i.e., 127 MI and 93 PI CNVs). The number of rare
large deletions (16 MI and 18 PI) and duplications (30 MI and 28 PI) was similar

between the two groups.
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Figure 5.1. Comparison between the number of maternally (MAT) and paternally (PAT)
inherited CNVs. The number of CNVs in the two groups were similar for most categories,
except for the total number of CNVs and the number of total and rare duplications, where the
maternally inherited ones were slightly higher. Rare = present in <1% of the samples of
the DGV Gold Standard - Large = encompassing at least 10 sequencing targets.

Secondly, I tested whether PI and MI CNVs differed in their genomic size. Thus, I
compared the size distribution of all deletions and duplications and the size
distributions of the rare CNV events of the two groups (Figure 5.2A and 5.2B). There
was not a significant difference between deletions and duplications sizes for both the

compared categories.
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Figure 5.2. A. Comparison between the size distributions of all MI and PI duplications
(DUP) and deletions (DEL). B. Comparison between the size distributions of rare MI
and PI duplications and deletions. The white rhombuses within the boxes indicate the

average size. There was not a significant difference in size for MI and PI deletions and

duplications, both when considering all the CN'Vs and the rare ones.

5.3.2 Autosomal inherited deletions

Inherited CNVs are much more numerous than de novo CNVs, and prioritising likely
pathogenic ones is challenging. We were interested in MI CNVs that might have a
mild or no effect on female fertility but a substantial effect on male fertility. These
CNVs could be transmitted to the offspring and would not be subjected to negative
selection in the mothers. To identify the inherited CNVs that are most likely to be
pathogenic, I selected the rare large deletions that encompassed at least one gene
with a pLI score > 0.9. Only 3 deletions had these characteristics: one was PI, and two
were MI (Table 5.1). Interestingly, these were the only deletions out of a total of 435

that affected a gene with a pLI score > 0.9, regardless of size and rarity.
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Genomic location . ’ Genes with a pLI
Proband (GRCh37) Inheritance Size Probes Genes score > 0.9

ADSSL1 - AHNAK2 - AKT1 - C140rf180 -

352 chr14:104978908- Maternal 499 kb 96 CDCA4 - CEP170B - CLBAT - INF2 - AKT1-CEP1708B -
105478344 LINC00638 - LINC02280 - MIR4710 - PLD4 - INF2

SIVA1 - TMEM179 - ZBTB42

chr2:54080195-
1387 54978263 Maternal 198 kb 46 GPR75 - GPR75-ASB3 - PSME4 PSME4

chr22:45075604- ARHGAPS - KIAA0930 - LOC101927551 -
2133 45608300 Paternal 533 kb 46 LOC105373064 - MIR1249 - NUP50 - NUP50- PHF21B
DT - PHF21B - PRR5 - PRR5-ARHGAP8

Table 5.1. Proband, genomic coordinates, inheritance, size, and genes involved in the rare
large inherited deletions encompassing at least one gene with a pLI score > 0.9 identified in
the trio cohort.

All these 3 deletions were rare, and the affected regions have not been implicated in
any deletion listed in the DGV Gold Standard and GnomAD-SV database. The
deletion identified on chromosome 22 of proband 2133 was PI (Figure 5.3). It was 533
kb large and encompassed 6 protein-coding genes. Amongst these, PHF21B has a pLI
score = 0.99. Only intronic deletions have been reported in PHF21B in databases.
PHF21B is highly expressed at the protein level in the brain but not in the testis,
according to the Protein Atlas database. Its function is unknown; however, it might
be related to stress response (Wong et al., 2017). This deletion does not seem to be

associated with the patient’s phenotype.

One of the two MI deletions prioritised was found on chromosome 14 of proband
352. This CNV was 499 kb large and encompassed 12 protein-coding genes, of which
3 were likely intolerant to loss-of-function variants: AKT1 (pLI =0.98), CEP170B (pLI
=1) and INF2 (pLI = 0.97) (Figure 5.4). Only intronic deletions have been reported for
AKT1 and INF2 genes in population databases, while CEP170B is encompassed by
deletions involving introns and exons in 40 samples of the DGV Gold Standard. Of
these 3 genes, only AKT1 shows high expression at the protein level in the testis,
according to the Protein Atlas database. The function of INF2 and CEP170B has not
been yet clarified in humans. Instead, AKT1 is involved in spermatogenesis and in

the discussion, I present the literature information available on its function.

The other MI deletion was identified on chromosome 2 of proband 1387. This CNV
was 198 kb large and encompassed 4 protein-coding genes (Figure 5.5). Only one of
these genes, PSME4, had a high pLI score (1). The coding region of this gene is not
affected by deletions in population databases. PSME4 is highly expressed at the

protein level in the human testis (and in several other tissues), according to the
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Protein Atlas database, and plays an active role in spermatogenesis in mammals
(Qian et al., 2013). In the discussion, I review the literature papers describing its

function.

Both the MI deletions presented in this paragraph, contrarily to the PI one, affected

two likely haploinsufficient genes involved in testis functions and spermatogenesis.
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Figure 5.3. CNV plot of a rare large PI deletion identified in proband 2133. The deletion
removed a single copy of 6 protein coding genes. The deletion is present in both father and
proband. In both individuals, the MAF track shows absence of heterozygous SNPs (MAF =

0.5) within the deleted region, which suggests loss of heterozygosity.
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Figure 5.4. CNV plot of a rare large MI deletion identified in proband 352. The deletion
removed a single copy of 11 protein coding genes. The deletion is present in both mother and
proband.
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Figure 5.5. CNV plot of a rare large MI deletion identified in proband 1387. The deletion
removed a single copy of 3 protein coding genes. The deletion is present in both mother and
proband. In both individuals, the MAF track shows absence of heterozygous SNPs (MAF =

0.5) within the deleted region, which suggests loss of heterozygosity.
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5.3.3 Autosomal inherited duplications

The clinical interpretation of duplications identified from WES data is even more
complex than for deletions. For these variants, the WES data does not provide
information on the number of additional copies nor on their position (tandem or
interspersed) and orientation. Recently, it has been suggested that loss-of-function
intolerant genes might also be sensitive to dosage increase (Collins ef al., 2020). For
this reason, to identify autosomal inherited likely pathogenic duplications, I selected
rare large gains encompassing genes with a pLI score > 0.9. High pLI score genes
might be intolerant to dosage increase when entirely duplicated, or their genomic
sequence might be altered when the breakpoints of a duplication are located in their
coding region. Both these scenarios could impair the normal function of these genes

and play a role in the origin of the disease in the patients.
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Genes with a pLI

Genomic location . . Genes with a pLI score >0.9
Proband (GRCh37) Inheritance Size Probes Genes score > 0.9 disrupted by the
CNV breakpoints
1697 chr10:12595148- Maternal 276 kb 10 CAMK1D - MIR4480 - MIR4481 - MIR548Q CAMK1D

12870962

chr1:185097662-
857 185130141 Maternal 32 kb 13 SWT1 - TRMT1L SwWr1 SWr1

chr1:185097662-

1834 185130141 Maternal 32 kb 13 SWT1 - TRMT1L Swrt SWT1
466 chr§;21521917724189- Maternal 52 kb 18 SNORD53 - SNORD53B - SNORD92 - WDR43 WDR43

chr3:10327428 - ATP2B2 - GHRL - GHRLOS - LINC00852 -
151 10491227 Maternal 164 kb 40 MIR378B - SEC13 ATP2B2

chr2:32631491- BIRC6 - BIRC6-AS2 - LINC00486 - LTBP1 -
2120 33246349 Maternal 615 kb 89 MIR4765 - MIR558 - TTC27 BIRC6 BIRC6

CACNA1C - CACNA1C-AS1 - CACNA1C-AS2 -
FKBP4 - FOXM1 - ITFG2 - ITFG2-AST -
1487 Chr1526§3258265— Maternal 1 Mb 128 LINC02417 - LOC100128253 - NRIP2 - PRMT8 - CACNA1C - PRMT8 CAF%\,(?;: )
RHNOT1 - TEAD4 - TEX52 - THCAT155 - TSPANG -
TULP3

chr12:19472879-
2133 19522797 Paternal 50 kb 14 PLEKHAS PLEKHAS PLEKHAS
1042 chr17:4007851- Paternal 70 kb 18 ANKFY1 - CYB5D2 - ZZEF1 ANKFY1 ANKFY1

4077427

chr14:35522406- FAM177A1 - KIAA0391 - LOC101927178 -

625 35786609 Paternal 264 kb 34 PPP2R3C - PSMAG PSMA6

chr5:413383- AHRR - CEP72 - EXOC3 - EXOC3-AST -

2007 Paternal 206 kb 37 LOC100996325 - MIR4456 - PP7080 - SLC9A3 - EXOC3-SLCIA3  AHRR- CEP72
619308
SLCIA3-AST
2159 Chr:g;;?o?g?s' Paternal 100 kb 50 GATAD2B - INTS3 - LOC343052 - SLC27A3  GATAD2B- INTS3
ADORA2A - ADORA2A-AST - C2201f15 - CABINT -
CHCHD10 - DDT - DDTL - DERL3 - DRICH1 -
GGT1 - GGT5 - GSTT1 - GSTT1-AS1 - GSTT2 -
chr22:23634652- GSTT2B - GSTT4 - GSTTP2 - GUCD1 - GUSBP11 -
2042 25024201 Paternal 1.1 Mb 188 GLLT-LOC391322 - LRRC75B - MIF - MIF-AST - SMARCB1

MMP11 - POM121L9P - RGL4 - SLC2A11 -
SMARCB1 - SNRPD3 - SPECC1L - SPECC1L-
ADORA2A - SUSD2 - UBP1 - VPREB3 - ZNF70

Table 5.2. Proband, genomic coordinates, inheritance, size, and genes involved in the rare
large inherited duplications encompassing at least one gene with a pLI score > 0.9 identified
in the trio cohort. 6 duplications have at least one breakpoint within the coding region of a
high pLI score gene.

Compared to the number of deletions involving genes with a pLI score > 0.9 (i.e., 3),
the number of rare large duplications comprising the same class of genes was higher,
with a total of 13 CNVs (Table 5.2). These were similar in number for MI and PI
CNVs, with 7 and 6, respectively. 4 MI duplications disrupted the coding sequence of
a high pLI score genes with the position of their breakpoints, while only 2 were PI.

Contrarily to what I found for the MI deletions presented in the previous paragraph,
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we could not find, amongst these duplications, any that affected a high pLI score

gene with a possible function in spermatogenesis.

For instance, both proband 857 and 1834 had the same MI duplication with a
breakpoint within the SWT1 gene (pLI score = 1). 35 partial duplications involving
only the first exon or the first two exons of this gene have been listed in the DGV
Gold Standard and GnomAD-SV database, while only one deletion affecting the
second and third exon has been reported. According to the Protein Atlas database,
this gene is highly expressed at the RNA level in the testis. However, its function is
unknown. The MI duplications of both probands involve the first exon only (Figure
5.6), and they might be tolerated as indicated by the numerous gains comprising the

first exons of the gene reported in population databases.

Another example is the 164 kb large MI duplication that entirely duplicated the gene
ATP2B2 (pLI score = 1) in proband 151 (Figure 5.7). The coding region of this gene
has never been reported as duplicated in the population databases, and only one
single-exon deletion has been described. Its function is related to ATP processing and
calcium homeostasis (Fernandes et al., 2007), but it has very low expression in the

human testis, according to the Protein Atlas database.

Amongst the PI duplications, the breakpoint of the 50 kb rare large gain found in
proband 2133 disrupted the gene PLEKHA5 (pLI score = 1) (Figure 5.8). This gene has
been reported as partially duplicated 103 times in the population databases, but no
deletions affecting its coding regions have been listed. Disruption of the PLEKHA5
leads to abnormal germ cell apoptosis and Sertoli cell morphology in mice (Xiao et
al., 2012), but in humans, the gene does not have high expression in the testis as
reported in the Protein Atlas database. Also, PLEKHAS is altered in the fertile father
2133, who passed the duplication to the proband. Therefore, this gain is unlikely to

be the origin of the patient’s disease, assuming 100% penetrance.

These examples show that although some of the genes involved in these rare large
gains might be associated with testis functions in other species or have high
expression in the human testis, we cannot predict the consequences of their
duplications. Some genes have unknown functions, such as SWT1. Others might not
be involved in spermatogenesis, such as ATP2B2. Some might be dispensable for

normal spermatogenesis since altered in fertile fathers, such as PLEKHAS.
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Figure 5.6. CNV plots of rare large MI duplications identified in probands 857 and 1834. The
breakpoints of these CNVs affect the coding region of the gene SWTI (pLI score = 1),
specifically, they encompass the first exon only. The duplications are shown in the respective
mothers as well. In mother 857, the duplication is not segmented but the targets within the
duplicated region have a log2R similar to those in the proband (> 0).
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Figure 5.7. CNV plot of a rare large MI duplication identified in proband 151. The gene
ATP2B2 (pLI score = 1) is entirely duplicated in mother and proband. Some targets in the
proband are not segmented in the duplication, but their log2R (> 0) is similar to that of the

targets within the inferred gain. In mother 151, the duplication is not segmented but the

targets within the duplicated region have a log2R similar to those in the proband.
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Figure 5.8. CNV plot of a rare large PI duplication identified in proband 2133. One of the
breakpoints of this CNV affects the coding region of the gene PLEKHAS5 (pLI score = 1) in
both proband and father. In father 2133, the duplication is not segmented but the targets
within the duplicated region have a log2R similar to those in the proband (> 0).
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5.3.4 Inherited CNVs on the sex chromosomes

The CNVs identified on the sex chromosomes of the probands were initially
excluded from the comparison of MI and PI CNVs. In total, 25 inherited CNVs were

identified on these chromosomes. The only CNVs identified on chromosome Y were

3 small (encompassing 3 targets) PI duplications. The remaining 22 CNVs were

detected on the X chromosome, and only one was a deletion. Assuming that male

infertility cannot be inherited from fertile fathers, the small PI duplications on the Y

chromosomes were excluded from further analysis. We examined instead the CNVs

found on the X chromosome of probands and their mothers. To identify the most

likely pathogenic MI CNVs, I selected the only deletion detected and all rare large

duplications (2) (Table 5.3).

Genomic location

Proband (GRCh37) Type
24 Chrfég;gs‘;?ssr Deletion
368 Chr;(;i‘;i;%' Duplication
992 chrX:105139371- Duplication

105451592

Genes disrupted by the

Genes CNYV breakpoints

Size Probes

LOC102723631 -

49 kb 8 SAGET

MIR4767 - MIR651 -
PNPLA4 - PUDP -
STS-VCX-VCX2 -
VCX3A

1.7 Mb 26

NRK - PWWP3B -

812kb 25 SERPINA7

NRK

Table 5.3. Proband, genomic coordinates, CNV type, size, and genes involved in the X-linked
MI deletion and the rare large X-linked MI duplications identified in the trios.

The only MI deletion identified on chromosome X was found in proband 24, and it

was 49 kb in size (Figure 5.9). It removed the unique copies of two genes:
LOC102723631 and SAGE1. SAGET has high expression exclusively in the testis and

its protein has been found in spermatogonia specifically, according to the Protein

Atlas database. Its coding region has been reported as deleted only in one female
individual of the GnomAD-SV database. However, the function of SAGEI is

unknown.

The first rare large MI duplication identified was found in proband 368. The CNV

involved a 1.7 Mb region (Figure 5.10) that has not been reported as entirely
duplicated in the samples of the DGV Gold Standard and GnomAD-SV database.
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Three of the genes involved (VCX, VCX2 and VCX3A) are part of the VCX genes
family. VCX is a multi-copy gene exclusively expressed in male germ cells,
specifically during spermatogenesis (Van Esch et al., 2005). Duplications of this gene
have been associated with male infertility and apoptosis in a 2016 study (Ji et al.,
2016). Other reports of variants found in this region are reviewed in detail in the

discussion.

The second MI rare large duplication on chromosome X was identified in proband
992 (Figure 5.11). The CNV was 312 kb large and encompassed 3 genes. One of the
predicted breakpoints of this duplication is located in the coding region of the gene
NRK and disrupt its sequence. Only intronic deletions have been reported for this
gene in the DGV Gold Standard and GnomAD-SV database. Its function is unclear,
but it has been suggested to be related to late embryogenesis (Nakano et al., 2000). Its
protein is expressed exclusively in the ovary and at high level in the placenta,

according to the Protein Atlas database.

Overall, we identified a MI deletion (proband 24) and a MI duplication (proband 368)
on chromosome X involving two genes (SAGE1 and VCX) that are associated with

male fertility, however, their specific role in spermatogenesis and testis function is

unclear.
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Figure 5.9. CNV plot of a rare MI X-linked deletion identified in proband 24. The CNV
affects 2 protein coding genes. The Log2R tracks show a single copy of the deleted region
(Log2R = 0) in the mother and 0 copies in the proband (Log2R = -2). The MAF track shows
the absence of SNPs for only a part of the deletion. Examination of the read alignment file
showed that these SNPs were mostly supported by 1 or 2 reads only or by low-quality
mapping reads and that the majority of SAGE exons were not covered by any read.
Therefore, the SNPs represented are likely due to imperfect segmentation during the CNV
workflow and erroneous reads mapping.
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Figure 5.10. CNV plot of a rare large MI X-linked duplication identified in proband 368. The
CNV encompassed 7 protein coding genes. 3 genes were part of the VCX family (VCX, VCX2
and VCX34). The Log2R tracks show additional copies in both mother and proband. In the
proband, the Log2R for the duplicated region is equal to 1 because there is only one copy of
the X chromosome in males. In the mother, the log2R > 1 indicates more than 2 copies.
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Figure 5.11. CNV plot of a rare large MI X-linked duplication identified in proband 992. The
CNV encompassed 3 protein coding genes. One of the predicted breakpoints disrupts the
sequence of NRK gene. The Log2R tracks show additional copies in both mother and
proband. In the proband, the Log2R for the duplicated region is equal to 1 because there is
only one copy of the X chromosome in males. In the mother, the log2R > 1 indicates more
than 2 copies.
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5.3.5 Inherited CNVs overlapping de novo mutated genes

In addition to prioritising inherited CNVs according to size and rarity in population
databases, I looked for inherited CNVs that involved genes carrying a de novo
mutation classified as possibly causative of the disease or of unknown significance
(98 de novo mutations in 96 different genes) (see Appendix B). These mutations were
identified and classified during the de novo SNV analysis conducted by my colleagues
Dr Manon Oud and Hannah Smith. Also, I looked for inherited CNVs overlapping
with the genes affected by the 2 de novo CNVs reported in chapter 4 (QSERI,
DEPDC7, TCP11L1, CSTF3, CSTF3-AS1, HIPK3, KIAA1549L, NXT2). Three CNVs
were prioritised in total. Two have already been described in this chapter: (1) the MI
deletion in proband 1387 (Table 5.1 — Figure 5.5) involved the gene GPR75-ASB3, de
novo mutated in proband 2010; (2) the PI duplication in proband 2042 encompassed
SPCCIL (Table 5.2), de novo mutated in proband 2080. In addition, a 13kb PI
duplication found in proband 94 encompassed SMC2, which carried a de novo

mutation in proband 1296 (Figure 5.12).

GPR75-ASB3 gene has an unknown function, but it might be involved in protein
ubiquitination (UniProt - AOA6D2WEFD3). This gene is deleted in proband 1387
together with 3 other genes, of which PSME4 was deemed the most likely candidate
disease gene. (See paragraph 5.3.2).

SPECCIL gene may play a role in stabilising microtubules and cytoskeleton

organisation (Saadi et al., 2011). In proband 2042, the gene is entirely duplicated, and
the CNV breakpoints do not disrupt its sequence. Considering that the duplication is
PI, we know that the duplication of SPECCIL did not lead to infertility in father 2042,

and it is unlikely to cause the disease in proband 2042, assuming 100% penetrance.

SMC2 is part of a condensin complex that regulated chromatin status (Kimura,
Cuvier and Hirano, 2001). In proband 94, the gene’s coding sequence is possibly
disrupted by a breakpoint of a PI duplication (Figure 5.12). However, the same
duplication in father 94 again suggests that the gain is not causative of infertility,

assuming 100% penetrance.
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Figure 5.12. CNV plot of a PI duplication identified in proband 94. One breakpoint of the
gain disrupts the coding sequence of the gene SMC2, which is also de novo mutated in
proband 1296.
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5.4 Discussion

In this chapter, I investigated the inherited CNVs identified in 183 patient-parent
trios affected by azoospermia and severe oligozoospermia. First, I tested whether the
number of autosomal rare large MI CNVs detected in the cohort exceeded the
equivalent inherited from the fathers. This required creating a high-confidence
dataset of autosomal inherited CNVs that excluded possible technical artefacts and
CNVs for which inheritance was unclear. This method led to the exclusion of 53% of
the total variants detected (2054). Excluding such a large percentage of CNVs is not
ideal and likely excluded some true positive CNVs. However, the selection of a
dataset of high-confidence inherited CNVs was necessary to perform an objective
comparison between MI and PI CNVs. Since 89% of the excluded CNVs
encompassed less than 10 sequencing targets, the majority of the CNV excluded are
not likely to represent large genomic events, which are more likely to be pathogenic
(Li et al., 2020). The results of the comparison suggested that rare (present in <1% of
the samples of the DGV Gold Standard) and large (encompassing at least 10
sequencing targets) CNVs were not disproportionally inherited from the mothers (46
MI - 46 PI). A slightly higher number of total and rare MI duplications was
identified. This difference could have been caused by chance and/or it could reflect
the manual curation of the inherited CNVs, as the number of variants in these two
categories was compared regardless of the CNV size. The size distribution of all the
deletions and duplications and the size distribution of rare ones were not
significantly different between MI and PI variants. We did not expect an increase in
the size or number of MI CNVs, since generally, autosomal CNVs are half MI and
half PI. Although this comparison seems to support this expectation also in male
infertility patients, the results would require confirmation using a more accurate
method for CNV detection, such as WGS.

To identify likely pathogenic MI CNVs and novel dominant candidate male
infertility genes, I selected, amongst the rare large CNVs, those that affected genes
with a pLI score > 0.9. First, I investigated the 3 inherited deletions that fell into this
category. Remarkably, amongst all the deletions detected, only these 3 affected a
gene with a high pLI score. This suggests that this type of variants might be
deleterious, and therefore, only a few of them are transmitted to the offspring. The
only PI deletion in this category could not be associated with the patient’s
phenotype, as expected. In contrast, we propose the two MI deletions as likely

pathogenic for the reproductive fitness of the respective patients.
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One MI deletion (in proband 352) encompassed AKT1 (pLI score = 0.98). Aitken and
Koppers, in 2011, reviewed previous studies on DNA damage in spermatozoa and
suggested that apoptosis is the default pathway for spermatozoa. In fact, there seems
not to be endogenous chemical triggers for this process, and only prosurvival factors
prevent these cells from following this route (Aitken and Koppers, 2011). In the same
year, Koppers et al. described AKT1 as a key factor for spermatozoa survival in
humans and suggested that its phosphorylated status prevents spermatozoa from
following the default apoptotic pathway (Koppers et al., 2011; Aitken, 2018). It has
also been demonstrated that the AKT1 gene is essential for normal spermatogenesis
in mice (Chen et al., 2001; Kim, Omurtag and Moley, 2012). This deletion also
removed one copy of the high pLI score genes INF2 (pLI score = 0.97) and CEP170B
(pLI score = 1). The function of these genes is unknown in humans. Therefore, we

could not assess the consequences of their deletion.

The other MI deletion (in proband 1387) removed one copy of PSME4 (pLI score = 1).
PSME4 is a component of the spermatoproteasome that participates in the histone
exchange during spermatogenesis in mammals (Qian ef al., 2013). It is also required

for normal male fertility in mice, but it is dispensable for female reproductive fitness
(Khor et al., 2006; Qian et al., 2013; Huang et al., 2016).

Deletions of the coding regions of PSME4 and AKT1 have not been reported
population databases. The disruption of these genes might be the cause of severe
isolated male infertility in patients 352 and 1387, and we classify these two MI
deletions as possibly pathogenic. These CNVs could impair specifically male fertility
genes without affecting female fertility, as suggested by the experiment on KO mice
for PSME4 (Khor et al., 2006). This could be the reason why such CNVs were not
purified by negative selection in the mothers of probands 352 and 1387. These
variants are the first identified MI likely pathogenic CNVs in isolated severe male

infertility cases and could represent a novel cause of the disease.

It is worth mentioning that proband 352 carries another candidate pathogenic variant
identified by the SNV analysis conducted by my colleagues: a likely pathogenic de
novo mutation in ABLIM1, a gene supporting the function of the Sertoli cells in the
testis (Hu et al., 2014). In proband 1387, instead, the MI deletion is the only candidate

causative variant identified so far.

As well as studying likely pathogenic deletions, I investigated the rare large
inherited duplications that encompassed genes with a pLI score > 0.9. These genes

could be dosage-sensitive as well as loss-of-function intolerant (Collins et al., 2019).
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In general, the analysis of duplications identified from WES data is more difficult
than the analysis of the deletions since the data do not provide information on either
the number of additional copies or their position and orientation. Also, it is difficult
to establish the consequences of additional gene copies exclusively from publicly
available gene information. Amongst the 13 duplications comprised in this category
(7 MI and 6 PI), 7 gains increased the number of copies of high pLI score genes, while
6 affected their exon sequence as inferred from the position of the breakpoints.
Although we cannot exclude that MI duplications involving dosage-sensitive genes
might cause the disease in some patients, we could not identify duplications that
impaired a high pLI score gene associated with testis function and spermatogenesis
in humans. The incomplete duplication data that CNV detection from WES data
provides does not allow us to prioritise these gains and assess their potential

pathogenicity effectively.

