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ABSTRACT

There are a number of known genetic alterations found in
men with nonobstructive azoospermia, or testicular failure, such
as Y microdeletions and cytogenetic abnormalities. However,
the etiology of nonobstructive azoospermia is unknown in the
majority of men. The aim of this study was to investigate the
possibility that unexplained cases of nonobstructive azoosper-
mia are caused by nonsynonymous single-nucleotide polymor-
phisms (SNPs) in the coding regions of autosomal genes
associated with sperm production and fertility. Using a
candidate gene approach based on genetics of male infertility
in mice, we resequenced nine autosomal genes from 78 infertile
men displaying testicular failure using custom-made next-
generation resequencing chips. Analysis of the data revealed
several novel heterozygous nonsynonymous SNPs in four of nine
sequenced genes in 14 of 78 infertile men. Eight SNPs in SBF1,
three SNPs in LIMK2, two SNPs in LIPE, and one SNP in TBPL1
were identified. All of the novel mutations were in a
heterozygous configuration, suggesting that they may be de
novo mutations with dominant negative properties.
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INTRODUCTION

The human population carries an enormous burden of male
factor infertility. Approximately 1 man in 20 is infertile [1–3].
Of this group, up to 20% have azoospermia, while the rest have
other sperm abnormalities resulting in subfertility. In general,
men with azoospermia fall into two categories: two thirds are
diagnosed with obstructive azoospermia and one third with
nonobstructive azoospermia. Histopathological examination of
testicular biopsies has revealed that spermatogenesis in
obstructive azoospermic patients is normal but in nonobstruc-
tive patients can be divided into three general progressively
abnormal categories: hypospermatogenic, maturation arrest, or
Sertoli cell only.

The underlying causes of male factor infertility are poorly
understood. Apart from environmental factors (toxin exposure,
illness, etc.), male infertility has been linked to both congenital
(e.g., Klinefelter syndrome and chromosome abnormalities,

including translocations, deletions, and inversions) and genetic
(e.g., CFTR mutations) defects [1–3]. Where an underlying
cause can be positively correlated with the infertility,
appropriate treatment, if available, or genetic counseling can
be offered.

However, in a substantial proportion of cases (32% of
infertile men, or 1.5% of the male population), the underlying
causes are unknown (idiopathic infertility). Cytogenetic studies
have been successful in revealing microdeletions of the
azoospermia factor (AZF) region of the Y chromosome in
approximately 10% of idiopathic azoospermic men as a strong
correlate with male infertility, implicating the DAZ cluster of
genes [1–3]. However, other cytogenetic abnormalities have
correlated only with meiotic defects, probably mediated by
chromosome pairing impairment [4, 5]. Most nonobstructive
azoospermic men are believed to carry unknown autosomal
mutations [6–9] based on studies of familial male infertility that
often involves two or more siblings. Studies involving
oligospermia have been somewhat easier to conduct because
the sperm in the ejaculate often displays a characteristic
phenotype that defines a clear trait that can be followed in
families, usually in brothers [10–14]. In most cases (but not
all), no other overt defects are apparent, suggesting that the
pathologies leading to infertility are confined to the develop-
ment and functioning of the testes. Those mutations that affect
early events in gonad development and result in defects
apparent in children have received more attention from the
medical community, leading to identification of a number of
mutations in the human population [15]. However, any
mutations affecting testis function in adults remain obscure.

Studies of infertility and spermatogenesis in mice may
provide the necessary molecular tools to broaden our under-
standing of infertility in humans, as more is known about male
sterility in the mouse (Supplemental Table S1, all Supplemental
Tables are available at www.biolreprod.org) [3]. A number of
mutations affecting germ cell development have been identi-
fied. These tend to fall into four general categories: those
affecting primordial germ cells and therefore causing sterility in
both males and females, those affecting early stages of
spermatogenesis (usually through a block in meiosis), those
affecting spermiogenesis (i.e., the terminal stages of sperm
differentiation), and those affecting sperm function. There is a
strong similarity between the histopathology of these four kinds
of mutations and that in nonobstructive azoospermic patients.

Genetic causes of male factor infertility can be broadly
assumed to be a result of either de novo mutations inherited by
the patient from one of his parents or from polymorphisms
circulating in the population. In both cases, a search for
potential causes must rely on statistical comparison of patient
groups with a case-controlled fertile group.

