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Abstract

This article reviews the genetic testing of infertility disorders. Genetic abnormalities can lead
to disturbances of sexual development and hamper reproduction by influencing gamete
production and maturation, fertilization, and embryonic development. Until now, the vast
majority of detectable genetic abnormalities causing infertility were chromosomal
abnormalities in both males and females. However, the number of monogenetic disorders,
which play a role in disturbing fertility, such as single gene defects or complex disorders
involving multiple genes in combination with environmental factors, is increasing. The
common genetic causes of infertility in males are sex chromosomal abnormalities,
Robertsonian translocations, cystic fibrosis transmembrane conductance regulator (CFTR)
mutations, and Y chromosome microdeletions. In females, Turner syndrome, genetic causes
of premature ovarian failure, such as fra(X) and complex disorders like polycystic ovary
syndrome (PCOS), and endometriosis are the most prevailing. However, insight into the total
impact of genetic abnormalities is increasing. This is because a growing number of mutations
are detected among subfertile patients with an unknown etiology.

Genetics is one of the most important yet under-emphasized causes of subfertility.
Improved understanding of the genetics of infertility holds promise to define the etiology
and counsel cases that were previously diagnosed with idiopathic infertility.
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1. Introduction

Genetic abnormalities can disturb several reproductive processes. In order to function these
processes normally, sex determination and sexual development, hormonal actions and
interactions, gametogenesis, fertilization, implantation, and early embryo development, should
occur precisely to lead to the birth of living and healthy offspring. Hundreds of genes have to
work together normally to achieve this.

Infertility is a disease defined by the failure to achieve a successful pregnancy after 12
months or more of regular, unprotected sexual intercourse or due to an impairment to
reproduce either as an individual or with her/his partner [1]. Approximately 1 out of 6 people
suffer from it during their reproductive lifespans [2]. Both male and female factors contribute
to infertility. In about 20% of cases, the male factors contribute to the main etiology, and in
further 30% to 40% they are in combination with female factors [3]. The relationship between
recognizable genetic abnormalities and fertility disorders has become decisive and clearer
during the last decades. There are several ways in which the genetic constitution reflects itself
during reproduction in both genders.

Primarily, hereditary abnormalities might result in congenital abnormalities of the
reproductive organs and disturbed function of the genitals. To remain healthy and function
productively, sufficient healthy oocytes and spermatozoa must be produced to give the
processes of fertilization and embryonic development, a reasonable probability of success. Both
the male and female gametes carry a random combination of 50% of the genetic content of the
future parent. If everything proceeds normally, one allele of each gene of the individual will be
transmitted to the next generation. Subfertility or infertility might result from the insufficient
production or total absence of gametes. Gametes with functional defects may prevent
fertilization. Furthermore, the defect may disturb early embryonic development, or embryonic
lethality may manifest itself after implantation.

In most cases, patients with fertility problems present themselves only after puberty. However,
during neonatal life, diagnostic questions might emerge because of ambiguous genitalia.

2. Genetic Testing

Genetic testing of fertility disorders begins with chromosome analysis. Soon after the discovery
of the chromosomal abnormalities in Turner and Klinefelter syndromes [4, 5], the cytogenetic
analysis was introduced for diagnostic purposes. This was extended after the role of structural
chromosome abnormalities, including translocations, became clear [6].

In the eighties of the last century, molecular techniques for the diagnosis of single-gene
disorders have been introduced.

Since the completion of the human genome project and impressive improvements in the
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development of new genetic technologies, it is possible to study the entire genome (or its coding
part) for disease-causing mutations [7]. This can be achieved free of clinical bias. Whole-genome
sequencing (WGS) and whole-exome screening (WES) are used to detect already known gene
mutations, as well as to detect new genes. With the discovery of newer genes and mutations, the
toolbox to test patients suffering from subfertility is broadened.

Two types of genetic testing can be distinguished:

1. Genetic diagnosis: to detect if a person or a couple, who is infertile, has an associated

genetic disorder.

