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Copy-number variations in Y-chromosomal
azoospermia factor regions identified by multiplex
ligation-dependent probe amplification

Kazuki Saito1,2,3, Mami Miyado1, Yoshitomo Kobori4, Yoko Tanaka5, Hiromichi Ishikawa6, Atsumi Yoshida7,
Momori Katsumi1, Hidekazu Saito3, Toshiro Kubota2, Hiroshi Okada4, Tsutomu Ogata1,8 and Maki Fukami1

Although copy-number variations (CNVs) in Y-chromosomal azoospermia factor (AZF) regions have been associated with the risk

of spermatogenic failure (SF), the precise frequency, genomic basis and clinical consequences of these CNVs remain unclear.

Here we performed multiplex ligation-dependent probe amplification (MLPA) analysis of 56 Japanese SF patients and 65 control

individuals. We compared the results of MLPA with those of conventional sequence-tagged site PCR analyses. Eleven simple and

complex CNVs, including three hitherto unreported variations, were identified by MLPA. Seven of the 11 CNVs were undetectable

by conventional analyses. CNVs were widely distributed in AZF regions and shared by ~ 60% of the patients and ~40% of the

controls. Most breakpoints resided within locus-specific repeats. The majority of CNVs, including the most common gr/gr

deletion, were identified in the patient and control groups at similar frequencies, whereas simple duplications were observed

exclusively in the patient group. The results imply that AZF-linked CNVs are more frequent and heterogeneous than previously

reported. Non-allelic homologous recombination likely underlies these CNVs. Our data confirm the functional neutrality of the

gr/gr deletion in the Japanese population. We also found a possible association between AZF-linked simple duplications and

SF, which needs to be evaluated in future studies.
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INTRODUCTION

Copy-number variations (CNVs) in azoospermia factor (AZF) a–c
regions have been associated with the risk of spermatogenic failure
(SF).1,2 Of these, submicroscopic deletions in AZFb and/or AZFc
regions represent the major genetic causes of SF, although they are also
observed in a small proportion of normozoospermic individuals.3

AZFb and AZFc regions are enriched with several locus-specific
repeats and are highly susceptible to non-allelic homologous
recombination.3,4 Deletions in these regions are predicted to cause
SF by reducing the copy-number of multi-copy genes such as DAZ,
CDY1/2 and TSPY1.5–8 To date, deletions in AZFb/c regions were
analyzed mostly by PCR of sequence-tagged site (STS) markers (STS-
PCR).9 In 2011, Rozen et al.10 performed STS-PCR for 20 884 male
individuals with and without SF and identified four types of AZFc
deletions in 3.7% of the subjects. Rozen et al.10 revealed that most of
these deletions exert negative effects on spermatogenesis; the most
common deletion referred to as the gr/gr deletion almost doubled the
risk of SF, whereas a deletion referred to as the b2/b4 deletion
increased the risk by a factor of 145. Other researchers have also

confirmed the pathogenicity of AZFb/c deletions.3,11 However, the
frequencies and phenotypic effects of these deletions seem to differ
among ethnic groups.11–13

Other types of CNVs in AZF regions, such as microduplications and
complex deletion–duplication rearrangements, have also been
reported.14–18 However, the number of these reports is limited,
because of technical difficulties in identifying such CNVs. Indeed,
conventional STS-PCR has focused on deletions in AZFb and AZFc
regions. Thus, the precise frequency, genomic basis and clinical
consequences of AZF-linked CNVs remain largely unknown. For
example, Giachini et al.18 found no significant pathogenic effect of
AZFc duplications, whereas Lin et al.16 associated these duplications
with a significant risk of oligospermia.
Recent advances in molecular techniques, including the develop-

ment of multiplex ligation-dependent probe amplification (MLPA)
and comparative genomic hybridization, have enabled researchers to
identify CNVs at multiple loci in a single assay.19,20 In 2012, Bunyan
et al.21 employed MLPA for the detection of CNVs in AZF regions.
They studied 50 SF patients and 50 control individuals and identified
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Figure 1 Copy-number variations in azoospermia factor (AZF) regions identified by multiplex ligation-dependent probe amplification (MLPA). Left panel:
Schematic representation of the genomic structure of AZF regions. The colored arrows depict the locus-specific repeats in AZFb/c regions. The structure of
the reference genome is based on the sequence retrieved from GenBank. Right panel: Representative results of MLPA. The relative peak areas were
calculated by dividing each peak area of the samples by the average of that of five reference samples. Decreased and increased relative peak areas suggest
copy-number loss and gain, respectively.
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four types of simple CNVs that were undetectable by STS-PCR.
Likewise, Liu et al.22 performed MLPA analysis of samples obtained
from 199 fathers and their sons. Although Liu et al. identified AZF-
linked deletions in 7.5% of the fathers, they did not analyze the
presence or absence of copy-number gains. There have been no
further reports of MLPA analysis for AZF regions. Here we preformed
MLPA on 121 Japanese individuals with and without SF.

