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ABSTRACT. Male infertility is often associated with a decreased sperm
count. The Pygo2 gene is expressed in the elongating spermatid during
chromatin remodeling; thus impairment in PYGO2 function might
lead to spermatogenic arrest, sperm count reduction, and subsequent
infertility. The aim of this study was to identify mutations in Pygo2
that might lead to idiopathic oligospermia and azoospermia. DNA was
isolated from venous blood from 77 men with normal fertility and 195
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men with idiopathic oligospermia or azoospermia. Polymerase chain
reaction-sequencing analysis was performed for the three Pygo?2 coding
regions. Non-synonymous single nucleotide polymorphisms (SNPs)
were detected and analyzed using SIFT, Polyphen-2, and Mutation
Taster softwares to identify possible changes in protein structure
that could affect phenotype. Pygo2 sequencing was successful for
178 patients (30 with mild or moderate oligospermia, 57 with severe
oligospermia, and 91 with azoospermia). Three previously reported non-
synonymous SNPs were identified in patients with azoospermia or severe
oligospermic but not in those with mild or moderate oligozoopermia
or normozoospermia. SNPs rs61758740 (M1411) and rs141722381
(N240I) cause the replacement of one hydrophobic or hydrophilic amino
acid, respectively, with another, and SNP rs61758741 (K261E) causes
the replacement of a basic amino acid with an acidic one. The software
predictions demonstrated that SNP rs141722381 would likely result in
disrupted tertiary protein structure and thus could be involved in disease
pathogenesis. Overall, this study demonstrated that SNPs in the coding
region of Pygo2 might be one of the causative factors in idiopathic
oligospermia and azoospermia, resulting in male infertility.

Key words: Idiopathic oligospermia; Idiopathic azoospermia; SNPs;
Pygo2 gene

INTRODUCTION

The past few decades have seen a reduction in sperm counts and a proportionate in-
crease in male infertility (Carlsen et al., 1992). Microdeletion of the Y chromosome, cystic
fibrosis, varicocele, Klinefelter syndrome, and chemotherapy or radiotherapy are among the
few special circumstances, which are known to lead to a reduction in sperm count. On the
other hand, idiopathic oligozoospermia and azoospermia, which lead to infertility, are multi-
factorial diseases whose etiologies are not well understood. Thus, many researchers are com-
mitted to find the underlying causes of these disorders.

Pygopus (PYGO) is a member of the evolutionarily conserved C-terminal plant ho-
mology domain (PHD)-finger protein family that has two mammalian homologues, Pygol and
2. The Pygo?2 gene has a total of three exons: ENSE 00001447170, located between nucleotide
positions 2106-2380 and encoding the amino acids Met1-Gly35; ENSE00001619898, located
between nt 2828-2877 and encoding Gly35-GIn51; and ENSE00001073617, located between
nt 4008-6828 and encoding Gly52-Gly406. The human PYGO?2 protein is localized in the
nucleus. It has two domains: the PHD zinc finger motif, and the N-terminal homology domain
(NHD). As a co-activator of the Wnt pathway through its PHD domain, PYGO2, together with
the BCL9, B-catenin, and LEF/TCF transcription factors constitutes a transcription complex
that activate the expression of specific target genes. The NHD domain plays an important role
in transcriptional activation by participating in the recruitment of histone modification factors,
and is also involved in histone methylation (Gu et al., 2009). In the process of sperm formation
(spermiogenesis), the Pygo2 gene is expressed during remodeling of the elongated sperm cell
chromatin. Research on the effects of Pygo2 mutations in mice has shown that limited Pygo2
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function during sperm formation would lead to a selective reduction in protamine (P/, P2),
transitional protein 2 (Tnp2), and Hifnt gene expression after meiosis reduction. In addition,
modifications of the highly acetylated histone H3 changed dramatically (Nair et al., 2008),
which would likely result in sperm count reduction or in stagnation leading to infertility.

