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Abstract: Deletions within the male-specific region of the Y-chromosome, known as
Y-Chromosome Microdeletions (YCMs), are present in as many as 5% and 10% of severe
oligospermic and azoospermic men, respectively. These microdeletions are distinguished by
which segment of the Y chromosome is absent, identified as AZFa (the most proximal
segment), AZFb (middle), and AZFc (distal). The reported prevalence of YCMs within the
world’s populations of infertile men displays vast heterogeneity, ranging from less than 2%
to over 24% based on region and ethnicity. AZFc is the most commonly identified YCM, and
its phenotypic presentation provides for the highest chance for fertility through artificial
reproductive techniques. Conversely, deletions identified in the subregions of AZFa, AZFb,
or any combination of regions containing these segments, are associated with low probabil-
ities of achieving pregnancy. A putative mechanism explaining this discrepancy lies within
the expression of autosomal, DAZ-like genes which could serve to “rescue” wild type AZFc
gene expression and hence spermatogenesis. Nevertheless, recent reports challenge this
dogma and stress the importance of further analysis when an AZFb deletion is detected.
The screening thresholds to determine which oligospermic and azoospermic men are tested
for potential YCMs has been recently contested. More recent literature supports lowering the
threshold from 5 million sperm/mL of ejaculate to 1 million/mL as the frequency of YCMs
in men with sperm concentrations between 1 and 5 million sperm/mL is very low (~0.8%).
As such, subsequent guidelines should recommend a lower screening threshold. While
YCMs are extremely common globally, the understanding of their clinical significance in
the field remains scattered and without consensus. Furthermore, very little is currently known
about partial deletions within the AZFc region, such as b1/b3, b2/b3, and gr/gr. Hence, this
review aimed to summarize and discuss modern trends in the epidemiology, screening
guidelines, and clinical considerations pertaining to YCMs.
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Introduction

Infertility is defined as the inability to conceive after 12 months of unprotected
intercourse or 6 months of unprotected sex in the setting of advanced maternal age.'
It is estimated that infertility will affect one of every 12 men in their lifetimes. Of
men presenting with infertility, 90% will have an underlying oligospermia or
azoospermia.” Oligospermia is defined as a sperm concentration of less than
15 million sperms per milliliter of ejaculate, below the Sth percentile of fertile
men;’ this classification can be further stratified into mild, moderate, and severe

categories defined as 10-15 million sperm/mL, 5-10 million sperms/mL, and any
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sperm to 5 million sperm/mL, respectively.* Azoospermia
is the complete absence of sperm in the ejaculate and is
stratified into two classifications: obstructive and non-
obstructive. Obstructive azoospermia is classified as
a post-testicular obstruction of the ductal system impeding
the movement of sperm at any location in the reproductive
tract — sperm is classically seen on testicular biopsy.
Conversely, non-obstructive azoospermia (NOA) is
defined as the absence of sperm in the ejaculate due to
primary testicular failure and is commonly diagnosed by
testicular biopsy suggestive of spermatogenic failure.’

One of every four cases of non-obstructive azoosper-
mia is presumed to be caused by an underlying genetic
defect. Common, non-genetic causes of NOA include
cryptorchidism, varicocele, or testicular neoplasia; none-
theless, the underlying cause of many cases of non-
obstructive azoospermia remains idiopathic.’ The genetic
bases of primary testicular failure have been the subject of
much investigation in the field of male infertility, particu-
larly deletions identified on autosomal and Y sex
chromosomes.” The Y chromosome is classically divided
into two sections; the pseudoautosomal regions and the
male-specific region. Pseudoautosomal regions (PAR1 and
PAR?2) are classified as areas of the chromosome that may
recombine with the X chromosome during meiosis and
account for about 5% of the Y chromosome.®

The male-specific region of the Y Chromosome, abbre-
viated as MSY, accounts for the additional 95% of the
chromosome that does not recombine or crossover with
the X chromosome during meiosis. The MSY region has
been conserved in primate and eutherian genomes for
millions of years, made up in part by amplicon sequences
which are expressed almost exclusively in the testis. About
25% of the MSY euchromatin in man is constituted by
such amplicon regions organized into eight massive palin-
dromic sequences that are virtually identical. These ampli-
con sequences undergo frequent gene conversion (non-
reciprocal transfer) which has served as a mechanism to
prevent their genetic decay. These large amplicon regions
are suspectable to homologous recombination that could
therefore result in deletions within the MSY region.®’