We adopted a candidate gene approach to explore the
potential of deleterious mutations in nine genes as potential
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causes of male factor infertility. Herein, we report the results of
resequencing these genes in 78 infertile men presenting with
nonobstructive testicular failure. Potentially deleterious non-
synonymous substitutions were found in four genes: SBF1,
LIPE, LIMK2, and TBPL1. SBF1 appeared to be a mutation
‘‘hot spot,’’ with eight newly identified nonsynonymous single-
nucleotide polymorphisms (nsSNPs). Two nonsynonymous
SNPs, one in LIPE and the other in SBF1, were found in the
fertile control group. All validated SNPs were present in
heterozygous configuration, suggesting that de novo mutations
inherited by infertile men from one parent may be a major
cause of human male infertility.

MATERIALS AND METHODS

Recruitment of Subjects

All infertile men were recruited from the Murray Koffler Urologic Wellness
Centre, a part of Mount Sinai Hospital in downtown Toronto, ON. Infertility
patients were first referred to the clinic by their general practitioner and were
then further examined by the clinic urologists before they were asked to
participate in this study. Semen parameters of patients recruited to the study are
summarized in Figure 1; detailed clinical profiles are given in Supplemental
Table S2. Patient age and racial/ethnic background were not significant factors
for recruitment. All who agreed to participate signed an ethics agreement,

which was approved by the University of Toronto and Mount Sinai Hospital
ethics review boards. Participants had a 10-ml blood sample drawn in their arm,
from which DNA was extracted by Biospecimen Repository, Pathology and
Laboratory Medicine at Mount Sinai Hospital. All patient samples were tested
for Y microdeletions with primer pairs specific for AZFa, b, and c; 41 samples
were tested with two primer pairs for each AZF region (see Supplemental Table
S4), while the remainder were tested with an expanded repertoire in a clinical
multiplex assay. Eighty-six fertile controls, men whose biological children were
not the result of assisted reproduction, were similarly recruited. Of these, 24
donated blood samples for DNA extraction, and the remainder provided a
buccal swab (MasterAmp buccal swab kit). In the latter cases, DNA was
extracted using the DNA extraction kit from Epicentre Biotechnologies.
Preliminary verification of the PolyBayes (http://genome.wustl.edu/tools/
software/polybayes.cgi) analysis was performed using the Polymorphism
Discovery Resource collection 44 from Coriell. The sex and fertility status of
the Coriell samples are unknown. The racial/ethnic profiles of the patient and
control groups are given in Supplemental Table S3.

Resequencing

Human DNA sequences of FUS, HMGB2, LIPE, SBF1, LIMK2, STYX,
BCL2L2, PPP1CC, andTBPL1 were obtained from the Ensembl genome
browser, release 34 (http://oct2006.archive.ensembl.org/index.html). The
coding regions and the flanking intronic regions of these genes were used to
custom design 88 Affymetrix GeneChip CustomSeq resequencing chips.
Infertile and control sequences were amplified by PCR using Takara LA Taq
polymerase. All primers used to amplify DNA for resequencing are listed in
Supplemental Table S4. A separate section in the supplementary information
lists primers used to amplify control DNA. Amplicon concentration from all
PCR reactions was measured by spectrophotometer. Arrays were hybridized,
washed, and stained according to the GeneChip CustomSeq resequencing array
protocol. Washing and staining steps were performed by the GeneChip Fluidics
Station. Stained chips were scanned using the Affymetrix GeneChip Scanner
3000. Sequences were analyzed using GeneChip Sequence Analysis Software,
version 4.0 (http://www.affymetrix.com/support/technical/datasheets/
gseq_datasheet.pdf).

Sequence Verification

All restriction enzymes used to digest relevant sequences were purchased
from either Fermentas or New England Biolabs. All relevant infertile and
control sequences were sequenced either by Macrogen, Seoul, South Korea, or
The Centre for Applied Genomics, Toronto. In some cases, because of poor
quality of cheek swab DNA, amplicons were subjected to 15 rounds of
secondary amplification with nested primers (Supplemental Table S4).