I also assessed the potential pathogenicity of CNVs on the sex chromosomes of the
probands. The 25 inherited CNVs identified on these chromosomes represented 1.2%
of all the CNVs detected in this study. This is logical considering the higher number
of autosomal chromosomes compared to the unique X and Y chromosomes in males.
In addition, the X and Y chromosomes share large regions of homology, such as the
PAR1 and PAR?2 loci at the telomeres (Helena Mangs and Morris, 2007), and short-
read sequencing produces reads that cannot be mapped accurately to these regions,
precluding their analysis with this technology. Also, the probands of the cohort
underwent AZF deletion screening, hence, patients with large losses on the long arm

of the Y chromosomes were excluded from the study.

The 25 inherited CNVs were excluded from the previous MI and PI CNV
comparisons since X and Y chromosomes are different in size and gene content.
Amongst them, I investigated variants on the unique copy of the X chromosome,
which is transmitted from the mother in males. The inheritance of these CNVs was
confirmed by the visual inspection of the CNV plots. Only one deletion was
identified on chromosome X, as well as two rare large duplications. The deletion was
found in patient 24 and removed the unique copy of SAGEI, a gene with high
protein expression specifically in spermatogonia, according to the Protein Atlas
database. This gene might be important for fertility in males; however, its function is
unknown, and we could not assess whether its loss could cause the disease in patient

24. Identifying a single deletion on chromosome X suggests that this chromosome is
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particularly intolerant to loss-of-function variants, as any gene involved in a loss

would not have a second copy in males.

Of the two gains prioritised, only one might be involved in testis functions: the
duplication found in patient 368 that encompassed 3 genes from the VCX family.
VCX gene is expressed in male germ cells during spermatogenesis (Lahn and Page,
2000; Zou et al., 2003; Van Esch et al., 2005). VCX duplications were found to be more
frequent in infertile men than controls by Ji et al., who also performed in vitro
experiments that demonstrated that upregulation of VCX could lead to apoptosis (Ji
et al., 2016). Duplications in Xp22.31, the region in which VCX is located, have been
reported as benign (Shaw-Smith et al., 2004; Zhuang et al., 2019) but also associated
with intellectual disability (Esplin et al., 2014; Pavone et al., 2019). A recent study
investigating this region reported a duplication involving VCX in a fertile father, but
the exact number of gene copies was not established (Zhuang et al., 2019). The
consequences of variants in this region have been debated for a long time (Li et al.,
2010), but since the role of additional copies of VCX in severe male infertility patients
and in vitro was assessed by Ji et al., no follow-up studies have been published on the
topic. Further studies allowing more accurate characterisation of VCX duplications

and copy number assessment in fertile and infertile men are essential.

Lastly, I prioritised the CNVs that involved genes that carried de novo mutations
classified by my colleagues as possibly causative of the disease or of unknown
significance in the trios. The gene list and classification were created by my
colleagues who worked on the analysis of the de novo SNVs found in the trio cohort.
At the same time, I searched for CNVs encompassing the genes involved in de novo
deletions in the trios. This analysis revealed three CNV overlapping with such genes.
The only MI CNVs that comprised one of such genes (i.e., GPR75-ASB3) was the MI
deletion found in proband 1387 and discussed above. The loss was already
considered likely pathogenic because it impaired PSME4, a compelling novel
candidate dominant male infertility gene, but there are no data supporting the
involvement of GPR75-ASB3 in spermatogenesis. The other two CNVs encompassing
de novo mutated genes were PI duplications. Hence, they might have a different
consequence on the gene than a de novo mutation, and they are unlikely to be
causative considering their presence in a fertile father. This analysis did not reveal
additional candidate disease genes affected by both a de novo mutation and an

inherited CNVs. Given the high genetic heterogeneity of severe male infertility, such
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outcome is not unexpected and finding candidate disease genes recurrently mutated

in only 183 probands was unlikely.

In summary, this exploratory study revealed novel information on the role of MI
CNVs in severe male infertility. Our results showed for the first time that there is no
difference in the number of MI and PI rare large CNVs, but the genes encompassed
might differ. In the cohort of 183 patient-parent trios, the only two MI deletions
involving a gene with a pLI score > 0.9 both affected a gene involved in
spermatogenesis and possibly important for normal fertility in males. The same
situation was not found for the unique equivalent PI deletion. These variants could
arise as de novo in the mothers and have mild or no deleterious effects on female
fertility. Therefore, they would not be purified by negative selection and could be
transmitted to the offspring. This study highlighted two novel candidate dominant
male infertility genes: AKT1 and PSME4. The MI autosomal duplications seem to not
play a prominent role in the disease. At the same time, the analysis of MI X-linked
CNVs highlighted two genes of potential interest for further studies: SAGEI and
VCX. Further studies should be designed to investigate CNVs in other trio cohorts to
test the inheritance of potentially pathogenic variants since our results suggest that

maternally inherited CNVs might explain idiopathic cases of severe male infertility.
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5.5 Conclusions

In this study, I used the cohort of 183 patient-parent trios affected by severe
idiopathic male infertility, presented in the previous chapter, to systematically
explore for the first time the role of MI CNVs in the disease aetiology. No substantial
difference was identified between the number of rare large MI and PI CNVs, nor a
difference in size between the total and the rare CNVs of the two groups. The only
two MI deletions encompassing a high pLI score gene were found to be likely
pathogenic for male fertility as they involved two different novel male fertility
candidate genes (PSME4 and AKT1). These losses are the first identified MI CNVs
that could cause a severe male infertility phenotype. Moreover, the analysis of the MI
X-linked CNVs revealed two loci of potential interest for the field that should be
further studied. This study demonstrates the potential of studying genetic variations
in cohorts of male infertility patients for which parental samples are available, and
we hope that this study, as well as the investigation of de novo variants presented in
the previous chapter, will push the field of male infertility genetics to pursue this

approach.
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Chapter 6. CNVs in a Cohort of Patients With Idiopathic Quantitative
Forms of Male Infertility

6.1 Introduction

In addition to the 183 patient-parent trios described in the earlier chapters, we
recruited 142 patients affected by azoospermia or severe oligozoospermia for which
parental samples were unavailable. DNA from parents is often unavailable for
several reasons (see paragraph 2.3 of Chapter 1) and, for this reason, male infertility

research, so far, focused on patient-only cohorts.

The analysis of singleton cohorts does not provide information on the inheritance of
the genetic variants identified; thus, de novo or maternally inherited CNVs cannot be
prioritised. Nevertheless, in the literature, several articles investigated the CNVs in
cohorts of male infertility patients and contributed significantly to the current
knowledge on male infertility genes. For instance, two SNP-array based studies in
2011 revealed that homozygous deletions in DPY19L2 contribute to the aetiology of
globozoospermia, a male infertility condition in which the spermatozoa present
round heads and no acrosome (Harbuz et al., 2011; Koscinski et al., 2011). In the
following years, Lopes et al. and Lima et al. reported different deletions in non-
obstructive azoospermia patients affecting the DMRT1 gene (Lopes et al., 2013; Lima
et al., 2015), one of the four autosomal dominant genes (DMRT1, HSF2, KLHL10,
SYCP3) that, to date, have been reliably associated with isolated male infertility (Oud
et al., 2019). As discussed in the previous chapter, a few studies have focused on
chromosome X (Krausz et al., 2012; Chianese et al., 2014; Lo Giacco et al., 2014;
Yatsenko et al., 2015) since this chromosome is maternally transmitted in males. A
few others have tried to compare the CNV burden on the autosomes between cases
and controls (Frank Ttittelmann et al., 2011; Stouffs et al., 2012). For example, in 2011,
Tiittelmann et al. performed the first array-CGH based study in male infertility
patients and reported CNVs specific to infertile men with severe oligozoospermia
and Sertoli-cell-only syndrome. This study provided the first indication that
heterozygous variants might contribute to the aetiology of the disease and pointed to
new genomic loci and novel candidate genes for further investigations. All these
studies demonstrate that CNV analysis in patient-only cohorts may still provide

useful findings.

The CNV studies mentioned above were primarily microarray-based. In contrast, we
use WES data, which, as discussed before, allows robust CNV and SNV detection
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with the same genomic test. Variant interpretation without parental samples remains
challenging. However, we can use bioinformatic tools to identify variants of clinical
interest. This strategy was used in the previous chapter, where the pLI score, which
indicates the probability of a gene being intolerant to loss-of-function variants (Lek et
al., 2016), was used to select likely pathogenic maternally inherited CNVs. In this
chapter, I investigate the CNV burden in 142 male infertility patients and prioritise
rare and large CNVs that affect likely haploinsufficient genes with a possible
function in spermatogenesis. Moreover, I use the findings presented in the previous

two chapters to look for recurrently mutated genes.
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6.2 Aims

In this chapter, I aimed to:

Identify and assess the potential pathogenicity of rare and large CNVs
affecting likely haploinsufficient genes identified in the cohort of 142 patients.
Identify CNVs involving genes affected by de novo variants or likely
pathogenic maternally inherited CNVs in the trios.

Identify novel candidate dominant, X- or Y-linked male infertility genes.
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6.3 Results

A total of 1388 CNVs were identified in 142 patients affected by azoospermia or
severe oligozoospermia, with an average of 10 CNVs per patient. The total number of
CNVs identified in the autosomes was 1379. Of these, 677 were deletions and 702
duplications (Figure 6.1). The number of CNVs drastically decreased when we
selected rare (present in < 1% of the samples of the DGV Gold Standard) and large
(involving >= 10 targets) CNVs. Only 29 deletions and 41 duplications. 5 deletions
and 12 duplications of this group encompassed a gene with pLI score > 0.9. On the

sex chromosomes, no deletions were detected. 5 of the 9 duplications identified were

rare and large.
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Figure 6.1. Number of CNVs identified 142 patients with azoospermia or severe
oligozoospermia. The CNVs were divided into different categories according to size, rarity
and the pLI score of the genes encompassed. On the autosomes, there were slightly more
duplications than deletions in total as well as for the rare large CNVs and for those
encompassing a gene with a pLI score > 0.9. On the sex chromosomes, only duplications were
detected. Rare = present in < 1% of the samples of the DGV Gold Standard). Large =
involving >= 10 targets.
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6.3.1 Autosomal deletions

First, I investigated the autosomal deletions identified in this cohort of patients. I

prioritised the rare large variants that affected likely loss-of-function intolerant genes

(pLI score > 0.9), similarly as done in the previous chapter, and assessed their

potential role in male infertility. Table 6.1 shows the 5 deletions prioritised with this

method.

Patient

380

1141

1790

1453

53

Genomic location
(GRCh37)

chr5:10235247-
10261933

chr10:115965927-

116021130

chr7:5347661-
5521638

chr7:32526797-
35058284

chr16:15457440-
17564729

Size

27 kb

55 kb

174 kb

25 Mb

2.1 Mb

Probes

13

19

27

111

156

Genes

ATPSCKMT - CCT5

TDRD1 - VWA2

FBXL18 - LOC100129484 - TNRC18

AVL9 - BBS9 - BMPER - DPY19L1 -
DPY19L1P1 - DPY19L1P2 - FKBP9 -
FLJ20712 - KBTBD2 - LINC00997 -
LSM5 - MIR548N - MIR550A2 -
MIR550B2 - NPSR1 - NPSR1-AST1 -
NT5C3A - RP9 - RPIP - ZNRF2P1

ABCC1 - ABCC6 - BMERB1 - CEP20 -
LOC102723692 - MARF1 - MIR484 -
MIR6506 - MPV17L - MYH11 - NDET -

NOMOS3 - NPIPAS - XYLT1

Genes with a pLI
score > 0.9

CCT5

TDRD1

TNRC18

KBTBD2

XYLT1

Table 6.1. Proband, genomic coordinates, size, and genes involved in the rare large deletions
encompassing at least one gene with a pLI score > 0.9 identified in the 142 patients.

Two of these deletions were larger than 2 Mb (2.5 Mb in sample 1453 and 2.1 Mb in
sample 53) (Figure 6.2 and 6.3). The region deleted on chromosome 7 of patient 1453
has not been reported as entirely deleted in either the DGV Gold Standard or the

GnomAD-SV database, while the deletion of the area affected on chromosome 16 of

proband 53 has been reported in 3 samples of the two population databases. The

high pLI score genes involved in these two large CNVs were KBTBD?2 (pLI score = 1)

and XYLT1 (pLI score = 0.92). In population databases, the first has never been

reported as completely deleted, while the second gene has been listed as deleted only

in the 3 large deletions just mentioned. XYLT1 is involved in bone development

(Ponighaus et al., 2007), while there is not a known function in humans for KBTBD?2.

According to the Protein Atlas database, both the genes have low tissue specificity

for their protein expression. Given this information, we could not associate the

deletion of these two high pLI score genes to the phenotype of the patients.
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Except for the deletion in patient 1141, we could not clearly associate any of the other
deletions with male infertility. The deletion in patient 1141 on chromosome 10 and
removed 55 kb (Figure 6.4). It removed a large coding region of the TDRD1 gene,
which has 25 exons and a pLI score of 1. The region involved has not been listed as
deleted in the population databases, and only two single exon losses have been
reported in the TDRD1 gene. The expression of this gene is high at both protein and
RNA levels in the human testis. In the discussion of this chapter, I explore the
information available in the literature that suggests that the impairment of TDRD1

might play a role in the origin of patient 1141’s infertility.

Finally, it is worth mentioning that a 1.8 Mb rare deletion was identified on
chromosome 15 of proband 227 (Figure 6.5). The CNV encompassed 21 genes;
however, none of them had a pLI score > 0.9. The region involved has not been
reported as deleted in the samples of the DGV Gold Standard or GnomAD-SV
database. This deletion and the two described above were the only ones identified in
the cohort with a size > 1 Mb.
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Figure 6.2. CNV plot of a 2.5 Mb large deletion identified in patient 1453. The deletion
removed a single copy of 19 genes. The MAF track shows absence of heterozygous SNPs
(MAF = 0.5) within the deleted region, which indicates loss of heterozygosity.
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Figure 6.3. CNV plot of a 2.1 Mb large deletion identified in patient 53. The deletion removed
a single copy of 14 genes.
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Figure 6.4. CNV plot of a rare large deletion identified in patient 1141. The deletion involved
2 genes. The MAF track shows absence of heterozygous SNPs (MAF = 0.5) within the
deleted region, which indicates loss of heterozygosity.
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Figure 6.5. CNV plot of a 1.8 Mb large deletion identified in patient 227. The deletion
removed a single copy of 21 genes. No genes involved in this deletion had a pLI score > 0.9.
The MAF track shows absence of heterozygous SNPs (MAF = 0.5) within the deleted region,

which indicates loss of heterozygosity.
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6.3.2 Autosomal duplications

Duplications are more difficult to interpret compared to the deletions, as mentioned
in other chapters. This is complicated further for a singleton cohort of patients, where
we do not know the parent of origin of the variants or whether the gains occurred de
novo. As previously done, I selected large and rare autosomal duplications that
encompassed at least one gene with a pLI score > 0.9. These duplications might
impair the function of these genes producing additional copies or might disrupt the
gene sequence with the position of their breakpoints. In total 9 duplications with

these features were identified (Table 6.2).

Genes with a pLI
. Genomic location ) Genes with a pLI  score > 0.9 disrupted
Patient (GRCh37) Size Probes Genes score >0.9 by the CNV

breakpoints

chr10:12708659-

23 12940755 232 kb 10 CAMK1D - CCDC3 - MIR548Q CAMK1D CAMK1D - CCDC3
chr22:20918661-
220 20941067 22 kb 12 MED15 MED15 MED15
chr16:74485878-
760 74504047 18 kb 12 GLG1 GLG1 GLG1
chr1:201915132- ELF3 - ELF3-AS1 - LMOD1 - MIR6740 -
963 201984527 69 kb 26 RNPEP - SNORA70H - TIMM17A ELF3 LmoD1
1860 chr;:7227102577(_)5067- 155 kb 31 ARID1A - GPN2 - PIGV - SFN - ZDHHC 18 ARID1A ARID1A - GPN2
chr2:241621572-
1832 241706514 85 kb 34 AQP12A - AQP12B - KIF1A - LOC285191 KIF1A KIF1A
BTNL10 - DUSP5P1 - H2AW - H2BU1 -
H3-4 - MIR4666A - MIR6742 - OBSCN -
RHOU - RNA5S1 - RNA5S10 - RNA5S11
chr1:228547222- - RNA5S12 - RNA5S13 - RNA5S14 -
221 228879563 332kb 48 RNA5S15 - RNA5S16 - RNA5S17 - TRIM11 OBSCN
RNA5S2 - RNA5S3 - RNA5S4 - RNA5SS5 -
RNA5S6 - RNA5S7 - RNA5S8 - RNA5S9
-RNF187 - TRIM11 - TRIM17
chr4:151682859- LRBA - RPS3A - SH3D19 - SNORD73A -
1043 152070789 388 kb 52 SNORD73B RPS3A LRBA - SH3D19
ATP2AT1 - ATP2A1-AS1 - ATXN2L - CD19
chr16:28841103- ATXN2L - CD19 -
1617 28998290 157 kb 102 -LAT - MIR4517 - MIR4721 - NFATC2IP - SH2B1 -

RABEP2 - SH2B1 - SPNS1 - TUFM

Table 6.2. Proband, genomic coordinates, size, and genes involved in the rare large
duplications encompassing at least one gene with a pLI score > 0.9 identified in the 142
patients.

In 4 of the duplications prioritised (in patients 963, 227, 1043 and 1617) the genes
disrupted by the breakpoints were not the same as the ones with a high pLI score,

while for the other 5, the genes coincided.

99



The duplication found on chromosome 10 in patient 23 disrupted the sequence of the
CAMKID gene (pLI score = 1). A maternally inherited duplication of this gene was
also found in proband 1697 (Figure 6.6). The exome enrichment kit used for samples
23 and 1697 did not include a target for the first exon of the gene, as can be seen in
Figure 6.6. For this reason, we could establish whether the gene was duplicated in
proband 1697 in its entirety. However, we could determine that CAMKID was
partially duplicated in patient 23, and that one of the breakpoints of the duplication
disrupted the coding sequence of this gene. This is demonstrated by the fact that one
target of CAMKID in this patient has a 1og2R = 0 indicating the presence of two
alleles (Figure 6.6). The coding region of CAMKID has never been listed as
duplicated or deleted in the population databases examined. CAMKID functions are
related to dendritic growth in the hippocampal neurons and granulocytes calcium-
mediated function regulation (Verploegen ef al., 2005; Kamata et al., 2007). Its protein
expression has low tissue specificity, according to the Protein Atlas database. Based
on the literature, we could not associate the impairment of this gene with the

patient’s phenotype.

The only gene that could be linked with spermatogenesis and testis functions was
SH2B1 (pLI score = 0.97). This gene was entirely duplicated in patient 1617 as part of
a larger 157 kb in size duplication (Figure 6.7). KO mice for this gene have shown
male and female infertility as well as other age-dependent problems such as insulin
resistance and glucose intolerance (Ohtsuka et al., 2002; Duan et al., 2004). In
humans, the gene has a medium expression in the testis, according to the Protein
Atlas database. In the GnomAD-SV database and the DGV Gold Standard, the region
duplicated in patient 1617 has been listed as deleted 5 times and 7 times as entirely
duplicated. Despite the role of the gene in mice fertility, we could not link this
variant to the patient’s infertility since it is unclear what the effect of a complete

duplication of SH2B1 may be.

Given the information from the CNV analysis and the gene information publicly
available, we could not associate these duplications with the patients” disease, and

their consequences are unknown at present.
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Figure 6.6. CNV plots of a rare large duplication identified in patient 23 and proband 1687.
The one in patient 23 had a breakpoint within the coding region of the gene, and at least one
exon of the gene was not involved in the gain. The exome enrichment kit used to sequence the
DNA of the two patients did not cover the first exon of CAMKID. Therefore, we do not know
its copy-number status.
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Figure 6.7. CNV plot of a rare large duplication identified in patient 1617. None of the 12
genes encompassed was disrupted by the breakpoint.
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6.3.3 CNVs on the sex chromosomes

On the sex chromosomes of the 142 patients of the cohort, only 9 duplications were
detected. Amongst these, I selected those that were rare and large. A total of 5
duplications were prioritised (Table 6.3), 4 on chromosome X and one on

chromosome Y.

Patient Gen(c(;r;ig:]%c%tion Size Probes Genes Gerée’:\;i Eg:lzii?]ilsthe
20 Chr;(;z;%;%()g' 92 kb 12 GYG2, XG -
215 chr;(;zggggzog- 92 kb 12 GYG2, XG -
53 chr;(;zgggg%og- 92 kb 12 GYG2, XG -
TS e MO
1635 Chrﬁ;‘éﬁg’;s' 148kb 41 USP9Y USP9Y

Table 6.3. Proband, genomic coordinates, size, and genes involved in the rare large
duplications on the sex chromosomes identified in the 142 patients. 4 were located on
chromosome X, of which three had recurrent breakpoints. One occurred on chromosome Y.

Three duplications, found in patients 20, 215 and 53, had the same breakpoints and
consequently the same size (i.e., 92 kb and 12 sequencing probes). These variants
involved the XG gene partially and the GYG2 gene in its entirety. The CNV plots of
the 3 duplications (Figure 6.8) show that the targets for the first exons of the XG gene
are absent. A similar CNV was identified on chromosome X of proband 1636 from
the trio cohort (Figure 6.9). This duplication involving GYG2 and partially XG had an
unclear inheritance since the same CNV was found in father 1636, but not in mother
1636, who should have transmitted the X chromosome. These duplications might be
a technical artefact considering that they are at the boundaries of a highly complex
repeat-rich region or might mask a more complex structural rearrangement that
cannot be characterised by short-read sequencing. In the discussion, I explain the

characteristics of this complex region.
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The duplication found in patient 6 was 926 kb in size and overlapped with the
maternally inherited duplication identified in proband 368 described in the previous
chapter (Figure 6.10). The two duplications might have a similar size. However, since
in patient 6, the sequencing targets for VCX3A, VCX2, and MIR651 genes were not
present, we could not establish their copy-number status. Also, the VCX gene in
patient 6 had log2R = 0, which suggested the presence of only one copy.
Nevertheless, considering that VCX is a multi-copy gene and the presence of SNPs
with a MAF close to 0.5 (which represents heterozygous SNPs) within the VCX
genomic region, it is possible that the number of copies of the gene in patient 6 is
higher than one (Figure 6.10). Duplications in this region, as large as the one found in
proband 368 and patient 6, have not been reported in the population databases
examined. The possible role of duplications in this genomic region in the disease
aetiology has been discussed extensively in the discussion of chapter 5 and is

summarised in the discussion of this chapter.

The last duplication was identified in patient 1635. It was the only one detected on
chromosome Y, and it was 148 kb large. The USP9Y gene was almost entirely
duplicated, and only one target was not involved (Figure 6.11). No variants involving
the coding region of this gene have been reported in the DGV Gold Standard or
GnomAD-SV database. The Protein Atlas database does not contain protein
expression data for USP9Y, while the RNA expression data shows low tissue
specificity. This gene is part of the AZFa region. In the discussion, I debate the role of

this gene in male infertility, based on the literature information available.
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Figure 6.8. CNV plots of 3 identical rare large X-linked duplications identified in patient 53,
215, and 20. The duplications partially encompassed the XG gene. However, as visible from
the CNV plots, there were no informative sequencing targets covering the first exons of XG.
The same scenario was present for the gene CD99 and continued for the entire telomeric
region of the short arm of chromosome X.
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Figure 6.9. CNV plot of a rare large X-linked duplication identified in proband 1636 and
overlapping the duplications found in patients 53, 215, and 20. The same duplication was
present in father 1636, but it was not detected in mother 1636, who should have transmitted
the chromosome X to the proband.
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Figure 6.10. CNV plots of two overlapping rare large X-linked duplications identified in
patient 6 and proband 368. In patient 6 there were no targets for the genes VCX3A4, MIR651

and VCX2.
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Figure 6.11. CNV plot of a rare large Y-linked duplication identified in patient 1635. The
gene was almost entirely duplicated, and only one target was not involved. The gene is the
first coding gene on the long arm of chromosome Y after the centromere.
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6.3.4 CNVs overlapping novel dominant candidate male infertility genes

The cohort of patients presented in this chapter was affected by azoospermia or
severe oligozoospermia, as was the cohort of trios investigated in chapters 4 and 5.
To identify genes recurrently mutated in patients, I looked for variants involving the
genes affected by the de novo CNVs identified in the trios (QSERI, DEPDC?7,
TCP11L1, CSTF3, CSTF3-AS1, HIPK3, KIAA1549L, NXT?2) or by de novo point
mutations classified as possibly causative of the disease or of unknown significance
identified by my colleagues in the same cohort (98 de novo mutations in 96 different
genes) (see Appendix B). Also, I looked for variants affecting the novel candidate
dominant male infertility genes identified by the analysis of maternally inherited
CNVs (AKT1 and PSME4) in chapter 5. Amongst all the CNVs identified in the 142

patients, there was no variant that overlapped with any of the genes mentioned.
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6.4 Discussion

In this chapter, I analysed the CNVs detected in a cohort of 142 patients affected by
azoospermia or severe oligozoospermia, for which parental samples were not

available.

The average number of total CNVs per sample identified in this cohort (i.e., 10) was
comparable to the average number identified in the trio probands (i.e., 11) (see
Chapter 4), and 667 deletions and 702 duplications were detected in total. The rare
large CNVs encompassing a high pLI score gene were 5 deletions and 12

duplications in total in these patients.

