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KEY POINTS

e Much of idiopathic male infertility is likely to have a genetic cause.
e Men who have nonobstructive azoospermia or severe oligospermia with total motile count less than
5 million should have a karyotype and Y chromosome microdeletion.

Klinefelter syndrome (47,XXY) is the most common chromosomal abnormality with a frequency of

1:600 males and has a wide spectrum of clinical presentation.

spermatogenesis.

Men with an AZFa, AZFb, AZFb/c microdeletion uniformly have complete absence of

If a male has congenital bilateral absence of the vas deferens, it is critical to offer him and his partner

genetic testing for cystic fibrosis mutations as well as genetic counseling.

INTRODUCTION

Approximately 1 in 6 couples in the Western world
is not able to conceive spontaneously after 1 year
of unprotected intercourse; in nearly half of these
couples, the male partner has 1 or more semen
parameters below the WHO cutoffs for normozoo-
spermia.’~* Although the sequencing of the human
genome in 2003 heralded a new era of genetic med-
icine, it will likely take decades to realize the poten-
tial of this project. Male infertility, in part due to the
nature of the condition, remains largely unex-
plained. The cause of most cases of male infertility
or subfertility remains unknown; monogenic disor-
ders (eg, cystic fibrosis [CF], Kallman syndrome),
cytogenetic abnormalities (eg, Klinefelter syndrome
[KS; 47,XXY]), and Y chromosome deletions ac-
count for only up to 30% of cases.® The proportion
of the remaining male factor cases that can be
attributed to genetic causes is currently unknown,
but it is likely that aberrations in many additional
genes underlie a significant proportion of male
infertility/subfertility because sperm production re-
quires the coordinated action of thousands of
genes, and knocking out any 1 of hundreds of
genes in mice results in subfertility phenotypes in
males.® However, discovering such genes in hu-
mans has proved challenging.'~25¢

Based on studies of animal models, however, it
is likely that genetic variation that alters gene
expression or function accounts for a significant
proportion of male subfertility. For example, knock
outs of or mutations in hundreds of genes cause
subfertility phenotypes in male mice.® This is not
surprising given that sperm development and
maturation require the coordinated action of thou-
sands of genes. However, identifying the variation
and specific genes that are essential for reproduc-
tive success in humans has been extremely
challenging for 2 reasons. First, because of the
nature of the condition, it is virtually impossible
to conduct genome-wide family-based studies of
infertility, approaches that have been successful
for identifying genes for many conditions with
monogenic, and even some with complex genetic
causes. Second, male infertility is a heterogeneous
condition that can result from aberrations of many
different genes. This is due in part to strong selec-
tion pressure against transmission of these
genetic variants. As a result, candidate gene asso-
ciation studies (or even genome-wide association
studies [GWAS]) of cases (infertile) and control
(fertile) men would not likely be successful
because only a small proportion of the cases are
expected to share the same genetic abnormality.
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This is shown by the relative paucity of specific ge-
netic variants and genes that are robustly associ-
ated with male infertility.”~2°

Our lack of success in explaining approximately
50% to 70% of male infertility is nowhere more
apparent than in our interactions with infertile
men. These men want an answer to what caused
their infertility. Currently, we cannot provide this in
most instances. Furthermore, technological ad-
vances such as intracytoplasmic sperm injection
(ICSI) and microsurgical testicular sperm extraction
(microTESE) allow us to bypass the problem and
bring with them another set of questions from pa-
tients that we cannot answer.?"?> When consid-
ering ICSI, many patients want to know what are
the chances they will pass on the genetic cause
of their infertility to their offspring, as well as the
potential for nonreproductive effects from these
genes. These are questions that currently cannot
completely answered completely. Although studies
suggest that assisted reproductive technologies do
not seem to result in a significantly higher rate of
birth defects after risk factors such as maternal
age are controlled for, the role of sperm quality in
reproduction is just beginning to be unraveled.?®

In 2012, Kong and colleagues®* published a
seminal paper in Nature showing that the de
novo mutation rate for each generation is driven
largely by paternal age with paternal sperm muta-
tion rate doubling for every 16-year increase in
paternal age. Increased paternal mutations from
advancing age of fathers explained 30% of the in-
crease in autism and schizophrenia over the time
period of this study. The mechanism driving this
is believed to be increased de novo mutations re-
sulting from decreased fidelity of DNA replication
in spermatogenesis with advancing paternal age.
These mutations result in a higher mutation rate
in sperm, which are then passed on to offspring
and can manifest as diseases such as schizo-
phrenia or autism.

Studies such as that of Kong and colleagues®*
and recent work by Wang and colleagues,?® which
sequenced the entire genome of individual sperm,
herald a paradigm shift in our ability to develop the
next generation of genetic tools to understand and
possibly treat the underlying cause of male infer-
tility. Tools such as this provide the ability to inter-
rogate the reproductive potential of individual
sperm, unfortunately, at this time, this cannot be
done without destroying them. However, this tech-
nology holds incredible potential to determine the
reproductive potential of an individual sperm.

Voltaire said, “with great power comes great re-
sponsibility.” In many ways, ICSI and microTESE
have given us incredible power to treat male infer-
tility. With this power, comes the ethical and moral

responsibility to understand the genetic causes of
male infertility for our patients and their offspring.
Much of the potential of the Human Genome Proj-
ect will be brought to bear on the genetic causes of
male infertility.

This article examines some basic concepts that
are prerequisite to any examination of the genetic
causes of male infertility and reviews who should
be evaluated and the current tools for genetic eval-
uation as well as their limitations. An overview of
state of the art research in the field and what the
landscape will look like in 2034 are presented.