It is assumed that the genes contained in the MSY are
integral to spermatogenesis through myriad functions
including transcription, gene silencing, ubiquitination,
and maintenance of microtubule networks. It should not
be surprising, then, that the most frequent known genetic
causes of impaired spermatogenesis, accounting for as
much as 5% and 10% of severe oligospermic and

azoospermic men, respectively, are stereotypical deletions
within the MSY region known as Y-chromosome
microdeletions.!® Moreover, such deletions, enabled by
the homologous recombination of highly conserved ampli-
con regions, have been studied extensively throughout
many placental mammalian genomes including horse,
chimpanzee, bonobo, and various bovine species. These
genomic studies have widely yielded similar findings to
those in man and emphasize the vital role MSY plays in
spermatogenesis.’' '

In 1976 a conserved, terminal deletion within MSY
located at the long arm (11q) was identified in six azoos-
permic men. Based on the terminal deletions in this series
and their corresponding phenotypes, it was hypothesized
that the 11q region of the Y-chromosome performed vital
functions in spermatogenesis and was termed the azoosper-
mia factor (AZF)."> More than 10 years after the identifica-
tion of AZF, “microdeletions” at 76 discrete DNA loci were
mapped into three subregions of Yql1 based on their pre-
sentation in azoospermic men as well as their putative
action in different phases of male germ cell development;
they were termed AZFa (the most proximal segment),
AZFb (middle), and AZFc (most distal) (Figure 1)."¢

These deletions within AZF have therefore been cate-
gorized as Y-chromosome microdeletions (YCMs). The
putative mechanism behind the synthesis of YCMs, as
stated previously, involves amplicon sequences located
within the MSY making certain segments of the region
suspectable to deletions and duplications via non-allelic
homologous recombination.'” Moreover, several partial
deletions in regions of AZFc, such as gr/gr and b2/b3,
have been frequently identified in men and will also be
discussed herein.'®

While Y-chromosome microdeletions and the genetic
basis of male-factor infertility have emerged as critical
areas of study in male fertility, the understanding of their
clinical significance in the field remains scattered and
without consensus. Our review, therefore, aims to summar-
ize and discuss the current body of literature pertaining to
YCMs, focusing on trends in epidemiology, screening
guidelines, and clinical considerations.

Prevalence and Presentation of
Y-Chromosome Microdeletions
For more than two decades, YCMs have been reported across
the globe using reliable duplex and/or multiplex PCR diag-
nostic testing. Despite this breadth of research, reporting
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Figure | Schematic representation of the Y chromosome and male-specific region microdeletions. Pseudoautosomal regions (PAR| and PAR2) are represented by light blue
areas. Locations of STS primers presently recommended for microdeletion identification (ie sY84) are indicated by vertical dashed lines. Partial deletions of the AZFc (b2/b4)

subregion are denoted by gr/gr, bl/b3, and b2/b3.

pertaining to the prevalence and presence of YCMs remains
highly heterogenous. According to the Practice Committee of
the American Society for Reproductive Medicine (ASRM),
the prevalence of YCMs might be as high as 2% in the
general population of unselected men.'” The European
Academy of Andrology (EAA) defines the prevalence of
YCMs in unselected men to be far lower, around 1 in 4000
(0.025%)."”

Genetic screening studies have informed the under-
standing that YCMs are extremely rare in men who are
normospermic, defined as having a sperm concentration
greater than 20 million per mL of ejaculate. A 2001 study
found no Yq deletions amongst 392 normospermic men
screened.? Further, a recent meta-analysis of over 10,000
North American men found that while 5% of severely
oligospermic patients (defined in this study as containing
less than 1 million sperms per mL of ejaculate) had an AZF
microdeletion, the prevalence of these same deletions was
less than 1% amongst men with greater than 20 million
sperm/mL of ejaculate (normospermic concentrations).”'
Hence, it is believed full deletions in the AZF regions are
specific for spermatogenic failure. These findings empha-
size the distinction between fertility and normospermia,
which are not synonymous. While oligospermic men may
be fertile and never be diagnosed with a low sperm con-
certation or a YCM, normospermia is exclusively defined
by semen parameters (and therefore the quality of sperma-
togenesis) rather than a man’s fertility.