In order to detect whether mutation of the Pygo2 gene causes idiopathic oligozoosper-
mia or azoospermia in humans, the Pygo2 gene protein coding sequences from 178 men with
idiopathic oligozoospermia and azoospermia (representing the number of successful sequence
analyses from an original cohort of 195 patients) and 77 men with normal fertility were compared.
We confirmed the existence of single nucleotide polymorphism (SNP) mutations in the Pygo2
gene in patients with oligozoospermia and azoospermia. Software analysis of the SNP mutations
was used to explore the possibility of variant PYGO2 protein-induced (M141>1141; N240>1240;
K261>E261) structural damage and concomitant, illuminating the potential relevance association
of SNPs in the Pygo2 coding regions with idiopathic oligospermia and azoospermia.

MATERIAL AND METHODS
Subjects

This research was approved by the Ethics System Review Committee of the Univer-
sity of Utah. We enrolled 77 men with normal fertility as well as 195 men with idiopathic
oligozoospermia and azoospermia in this study. According to the World Health Organization
(WHO) semen clinical classification, patients were divided into three groups: mild or mod-
erate oligozoospermia (5-20 x 10° sperm/mL; 31 men), severe oligozoospermia (0-5 x 106
sperm/mL; 63 men), and azoospermia (0 x 10° sperm/mL; 101 men). All patients were seen by
the Andrology and IVF Laboratories at the University of Utah. Patient ages were between 25
and 50 years. Men with Y-chromosome microdeletions, cystic fibrosis, varicocele, Klinefelter
syndrome, a history of chemotherapy or radiotherapy, orchitis, cryptorchidism, inguinal her-
nia, or other special circumstances were excluded.

Methods
DNA isolation

DNA was extracted from venous blood collected from patients, using a DNA extrac-
tion kit (Minneapolis, MN, USA). The final DNA concentration was normalized to 20 ng/uL
before storage at -80°C.

Polymerase chain reaction (PCR) amplification

The PCR was carried out in a system of 23 pL, containing 0.02 pg genomic DNA.
Amplification conditions were as follows: pre-denaturation at 95°C for 5 min; denaturation at
95°C for 30 s, annealing at the optimum temperature for each primer (Table 1) for 30 s, and
extension at 72°C for 1 min for a total of 35 cycles, with a final extension at 72°C for 7 min.
Because of the long length of the third protein coding sequence in the Pygo2 gene, this exon
was divided into three mutually intersecting portions (3-1, 3-2, and 3-3) for primer design and
PCR amplification.
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Table 1. PCR amplification primers for the Pygo2 gene coding regions.

Protein coding Forward primer (5'-3') Reverse primer (5'-3') Annealing Product
sequence number temperature (°C) size (bp)
1 CTCGGCGCTTCCCTGTCGTC GCCCCCAACCCCTGGAGGAT 64 400
2 CCTCAGGGAAACTTGTCTGC AACCAGGACAGGAAACATGG 60 351
3-1 TGAGCTGCCCACAGTATCAG GAGAGGAGAAGGGCCAAAAG 60 640
3-2 ACAGCCTCCCAGAGCAGAG ATGCCCTCACGGATGTAGAC 60 594
3-3 GGCTGCTGACCACTGAAGC TTGGAGGAAGCAAAGGAGTA 60 675

PCR = polymerase chain reaction.

Gene sequencing and SNP detection

PCR products were treated with ExoSAP-IT (Minneapolis, MN, USA) (a mixture of
exonuclease and shrimp alkaline phosphatase) to remove residual primers and dNTPs. Gene
sequencing was performed by the Experimental Center of Utah University (Salt Lake City,
UT, USA). Sequence trace analysis and SNP detection were performed using the Phred soft-
ware package (Www.phrap.org).

SNP mutation analysis

SNP mutations in Pygo?2 identified by sequencing were analyzed using SIFT (Ku-
mar et al., 2009), Polyphen-2 (Adzhubei et al., 2010) and Mutation Taster (Schwarz et al.,
2010) algorithms to explore the likelihood of associated disruption of the PYGO2 protein
structure and concomitant disease-induction. The three Pygo?2 protein-coding sequences were
compared among patients with idiopathic oligozoospermia and azoospermia and with normal
males to explore the potential relevance of gene mutation to male infertility.