PHENOTYPE DEFINITIONS

Studying the genetics of male infertility is complex
because many of the tools of genetic analysis
such as linkage mapping, family studies, and com-
plex pedigree analysis are rendered useless by the
nature of the condition. Furthermore, male infertility
exists on a spectrum and is likely the result of the
contribution of 100s if not 1000s of genes to a
man’s overall reproductive potential.? To study
this or any other genetic condition, accurate pheno-
typing is essential. To determine the precise ge-
netic cause of male fertility, robust definitions that
can clearly differentiate men into similar groups
for analysis are essential. If this often overlooked
but critical step cannot be completed, our efforts
are doomed to failure. Although significant prog-
ress is being made in genomic, proteomic, and me-
tabolomics biomarkers of male infertility, the
limiting factor in this work is lack of accurate pheno-
typing of these men from a clinical and molecular
standpoint (Table 1).2° Another key component of
accurately phenotyping men is to define accurate
inclusion and exclusion criteria to establish a uni-
form cohort of men for analysis (Table 2).
Previous investigators have focused on men
with nonobstructive azoospermia (NOA) to identify
a pure phenotype with a uniform condition.® %20
Although this approach is appealing in that NOA
is certainly a reproducible end point and clearly
defines a population of patients, it has not been
successful in identifying genetic causal variants
that explain large portions of male infertility.”~2°
Much of this is believed to be due to racial and
ethnic differences in genetic carrier frequencies
and the 100s of genetic defects that can result in
an NOA phenotype.® Given that most men do not
realize their full reproductive potential, that birth
outcomes are also dependent on female factors,
and that semen analyses are notoriously variable,
NOA provides an attractive phenotypic definition
for male infertility.?” The problem with using men
with NOA as a phenotypic definition of male factor
infertility is that significant numbers of men with
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Table 1

Summary of possible demographic data and
phenotypes useful for genetic analyses of male
fertility

Demographic data Semen analysis

Table 2

Inclusion (A) and exclusion (B) criteria for
clinical subjects in genetic studies of male
infertility

A. Inclusion Criteria

Age (y) Volume (mL)

Men aged 18-65 y in a committed relationship

Partner’s age (y) Sperm count

No previous paternity

Race/ethnicity % Motility

B. Exclusion Criteria

Body mass index Total motile count

(kg/m?)
Hormones

Follicular stimulating
hormone (mIU/mL)

Luteinizing hormone

% Progressive motility
Average velocity

Mean amplitude

(mIU/mL) of lateral head
movement
Total and free Linearity

testosterone (ng/dL)
Clinical
Months of infertility

Beat frequency

Morphology
(% normal)

% Head defects

Female factor present
in partner

Anatomic

% Neck/midpiece
defects

% Cyoplasmic defects

Testis longitudinal
axis (cm)

Nonsevere varicocele

% Tail defects

(grade 1 or II)

causal genetic variants that contribute to subfertil-
ity or severe oligozoospermia through genetic
pathways distinct from those that cause NOA
may be missed. Furthermore, because NOA is
only a small subgroup of men with male infertility,
it is unclear if understanding the genetic causes
of NOA will translate directly into deciphering other
aspects of male infertility.

Alternative phenotypic definitions for male infer-
tility have their own problems and limitations as
well. Specifically, using patient self-reports of their
fertility is problematic and, if used, needs to be
done in a validated and controlled manner; it will
only work in specific populations where men
realize their true genetic reproductive potential.
Many couples now seek assisted reproductive
technologies before attempting to conceive for
12 months.’?® Alternatively, investigators have
relied on semen analyses to define groups of
men with oligozoospermia, but variability in semen
analyses mandates use of multiple semen sam-
ples to define these groups of men.?”?° Case-
control definitions are also problematic because
semen analyses parameters, such as total motile

Medical history  Cryptorchidism/orchidopexy

Severe testicular trauma or
torsion

Previous inguinal surgery

Vasectomy

Radical pelvic surgery

Chemotherapy

Pelvic external beam
radiotherapy/
brachytherapy

Cancer (other than
nonmelanoma skin cancer)

HIV/AIDS

Mumps orchitis

CF or CBAVD

Spinal cord injury

Hypogonadotropic
hypogonadism

Hyperprolactinemia

Hyper or hypothyroidism

Diabetes mellitus with
HbA1C >10%

Exogenous steroid use

Grade Il varicocele

Severe phimosis

Presence of testicular mass

Buried penis due to morbid
obesity

AZF microdeletion

Klinefelter syndrome

Intersex disorder

CFTR mutation

Seminal hypovolemia
(volume<1.5 mL)

Ejaculatory dysfunction

Hormonal

Anatomic

Genetic

Semen analysis

Sexual history

Abbreviations: CBAVD, congenital bilateral absence of the
vas deferens; CFTR, cystic fibrosis transmembrane conduc-
tance regulator; HIV, human immunodeficiency virus.

counts, are quantitative continuously distributed
traits that show large intraindividual and interindi-
vidual variation. Thus, dichotomizing total motile
count would fail to detect an overall reduction in
sperm count caused by a genetic factor, unless
the cutoff point for the case definition was set
very low.? Finding accurate controls for these
studies has also proved to be problematic.

One alternative to just relying on NOA or oligozoo-
spermia on a semen analysis is to define more



Hotaling

robust clinical phenotypes that tie in other relevant
pieces of clinical information such as the physical
examination and hormone levels (Table 3). Male
and female reproductive hormone levels are an
integral part of an infertility evaluation and frequently
change clinical management.®° For men, the level
of follicular stimulating hormone (FSH) is often
more predictive of spermatogenesis capacity
than a semen analysis, assuming absence of
azoospermia, and luteinizing hormone (LH) and
testosterone (T) often identify treatable hypoandro-
genism.®° Multiple studies have demonstrated that
levels of FSH, LH, T, and anti-Mullerian hormone
(AMH) in men have significant heritability
(56%-90%).3"32 Previous studies of twins have
suggested that levels of these hormones are herita-
ble,®"-*2 but further genetic studies on these impor-
tant biomarkers of reproductive health are lacking.