Amongst these CNVs, the 55 kb large deletion on chromosome 10 of patient 1141
might play a role in male infertility. The TDRD1 gene with a pLI score of 1 was
deleted in this patient. According to the Protein Atlas database, TDRD1 has high
expression in the human testis exclusively. Its expression has been shown to be lower
in testicular biopsies of patients with maturation arrests in comparison to patients
with obstructive azoospermia (Babakhanzadeh et al., 2020). Also, a case-control study
associated two TDRD1 polymorphisms to reduced risk of spermatogenic impairment
in the Han Chinese population (Zhu et al., 2016), suggesting that the gene is involved
in spermatogenesis. In mice, the TDRD1 gene plays an essential role in preserving
the germline integrity, regulating the movement of transposable elements during
meiosis (Chuma et al., 2006; Reuter et al., 2009; Vagin et al., 2009), and it is required
for male fertility (Chuma et al., 2006). Homozygous mutations in other two genes
from the TDRD family, TDRD9 and TDRD?, have been recently associated with non-
obstructive azoospermia (Arafat et al., 2017; Tan et al., 2019). This suggests that the
TDRD gene family may be enriched in genes involved in spermatogenesis. For this
reason, we hypothesise that the TDRD1 deletion in patient 114 may be possibly
pathogenic for male fertility. However, TDRDI exact function in humans needs to be

clarified by further investigations.

Interestingly, we identified 3 deletions larger than 1.5 Mb in size in the patients of
this cohort, something not seen in the trios, and uncommon in the general
population. The 3 deletions could not be associated with severe male. One deletion,
in patient 227, did not encompass any gene with a pLI score > 0.9, while the other
two, in patients 1453 and 53, involved each one likely haploinsufficient gene,
KBTBD2 (pLI score = 1) and XYTLI (pLI score = 0.92), respectively. In the literature,
these two genes have not been reported as associated with spermatogenesis or testis

function. KBTBD2 has no known function in humans, while XYLT1 is involved in
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bone development (Ponighaus et al., 2007). Two articles in 2014 reported recessive
mutations in the XYLT1 gene associated with a short stature syndrome (Bui et al.,
2014; Schreml et al., 2014). These findings and the 3 deletions of the XYLT1 gene
reported in the population databases suggest that the gene is probably tolerant to
loss-of-function mutations, even though it has a high pLI score. We cannot exclude,
though, that the 3 large deletions may play a role in the infertility of the respective
patients, but it is unlikely that they act in a dominant fashion. Additional mutations
in the coding regions of the genes on the remaining allele might alter the
spermatogenesis. For instance, the deletion found in patient 1453 involved the gene
DPY19L1, whose function is unknown. This gene is a paralog of DY19L2, a gene that
causes globozoospermia when impaired by homozygous variants (Harbuz et al.,
2011; Koscinski et al., 2011; Elinati et al., 2012), and might be as well involved in
sperm production. Also, the deletion found in patient 53 affected the gene CEP20,
coding for a centrosomal protein involved in cilia biogenesis (Sedjai et al., 2010). A
STRING analysis shows that this gene interacts with CEP135 (Figure 6.12), a gene
involved in centriole biogenesis and carrying homozygous mutations in patients
with multiple morphological abnormalities of the sperm flagella (Y. W. Sha et al.,
2017). Thus, CEP20 might also be involved in the production of the sperm tail.
Although recessive mutations are less likely to explain male infertility cases in
outbred cohorts compared to consanguineous families, follow-up studies should aim
to detect a combination of heterozygous CNVs and loss-of-function mutations and
identify novel recessive disease candidates. This goes beyond the scope of this thesis,
which is focused on the identification of novel dominant candidate male infertility

genes.
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Figure 6.12. STRING analysis for CEP20 (FOPNL). The magenta lines indicate known

experimentally determined interactions between the proteins (e.g., between CEP20 and

CEP135). Black lines and yellow lines indicate information regarding co-expression and
information derived from text mining, respectively.

From the information provided by the CNV analysis and the literature data publicly
available, we could not associate any of the rare large duplications encompassing a
high pLI score gene to severe male infertility. We cannot exclude a role of these
CNVs in male infertility, but the information provided by the WES data, which do
not include the number of additional copies, or their position and orientation, did not

allow an accurate assessment of the likely pathogenicity of these variants.

In the patients of this cohort, only 5 rare and large duplications on the sex
chromosomes were found. Notably, the sex chromosomes did not carry any deletion.
This suggests intolerance of the sex chromosomes towards deletions, as seen in the
trio cohort, where only one loss was detected in a larger cohort of patients. This is
expected considering that males have only one copy of the X and Y chromosome, and
a deletion would eliminate the unique copies of the genes involved. Also, all the
patients underwent AZF deletions screening test before participating in our study,

which decreased the probability of identifying undetected losses on the Y.

Three rare large duplications on chromosome X had the same size and breakpoints

position in different patients (patients 20, 215 and 53). These gains partially
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duplicated the gene XG and the entire gene GYG2. The copy-state status of the first
exons of XG, as well as that of the entire upstream region of chromosome X, were not
available. This is due to the fact that the first 3 exons of XG are part of the PAR1
region, a 2.6 Mb segment containing 24 genes that shares homology with the PAR1
region on chromosome Y (Helena Mangs and Morris, 2007). For this reason, the short
reads generated by WES cannot be mapped accurately to either of these regions and
consequently, they could not be reliably used for the CNV analysis. PAR1 regions are
required for male fertility in humans and mice since PAR1 and PAR2 regions, located
on the telomeres of X and Y chromosomes, pair and recombine during meiosis,
acting similarly to the autosomes (Gabriel-Robez et al., 1990; Burgoyne et al., 1992;
Mohandas et al., 1992; Helena Mangs and Morris, 2007). A similar duplication was
found in proband 1636 from the trio cohort. The same duplication was found in the
respective father but not in the mother, who should have transmitted the X
chromosome to the proband. These four duplications might be technical artefacts
possibly caused by the poor mapping of the short reads at the boundary of the PAR1
region or might mask a more complex genomic rearrangement involving the
telomeres. WES data cannot provide further information, and additional
experiments, ideally with optical mapping or long-read sequencing technologies, are
required to characterise this region in the patients. Lastly, it is worth mentioning that
patient 53, other than being part of the group of patients carrying these duplications
on the X chromosome, also carries the 2.1 Mb deletion involving XYLT1 described

earlier in this chapter.

The chromosome X duplication in patient 6 affected the same region duplicated in
mother and proband 368 (described in the previous chapter). Both duplications
encompassed the multi-copy gene VCX, expressed in male germ cells during
spermatogenesis (Lahn and Page, 2000; Zou et al., 2003; Van Esch et al., 2005). The
possible role of the VCX gene in male infertility has been discussed extensively in the
discussion of the previous chapter. In summary, the consequences of variants in this
region of chromosome X (Xp22.31) have been debated for more than 10 years (Li et
al., 2010), but only recently in relation to male infertility. Ji et al. in 2016 observed an
increase of VCX duplications in infertile men compared to controls and in vitro
experiments showed that copy-number gains of VCX lead to apoptosis (Ji et al., 2016).
Zhuang et al. recently reported a duplication involving VCX in a fertile father
(Zhuang et al., 2019). None of these studies characterised the exact number of VCX

copies in the individuals analysed. Further studies should be conducted to determine
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whether the number of copies of VCX influences male fertility and if the increase in

the number of copies correlates with a decrease in fertility.

The only CNV detected on chromosome Y was a duplication that encompassed the
USPIY gene in patient 1635. This gene is part of the AZFa region, a locus known to
be involved in male infertility (Krausz and Riera-Escamilla, 2018). This gene has been
associated with spermatogenesis impairment for several years (Sun et al., 1999;
Foresta et al., 2000; Lee et al., 2003), but more recent studies have questioned this
assumption. For instance, Krausz et al. reported, in 2006, the natural transmission of
two USPIY deletions in two independent families and suggested a “fine tuner” role
of this gene for spermatogenesis (Krausz et al., 2006). Subsequently, in 2009, Luddi et
al. reported another case of complete deletion of the gene in a normozoospermic man
as well as in his brother and father and proposed the gene as dispensable for male
fertility (Luddi et al., 2009). Other articles supporting this thesis have been
subsequently published (Tyler-Smith and Krausz, 2009; Alksere et al., 2019). This
suggests that the well-known AZF regions require a detailed characterisation that
establishes which genes are essential for male fertility and which are dispensable. In
patient 1635, the CNV data showed that the last exon of the gene is not duplicated;
therefore, the breakpoint of the gain disrupted its sequence. USPIY is the first gene
downstream of the centromere, and the copy-number status of the upstream region
is unknown. As the partial duplications of XG described above, this gain might
indicate a more complex structural variant that cannot be characterised by WES.
However, we know that the AZF regions do not carry large deletions, as all the
patients of the study were previously tested for AZF deletions prior to inclusion in
the study. If the duplication involves only the USP9Y gene, it is unlikely to play a

role in the patient’s infertility.

Lastly, I looked for CNVs that encompassed genes affected by de novo mutation of
unclear significance or classified as possibly causative that were identified in the trio
cohort by my colleagues, as well as the genes involved in the de novo CNVs.
Additionally, I looked for CNVs affecting the candidate male infertility genes
identified with the analysis of maternally inherited CNVs. No CNVs covered these
genes, which is consistent with isolated severe male infertility being highly
heterogeneous. Larger studies are required to find recurrently mutated genes in male
infertility patients. Our research group is part of the International Male Infertility

Genomics Consortium (IMIGC: www.imigc.org), which includes several groups

working on the genetics of male infertility in three different continents. This type of
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initiative is essential to access larger cohort of patients, find recurrently mutated
genes and design projects that investigate different aspects of the disease. This will
help to tackle the high genetic heterogeneity of the disease and will facilitate the

discovery of novel disease genes.
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6.5 Conclusions

In this study, I analysed the CNV burden in a cohort of 142 patients affected by
severe idiopathic male infertility. For these patients, parental samples were not
available. Therefore, we could not establish the inheritance of the genetic variants
identified. Despite this limitation, we were able to identify 3 rare deletions larger
than 1.5 Mb of unknown significance and one rare large possibly pathogenic deletion
encompassing a high pLI score gene that might be involved in spermatogenesis. The
analysis of the CN'Vs on the sex chromosomes revealed another duplication in
Xp22.31, a region that had already been found to be duplicated in a proband from the
trio cohort and containing at least one gene involved in male fertility. This study
confirms that WES is a valid method to study the CNVs in cohorts of patients and
highlights the value of investigating cohorts of singletons when parental samples are

not available.
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Chapter 7. CNVs in Patients With Idiopathic Qualitative Sperm
Defects

7.1 Introduction

Hitherto I investigated the role of rare CNVs in cohorts of patients affected by
quantitative defects of the sperm production. Male infertility, however, can also be
characterised by several forms of qualitative defects of the sperm morphology or
function. Asthenoteratozoospermia is a pathogenic male infertility phenotype
characterised by both reduced sperm motility and morphological defects of the
spermatozoa (Esteves et al., 2018). Multiple Morphological Abnormalities of the
Flagella (MMAF) are often the underlying morphological cause of
asthenoteratozoospermia, and this denomination was first proposed by Ben Khelifa
et al. in 2014 to describe the absent, short, bent, coiled and/or irregular-calibre
flagella of patients with the disease. (Ben Khelifa et al., 2014). The authors of that
study described homozygous DNAH1 variants in 5 unrelated infertile men with
asthenoteratozoospermia. DNAH1 is required for normal biogenesis of the axoneme,
a core component of the sperm flagellum (Ben Khelifa et al., 2014). In the following 5
years, a total of 18 autosomal genes associated with asthenoteratozoospermia with
MMAF were identified, and homozygous mutations in these genes explained
between 30 to 60% of the cases in different patients” cohorts (Coutton et al., 2019; Liu
et al., 2019; Touré et al., 2020). In 2020, 4 additional WES-based papers revealed bi-
allelic variants in 4 novel MMAF genes: DZIP1, DNAH8, MAATS1 and CFAP58 (He
et al., 2020; Liu et al., 2020; Lv et al., 2020; Martinez et al., 2020), increasing the total
number of disease genes to 22. These findings demonstrate that genes involved in the
development of the sperm tail are extremely important for fertility and pathogenic
variants affecting them are often the cause of the disease in patients with
asthenoteratozoospermia. Remarkably, X-linked genes associated with
asthenoteratozoospermia with MMAF have not been identified. This is unexpected
considering that this chromosome is enriched in genes involved in spermatogenesis
(Vockel et al., 2019) and that other X-linked genes have been associated with different

male infertility phenotypes, as discussed in the previous chapters.

Most of the mutations found in genes associated with asthenoteratozoospermia with
MMAF are homozygous SNVs. However, Tang et al. 2017 found also a 3.3 kb
heterozygous deletion in combination with a deleterious missense mutation

impairing the function of the CFAP43 gene (Tang et al., 2017). Notably, this research
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group decided to perform an additional microarray test to detect CNVs, despite
having sequenced the DNA of the patients with WES. This highlights the general
distrust towards the sensitivity of CNV detection from WES data, which is the
explanation that Tang et al. provided. In the previous chapters, I demonstrated the
ability of WES to detect rare CNVs and even de novo variants of potential clinical
interests in male infertility patients. Similarly, in 2018, Kherraf et al. demonstrated the
usefulness of performing CNV detection from WES data of patients with
asthenoteratozoospermia with MMAF. Using this method, they identified an 8.4 kb
homozygous deletion in WDR66 (also named CFAP251) in 7 patients with the
disease, part of a cohort of 78 affected individuals (Kherraf et al., 2018).

In this chapter, I use the G4BP CNV detection workflow in combination with the
WES data of 24 asthenoteratozoospermia patients to identify CNVs of potential

clinical interest.
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7.2 Aims

In this chapter, I aimed to:

- Assess the potential pathogenicity of rare large autosomal and X- and Y-
linked CNVs identified in the 24 patients with asthenoteratozoospermia.

- Identify CNVs that encompass known MMAF genes.

- Identify novel candidate male infertility genes impaired in

asthenoteratozoospermia cases.
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7.3 Results

The WES data of 24 patients from Australia affected with asthenoteratozoospermia
was analysed with the G4BP CNV tool to identify possibly deleterious CNVs. In
total, 155 CNVs were identified and 8 CNVs per sample on average. A total of 83
deletions and 64 duplications were identified (Figure 7.1). When prioritising rare
(present in < 1% of the samples of the DGV Gold Standard) CNVs, the number of
duplications and deletions were similar (i.e., 15 losses and 16 gains), and the number

of rare and large (comprising >= 10 probes) variants was equal (3 per CNV type).

On the sex chromosomes, only X-linked CNVs were identified. Specifically, 3 rare

deletions and 3 rare duplications were found, but only 1 loss was rare and large
(Figure 7.1).
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Figure 7.1. Number of CNVs identified in 24 patients with asthenoteratozoospermia. The
number of total deletions was higher that the number of duplications. Instead, the number of
rare deletions and duplications was similar, and the number of rare large ones was equal. No
CNYV on the Y chromosome were detected. On the X chromosome, the number of deletions

and duplications was similar, and only one rare large deletion was identified.
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7.3.1 Rare and large CNVs

The number of rare large CNVs identified on the autosomes and the sex
chromosomes of the 24 patients was 7 (Table 7.1). This category of CNVs is more
likely to be deleterious than the rest of the CNVs since they are rare in the general
population and encompass a larger fraction of the coding region. These CNVs
included 4 losses, of which one was on the X chromosome, and 3 duplications.
Amongst the variants detected on the autosomes, no homozygous deletions were
identified, and none encompassed a gene likely to be haploinsufficient (pLI score >
0.9).
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Table 7.1. Proband, genomic coordinates, type of CNV, size, and genes involved in the rare
large CNVs identified in the 24 patients.

The literature information revealed that 2 CNVs affected at least one gene with

known function in spermatogenesis or male fertility.

One of these CNVs was a 29 kb large autosomal deletion on chromosome 12 in

patient 2093 encompassing PIWIL1 (Figure 7.2). This gene is exclusively expressed in
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the testis in humans, according to the Protein Atlas database. In mice, it is essential
for regular spermatogenesis as it plays an important role in piRNA production
(Kuramochi-Miyagawa et al., 2004). The consequences of PIWILI heterozygous loss-
of-function mutations are still debated (Gou et al., 2017; M. S. Oud et al., 2021) (see
discussion). Only two losses, deleting the untranslated region (UTR) and the
promotor of the gene, respectively, have been described in the population databases
examined (see Chapter 2 for methods). Its pLI score is equal to 0, indicating that the

gene is unlikely intolerant to loss-of-function variants.

The second CNV encompassing a gene with a function in spermatogenesis was a 67
kb large deletion on chromosome 15 of patient 1903 (Figure 7.3). It removed, amongst
others, a single copy of CATSPER2. In humans, this gene is highly expressed at the
RNA level in the testis, according to the Protein Atlas database. CATSPER? is
involved in physiological responses crucial for successful fertilisation, such as sperm
hyperactivation, a process that increases sperm motility and allows the sperm to
penetrate the zona pellucida of the oocyte (Lishko, Botchkina and Kirichok, 2011).
The same function has been described in mice, where CATSPER2-null specimens are
infertile despite a normal sperm count (Quill et al., 2003). A total of 603 deletions
involving the coding region of CATSPER?2 have been listed in population databases.
As expected from such a high number of variants in the general population, the pLI
score of CATSPER? is equal to 0.

Other than the two described deletions, the other CNVs did not comprise genes
known to be relevant for male fertility according to the literature. It is worth
mentioning, though, that a 3.2 Mb large hemizygous deletion was identified on
chromosome X of patient 2603 (Figure 7.4). The loss removed 9 genes. There is no
well-established function for any of these genes, but TMEM47 is thought to regulate
the cell epithelial cell junctions in vertebrates (Dong and Simske, 2016). Amongst the
deleted genes, CFAP47 is the only gene with a pLI score above 0.9 (i.e., pLI score =
0.99), which suggests high intolerance to loss-of-function variants. The Protein Atlas
database only includes the RNA expression data for this gene. CFAP47 RNA has
been found in several tissues including brain, testis, and fallopian tube. CFAP47 is
part of the Cilia and Flagella-associated protein family. In this group of genes, there
are 8 others found mutated in patients with asthenoteratozoospermia with MMAF,
for example, CFAP43 and CFAP44 (Tang et al., 2017; Y.-W. Sha et al., 2017). The region
encompassed by this CNV has not been reported as entirely deleted in the
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individuals of the two population databases examined, nor deletions of the high pLI

score gene CFAP47 have been described.

This deletion was experimentally validated by a PCR assay performed by Dr Bilal
Alobaidi. The PCR primers were designed to amplify 3 genomic loci within the
predicted deleted region and 3 in the flanking genes (Figure 7.5). The PCR assay
produced no PCR product for the region within the CNV breakpoints, while it
amplified the regions in the flanking genes. These results confirmed the CNV and
excluded the deletion of the flanking genes.
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Figure 7.2. CNV plot of a rare large deletion identified in patient 2093. It removed a single
copy of PIWILI completely. The absence of heterozygous SNPs (MAF = 0.5) in the MAF
tracks suggests loss of heterozygosity.
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Figure 7.3. CNV plot of a rare large deletion identified in patient 1903. It removed completely
a single copy of 2 protein-coding genes (and one pseudogene — not represented). The absence
of heterozygous SNPs (MAF = 0.5) in the MAF tracks suggests loss of heterozygosity.
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Figure 7.4. CNV plot of a rare large X-linked deletion identified in patient 2603. It removed
the unique copy of 9 genes completely. The complete absence of SNPs in the MAF track
suggests the loss of the unique allele.
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Figure 7.5. Position of the genomic regions included in the PCR assay performed to validate
the X-linked deletion identified in patient 2603. The blue rectangles indicate the regions that
were amplified, while the red ones indicate the absence of PCR product.

121



7.3.2 Additional patients carrying CFAP47 variants

After the identification of the hemizygous deletion in patient 2603, our group started
a collaboration with Feng Zhang's group at Fudan University in Shanghai, China.
This research group, with other colleagues in China and France, had identified likely
pathogenic missense variants in the CFAP47 gene in 3 patients affected by
asthenoteratozoospermia with MMAF. They found decreased levels of CFAP47
mRNA in the sperm of these men, compared to fertile controls with a real-time
quantitative PCR. Mice with a CFAP47 hemizygous frameshift mutation (CFAP47-
/Y) were generated. This mutation was predicted to produce a premature
termination of the protein product, and real-time quantitative PCR confirmed
significantly reduced levels of CFAP47 mRNA in the spermatozoa of the mutated
mice compared to controls. The mutated mice were infertile and showed reduced
sperm motility and MMAF. In addition, our colleagues suggested that CFAP47
interacts with CFAP65, a gene known to be associated with the
asthenoteratozoospermia with MMAF (Zhang et al., 2019; W. Li et al., 2020). In fertile
men, CFAP65 protein is localised at the base of the flagella and at the equatorial
segment of the sperm head, while in the sperm of men with likely pathogenic
variants in CFAP47, it was found in the sperm acrosome. Also, abnormal localisation
of CFAP65 was not found in other patients with a mutation in the known disease
genes DNAHS, SPEF2 and CFAP5S.

These findings suggested an important role of the CFAP47 gene for normal sperm
production, possibly through its interaction with CFAP65. The impairment of
CFAP47 is likely the cause of the pathogenic phenotype in patient 2603 as well as in
the 3 patients described by our colleagues. Also, despite patient 2603 being classified
as affected by asthenoteratozoospermia patient without specific tail abnormalities
characterisation, these results suggest that he is likely to suffer from MMAF, which
were not tested during his initial recruitment. Patient 2603 and 2 patients from

Zhang’s cohort and their respective partners were able to conceive following ICSI.
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7.3.3 CNVs overlapping known MMAF disease genes

Since novel MMAF genes were often identified in men classified as
asthenoteratozoospermic, I looked for CNVs encompassing any of the know 22
MMAF genes (AK7, ARMC2, CEP135, CFAP43, CFAP44, CFAP58, CFAP65, CEAP69,
CFAP70, CFAP91, CFAP251, DNAH1, DNAH2, DNAH6, DNAHS, DNAH17, DZIP1,
FSIP2, QRICH2, SPEF2, TTC21A and TTC29) (Liu et al., 2020; Lv et al., 2020; Martinez
et al., 2020; Touré et al., 2020). No CNVs involving these genes were identified.
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7.4 Discussion

In this study, the WES data of 24 patients affected by asthenoteratozoospermia was
analysed to identify possible disease-causing CNVs. It has been demonstrated that
bi-allelic variants in genes important for sperm tail development are often found in
asthenoteratozoospermia patients (Touré et al., 2020). These mutations cause
abnormalities of the sperm flagella, a characteristic defined as MMAF syndrome, and

can be the underlying genetic causes of the asthenoteratozoospermia phenotype.

In our cohort of 24 patients, a total of 83 autosomal deletions and 64 autosomal
duplications were detected. In this case, the number of losses exceeded the number
of duplications by 19 CNV events. Interestingly, in the cohort of 142 patients with
quantitative defects of the sperm production analysed in the previous chapter, the
total number of duplications on the autosomes was instead higher than the number
of deletions. Moreover, despite this cohort comprised 118 more patients than the
asthenoteratozoospermia group, no deletions were found on the X chromosome,
while 3 losses in total were detected in the 24 asthenoteratozoospermia patients. This
suggests that patients with asthenoteratozoospermia might be more likely to carry

genomic losses than patients with azoospermia and severe oligozoospermia.

To detect likely pathogenic CNVs, I prioritised rare (present in < 1% of the samples
of the DGV Gold Standard) and large (comprising >= 10 probes) CNVs. These CNVs
are more likely to be pathogenic as they are rare in the general population and
encompass a larger fraction of the coding region compared to the other CNVs. In this
category, there were 3 deletions and 3 duplications on the autosomes and a single
deletion on the X chromosome. Amongst these, 2 losses encompassed 2 different
genes with a role in spermatogenesis, while the CNV on the X chromosome removed
a gene from the CFAP family, which includes 8 genes found mutated in patients with

asthenoteratozoospermia with MMAF in the literature (Touré et al., 2020).

The deletion found in patient 2093 completely removed a single copy of the PIWIL1
gene. PIWIL1 is expressed exclusively in the testis in humans, and it is essential for
normal spermatogenesis in mice (Kuramochi—Miyagawa et al., 2004). In 2017, Guo et
al. reported 3 heterozygous variants, of which 2 de novo and 1 maternally inherited, in
a specific region of this gene, called D-box, in 3 azoospermic patients from a cohort of
413 affected individuals (Gou et al., 2017). The authors suggested that these variants
lead to male infertility acting in a dominant fashion. These results have been recently
challenged by Oud et al., who claimed that the Sanger sequencing results validating

these variants were not clear and possibly misinterpreted (Oud et al., 2021). In
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addition, Oud et al. did not find any variant in the same region of PIWILI in 1950
patients with azoospermia and 790 patients with severe oligozoospermia (Oud et al.,
2021), which is not consistent with the variant frequency proposed by Guo et al. Also,
they did not identify a significant difference in the number of non-synonymous
PIWILI variants between their cohort of patients and 3347 fertile controls. The pLI
score of PIWIL1 is 0, indicating that the gene is unlikely to show haploinsufficiency
when only one allele is lost. This conclusion is also supported by Oud et al., who
reported 2 loss-of-function variants in the gene in two fertile men (Oud et al., 2021).
In patient 2093, we did not identify a loss-of-function variant that could impair the
remaining copy of PIWIL1. Therefore, the PIWIL1 heterozygous deletion alone is
unlikely to cause a male infertility phenotype. Other pathogenic variants affecting
non-coding regulatory regions of PIWILI, not sequenced with WES, might contribute
to the loss of the gene function in patient 2093. Nevertheless, the role of PIWILI in

male infertility and the consequences of its impairments still need to be clarified.