RESULTS

Pygo2 gene sequencing was successful for 178 of the original 195 patients (30/31 cases
of' mild or moderate oligozoospermia, 57/63 cases of severe oligozoospermia, and 91/101 cases
of azoospermia). The non-synonymous SNP mutations rs61758740 and rs141722381 were
identified at two separate sites in three patients with azoospermia, and the non-synonymous
SNP mutations rs61758741 was identified in one patient with severe oligospermia. No SNPs
were found in patients with mild or moderate oligozoopermia or normozoospermia. These
three mutations had been previously reported in the National Center for Biotechnology
Information SNP database (NCBI SNPdb) (Table 2).

Table 2. Characteristics of Pygo 2 SNPs in patients with idiopathic azoospermia and severe oligospermia and
analysis of their predicted protein structure and disease-causing effects using SIFT, Polyphen-2, and Mutation
Taster algorithms.

Disorder (N) SNP Nucleotide substitution ~ Nonsynonymous ~SIFT Polyphen-2 Mutation Taster
mutation

Azoospermia (2) 1561758740  G2206>A (ATG-ATA) M1411 No effect on protein structure  No effect on protein structure  Non-disease causing

Azoospermia (1) 15141722381 A2502>T (AAC-ATC) N2401 Disrupts protein structure Disrupts protein structure Disease causing

Severe oligospermia (1) 1s61758741  A2564>G (AAG-GAG) K261E No effect on protein structure  No effect on protein structure  Non-disease causing

SNP = single nucleotide polymorphism; N = number of patients; SIFT = sorting intolerant from tolerant.
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As shown in Table 2, among the three SNPs identified in the Pygo2 gene, rs61758740
is located at nucleotide position 2206 of the Pygo2 gene, and leads to the replacement of a
methionine (M; isoelectric point (pl) = 5.74) with an isoleucine (I; pI = 6.02) residue: M1411;
rs61758741 is located at nt 2564 and results in the replacement of a lysine (K; pI =9.74 ) with
a glutamic acid (E; pl = 3.27) residue: K261E; and rs141722381, located at nt 2502, leads
to the replacement of an asparagine (N; pl = 5.41) with an isoleucine (I; pI = 6.02) residue:
N2401. These three SNP mutations in patients with azoospermia and oligospermia therefore
alter three of the amino acids in the PYGO?2 protein, all of which are located between the N-
terminal NHD and C-terminal PHD domains. A schematic illustrating the corresponding sites
of mutation is shown in Figure 1.

PYGO2 (human) -- 406 amino acids
Ml41 N240 K261

NHD PHD

0 50 100 150 200 250 300 350 400

Figure 1. Schematic of the PYGO2 protein amino acid sites corresponding to the three oligospermia and
azoospermia SNP mutations in relation to the NHD and PHD structural domains. SNP = single nucleotide
polymorphism; NHD = N-terminal homology domain; PHD = C-terminal plant homology domain.

The potential functional effects of the three non-synonymous SNP mutations were
analyzed by SIFT, Polyphen- 2, and Mutation Taster software algorithms. The SIFT and Poly-
phen-2 values for rs61758740 were 0.24 and 0.005, respectively, which were consistent with
the negative results predicted by Mutation Taster, indicating that the mutation was unlikely
to result in changes to the protein structure that might lead to disease. Similarly, the SIFT and
Polyphen-2 values obtained for rs61758741 were 1 and 0.435, respectively, and the disease-
related results predicted by Mutation Taster were also negative. However, the SIFT and Poly-
phen-2 analysis values for rs141722381 were 0.05 and 0.968, indicating that this mutation
might lead to disruption of the PYGO2 protein structure, and the disease-related results pre-
dicted by Mutation Taster were positive as well. Therefore, following analysis by three sepa-
rate software algorithms, the rs141722381 mutation identified in patients with azoospermia
was considered to be a likely cause of PYGO2 protein structural damage, and also showed a
positive correlation with disease-induction.