GENETICS BACKGROUND
Basic Genetics

The central dogma of biology dictates that DNA
makes RNA, which makes protein. Proteins form
the building blocks of life. The basic building blocks
of genes, the genetic code, consists of 4 deoxyribo-
nucleotides (adenylic acid [A], guanylic acid [G], thy-
midylic acid [T], and cytidylic acid [C]). Two strands
of DNA are joined together to form a double helix
with Abinding to T and G binding to C. DNA consists
of introns, sections of DNA that do not code for pro-
teins and exons, and sections of DNA that code for
proteins. Although only a small fraction of DNA co-
des for proteins, recent insights from the ENCODE
study have revealed that the intervening DNA is
not random noise but serves to regulate the exons
or coding segments.?®® The DNA of each gene is
transcribed to make mRNA. During translation,
each 3-unit nucleotide codon is translated by the
ribosome to make a specific amino acid. Se-
quences of amino acids then make specific pro-
teins, the functional end product of each gene.
DNA is tightly packaged in the nucleus of cells. It
is set in a background of histone proteins, stacked
and compacted to form each of the 46 chromatids,
which consist of a short (p) arm and a long (g) arm.
One of the chromatids is of paternal origin and 1 is
of maternal origin. These chromatids make up the
diploid genome which consists of 22 pairs or auto-
somes numbered from largest to smallest and 1
pair of sex chromosomes (X/Y or XX) (Fig. 1).%*
DNA is replicated in the process of mitosis and
meiosis. Mitosis occurs in all cells and precisely
replicates the DNA to produce 2 genetically iden-
tical diploid daughter cells from each mother cell.
Meiosis occurs only in germ cells and involves a
process of recombination and reduction in

chromosome number to a haploid spermatozoa
or oocyte. Fusion of an oocyte and a spermatozoa
result in restoration of the diploid number of
chromatids.

DNA mutations

A mutation is an alteration in DNA that can be
passed from parent to daughter cells. There is a
critical distinction between somatic mutations
and germline mutations. Somatic mutations are
passed from mother to daughter cells, but not
passed on to the next generation. The rate of de
novo germline mutations is not insignificant and
tends to increase as people age.?**° Both germ-
line and somatic mutations may result in a change
in the amino acid sequence of a protein or the
length of genes (insertions or deletions). In this
article, the discussion of genetic inheritance fo-
cuses on germline genetic disorders and this
model of inheritance.

DNA polymorphisms

Polymorphisms are alterations in the DNA found in
at least 1% of the population. Generally speaking,
DNA polymorphisms do not cause disease but
may alter the risk or severity of disease.*® There
are several types of polymorphisms. The most com-
mon and most relevant for male infertility are single
nucleotide polymorphisms (SNPs), which occur in
up to 1 in 100 base pairs for some genes and typi-
cally do not cause disease. SNPs are specific areas
of DNA that vary between individuals in a popula-
tion. An allele is a specific variant of DNA at a spe-
cific location, whereas a genotype is the alleles an
individual received from each parent at a given
genomic position such as A/C. A haplotype is the
alleles that were each received together from 1
parent.® GWAS attempt to determine whether the
genotypes of certain SNPs are associated with
complex diseases. These studies generate massive
amounts of data and are complex to interpret but
are statistically relatively straightforward although
computationally intensive; they rely on millions of t
tests to examine the association of the genetic pre-
dictor (SNP genotypes) with the outcome of interest.
Examination of millions of SNPs in a given study
often results in stringent criteria for genome-wide
significance (P<1 x 10~%) after correcting for multi-
ple comparisons (Fig. 2).° GWAS, when properly
performed, adequately powered and correctly inter-
preted, may have the power to yield insight into
complex diseases such as male infertility.

Genetic Disorders

Genetic disorders can be divided into single gene
disorders or mendelian disorders, chromosomal
disorders, and nonmendelian genetic disorders.



Table 3

Summary of male infertility phenotype components

Male Infertility Metric

Rationale for Measurement

Demographic

Age (y)

Semen quality decreases with age >25 y?*122-124

Race/ethnicity

Significant racial variability in male infertility prevalence,?*"%> care
seeking behavior,'?® and semen analysis profiles mandates
adjustment by race'?’

Body mass index (BMI) (kg/m?)

Increasing BMI is associated with declining semen quality'?®

Partner age (y)

Increasing female age is associated with decreased fertility

Hormones

Follicular stimulating
hormone (FSH) (mIU/mL)

FSH correlates directly with spermatogenesis potential and is
significantly less variable and more heritable than the parameters
of a semen analysis®%3%12°

Luteinizing
hormone (mlU/mL)

Indicates adequacy of Leydig cell function to maintain adequate
testosterone levels for spermatogenesis'?°

Free testosterone (ng/dL)

Adequate free testosterone is necessary to optimize human
spermatogenesis and does not always correlate with total
testosterone'3%131

Total testosterone (ng/dL)

Total testosterone <280 ng/dL has sensitivity of 91.0% and specificity
of 73.7% for low free testosterone'>?

Semen Analysis

Volume (mL)

Seminal hypovolemia (<1.5 mL) indicates obstructive azoospermia or
retrograde ejaculation, not spermatogenic failure®®

Sperm count
(millions of sperm)

Pregnancy rates decline with decreasing sperm counts'?4127

Total motile count (TMQ)
(millions of sperm)

Clinically, TMC is used to determine the severity of male factor
infertility and to guide clinical treatment. Pregnancy rates are
believed to decline linearly with reduced TMC <15 million?®

% Motility

Decreases in motility can indicate genetic defects in spermatogenesis
that can result in populations of immotile sperm?®

% Normal morphology by
Kruger strict criteria

Previous work has found that genes associated with reduced
reproductive potential are also associated with specific
morphologic defects.'**'3* Decreased % of normal forms may be
associated with decreased fertility and is directly related to the
quality of the germinal epithelium?®

% Head defects

Previous work has found that genes associated with reduced
reproductive fitness are also associated with sperm head defects'3*

Anatomic

Testis longitudinal axis

80% of testicular volume is composed of the seminiferous tubules,
where spermatogenesis occurs. Thus, testicular size is directly
proportional to reproductive fitness and does not have the
variability seen in semen analyses®®'%°

