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Abstract: Spermatogenesis is an essential reproductive process that is regulated by many Y chromosome specific 
genes. Most of these genes are located in a specific region known as the azoospermia factor region (AZF) in the 
long arm of the human Y chromosome. AZF microdeletions are recognized as the most frequent structural chro-
mosomal abnormalities and are the major cause of male infertility. Assisted reproductive techniques (ART) such as 
intra-cytoplasmic sperm injection (ICSI) and testicular sperm extraction (TESE) can overcome natural fertilization 
barriers and help a proportion of infertile couples produce children; however, these techniques increase the trans-
mission risk of genetic defects. AZF microdeletions and their associated phenotypes in infertile males have been 
extensively studied, and different AZF microdeletion types have been identified by sequence-tagged site polymerase 
chain reaction (STS-PCR), suspension array technology (SAT) and array-comparative genomic hybridization (aCGH); 
however, each of these approaches has limitations that need to be overcome. Even though the transmission of AZF 
microdeletions has been reported worldwide, arguments correlating ART and the incidence of AZF microdeletions 
and explaining the occurrence of de novo deletions and expansion have not been resolved. Using the newest find-
ings in the field, this review presents a systematic update concerning progress in understanding the functions of AZF 
regions and their associated genes, AZF microdeletions and their phenotypes and novel approaches for screening 
AZF microdeletions. Moreover, the transmission characteristics of AZF microdeletions and the future direction of 
research in the field will be specifically discussed.
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Introduction

Infertility can be defined as the inability to con-
ceive after one year of unprotected intercourse. 
This problem affects approximately 10% to 
15% of married couples globally and male infer-
tility accounts for 50% of the cases [1, 2]. 
Genetic factors play well-recognized roles in 
male infertility, and genetic alterations of the Y 
chromosome are especially important [3, 4]. 
The major genetic factors in male infertility are 
chromosomal abnormalities and Y chromosom-
al microdeletions (YCMs) [5]. YCMs occur in 
approximately 10 to 15% of azoospermic 
patients and 5 to 10% of severe oligospermic 
patients, and are commonly found at the azo-

ospermia factor (AZF) locus in the q11.23 band 
[2, 4, 6]. Detailed molecular analyses further 
subdivide the AZF locus into three (possibly 
four) subregions: AZFa, AZFb and AZFc, along 
with a fourth possible AZFd region [7, 8]. 
Microdeletions in these regions result in differ-
ent degrees of spermatogenetic failure; howev-
er, AZF gene function and the exact genotype-
phenotype relationship of microdeletions and 
infertility in the AZF locus have not been fully 
explored. Sequence-tagged site polymerase 
chain reaction (STS-PCR) is recognized as the 
gold-standard method for laboratory AZF micro-
deletion diagnosis [9, 10]; however, multi-ana-
lyte suspension array (MASA) technology also 
provides a rapid, sensitive and high-throughput 
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method for detecting Y chromosome microde-
letions [11, 12].

The rapid development of assisted reproduc-
tive technologies (ART) such as in vitro fertiliza-
tion, intracytoplasmic sperm injection (ICSI) 
and testicular sperm extraction (TESE) make 
reproduction possible for millions of infertile 
couples; however, these techniques elevate the 
risk of transmitting genetic defects, including 
vertical transmission of AZF microdeletions 
and the related infertility problems to their sons 
[13, 14]. Thus, routine screening for AZF micro-
deletions before undergoing ART treatment is a 
critical diagnostic test.

In this review, we will systematically update the 
progress that has been made in AZF region 
identification, describe novel approaches for 
AZF microdeletion screening and summarize 
the current understanding of associated gene 
functions, AZF microdeletion types and AZF 

microdeletion phenotypes. Furthermore, we 
will specifically discuss the transmission char-
acteristics of AZF microdeletions and outline 
the future goals of research in this field.

AZFs in Y chromosome

The Y chromosome plays a unique role in the 
human genome due to its size, organization 
and function. The human Y chromosome con-
sists of short (Yp) and long (Yq) arms [15, 16] 
(Figure 1A). Cytogenetic analysis has identified 
several different Y chromosome regions: the 
pseudo autosomal regions (including PAR1 and 
PAR2), the euchromatic and the heterochro-
matic regions. The two autosomal regions are 
located on the telomeric ends of the chromo-
some and cover approximately 5% of the chro-
mosome [3, 16] (Figure 1A). Yp and Yq11 con-
sist of euchromatin regions, while the distal 
part of the long arm (Yq12) is made of hetero-
chromatin [3, 16, 17]. The male-specific region 