The heterozygous deletion found in patient 1903 deleted one copy of the coding
genes CATSPER2 and CKMT1A. The genomic region where these genes are located
on chromosome 15 (15q15.3) has been previously associated with a deafness-
infertility syndrome (Avidan et al., 2003). Avidan ef al., in 2003, described, for the first
time, a bi-allelic deletion involving, amongst others, CATSPER2 and STRC, which
cosegregated with deafness and asthenoteratozoospermia in a French family. Later,
other studies reported bi-allelic deletions of the same genes in other families and
supported the hypothesis of CATSPER? losses causing infertility and STRC deletions
causing sensorineural hearing loss (Zhang et al., 2007; Hoppman et al., 2013). The
expression data of the two genes is consistent with the phenotype of the patients
described, as CATSPER? is expressed in the sperm, while STRC is expressed in the
inner ear (Zhang et al., 2007). CATSPER2-null mice are infertile with a normal sperm
count, and it is thought that the absence of the gene causes the lack of sperm
hyperactivation and consequent inability to fertilise the oocyte (Quill ef al., 2003).
Patient 1903 did not report hearing impairment, and the STRC gene was not involved
in the deletion detected. Also, patient 1903 deletion was heterozygous, and
additional loss-of-function variants in CATSPER2 were not identified, while only bi-
allelic pathogenic variants of this gene have been reported in infertile patients. The
603 deletions of the CATSPER?2 coding region reported in population databases and
the pLI score of CATSPER?2 equal to 0 support the hypothesis that the heterozygous
deletion identified in patient 1903 is unlikely to cause the disease alone. A second

loss-of-function variant not detected on the remaining allele of CATSPER? or on the
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gene’s promoter in trans with the heterozygous deletion could explain the infertility
of patient 1903. Another possibility, although speculation, is that a homozygous
deletion of CATSPER2 and CKTM1A was not detected in the WES data due to the
limitation of short-read sequencing. Avidan et al. and Zhang et al. described a second
copy of CATSPER2 and CKTM1A (the second copy is now referred to as CKTM1B) on
chromosome 15, which have both > 98% sequence identity with the first copies of the
genes (Avidan et al., 2003; Zhang et al., 2007). It is possible that some sequencing
reads generated from the sequencing of the second copies of CATSPER2 and CKTM1
were mapped erroneously against CATSPER2 and CKTM1 original genes due to the
high homology of their sequences, simulating the presence of one allele in the WES
data and masking a homozygous deletion of CASTPER? (original gene) and
CKTM1A. This should be further tested with a dedicated assay that amplifies
specifically the original copy of CATSPER?2 (and CKTM1A) gene in patient 1903.
Interestingly, the presence of an additional copy of CATSPER? and those of the
flanking genes CKTM1, STRC and KIAA0377 might be the cause of the recurrent
deletions in 15q15.3 locus via non-allelic homologous recombination, as Avidan et al.

and Zhang et al. have previously suggested (Avidan et al., 2003; Zhang et al., 2007).

Lastly, I described a 3.2 Mb large hemizygous deletion in patient 2603. This loss
removed 9 genes with unknown functions, including the CFAP47 gene, which was
the only high pLI score gene affected. Deletions larger than 1 Mb on the sex
chromosomes have not been detected in the male infertility patients described in the
previous chapters (325 patients in total). Also, such deletion has not been reported in
population databases, even in female individuals where a second copy of the
chromosome X might compensate for the deleterious effects of the CNV. The data
from our colleagues showed the disruption of CFAP47 in other 3 patients with
asthenoteratozoospermia with MMAF. Their experiments on a mouse model and
protein expression demonstrated that impairment of the CFAP47 gene reduces the
CFAP47 expression in the sperm drastically and modifies the location of the protein
encoded by CFAP65, a known MMAF gene (Zhang et al., 2019; W. Li et al., 2020).
Jointly, these tindings demonstrated that CFAP47 is necessary for normal
spermatogenesis and its impairment cause asthenoteratozoospermia with MMAF,
possibly disrupting CFAP47-CFAP65 interaction. The results of this study were
published earlier this year in the American Journal of Human Genetics (Liu et al.,
2021). It is unclear what are the consequences of the loss of the other genes involved
in the deletion in patient 2603, since their function is not known, and they were not
deleted in the asthenoteratozoospermia patients analysed by our colleagues.
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Importantly, 3 of these men harbouring variants in CFAP47 and their partners
conceived successfully after ICSI. In these cases, a mutated allele is transmitted to
100% of female offspring, who will be carriers, while 100% of male offspring receives
the chromosome X from the mother. Notably, instead, men with bi-allelic mutation in
other autosomal MMAF genes must transmit a mutated allele to all the offspring,
who will have 50% chance of transmitting it to the next generation. This
understanding of the genetic model of the disease is very important to improve

genetic counselling for male infertility patients.

Overall, based on the study of the WES data from a cohort of 24 patients with
asthenoteratozoospermia, this investigation revealed variants in two loci of interest
and, in combination with experimental data from our colleagues, a novel MMAF
gene. While for PIWIL1 and CATSPER2, additional experiments are required to
clarify their role in the disease of the respective patients, we identified the cause of
the disease for patient 2603: a pathogenic deletion of CFAP47, the first X-linked gene

associated with asthenoteratozoospermia with MMAF.
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7.5 Conclusions

In this study, I investigated the role of CNVs in 24 patients affected by
asthenoteratozoospermia, a phenotype characterised by reduced sperm motility,
reduced progressive motility, and morphological defects of the spermatozoa. The
analysis revealed 2 rare large heterozygous deletions involving 2 genes with known
involvement in spermatogenesis. The role of one of the impaired genes in male
infertility is unclear (PIWIL1), while for the other (CATSPER2), only homozygous
pathogenic variants have been described in patients before. The 2 deletions are
unlikely to impair the spermatogenesis alone and other undetected genetic variants
might contribute to the aetiology of the disease in the 2 patients. In addition, a very
large deletion of unknown significance was detected on chromosome X of a third
patient. Our data and those from our colleagues eventually demonstrated that this
CNV was pathogenic and one of the genes involved (CFAP47) is a novel disease gene
associated with asthenoteratozoospermia with MMAF. It is the first X-linked gene
associated with this male infertility phenotype. The findings on CFAP47 will improve
the genetic diagnosis of patients with this male infertility phenotype and the genetic
counselling as ICSI has been successful for patients carrying CFAP47 deleterious

mutations and their partners.
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Chapter 8. General Discussion

8.1 WES Is an Effective Tool to Study the Genetics of Male Infertility

Throughout this thesis, I demonstrated that WES is able to detect CNVs of potential
clinical interest in male infertility patients using both saliva-derived and blood-
derived DNA, as well as two different exome enrichment kits. In the field of male
infertility, NGS techniques are substituting Sanger sequencing in gene discovery and
replication studies (Oud et al., 2019). This reflects the advantages of techniques such
as WES, which allows the analysis of SNVs and CNVs in all the genes with a single
genetic test. As an example, between the end of 2019 and the first months of 2021,
WES greatly improved our understanding of the genetic of asthenoteratozoospermia
with MMAF, allowing the discovery of 5 novel disease genes (He et al., 2020; Liu et
al., 2020; Lv et al., 2020; Martinez et al., 2020; Liu et al., 2021). Nowadays, very large
cohorts of infertile patients are available. Two examples are the cohorts collected by
the GEMINI and the MERGE studies, which respectively include 1200 azoospermic
patients and 1000 infertile men who underwent WES. At present, these datasets are
used predominantly for SNV studies, and so far, no CNV studies have been reported
making use of these large cohorts. CNV studies in such large groups of patients
would be very interesting. They could, for example, be used to assess the frequency
of the likely pathogenic CNVs identified in this thesis and to look for deleterious
variants in the candidate disease genes revealed without additional costs. Also, the
GEMINI cohort includes 2000 fertile controls that could be screened to test whether
the likely pathogenic variants identified in our cohorts are absent in a large group of
fertile men. The information and updates regarding these two studies are available
on the IMIGC website (http:/ /www.imigc.org/). Compared to WES, WGS has

several advantages (Meynert et al., 2014). It allows a better characterisation of all

structural variants and the detection of non-coding variants (Zhao et al., 2013).
However, due to its current costs, very few studies have adopted this technique to
study male infertility (Dong et al., 2015; Gershoni et al., 2017), and no data from large
cohorts are available at present. A a pilot study using WGS is currently ongoing for
all the patient-parent trios studied in this thesis. When the costs of WGS decreases

further, this method will likely be more commonly used.
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8.2 Novel Candidate Azoospermia and Severe Oligozoospermia Genes

In my PhD projects, I used a novel CNV detection tool developed for WES data to
identify likely pathogenic CNVs in different male infertility cohorts. Initially, I
studied the role of dominant CNVs in a cohort of azoospermia and severe
oligozoospermia patient-parent trios. Next, I identified and studied the CNVs
present in a patient-only cohort with similar phenotypes and in a cohort of

asthenoteratozoospermia patients.

First, the analysis of the de novo CNVs (chapter 4), performed on the cohort of 183
patient-parent trios, revealed 2 de novo deletions in 2 different probands. One of them
partially overlapped with a deletion of unknown parental origin previously reported
in an azoospermic man (Seabra et al., 2014). The overlapping region encompasses a
total of 7 genes, of which 2 are predicted to be intolerant to loss-of-function variants:
CSTF3 and QSER1. CSTF3 has a high expression in the testis, and it is involved in
pre-mRNA processing (Grozdanov et al., 2018). The second de novo deletion
identified in the trio cohort removed the only copy of the NXT2 gene on chromosome
X in a proband. This gene has a high RNA expression in the testis and plays a role in
the mRNA nuclear export (Herold et al., 2000). Pre-mRNA alternative splicing is
thought to be one of the main mechanisms that regulate spermatogenesis and testis
development in mammals (Song et al., 2020), and my colleagues identified other
novel candidate disease genes, impaired by a de novo mutation of pathogenic nature,
that are involved in this process. The two de novo deletions described might be
involved in the origin of male infertility in the respective probands, and they are the
first likely pathogenic de novo CNVs identified outside the chromosome Y in patients

with idiopathic quantitative male infertility.

Secondly, the analysis of the inherited CNVs (chapter 5), performed on the same
cohort of trios, revealed 2 maternally inherited deletions that might play a role in the
impaired spermatogenesis of the patients. One of them deleted, amongst others, one
copy of AKT1 (pLI score = 0.98). This gene has been described as a prosurvival factor
that, when phosphorylated, prevents the mature spermatozoa from undergoing a
default apoptotic pathway in humans (Koppers et al., 2011) and is essential for
normal spermatogenesis in mice (Kim, Omurtag and Moley, 2012). A second deletion
removed, amongst others, one copy of PSME4 (pLI score = 1). This gene is involved
in the histone exchange occurring during spermatogenesis in mammals (Qian et al.,
2013). In mice, its loss leads to impaired male, but not female, fertility (Khor et al.,
2006). These two CNVs were the only maternally inherited deletions that
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encompassed at least one constrained gene in the trios, and we propose them as
likely pathogenic for male fertility. These inherited deletions provide the first
evidence that CNVs escaping negative selection in females may play an important

role in the aetiology of severe male infertility.

In addition to these possibly causative CNVs, the analysis of the inherited CNVs in
the trios and the analysis of the CNVs in the patient-only cohort (chapter 6) revealed

genomic loci of interest for further investigations.

A maternally inherited deletion removed the SAGEI gene on chromosome X of one
proband. This gene does not have a known function, but its protein is only found in

the spermatogonia (Uhlén et al., 2015).

A large region in the Xp22.31 locus was duplicated in 2 patients. One of these
duplications was maternally inherited, while the origin of the other is unknown since
parental samples were not available. Considering that the chromosome X is
maternally inherited in males, we assume that, in that case, the variant is either
maternally inherited or de novo. The 2 duplications encompassed, amongst others, the
VCX gene. VCX duplications have been found more frequently in infertile men than
controls and in vitro experiments suggested that the upregulation of the gene might
lead to cell apoptosis (Ji et al., 2016). The consequences of variants in this genomic
region have been debated for a long time (Li ef al., 2010), but since further studies on
the consequences of additional copies of VCX in male infertility patients have not

been performed yet, the role of VCX is still not fully understood.

In the patient-only cohort, 3 very large autosomal deletions (> 1 Mb) were identified.
Autosomal deletions of such size were not detected in the trio cohort, and they are
rarely found in the general population. Two of these CNVs encompassed each a
constrained gene (KBTBD2 and XYLT1), but their function is either unknown or not
related to spermatogenesis. It is possible that these deletions are in combination with
other undetected pathogenic variants that impair the other genes on the remaining

allele.

Finally, in the patient-only cohort, a deletion affecting the high pLI score (1) gene
TDRD1 was identified. This gene is required for male fertility in mice, where it is
essential for preserving the germline integrity (Chuma et al., 2006; Reuter et al., 2009;
Vagin et al., 2009). Bi-allelic variants in 2 genes from the TDRD family (TDRD9 and

TDRD?) have been previously associated with non-obstructive azoospermia (Arafat
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etal., 2017; Tan et al., 2019). TDRD1 function in humans is still unclear, but it might

have a function similar to that described in mice and be important for male infertility.

These analyses demonstrated the advantages of studying dominant variants in male
infertility patient-parent trios. I identified, for the first time, de novo (outside the
chromosome Y) and maternally inherited CNVs with a possible role in male
infertility as well as several novel candidate dominant genes for male infertility. We
hope that this approach will be more commonly used in the future as it is likely to
improve our understanding of the role of dominant variants in quantitative male
infertility. The analysis of patient-only cohorts, when parental samples are not
available, should not be neglected since, as demonstrated here and by other studies
discussed in this thesis, it can reveal loci of potential clinical interest for further
studies. However, de novo and maternally inherited variants cannot be investigated
with this approach. The study of these male infertility cohorts confirmed the high
genetic heterogeneity of quantitative male infertility as the possible causative

variants identified were detected only in one patient.

8.3 The Role of Dominant CNVs in Azoospermia and Severe Oligozoospermia

In the introduction of this thesis, I compared the role of de novo variants in ID to that
hypothesised for severe male infertility. Based on our trio cohort, the rate of de novo
CNVs per generation in azoospermia and oligozoospermia patients was ~ 0.01 (2 out
of 183 trios). Microarray-based studies have demonstrated that in patients with ID,
the rate of de novo CNVs per generation is ~ 0.1 (Vissers, Gilissen and Veltman, 2016).
Such a large difference between the rates estimated for male infertility and ID
patients might have different explanations. First, it is possible that, due to the
limitation of CNV detection from WES, in our cohort, other de novo CNVs remained
undetected. Secondly, compared to ID, where a highly penetrant pathogenic de novo
CNYV would cause the disease phenotype in both sexes, male infertility might be
caused by variants that do not affect female fertility. This means that reduced
selective pressure on CNVs transmitted through the female line might reduce the
proportion of male infertility cases explained by de novo CNVs. Thirdly, it might be
that de novo CNVs, especially those affecting many genes, more often result in a
severe form of IDs rather than in severe forms of isolated male infertility. Lastly, it is
important to remember that patients with AZF deletions, which generally occur de
novo, were excluded from our study. Therefore, our de novo CNV rate in male

infertility patients is likely underestimated.
132



Large deleterious CNVs are a recognised cause of severe IDs (Gilissen et al., 2014). In
2011, a study investigated the burden of very large CNVs (> 1Mb) in a
neurodevelopmental disorders cohort comprising different ID phenotypes (Girirajan
et al., 2011). The authors showed that very large CNVs were more often found in ID
patients compared to patients with autism. Similarly, these variants were more
frequent in ID patients with multiple congenital anomalies compared to ID alone.
This is not surprising considering that the most severe phenotypes are often caused
by the loss of several genes (Girirajan et al., 2011). In my CNV analyses, I prioritised
rare and large CNVs in men with isolated male infertility as these criteria are often
used to prioritise pathogenic CNVs in other diseases (Leppa et al., 2016; Tsuchida et
al., 2018; Vinas-Jornet et al., 2018). While this method was useful to select the most
obvious candidate causative variants, it is possible that smaller CNVs contribute
more to the origin of infertility. The men included in our studies do not have
developmental disorders or other major diseases apart from impaired
spermatogenesis, and the deletion or duplication of a single gene might be sufficient
to impair their sperm production. Unfortunately, the frequency of the CNVs is
inversely correlated to their genomic size, making the prioritisation of smaller CNVs
for follow-up much more challenging. For these reasons, it is essential to (1) continue
to work with patient-parent trios and focus on de novo and maternally inherited
CNVs; (2) continue to expand these CNV studies to large cohorts in order to identify
recurrently affected genes; and (3) integrate the CNV studies with SNV studies as
this will allow us to identify genes affected by both types of mutations (see the

example in the next paragraph).

8.4 The Genetic Model of Asthenoteratozoospermia With MMAF

If cohorts of patients without parental samples are of limited value for the
identification of novel candidate disease genes for azoospermia and severe
oligozoospermia, this might not be true for other male infertility phenotypes. In
Chapter 7, I identified an X-linked deletion involving the gene CFAP47 in a patient
with asthenoteratozoospermia. An international collaboration with other research
groups in China, Australia and France revealed that CFAP47 was hemizygously
mutated in other 3 patients with asthenoteratozoospermia and MMAF. Experimental
validations performed by our colleagues confirmed that this gene is the first X-linked

gene associated with this male infertility phenotype (Liu et al., 2021).
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A recent study that reviewed the first 18 genes associated with
asthenoteratozoospermia with MMAF reported that 30 to 60% of patients in cohorts
of men with this phenotype have pathogenic variants in known disease genes (Touré
et al., 2020). We recently confirmed this report analysing the exome of 21 men with
asthenoteratozoospermia. In this cohort, we identified pathogenic or likely
pathogenic mutations in known MMAF-associated genes in 48% of the individuals
and found predicted pathogenic mutations in novel candidate genes in other 33% of
the patients (Oud et al., 2021). This study and the results presented in chapter 7
suggests that contrarily to azoospermia and severe oligozoospermia,
asthenoteratozoospermia with MMAF has a smaller mutational target. One reason
could be that the development of the sperm tail in humans may be delegated to a
small number of genes and to specific gene families, contrarily to the entire
spermatogenesis process, which involves numerous genes. In fact, ~57% of the 23
known MMAF-associated genes are part of only two gene families: the Cilia and
Flagella Associated protein (CFAP) and the Dynein Axonemal Heavy Chain protein
(DNAH) families. Patient-only cohorts might be then sufficient to identify a genetic
diagnosis in these infertile men and to reveal novel disease genes associated with
asthenoteratozoospermia with MMAF since the current genetic model proposed for
the disease is autosomal recessive as well as X-linked, and the total number of
disease genes is expected to be much lower compared quantitative forms of male

infertility.

8.5 How to Improve Male Infertility Diagnostics?

The findings of our exploratory studies on the genetics of azoospermia and severe
oligozoospermia will not immediately change the diagnostics for male infertility
patients. The field first needs to (1) further study the contribution of dominant
variants to the genetics of the disease, (2) understand the exact function of the
candidate genes in humans, and (3) find unrelated patients with the same impaired
gene. Once our knowledge of the disease genes is more accurate, we will be able to
test the presence of pathogenic variants in these genes routinely and provide a

genetic diagnosis to infertile men with severe quantitative male infertility.

Currently, diagnostic practice only recommends chromosome Y deletions analysis
and karyotyping to patients with azoospermia and oligozoospermia and CFTR
mutation screening to patients with obstructive azoospermia (Jungwirth A.D.T. et al.,

2018). Considering our current knowledge of the genetic of asthenoteratozoospermia,
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it is surprising that there are no genetic tests advised for patients with this
phenotype. These infertile men would greatly benefit from a genetic test that looks
for pathogenic variants in the current known disease genes. For instance, three out of
four patients harbouring a pathogenic variant in CFAP47 described in Chapter 7
previously achieved, with their partner, successful fertilisation through ICSI
treatment (Liu et al., 2021). We now know that their pathogenic mutations on
chromosome X will not be transmitted to male offspring and that females will be
heterozygous carriers. Also, we know that men with pathogenic autosomal
homozygous variants undergoing ICSI will transmit one pathogenic allele to the
offspring regardless of their sex. Thus, providing a genetic diagnosis to men with
asthenoteratozoospermia would massively improve genetic counselling and would

allow them to make an informed decision on treatments.

Diagnostic implementation of WES and WGS already revolutionised the field of
Mendelian disease and cancer (Meyerson, Gabriel and Getz, 2010; Nakagawa et al.,
2015; Bamshad, Nickerson and Chong, 2019). The introduction of these methods in
the diagnostic practice for all male infertility patients would have several
advantages. First, we would be able to test the presence of chromosomal
abnormalities, chromosome Y deletions and CFTR mutations with a single test in
patients with azoospermia or oligozoospermia. Also, the same test could be used for
patients with asthenoteratozoospermia and other male infertility phenotypes to test
the presence of pathogenic variants in known disease genes. Secondly, the systematic
collection of WES data from large cohorts of patients, and parents when available,
would greatly benefit the genetic research, as it would facilitate the study of recessive
and dominant variants in all the genes and the identification of new genes
confidently linked to male infertility. While pathogenic SNVs might be the primary
focus of diagnostic WES and WGS, these methods would achieve a higher diagnostic
yield compared to other genetic tests as they also allow an accurate investigation of

the CNVs and other structural variants.

8.6 Concluding Remarks

Around 10-15% of couples in developed and developing countries are infertile, and
half of the cases are due to male factors. A limited number of genes have been, so far,
associated with isolated male infertility and most of the known disease genes are
recessive. Dominant variants are more likely to explain cases in the general

population, but their contribution has not been investigated yet in a systematic
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manner. The work included in this thesis is pioneering for the field of male infertility
genetics. It represents the first attempt to demonstrate that that de novo (outside the
chromosome Y) and maternally inherited CNVs might be an unstudied cause of
azoospermia and severe oligozoospermia. The chapters of this thesis highlight the
advantages of collecting and studying patient-parent trios in male infertility. They
also provide a list of novel candidate dominant male infertility genes and loci of
potential clinical interest. The investigation of different male infertility cohorts shows
the convenience of using WES for gene discovery and CNV analysis. With this
approach, we were able to also identify a novel disease gene associated with
asthenoteratozoospermia with MMAF. Future studies should focus on the collection
of large cohorts of trios and patient-only cohorts when parental samples are not
available. Also, they should take advantage of genomics techniques such as WES and
WGS, which allow the identification of point mutations and structural variants with
an unbiased approach. Finally, it is important to remark the crucial role of
collaborations amongst research groups. This is essential for accessing larger datasets
and tackle the large mutational target of severe quantitative forms of male infertility.
Moreover, the diverse expertise of different research groups would allow conducting
complementary studies on different aspects of the disease, such as the genetic
variants interpretation, the function of candidate genes in humans, the consequences
of the impairment of these genes in an animal model, and the clinical aspects of the

patients’ recruitment and phenotype classification.
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Chapter 9. Appendices

9.1 Appendix A: Research Papers

During my PhD, I have been listed as co-author in 3 research papers.
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48 Introduction

49 De novo mutations (DNMs) are known to play a prominent role in sporadic disorders with reduced fitness'. We
50 hypothesize that DNMs play an important role in male infertility and explain a significant fraction of the
51 genetic causes of this understudied disorder. To test this hypothesis, we performed trio-based exome-
52 sequencing in a unique cohort of 185 infertile males and their unaffected parents. Following a systematic
53 analysis, 29 of 145 rare protein altering DNMs were classified as possibly causative of the male infertility
54 phenotype. We observed a significant enrichment of Loss-of-Function (LoF) DNMs in LoF-intolerant genes (p-
55 value=1.00x10-5) as well as predicted pathogenic missense DNMs in missense-intolerant genes (p-
56 value=5.01x10-4). One DNM gene identified, RBM5, is an essential regulator of male germ cell pre-mRNA
57 splicingz. In a follow-up study, 5 rare pathogenic missense mutations affecting this gene were observed in a
58 cohort of 2,279 infertile patients, with no such mutations found in a cohort of 5,784 fertile men (p-
59 value=0.009). Our results provide the first evidence for the role of DNMs in severe male infertility and point to

60 many new candidate genes affecting fertility.
61
62 Main

63 Male infertility contributes to approximately half of all cases of infertility and affects 7% of the male
64 population. For the majority of these men the cause remains unexplaineda. Despite a clear role for genetic
65 causes in male infertility, there is a distinct lack of diagnostically relevant genes and at least 40% of all cases
66 are classified as idiopathica's. Previous studies in other conditions with reproductive lethality, such as
67 neurodevelopmental disorders, have demonstrated an important role for de novo mutations (DNMs) in their
68 etiologyl. In line with this, recurrent de novo chromosomal abnormalities play an important role in male
69 infertility. Both azoospermia Factor (AZF) deletions on the Y chromosome as well as an additional X
70 chromosome, resulting in Klinefelter syndrome, occur de novo. Collectively, these de novo events explaining up
71 to 25% of all cases of non-obstructive azoospermia (NOA)*®. Interestingly, in 1999 a DNM in the Y-
72 chromosomal gene USP9Y was reported in a man with azoospermia’. Until now, however, a systematic

73 analysis of the role of DNMs in male infertility had not been attempted. This is partly explained by a lack of
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74 basic research in male reproductive health in generals‘g, but also by the practical challenges of collecting

75 parental samples for this disorder, which is typically diagnosed in adults.