Presence/side/grade of
varicocele

Varicoceles are associated with oligoasthenoteratospermia and are
found in up to 50% of men presenting to infertility clinics.
However, they are often an incidental finding and are typically not
causative of severe defects in spermatogenesis. Thus, men with
severe (grade lll) varicoceles are excluded because the genetic
factors causing varicoceles are unknown but are believed to differ
from those causing defects in spermatogenesis?®

Clinical*

Months of infertility at
time of evaluation

Reproduction is an inefficient process, even in fertile couples, with
chances of fertilization approaching 20% under ideal conditions.
Severity of male factor infertility correlates linearly with length of
time to natural conception without assisted reproductive
technologies.*® Infertility is defined clinically as the lack of
pregnancy after 1y of attempts at pregnancy?® 24127

(continued on next page)
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Table 3
(continued)

Male Infertility Metric

Rationale for Measurement

Months until natural See above

conception

Months until conception
with intrauterine
insemination

15%

Chances of pregnancy with intrauterine insemination are roughly
-20% per cycle.?® Because intrauterine insemination success
usually requires a TMC >5 million and is proportional to sperm
function, this can be used as a surrogate for reproductive fitness

All the examples mentioned briefly here are dis-
cussed in detail in the following sections. Single
gene or mendelian disorders are caused by a
mutant allele or pair of alleles at a single genetic
locus. These mutant alleles may either be inherited
from parents or occur de novo in spermatozoa or
oocytes. Regardless of where they come from,
once present, all these mendelian disorders are
passed on to offspring in 1 of several standard
modes of inheritance. Autosomal dominant muta-
tions are expressed with the inheritance of a single
mutant allele, whereas autosomal recessive muta-
tions require the disease-causing mutation to be
present on both alleles of a gene. CF is a classic
example of an autosomal recessive mutation.®”
X-linked disorders cause disease in men (46,XY)
with the mutation and in women who inherit 2
copies of the X-linked mutation. Thus, these dis-
eases affect men more than women. Kallman syn-
drome is an example of an X-linked disorder.’
Chromosomal disorders are caused by the loss,
gain, or abnormal arrangement of 1 or more of the
46 chromosomes.’ Although most chromosomal

Double Helix Chromosomes
DNA double helix
parm
Centromere
Chromos

VS Natensl Lntary of Med

qarm

Histone pro!ems\

--‘/

disorders are de novo events that result from sig-
nificant mutations in the parent germ cells, they
often demonstrate a modified pattern of mendelian
inheritance. These disorders can be classified as
either numerical/structural or microscopic/submi-
croscopic. There are 2 categories of numerical
chromosomal abnormalities: (1) polyploidy, a
chromosomal number that is a multiple of 23 in
which there are extra copies of all chromosomes;
(2) aneuploidy, a gain or loss of 1 or more chromo-
somes. Aneuploidy is typically denoted as the
number of extra or missing copies and the chro-
mosome; for example, trisomy 21. Aneuploidy is
significantly more common than polyploidy. Mosa-
icism results when individuals have tissues con-
sisting of a mixture of cell lineages with different
chromosomal complements. A classic example
of a numerical aneuploid chromosomal disorder
where mosaicism is common is KS with a karyo-
type of 47,XXY.*®

Microscopic or submicroscopic chromosomal
disorders result from a loss, gain, or rearrange-
ment of material within a chromosome or between

Karyotype

= q
YRR
- -

8 wu fih

Fig. 1. DNA structure. (A) DNA is arranged in a ladder twisting in the form of a double helix. The base pairs
adenosine-thymine and guanine-cytosine form the rungs of the ladder. A sugar phosphate backbone forms
the supports of the ladder or helix. (B) DNA strands are spooled and then condensed into fibers that are further
compacted by looping around histones to form a chromosome that consists of 2 chromatids joined by a centro-
mere. Each chromatid has a p arm (short) and a g arm (long). (C) The 22 autosomal chromosomes and the 1 sex
chromosome can be laid out in a karyotype to determine if there are any grossly visible chromosomal abnormal-
ities. (Courtesy of The National Human Genome Research Institute, National Institute of Health, Bethesda, MD.)



GWAS 101: Definitions

* Allele: A particular variant of DNA at a specific
location

* Genotype: One allele from each parent; this
combination forms a genotype at a given
genomic position: A/C

* Haplotype: Alleles received together from one
parent

GWAS 101: Definitions

* SNP Variation

¢ Single Nucleotide

Polymorphism (SNP)

— Markers

— Variations between
individuals (alleles)
involve a single base
change

— Typically only two
alleles (4 possible)

Haplotype: A-G

Genetics of Male Infertility

GWAS 101: Definitions

Haplotype: T-A

Genotypes: A/T, A/G

GWAS 101:
What is a GWAS Study?

2 Key concepts

Effects we are looking for are usually relatively
modest, associations between SNPs and causal
variants show low odds ratios <1.5

Setting alpha at 0.05 would yield 50,000 false
positive signals for 1 million SNPs, Typical criteria for
significance in GWAS (Bonferroni correction) is
P<1x108

Fig. 2. GWAS description. Alleles are variants of DNA at a specific location. The combination of alleles inherited
from each parent form a genotype at a given genomic position. A haplotype denotes alleles that were all
received together from 1 parent. The key concept here is that most adult cells are diploid (2n) and have 2 copies
of the DNA, 1 from each parent. Thus, when a specific location or allele is examined, an individual’s genotype is
composed of the basepairs at each of their 2 copies of genetic material. SNPs are variations of alleles between
individuals that involve a single base change. GWAS studies use SNPs as the predictors and disease states as
the outcomes. As the effects being looked for are very modest and tests are repeated millions of times, large sam-
ple sizes are often required to reach statistical significance (P<1 x 107%).

chromosome. The key distinction between these
and numerical chromosomal abnormalities is that
only a piece of the chromosome is affected, not
the entire chromosome. A common mechanism
for these disorders is reconfiguration of blocks of
DNA or low copy repeats, which are 10 to 400 kb
long, have nearly identical sequences, and are
dispersed throughout the chromosome account-
ing for 5% of the human genome.3*3%° A classic
example of this is deletions of part of the Y chro-
mosome resulting in microdeletions leading to
male infertility, the so-called azoospermia factor
(AZF) disorders.*9

Nonmendelian disorders account for most human
disease. Study of these diseases is significantly
more complex than for mendelian disorders.*’
GWAS have been the mainstay used to investigate
complex, polygenic, nonmendelian diseases (see
Fig. 2).*? Other inheritance patterns exist such as
expansion of trinucleotide repeats, mitochondrial
inheritance, genomic imprinting, and uniparental
disomy but these are beyond the scope of this

article. Studying spermatogenesis is complex and
requires understanding how 1000s of genes operate
together and the development of new tools to
examine complex nonmendelian traits such as
GWAS.