Figure 1. Diagram of the human Y chromosome showing the AZF loci, associated genes and STS markers. A. Sche-
matic representation of the structure of the human Y chromosome showing the pseudo autosomal regions (PAR1, 
PAR2), Yp (short arm), Yq (long arm) and MSY (male specific region). B. Schematic locations of the four AZF loci. C. 
Corresponding candidate genes in the AZFa, AZFb and AZFc regions. The black, red, blue and pink colors represent 
the genes in the AZFa, AZFb, AZFc and overlapping AZFb/AZFc regions, respectively. D. Conventional STS markers 
associated with the AZFa, AZFb, AZFc and AZFd regions. The black, red, blue, pink and green colors represent the 
STS markers for the genes in the AZFa, AZFb, AZFc, overlapping AZFb/AZFc and AZFd regions, respectively.
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of the Y chromosome (MSY), previously called 
the non-recombining region of Y, harbors both 
euchromic and heterochromatic sequences 
and accounts for 95% of the Y chromosome 
length [3, 16] (Figure 1A). The euchromatic 
MSY sequences contain 8 Mb of Yp and 14.5 
Mb of Yq. These sequences are subdivided into 
three discrete classes: X-transposed (3.4 Mb), 
X-degenerate (8.6 Mb) and ampliconic (10.2 
Mb) [3, 4].

Characterized by eight massive palindromes, 
ampliconic sequences constitute a major por-
tion of the MSY euchromatic sequences. Six of 
the eight palindromes contain testis-specific 
protein coding genes [3, 4, 16]. Moreover, eight 
of nine multicopy protein coding gene families 
in the MSY have members contained within the 
palindromes and six of those families are locat-
ed exclusively within the palindromes [18]. The 
Y chromosome harbors many of the genes that 
control spermatogenesis, and most of the 
known chromosomal aberrations related to 
azoospermia or oligozoospermia have been 
identified in the long arm of this chromosome 
[3, 16]. Genetic analysis of patients with idio-
pathic azoospermia or severe idiopathic oligo-
zoospermia identified three AZF subregions: 
AZFa (approximately 800 kb); AZFb (approxi-
mately 3.2 Mb); and AZFc (approximately 3.5 
Mb) [19, 20] (Figure 1B). Most of the Y chromo-
some specific genes are located in these AZF 
regions.

AZFa and candidate genes

The AZFa subregion is located in the proximal 
region of deletion interval 5 of Yq 11.21 (subin-
terval 5C of the human Y chromosome) [21, 
22]. The region spans about 800 kb and 
encodes single copy genes with homologues in 
the X chromosome [4]. The genes have been 
found to be necessary for normal spermatogen-
esis. Candidate genes in the AZFa locus include 
USP9Y (Ubiquitin specific peptidase 9, Y-linked), 
DBY (Dead box on Y) and UTY (Ubiquitously 
transcribed tetratricopeptide repeat gene, 
Y-linked) [3, 4] (Figure 1C). 

USP9Y consists of 46 exons and spans 159 kb 
of genomic DNA [23]. The USP9Y gene encodes 
a ubiquitin-specific protease and belongs to the 
peptidase C19 family [23]. Molecular analysis 
revealed USP9Y deletions or mutations in infer-
tile patients [24]; however, a recent study 

reported that normal spermatogenesis was 
observed in an individual with a complete AZFa 
region USP9Y deletion [25]. Thus, USP9Y is not 
required for normal spermatogenesis, but may 
exert its effects on fertility in combination with 
other potential candidate genes in the AZFa 
region. DBY consists of 17 exons spanning 16 
kb [26] and it is specifically expressed in testis 
tissue [27]. This gene encodes an ATP depen-
dent RNA helicase DEAD box protein in humans 
and plays a significant role in the pre-meiotic 
spermatogonia phase of spermatogenesis [27]. 
Molecular analysis revealed a high prevalence 
of deletions or mutations in the DBY gene in 
infertile patients when compared to the USP9Y 
and UTY genes [25, 26]. All available data sup-
port the hypothesis that DBY is an important 
spermatogenesis gene. UTY encodes a protein 
that is rich in tetratricopeptide repeats [28]. 
This gene is mapped to the 5C interval corre-
sponding to the AZFa region [28]. Deletion anal-
ysis revealed the presence of a UTY deletion in 
one infertile male patient, but this deletion was 
also accompanied by a DBY deletion [26]. No 
infertility associated UTY specific deletion has 
been found yet.