2. Genetic screening: to detect if a person or a couple is at increased risk of being infertile.

The genetic methods used for both types of testing are identical. However, the evaluation
should be conducted in a cost-effective manner, as some methods might be too expensive to be
applied for screening. Multigene panels test several relevant markers in a single test but might be
a compromise between the low cost-effectiveness of single-gene tests and the application of NGS
[8]. However, the finding of gene variants of questionable clinical effect is incomprehensible [9].
Genetic fertility screening is now commercially available for both preconception [10] as well as
family carrier screening [11].

3. Abnormal Sexual Development

Disorders (or Differences) of Sex Development (DSD) comprise a spectrum of variations of
sexual development.

DSD can be classified as follows [12]:

1. Sex chromosomal DSD

Besides (variants of) the Klinefelter and Turner syndromes, the 45, X/46, XY mosaicism and the
46, XX/46, XY chimerism belong to this group.

2. 46, XY DSD

This group of under-virilization syndromes is characterized by androgen deficiency. Besides
disorders of testicular development, there are abnormalities in androgen synthesis or action.
Androgen synthesis is a stepwise process starting from cholesterol. There is a deficiency of each of
the enzymes catalyzing the different metabolic reactions. Androgen insensitivity syndromes result
from mutations in the androgen receptor. More than 1000 mutations of the androgen receptor
(AR) gene, which is located on Xg11-12 have been described [13].

The persistent Miillerian duct syndrome (PMDS) is a rare disorder characterized by the
persistence of Miillerian derivatives in an otherwise normally virilized 46, XY male. It is usually
caused by mutations in either the anti-Mullerian hormone (AMH) or AMH receptor type 2
(AMHR2) genes [14].

3. 46, XX DSD

This group of over-virilization syndromes belongs to the disturbances of ovary development,
with the abnormalities arising from an excess of androgens, and other defects. The reason for an
excess of androgen can be fetal (for example, as a result of congenital adrenal hyperplasia),
fetoplacental (due to aromatase deficiency), or maternal (by the presence of a tumor or
exogenous androgens).

Over the years, several genes involved in the development and differentiation of the embryonic
gonads have been identified whose disruption can lead to disorders of sex development. A genetic
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diagnosis was made in 8 out of 21 patients with DSD when tested with a panel of 219 genes [15].
When a targeted DSD gene panel was used to sequence 64 DSD genes in a cohort of more than
326 patients with DSD, a genetic diagnosis was identified in 43% cases [16]. Also, a more recent
study has confirmed that the use of an NGS panel approach is a clinically useful and cost-effective
diagnostic tool [17]. However, improvement is needed since more than half of the DSD patients
cannot yet be genetically diagnosed [18].

4. Congenital Hypogonadotropic Hypogonadism (CHH)

The identification of genes mutated in patients with CHH has increased considerably during the
last ten years [19]. The complete or partial failure of pubertal development, which is seen in CHH
results from deficient production, secretion, or action of gonadotropin-releasing hormone (GnRH),
leading to gonadotropin deficiency [20].

CHH includes two groups of patients. The first has Kallmann syndrome (KS), which is
characterized by gonadotropin deficiency with a defective sense of smell (i.e., anosmia or
hyposmia). The second does not show olfactory defects. The anosmin-1 gene also known as the
Kallmann syndrome 1 (KAL1) gene, is one of the most commonly involved genes in CHH and is
responsible for the X-linked recessive form of KS located on chromosome Xp22.31 [21].

Recently, a large cohort of 130 unrelated patients (91 males, 39 females) with CHH was tested
genetically using a panel that contained 36 CHH-associated genes. Potential or probable
pathogenic variants were identified in 43 (33%) patients. The most frequently affected genes were
ANOSI1, FGFR1, and GNRHR. Notably, 6.9% of the patients had rare variants in more than one gene
[22].