76 In this study, we investigated the role of DNMs in 185 unexplained cases of oligozoospermia (<5 million sperm
77 cells/ml; n=74) and azoospermia (n=111) by performing whole exome sequencing (WES) in all patients and
78 their parents (see Supplementary Figure 1 and 2, Supplementary notes and tables for details on methods and
79 clinical description). In total, we identified and validated 192 rare DNMs, including 145 protein altering DNMs.
80 All de novo point mutations were autosomal, except for one on chromosome X, and all occurred in different
81 genes (Supplementary Table 1). Two de novo copy number variations (CNVs) were also identified affecting a

82 total of 7 genes (Supplementary Figure 3).

83 None of the 145-protein altering DNMs occurred in a gene already known for its involvement in autosomal
84 dominant human male infertility. This is not unexpected as only 4 autosomal dominant genes have so far been
85 linked to isolated male infertility in humans™®. Broadly speaking, across genetic disorders, dominantly acting
86 disease genes are usually intolerant to loss-of-function (LoF) mutations, as represented by a high pLI score™.
87 The median pLl score of genes with a LoF DNM (n=17) in our cohort of male infertility cases was significantly
88 higher than that of genes with 181 LoF DNMs identified in a cohort of 1,941 control cases from denovo-db
89 v1.6.1" (pLl male infertility=0.80, pLI controls=3.75x10°, p-value=1.00x10") (Figure 1). This observation
90 indicates that LoF DNMs likely play an important role in male infertility, similar to what is known for

91  developmental disorders and severe intellectual disability****

. As an example, a heterozygous likely pathogenic
92 frameshift DNM was observed in the LoF intolerant gene GREBIL (pLI=1) of Proband_076. Homozygous Greb1L
93 knock-out mice appear to be embryonic lethal, however, typical male infertility phenotypic features such as
94 abnormal fetal testis morphology and decreased fetal testis volume are observed™. Interestingly, this patient
95 has a reduced testis volume and severe oligospermia (Supplementary Notes Table 1). Nonsense and missense
96 mutations in GREBIL in humans are known to cause renal agenesis15 (OMIM: 617805), not known to be
97 present in our patient. Of note, all previously reported damaging mutations in GREB1L causing renal agenesis
98 are either maternally inherited or occurred de novo. This led the authors of one of these renal agenesis studies
99 to speculate that disruption to GREB1L could cause infertility in males™. A recent WES study involving a cohort

100 of 285 infertile men also noted several patients presenting with pathogenic mutations in genes with an

101 associated systemic disease where male fertility is not always assessed'®, We also assessed the damaging
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102 effects of the two de novo CNVs by looking at the pLl score of the genes involved. Proband_066 presented with
103 a large 656 kb de novo deletion on chromosome 11, spanning 6 genes in total. This deletion partially
104 overlapped with a deletion reported in 2014 in a patient with cryptorchidism and NOAY. Two genes affected in
105 both patients, QSER1 and CSTF3, are extremely LOF-intolerant with pLl scores of 1 and 0.98, respectively. In
106 particular, CSTF3 is highly expressed within the testis and is known to be involved in pre-mRNA 3’ end cleavage

107 and poylyadenylation®.

108 To systematically evaluate and predict the likelihood of these DNMs causing male infertility and identify novel
109 candidate disease genes, we assessed the predicted pathogenicity of all DNMs using three prediction methods
110 based on SIFT*®, MutationTaster® and PolyPhen2®'. Using this approach, 84/145 protein altering DNM were
111 predicted to be pathogenic, while the remaining 61 were predicted to be benign. To further analyse the impact
112 of the variants on the genes affected, we looked at the missense Z-score of all 122 genes affected by a
113 missense variant, which indicates the tolerance of genes to missense mutations’. Our data highlights a
114 significantly higher missense Z-score in genes affected by a missense DNM predicted as pathogenic (n=63)
115 when compared to genes affected by predicted benign (n=59) missense DNMs (p-value=5.01x10*, Figure 2,
116 Supplementary Figure 4). Furthermore, using the STRING database”, we found a significant enrichment of
117 protein interactions amongst the 84 genes affected by a protein altering DNM predicted to be pathogenic (PPI
118 enrichment p-value = 2.35 x 107, Figure 3). No such enrichment was observed for the genes highlighted as
119 likely benign (n=61, PPl enrichment p-value=0.206) or those affected by synonymous DNMs (n=35, PPI
120 enrichment p-value=0.992, Supplementary Figure 5). These two findings suggest that (1) the predicted
121 pathogenic missense DNMs detected in our study affect genes sensitive to missense mutations, and (2) the

122 proteins affected by predicted pathogenic DNMs share common biological functions.

123 The STRING network analysis also highlighted a central module of interconnected proteins with a significant
124 enrichment of genes required for mRNA splicing (Supplementary Figure 6). The genes U2AF2, HNRNPL, CDC5L,
125 CWC27 and RBMS5 all contain predicted pathogenic DNMs and likely interact at a protein level during the
126 mRNA splicing process. Pre-mRNA splicing allows gene functions to be expanded by creating alternative splice
127 variants of gene products and is highly elaborated within the testis>. One of these genes, RBM5 has been
128 previously highlighted as an essential regulator of haploid male germ cell pre-mRNA splicing and male fertilityz.

129 Mice with a homozygous ENU-induced allele point mutation in RBM5 present with azoospermia and germ cell
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130 development arrest at round spermatids. Whilst in mice a homozygous mutation in RBM5 is required to cause
131 azoospermia, this may not be the case in humans as is well-documented for other geneszs, including the
132 recently reported male infertility gene Sycp2®. Of note, RBMS5 is a tumour suppressor in the Iungzs, with
133 reduced expression affecting RNA splicing in patients with non-small cell lung cancer”’. HNRNPL is another
134 splicing factor affected by a possible pathogenic DNM in our study. One study implicated a role for HNRNPL in
135 patients with Sertoli cell only phenotypezs. The remaining three mRNA splicing genes have not yet been
136 implicated in human male infertility. However, mRNA for all three is expressed at medium to high levels in
137 human germ cells and all are widely expressed during spermatogenesis>’. Specifically, CDC5L is a component of
138 the PRP19-CDC5L complex that forms an integral part of the spliceosome and is required for activating pre-
139 mRNA splicingao, as is CWC27%", U2AF2 plays a role in pre-mRNA splicing and 3'-end processingaz. Interestingly,

140 CSTF3, one of the genes affected by a de novo CNV in Proband_066, affects the same mRNA pathway”.

141 Whilst DNMs most often cause dominant disease, they can contribute to recessive disease, usually in
142 combination with an inherited variant on the trans allele. This was observed in Proband_060, who carried a
143 DNM on the paternal allele, in trans with a maternally inherited variant in Testis and Ovary Specific PAZ
144 Domain Containing 1 (TOPAZ1) (Supplementary Figure 7). TOPAZ1 is a germ-cell specific gene which is highly
145 conserved in vertebrates>. Studies in mice revealed that Topaz1 plays a crucial role in spermatocyte, but not

29,35,36

146 oocyte progression through meiosis®. In men, TOPAZ1 is expressed in germ cells in both sexes . Analysis

147 of the testicular biopsy of this patient revealed a germ cell arrest in early spermiogenesis (Figure 4).

148 In addition to all systematic analyses described above, we evaluated the function of all DNM genes to give
149 each a final pathogenicity classification (Table 1, details in Material & Methods). Of all 145 DNMs, 29 affected
150 genes linked to male reproduction and were classified as possibly causative. For replication purposes,
151 unfortunately no other trio-based exome data are available for male infertility, although we note that a pilot
152 study including 13 trios was recently published37. While this precluded a genuine replication study, we were
153 able to study these candidate genes in exome datasets of infertile men (n=2,279), in collaboration with
154 members of the International Male Infertility Genomics Consortium and the Geisinger Regeneron DiscovEHR
155 collaboration®®. The 33 candidate genes selected for this analysis include the 29 genes mentioned above and 4

156 additional LoF intolerant genes carrying LoF DNMs with an ‘unclear’ final pathogenicity classification. For
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157 comparison, we included an exome dataset from a cohort of 11,587 fertile men and women from

158 Radboudumc.

159 In the additional infertile cohorts, we identified only 2 LoF mutations in our DNM LoF intolerant genes
160 (Supplementary table 2). Next, we looked for an enrichment of rare predicted pathogenic missense mutations
161 in these cohorts (Table 2). A burden test revealed a significant enrichment in the number of such missense
162 mutations present in infertile men compared to fertile men in the RBM5 gene (adjusted p-value=0.009). In this
163 gene, 5 infertile men were found to carry a distinct rare pathogenic missense mutation, in addition to the
164 proband with a de novo missense mutation (Supplementary figure 8, Supplementary table 3). Importantly, no
165 such predicted pathogenic mutations were identified in men in the fertile cohort. In line with these results,
166 RBMS5, already highlighted above as an essential regulator of male germ cell pre-mRNA splicing and male

167 infertility?, is highly intolerant to missense mutations (missense Z-score 4.17).

168 Given the predicted impact of these DNMs on spermatogenesis, we were interested in studying the parental
169 origin of DNMs in our trio-cohort. We were able to phase 29% of all our DNMs using a combination of short-
170 read WES and targeted long-read sequencing (Supplementary Table 4). In agreement with literature®**, 72%
171 of all DNMs occurred on the paternal allele. Interestingly, phasing of 8 likely causative DNMs showed that 6 of
172 these were of paternal origin (75%). This suggests that DNMs with a deleterious effect on the future germline
173 can escape negative selection in the paternal germline. This may be possible because the DNM occurred after
174 the developmental window in which the gene is active, or the DNM may have affected a gene in the gamete’s
175 genome that is critical for somatic cells supporting the (future) germline. Transmission of pathogenic DNMs
176 may also be facilitated by the fact that from spermatogonia onwards, male germ cells form cysts and share
177 mRNAs and proteins“. As such, the interconnectedness of male germ cells, which is essential for their

178 survival®, could mask detrimental effects of DNMs occurring during spermatogenesis.

179 In 2010, we published a pilot study pointing to a de novo paradigm for mental retardation”® (now more
180 appropriately termed developmental delay or intellectual disability). This work contributed to the widespread
181 implementation of patient-parent WES studies in research and diagnostics for neurodevelopmental
182 disorders*®, accelerating disease gene identification and increasing the diagnostic yield for these disorders. The

183 data presented here suggest that a similar benefit could be achieved from trio-based sequencing in male
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184 infertility. This will not only help to increase the diagnostic yield for men with infertility but will also enhance

185 our fundamental biological understanding of human reproduction and natural selection.
186

187

188

189 Data access

190 Raw and processed exome sequencing data of our 185 patient-parent trios is available under controlled access
191 and requires a Data Transfer Agreement from the European Genome-Phenome Archive (EGA) repository:

192 EGAS00001004945.
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Figure 1: Analysis of the intolerance to loss-of-function variation for DNM genes. Violin plots represent the distribution of
the pLl scores of all genes in gnomAD, all genes affected by DNMs and all LoF DNM in this study and in a control population
(http://denovo-db.gs.washington.edu/denovo-db/). The observed median pLl score is displayed for each category as a
black circle. The closer the pLI score is to 1, the more intolerant to LoF variation a gene is™. Comparison between LoF
DNMs in our study and control populations shows a significance difference (p-value=1.00x10'5).
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358 Figure 2: Intolerance to missense variants for genes with a DNM. Violin plots show the distribution of Z-scores of genes
359 containing a missense DNM in our cohort, where an enrichment can be observed for predicated pathogenic DNMs in genes
360 more intolerant to missense mutations based on their mean z-score with a p-value of 5.01x10™.
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361 Figure 3: Protein-protein interactions predicted for proteins encoded by damaging DNM genes. A protein-protein
362 interaction analysis was performed for all 84 genes containing a DNM scored as damaging using the STRING tool”. A
363 significantly larger number of interactions is observed between our damaging DNM genes than is expected for a similar
364 sized dataset of randomly selected genes (PPl enrichment p-value 2.35 x 10'2) with the number of expected edges being 25
365 and the observed being 36. The central module of the main interaction network within the figure contains 5 genes which
366 are all involved in the process of mRNA splicing (Supplementary figure 6)
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367

368 Figure 4: Description of control and TOPAZ1 proband testis histology and aberrant acrosome formation: (a,b): H&E
369 stainings of (a) control and (b) Proband_060 with DNM in TOPAZ1 gene. The epithelium of the seminiferous tubules in the
370 TOPAZ1 proband show reduced numbers of germ cells and an absence of elongating spermatids. (c,d): immunofluorescent
371 labelling of DNA (magenta) and the acrosome (green) in control sections (c) and TOPAZ1 proband sections (d). (c) The
372 arrowhead indicates the acrosome in an early round spermatid and the arrows the acrosome in elongating spermatids.
373 Spreading of the acrosome and nuclear elongation are hallmarks of spermatid maturation. (d) No acrosomal spreading (see
374 arrowheads) or nuclear elongation is observed in the TOPAZ1 proband. The asterisk indicates an example of progressive
375 acrosome accumulation without spreading. Size bar in a, b: 40 um, ¢, d: 5 um.
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382 Table 1: De novo mutation classification summary.

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
383 A total of 192 rare DNMs were classified based on pathogenicity scores as well as functional data into 4 categories,
384 ‘Possibly causative’, ‘Unclear’, ‘Unlikely Causative’ and ‘Not causative’.
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ARTICLE

Deleterious variants in X-linked CFAP47 induce
asthenoteratozoospermia and primary male infertility

Chunyu Liu,220 Chaofeng Tu,?*°20 Lingbo Wang,!2:620 Huan Wu,”.8920 Brendan J. Houston,!0.11
Francesco K. Mastrorosa,'? Wen Zhang,'3 Ying Shen,!* Jiaxiong Wang,'5.'¢ Shixiong Tian,!2
Lanlan Meng,* Jiangshan Cong,'? Shenmin Yang,'5.'¢ Yiwen Jiang,! Shuyan Tang,!? Yuyan Zeng,'
Mingrong Lv,”.8° Ge Lin,3%5 Jinsong Li,® Hexige Saiyin,! Xiaojin He,”.8° Li Jin,! Aminata Touré,!”
Pierre F. Ray,!'7.!8 Joris A. Veltman,'? Qinghua Shi,!?2! Moira K. O’Bryan,!?.11.21 Yunxia Cao,”.8:%:21
Yue-Qiu Tan,?*52L* and Feng Zhang!2.21,*

Summary

Asthenoteratozoospermia characterized by multiple morphological abnormalities of the flagella (MMAF) has been identified as a sub-type
of male infertility. Recent progress has identified several MMAF-associated genes with an autosomal recessive inheritance in human
affected individuals, but the etiology in approximately 40% of affected individuals remains unknown. Here, we conducted whole-exome
sequencing (WES) and identified hemizygous missense variants in the X-linked CFAP47 in three unrelated Chinese individuals with
MMAEF. These three CFAP47 variants were absent in human control population genome databases and were predicted to be deleterious
by multiple bioinformatic tools. CFAP47 encodes a cilia- and flagella-associated protein that is highly expressed in testis. Inmunoblotting
and immunofluorescence assays revealed obviously reduced levels of CFAP47 in spermatozoa from all three men harboring deleterious
missense variants of CFAP47. Furthermore, WES data from an additional cohort of severe asthenoteratozoospermic men originating
from Australia permitted the identification of a hemizygous Xp21.1 deletion removing the entire CFAP47 gene. All men harboring hemi-
zygous CFAP47 variants displayed typical MMAF phenotypes. We also generated a Cfap47-mutated mouse model, the adult males of which
were sterile and presented with reduced sperm motility and abnormal flagellar morphology and movement. However, fertility could be
rescued by the use of intra-cytoplasmic sperm injections (ICSIs). Altogether, our experimental observations in humans and mice demon-
strate that hemizygous mutations in CFAP47 can induce X-linked MMAF and asthenoteratozoospermia, for which good ICSI prognosis is
suggested. These findings will provide important guidance for genetic counseling and assisted reproduction treatments.

Introduction

Infertility is a common medical condition affecting an esti-
mated 15% of couples worldwide.! Males account for
approximately 50% of infertile individuals, and the poten-
tial factors for male infertility are complex and diverse.”
Asthenoteratozoospermia is the clinical descriptor used
to describe men who produce sperm with abnormal

morphology and reduced motility and encompasses a sig-
nificant proportion of male infertility.®

Multiple morphological abnormalities of the flagella
(MMAF) is a subtype of asthenoteratozoospermia proposed
in 2014 and is characterized by the presence in the ejaculate
of sperm with a combination of absent, short, coiled, bent,
and/or irregular-caliber flagella.* Autosomal recessive inher-
itance has been suggested for many forms of human MMAE,
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and to date, 22 autosomal MMAF-associated genes have
been identified: AK7 (MIM: 615364), ARMC2 (MIM:
618424), CEP135 (MIM: 611423), CFAP43 (MIM: 617558),
CFAP44 (MIM: 617559), CFAP58 (MIM: 619129), CFAP65
(MIM: 614270), CFAP69 (MIM: 617949), CFAP70 (MIM:
618661), CFAP91 (MIM: 609910), CFAP251 (MIM:
618146), DNAH1 (MIM: 603332), DNAH2 (MIM: 603333),
DNAH6 (MIM: 603336), DNAH8 (MIM: 603337), DNAH17
(MIM: 610063), DZIP1 (MIM: 608671), FSIP2 (MIM:
618153), QRICH2 (MIM: 618304), SPEF2 (MIM: 610172),
TTC21A (MIM: 611430), and TTC29 (MIM: 618735).>” Yet
there are still many individuals with MMAF that cannot be
causally diagnosed, indicating the potential involvement
of other genetic factors.

Sex chromosomes display important roles in sex deter-
mination and fertility. Previous studies indicated that
many genes specifically or preferentially expressed in
the testis are enriched on sex chromosomes.'”!'! Thus,
deleterious mutations in these genes may have a direct
phenotypic effect on male fertility because of the lack of
the second compensatory X or Y allele.'* Although the
roles of Y chromosomal microdeletions in male infertility
have been well understood,'* only a few X-linked genes
have been found to be associated with infertile pheno-
types. For example, hemizygous TEX11 (MIM: 300311)
mutations were shown to cause meiotic arrest and azoo-
spermia and hemizygous ADGRG2 (MIM: 300572) muta-
tions led to obstructive azoospermia in a large Pakistani
family.'* ">

In this study, we identified hemizygous deleterious vari-
ants of X-linked CFAP47 (also known as CXorf22) in four
unrelated men displaying asthenoteratozoospermia.
Furthermore, an X-linked Cfap47-mutated mouse model
was generated with CRISPR-Cas9 technology, and the
adult males with a hemizygous Cfap47 mutation were ster-
ile and also displayed reduced sperm motility and
abnormal flagella. Intra-cytoplasmic sperm injection
(ICSI) treatment led to successful fertilization using the
spermatozoa from Cfap47-mutated male mice and three
of the four men harboring hemizygous CFAP47 variants.
All these findings indicate that X-linked CFAP47 mutations
are an important pathogenic factor of MMAF and
asthenoteratozoospermia.

Material and methods

Human subjects

The initial two Chinese cohorts were composed of 243 MMAF-
affected Chinese men recruited from the Reproductive and Ge-
netic Hospital of CITIC-Xiangya (Changsha, China) and 88
MMAF-affected individuals recruited from the First Affiliated Hos-
pital of Anhui Medical University (Hefei, China). The third cohort
comprised 24 individuals with asthenoteratozoospermia enrolled
in Australia. The clinical phenotypes of the affected individuals
are described in the supplemental information (see Supplemental
note). The study regarding the cohorts was approved by the insti-
tutional review boards at all the participating institutes, and

signed informed consents were obtained from all subjects partici-
pating in the study.

Whole-exome sequencing

Genomic DNA was isolated from peripheral blood samples of hu-
man subjects via a DNeasy Blood and Tissue Kit (QIAGEN, 51106).
Whole-exome sequencing (WES) analysis was performed on
MMAF-affected subjects as previously described.'®!” Briefly, we
used 1 pg of genomic DNA to enrich the human exome by using
the Agilent SureSelect Human All Exon V6 Kit or Twist Bioscience’s
Human Core Exome Kit and sequenced this on the HiSeq 2000 or
NovaSeq 6000 sequencing platforms (Illumina). The obtained data
were mapped to the human genome reference assembly (GRCh37/
hg19) by the Burrows-Wheeler Aligner (BWA) software,'® and PCR
duplicates were marked and removed via the Picard software. Then
ANNOVAR software was used for functional annotation with in-
formation from a variety of databases and bioinformatic tools,
including OMIM, Gene Ontology, SIFT, PolyPhen-2, 1000 Ge-
nomes Project, and gnomAD.'’"** Deleterious missense variants
were predicted simultaneously via SIFT, PolyPhen-2, CADD, and/
or M-CAP. Sanger sequencing was conducted for variant verifica-
tion with the primers listed in Table S1.

Structural modeling for CFAP47 and its mutants

The mutants Ser1742Gly and Ile2385Asn of CFAP47 are located
near the Pfam or CDD motifs, hence their effect on protein struc-
ture could be modeled with homology models. The structures with
homology domains near the mutants Ser1742Gly and Ile2385Asn
were modeled by SWISS-MODEL. The putative homology model
for the proline rich peptide (Tyr2884-GIn2905) was also built for
analysis on the basis of similar proline rich templates searched
by SWISS-MODEL. Furthermore, the molecular dynamics (MD)
simulation of this peptide was performed by UCSF Chimera with
default settings. The major clusters of simulated structures were
compared with original model (one cluster comparison was dis-
played). In addition, we also used the online tool HOPE** to
further predict the potential effects of CFAP47 missense variants
on the structure of CFAP47.

Detection and validation of genomic copy number
variations

Copy number variation (CNV) calling was performed with a
custom GATK4-based pipeline. This workflow exploits the
GATK4 sequence read-depth normalization®® and a custom R-
based segmentation and visualization.”® The detected CNVs
were annotated with AnnotSV.*” All the CNVs present in more
than 1% of the samples of the Database of Genomic Variations
(DGV) were excluded. The remaining rare deletions and
duplications were individually inspected through the genomic
profiles and detailed Log,Ratio plots generated by the workflow.
Manual inspection of these plots allowed for distinguishing
possible CNVs from background noise, and only CNVs
involving more than two exons were considered for further
validation.

The detected deletion was validated with a PCR assay. We de-
signed three primer pairs to amplify the region encompassed by
the deletion, while we designed three other primer pairs to
amplify the closest gene outside the predicted breakpoints (Table
S2 and Figure S1). The assay was conducted on the MMAF-
affected subject MA2603 II-1 and male and female control
individuals.

310 The American Journal of Human Genetics 108, 309-323, February 4, 2021

158



A Family T115

TS

XMty

Family T176 Family H025
1
XM2py XMy

Family MA2603

XMary

B M1 = ¢c.7154T>A M2 = ¢.5224A>G M3 = ¢.8668C>A
(p.1le2385Asn) (p.Ser1742Gly) (p.Pro2890Thr)
N clGTGTCAATACGGT? G C CCGGC T GGACTCACACAAGC
38 v v v
<8
5z I s
mGﬁGTCi»’TICGGT— GCATCCAGCAACAT GGACTCCCACAAGC
©
oW oM
€ M4 = GRCh37/hg19 Xp21.1 (chrX:34147944-37312950)x0
e: gy - .:_ .- .-;—l-. . - . ..‘. -., : ...,.f .-—.:.. ..
e S S o oot BBl
Female control
""""" Male control

Deletion in male: MA2603-11-1

Deleted NCBI RefSeq Genes

|
35,000,000

| FAMA47A
TMEMA47 I
FAMA478B |
Figure 1.

asthenoteratozoospermia.

(B) Sanger sequencing confirmed hemizygous CFAP47 missense variants (M1-M3) in subjects T115 II-1, T176 1I-1, and HO25 II-1, respec-
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(C) An approximately 3.2-Mb Xp21.1 deletion affecting CFAP47 (M4) in subject MA2603 II-1. This hemizygous deletion removed the

entire CFAP47 gene copy.
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Identification of hemizygous variants of X-linked CFAP47 in men with asthenoteratozoospermia
(A) Pedigrees of four families affected by hemizygous CFAP47 variants (M1-M4). Black filled squares indicate the male individuals with
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Semen parameter analysis

Semen samples of human subjects were collected through
masturbation after 2-7 days of sexual abstinence and analyzed
in the source laboratories as part of the routine biological exam-
ination according to the 5™ World Health Organization (WHO)
guidelines. The morphology of the sperm cells was assessed
with hematoxylin and eosin (H&E) staining and scanning
electron microscopy (SEM). The morphological abnormalities
of sperm flagella were classified into five categories: absent,
short, bent, coiled flagella, and flagella of irregular caliber.
We examined at least 200 spermatozoa for each subject
to evaluate the percentages of morphologically abnormal
spermatozoa.

For sperm morphology and motility analyses of the mouse
model, spermatozoa were extracted from the caput, corpus, and
cauda epididymides through dissection of adult male mice and
diluted in 1 mL human tubal fluid (HTF; Millipore, Cat. # MR-
070-D) for 15 min at 37°C. Sperm morphology was analyzed by

zygous CFAP47 variants

(A) SEM analysis of the spermatozoa from a
male control individual and men harboring
hemizygous CFAP47 variants. (i) Normal
morphology of the spermatozoon from a
healthy control male. (ii-v) Most spermato-
zoa from men harboring hemizygous
CFAP47 variants displayed typical MMAF
phenotypes, including absent (ii), short (iii),
coiled (iv), and bent flagella (v). The data of
subject T115 II-1 were shown as an example.
Scale bars: 5 pm.

(B) TEM analysis of the spermatozoa from a
male control individual and men harboring
hemizygous CFAP47 variants. Cross-sections
of the midpiece (i) and principal piece (iv)
of the sperm flagella from a male control in-
dividual displayed typical “9-+2” microtubule
structure: the central pair of microtubules
(CP; red arrows) and nine pairs of peripheral
microtubule doublets (DMTs; blue arrows)
surrounded by nine outer dense fibers
(ODFs; yellow arrows). The organized mito-
chondrial sheath and fibrous sheath are also
observed. Cross-sections of the spermatozoa
from men harboring hemizygous CFAP47
variants revealed various axonemal anoma-

missing DMTs and/or the CP (v and vi). Scale
bars: 200 nm.