CURRENT GENETIC TOOLS

Spermatogenesis involves the coordinated action
of 1000s of genes.>>*3 Although any number of
these could make excellent targets for diagnostic
tests of male factor infertility or subfertility, only a
small handful of genetic variants have been clearly
linked to spermatogenic failure in a robust and
reproducible manner.?®

Congenital Bilateral Absence of the Vas
Deferens

Congenital bilateral absence of the vas deferens
(CBAVD) occurs in approximately 1% of infertile
men and is diagnosed on physical examination,
prompting subsequent genetic testing.** Men with
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this condition present with obstructive azoo-
spermia, absence of the vas deferens, and possibly
absence of the distal part of the epididymis, hypo-
plastic seminal vesicles, and consequent seminal
hypovolemia (<1 mL) and an acidic ejaculate (pH
6.5-7.0).4° CBAVD is found in all patients with clin-
ical CF and CBAVD without other clinical manifesta-
tions of CF is believed to result in people with
mutations that confer at least some functional forms
of the gene that causes CF when it is completely
absent.*®

CF affects 1:1600 people of northern European
descent and genetic testing must account for
ethnicity to identify the 850 or so genetic variants
known to cause CF.*"*® Obstructive pulmonary
disease caused by thickened epithelial secretions
is the defining feature of clinical CF; pancreatic
exocrine failure from the same mechanism is also
common.“® Absence of the vas deferens occurs in
all males with clinical CF.%° Clinical CF requires
inheritance of maternal and paternal CF genes.
The CF gene encodes the cystic fibrosis transmem-
brane conductance regulator (CFTR), a protein
crucial for the maintenance of viscosity through
optimal sodium and chloride balance in epithelial
secretions. If only 1 copy of an abnormal CFTR
gene is present along with another normal copy,
the patient is a carrier and pancreatic and respira-
tory function are unaffected. The severity of the
phenotypic picture of CF, from carrier to clinical
CF, depends on the functionality of the copies of
the CFTR genes that individuals inherit from their
parents. The least severe form of CF is CBAVD,
where the CFTR protein allows for adequate
pancreatic and respiratory function but results in
vasal agenesis.*® Although the vas, epididymis,
and seminal vesicles are of mesonephric origin,
they become atretic in the later stages of develop-
ment, indicating that the mesopnephric ducts are
embryologically normal and men with CBAVD
have normal renal units.

Although more than 1500 mutations can cause
CF and CBAVD, a 3 base pair deletion, deltaF508,
is the most common mutation found in northern
Europeans with CF and CBAVD.®" deltaF508 is a
severe mutation and the homozygous state results
in clinical CF. In men with CBAVD, complete
genome sequencing results in detection of 90%
of abnormal CFTR alleles (the other 10% are pre-
sumed but not detectable); 88% carry a severe mu-
tation (absent CFTR function) in combination with
an allelic mild mutation that preserves some
CFTR function.’%%? The most frequent mutation
detected is deltaF508 (24%) and the second most
common is IVS8-T5 (17%). T5 causes mild CFTR
malfunction and is present in up to 5% of the
general population. The most frequent genetic

combination in patients with CBAVD was deltaF508
intrans to IVS8-T5 (16.5%). Most other CFTR muta-
tions were at a frequency of 3% or less.%>3 Unilat-
eral absence of the vas deferens should also be
evaluated with renal ultrasonography because
many of these men have renal agenesis or ecto-
pia.>* Another variant of this is congenital nonunion
of the vas deferens with the epididymis, which is
poorly understood and may lend itself to microsur-
gical reconstruction in some instances.

If no mutations in CFTR are discovered in the
male, another possible cause of CBAVD is from
abnormal differentiation of the mesonephric ducts
before week 7 resulting in unilateral renal agenesis
or ectopy and CBAVD. This scenario occurs in its
severe form as Potter syndrome, is unrelated to
CF, has an unknown genetic basis, and warrants
renal ultrasonography in men with CBAVD to iden-
tify this entity.>®

Perhaps the most critical portion of an evaluation
of CBAVD is workup of the female partner for CFTR
mutations. According to the American Urological
Association (AUA) Best Practice Policy Commit-
tee’s Report from 2010 on the Evaluation of the
Azoospermic Male, “Testing for cystic fibrosis
transmembrane conductance regulator abnormal-
ities should include at minimum a panel of common
point mutations and the 5T allele. Gene sequencing
may be considered in couples where the wife is a
carrier and the husband with congenital bilateral
absence of the vasa deferentia tests negative on
a routine panel of cystic fibrosis transmembrane
conductance regulator mutations.”®® (https://
www.auanet.org/common/pdf/education/clinical-
guidance/Male-Infertility-b.pdf). Referral to a ge-
netic counselor is a critical component of this
process.

Men with CBAVD and CF should undergo genetic
screening and are then candidates for microsurgical
or percutaneous sperm aspiration procedures or
testicular sperm extraction for use in conjunction
with ICSI.°” Preimplantation genetic screening
should be done if the patient’s partner harbors a
CFTR mutation, resulting in a 25% chance of
offspring inheriting abnormal alleles from both par-
ents and developing clinical CF.°® The key points
of the evaluation of a man presenting with CBAVD
are summarized in Table 4.