DISCUSSION

Spermatogenesis includes the following steps: primordial germ cells first develop into
spermatogonia, and then develop into spermatocytes; spermatocytes become round germ cells
after two meiotic divisions; and round sperm cells become mature sperm after metamorphosis.
In this complex cellular differentiation process, all cellular events are carried out with the tem-
poral regulation of multiple genes (Ge et al., 2008; Matzuk and Burns, 2012). Disturbances in
any factors related to the expression of spermatogenesis genes might therefore ultimately lead
to reductions in sperm quality and number.
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Idiopathic oligozoospermia and azoospermia is a multi-factor disorder, which has
been well studied by multiple laboratories. Over the past several years, A et al. (2006) and Li
et al. (2007) have demonstrated that microdeletion of chromosome Y represents an important
mechanism underlying certain cases of idiopathic azoospermia and oligozoospermia. Routine
screening for chromosome Y microdeletions in patients with idiopathic azoospermia and oli-
gozoospermia is therefore necessary, with cytogenetic analysis proving to be very helpful in
the accurate diagnosis of the disease (Chang et al., 2012). A et al. (2006) have suggested that
deletion of all copies of the DAZ gene is the common genetic cause for patients with severe
oligozoospermia, and that DAZ1/DAZ?2 deletion is a high-risk factor for development of these
disorders. Qi et al. (2011) confirmed that the abnormal chromosomal regions in male pa-
tients with infertility can be detected by quantitative fluorescent PCR (QF-PCR) technologies
quickly, directly and reliably, and that this technique permits discovery of abnormalities in fine
chromosomal structure at an early stage, yielding results consistent with full karyotype analy-
sis and with AZF microdeletion results by PCR. Zhang et al. (2006) considered that abnormali-
ties of the synaptonemal complex and its encoding genes could cause spermatogenetic mal-
function in an infertile mouse; in support of this supposition, the murine azoospermia caused
by single base deletion in a synaptonemal complex coding gene has since been confirmed by
findings in human patients with primary infertility. Similarly, by studying the relationship be-
tween glutathione S-transferase T1 (GSTT!) gene polymorphisms and idiopathic azoospermia
and oligozoospermia, Wu et al. (2007) found that GSTT! was related to idiopathic azoosper-
mia and oligozoospermia; furthermore, the GSTT1 deletion genotype was also shown to be a
risk factor for idiopathic azoospermia and oligozoospermia.

Of the many genes related to spermatogenesis, Gu et al. (2009) reported that mutation
in Pygo?2 could reduce gene expression after meiosis, leading to the decreased production of
PRM1, PRM2, TNP2, and H1fnt, which are correlated with chromatin remodeling in male
germ cells leading to nuclear enrichment. In this study, sperm cells of Pygo2 mutant mice
were shown to have lost the capacity for acetylation of histone H3 at its 9th (H3K9) and 14th
(H3K14) sites during the ninth stage of spermatogenesis, indicating that PYGO2 might ac-
tivate gene expression during the spermiogenesis process by promoting acetylation of these
two histone residues. The PHD motif of PYGO2 might bind to histone H3 tails trimethyl-
ated on lysine 4 (H3K4me3), which are associated with the activation of gene transcription;
whereas the NHD might play an important role in transcriptional activation through the re-
cruitment of histone modification factors (Li et al., 2006; Pefia et al., 2006; Shi et al., 2006).
Phenotypically, the knockout of Pygo?2 caused severe dysplasia, including lens hypoplasia and
kidney malformation, eventually leading to the death of the embryo (Li et al., 2007; Schwab
et al., 2007; Song et al., 2007). Overall, therefore, the process of transcriptional activation
of PYGO?2 target genes was proposed to be: binding of the PYGO?2 transcription complex to
select H3K4me3 modified genes, with concomitant promotion of additional histone modifica-
tion (H3K9 and H3K4 acetylation), leading to transcriptional activation (Zhang et al., 2011).

Numerous studies have shown that rare SNPs were closely associated with asthma,
diabetes, hypertension, spontaneous autoimmune disease, Parkinson’s syndrome, autism, can-
cer, and other complex human diseases (Han et al., 2011; Lehne et al., 2011; Li et al., 2012a,b).
Therefore, we examined whether SNP mutations in the Pygo2 gene caused idiopathic oligo-
zoospermia and azoospermia. We identified two kinds of non-synonymous SNP mutations in
the Pygo2 coding genes of patients with azoospermia, and one kind of non-synonymous SNP
mutations in patients with severe oligozoospermia (Table 2).
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Mutation at the rs61758740 site caused the 141st methionine of the PYGO2 protein
to be changed to isoleucine; the presence of this conservative change might be attributed to
the fact that isoleucine and methionine are both essential amino acids with a hydrophobic
side chain, with similar pls (pIM = 5.74; pll = 6.02); the correlation between the amino acid
change, disruption of protein structure, and disease induction were found to be negative by
three separate software algorithms. The rs61758741 SNP resulted in the mutation of lysine to
glutamate at the 261st residue of the PYGO2 protein. Theoretically, replacement of the basic
amino acid lysine (pIK = 9.74) at this position in the PYGO2 protein with the acidic amino
acid glutamate (pIE = 3.27) should influence protein folding, which might lead to disruption of
its tertiary structure and a change in function; however, the results following analysis by three
separate software algorithms were all negative.