H&E staining and/or SEM, and sperm
motility was further assessed with the sper-
matozoa from cauda epididymides by a com-
puter-assisted sperm analysis (CASA) system.

Electron microscopy evaluation

For electron microscopy evaluation, semen
samples were prepared as previously
described.”® In brief, for SEM assay, sperm
specimens were deposited on poly-L-
lysine-coated coverslips, fixed in 2.5%
glutaraldehyde, washed in 0.1 mol/L phos-
phate buffer, and post-fixed in osmic acid. The specimens were
then progressively dehydrated with ethanol and isoamyl acetate
gradient, then dried with a CO5 critical-point dryer (Eiko HCP-2,
Hitachi). Next, the specimens were mounted on aluminum
stubs, sputter coated by use of an ionic sprayer meter (Eiko
E-1020, Hitachi), and analyzed via SEM (Stereoscan 260) under
an accelerating voltage of 20 kV.

For transmission electron microscopy (TEM), semen samples
were rinsed and immersed routinely and then were progressively
dehydrated with graded ethanol (50%, 70%, 90%, and 100%)
and 100% acetone, followed by infiltration with 1:1 acetone
and SPI-Chem resin overnight at 37°C. After being embedded
in Epon 812, the specimens were sliced with ultra-microtome,
stained with uranyl acetate and lead citrate, and observed
and photographed via TEM (TECNAI-10, Philips) with an
accelerating voltage of 80 kV. For TEM analysis of mouse
sperm, cauda epididymis samples were prepared as described
previously.'®
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Table 1. Hemizygous deleterious CFAP47 variants identified in
Chinese MMAF-affected men

CFAP47 variant M1 M2 M3

cDNA alteration C.7154T>A C.5224A>G c.8668C>A
Variant allele hemizygous hemizygous  hemizygous
Protein alteration p.Ile2385Asn  p.Ser1742Gly p.Pro2890Thr
Variant type missense missense missense
Allele frequency in human population

1000 Genomes Project 0 0 0

East Asians in gnomAD 0 0 0

All individuals in 0 0 0

gnomAD

Function prediction

SIFT damaging damaging damaging
PolyPhen-2 damaging N/A damaging
M-CAP N/A damaging damaging
CADD 8.6 23.4 231

NCBI reference sequence number of CFAP47 is GenBank: NM_001304548.2.
Variants with CADD values greater than 4 are considered to be deleterious.
N/A, not available.

Mouse model generation

Cfap47-mutated mice were generated with CRISPR-Cas9 technol-
ogy. Cas9 and sgRNA were prepared as previously described.”’
The CRISPR-Cas9 reagents were directly injected into zygotes of
C57BL/6 mice. After injection, the zygotes were further cultured
in KSOM medium (Millipore, Cat. # MR-106-D) at 37°C under
5% CO, to reach the 2-cell stage, followed by embryo transfer
into oviducts of female pseudopregnant Institute of Cancer
Research (ICR) mice at 0.5 days post-coitum (dpc). We used PCR
assay and Sanger sequencing to identify the frameshift mutation
in founder mice (Table S3). Adult mice (aged 7 weeks or older)
were used in this study. All animal experiments were carried out
in accordance with the recommendations of the US National Insti-
tutes of Health’s Guide for the Care and Use of Laboratory Ani-
mals. The study was approved by the animal ethics committee at
the School of Life Sciences of Fudan University.

Real-time quantitative PCR and reverse-transcription
PCR

For real-time quantitative PCR, total RNAs of human spermatozoa
and mouse testes were extracted with the Allprep DNA/RNA/Pro-
tein Mini Kit (QIAGEN). Approximately 1 pg of obtained RNA
was converted into cDNA with HiScript II Q RT SuperMix for quan-
titative PCR (Vazyme). The obtained cDNA was individually
diluted 5-fold to be used as templates for the subsequent real-
time quantitative PCR with AceQ quantitative PCR SYBR Green
Master Mix (Vazyme) on a CFX Connect Real-Time PCR Detection
System. GAPDH/Gapdh was used as an internal control, and
primers for real-time quantitative PCR are listed in Table S4.

For reverse-transcription PCR (RT-PCR), total RNAs of various
tissues of adult C57BL/6N mice were extracted and reverse tran-
scribed as described above. RT-PCR was performed with 10 ng of
cDNA, and Hprt was used as an internal control (Figure S2 and
Table S4).
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Figure 3. Expression analysis of CFAP47 mRNA and CFAP47 in
the spermatozoa from a male control individual and men
harboring hemizygous CFAP47 variants

(A) Real-time quantitative PCR analysis indicated that the abun-
dance of CFAP47 mRNA was dramatically reduced in the
sperm from men harboring hemizygous CFAP47 variants when
compared to that of a control male. Data represent the means +
standard error of measurement of three independent experiments.
Two-tailed Student’s paired or unpaired t tests were used as appro-
priate (***p < 0.001).

(B) Immunoblotting assay revealed that CFAP47 was dramatically
reduced or nearly absent in the spermatozoa from men harboring
CFAP47 mutations. B-actin was used as a loading control.

Immunoblotting

The proteins of human sperm cells were extracted via Minute Total
Protein Extraction Kit for Animal Cultured Cells and Tissues (In-
vent) then denatured at 95°C for 10 min. The denatured proteins
were separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membrane (Millipore). Membranes were
blocked in 5% non-fat milk for 1 h at room temperature before in-
cubation overnight at 4°C with the following primary antibodies:
rabbit polyclonal anti-CXorf22 (i.e., anti-CFAP47; GTX80633,
GeneTex, 1:1000) and HRP-conjugated beta actin (HRP-60008,
Proteintech, 1:2000). The membranes were then washed in
TBST (Tris-buffered saline with Tween-20) three times and incu-
bated with HRP-conjugated anti-Rabbit IgG antibody (Abmart,
M21002) at a 1:2500 dilution in blocking solution for 1 h at
room temperature. We used the Chemistar High-sig ECL Western
Blotting Substrate (Tanon) to detect immunoreactive protein
bands by Tanon 5200.

Immunoprecipitations

For immunoprecipitations, proteins were extracted from the
sperm cells of a control man and the testes of adult wild-type
mice and incubated with 5 pg of a customized CFAP65 antibody
(Abclonal, China, specifically binding the amino acids 1401-
1635 of mouse Cfap65) overnight at 4°C. Next, 50 pL of Protein
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A/G Magnetic Beads (Pierce Biotechnology, Rockford, IL, USA) was
added to each incubation sample for 1 h at room temperature on a
rotating mixer. The beads were then washed three times with the
manufacturer’s immunoprecipitation lysis and wash buffer.
Finally, the co-immunoprecipitated proteins were analyzed by
immunoblotting with CFAP65 (diluted at 1:1000) and CXorf22
(i.e., CFAP47; diluted at 1:1000) antibodies.

Immunofluorescence analysis

For immunofluorescence localization of proteins, sperm cells
obtained from human MMAF-affected individuals and control
subjects were washed in phosphate-buffered saline (PBS), fixed
in 4% paraformaldehyde for 30 min at room temperature, and
coated on the slides treated with 0.1% poly-L-lysine pre-
coated slides (Thermo Fisher). Non-specific antibody binding
was blocked in 10% donkey serum for 1 h at room temper-
ature, and sperm were incubated overnight at 4°C with
the following primary antibodies: rabbit polyclonal anti-
CXorf22 (GTX80633, GeneTex, 1:100), anti-CFAP65 (CSB-
PA757963LA01HU, CUSABIO, 1:100), anti-SPAG16 (PA5-57995,
Invitrogen, 1:100), and monoclonal mouse anti-a-tubulin
(T9026, Sigma, 1:500). Next, the slides were washed with PBS
with 0.1% (v/v) Tween-20 before 1 h incubation at room temper-
ature with the highly cross-absorbed secondary antibodies
Alexa Fluor 488 anti-Mouse IgG (34106ES60, Yeasen, 1:1000)
and Cy3-conjugated AffiniPure Goat Anti-Rabbit IgG (111-165-

Figure 4. Immunofluorescence staining
of CFAP47 in the spermatozoa from a
male control individual and men harboring
hemizygous CFAP47 variants

Sperm cells were stained with anti-CFAP47
(red) and anti-a-tubulin (green) antibodies.
DNA was counterstained with DAPI (4,6-
diamidino-2-phenylindole) as a marker of
the cell nucleus. CFAP47 staining is concen-
trated at the base of sperm flagella from the
control individual, but the signal was
almost absent in the sperm flagella from
men harboring hemizygous CFAP47 vari-
ants. Scale bars: 5 pm.

MERGE

003, Jackson, 1:4000). The images were
captured with a confocal microscope
(Zeiss LSM 880).

In vitro fertilization and ICSI in mice
In vitro fertilization (IVF) and ICSI analyses
in mice were conducted as previously
described.!” In brief, the wild-type female
mice were superovulated by injection of
5-7.5 1U of pregnant mare serum gonado-
tropin (PMSG), followed by 5-7.5 IU of hu-
man chorionic gonadotropin (hCG) 48 h
later. For IVE sperm samples collected
from mouse cauda epididymides were
added into the HTF drop. Next, cumulus-
intact oocytes collected from superovulated
female mice were transferred into the
sperm-containing HTF drop. After incuba-
tion for 5-6 h, mouse embryos were washed
in HTF and transferred into KSOM medium
(Millipore, Cat. # MR-106-D) for further culture (37°C, 5% CO,).
We then evaluated fertilization rates by recording the numbers
of two-cell embryos and late-stage blastocysts at 20 h and 91 h
later, respectively. For ICSI, mouse sperm heads were separated
from sperm tails and injected into mouse oocytes obtained from
superovulated females by a Piezo driven pipette as previously
described.’” Then the injected oocytes were cultured in KSOM me-
dium at 37°C under 5% CO,. Two-cell embryos and blastocysts
were counted 20 h and 96 h later, respectively.

Results

Identification of rare and hemizygous CFAP47 variants in
men with asthenoteratozoospermia

In this study, we combined SNV and CNV calling from
WES data to identify potential candidate genes associated
with MMAF. Hemizygous missense variants of X-linked
CFAP47 were initially identified in three Chinese MMAF-
affected individuals from unrelated families in the Chinese
cohorts: ¢.7154T>A (p.lle2385Asn) in subject T115 II-1,
c.5224A>G (p.Ser1742Gly) in subject T176 II-1, and
c.8668C>A (p.Pro2890Thr) in subject HO25 II-1 (Figures
1A, 1B, and 2 and Table 1). These hemizygous CFAP47
variants were absent in the human population genome
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datasets, including 1000 Genomes Project and gnomAD
(v2.1.1 with 141,456 samples) (Table 1). All these CFAP47
missense variants were predicted to be deleterious through
utilization of the PolyPhen-2, SIFT, CADD, and M-CAP
tools (Table 1).

CFAP47 (formerly known as CXorf22, GenBank:
NM_001304548.2) is located on the human chromosome
X and highly expressed in the testis. CFAP47 encodes a cilia-
and flagella-associated protein. The residues in CFAP47
affected by CFAP47 missense variants p.Ile2385Asn (subject
T115 1I-1), p.Serl742Gly (subject T176 1II-1), and
p-Pro2890Thr (subject HO25 II-1) are all highly conserved
across species (Figure S3). Further analysis of protein struc-
tural modeling via online bioinformatic tools revealed the
severe effects of these amino acid-substituting mutations
on the structure and/or stability of CFAP47. These included
changes in the hydrophobicity in CFAP47 mutant
p-Ile2385Asn, the structure flexibility in CFAP47 mutant
p-Ser1742Gly, and backbone flexibility or residue charge
in CFAP47 mutant p.Pro2890Thr. These findings indicated
the potential contribution of these CFAP47 missense vari-
ants to MMAF (Figure S4 and Table S5).

Furthermore, CNV calling from WES data permitted the
identification of a hemizygous Xp21.1 deletion eliminating

Figure 5. Abnormal CFAP65 location in
the spermatozoa from men harboring
hemizygous CFAP47 variants

Sperm cells were stained with anti-CFAP65
(red) and anti-a-tubulin (green) antibodies.
DNA was counterstained with DAPI as a
marker of the cell nucleus. CFAP65 staining
was observed mainly at the equatorial
segment of sperm head and the base of
flagella in control spermatozoa, but the
signal was only diffusely clustered in
the acrosome of spermatozoa from men
harboring hemizygous CFAP47 variants.
Scale bars: 5 pm.
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the entire CFAP47 in subject MA2603
II-1 from the Australian cohort
(Figure 1C). PCR analysis with primer
pairs for the region encompassed by
the deletion and outside the predicted
breakpoints further confirmed the
deletion segment (Figure S1). No genic
or exonic deletions of CFAP47 were re-
ported in either DGV (14,316 samples)
or gnomAD-SV (v2.1 with 10,847
samples). These findings further sug-
gest the involvement of deleterious
CFAP47 variants in MMAF across hu-
man populations.

Deficiency of CFAP47 and its
association with CFAP65

To investigate the pathogenicity of
the CFAP47 variants identified in this
study, we analyzed the expression of CFAP47 mRNA and
protein in the sperm samples from a fertile control individ-
ual and the men harboring hemizygous CFAP47 variants.
Real-time quantitative PCR assays suggested that the abun-
dances of CFAP47 mRNA were significantly reduced in the
spermatozoa from men harboring hemizygous CFAP47 var-
iants (Figure 3A). Consistently, as shown by immunoblot-
ting and immunostaining assays, the signal of CFAP47
was dramatically reduced, or absent, in the spermatozoa
from men harboring hemizygous CFAP47 variants (Figures
3B and 4). Thus, MMAF phenotypes described in this study
were most likely caused by hemizygous deleterious variants
in CFAP47.

Previous studies have reported that the deficiency of
another cilia- and flagella-associated protein, CFAP65,
can cause male infertility with MMAE?**'~%* Furthermore,
STRING analysis indicates that CFAP47 may be highly con-
nected with CFAP6S5 (Figure S5). To investigate the poten-
tial association between these two proteins, we performed
immunostaining assay by using a commercial antibody
against CFAP65 on the spermatozoa from men harboring
hemizygous CFAP47 variants. We observed that CFAP65
immunostaining was localized mainly at the equatorial
segment of sperm head and the base of flagella in normal
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Table 2. Semen characteristics and sperm morphology in men
harboring hemizygous CFAP47 variants

T115 T176 HO025 MA2603 Reference
Subject -1 -1 -1 -1 limits
Semen parameter
Semen volume 4.0 0.9 52 5.6 1.5%
(mL)
Sperm 2.5 3.0 29.5 0.5 15.0°
concentration
(10°/mL)
Motility (%) 18.9 14.3 23.3 10.0 40.0"
Progressive 7.1 8.1 18.5 5.0 32.0°
motility (%)
Sperm morphology
Absent flagella 37.5 11.0 22.0 N/A 5.0°
(%)
Short flagella (%) 34.0 17.0 14.0 N/A 1.0
Coiled flagella 18.5 42.0 50.5 N/A 17.0°
(%)
Angulation (%) 3.5 5.0 2.0 N/A 13.0"
Irregular caliber 6.5 6.5 3.5 N/A 2.0°

(%)

N/A, not available.

?Reference limits according to the WHO standards.*”

PReference limits according to the distribution range of morphologically
normal spermatozoa observed in 926 fertile individuals.*®

spermatozoa from control individuals, whereas the
CFAP65 signal was only diffusely clustered in the acrosome
of spermatozoa from MMAF-affected individuals
harboring hemizygous CFAP47 variants (Figure 5). Impor-
tantly, the abnormal location of CFAP65 was not observed
in sperm cells from MMAF-affected individuals with other
genetic defects such as bi-allelic mutations in DNAHS,
SPEF2, or CFAP58 (Figure S6). In addition, sperm cells
from men harboring bi-allelic CFAP65 variants displayed
a significantly reduced CFAP47 staining when compared
with the obvious CFAP47 signal in the mid-piece of flagella
in normal spermatozoa (Figure S7). Consistently, obvious
CFAP47/Cfap47 signals were also observed when we
immunoprecipitated CFAP65/Cfap65 from human sper-
matozoa or mouse testis lysates and immunoblotted
with CFAP47/Cfap47 antibodies (Figure S8). These find-
ings collectively confirm a potential interaction and/or
inter-regulation between CFAP65 and CFAP47 during
spermiogenesis.

Asthenoteratozoospermia phenotypes in men

harboring hemizygous CFAP47 variants

Semen parameters of men harboring hemizygous CFAP47
variants were acquired from the source laboratories during
routine examination of the individuals according to WHO
guidelines.’® A semen analysis indicated the severely
reduced sperm motility in all of four men harboring hemi-
zygous CFAP47 variants (Table 2). Furthermore, the rates of
sperm progressive motility were dramatically decreased in

men harboring hemizygous CFAP47 variants (Table 2).
Sperm morphological study was conducted by H&E stain-
ing and SEM. In comparison to long and thin tails of the
sperm obtained from a fertile control man, the spermato-
zoa from men harboring hemizygous CFAP47 variants
displayed frequently abnormal flagella, including absent,
short, coiled flagella, and irregular caliber (Figure 2A and
Table 2).

We further conducted TEM to investigate sperm flagellar
ultrastructure in the two Chinese men harboring hemizy-
gous CFAP47 variants. In contrast to typical “9+2”
axoneme microtubule structure in the sperm flagella
from a control specimen, the sperm flagella of men
harboring hemizygous CFAP47 variants displayed a variety
of ultrastructural defects, including disorganization of
outer dense fibers, and absence of peripheral or central mi-
crotubules at the midpiece and principal piece of sperm
flagella (Figure 2B). In addition, the deficiency of SPAG16
(a component of core axoneme complex) was revealed,
further suggesting the defect of core axoneme in the sperm
flagella from men harboring hemizygous CFAP47 variants
(Figure S9).

Asthenoteratozoospermia phenotypes in Cfap47-
mutated male mice

As shown in Figure S3, CFAP47 is conserved among
mammalian species. Our RT-PCR assays using various
mouse tissues indicated the preferential expression of
mouse Cfap47 (also located on the X chromosome) in
the testis (Figure S2). To further investigate the role of
mouse CFAP47 in sperm flagellar formation, we con-
structed Cfap47-mutated mice by using the CRISPR-Cas9
system (Figure S10A). Sanger sequencing of Cfap47-
mutated male mice (Cfap477/Y) confirmed the presence
of a hemizygous frameshift mutation (c.2559insT), which
was predicted to cause premature translational termina-
tion (p.Gly855Profs*8) (Figure S10B). Real-time quantita-
tive PCR assays showed that the abundance of Cfap47
mRNA was significantly reduced in the spermatozoa from
Cfap477/Y male mice when compared with wild-type
male (Cfap47*/Y) controls (Figure S11A). Consistently, im-
munostaining analysis performed with CFAP47 antibody
revealed that CFAP47 staining was mainly located at the
mid-piece of sperm flagella from wild-type male mice,
but CFAP47 signal was almost absent in the spermatozoa
from Cfap47-mutated male mice (Figure S11B).

Sperm morphology and parameters, together with
flagellar ultra-structure, were also investigated in Cfap47-
mutated male mice. Notably, diminished and abnormal
sperm movements (a “folding” motion) were observed in
Cfap47-mutated mice (Videos S1 and S2). CASA analyses
indicated that both total sperm motility and progressive
motility were significantly reduced in Cfap47-mutated
male mice when compared to those of wild-type male
mice (Figures 6A and 6B and Table S6). Furthermore, the
rates of immotile and non-progressive spermatozoa from
Cfap47-mutated male mice were significantly higher than
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those of wild-type male mice (Figures 6C and 6D). Addi-
tionally, three kinematic parameters, including curvilinear
velocity (VCL), straight-line velocity (VSL), and average-
path velocity (VAP), were significantly lower in Cfap47-
mutated male mice than in wild-type male mice
(Figure 6E). Regarding sperm concentration, there was no
obvious difference between wild-type and Cfap47-mutated
male mice (Table S6). H&E staining and SEM assay revealed
that bent flagella were frequently observed in Cfap47-
mutated male mice (Figure 7). Remarkably, the bent
flagella most likely appeared first in the corpus of epidid-
ymis, but not in the testis of Cfap47-mutated male mice
(Videos S3-58 and Figure S12). Furthermore, although no
obvious abnormal ultrastructure was detected in cross sec-
tions of the spermatozoa from Cfap47-mutated male mice,
a higher rate of unevenly distributed fibrous sheaths was
observed in the spermatozoa from Cfap47-mutated male
mice than in those from wild-type male mice (Figures
S13 and S14). These experimental observations suggested
the possibility of abnormal sperm maturation in the

mutated mice can be rescued by ICSI
treatment

To investigate the fertility and repro-
ductive behavior of Cfap47-mutated
mice, we caged the sexually mature
(6 weeks of age or older) wild-type and
Cfap47-mutated male mice to age-
matched wild-type females (one male
with two females) for 3 months and
counted the numbers of pups per litter.
As shown in Figure S15, wild-type male
mice routinely produced offspring (3—4
litters produced per female, 8 + 0.82
pups per litter), whereas Cfap47-
mutated male mice failed to produce any offspring over
3 months of breeding. We also performed IVF analysis to
further investigate the fertility of Cfap47-mutated male
mice. As expected, the rates of two-cell embryos and blas-
tocysts were significantly lower in the group using the
spermatozoa from Cfap47-mutated male mice than those
of the wild-type male control group (Figure 8A). All these
findings indicated that Cfap47 deficiency causes male
infertility in mice.

ICSI treatment has been suggested as an effective way to
circumvent the physical limitations experienced by MMAF
sperm.®’ To investigate whether mouse Cfap47-associated
asthenoteratozoospermia could be overcome via ICSI, we
performed ICSI by using spermatozoa from wild-type and
Cfap47-mutated male mice. Notably, the rates of two-cell
embryos and blastocysts generated by Cfap47-mutated
male mice were comparable to those generated by wild-
type male mice (Figure 8B). Similarly, three out of the
four men harboring hemizygous CFAP47 variants in this
study achieved good clinical outcomes after assisted

ALH (um/s)
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origins. All these deleterious variants
identified in CFAP47 are absent from
human population genome datasets
archived in the 1000 Genomes Project,
gnomAD, or DGV (Figure 1 and Table 1).
Functional experiments further indi-
cated the deficiency of CFAP47 in the
spermatozoa from men harboring hemi-

reproductive therapy by ICSI (Table 3). The fourth couple
(subject T115 II-1 and his wife) could not achieve a preg-
nancy, potentially because of additional female risk factors
of infertility (e.g., advanced reproductive age and poor
oocyte quality). Therefore, our studies strongly indicated
that the damaged male fertility caused by hemizygous
CFAP47 variants can be rescued by ICSI treatment.

Discussion

Since the initial identification of DNAH1 in 2014 as a path-
ogenic gene in human asthenoteratozoospermia with
MMAF, only an autosomal recessive inheritance has been
proposed for MMAF,* and an additional 21 such autosomal
genes have been confirmed to cause human MMAF.*? Here,
we demonstrated that MMAF can be caused by hemizygous
mutations in an X-linked gene. We report that hemizygous
deleterious variants of X-linked CFAP47 induce severe as-
thenoteratozoospermia in four unrelated MMAF-affected

zygous CFAP47 variants. All these find-
ings indicate that CFAP47 is an X-linked
MMAF-associated gene. Analogously,
the X-linked AKAP4 (MIM: 300185)
was previously found to be deleted
together with an AKAP3 deletion on
the human chromosome 12 in a man
with sperm fibrous sheath dysplasia,
but no further molecular evidence of
the transcripts or proteins was available
to confirm the pathogenicity of AKAP3
deletion and/or AKAP4 deletion.*®
Therefore, X-linked AKAP4 may be
also a candidate gene for MMAF, but
so far this has not been formally
demonstrated.

To date, we do not have cues explain-
ing the molecular mechanism by
which deleterious CFAP47 variants
cause abnormal sperm morphology and/or motility.
Notably, a potential interaction between CFAP65 and
CFAP47 was predicted by the in silico tool STRING
(Figure S5). Immunostaining assays performed in this study
also revealed abnormal localization of CFAP65 in the sper-
matozoa from CFAP47-mutated men and the loss of
CFAP47 staining in the sperm cells from CFAP65-mutated
men. Moreover, co-immunoprecipitation assays performed
on the spermatozoa from a fertile control man and the
testes of wild-type male mice further support a functional
link between these two cilia- and flagella-associated pro-
teins. Previous studies also reported that CFAP65 deficiency
caused severe asthenoteratozoospermia in mice and hu-
mans.”**!~** Moreover, CFAP65 was found to participate
in calcium-mediated retrograde signaling affecting cell dif-
ferentiation and proliferation.***” Thus, the reduced sperm
motility and higher rates of abnormal sperm morphologies
in men harboring hemizygous CFAP47 variants may
partially result from the abnormal interaction or regulation
between CFAP47 and CFAP65.