AZFb and candidate genes

The AZFb locus is located in the middle region 
of Yq11 (approximately between the 5 M to 6B 
subintervals) [22]. This region spans 6.2 to 7.7 
Mb of MSY sequences, but overlaps with the 
AZFc region by 1.5 Mb [29]. The AZFb region 
contains several single copy genes as well as 
multicopy gene families. Single copy protein 
coding genes found within the AZFb region 
include KDM5D (lysine (K)-specific demethyl-
ase 5D), EIF1AY (eukaryotic translation initia-
tion factor 1A, Y-linked), RPS4Y2 (Ribosomal 
protein S4 Y isoform 2) and CYORF15 (chromo-
some Y open reading frame 15A and 15B) [3, 4] 
(Figure 1C).

KDM5D encodes a histone H3 lysine 4 (H3K4) 
demethylase that forms a protein complex with 
the MSH5 (MutS protein homolog 5) DNA repair 
factor during spermatogenesis, suggesting 
KDM5D involvement in male germ cell chroma-
tin remodeling [30, 31]. KDM5D is located in 
the germ cell nucleus during prophase I, and 
KDM5D disruption may contribute to the AZFb 
deletion phenotype [3]. EIF1AY is a ubiquitously 
expressed Y-linked member of the EIF-1A family 
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and is involved in translation initiation [32], but 
EIF1AY’s function in male fertility has not been 
well established. RPS4Y2 expression has been 
demonstrated to be is testis-specific, so it is 
reasonable to hypothesize that RPS4Y2 may 
potentially play a role in posttranscriptional 
regulation of the spermatogenic program [33]. 
The CYORF15A and CYORF15B sequences 
belong to the taxilin family and are involved in 
transcriptional regulation in osteoblasts [3, 
34]. Despite their presence in the AZFb region, 
the role of the CYORF15 genes in normal sper-
matogenesis is largely unknown.

Due to the presence of ampliconic sequences, 
the AZFb region also contains a set of seven 
multicopy gene families: XKRY (XK, Kell blood 
group complex subunit-related, Y-linked), HSFY 
(heat shock transcription factor, Y-linked), 
RBMY1A1 (RNA binding motif protein, Y-linked, 
family 1, member A1), PRY (PTPN13-like, 
Y-linked), CDY (Chromodomain Y, Y-linked), 
BPY2 (Basic protein Y2, Y-linked) and DAZ 
(deleted in azoospermia) [3, 19] (Figure 1C). 
Twenty members from these gene families are 
located in AZFb, but several genes also map to 
the AZFc region (Figure 1C). Only the genes that 
are exclusively located in the AZFb region are 
discussed in this section.

The XKRY gene is expressed specifically in the 
testis and maps to the yellow-coded amplicon 
family [3, 35], but no role for XKRY in spermato-
genesis has been validated. HSFY encodes a 
member of the heat shock factor family of tran-
scriptional activators and displays testis-pre-
dominant expression [36]. HSFY’s functions in 
male fertility have been extensively studied. 
First, the HSFY gene is found in Sertoli cells 
and in spermatogenic cells up to the spermatid 
stage, with predominant expression in round 
spermatids [37, 38]. Second, HSFY protein lev-
els are low in spermatogenic cell samples from 
patients with maturation arrest [39]. Finally, 
Vinci et al. detected a partial AZFb deletion that 
was only found to affect the functional copies 
of HSFY in an azoospermic man [40]. The PRY 
gene encodes two full-length functional units in 
the AZFb region (PRY1 and PRY2) and two 
shorter versions in the AZFc region (PRY3 and 
PRY4) [41]. PRY1 and PRY2 exhibit testis-spe-
cific expression, but PRY expression in germ 
cells is irregular and is only detected in a few 
individual sperm and spermatids [42]. 

Interestingly, both gene and protein expression 
of PRY are higher in the defective germ cell 
fraction of the ejaculate and in sperm obtained 
from men with abnormal semen parameters. 
This expression pattern suggests that PRY 
could be a useful biomarker for defective sper-
matogenesis [42]. Furthermore, it has been 
suggested that PRY plays a role in male germ 
cell apoptosis because approximately 40% of 
PRY-positive cells show DNA fragmentation 
[42]. RBMY1A1 is part of the RBM gene family 
and is solely expressed in male germ cells [43]. 
This gene has been linked to mRNA storage and 
transport from the nucleus during spermato-
genesis [3]. Furthermore, RBMY1A1 disruption 
plays a significant role in the AZFb deletion phe-
notype [44].