Karyotype Abnormalities

Karyotype

Numerical and structural chromosomal abnormal-
ities are 8 to 10 times more prevalent in infertile
men than in fertile controls (3% in oligospermia
and 19% in NOA).%8:59-61 Optaining a karyotype in
infertile men is recommended after a careful
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Table 4
Key points for evaluation of men with CBAVD

Diagnosis

Workup

Treatment

Absence of vas
deferens on
examination?

Critical point

CFTR mutation testing
for man and wife

Sperm extraction and ICSI
with fresh/frozen sperm

Preimplantation diagnosis
for men with CBAVD
where both husband
and wife are carriers of
severe CFTR mutations
(eg, deltaF508)

Ancillary points  Seminal hypovolemia?

Family history of CF?

Consider gene sequencing
if no mutations detected
in man and wife is a
carrier

Renal ultrasonography for
man if no detectable
mutations

Referral to a genetic
counselor, testing
of siblings

Cost considerations for
patients

discussion of the risks and benefits and cost of ge-
netic testing with the patient. A karyotype typically
costs $400 to $900 and is rarely covered by insur-
ance. The AUA guidelines recommend a karyotype
in all men with NOA and a total motile count less
than 5 million.%®

47,XXY KS
KS (47,XXY) is the most common chromosomal ab-
normality with a prevalence of 1:600 in males and is
the most common genetic cause of azoospermia.>®
KS has a wide clinical spectrum but all males have
atrophic testes (8-10 cm®) and marked increase in
FSH and LH levels. In addition, approximately
10% to 20% of men with KS are mosaic with cells
demonstrating 47,XXY and 46,XY karyotypes or
other mosaic compositions.®? Spermatogenesis is
typically severely limited in all men with nonmosaic
KS, and most have azoospermia. However, up to
8.4% of men with nonmosaic KS do have sperm
in their ejaculate. FSH is increased in response to
abnormal spermatogenesis. Regardless of testos-
terone levels, LH is typically increased as a result
of maximal stimulation of Leydig cells that produce
androgen inefficiently.62-5°

The presence of an additional X chromosome
results in not only spermatogenic and androgenic
failure but also gynecomastia, expressive lan-
guage difficulties, higher mortality from breast
cancer and non-Hodgkin lymphoma (standardized
incident ratios of 57.8 and 3.5, respectively), a
decreased risk of prostate cancer, and a higher
incidence of extragonadal germ cell tumors
mandating karyotyping in men presenting with
these tumors.38:65-68

Men with KS can present in a myriad of ways. If
they do not have adequate androgenic potential,

they typically present to a pediatric endocrinolo-
gist with delayed or absent virilization at the time
of puberty.®* Others are referred in adolescence
because of small testes and many are discovered
only at the time of infertility evaluation.®” Men with
KS typically have normal libido and erectile
function.®°

Research among fathers of offspring with KS has
demonstrated that the frequency of XY sperm in-
creases significantly with paternal age.®® Some
have also argued that spermatogenic potential de-
creases with advancing age in men with KS and
many have raised concern about high rates of aneu-
ploidy sperm among men with KS.”%"2 Despite this
concern, more than 100 births have been described
in the literature with no aneuploid offspring.”~""
Part of the debate on this issue stems from the
lack of consensus on the exact mechanism of
47,XXY men producing 23,X or 23,Y sperm. Two hy-
potheses have been proposed to explain this. Either
the 47,XXY spermatogonia have the potential to
complete meiosis resulting in both aneuploid and
haploid sperm or the testicular environment hypoth-
esis, whereby spermatozoa of men with 47, XXY KS
arise from patches of 46,XY spermatogonial stem
cells in the testis and increased aneuploidy rates
are from an aberrant testicular environment.”®

MicroTESE has been demonstrated to yield suc-
cessful sperm retrieval in up to 69% of men with
KS.”®8% No characteristic or algorithm has been
shown to successfully predict the presence of
sperm in azoospermic men with KS.

46,XX male syndrome

46,XX testicular disorder of sex development
(46,XX male syndrome) is found in 1:20,000 male
births and is a rare genetic cause of infertility in
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phenotypic males.8! The sex-determining region
(SRY) is the key genetic component, normally
residing on the Y chromosome, that results in
testicular development, testosterone production,
and a male phenotype.®! Ninety percent of these
46,XX men have SRY, which normally resides on
the distal portion of Yp, translocated to the X chro-
mosome or an autosome.®? The small number of
these 46,XX SRY-negative men are believed to
have undefined genetic abnormalities permitting
gonadal differentiation.®® 46,XX men are pheno-
typic males but have smaller testes, decreased
height, and are uniformly infertile because of the
absence of other genetic factors found on the Y
chromosome that are critical for normal spermato-
genesis, such as the azoospermia factors (AZFa,
AZFb, AZFc).2* Thus, the karyotype is prognostic
in these patients and the patient is not a candidate
for microTESE or testis biopsy.

Other karyotype abnormalities

Infertile men can have other Y chromosome abnor-
malities including mosaicism, ring Y, truncated Y,
and isodicentric Y.85%7 Ring Y chromosomes are
formed by loss of genetic material and circulariza-
tion of the remaining Y chromosome. Patients with
ring Y chromosomes should undergo AZF micro-
deletion assays to determine if these regions are
present.®” Referral to a genetic counselor is crucial
in the evaluation of these patients. Robertsonian
and reciprocal translocations are found more
commonly in the oligospermic than the azoosper-
mic population.®® The key features of kayotypic
abnormalities are summarized in Table 5.