Bioinformatics and Statistics

PolyBayes 3.0, freeware developed at Washington University [16], was
used to analyze expressed sequence tags (ESTs) for 30 genes according to the
instructions supplied with the software. Parameters for base quality and
confidence limits were set arbitrarily at 13 and 0.01, respectively. The
frequency of an SNP identified in this fashion was determined for the sequence
depth at that particular location. For some very large genes or genes not present
in large numbers in the EST database, the depth of the EST alignment was
shallow. These analyses were ignored. The PolyBayes results for a cluster of
SNPs in PPP1CC were verified by sequencing the Coriell collection using
primers listed in Supplemental Table S4.

Protein sequences were obtained from the Ensembl genome browser.
Information regarding domain structure and location within the proteins of
interest was obtained through SMART [Simple Modular Architecture Research
Tool] at EMBL (http://smart.embl-heidelberg.de/). All new and annotated
nonsynonymous SNPS were analyzed by three bioinformatic programs:
PolyPhen [17] (http://genetics.bwh.harvard.edu/pph/), BLOSUM62 (http://
www.uky.edu/Classes/BIO/520/BIO520WWW/blosum62.htm), and SIFT [18]
(http://blocks.fhcrc.org/sift/SIFT.html). In the latter case, alignments were
performed with mammalian orthologues obtained from Ensembl, release 49,
because for some genes no nonmammalian orthologues have been identified.

Statistical comparisons were performed between patient and control groups.
Chi-square analysis was used.

Three-Dimensional Structure Prediction and Analysis

The three-dimensional structure of SBF1 was predicted using the Protein
Homology/Analogy Recognition Engine (Phyre) (http://www.sbg.bio.ic.ac.uk/
phyre/) [19, 20]. The human SBF1 protein contains 1893 residues, which

FIG. 1. Semen parameters among infertile patients recruited to the study.
Semen samples were collected by masturbation into a clean specimen
container and analyzed using the World Health Organization protocols in
less than 2 h for numbers of sperm (A) and motility/morphology (B).
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exceeds the maximum number of residues (maximum, 1200) that can be
modeled using the Phyre server. Therefore, the SBF1 amino acid sequence was
submitted to Phyre in segments of approximately 1200 amino acid residues. To
model the C-terminal Pleckstrin-type homology domain, only the 237 residues
at the extreme C-terminus of SBF1 were submitted to Phyre. The resultant
three-dimensional models were viewed and analyzed using PyMOL freeware
(http://www.pymol.org/) [21].

RESULTS

Selection of Genes for Resequencing

At the time this study was undertaken, approximately 150
mouse genes had been identified through forward and reverse
genetics as being important for spermatogenesis (Supplemental
Table S1 gives an updated list). The method we planned to use,
resequencing on custom-made Affymetrix resequencing chips,
limited our query to 30 kilobase of DNA sequence. Therefore,
we needed to reduce the number of genes that we could
examine using the following three different criteria: 1)
similarity of phenotype between mouse and human, 2) size
of gene, and 3) potential for mutagenesis.

A careful examination of the phenotype revealed that null
mutations in several of the candidate mouse genes also result in
either embryonic lethality, additional female infertility, or some
other pathology. These genes were eliminated from the list as
being unsuitable candidates because the patients coming to the
clinic were infertile but otherwise completely normal. Genes
involved in female infertility were deemed poor candidates for
population-based genetic causes of male infertility because of
the reduced likelihood of transmission in the population. We
focused our search on mutations causing defects in meiosis and
postmeiotic aspects of spermiogenesis, given the symptomatic
profile of many patients attending the infertility clinic (Fig. 1
and Supplemental Table S2). Finally, we performed an initial
bioinformatic analysis of approximately 30 candidate genes
using the PolyBayes SNP discovery program [16]. However,
these data were based on analysis of ESTs in the database that
were derived from a variety of sources, including tissue culture
cells and tumors. The majority of SNPs identified with this
approach were indels. We resequenced one particular cluster of
SNPs found in PPP1CC, including an indel present in 14% of
ESTs, in the Coriell Polymorphism Discovery Resource
collection 44. None of the SNPs in this cluster were found in
the Coriell DNAs. We concluded that the PolyBayes SNP
discovery program was inappropriate for our needs, probably

because of the error rate in the EST database. Therefore, we
relied on phenotype and gene size as selection criteria. Table 1
lists the genes queried in this study.