In accordance with the proposed role AZF plays in
spermatogenesis, YCMs are far more prevalent amongst

infertile men and/or men with abnormal semen parameters.
The Practice Committee of the ASRM estimated in 2015
that the prevalence of YCMs amongst men with severe
oligospermia or azoospermia is as high as 16%. A 2016
review by the European Association of Urology reported
the prevalence of YCMs to be 8-12% in azoospermic men
with
oligospermia.®* It is important to highlight that the small

and approximately 3-7% in men severe
prevalence of YCMs in the unselected population is likely
constituted by men who are in fact oligospermic or azoos-
permic rather than silent mutations amongst men who are
normospermic, which is extremely unlikely as described
above.

The reported presence of YCMs within populations of
infertile men displays vast heterogeneity that has been
outlined by geographical region and ethnicity. Estimates
of the worldwide frequencies of AZF deletions in infertile
men vary greatly, ranging from 12% in the United States
and 24.2% in Iran to less than 2% in countries such as
Germany and Austria. Even to the casual observer, there
appears no obvious geographical pattern accounting for
of the to which

Moreover, a 2019 study screened 1030

which parts world correspond

frequencies.”
infertile Japanese men for YCMs, the first large-scale
study to assess such genetics in the region. This analysis
yielded a prevalence of nearly 7% (including all AZF
rearrangements) in their population made up almost exclu-
sively of severely oligospermic or azoospermic men.
Amongst the various AZF deletions screened for in this

study, AZFc was the region most commonly lost.”*
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Screening infertile and subfertile men to determine the
presence of an underlying Y-chromosome microdeletion
has proven to be vital in the clinical setting, as the extent
of such deletions often informs clinical decision-making
and recommendations for artificial reproductive technolo-
gies (ART). Between AZFa, AZFb, and AZFc deletions,
the latter of the three is the most frequently diagnosed
YCM, 60-80% of all
deletions.'”*> Fortunately, while AZFc is the most salient

accounting for reported
microdeletion, it also the microdeletion associated with the
highest probability of success through ART.

For example, microdissection testicular sperm extrac-
tion (mTESE) is considered the “gold standard” of treat-
ment for men with non-obstructive azoospermia. The
mTESE is a procedure that involves bivalving of the
testicle and searching for and collecting dilated seminifer-
ous tubules (believed to be predictive of ongoing sperma-
togenesis) using an operative microscope. For use in men
the mTESE has
a successful sperm retrieval rate of approximately 52%

with non-obstructive azoospermia,

over all populations.”® However, for men with YCMs,
the rate of successful sperm retrieval, and therefore the
preoperative probability of success, depends greatly on the
region of AZF that is absent. Deletions in the AZFc region
of the MSY are associated with the highest retrieval rates
of any microdeletion discussed herein, reported between
50% and 80% in past studies.'”***” Unfortunately, com-
plete YCMs detected in the AZFa and AZFb regions have
been linked with extremely unfavorable sperm retrieval
rates and clinical outcomes. Further, deletions containing
sections of multiple AZF regions, such as AZFbc and
AZFabc, have also been associated with the same poor
sperm retrieval.!”?42528

Nonetheless, recent reports have identified very few
men, originally diagnosed with full AZFb deletions using
basic genetic testing, to contain residual sperm production,
challenging the formally discussed understanding of such
YCMs. These reports, while limited, suggest that some
men who are originally diagnosed with AZFb deletions
might have a chance for successful sperm retrieval. The
authors of one such report identify an extended genetic
analysis, using a specialized sY 1192 primer as a decision-
marker, to determine the true extent of the AZFb deletion
and therefore better elucidate the man’s potential for suc-
cessful sperm retrieval; if sY1192 is present, the authors’
contest ART might still be a viable option for the patient.?