Y Chromosome Microdeletions

Ninety-five percent of the Y chromosome is con-
tained in the male-specific region of the Y chromo-
some or MSY and contains unique genetic material
for sex-specific embryogenesis such as the SRY.
However, the Y chromosome does not recombine
in the same manner as autosomal chromosomes;
it does contain approximately 8 massive palin-
dromic sequences that enable maintenance of the
fidelity of the genetic material on the Y through in-
trapalindrome homologous arm-to-arm recombi-
nation.?%8° From an evolutionary standpoint, the
Y chromosome is highly efficient, containing the
entire male phenotypic developmental pathway in
a minimum of DNA.°° However, unlike its auto-
somal counterparts, it does not have the luxury of
having 2 copies of critical genetic material and the
loss of any of its material has reproductive conse-
quences for men.®’

Any deviation from the intrapalindromic arm-to-
arm recombination can lead to ectopic homologous
recombination.®? Errors occur when 2 spatially
separated palindromic segments of the Y chromo-
some are erroneously combined, deleting all the
intervening genetic material. These losses are
referred to as microdeletions because they are not
visible on standard karyotype analysis.

Loss of portions of the Y chromosome are de-
tected in roughly 10% of men with NOA and 5%
of men with severe oligospermia, but significant
ethnic variations in these rates and the types of de-
letions exist.*?:°3~°° Microdeletions are most com-
mon on the long arm of chromosome Y, Yq, and
deletions in this are related to spermatogenic

Table 5
Key points for karyotype analysis

Diagnosis

Workup

Treatment

Klinefelter Syndrome 47,XXY

Critical point Most common
chromosomal
abnormality (1:600)

Karyotype, FSH/LH, total
testosterone, albumin,
SHBG, estradiol

MicroTESE if azoospermic
Cryopreservation of sperm
if severely oligospermic

Ancillary points  Wide clinical spectrum —

10%-20% mosaic

Increased risk of breast
cancer, non-Hodgkin

lymphoma

46,XX Male Syndrome

Critical point Rare (1;20,000),
phenotypic men

Karyotype, FSH/LH, total
testosterone, albumin,
SHBG, estradiol

Donor sperm

Smaller testes, —
decreased height

Ancillary points

Abbreviation: SHBG, sex hormone binding globulin.



failure. The AZF region contains key genes for
sperm development and has 3 subgroups: AZFa,
AZFb, AZFc (Fig. 3). Multiple deletions in the
AZFc areas are the most common, occurring in
up to 10% of men with NOA and 1:4000 men over-
all.?5-%8 AZF b/c microdeletions are those in which
the recombination boundaries encompass both
the AZFb and AZFc regions.® Nearly all AZF mi-
crodeletions occur de novo but, once present,
they are passed on to all male offspring of an ef-
fected man making genetic counseling critical.®®

All the AZF microdeletions have no phenotypic or
health consequences other than their effect on
spermatogenesis. The AZFa, AZFb and AZFb/c mi-
crodeletions remove critical genes for spermato-
genesis and men with these microdeletions do not
have sperm. However, with the AZFc microdeletion,
sperm is found in 70% of men on microTESE.3*AY
chromosome microdeletion assay is readily avail-
able as a blood test that can detect AZF microdele-
tions and should be obtained in all men with NOA or
severe oligospermia (total motile count less than 5
million) before any attempts at sperm retrieval.

The 2 main genes critical for spermatogenesis
and located in AZFa are USP9Y and DBY or
DDX3Y. Deletion of both these genes results in Ser-
toli cell only syndrome and complete absence of
sperm on microTESE.®® % Deletions in the AZFb
region causes arrest of spermatogenesis at the
primary spermatocyte stage.'®’ The main genes
in this region are RBMY1, which codes for a
testis-specific splicing factor, and PRY, which is
involved in apoptosis.'0%103

AZFc microdeletions are not as easily character-
ized as they range from smaller subdeletions to
intrachromosomal recombinations and even com-
plete deletions.’* Although spermatogenesis can
still occur in the presence of an AZFc microdele-
tion, it is markedly reduced and these patients
are typically azoospermic. Study of AZFc microde-
letions is further complicated by significant ethnic
variability depending on the genetic makeup of

Yp Yq
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the haplogroups examined. One of the most
frequent subdeletions of the AZFc region is the
gr/gr subdeletion, which removes half the AZFc
content, but ethnic variability among haplotypes
has made the study of this subdeletion diffi-
cult.’951% | jke the other AZF regions, AZFc also
contains genes involved in spermatogenesis,
DAZ. The DAZ genes are expressed in all stages
of spermatogenic development.'07:108

A blood-based assay of the AZF microdeletions
can yield critical prognostic information before at-
tempted sperm retrieval, as only men with AZFc
have the potential for a successful outcome.'®
Table 6 provides a summary of the key points for
AZF microdeletions.

Other genes on the Y chromosome that are
believed to play a role in spermatogenesis are
CDY, which regulates DNA transcription through
acetylation of histones, and TSPY, regulates the
timing of spermatogenesis by signaling spermato-
gonia to enter meiosis.’'®! Although the exact roles
of these genes in male infertility remain undefined,
a study of copy number variants or copies of the
TSPY gene found that infertile patients had more
copies of the TSPY.1%°

Hormone Levels and Epigenetics

Hormone levels

Male and reproductive hormone levels are an inte-
gral part of an infertility evaluation and frequently
change clinical management.>° Multiple studies
have demonstrated that levels of FSH, LH, T,
and AMH in men have significant heritability
(56%-90%), but further genetic studies on these
important biomarkers of reproductive health are
lacking.®'*2 The sex hormone-binding globulin
(SHBG) gene, located on chromosome 17, has
been identified as having a possible role in sper-
matogenesis with shorter SHBG alleles being asso-
ciated with higher sperm concentrations, but this
study has not been replicated.” Likewise, studies

Fig. 3. AZF regions of the Y chromo-
some. Presence of the AZFa, AZFb

A
A

DBY (DDX3Y)