rs141722381 variation led to the mutation of an asparagine into an isoleucine at the
240th residue of the PYGO?2 protein, located between the NHD and PHD structural domains.
Following the change of an asparagine (pIN = 5.41) residue, with hydrophilic side chains, to
an isoleucine (pIl = 6.02) residue with hydrophobic side chains, the lack of the free carboxyl
and amino groups of the original asparagine residue might be expected to cause disruption of
the PYGO?2 tertiary structure, thereby affecting its function. The three software analyses also
found that the non-synonymous SNP mutation at this site was positively correlated with ter-
tiary structure disruption of the PYGO?2 protein, which might induce disease.

The rs141722381 mutation reported in the SNP database was originally detected
through the 1000 Genomes Project of the European Bioinformatics Institute (EBI) and NCBI.
Therein, the A>T mutation rate was only 0.1%; however, male infertility was also included
among the random 1000 ordinary subjects sampled (1000 Genomes Project Consortium et al.,
2010). Therefore, the reported rs141722381 allele frequencies in the database do not negate
that potential of Pygo?2 as the pathogenic gene. In this study, SNPs were not detected in the
Pygo?2 genes of 77 men with normal fertility, whereas one instance of rs141722381 mutation
was found in the group of 91 patients with azoospermia. Combined with the positive results
from the software analysis, this detection rate demonstrated that SNPs in the Pygo2 gene
might be predisposing factors for oligozoospermia and azoospermia.

Disruption of the tertiary structure of the PYGO2 protein would likely cause a series
of changes in domain functionality, which might result in the inability of PYGO?2 to bind to the
BCL9, B-catenin, and LEF/TCF transcription factors, as well as to the apparent modifying fac-
tor H3K4me3. This deficit might subsequently negatively influence the transcription of target
genes in the Wnt pathway (Gu et al., 2009), resulting in decreased spermatogenesis, reduction
in sperm count, or complete lack of sperm.

Our laboratory has achieved previous success in the detection of mutations in a single
gene (CREM) for male infertility (Christensen et al., 2006). CREM is a key transcription
factor for prototype spermatid differentiation into mature sperm. Different haplotypes of the
CREM-activating factor in testicular tissues could cause low male fertility. Here we have
identified point mutations in the Pygo2 gene in patients with oligozoospermia and azoosper-
mia, indicating that the etiology of a multi-factor disease might be ascertained at least in part
by detection of a single gene mutation. Although this method is relatively labor intensive and
time consuming, it might prove to be a repeatable and reliable way to study rare mutations.

Gene copy number variants (CNVs) have also been considered to be associated with
human oligozoospermia (Tiittelmann et al., 2011). Furthermore, other studies have shown
that certain Y-chromosome haplogroup changes were associated with the reduction of sperm
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count (Kuroki et al., 1999; Krausz et al., 2001; Yang et al., 2008). Epigenetic studies of sperm
have also shown that protamination, histone modification, DNA methylation, and non-coding
RNAs all are factors that regulate gene expression, which plays an important role in regulat-
ing spermatogenesis (Carrell, 2012). Therefore, dysfunction of any epigenetic modification
factors will likely affect spermatogenesis, resulting in a reduction in fertilization, embryo
implantation, and pregnancy rates (Nanassy and Carrell, 2008).

In summary, idiopathic oligozoospermia and azoospermia is a type of multi-factor
disease, and SNPs in the Pygo2 coding gene might be one of the predisposing factors. A
comprehensive understanding of the etiologies of this disorder requires further and in-depth
studies using a large research sample and the combination of multiple gene-specific screens,
CNV analysis, Y-chromosome haplogroup analysis, and the detection of epigenetic modifying
factors, in addition to SNP variance analysis.
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