A proposed mechanism for the disparate outcomes

associated with deletions of AZFa, AZFb, AZFc,

AZFbc, and AZFabc focuses on the importance of the
DAZ gene, which is a copy number variant (CNV)
located in four nearly identical copies in the AZFc refer-
ence sequence (DAZ1, DAZ2, DAZ3, and DAZ4).3%3!
While it is understood that most genes contained within
AZF are critical to successful spermatogenesis, it is
believed that two additional, analogous copies of the
DAZ gene, known as DAZL (Daz-Like), are located on
the autosomal chromosome 3, in addition to its copies
contained in AZFc. Unlike the other YCMs discussed,
when AZFc alone is absent, it is proposed that the auto-
somal gene copies of DAZL can serve to “rescue” sper-
matogenesis and therefore facilitate the production of
rare sperm required for retrieval via mTESE.>>=73%73°
Hence, distinguishing not only the presence of
a potential Y-chromosome microdeletion but also the
extent of its deletion, is paramount in clinical decision-
making involving ART and infertility counseling.
Professional societies including the European Academy
of Andrology and the American Society for Reproductive
Medicine both recommend testing men with oligospermia
or non-obstructive azoospermia for YCMs.'”'? Based on
the poor outcomes previously discussed, sperm retrieval
procedures are not recommended for patients with
a verified presence of a deletion in the regions of AZFa,
AZFb, AZFabc, or AZFbc, although the methods through
which to verify AZFb deletions have been brought to
question by limited reports previously discussed.'”*
Even while men containing AZFc deletions may be
recommended for ART following the genetic screening,
there are further clinical considerations. Any male off-
spring of a man with an AZFc deletion will inherit their
father’s Y chromosome with microdeletions. Hence, bar-
ring unforeseen future breakthroughs allowing for genetic
restorations, these male children will be equally or more
severely infertile than their fathers.>® Additionally, screen-
ing of male relatives and karyotyping is recommended as
AZFc microdeletions have been implicated in higher risks
of Turner syndrome (45, X0) and ambiguous genitalia in
any viable male offspring. For this reason, genetic coun-
seling of men with a verified presence of an AZFc deletion
should be considered mandatory.*® For men with an AZFc
deletion who wishes to proceed with ART, couples may
opt for use of antenatal testing, such as preimplantation
genetic testing for aneuploidy (PGT-A), in order to select
for female progeny for embryo transfer (thus not passing

. . 21
on this deletion), or use donor sperm.
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Screening for YCM in Oligospermic
Men

Screening for YCM in oligospermic men is performed
through PCR amplification. According to the European
Academy of Andrology (EAA) and European Molecular
Genetics Quality Network (EMQN) guidelines, the PCR
reaction should utilize sequence-tagged sites (STS) pri-
mers surrounding regions of the Y chromosome that are
non-polymorphic and commonly deleted in oligospermic
and azoospermic men. To promote sensitivity and specifi-
city of the analysis, two STS loci should be amplified in
each AZF region. The following primers are recommended
by the EAA/EMQN guidelines (Figure 1):'7

(a) For AZFa: sY84, sY86
(b) For AZFb: sY127, sY134
(c) For AZFc: sY254, sY255 (both in the DAZ gene)

Superfluous STS primers should not be used as they do not
have clinical significance and can in fact cause confusion
in the interpretation of the results.’” Further, though whole
genome sequencing (WGS) has risen in popularity, it is
currently not recommended for YCM screening. Most
deleterious YCMs are widely dispersed along the ampli-
con regions of the MSY euchromatin. WGS relies on short
reads, which has shown to result in the filtering of the
mutation sites upon sequencing. The use of PCR amplifi-
cation to screen these STS sites is more appropriate to
identify these deletions.*®*’

Detection of a deletion in one or multiple of these loci
may require further analysis using more specific primers to
determine the extension (partial or complete) of the dele-
tion. For example, previously recorded partial AZFa dele-
tions have demonstrated milder phenotypes than full
deletions, while full deletions of AZFa are incompatible
with ART as discussed previously.* AZFb and AZFbc
deletions should be identified as partial or complete, as
there is higher availability for sperm cells in ART in men
with partial deletions.*' Further, limited recent reports
endorse the use of additional STS primers in order to
confirm previously diagnosed complete AZFb deletions
(ie sY1192 as discussed previously).?’ Complete deletions
of AZFbc should also be studied using specific markers to
differentiate between P5/distal P1 and P4/distal Pl
deletions.*? In the case of a complete deletion of AZFc
or AZFbc, screening for heterochromatin marker sY 160 is
indicated to differentiate b2/b4 deletions from terminal

deletions. The latter are characterized by an absence of
sY 160, which are associated with a mosaic karyotype (46,
XY/45,X). The 45,X karyotype has been previously shown
to be a negative prognostic factor for normal spermatogen-
esis and should therefore be considered in screening
protocols.*?