>
3
o
«
>

AZFa AZFb AZFc

\ 4

and AZFc regions on the long arm of
the Y chromosome with genes rele-
vant to spermatogenesis highlighted
above. The numerous palindromic
sequences within the Y chromosome
may combine in a myriad of ways and
AZFa, AZFb, and AZFc are simply
groups of these aberrant recombina-
tions that remove specific genes.
TSPY is a gene on the short arm of
chromosome Y that is involved in sper-

matogenesis but is not part of the genes in the AZF regions. (From O’Flynn O’Brien KL, Varghese AC, Agarwal A. The
genetic causes of male factor infertility: a review. Fertil Steril 2010;93:3; with permission.)
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Table 6
Key points for AZF microdeletions
Basics Genes Affected Prognosis
AZFa Rare USP9Y DBY or DDX3Y All will have Sertoli cell only on testis
biopsy, no sperm
AZFb Rare RBMY1 PRY All will have maturational arrest, no

sperm

AZFc 10% of men with NOA, DAZ
1:4000 overall

70% chance of sperm on microTESE,
rarely sperm in ejaculate

of FSH receptor polymorphisms, androgen receptor
gene CAG repeats, and estrogen-related genes
have not yet translated into clinical assays that can
assess the complex interplay between the male
endocrine axis and spermatogenesis.’'®''® Re-
gardless, refined phenotyping of cohorts of infertile
men as well as larger-scale studies will hopefully
allow some of these polymorphisms to be linked
with clinical outcomes of infertile men.

Epigenetics

Epigenetics is defined as alterations of the genetic
code that do not alter the basic DNA sequence.
An example would be imprinting, the addition of a
methyl group to DNA, which changes the regulation
of transcription and, consequently, gene expres-
sion."" Seminal work by Hammoud and
colleagues,’'® published in Nature in 2009, demon-
strated that developmental promoters are exten-
sively hypomethylated in sperm and acquire
methylation during differentiation. Thus, epigenetics
plays a critical role in enabling sperm to facilitate
early embryogenesis. Subsequent work by this
group has associated spermatic DNA methylation
changes in imprinted genes with male factor infer-
tility.""®117 Although the exact causal relationship
of this association has not been fully elucidated,
and conflicting results on the exact role of methyl-
ation remain in the literature, further investigation
of this area holds significant promise for unraveling
the genetic underpinnings of male infertility.

GENETICS OF MALE INFERTILITY IN 2034

The state of researchin male infertility in2013 can be
summarized succinctly by noting that the number of
potential targets identified by GWAS, microarray
studies, proteomics, metabolomics, genomics,
and large cohort and case-control studies have
failed to translate into any new tangible clinical as-
says that can classify, prognosticate, or treat male
infertility.?®"® As previously discussed, much of
this is due to the inability to use the tools of classic
genetics, such as pedigree studies, to examine
male infertility, and the heterogeneous nature of

the condition. This situation is further complicated
by the lack of reliable animal models for spermato-
genesis, inability to grow these cells reliably in cul-
ture, and incomplete phenotyping of most cohorts
of infertile men.? Currently, most cases of male infer-
tility are treated medically or surgically; bypassing
the genetic problem, rather then identifying and
treating the underlying issue. Although there have
been tremendous research efforts in this area, the
results have not yet translated into clinical practice.

Several key developments will shape the diag-
nostic and potentially therapeutic genetics of
male infertility in 2034. First, as the costs of genetic
tests continue to decrease exponentially, whole-
genome sequencing, which is currently $3000 to
$10,000 per sample, will decrease to a price
whereby it can be routinely used in clinical prac-
tice.® For point of comparison, the first human
genome sequenced cost $2.7 billion and took
13 years to complete (http://www.genome.gov).
Second, the limiting factor in most genetic analyses
is no longer the cost but the technical knowledge,
computational power and biological training neces-
sary to interpret the massive amount of data gener-
ated. Following Moore’s law, as the price of
computers continues to decrease and their compu-
tational power increases, this bottleneck will
continue to be less of a limiting factor. Application
of machine learning to genetic data is being
embraced by startup companies such as Ayasdi
(www.ayasdi.com) and veteran computer com-
panies such as IBM (http://www-03.ibm.com/
innovation/us/watson/). Machine learning promises
to yield new insights into genetic data. Third, recent
work by groups such as ENCODE have started to
demonstrate that most noncoding DNA is not junk
but serves to orchestrate a complex interplay of
transcription factors that regulate transcrip-
tion.""®12" The type of work published by the
ENCODE team is at the heart of the epigenetic
changes that have recently been shown to be
crucial for the role of the sperm in early embryogen-
esis. Fourth, the male infertility community is begin-
ning to lay the groundwork to build andrologic
equivalents of SEER (Surveillance, Epidemiology
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and End Results), the large cancer database that
can be linked to robust tissue specimen, pheno-
type, and genotype information for research.

By 2034, the decreased cost of genetic testing,
improved computational infrastructure, better un-
derstanding of transcriptional regulation, and large
databases will allow for several diagnostic and
potentially therapeutic genetic modalities related
to infertility. By studying large populations of men
who are fertile, infertile, and subfertile, genetic
markers can be identified that are markers of fertility
and harbingers of infertility. A semen analysis will
remain a key component of a male fertility evalua-
tion but a blood test performed in tandem with the
semen analysis will be able to quickly scan the
1000 key genes involved in spermatogenesis and
the male endocrine axis and identify a man’s repro-
ductive potential by providing him with an assess-
ment of his innate genetic reproductive potential.
Should a man be azoospermic, this assay would
also provide information about the chances of
finding sperm on testis biopsy or microTESE.

Ideally, this evaluation will return a man’s chance
of conception per month with his partner based on
a similar assay of some of the key genes involved in
female reproduction. These tests will also identify
groups of men who will and will not respond to
medical endocrine treatments and their ideal
dosing through pharmacogenomics. Although it is
possible that some of the identified genes may ul-
timately be targets for gene therapy, it is unlikely
that this treatment modality will be widespread in
2034 because of the complexity of delivery of these
agents and the necessity of determining the poten-
tial reproductive consequences of their use.

SUMMARY

Statistical genetics holds incredible promise in the
study of male infertility. Although significant strides
have been made in understanding the genetics of
male infertility, most of it remains unknown.
Currently, our ability to treat male infertility has
far outstripped our capability to understand its
root causes. In the future, the benefits of the
ongoing revolutions in genetic sequencing and
the processing of this information will likely be real-
ized so that patients can be provided with answers
about the nature of their condition as opposed to
just performing surgery to treat it.
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