5. Abnormal Ovarian Development and Function

Pregnancies of all embryos having a karyotype with one intact X chromosome, i.e., 45, X or
Turner syndrome (TS) end almost invariably as miscarriage [23]. Therefore, most of the living TS
patients are mosaics [24]. At birth, most children go unrecognized. The hallmarks of the syndrome
are short stature and premature ovarian insufficiency (POF) [25]. The 47, XXX karyotype has a
frequency of about 1 in 1000 female newborns. However, this karyotype is seldom suspected at
birth or childhood. These patients show a variable phenotype, and some are diagnosed when they
develop POF or infertility during adulthood [26]. The diagnosis of POF is based on the occurrence
of amenorrhea before the age of 40, associated with follicle-stimulating hormone levels in the
menopausal range [27]. Up to 40% of POF can be attributed to genetic causes [28]. Besides
chromosomal abnormalities, several genes are involved [27]. These include mutations of genes
involved in granulosa cell differentiation, follicle growth, and oocyte development and maturation
[29]. Furthermore, both somatic genes and germ cell genes play a role during morphogenesis of
follicles from primordial germ cells to secondary follicles [30]. FMR1 gene premutation is the most
frequently found abnormality in women with idiopathic sporadic POF [31]. Premutation means
that the FMR1 gene shows expansion between 55 and 199 CGG repeats. Above this, the most
frequent type of hereditary mental retardation, the complete fragile X-syndrome, occurs [32].

Despite galactose-restricted dietary treatment, primary ovarian insufficiency was present in
about 80% of female galactosemia patients [33].
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6. Oocyte Maturation Failure

By the introduction of IVF, oocyte maturation failure has become a known, although rare cause
of female infertility. After the first patient was described in 1990, several cases have been
reported in the following years, but the molecular causes for the symptoms in these patients
remained unknown [34]. Recently TUBB8 mutations have been found to cause oocyte arrest at the
MI stage [35]. TUBBS8 is a highly conserved primate-specific B-tubulin isotype that is specifically
expressed in oocytes and early embryos. The inherited or de novo mutants of the TUBB8 gene
accounted for about 30% of individuals in a small cohort of patients affected by oocyte maturation
[36]. PATL2 is the other gene that is frequently involved. Using whole-exome sequencing, it was
found that one in four patients had the same homozygous nonsense pathogenic PATL2 mutation
[37].

7. Abnormal Spermatogenesis: Azoospermia and Oligozoospermia

Males with disturbed fertility might have one or more X-chromosomes as well as a Y-
chromosomes. The Klinefelter syndrome, with the karyotype 47, XXY is present in about 1 of every
1000 new-born boys [38]. Mostly the diagnosis is made only after puberty based on the
undeveloped secondary sexual characteristics and small testicles. About 10% of males, referred to
an infertility clinic because of non-obstructive azoospermia, are diagnosed to have Klinefelter
syndrome. Therefore, this syndrome is the most prevalent chromosomal abnormality and the
genetic cause of azoospermia in males [39]. Also, the 47, XYY syndrome is present in about 1 in
1000 new-born males [40]. Usually, the sexual development of these boys’ proceeds without any
fertility problems. The percentage of sex chromosome abnormalities is strongly dependent on the
number of sperms with which the patient presents himself. The Klinefelter syndrome can be found
in 14% of non-obstructive azoospermia patients, whereas structural autosomal anomalies
(translocations/inversions) are more frequent in oligozoospermic men [19].

The number of spermatozoa is correlated with the percentage of chromosomal abnormalities.
With less than 5 million spermatozoa/mL about 8% of the patients are abnormal and between 5-10
million, about 5%. The group showing 10-20 million spermatozoa/mL does not show a significant
increase in comparison to the population level which is about 0.6%. This suggests that there is no
rationale to perform karyotype analysis in every single male entering assisted reproduction
programs [41].

The microdeletions or AZF deletions on the long arm of the Y chromosome represent the most
important molecular genetic cause of oligo- and azoospermia [42].

There are five different deletion patterns, which have been designated as AZFa, AZFb, AZFb+c,
and AZFc deletions [43]. In about 5-10% of NOA patients and 2-5% of severe oligozoospermic
patients, one or more of the AZF regions are removed [44, 45].