AZFc and candidate genes

The AZFc region has been extensively studied 
due to its important role in male infertility. The 
AZFc locus is located in the distal part of Yq 
(deletion subintervals 6C through 6E) [22]. The 
AZFc region spans 4.5 Mb and resides among 
three large palindromic sequences that are 
derived from six distinct amplicon families [3, 
22]. The AZFc locus encodes 21 candidate 
genes and 11 families of transcription units 
that are specifically expressed in the testis [3, 
4]. Seven of these families are located in the 
AZFc deletion interval, including GOLGA2LY1 
(Golgi autoantigen, golgin subfamily a2-like, 
Y-linked 1) and CSPG4LYP1 (chondroitin sulfate 
proteoglycan 4-like, Y-linked pseudogene 1) [4] 
(Figure 1C). Important candidate genes in this 
deletion interval include DAZ, BPY2 and CDY1 
(CDY1a and CDY1b, Y chromosome 1) [4, 45, 
46] (Figure 1C). Interestingly, restriction map-
ping has also identified three PRY and TTY2 
genes proximal to the AZFc region [47]; howev-
er, specific deletions of these genes have not 
yet been identified and their status as possible 
AZFc candidate genes remains unconfirmed.

DAZ was the first identified and most important 
candidate gene family in AZFc region. The DAZ 
family consists of four RNA binding protein-
encoding genes (DAZ1-4) [48]. DAZ protein is 
localized to the innermost layer of the male 
germ cell epithelium and to spermatozoa tails 
[48]. A high incidence of DAZ gene deletion has 
been observed in infertile men [49], indicating 
that DAZ may be critically important for sper-
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matogenesis; however, other genes in the AZFc 
loci also play a vital role in normal spermato-
genesis [50, 51]. BPY2 encodes a highly 
charged testis-specific protein that has been 
tentatively linked to cytoskeletal regulation in 
spermatogenesis [45, 52]. BPY2 protein exhib-
its nuclear localization in male germ cells at all 
developmental stages [53], but the exact role 
of BPY2 in spermatogenesis is still unclear. 
CDY1 genes are specifically expressed in the 
testis and are involved in histone replacement 
during spermatogenesis [54]. Two CDY1 genes 
are located in the AZF region, one within the 
DAZ cluster and other at the distal end [55]. 
Removal of DAZ also removes one copy of 
CDY1, strongly suggesting that the gene plays a 
role in spermatogenesis.

Possible AZFd involvement

The AZFd locus was first identified using multi-
plex PCR reactions and proposed to exist 
between AZFb and AZFc [8] (Figure 1B). 
However, the AZFd region remains controver-
sial. Simoni et al. assert that the MSY sequenc-
es and microdeletion mechanism clearly indi-
cate that AZFd locus cannot exist between the 
AZFb and AZFc regions [56], while Muslu- 
manoglu et al. reported microdeletions in the 
putative AZFd loci by deletion analysis through 
multiplex PCR reactions using four STS (sY133, 
sY145, sY152 and sY153) [57]. Moreover, 
recent studies reporting AZFd deletions in 
infertile men add further credence to the exis-
tence and involvement of the AZFd locus in 
male fertility [9, 58, 59].

AZF region microdeletions

YCMs occur in the q11.23 band and are com-
monly subdivided according to microdeletion 
location into AZFa, AZFb, AZFc or AZFd micro-
deletions [3, 7]. Complete AZFa deletion 
removes an estimated 792 kb DNA in the proxi-
mal Yq11 region, including two candidate genes 
[60]. Complete AZFb deletion removes 6.23 Mb 
DNA spanning 32 genes and all the testis-spe-
cific gene families in the AZFb region [29]. AZFc 
deletions are estimated to span 3.5 Mb DNA 
encoding 21 genes and seven gene families 
[45]. Furthermore, three partial AZFc deletions 
have been identified, including the b1/b3, b2/
b3 and gr/gr deletions. These partial AZFc dele-
tions have been associated with a high risk of 
dysfunctional spermatogenesis [3, 4, 61]. AZF 

microdeletions also include combined dele-
tions, including AZFab, AZFac, AZFad, AZFabc, 
AZFbc, AZFbd and AZFbcd [3, 4]. Each of these 
microdeletions may result in different degrees 
of spermatogenetic failure [22, 62].