318 The American Journal of Human Genetics 708, 309-323, February 4, 2021

166



Mouse in vitro fertilization (IVF)

A
Cfap47+/Y ”e
1007 s
807
K] 601
Q _ .
< 4° =3
207
0 . .
Cfapd7*/Y  Cfapd7-/Y
*kk
——
1007
2 £ 807 E.
O -
o1 2, 607
g 8 | °
o 207
0 . .
Cfapd7*/Y  Cfapd7-/Y
B Mouse intra-cytoplasmic sperm injection (ICSI)
Cfap47+/Y Cfap47 /Y
n.s.
@ & 1007 1
80 —E- e
— X
o) = 601
8 =
({I é.’ 40
207
\ T T
Cfapd7*/Y  Cfapd7-/Y
1007
- & 801
(g‘ = n.s.
8 2 607 1
- Q
i gy =P =
m g 201

Cfapd7*/Y  Cfapd7-/Y

=

Figure 8. Damaged fertilization capability by deficiency of mouse CFAP47 could be rescued by ICSI

(A) Representative two-cell embryos and blastocysts from IVF in mice. The rates of both two-cell embryos and blastocysts were signifi-
cantly lower in the group using the spermatozoa from Cfap47-mutated (Cfap477/Y) male mice than those in the wild-type (Cfap47*/Y)
group. Both groups consisted of four male mice. A total of 716 mouse embryos were counted. Data are represented as means + standard

error of measurement; ***p < 0.001. Scale bars: 200 pm.

(B) Representative two-cell embryos and blastocysts from ICSI in mice. The rates of two-cell embryos and blastocysts were counted
after sperm heads were injected into oocytes that were collected from superovulated wild-type female mice. Both the Cfap47"/Y and
Cfap477/Y groups consisted of three male mice. A total of 367 mouse embryos were counted. Data are represented as means * standard

error of measurement. n.s., not significant. Scale bars: 200 um.

We also constructed Cfap47-mutated mice in this study
to further explore the effect of CFAP47 deficiency on sperm
flagellar formation. Consistent with clinical presentation
of men harboring hemizygous deleterious variants in
CFAP47, Cfap47-mutated male mice were sterile and dis-

played reduced sperm motility. Light microscopy analysis
revealed a higher rate of bent flagella in Cfap47-mutated
male mice than in wild-type mice, a phenotype first
discovered in the corpus epididymides, but not in the testis
of the Cfap47-mutated male mice. It is well-established
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Table 3. Clinical outcomes of ICSI cycles using the spermatozoa
from men harboring hemizygous CFAP47 variants

T115  T176 HO025 MA2603
Subject -1 -1 -1 -1
Male age (years) 37 26 34 31
Female age (years) 41 26 32 N/A
Number of ICSI cycles 1 1 1 1
Number of oocytes 1 9 11 12
injected
Number (and rate) of 0(0%) 8 (89%) 9 (82%) 10 (83%)
fertilized oocytes
Number (and rate) of - 8 (100%) 9 (100%) N/A
cleavage embryos
Number (and rate) of - 5 (63%) 7 (78%) N/A
8-cells
Number (and rate) of - 5 (63%) 7 (78%) 3 (30%)
blastocysts
Number of transfer cycles — 1 1 3
Number of embryos - 2 2 1
transferred per cycle
Implantation rate - 100% 50% 66%
Clinical pregnancy rate - 100% 100% 100%
Miscarriage rate - 0% 0% 33%

—, not applicable; N/A, not available.

that the epididymis constitutes a critical place for sperma-
tozoa to acquire their fertilizing ability and, in particular,
forward motility properties.*’ Thus, a possible impairment
of sperm maturation may also occur as a result of the defi-
ciency of mouse CFAP47. In addition, TEM assessment re-
vealed a higher rate of unevenly distributed fibrous sheaths
in the spermatozoa from Cfap47-mutated male mice than
those from wild-type male mice, indicating potential ab-
normalities in flagellar assembly. It is possible that those
fibrous sheath defects could confer the fragility to the
sperm flagella, which may further induce bending during
epididymal transit and contribute to the compromised
sperm motility.*!

Overall, the sperm phenotype of Cfap47-mutated male
mice appears milder than the phenotype of men harboring
hemizygous CFAP47 variants. This could be due to evolu-
tionarily divergent protein regulatory networks of
CFAP47 or distinct compensatory mechanisms between
species or differences in environmental exposure. None-
theless, our investigations using CASA demonstrate signif-
icantly diminished sperm motility and abnormal sperm
movements in Cfap47-mutated male mice. As such, the
cause of sterility in Cfap47-mutated male mice is almost
certainly due to the inability of sperm to ascend the female
reproductive tract and reach the site of fertilization.

ICSI has become an effective method to help infertile
couples to achieve a successful pregnancy. For infertile
men with MMAF, ICSI treatment constitutes the only
choice because of the constitutive flagellar defects.* Previ-

ous studies and our recent works revealed the good prog-
nosis of ICSI for a series of MMAF-related genes. For
example, MMAF-affected individuals with bi-allelic
variants in DNAHI1, DNAHS, or TTC29 have good clinical
outcomes following ICSI, while failed pregnancies
were reported for CEP135 (due to abnormal centriole as-
sembly)- or DNAH17 (due to unknown reason)-associated
MMAE/"!7:374%44 In this study, despite the reduction in
fertilization observed in mouse IVF using the spermatozoa
from Cfap47-mutated male mice, the fertilization (two-cell
embryo) rate and blastocyst rate when performing ICSI for
Cfap47-mutated male mice were similar to those observed
for wild-type males. Moreover, men harboring hemizygous
CFAP47 variants in this study (except for subject T115 II-1,
whose wife had poor oocyte quality) acquired successful
pregnancies after ICSI treatment, further supporting
that ICSI can be recommended for CFAP47-associated
asthenoteratozoospermia.

Importantly, while both men harboring deleterious
variants in X-linked CFAP47 and those harboring bi-
allelic mutations in autosomal MMAF-associated genes
can have offspring via ICSI treatment, different rates of
mutation carriers and different risks of male infertility
in the offspring are expected between those two modes
of inheritance. For the affected men whose MMAF is
caused by autosomal recessive variants, both male and fe-
male offspring will be fertile heterozygous carriers who
may ultimately transmit the autosomal recessive variants
to next generations at a 50% probability. Assuming that
there are no consanguineous conceptions, in this case
of autosomal MMAF loci, the recurrence risk of MMAF
will be very low for the offspring. In contrast, for ICSI
performed in case of X-linked CFAP47-associated
MMAF, 100% of female (but no male) offspring will
inherit heterozygous deleterious variants of CFAP47.
These female heterozygous carrier offspring will transmit
the X-linked CFAP47 variants at a 50% probability to the
next generations, among which the females will be het-
erozygous carriers and the males harboring hemizygous
CFAP47 variants will be infertile. Therefore, the findings
of this study are meaningful to genetic counseling for
X-linked MMAF and asthenoteratozoospermia before
ICSI treatment.

In conclusion, our experimental observations on both
human subjects and the mouse model indicate that hemi-
zygous CFAP47 variants can induce MMAF-associated
asthenoteratozoospermia. The observed functional asso-
ciations between CFAP47 and CFAP65 indicated that cilia-
and flagella-associated proteins may exist in a mutually
regulated manner during spermatogenesis. Furthermore,
good pregnancy outcomes could be achieved through
ICSI treatment using the spermatozoa from men
harboring hemizygous CFAP47 variants. Overall, our find-
ings provide important information for genetic coun-
selors and clinicians to further understand the genetic
causes of male infertility and establish a personalized
treatment plan.

320 The American Journal of Human Genetics 108, 309-323, February 4, 2021

168



Data and code availability

The NCBI reference sequence numbers for human CFAP47
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STUDY QUESTION: What are the causative genetic variants in patients with male infertility due to severe sperm motility disorders?

SUMMARY ANSWER: We identified high confidence disease-causing variants in multiple genes previously associated with severe sperm
motility disorders in 10 out of 2| patients (48%) and variants in novel candidate genes in seven additional patients (33%).

WHAT IS KNOWN ALREADY: Severe sperm motility disorders are a form of male infertility characterised by immotile sperm often in
combination with a spectrum of structural abnormalities of the sperm flagellum that do not affect viability. Currently, depending on the clin-
ical sub-categorisation, up to 50% of causality in patients with severe sperm motility disorders can be explained by pathogenic variants in
at least 22 genes.

STUDY DESIGN, SIZE, DURATION: We performed exome sequencing in 2| patients with severe sperm motility disorders from two
different clinics.

PARTICIPANTS/MATERIALS, SETTING, METHOD: Two groups of infertile men, one from Argentina (n=9) and one from
Australia (n=12), with clinically defined severe sperm motility disorders (motility <5%) and normal morphology values of 0-4%, were
included. All patients in the Argentine cohort were diagnosed with DFS-MMAF, based on light and transmission electron microscopy.
Sperm ultrastructural information was not available for the Australian cohort. Exome sequencing was performed in all 21 patients and
variants with an allele frequency of < 1% in the gnomAD population were prioritised and interpreted.

MAIN RESULTS AND ROLE OF CHANCE: In |10 of 2| patients (48%), we identified pathogenic variants in known sperm assembly
genes: CFAP43 (3 patients); CFAP44 (2 patients), CFAP58 (| patient), QRICH2 (2 patients), DNAH | (| patient) and DNAHé (I patient). The
diagnostic rate did not differ markedly between the Argentinian and the Australian cohort (55% and 42%, respectively). Furthermore, we
identified patients with variants in the novel human candidate sperm motility genes: DNAH 2, DRCI, MDCI, PACRG, SSPL2C and TPTE2.
One patient presented with variants in four candidate genes and it remains unclear which variants were responsible for the severe sperm
motility defect in this patient.

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: In this study, we described patients with either a homozygous or two heterozygous
candidate pathogenic variants in genes linked to sperm motility disorders. Due to unavailability of parental DNA, we have not assessed the
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frequency of de novo or maternally inherited dominant variants and could not determine the parental origin of the mutations to establish in
all cases that the mutations are present on both alleles.

WIDER IMPLICATIONS OF THE FINDINGS: Our results confirm the likely causal role of variants in six known genes for sperm
motility and we demonstrate that exome sequencing is an effective method to diagnose patients with severe sperm motility disorders
(10721 diagnosed; 48%). Furthermore, our analysis revealed six novel candidate genes for severe sperm motility disorders. Genome-wide
sequencing of additional patient cohorts and re-analysis of exome data of currently unsolved cases may reveal additional variants in these
novel candidate genes.
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Introduction

The presence of motile sperm is an absolute requirement for male
fertility in all mammals. The sperm flagellum is a modified motile cilium
and structural and functional deficiencies of this structure are fre-
quently associated with male infertility (Toure et al., 2020). A normal
human sperm tail is composed of a central axoneme consisting of nine
peripherally arranged doublet microtubules encircling a central pair
(Fig. 1). Each peripheral doublet projects towards the next doublet in
a clockwise direction, via the presence of outer and inner dynein arms
(ODAs and IDAs), which are the key effector structures underpinning
sperm motility. The absence of ODAs and/or IDAs of respiratory cilia
and sperm flagella in men leads to sperm immotility and chronic respi-
ratory disease in a syndrome collectively known as primary ciliary dys-
kinesia (PCD, Afzelius et al, 1975; Rebbe and Pedersen, 1975;
Rossman et al., 1981). Key to axoneme function and PCD causality
are the dynein complexes within the IDA and ODA, which are
ATPases responsible for microtubule sliding within the axoneme of the
sperm tail and respiratory cilia. Consistent with the assembly of the
sperm tail in a distinct cytoplasmic lobe devoid of protein translation,
the loss of function of genes associated with protein transport can
lead to sperm motility defects in animal models, spanning all aspects of
sperm ultrastructure (Pleuger et al., 2020).

Within the broad spectrum of sperm immotility disorders, a range
of pathological sub-types exist. In 1987, Chemes et al. introduced the
term dysplasia of the fibrous sheath (DFS) to describe a distinct form
of human sperm pathology involving axonemal and peri-axonemal
structures. This condition can be familial, suggesting a genetic aetiology,
and/or can be associated with chronic respiratory disease due to dy-
nein deficiency, suggesting a genetic link as well as a mechanistic over-
lap with PCD (Afzelius et al., 1975; Baccetti et al., 1981; Chemes et
al., 1987; Chemes et al., 1990; Chemes et al., 1998; Rawe et dl.,
2002). In 2014, Ben Khelifa et al. introduced the term multiple mor-
phological abnormalities of the sperm flagellum (MMAF) to describe a
similar combination of sperm phenotypes (Ben Khelifa et al., 2014).
Whilst the phenotypes identified as DFS and MMAF are overlapping,
the main differences reside in the significance put on short and thick
tails (‘stumpy tails’) due to the fibrous sheath disorganisation and asso-
ciated axonemal anomalies (DFS), and on the relevance given to a lack
of the central pair of microtubules or dynein arms (MMAF). In the

present paper, we will use the term spectrum of severe sperm
motility disorders to include both DFS and MMAF but also the more
general description of patients with non-syndromic severe astheno-
teratozoospermia.

Unbiased next-generation sequencing methods such as exome se-
quencing have proven critical in the discovery of the genetic causes un-
derlying severe sperm motility disorders, including variants in Dynein
Axonemal Heavy Chain | and 6 (DNAH| and DNAH6) (Ben Khelifa et
al,, 2014; Tu et al., 2019), Cilia And Flagella Associated Protein 43 and
44 (CFAP43 and CFAP44) (Tang et al, 2017) and Glutamine Rich 2
(QRICH2) (Shen et al., 2019). Studies in the past 6 years have associ-
ated variants in at least 22 genes with severe sperm motility defects
and demonstrated that, indeed, a large portion of these defects are
genetic in origin (Supplementary Table SI). Currently 30-60% of all
DFS-MMAF cases can be explained genetically (Toure et al., 2020). In
the present study, we aimed to determine the diagnostic value of the
currently known sperm motility genes in different clinical cohorts of
patients with severe sperm motility defects using an unbiased exome
sequencing approach. This also allowed us to identify novel candidate
genes involved in sperm morphology and motility.

Materials and methods

Patients and sample collection

The current study included two groups of patients, one from
Argentina and a second from Australia. All patients were informed of
the nature of the study and gave informed consent before collection
of blood samples. The collection of samples in Argentina was ap-
proved by the Ethics Review Board of Centro de Investigaciones
Endocrinoldgicas, National Research Council, Buenos Aires, Argentina.
The collection of samples in Australia was approved by the human
ethics panels at three sites: Monash Surgical Private Hospital (Clayton),
Monash Medical Centre and Monash University, Australia.

Nine males from Argentina were included, who presented with pri-
mary infertility due to severe sperm tail defects and very low motility
or immotile sperm (Table ). In addition to the standard semen analy-
sis, their sperm were examined by electron microscopy. All patients
were characterised as having a typical DFS-MMAF phenotype
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Figure |. Structure of the tail of a normal human spermatozoon. Upper panel: schematic drawing of a normal human spermatozoon
showing three consecutive sections along the length of the tail: middle piece, principal piece and end piece. Transversal lines along its length mark the
level of the cross sections displayed in the schematic panel drawings (middle panel) and the electron microscope images (lower panel): (A) mid piece,

(B) proximal principal piece, (C) distal principal piece and (D) higher magnification detail of the axoneme. Panel A: schematic drawings and sections

of the mid piece: circumferential to the axoneme there are nine outer dense fibres (o) each associated to the corresponding peripheral pair. They are
surrounded by a helically arranged mitochondrial sheath (MS). At the proximal principal piece (Panel B) mitochondria are replaced by the Fibrous
Sheath (FS), which is organised in two longitudinal columns (*) that replace outer dense fibres 3 and 8 and are joined by transverse hemi-circumferen-
tial ‘ribs” (FS). At the distal principal piece (Panel C) all outer dense fibres disappear and the axoneme is only surrounded by the Fibrous Sheath.
Panels D: higher magnification details of three peripheral doublet microtubules (PD) projecting in a clockwise direction toward the next PD OA and
IA dynein arm, and radial spokes (**) towards the central pair. Magnification bars: (A) 150 nm, (B) 140 nm, (C) 104 nm, and (D) 26 nm.

(Chemes et al., 1987, 1998). ARG5 has a non-twin brother with DFS,
while ARG7 and ARGS8 have suffered from chronic respiratory disease
and sinusitis since early childhood. ARG6 had a combination of DFS-
MMAF with ‘acephalic spermatozoa’, a phenotype derived from a
faulty development of the sperm head-tail attachment (Rawe et al.,
2002, Moretti et al., 201 ).

In the Australian group, 12 males were recruited following assess-
ment of their semen samples via WHO criteria (World Health
Organization, 2010). All presented with infertility due to severe asthe-
nozoospermia and a high percentage of abnormal forms, based on
light microscopy as reported by the clinical andrology laboratory
(Table II). Specifically, these men had sperm motility values <5% and

normal morphology values of 0-4%. Patient AUS3 had a history of
chronic sinus congestion with productive cough, suggestive of a ciliary
defect. Patient AUS3 also experienced respiratory distress of pre-
sumed, but unexplored, environmental origin.

All 21 patients provided a venous blood sample from which DNA
was extracted and kept at —80°C until analysis.

Transmission electron microscopy

As indicated above, in addition to the standard semen analyses, an ali-
quot of fresh semen from each of the Argentinian patients was proc-
essed for transmission electron microscopy (TEM) according to the
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Table I Light and electron microscopy characteristics of spermatozoa in patients of the Argentinean cohort.

Sample  Shape Motility: Fibrous Axoneme** Dynein Mid Extension Observations
of tails total/ sheath arms piece ODFs3and 8
translative  thickening anomaly
ARGl Stump* 2/1 Present 8+0 Present Present Present Oligozoospermia
ARG2 Stump 0 Present 9+0 NE Present Present Oligozoospermia
ARG3 Stump 0 Present 940 NE Present Present -
9+2
ARG4 Stump NE Present NE NE NE NE Astheno-teratozoospermia.
ARG5 Stump 0 Present 9+0 Partial absence NE NE Brother with DFS
ARG6 Stump 0 Present 9+0 Present Present Present Combined with acephalic sperm
ARG7 Stump 0 Present 9+2 Present Absent Absent Chronic respiratory disease
ARG8 Stump 0 Present 941 4 I Absent Partial Partial (?) Chronic respiratory disease
ARG9 Stump 0 Present TAD Absent NE NE Oligozoospermia

*Stump tails: short, thick, of irregular outline.

**Axoneme: |st digit: number of peripheral doublets, 2nd digit: number of central microtubules.
***9 peripheral doublets + | centrally translocated peripheral doublet + | central microtubule.
NE, not evaluated because of technical limitations; TAD, Total Axonemal Disruption.

Mid piece anomaly: Short or absent mid pieces due to lack of annulus migration.

Extension ODF 3 and 8: ODF 3 and 8 abnormally extended beyond the mid piece.

Table Il Spermiogram and clinical outcome of Australian cohort.

Sample Concentration Motility Morphology Additional relevant clinical notes Fertility outcome
(xI Ol’lml)* (% motile)* (% abnormal)* after ART treatment
AUSI 120 4 95 NA
AUS2 20 | 94 NA
AUS3 5 5 94 Chronic sinus congestion 3 ICSl cycles
with productive cough 2 transferred
0 pregnancies
AUS4 29 0 91-95 NA
AUSS5 I5 2 98 NA
AUS6 12 0 98 NA
AUS7 12 3 96 NA
AUS8 0.5 | 97 2ICSl cycles
2 pregnancies
AUS9 45 0 100 Presumed smoker’s NA
cough. Hematuria
AUSI0 0.1 0 98
AUSII 88 5 99 2 ICSl cycles
| pregnancy
AUSI2 4 100 10 ICSI cycles

| foetus loss at 20 weeks
2 pregnancies

*Reference values for normozoospermia according to the World Health Organization: >15 x 10° sperm per ml; >40% motility (progressive motility and non-progressive motility);

>4% normal forms.

methods previously described (Chemes et al, 1987, 1998). Briefly,
within 30-60min after ejaculation, when liquefaction was complete,
samples were diluted in phosphate buffer. After centrifugation pellets
were fixed in situ with EM grade glutaraldehyde in phosphate buffer,

followed by post-fixation with osmium tetroxide. Sperm pellets were
dehydrated followed by infiltration in propylene oxide-epon-araldite
mixture, embedded and subsequently polymerised in pure Epon-
Araldite (Pelco International, Fresno, CA, USA). Thin sections
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exhibiting silver to pale golden interference colours were obtained
using a Pelco diamond knife in a RMC-7000 ultramicrotome. These
sections were mounted on 300 mesh copper grids, double-stained
with uranyl acetate and lead citrate, and studied and photographed in
a Zeiss 109 electron microscope (Zeiss Oberkochen, Jena, Germany).

Whole exome sequencing

Samples of 100ng high-quality genomic DNA, measured with Qubit
dsDNA HS kit (Invitrogen, Carlsbad, CA, USA), were used for whole
exome target capture using lllumina’s TruSeq Rapid Exome Capture
kit (lllumina, San Diego, CA, USA), according to the manufacturer’s
protocol. Sample libraries were dual indexed using lllumina’s Nextera
i7 and i5 primers (lllumina, San Diego, CA, USA). Pooled libraries
were sequenced on the NextSeq 500 platform for the Argentinian co-
hort (lllumina, San Diego, CA, USA) and the NovaSeq 6000 platform
for the Australian cohort (lllumina, San Diego, CA, USA). Paired-end
sequencing of 150 bp was carried out at an average sequencing depth
of 100x per sample. Whole exome sequencing was carried out at the
Genomics Core Facility, Biosciences Institute, Faculty of Medical
Sciences, Newcastle University, UK.

FASTQ files were aligned against the human reference genome
(hg!9/GCRh37) using Burrows Wheeler Aligner (BWA MEM 0.7.12)
to generate BAM files. Picard toolkit v1.90 was used to mark PCR
duplicates and SAMtools vI.6 was used to sort and index BAM files.
Genome Analysis Toolkit (GATK) v3.4.46 was used to perform base
quality score recalibration and variant calling to generate gVCF file con-
taining SNVs and small indels for each sample. All gVCF files were
annotated using Ensembl’s Variant Effect Predictor (VEP v92)
tool. Homozygosity calling was performed using RareVariantVis
(Stokowy et al., 2016) and regions of > | 000 000bp and a percent-
age of homozygosity larger than 85 (perc_HMZ >85) were classified
as stretches of homozygosity.

Variant filtering, prioritisation and
validation

For variant filtering and prioritisation, we focused on variants present
in exons and canonical splice sites. Variants were excluded from
downstream analysis if they did not meet all of the following criteria:
(a) variant was more than five reads covering the locus; (b) variant
was present in more than 15% of reads covering that locus; and (c)
variant had an allele frequency of <% in the gnomAD database
(https://gnomad.broadinstitute.org), dbSNP  (https://www.ncbi.nlm.
nih.gov/SNP/) and our internal database. Variants were classed as
homozygous if the variant allele was detected in >85% of all reads
covering the locus and heterozygous if the variant allele was detected
in >15% and <85% of all the reads covering the locus. Following filter-
ing, variants were prioritised based on the following criteria: (a) var-
iants present in known or candidate severe sperm motility disorder
genes (AK7, AKAP4, ARMC2, CEPI35, CFAP43, CFAP44, CFAP58,
CFAP65, CFAP69, CFAP70, DNAHI, DNAH2, DNAH6, DNAH 7, DZIPI,
FSIP2, MAATSI, QRICH2, SPEF2, TTC2IA, TTC29 and WDR66); (b)
genes which were mutated in multiple patients; (c) homozygous var-
iants which were present in homozygosity stretches of >1Mb in
length; (d) genes which were reported as having elevated mRNA ex-
pression in testis, which is available from the Human Protein Atlas

database version 19.1  (https://www.proteinatlas.org/humanpro
teome/tissue/testis); (€) genes which interact with known sperm mo-
tility or cilia related genes in the STRING database version |1.0
(https://string-db.org); and (f) genes which present infertility or
astheno-teratozoospermia phenotypes as reported in the Mouse
Genomics Institute database (http://www.informatics.jax.org); data-
base last accessed on 8 November 2019 or elsewhere in the
literature.

Candidate variants were classified according to the guidelines of the
American College of Medical Genetics using five classes: benign (Class
1), likely benign (Class 2), variant of unknown significance (Class 3),
likely pathogenic (Class 4) and pathogenic (Class 5) (Richards et al.,
2015) using the software program Alamut Visual version v.2.13.
Missense pathogenicity prediction was performed by Align GVGD,
SIFT, MutationTaster and PolyPhen-2 and splicing prediction was per-
formed as described previously (Houston et al., 2020). Variants on
chromosome X were classified as (likely) benign if the allele frequency
in men exceeded 0.05% in any population described in gnomAD.
Candidate variants following filtering and prioritisation were visually
inspected in the IGV browser (http://software.broadinstitute.org/soft
ware/igv/) to evaluate variant quality. Lastly, candidate variants were
validated using the conventional Sanger sequencing approach according
to the standard protocols.

Control cohort of proven fathers

To assess the frequency of all variants prioritised in our analysis, we
used a control cohort of 5784 proven fathers as described previously
(Wyrwoll et al., 2019). Detailed information regarding child conception
was unavailable for these men, but they likely reflect the normal popu-
lation of fathers in the Netherlands. Currently, approximately | in 33
children in the Netherlands is conceived through any form of IVF, ICSI
or transfer of previously frozen embryos, and | in 98 is conceived
through ICSI alone as reported by the Dutch Society for Obstetrics
and Gynecology (https://www.degynaecoloog.nl/nuttige-informatie/
ivf-resultaten/).