The phenotype depends on the deletion type, as the deletion of the entire AZFa leads to the
Sertoli cell-only syndrome (SCOS). This syndrome is found in patients with complete AZFb and
AZFbc deletions. However, they might also have spermatogenetic arrest (SGA). Sperm production
can be found in patients with partial AZFa, partial AZFb, and complete AZFc deletions. The latter
phenotype ranges from oligozoospermia to azoospermia [43].

Some X-chromosome deletions like CNV67 was found with a frequency of 1.1% in
oligo/azoospermic men [46] and cause oligo/azoospermia. Most probably this is due to the
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deletion of the MAGEA9 gene [47], which shows exclusive physiological expression in the testis
[48].

Deletions, as well as gains, such as DUP1A, can cause sperm abnormalities, which can be
observed in more than 1% of patients. After the introduction of NGS, more than ten different
autosomal recessive variants have been detected. However, these are all rare and almost
exclusively found in consanguinity cases [19].

Male cystic fibrosis is the best-known monogenetic defect caused due to azoospermia by a
congenital absence of the vas deferens (CAVD). More than 2000 different mutations of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene are known [49], and geographical and
ethnic differences exist. The common mutations of the CFTR gene in CAVD patients are F508del,
5T, and R117H [50, 51].

In many fertility labs around the world, 20 most frequently occurring mutations of the CFTR
gene are screened routinely. The phenotype of many mutations is heterogeneous and often less
severe as the classical cystic fibrosis phenotype, which results from homozygosity of the delta F
508 mutation. Some mutations are specifically associated with male infertility.

If the CFTR gene shows no abnormalities, ADGRG2 testing is useful. In approximately 2% of the
cases of CAVD, a mutation in the ADGRG2 gene can be found, which may cause a familial form of
X-linked infertility [52].

Another recent and novel approach in the diagnostic detection of genes in idiopathic non-
obstructive azoospermia (NOA) patients is the application of a gene panel based on genes
associated with mouse azoospermia. This is relatively successful and has allowed the discovery of
two novel genes involved in NOA due to meiotic arrest [53].

8. Other Disorders

Around 3435 human candidate genes have been defined to be potentially relevant to infertility or
prenatal death [54]. However, the number of gene mutations already proven to be involved in
infertility is relatively small. TEX11 has become well known, and many mutations have been found in
azoospermic and infertile men [55]. In the testes, a gene located on the X chromosome (Xq13.1)
encodes a protein necessary for male germ cell meiotic DNA recombination and chromosomal
synapsis [56]. About half of all genes known to cause isolated testicular forms of infertility are
involved in terato-zoospermia [57]. Specific gene mutations cause specific abnormalities [58] such as
DPY19L2 and SPATA16, account for up to 70% of all cases of globozoospermia [59] and AURKC
mutations cause macrozoospermia [60]. Furthermore, there are 18 known genes whose mutations
induce multiple morphological abnormalities of the flagella and infertility [61].

Also, sperm mitochondrial DNA copy numbers and deletions have been associated with poor
semen parameters and clinical male infertility [62].

9. Multifactorial Disorders

Polycystic ovary syndrome (PCOS) is the most prevalent endocrine and metabolic disorder
among women of reproductive age. It accounts for more than 75% of anovulatory infertility and
affects 7 to 12% of women in their reproductive years [63]. Familial clustering has long been
observed. However, the model of inheritance of PCOS has not yet been defined. Although some
researchers have postulated autosomal dominant transmission linked to a single genetic defect,
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most authors define PCOS as a polygenic pathology.

Epigenetics also seems to play a role since a few metabolic components of the PCOS phenotype
are programmed in utero. In a recent review, it has been suggested that a large number of genes,
involved in different pathways, play a role in PCOS:

1. Genes involved in ovarian and adrenal steroid genesis (CYP11a; 17; 19 and 21);

Genes involved in steroid hormone effects (AR and SHBG);

Genes involved in gonadotropin action and regulation (LH; AMH and FSHR);

Genes involved in insulin action and secretion (INS; IRS-1; IRS-2 and CAPN10);

Genes involved in the epigenetics of PCOS (NCOR1 and PPARG1);

Other genes (FTO; PCOS1; SRD5A1 and SRD5A2) [64].