Mechanisms of microdeletions

YCMs occur due to errors in homologous  
recombination [63]. AZFa deletions result  
from homologous intrachromosomal recombi-
nation between two human endogenous retro-
viral sequences HERV15yq1 and HERV15yq2 
that are located in the proximal Yq11 region 
[63]. Complete AZFb deletions are caused by 
homologous recombination between the 
Palindrome P5 and the proximal arm of palin-
drome P1 in the Yq arm [29]. AZFc deletions 
have been demonstrated to result from homol-
ogous recombination between the sub-ampli-
cons b2 and b4 in palindromes P3 and P1 [45]. 
The proximity of AZFc to the Yq12 heterochro-
matic region may also trigger a high percentage 
of unequal intra-chromosomal recombination, 
increasing the chance of AZFc deletion [4, 45]. 
Non-homologous recombination between P5/
distal-P1 or between P4/distal-P1 may also 
lead to AZFbc deletions [29]. The mechanisms 
underlying other types of microdeletions 
require further investigation.

Prevalence of AZF microdeletions

AZF microdeletions are observed in 10 to 15% 
of infertile men with azoospermia or severe oli-
gozoospermia, and are very rare in fertile men 
or men with a sperm density greater than 5 mil-
lion/ml [7]. In a large cohort of 1,738 infertile 
men in Northeastern China, the YCM incidence 
was 8.57% [2]. The most common microdele-
tion observed in the 1,738 patient study was in 
AZFc, followed by AZFbc, AZFb, AZFabc, AZFa 
and AZFac [2]. Similarly, AZF microdeletions 
were detected in 5.06% of patients (185 cases) 
in another survey of 3,654 patients, including 
147 patients with azoospermia and 38 patients 
with severe oligozoospermia [64]. The most fre-
quent microdeletions in the 3,654 patient 
study were observed in the AZFc region, fol-
lowed by the AZFbcd, AZFbc, AZFb, AZFa and 
AZFac regions [64]. AZFc deletion accounted 
for at least two thirds of all Yq deletions in all 
previous studies. Interestingly, a recent study 
reported that the prevalence of AZF microdele-
tions was much higher in men from couples 
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with recurrent pregnancy loss than in men from 
fertile couples. The result of this study sug-
gests that YCM in the AZF region may be a pos-
sible etiologic factor for recurrent pregnancy 
loss [65].

AZF microdeletion phenotypes

The partial removal of the AZFa region is asso-
ciated with hypo-spermatogenesis, whereas 
the complete deletion of the AZFa region inhib-
its the production and maturation of germ cells 
in the seminiferous tubules. Testicular biopsies 
of AZFa deletion patients reveal a Sertoli cell-
only (SCO) phenotype that is characterized by 
the total absence of germ cells in the seminifer-
ous tubules or by the presence of germ cells in 
a very small number of tubules [4]. Consequently, 
it is virtually impossible to retrieve mature 
sperm with the TESE technique [66]. Brown et 
al. [67] reported two patients with USP9Y dele-
tions who presented with SCO type 1 syndrome, 
and a third patient with a similar deletion who 
had hypospermatogenesis. Similar findings 
were also observed in other investigations [23, 
24]. Unlike AZFa microdeletions, patients with 
AZFb microdeletions had normal spermatogo-
nia and primary spermatocytes in all tubules 
observed [21]. However, deletions in the AZFb 
region lead to pre-meiotic spermatogenic arrest 
or SCO syndrome and, eventually, azoospermia. 
It is difficult to recover mature sperm from AZFb 
deletion patients using TESE. Patients with 
AZFc microdeletions were found to have less 
severe spermatogenic disruption. Vogt et al. 
observed the presence of germ cells at differ-
ent developmental stages in some tubules; 
however, the majority of tubules were devoid of 
all germ cells except Sertoli cells [22]. Four of 
the patients examined by Vogt et al. produced a 
small quantity of motile sperm, ranging from 
0.1 to 2 million/ml [22]. Similar to a SCO type 2 
phenotype, Vogt et al. observed germ cells at 
different stages in different tubules. All evi-
dence supports the hypothesis that the primary 
cause of the spermatogenic failure in AZFc 
deletion patients is a post meiotic spermatid or 
sperm maturation defect. Partial deletions 
involving the DAZ genes in the AZFc region have 
been found to cause hypospermatogenesis 
[68]. Moreover, complete AZFb and AZFc dele-
tions were associated with SCO syndrome and 
alterations in spermatocyte maturation [69]. 
Infertile men with deletions in the putative 
AZFd region may have a mildly depressed or 

even normal sperm count, but abnormal sperm 
morphology [8]. Muslumanoglu et al. [57] 
reported three azoospermic men with matura-
tion-arrested testicular histology. These three 
patients were found to carry a single locus 
(sY152) microdeletion confined to the putative 
AZFd region. Interestingly, a recent study 
revealed that patients with expanded or de 
novo AZF microdeletions had significantly high-
er levels of FSH and lower levels of inhibin B 
when compared to fertile control men [69]. 
Therefore, low inhibin B and high FSH levels 
may be useful diagnostic markers that indicate 
potential causative mutations in the AZF region 
in infertile men.