Ideally, the reactions should be performed in multiplex
format to include relevant positive (SRY) and negative
(ZFX/ZFY X-chromosome genes)
A female sample and a blank (replacing DNA with

internal controls.
water) sample should also be analyzed in parallel as con-
trols for DNA contamination. This set of primers and
quality control methods have demonstrated reproducible
and accurate results, but repetitive testing may be done in
the scenario of inconclusive results or suspected technical
failure. Incorporation of these guidelines, laboratory stan-
dardization and continued evaluation via annual external
quality assessment (EQA/EMQN) schemes have reduced
the diagnostic error from approximately 8% to 1-2% (as
of 2014)."7

Several reports also have identified YCMs in germline,
sperm DNA, which are hypothesized to be more prevalent
than in genomic DNA, derived from lymphocytes, due to
the increased oxidation stress germline DNA is subjected
to. Such deletions, if confirmed to be occurred at higher
rates in sperm DNA, could dictate the source of DNA
most useful to assay for men who wish to pursue ART.
Unfortunately, these reports do not establish the extent or
origin of the YCMs identified in sperm DNA and lack
statistical power due to their small sample sizes. The
collection of blood-derived DNA hence remains the most
cost-effective and widely available method for YCM
screening.** 7

The issue of which males should be screened for YCMs
remains a controversial topic. Published guidelines by pro-
fessional societies such as the ASRM and the EAA/EMQN
recommend screening for men with severe oligospermia
(<5-Omillion sperm/mL ejaculate).'”'” However, several
recent studies have suggested that this cutoff may be arbi-
trary and cost-ineffective for multiple reasons. First, the
current cutoff for severe oligospermia may not reflect
a clinically relevant threshold for screening. Meta-analysis
by Kohn et al found no significant difference in complete
YCM prevalence between males with sperm counts
>1-5 million/mL and >5-20 million/mL (0.8% [95% CI:
0.5-1.3%] vs 0.5% [95% CI: 0.2-0.9%], P=0.14). There
was, however, a significant difference in complete YCM
prevalence between males with sperm counts >0—1 million/
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mL and >1-5 million/mL (5.0% [95% CI: 3.6-6.8%] vs
0.8% [95% CI: 0.5-1.3%], P<0.001). Thus, they suggest
lowering the threshold for genetic testing to 1 million
sperm/mL.%!

A second reason to continuously evaluate, and poten-
tially lower, the YCM screening threshold is the decrease in
average sperm count over time. A 2017 meta-analysis of
185 studies and 42,935 semen samples showed a significant
decrease in average sperm concentration in men from North
America, Europe, and Australia during 1973-2011.%® This
finding was corroborated by a second 2017 meta-analysis
that found a 57% decline in average sperm concentration in
men from North America, Europe, Asia, and Africa during
1980-2015.% Fluctuations in average sperm concentration
indicate the need for further evaluation of the screening
threshold to reflect the current landscape of men’s repro-
ductive health and minimize superfluous screening.

Lowering the threshold could greatly reduce costs without
sacrificing sensitivity. A retrospective study of 1473 men
seeking fertility evaluation by Johnson et al found that a -
5 million sperm/mL threshold for screening has a 100% sen-
sitivity and a 13% specificity. A theoretical reduction in this
threshold to 1 million sperm/mL still had a 100% sensitivity,
but specificity increased to 24%.”° A further reduction to
0.5 million sperm/mL increases specificity again, but this
threshold is not generally recommended due to the relatively
high prevalence of YCMs in men with sperm counts >0.5—
Imillion sperm/mL.**>! YCM testing costs approximately
$250 out-of-pocket per patient, so limiting excessive testing
could reduce medical costs.”> Kohn et al estimated that this
reduced testing threshold could lower the rate of testing by
42%, saving approximately $1,107,054 annually.”' Another
recent study of 3023 oligospermic men (<5 million sperm/mL)
found a reduced screening threshold of 1 million sperm/mL
specificity by 22.1%
a significant decrease in sensitivity. This reduced the testing
rate in the study site by 23.1%, saved the hospital $48,225 over
5 years, and minimized subjecting patients to the psychologi-

could increase testing without

cal stress of testing.”® Ultimately, the question of who should
be screened for YCMs is an important one, and current studies
suggest that more investigation and debate are needed to find
a cost-effective and medically appropriate threshold.