CNV analysis

CNVs were detected from the exome sequencing data using a custom
GATK4-based pipeline. This workflow exploits the GATK4 sequence
read-depth normalisation (McKenna et al., 2010) and a custom R-
based segmentation and visualisation. The CNVs identified were anno-
tated with AnnotSV3 (https://Ibgifr/AnnotSV/). Due to low quality
of the CNV data, samples from ARGS5, ARG3 and AUS9 were ex-
cluded from the analysis. The common CNVs identified in more than
1% of the samples of the Database of Genomic Variations were ex-
cluded. For the rare and large CNVs encompassing > 20 sequencing
probes, the Log2Ratio plots were manually inspected and the genes in-
volved were investigated to find any linked to spermatogenesis and
testis function. A panel of known primary ciliary dyskinesia genes com-
prehensive of 32 (described in Takeuchi et al., 2020) as well as the
known or candidate severe sperm motility disorder genes reported in
Supplementary Table S| were used to screen the genes involved in all
of the CNVs detected.
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Results

Sperm phenotype under light and electron
microscopy

Sperm from all men in the Argentinian cohort exhibited the DFS-
MMAF phenotype, as verified at a light and electron microscopic level
(Table | and Fig. 2). The main features of this phenotype include se-
vere astheno-teratozoospermia (<5% motility) or total immotility
(Table 1). Most spermatozoa present with short, thick and irregular
tails (‘stump tails’, Fig. 2A, C and D). There are occasional sperm
heads with absent flagella. Ultrastructural examination shows serious
architectural disruptions. Thick and short stump tails are packed by
disorganised thick filaments corresponding to the ribs of the fibrous
sheath and the axonemes depict serious distortions such as partial to
complete lack of the central pair (940 configuration, Fig. 2E and F).
Dynein arms (inner or both) are frequently absent from the axoneme
peripheral doublets (Fig. 2G, | and ]) and, on occasions, the axoneme
is completely disrupted (Fig 2| and J). Outer dense fibres 3 and 8 are
abnormally extended to the sperm tail principal piece (Table | and
Fig. 2E and G). As a consequence of failed caudal migration of the an-
nulus, mitochondria do not assemble properly and the mid piece is
missing or substantially reduced to very few mitochondria (Fig. 2A, C
and D). Semen samples from the Australian cohort were examined
following the WHO 2010 criteria for semen analysis (World Health
Organization, 2010) and were characterised as severe astheno-terato-
zoospermia (Table II).

Exome sequencing in patients with severe
sperm motility disorders

Exome sequencing revealed an average of 92 504 variants per patient
(Supplementary Table SlI). Since severe sperm motility disorders typi-
cally follow an autosomal recessive inheritance pattern, we focussed
our analysis on compound heterozygous and homozygous variants,
supplemented with an analysis of X and Y-linked variants. After exclu-
sion of false-positive variant calls and variants classified as (likely) be-
nign according to the ACMG guidelines, we identified an average of
five variants in each patient for further consideration (Supplementary
Tables Sl and SlIl). Parental data were not available to confirm com-
pound heterozygosity of the heterozygous variants. CNV analysis was
performed in all patient exome data, but no clinically relevant CNVs
were detected.

In 10 out of 2| patients (47.6%), we found homozygous or 2 het-
erozygous high confidence disease causing variants in genes previously
associated with severe sperm motility disorders (Table Il and
Supplementary Table Slll): CFAP43 (3 patients: ARG2, AUS8 and
AUS9); CFAP44 (2 patients: ARG6 and ARG9), CFAP58 (I patient:
ARGS), QRICH2 (2 patients: AUS5 and AUSI2), DNAH| (| patient:
AUS2) and DNAH6 (| patient: ARG3). The homozygous variants
found in ARG5, AUS8, AUS9 and AUSI2 were each located in a re-
gion of homozygosity indicating consanguinity (Supplementary Table
SIV). None of the variants were found to be present as homozygous
in a control cohort of 5784 proven fathers (Supplementary Tables SI
and SV).

Novel candidate genes for severe sperm
motility disorders

Expanding the analysis to consider putative variants in genes not previ-
ously associated with human astheno-teratozoospermia, revealed a to-
tal of 7| variants in 53 genes in the remaining patients (Supplementary
Tables S and SlIl). After assessing the predicted pathogenicity of the
variant, gene expression pattern in the testis, protein—protein interac-
tions, relevant animal models and previous publications found in
PubMed, we classified an additional | | genes in seven patients as novel
or possible candidate gene for a severe motility disorder. All other var-
iants were classified as unlikely to be disease causing (Supplementary
Table SIlI).

From the Argentinian cohort, ARGI, a patient with typical DFS-
MMAF features and no reported symptoms of PCD, carried two het-
erozygous variants in Dynein Axonemal Heavy Chain 12 (DNAHI2)
(c.5393T>C; p.(Phel798Ser) and ¢.7438C>T; p.(Pro2480Ser))
(Table II). DNAH 2 expression is restricted to the ciliated cells in the
brain, fallopian tube, lung and testis (Dumur et al., 1990). The variant
allele frequency of these two variants is very similar in control popula-
tions, indicating that they are present on the same allele and may thus
not be compound heterozygous. It remains unclear whether variants
in DNAH 2 cause DFS-MMAF in this patient. ARG4, carried a homo-
zygous nonsense variant (c.369T>A; p.(Tyrl123*)) in Parkin Co-regu-
lated (PACRG) (Table Ill), which has not been described before in
public databases such as gnomAD. The variant likely results in non-
sense-mediated decay of PACRG mRNA. Lastly, in patient ARG7, a
man with DFS-MMAF in combination with chronic respiratory disease,
we identified two heterozygous nonsense variants (c.238C>T;
p.(Arg80*)) in exon 2 and (c.352C>T; p.(GInl18%)) in exon 3 in
Dynein Regulatory Complex Subunit | (DRCI) (Table Ill). DFS-MMAF
patient ARG8 carried variants in multiple candidate genes previously
associated with ciliated cell development: DNAH6, ATP2B4, CEP350
and CEP290.

The Australian patient AUS4 carried a homozygous missense variant
(c.634C>T; p.(Arg212Trp)) in Signal Peptide Peptidase Like 2C
(SPPL2C) (Table Ill). Patient AUS7 carried a homozygous nonsense
variant (c.715C>T; p.(GIn239%)) in Transmembrane Phosphoinositide
3-Phosphatase and Tensin Homolog 2 (TPTE2), which has a highly tes-
tis enriched expression pattern. Finally, we identified two heterozygous
nonsense variants (c.472C>T; p.(GIn158%) in Exon 3 and ¢.2134C>T;
p.(GIn712%) in Exon 7) in Mediator of DNA Damage Checkpoint |
(MDCI) in patient AUSI |, who suffered from mild oligozoospermia
combined with astheno-teratozoospermia (Table |Ill). In humans,
MDCI is detected in all tissues but is most strongly expressed in the
testis (Uhlen et al., 2010; GTEx Consortium, 2015).

Analysis of homozygous loss-of-function
variants in proven fathers

In our analysis of 2| patients, we identified four patients with a homo-
zygous loss-of-function (LoF) variant in a gene known to be required
for normal sperm tail assembly and function. Given the large number
of genes involved in sperm tail assembly, we assessed whether se-
quencing a control cohort of 5784 proven fathers would result in a
similar number of homozygous LoF variants. In all 22 known sperm tail
assembly genes as well as the 6 new candidate genes, one homozy-
gous LoF carrier was identified among the 5784 proven fathers
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Novel candidate genes in severe sperm motility disorders

Figure 2. Characterisation of the DFS-MMAF phenotype
by ing and trar electron microscopy. (A)
Scanning EM of a typical DFS-MMAF spermatozoon (ARGI). The
head is abnormally shaped and the mid piece is absent. The sperm
tail is very short and thick (7.7 um long and 630 nm in diameter (nor-
mal values of 50 pm in length and 100-140 nm in diameter). (B)
Longitudinal section of the head, connecting piece and mid piece of a
normal human spermatozoon. The sperm head shows densely con-
densed chromatin (asterisks). At its caudal pole there is a shallow

concavity (the implantation fossa, arrowheads) where the connecting
piece (CP) and centrioles of the sperm tail are lodged. A helically ar-
ranged mitochondrial sheath (MS) surrounds the first part of the axo-
neme (Ax) with its central microtubules and peripheral outer dense
fibers (see mid piece cross section in Fig. ). (C) Longitudinal section
of a typical DFS-MMAF spermatozoon to illustrate the details of the
phenotype (patient not included in the genetics part of this study). A
largely missing mitochondrial sheath is replaced by few mitochondria
(Mi). The axoneme (Ax) and outer dense fibers are surrounded by a
thick, multilayered, haphazardly arranged fibrous sheath (FS). (D)
Longitudinal section of a DFS-MMAF/acephalic spermatozoon
(ARGS6). The connecting piece (CP) takes up the cranial position,
there is no mid piece and a misplaced mitochondrion lays besides

(Supplementary ~ Tables SI and SV). This variant was
(NM_001039706.2: c.992del; p.(Gly331Alafs*6)) in Cilia And Flagella
Associated Protein 69 (CFAP69).

Discussion

With the recent application of exome sequencing to previously unex-
plained individuals with severe sperm tail assembly disorders, variants
in at least 22 genes have now been implicated in the spectrum of mo-
tility disorders due to tail abnormalities (Supplementary Table SI). In
this study, we set out to find the causative genetic variants in known
and novel candidate genes in 21 men suffering from severe astheno-
teratozoospermia. In 10 out of 2| patients (47.6%), we identified path-
ogenic or likely pathogenic mutations in a total of 6 known severe
sperm motility disorder genes, CFAP43 (n=3), CFAP44 (n=2),
CFAP58 (n= 1), QRICH2 (n=2), DNAHI (n=1) and DNAH6 (n=1).
In addition, we identified predicted pathogenic mutations in novel can-
didate genes in seven other patients (33%).

Exome sequencing is an effective method
to identify genetic causes of severe motility
disorders

With the use of exome sequencing, we demonstrated that variants in
known sperm motility genes likely explained the disorder in 10/21
individuals, reaching a diagnostic yield of approximately 48%. This re-
sult is in concordance with previous estimates for the severe sperm
motility disorder DFS-MMAF (Coutton et al., 2019; Shen et al., 2019).
Interestingly, three patients in our cohort carried variants in the

Figure 2. Continued

the flagellum (Mi). A disorganised, multi-layered fibrous sheath
(FS) encloses the centrally located axoneme (Ax) and surrounding
outer dense fibres. (E-J) Sperm tail transverse sections of DFS-
MMAF spermatozoa showing redundant and disorganised fibrous
sheaths (FS). In Panel E (ARGS), the central pair is missing, there
are two extra outer dense fibres and the FS is thickened and dis-
organised. Dynein arms are present. Panel F (ARG5) corresponds
to a distal section of the tail principal piece. The axoneme is
9+ 0 (lack of central pair). Dynein arms are present. The FS is
not redundant (distal part of the flagellum). In Panel G (ARGS),
one microtubule is missing from the central pair and there is cen-
tral translocation of one supernumerary peripheral doublet.
Dynein arms are absent, a superfluous and disorganised FS shows
three lateral columns (asterisks). In Panel H (ARG7), the axo-
neme is normal, and a very thick FS presents with one extra lat-
eral column (asterisk). Panel | (ARG9) shows complete axonemal
disruption, a hyperplastic FS and two microtubular pairs lacking
dynein arms (down and right from the centre). Panel ] (ARGY)
shows a higher magnification detail of a DFS tail with disrupted
axoneme and hyperplastic FS (Fs). Note a dislocated central pair
(cp) and various singlet (*) and doublet microtubules (**) with ab-
sent dynein arms. Magnification bars: (A) |.14 pm, (B) 741 nm,
(C) 1012 nm, (D) 533 nm, € 272 nm, (F) 92 nm, (G) 270 nm,
(H) 274 nm, (I) 190 nm, and (J) 75 nm.
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recently discovered genes CFAP58 (He et al., 2020), QRICH2 (Shen
et al, 2019) and DNAH6 (Tu et al., 2019), further supporting their
role in causing DFS-MMAF. Exome sequencing is therefore a highly effi-
cient method for genetic diagnostics in patients with defective sperm
motility disorders. Of note, while the two cohorts included in this
study were collected and phenotyped by different clinicians using dif-
ferent levels of resolution (with/without electron microscopy), genetic
diagnoses were observed in both cohorts in comparable numbers,
with five out of nine Argentinian patients genetically diagnosed versus
5 out of |12 Australian patients. Interestingly, however, exome se-
quencing revealed variants in either known or candidate genes in all
Argentinean patients but not in all Australian patients, leaving four
Australian patients without mutations in known or novel candidate
genes. The reason for this difference is not currently known but is
likely related to the differences in the population background between
the two locations.

Patient ARG3 carried two likely pathogenic variants (c.1316+
I_1316+2ins (canonical splice site variant) and c.7762C>T;
p.(Arg2588*) in DNAH6 and no variants in other candidate genes
(Table Ill). DNAH6 is a dynein gene involved in motile cilia function in
numerous tissues, which, when mutated, leads to a primary cilia dyski-
nesia phenotype in zebra fish and humans (Li et al., 2016). DNAH6 has
also been recently implicated in the aetiology of human DFS-MMAF
and confirmed in a mouse study (Tu et al., 2019). Herein we confirm
that mutations in DNAH6 are a bona fide cause of human DFS-MMAF
and that DFS-MMAF should be considered as part of the spectrum of
clinical presentations designated as severe sperm motility syndrome.

In two other cases, we are not convinced that the sperm motility
defects can be explained by variants in DNAH6. The two DNAHé var-
jants in AUS3 (c.9436A>G; p.(Ser3146Gly) and c.12352G>A;
p.(Ala41 18Thr)) (Supplementary Table SlIl) have almost identical mi-
nor allele frequencies among the gnomAD populations, indicating they
are located on the same allele and are not compound heterozygous.
This hypothesis could not be tested due to the unavailability of paren-
tal DNA of this patient, but this makes it unlikely that these variants
alone cause DFS-MMAF in AUS3. The other patient with a candidate
variant in DNAH6 is ARGS, carrying a homozygous variant of unknown
significance (VUS) (c.2059C>A; p.(Pro687Thr)). This patient, how-
ever, also carried variants of unclear significance in three other genes:
(1) ATP2B4, which is associated with asthenozoospermia in mice;
(2) CEP290, mutations which are a known cause of Leber’s Congenital
Amaurosis that is associated with asthenozoospermia in males; and
(3) CEP350, which is known to interact with CEP290 and the known
MMAF gene CEPI35. It remains uncertain whether variants in any of
these genes alone, or combined, are responsible for DFS-MMAF in
combination with chronic bronchitis.

The variant (p.(GIn454*)) identified in CFAP58 in patient ARG5 has
a low allele frequency in gnomAD (0.054%), but appears to be more
common among the Ashkenazi Jew (AS)) population reported in the
same database (1.086%). This means that an expected 0.012% of this
population is homozygous for this variant; a number that is slightly
higher than the estimated frequency of DFS-MMAF in the population
of Dutch men (0.005-0.01%) (our own observations). Although the
variant identified in ARGS5 almost certainly disrupts CFAP58 protein
function, it remains unclear if this variant is underlying the DFS-MMAF
phenotype in the patient due to the allele frequency, which is higher
than expected in the AS] population and additional population studies

are required. This variant was located in a homozygosity stretch, indi-
cating consanguinity. The brother of this patient also presented with
DFS-MMAF, but DNA was unavailable.

Interestingly, the semen analysis of ARG6, who carried a homozy-
gous frameshift variant (p.(Arg218Aspfs*37)) in CFAP44, showed the
combination of DFS-MMAF and acephalic sperm previously reported
in the literature (Rawe et al., 2002; Moretti et al., 201 I). This indicates
the possibility of combinations between different sperm phenotypes of
genetic origin or involvement of a single gene/protein associated with
transport pathways common between the sperm head-tail coupling
apparatus and tail proteins (reviewed by Pleuger et al., 2020).

Novel candidate genes for severe sperm
motility disorders

Since variants in known genes explain causality in approximately half of
our patients, we investigated whether genetic variants were present in
genes with a potential role in sperm function. In the current study, we
observed missense and null mutations in six novel genes (DNAH 2,
PACRG, DRCI, MDCI, SSPL2C and TPTE2) that have previously been
identified to play a role in axoneme assembly and/or sperm flagellum
development and have been shown to interact with genes already im-
plicated in sperm function (Pleuger et al., 2020; Toure et dl., 2020).

Patient ARGI carried two missense variants (p.(Phel298Ser) and
p.(Pro2480Ser)) in DNAHI2, which is the closest paralog of the
DNAH | gene. Pathogenic variants in DNAH/ are known to cause clas-
sical PCD or DFS-MMAF without any PCD symptoms (Ben Khelifa et
al., 2014; Wambergue et al., 2016; Wang et dl., 2017; Amiri-Yekta et
al., 2016; Sha et al.,, 2017; Coutton et al., 2018; Sha et al., 2019b;
Coutton et al,, 2019; Li et al, 2019b; Hu et al., 2019). The allele fre-
quencies of both DNAH |2 variants are similar in three different popu-
lations in gnomAD, which could indicate they reside on the same
allele. It is therefore unclear whether these variants are indeed bi-allelic
and causal of infertility. Another patient, ARG4, carried a homozygous
nonsense variant (p.(Tyr!23*)) in PACRG. This gene has been impli-
cated in motile cilia function and mutations in mice are known to
cause male infertility characterised by defective sperm head and tail
formation in combination with hydrocephalus next to fertility problems
(Lorenzetti et al., 2004; Wilson et al., 2010; Li et al., 2015). The var-
iants identified in ARGI and ARG4 likely explain the DFS-MMAF phe-
notype seen in both patients.

Patient ARG7 carried two nonsense variants (p.(Arg80*) and
p.(GIn118%) in DRCI. This gene is known to be important for motile
cilia formation, and specifically outer dynein arm formation, as con-
cluded from studies in algae (Wirschell et al., 2013). Loss-of-function
point mutations and a recurrent ~28kb deletion encompassing DRC/
Exons 14 have previously been described in patients with PCD, in-
cluding a man who had undergone fertility treatment (Wirschell et al.,
2013; Morimoto et al., 2019a). Unfortunately, sperm ultrastructure
was not examined. The second nonsense variant (p.(GInl18%)) has
been described in two Swedish PCD families (Carlen et al., 2003;
Wirschell et al., 2013). The importance of DRC/ in human spermato-
genesis is further strengthened by the observed enhanced expression
in the testis (along with the brain and fallopian tube) (Uhlen et al.,
2010; GTEx Consortium, 2015). Collectively, these data suggest that
mutations in DRC/ cause a spectrum of clinical presentations involving
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defects in motile cilia function, and that variants in DRC/ are a novel
high confidence cause of male infertility.

In addition to variants in genes with a strong link the clinical aetiol-
ogy of DFS-MMAF, we also identified variants in genes with less well
characterised links to sperm motility. First, patient AUS4 carried a ho-
mozygous missense variant of unknown significance (p.(Arg212Trp)) in
SPPL2C. This gene encodes a testis-specific intermembrane protease
residing in the endoplasmic reticulum in somatic cells and in elongating
spermatids in the testis (Niemeyer et al., 2019; Papadopoulou et dl.,
2019). In mice, Sppl2c deficiency leads to hypospermatogenesis starting
at the level of spermatids, as well as reduced sperm motility and male
sub-fertility (Niemeyer et al., 2019). The effect of Sppl2c deletion on
the sperm ultra-structure was not examined and, as such, a definitive
link to DFS-MMAF cannot be made. SPPL2C is also one of multiple
genes deleted in Koolen—de Vries 17q21.31 microdeletion syndrome
(Koolen et al., 2006; Shaw-Smith et al., 2006). A recent case report of
Koolen—de Vries syndrome described a patient with intellectual disabil-
ity and oligoastheno-teratozoospermia. Although it is unlikely that dis-
ruption of SPPL2C has an effect on intellectual disability, it is possible
that its disruption is causative for the infertility described in this
patient.

Patient AUS7 carried a homozygous nonsense variant (c.715C>T;
p.(GIn239%)) in the voltage-sensitive and membrane-associated phos-
phatase TPTE2. The expression of this gene is highly testis enriched
and the protein is localised within the sperm plasma membrane, where
it is likely involved in integrating environmental cues into changes in
sperm function (Sutton et al., 2012). The homozygous nonsense vari-
ant is located in exon 8 and likely results in nonsense-mediated
mRNA decay. Based on these data, while we predict mutations in
TPTE2 are likely to result in male infertility, a specific link to the mech-
anisms underpinning sperm tail assembly is lacking. As such, we classify
mutations in TPTE2 as a possible, but not high confidence cause of se-
vere sperm motility disorders.

Lastly, in patient AUSI |, we identified two heterozygous nonsense
variants in MDCI, a gene essential for the silencing of sex chromo-
some and genome stability during male meiosis in mice (Ichijima et al.,
2011). Unfortunately, parental DNA was not available to prove the
biallelic presence of these two heterozygous variants. The knockout
mouse model of Mdc! revealed a meiotic arrest (Lou et al., 2006), a
phenotype that does not directly match the phenotype seen in
AUSI|. The semen analysis of AUSI| revealed moderate oligozoo-
spermia (8.8 million sperm/ml) and only 5% of sperm showed pro-
gressive motility. Based on currently available information on MDCI,
while we are confident mutations in MDC/ can lead to human male in-
fertility, they are not a high confidence cause of the severe motility dis-
order seen in this patient.

Comparison of our results to exome
sequencing in a control cohort

The vast majority of known variants causing sperm tail assembly disor-
ders, are homozygous LoF variants (Supplementary Table SI; Oud et
al., 2019). Sequencing of a control cohort of 5784 proven fathers did
not reveal a similarly high number of homozygous LoF variants in
sperm motility genes (Supplementary Table SV). This shows that these
disruptive variants occur only rarely in the normal male population, in
contrast to males presenting with severe sperm motility disorders.

These results further strengthen the evidence for the involvement of
these genes in abnormal sperm tail assembly.

Interestingly, we did identify one homozygous LoF variant in a proven
father in CFAP69, a recently discovered gene which is strongly associated
with the DFS-MMAF phenotype (Dong et dl., 2018; He et al., 2019).
Although it is possible that this man had ICSI to conceive his child, it
does indicate that homozygous knock-out of this gene may not always
cause complete sterility in human. Due to data usage restrictions, we are
unable to search for compound heterozygous variants and could only in-
vestigate the zygosity and frequency of all variants in the entire cohort.

Importance for genetic testing in severe
sperm motility disorders

Both the European and American guidelines for genetic testing in
male infertility, provide a stratified approach to select azoospermic
and oligozoospermic patients based on clinical phenotypes to certain
genetic tests (Esteves and Chan, 2015; Jungwirth, 2018). The guide-
lines, however, do not include recommendations for patients with
other sperm phenotypes including severe sperm motility disorders.
Without a genetic diagnosis, a clinician is very restricted to accurately
counsel couples with questions about the causes of their infertility,
possible co-morbidities, the potential success of ART treatment and
the (reproductive) health of their offspring. Hence, understanding of
and testing for genetic causes of severe sperm motility disorders are
of enormous value to patients and clinicians. Currently, it remains
unclear if genetic abnormalities underlying sperm motility disorders af-
fect the health of potential offspring. As such, the field should con-
sider expanding diagnostic genetic testing for this group of patients,
especially since this and other recent studies have reported high
(>40%) diagnostic yields in these patient groups (Toure et al., 2020).
Furthermore, systematic linking of genetic data with ART success
rates as well as patient and offspring health is pivotal for improved
counselling in this group of patients.

Conclusion

In summary, our genetic data provided a diagnosis for 10 out of 21
patients with severe sperm motility disorders and we discovered novel
candidate genes in seven other patients. Functional data based on litera-
ture, propose variants in DNAH2, DRCI, MDCI, PACRG, SPPL2C and
TPTE2 as novel genetic causes of severe sperm motility disorders. Our
results demonstrate that exome-wide screening for pathogenic variants in
these genes is an effective way to diagnose severe forms of motility disor-
ders (Supplementary Table SI). Exome sequencing of additional cases and
re-analysis of exome data of currently unsolved cases from other cohorts
may reveal additional causative mutations in these novel candidate genes.

Supplementary data

Supplementary data are available at Human Reproduction online.

Data availability

Raw and processed data are available under controlled access and
requires a Data Transfer Agreement from the European Genome-
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Phenome Archive (EGA) repository: EGAS00001005018. Data is avail-
able using the following link: https://ega-archive.org/studies/
EGAS00001005018
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9.2 Appendix B: List of Genes Carrying De Novo Mutations of Unknown
Significance or Classified as Possibly Causative of the Disease in the Trio
Cohort.

The de novo mutations were identified and classified by Dr Manon Oud and Hannah

Smith. The classification criteria are described in Oud et al. 2020.

ABCF3, ABLIM1, AMPD2, APC2, ARHGAP33, ASIC5, ATP1A1, ATP8B4, C120rf49,
Céorf25, C9orf50, CD81, CDC5L, CDK5RAP2, CELSR2, CLUH, CRHR1, CTNND?2,
CWC27, DHX36, DNAJC2, DNMT1, EMILIN1, ERG, EVC, EXOSC10, FBXO5, FIZ1,
FLNC, FNDCS8, FOXF2, FUS, GHRHR, GPR75-ASB3, GREBI1L, HELZ2, HNRNPL,
HOXA1, HR, HTT, ILVBL, INOS80, IQSEC1, ITSN2, KBTBD12, KLC1, LEO1, LRRN2,
MAP3K3, MCM6, MPRIP, MRPS9, MSH5, MYH3, MYOF, NEO1, ODF1, OR5P3,
OSBPL3, PCDHB1, PLCL1, POPDC3, PPP1R7, PRDM16, PRPF4B, RASAL2, RASEF,
RBMS5, REN, RPA1, SDF4, SIKE1, SIPA1L3, SMC2, SOGA1, SPECCIL, SSH2,
STARD10, STXBP2, TACC2, TAF9, TCFL5, TENM2, TLN2, TMEM62, TMPPE,
TMPRSS11B, TOPAZ1, TP53TG5, TRAF7, U2AF2, WDR17, ZFHX4, ZNF292, ZNF469,

ZNF629
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