Genetic screening methods for AZF microdele-
tion diagnosis

Karyotyping was commonly used to identify 
macrodeletions in the long arm of the Y chro-
mosome, but the technique failed to detect 
smaller interstitial deletions. Southern blotting 
was used to identify microdeletions related to 
azoospermia or oligozoospermia [4]. Because 
karyotyping and Southern blotting are both 
labor-intensive, time consuming, costly and 
complex techniques, many researchers have 
successfully screened for microdeletions using 
PCR, a relatively simple, sensitive, fast and 
reproducible technique that allows multiplex-
ing. The STS-PCR technique has been in use for 
over two decades and has been developed into 
the gold-standard method for laboratory diag-
nosis of Y chromosomal microdeletions [3, 4]. 
PCR-based deletion analysis is usually designed 
according to the following major factors: (1) 
Selection of the STS-PCR markers. The best 
and most informative markers should be highly 
specific, non-polymorphic, single copy markers 
or markers limited to a small specific region of 
the Y chromosome [4]. (2) Selection of DNA 
samples. YCMs primarily occur during the pre-
fertilization stages, but they may also occur as 
a post-fertilization event. If microdeletions 
occur during pre-fertilization stages, it is highly 
likely that they will be transmitted to the whole 
body of the newborn boy. If the deletion occurs 
during the post-fertilization stages, the deletion 
will cause mosaicism characterized by normal Y 
chromosomes in leukocytes but deleted Y chro-
mosomes in sperm or testicular DNA [4, 70]. 
Although lymphocyte DNA is the cheapest and 
most readily available sample for basic YCM 
screening, sperm or testicular DNA is the most 
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reliable sample to screen for all kinds of YCMs 
[4, 70] PCR quality control. PCR amplification 
failures lead to the false screening results. 
Thus, high-quality DNA and appropriate internal 
and external positive and negative controls are 
necessary to minimize false negatives. (4) STS 
marker reliability. STS markers are short, known 
DNA sequences that are mapped to different 
locations in the genome. They offer high speed, 
convenience, reliability and low cost for genetic 
screening analysis. To date, about 1287 
Y-specific STS biomarkers have been generat-
ed, including 992 single-copy and 285 multi-
copy STS markers [71]. A selection of conven-
tional STS biomarkers targeting different AZF 
microdeletions are listed in Figure 1D. 
Moreover, multiplex STS-based PCR microdele-
tion analysis using multiple STS markers in 
each AZF sub-region can detect over 95% of 
deletions [56].

Interestingly, Bor et al. combined fluorescent 
multiplex PCR with capillary electrophoresis 
and successfully screened for Y chromosome 
microdeletions in 49 azoospermic and 149 
severe oligozoospermic men [72]. They con-
cluded that the application of capillary electro-
phoresis to the detection of PCR products pro-
vides a useful, semi-automated and high 
throughput method for rapidly screening YCMs 
[72]; however, this approach has rarely been 
used to screen for YCMs in infertile patients.

Because of the rapid advancements in molecu-
lar diagnostic techniques, it has become nec-
essary to generate a new hybridization method 
for the rapid and efficient detection and analy-
sis of large quantities of genetic data. Since 
chemical assays utilize a solid phase that often 
produces high background signals and can 
adversely affect reaction kinetics by immobiliz-
ing a reactant [73], suspension array technolo-
gy (SAT) was developed by the Luminex 
Corporation (Austin, TX, USA) to eliminate the 
need for a solid surface during clinical testing. 
With this technique, oligonucleotide probes are 
allowed to hybridize with microsphere beads 
bearing a unique fluorescent label. Each micro-
sphere set is internally labeled with two spec-
tral fluorochromes of different intensities. The 
unique spectral emission is recognized by a red 
laser, while the biotinylated amplicon bound to 
the surface of the microsphere is read by a 
green laser that quantifies the fluorescence of 
the reporter molecule (streptavidin R-phycoery- 

thrin) [4, 11, 12]. This technology can simulta-
neously analyze 100 analytes by combining 
100 different sets of microspheres in a single 
reaction. SAT has been increasingly used to 
detect YCMs in infertile patients [11, 12]. The 
technique is effective, sensitive, rapid, repro-
ducible and easily performed. However, there 
are a few disadvantages associated with the 
SAT technique, including low array size, hybrid-
ization problems and difficulties optimizing a 
single specific annealing temperature for the 
entire experiment.