Partial AZFc Deletions and

Duplications
The primary presentation of YCMs is classified as
a “complete” deletion of an entire AZF region, with

AZFc being the most commonly deleted region. The
AZFc region is also susceptible to partial deletions and
duplications, in which one of the three specific sections of
AZFc (b1/b3, b2/b3, and gr/gr) are deleted or duplicated
through non-allelic homologous recombination (NAHR).
Both partial duplications and deletions have shown to be
risk factors for impaired spermatogenesis and male infer-
though
duplications.*>> The most clinically important partial

tility, there are much fewer studies on
AZFc genetic variation is gr/gr deletion, in which
a deletion of the proximal half of the AZFc region can
result in a reduction in sperm count.>®

The spermatogenic phenotypes of gr/gr carriers have
been shown to be highly variable between studies, ethni-
cities, and geographic regions. There are consistent data
indicating an association between gr/gr deletions and
impaired spermatogenesis in certain populations, such as
Italian and Spanish Caucasians.”’ >’ Another 2012 study
of over 20,000 men from India, Poland, Tunisia, Vietnam,
and the United States showed that gr/gr deletions doubled
the risk of severe oligospermia.®® Contrarily, a 2020 study
of 30 Bulgarian men with

severe oligospermia

(>0-5 million sperm/mL) showed no association between

%! There was also no

this deletion and male infertility.
association between gr/gr deletion and oligo-/azoospermia
found in a 2005 study of 348 German men with non-
obstructive oligo-/azoospermia.®? Additionally, some stu-
dies have pointed to gr/gr duplication as a significant risk
factor for male infertility in Asian men (OR = 2.71, 95%
CI = 1.38-5.32, P= 0.004), but not European men.** This
variability in results has precluded a consensus on the
spermatogenic effects of partial YCMs. Furthermore,
there has been controversy surrounding the methodologies
(eg selection biases, screening techniques) of studies
focusing on partial deletions. This stark lack of decisive
work has made reaching a screening consensus difficult."”

Despite this, there may be some clinical benefits to
screening for partial YCMs. For example, there has been
evidence that partial AZFc deletions may expand and
increase the risk of complete AZFc deletion in subsequent
generations, which would undoubtedly result in spermato-
genic impairment of the offspring.%* Partial AZFc (gr/gr)
deletions may also predispose men to testicular germ cell
tumors, particularly in normospermic carriers.> Screening
for partial AZFc deletions, such as gr/gr, may help prevent
these negative clinical outcomes at little additional cost.
This practice may be particularly beneficial in certain
populations (ie Spanish and Italian men), in which
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previous research has consistently shown associations
between gr/gr and infertility. Still, current guidelines do
not recommend screening for partial YCMs given the
ambiguity associated with the associated phenotype.'’

Conclusion

Y-Chromosome Microdeletions identified within the AZF
gene are highly suggestive of spermatogenic failure, irre-
gular sperm concentration, and male factor infertility.
Despite a growing awareness of YCMs within the world’s
infertile male population, the true prevalence and implica-
tions of such rearrangements remain highly heterogenous.
The clinical presentations of YCMs differ by which sub-
region of the AZF is deleted; AZFc deletions have been
demonstrated to have the best clinical outcomes for ferti-
lity, while deletions of AZFa, AZFb, AZFbc, and AZFabc
all have extremely poor outcomes and should not undergo
sperm retrieval procedures. Recent literature endorses low-
ering the threshold for screening from 5 million sperm/mL
to 1 million/mL as the frequency of YCMs in men with
sperm concentrations between 1 and 5 million sperm/mL
is very low (0.8%). Other factors, including ethnicity and
temporal trends in sperm concentration, may also contri-
bute to the likelihood of finding a YCM. As such, subse-
quent guidelines should recommend updated screening
criteria that include a lower screening threshold and con-
sideration of other variables to more appropriately desig-
nate patients for screening.
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