SUBJECTS AND METHODS

Subjects
A total of 121 unrelated Japanese individuals participated in the present study.
The patient group consisted of 56 men who were diagnosed with idiopathic
non-obstructive azoospermia or oligospermia. All patients visited our clinics
because of infertility. Patients with cytogenetically detectable chromosomal
abnormalities were excluded from this study. The control group included 65
men who have fathered at least one child.

Molecular analysis
This study was approved by the Institutional Review Board Committee at the
National Center for Child Health and Development and performed after taking
written informed consent from the participants. Genomic DNA samples were
obtained from peripheral leukocytes. MLPA was performed using SALSA
MLPA probe-mix kit P360-A1 (MRC-Holland, Amsterdam, the Netherlands),
according to the manufacturer’s instructions. This kit contained 43 specific
probes for AZF regions, together with 8 reference probes for other genomic
regions (Supplementary Figure 1). The MLPA products were analyzed using a
GenomeLab GeXP gene analysis system (Beckman Coulter, Fullerton, CA,
USA). The relative peak area of each probe was calculated by dividing the actual
peak area of the subject by the average of that of five reference samples. The
results were confirmed by a second experiment.
To evaluate the usefulness of MLPA in the detection of AZF-linked CNVs,

we compared the results of MLPA with those of conventional STS-PCR. In this
study, five STS markers in AZFc region, sY1191, sY1291 sY1192, sY1189 and
sY254, were analyzed as described previously.10

Statistical analysis
Statistical differences in the frequencies of CNVs between the patient and

control groups were analyzed using χ2 and Fisher’s exact tests. Differences in

the frequencies of copy-number gain of multi-copy genes were also analyzed

using Fisher’s exact tests. P-values o0.05 were considered significant.

RESULTS

Eleven types of CNVs were identified in 58 of the 121 individuals
(Figure 1; Table 1). The 11 CNVs consisted of four simple deletions,
two simple duplications, two multiple duplications (two non-
overlapping duplications on one allele) and three complex rearrange-
ments. The three complex rearrangements were assumed to be
duplication or triplication of the genomic region between b2 and
b4, which harbored the gr/gr deletion (Supplementary Figure 2). Most
of the 11 CNVs involved genomic intervals in AZFc region, whereas
two CNVs affected both AZFb and AZFc regions and one deletion
involved only a small genomic interval in AZFb region. Three of the
11 CNVs, that is, a simple deletion in AZFb region, a simple
duplication in AZFb+c region and multiple duplications in AZFb
and AZFc regions, have not been reported previously. The breakpoints
of 10 CNVs were located within AZF-specific repeats, whereas those of
multiple duplications in AZFc region remained to be determined
(Table 1).
Of the 11 CNVs detected by MLPA, only four were identified by

STS-PCR (Figure 2). Three simple deletions in AZFc region (the
gr/gr, b2/b4 and b1/b3 deletions) involving one or more of the five
STS markers were detected by STS-PCR. One of the complex
rearrangements (the b2/b4 duplication combined with gr/gr deletions)
was assessed as a simple gr/gr deletion. Other CNVs, that is, a deletion
in AZFb region, two of the three complex rearrangements and all
duplications, yielded apparently normal results in STS-PCR.

Table 1 Copy-number variations identified in the present study

Predicted position of the breakpoints Estimated gene copy-number a

Patient,

n=56

Control,

n=65

Statistical

significance Proximal Distal DAZ (4) CDY1 (2) CDY2 (2) HSFY (2) USP9Y (1)

Any copy-number alteration 33 25 P=0.025

Simple deletion 25 22 P=0.224

gr/gr deletion 23 20 gr-repeatb gr-repeatb 2 1 1 2 1

b2/b4 deletion 1 1 b2-repeat b4-repeat 0 0 2 2 1

b1/b3 deletion 0 1 b1-repeat b3-repeat 2 2 2 2 1

deletion in AZFb 1 0 y4-repeat y4-repeat 4 2 1 or 2 2 1

Simple duplication 4 0 P=0.043

gr/gr duplication 3 0 gr-repeatb gr-repeatb 6 3 2 2 1

duplication involving AZFb+c 1 0 y3-repeat y2-repeat 8? 3 3 4 1

Multiple duplications 1 1 P=0.713

duplications in AZFc 1 0 Unknown Unknown 4 3 2 2 1

duplications in AZFb and c 0 1 Repeat

sequencec
Repeat

sequencec
4 2 2 2 or 4 1

Complex rearrangements 3 2 P=0.331

b2/b4 triplication with gr/gr deletions 1 0 Repeat

sequencec
Repeat

sequencec
8 4 2 2 1

b2/b4 duplication with gr/gr deletions 1 0 Repeat

sequencec
Repeat

sequencec
4 2 2 2 1

b2/b4 duplication with gr/gr deletion 1 2 Repeat

sequencec
Repeat

sequencec
6 3 2 2 1

aThe numbers in the parentheses indicate copy-number of the genes in the human reference sequence.
bThe breakpoints reside within g- or r-repeat sequences.
cAll of the multiple breakpoints reside within repeat sequences.
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CNVs were more frequently identified in the patient group (33 of
56, 58.9%) than in the control group (25 of 65, 38.5%; P= 0.025;
Table 1). Although simple deletions and complex rearrangements were
observed in the two groups at similar frequencies (P= 0.224 and
P= 0.331, respectively), simple duplications were detected exclusively
in the patient group (P= 0.043). Multiple duplications were identified
in one patient and one control male. The frequencies of copy-number
gain of multi-copy genes were similar between the two groups
(Supplementary Table 1).