Array-comparative genomic hybridization (aC- 
GH) was developed to analyze submicroscopic 
Y deletions [74, 75]. Yuen et al. successfully 
used Agilent’s Human Genome 8 × 15 K array 
aCGH format as a template to create a custom 
Y chromosome aCGH to detect microdeletion 
prevalence in male infertility. They concluded 
that their aCGH approach was a reliable, high-
resolution alternative to multiplex PCR screen-
ing of pathogenic YCMs in male infertility [75]; 
however, additional studies are needed to com-
prehensively evaluate this state-of-the-art 
technique.

Transmission characteristics of YCMs

Men with Y deletions are generally infertile and, 
therefore, deletions cannot be transmitted to 
their offspring. In recent decades, the ICSI and 
TESE techniques have successfully helped men 
with azoospermia or severe oligozoospermia 
reproduce. However, these techniques greatly 
increase the risk of YCM transmission from 
infertile fathers to their male offspring. Although 
many studies have reported the transmission 
of AZF microdeletions from father to son, the 
data from these studies have rarely been 
summarized.

Prevalence of AZF microdeletion transmission

AZF microdeletions are inherited through the 
paternal germ line or occur as de novo events. 
It has been reported by many studies that more 
than 80% of AZF microdeletions are of de novo 
origin [14, 76]. Most deletions occur during the 
pre-fertilization stage, while some deletions are 
post-fertilization events [77]. If a sperm with 
YCMs fertilizes an egg, it will transmit the YCMs 
to the male child. On the other hand, if the dele-
tion occurs as a post fertilization event, it may 
cause mosaicism characterized by normal Y 
chromosomes in leukocytes and Y chromo-
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somes with the post fertilization deletion in 
sperm or testicular DNA [4, 77]. Since infertility 
is the major phenotype of men with AZF micro-
deletions, the natural transmission of AZF 
microdeletions has rarely been reported [16, 
76]. Dai et al. reported that YCMs in 7 of 10 
infertile men were naturally transmitted from 
father to son [76]. Samli et al. also observed 
the natural transmission of an AZFb microdele-
tion from a father to each of his three sons [14]. 
In contrast, vertical transmission of AZF micro-
deletions from father to son through ICSI has 
been widely reported [78, 79]. In 1996, Kent-
First et al. described the first study of the sons 
produced by a population of 32 couples with 
infertile fathers who received reproductive 
assistance via ICSI [80]. They found that the 
incidence of microdeletions in the ICSI popula-
tion was about 9.4%, which was close to the 
incidence of AZF microdeletions in infertile 
men.

ART have been associated with elevated inci-
dences of sexual chromosomal aberrations, de 
novo chromosomal abnormalities and sperm 
aneuploidy [81]. Thus, one of the major con-
cerns regarding ART is whether ART cause AZF 
microdeletions. A new study by Liu et al. com-
pared the YCM occurrence in 19 candidate 
genes from 199 fathers and their 228 sons 
(Chinese, Han ethnicity) that were conceived by 
IVF (85 sons), ICSI (73 sons) or natural concep-
tion (70 sons). They observed that the YCM inci-
dences of the fathers for IVF, ICSI and naturally 
conceived sons was 10.7%, 3.2% and 8.2%, 
respectively [69]. They identified one de novo 
YCM among the 70 naturally conceived off-
spring but none among the 158 ART conceived 
offspring. There were no statistically significant 
differences in incidence among the three 
groups or of de novo YCMs between the natu-
rally conceived and ART conceived sons [69]. 
Therefore, they finally concluded that ART does 
not significantly increase the risk of YCM in 
male offspring [69]. However, this conclusion 
remains controversial; the correlation between 
the incidence of AZF microdeletions and ART 
needs to be verified in a large, ethnically and 
geographically diverse cohort of infertile men 
and their offspring.

Expansion of AZF microdeletions in the off-
spring

A significant amount of research in recent years 
has focused on investigating the genetic chang-

es in offspring conceived by ICSI. Some studies 
have reported that ICSI can only vertically 
transmit YCMs without the expansion or de 
novo occurrence of YCMs [78, 82]. Rolf et al. 
reported a case of what was probably an identi-
cal, partial deletion of the distal part of the 
AZFb region over three generations [83]. A 
study by Minor et al. also identified an identical 
and partial AZFc gr/gr deletion that was verti-
cally transmitted over three generations via 
fathers receiving reproductive assistance 
through ICSI [84].