Endometriosis is another multifactorial disease where both the genetic constitution, as well as

o vk wnN

environmental factors, play a role. Besides the growth and proliferation of endometrial glands and
stroma in ectopic sites, impaired fertility is one of the primary symptoms [65]. It shows familial
clustering, which is well-established. However, the complex pattern of inheritance associated with
it has not been elucidated yet. Several chromosomal loci are associated with endometriosis [66].
Furthermore, many genes are abnormally methylated in ectopic endometrial tissue [67].

10. Failure of Fertilization and Zygote Cleavage

The genetic basis of fertilization abnormalities in humans remains largely unknown. Recently
homozygous mutations in WEE2 are shown to be responsible for fertilization failure in humans
[68]. Mutations of TUBB8, as well as TLE6 and PADI6, are associated with complete cleavage
failure [69-71]. Furthermore, mutations of TUBB8 can cause embryo fragmentation and early
embryonic arrest [72, 73].

11. Recurrent Implantation Failure

Recurrent implantation failure might be due to both the seed and the soil, i.e., the embryo or
the endometrium. Mutations in TUBBS8 include oocyte maturation arrest, fertilization failure, early
embryonic arrest, and a failure of embryo implantation [36]. Also, mutations in PADI6 cause
female infertility characterized by early embryonic arrest [74]. Furthermore, FOXD1 is a major
molecule involved in embryo implantation by regulating endometrial/placental genes. Therefore,
FOXD1 mutations might also be involved in implantation disorders [75].

12. Recurrent Pregnancy Loss

Although recurrent pregnancy loss is a disease distinct from infertility, defined by two or more
failed pregnancies [1, 76], it results in declined fertility and affects about 1% of the reproductive
age population [77]. Parental chromosomal anomalies, maternal thrombophilic disorders, and
structural uterine anomalies have been directly associated with recurrent miscarriage [78].
However, the pathophysiology remains unknown in the majority of cases [79]. Sporadic and
recurrent miscarriage did not show significantly different chromosomal anomaly rates. Maternal
age was the only statistically significant predictor of the chromosomal anomaly identified [80].

The ESHRE guideline states that although the genetic analysis of pregnancy tissue is not
routinely recommended, it could be performed for explanatory purposes [81-84].
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For genetic analysis of the pregnancy tissue, array-based comparative genomic hybridization
(array-CGH) is recommended based on a reduced maternal contamination effect [85]. Parental
karyotyping is not routinely recommended in couples with RPL. However, it could be carried out
after an individual assessment of risk [86-90].

Recently, it has been shown that genomics approach to decipher single-gene causes in infertile
women in whom endocrinological, anatomical, and chromosomal causes have been excluded,
might offer new potential for the future [91]. This could be achieved by a trio (mother, father, and
fetal tissue) based approach of exome sequencing in cases with normal parental karyotypes [78].

13. Conclusions

Many genes are involved in sex determination, reproductive organ development,
gametogenesis, fertilization, implantation, and early embryo development. Each of these genes
can mutate and cause infertility on its own or in interaction with other genes. Genetic testing of
fertility disorders has started with a classical analysis of numerical and structural chromosomal
abnormalities. The diagnostic vyield after testing for male infertility was improved by
microscopically visible and molecularly detectable Y chromosome-deletions. In the female, the
same sequence was followed by testing for the presence of a fragile X chromosome.

Thereafter, molecular techniques for the diagnosis of single-gene disorders have been
introduced. In the future, large scale-sequencing will likely bring about more monogenetic causes
of infertility and the genes involved in disorders showing more complex patterns of inheritance.
Furthermore, the role of the environment in the latter will become comprehensible by studying
epigenetic defects.
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