DISCUSSION

We performed MLPA for 121 Japanese individuals and identified
11 types of CNVs in AZF regions. These CNVs were detected in
~ 60% of SF patients and in ~ 40% of control individuals. The total
frequency of CNVs was higher than that reported in previous studies
on the Japanese population.11,23 Notably, 7 of the 11 CNVs identified
by MLPA were undetectable by STS-PCR. In addition, MLPA was
capable of characterizing a complex structure of the b2/b4 duplica-
tion–gr/gr deletions, which was assessed as a simple gr/gr deletion by
STS-PCR. These results demonstrate the usefulness of MLPA in the
identification and characterization of AZF-linked CNVs. As MLPA is a
relatively simple method and requires only a small amount of genomic

DNA,19 it can be used for the molecular diagnosis of several clinical
samples. MLPA analysis appears to be beneficial for patients with SF,
because it has been suggested that detection of AZF-linked CNVs
would help to predict the sperm recovery rate at testicular sperm
extraction.9

The 11 CNVs identified in this study were widely distributed in AZF
regions and included three rearrangements that have not been
reported previously. Our findings provide further evidence for a high
frequency and genetic heterogeneity of AFZ-linked CNVs. Notably, 10
of the 11 CNVs had their breakpoints within AZF-specific repeats,
while the breakpoints of the multiple duplications in AZFc region
remain to be determined. These data support the previously proposed
notion that non-allelic homologous recombination has a critical role
in the development of CNVs in AZF regions.24

Two matters are noteworthy for the frequencies of CNVs in the
patient and control groups. First, the most common gr/gr deletion was
detected in 23 of 56 patients (41.1%) and in 20 of 65 controls (30.8%).
Previous studies have shown that the frequency of the gr/gr deletion in
control subjects is variable among ethnic groups, ranging from 0.0%
in the Dutch to 33.9% in the Japanese.18 It was suggested that the gr/gr
deletion is accompanied by multiple haplogroups of diverse patho-
genicity, and this deletion in Japanese individuals is usually
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Figure 2 PCR analyses for sequence-tagged site (STS) markers. (a) Genomic positions of five STS markers. Of the five markers, sY254 is located at multiple
sites (asterisks). (b) Representative results of STS-PCR. This method was able to identify four of the 11 copy-number variations identified by multiplex
ligation-dependent probe amplification (MLPA). AZF, azoospermia factor. A full color version of this figure is available at the Journal of Human Genetics
journal online.
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accompanied by a functionally neutral haplogroup.11,12 Our findings
confirm that, in Japan, the gr/gr deletion represents a common
variation that has a negligible effect on spermatogenesis. Second,
although most of the 11 CNVs were identified in the patient and
control groups at similar frequencies, simple duplications were
detected exclusively in the patient group. These results are consistent
with those of a previous study on the Taiwan Han Chinese population
in which the risk of SF was associated with AZF duplications but not
with deletions.16,17 Copy-number gain of multi-copy genes, such as
DAZ and CDY1, or conformational changes of Y chromosome may
exert deleterious effects on spermatogenesis.16,17 However, copy-
number gain of the multi-copy genes would not be sufficient to cause
SF, because two of our control individuals also had an increased
copy-number of these genes (Table 1). Indeed, we found no significant
difference in the frequencies of copy-number gain of multi-copy genes
between the patient and control groups (Supplementary Table 1).
Furthermore, USP9Y, a putative causative gene for SF,25 was not
affected in our patients.
Considering the small number of subjects in this study, the

pathogenicity of AZF-linked CNVs, except for the gr/gr deletion,
remains unclear. Furthermore, DNA samples of patients’ relatives were
not analyzed in this study. As previous studies have shown that de
novo occurrence of CNVs in AZF regions is a relatively rare
event,1,22,26 molecular analysis of the fathers of SF patients with CNVs
would provide critical information regarding the effect of the CNVs on
spermatogenesis. Further studies, including MLPA analysis in large
cohorts and familial analyses of CNV-positive individuals, will clarify
the clinical significance of each CNV.
In conclusion, the results expanded our understanding of the

frequency and genetic heterogeneity of AZF-linked CNVs. It appears
that non-allelic homologous recombination underlies most, if not all,
CNVs in AZF regions. In addition, we confirmed the functional
neutrality of the gr/gr deletion in Japanese individuals. We found a
possible association between AZF microduplications and the risk of
SF, which needs to be evaluated in future studies.
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