However, a growing number of studies have 
reported that YCM can be transmitted vertically 
from father to son via ICSI and that ICSI can 
contribute to YCM expansions as well as de 
novo YCM [79, 80, 85]. Dai et al. examined the 
expansion of AZF deletions in 10 father-son 
pairs, and found expansion microdeletions (S1/
F1, S2/F2, S6/F6, S7/F7, S8/F8, S9/F9 and 
S10/F10) in seven father-son pairs and de novo 
microdeletions (S3/F3, S4/F4 and S5/F5) in 
the three remaining father-son pairs [76]. Samli 
et al. reported an unusual family in which an 
azoospermic patient (proband) and three broth-
ers inherited a Yq microdeletion from their 
father through spontaneous pregnancy [14]. 
The brothers and their father all carried a Yq 
microdeletion in the AZFb subregion involving 
the RBM1 loci. Additionally, an uncle carried a 
different deletion in the AZFc region (sY1539). 
The proband and one of his brothers shared an 
identical deletion with their father, plus addi-
tional de novo deletions in the AZFa and AZFb 
subregions [14].

Although Liu et al. claimed that ART is not asso-
ciated with the expansion or occurrence of de 
novo microdeletions [69], a significant number 
of studies have demonstrated that AZF micro-
deletions are capable of transmitting them-
selves and expanding over the generations 
through natural pregnancy or ART [79, 80, 85].

Perspectives

Human spermatogenesis is a complex process 
involving a series of coordinated events regu-
lated and governed by key genes located in the 
AZF regions of the Y chromosome. Evidence 
indicates that DBY in AZFa; KDM5D and 
RBMY1A1 in AZFb; and DAZ and CDY in AZFb/c 
are key determinants in spermatogenesis [3, 
4]. Mutations in the AZFc region are the most 
common genetic cause of male infertility, and 
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the DAZ gene is deleted in most cases involving 
AZFc deletions.

Despite the tremendous breakthroughs that 
have been achieved in recent decades, the 
functions of the AZF genes are still not well 
understood. The lack of easily accessible ani-
mal models and in vitro spermatogenic cell 
lines are the major obstacles investigating AZF 
gene functions in normal spermatogenesis. 
Additionally, the biological properties of the AZF 
regions appear to be quite complicated. This 
complexity is illustrated by the tremendous 
variability associated with the AZFb and AZFc 
sequences and the intricate regulation of their 
corresponding genetic determinants. Therefore, 
future research should focus on fully sequenc-
ing AZF diversity across the Y chromosome and 
pursuing more in-depth functional character-
ization of the AZF genes.

Genomic sequencing of AZF has clearly subdi-
vided AZF into the AZFa, AZFb and AZFc regions, 
and may have identified a fourth proposed 
AZFd region. Homologous recombination is 
commonly accepted as the major cause of 
most AZF microdeletions; however, deletions 
via non-homologous recombination have also 
been reported. Patterns of AZF microdeletions 
have been verified by many specific STS mark-
ers. STS-PCR has become the gold-standard 
method for clinically screening AZF microdele-
tions, but this method is not appropriate for 
large sample sizes or identifying novel AZF 
microdeletions. New state-of-the-art tech-
niques like SAT and aCGH have partially res-
cued the limitations of STS-PCR techniques; 
however, the efficacy of these approaches 
needs to be verified in future studies. Because 
the identification of novel AZF molecular micro-
deletions and their associated phenotypes is of 
great importance to the clinical screening of 
infertile patients, improvement of the current 
methods or generation of new approaches for 
laboratory and clinical screening of AZF micro-
deletions in large numbers of samples is great-
ly needed.

Although the prevalence of AZF microdeletions 
has been extensively studied, the results from 
various geographically and ethnically distinct 
populations are inconsistent and even contro-
versial. Based on the available evidence, there 
are some clearly established points. First, AZF 
microdeletions are common in men with azo-

ospermia and severe oligozoospermia, as well 
as in the offspring of these men conceived by 
ART treatment. Second, although most AZF 
microdeletions are of de novo origin, AZF micro-
deletions can be vertically transmitted to off-
spring, and vertically transmitted AZF microde-
letions can be transmitted identically or with 
expansions through both natural pregnancy 
and ART treatment. Finally, because this infor-
mation has diagnostic, prognostic, preventive 
and ethical value that benefits infertile couples, 
it is critical to perform screening for specific 
AZF deletions and other chromosomal abnor-
malities in infertile males. nuscript.
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