SNP Discovery and Validation

Resequencing chips were designed and manufactured by
Affymetrix based on the sequence data, deposited in Ensembl,
release 34. Genomic DNA was extracted from blood samples
donated by infertile patients recruited by the Murray Koffler
Urologic Wellness Centre (Supplemental Table S2 summarizes
the clinical evaluations). Amplicons for the exons represented
on the chips were prepared and labeled according to the
manufacturer’s instructions. Each individual resequencing chip
was hybridized with labeled amplicons for all nine genes from
one patient. Primers used to generate the amplicons are listed in
Supplemental Table S4.

Initial examination of the resequencing data revealed a very
large number of novel SNPs, both synonymous and non-
synonymous. However, systematic validation using either
restriction fragment length polymorphism (RFLP) or capillary
sequencing indicated that the vast majority of SNPs on the
resequencing chips were false positives. There is no way of
knowing what the false-negative rate might be, although no
additional SNPs were discovered through limited resequencing
validation.

Nonsynonymous SNPs discovered on the resequencing
chips were validated by either RFLP or capillary sequencing of
affected patient samples. Those SNPs that were found to be
bona fide by one of these tests were then analyzed by RFLP or
capillary sequencing in genomic DNA from racially/ethnically
matched fertile volunteers. Of 87 nonsynonymous SNPs
identified on the resequencing chips, 14 were validated in
genomic DNA by RFLP or capillary sequencing. Moreover,
many nonsynonymous SNPs were found multiple times (i.e., in
several patient samples) on the chips but when validated were
found to be present only in one individual. None of the
homozygous SNPs could be validated. On the other hand,
capillary sequencing did not reveal any SNPs not found on the
chips, indicating that the false-positive rate was high, but the
false-negative rate was not measurable. Despite the high false-
positive rate of SNP detection on resequencing chips, we were
able to identify several previously unknown nonsynonymous
SNPs in genomic DNA from infertile men (Table 2). Sequence

TABLE 1. Genes resequenced in infertile cohort.

Gene [reference] Function Phenotype of mouse mutation

BCL2L2 (previously known as BCL-W) [22] Apoptosis regulator (death protector) Degeneration of all cell types in testis accompanied
by increased cell death; hypogonadism

FUS (previously known as TLS) [23] RNA binding protein Loss of meiotic cells associated with elevated apoptosis;
azoospermia

HMGB2 [24] Chromatin protein Oligoasthenoteratozoospermia accompanied by
progressive depletion of germ cells from seminiferous
tubules and increased apoptosis

LIMK2 [25] LIM domain containing serine/
threonine kinase

Progressive loss of germ cells accompanied by increased
apoptosis; oligozoospermia

LIPE (previously known as HSL) [26] Cholesterol esterase Abnormal spermiogenesis accompanied by loss of normal
cell associations and sloughing of germ cells; azoospermia

PPP1CC [27] Serine/threonine phosphatase Abnormal spermiogenesis accompanied by loss of normal
cell associations, sloughing, and increased apoptosis;
azoospermia

SBF1 (previously known as MTMR5) [28] Pseudo-phosphatase Progressive germ cell loss starting during puberty;
extensive Sertoli cell vacuolation; azoospermia

STYX [29] Dual specificity phosphatase Abnormal spermiogenesis; oligoasthenoteratozoospermia
TBPL1 (previously known as TRF2) [30] Tata box binding protein Spermiogenesis disruption; progressive loss of germ cells

associated with elevated apoptosis; azoospermia
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traces for the SNPs found in SBF1 are shown in Figure 2. Both
forward and reverse sequence analyses gave identical results.

SNP Frequency in Case-Matched Controls

Toronto is a highly multicultural city, with an immigrant
population representing more than 180 different countries
around the world. The patient sample reflects this racial/ethnic
diversity. Therefore, we adopted a case-controlled approach to
assess the SNPs in a fertile group. Only the 14 nonsynonymous
SNPs that were validated in patient samples were assayed in
the control group. One SNP (LIPE D519N) was found in
control DNA. None of the other nsSNPs were found in the
control DNA by either RFLP or capillary sequencing.

If the nsSNPs discovered in our study are de novo
mutations, then it is possible that de novo SNPs may also be
present in the fertile population and that by focusing on
particular RFLPs we may have missed other substitutions in the
fertile group. Therefore, we resequenced several exons of SBF1
in the fertile samples by capillary sequencing. SBF1 was
chosen because of the large number of nsSNPs discovered in
infertile samples in this gene, several of which were clustered
(three in exon 14 and three in exons 27 and 28 [two of the latter
in the same codon]; SBF1 is broken up into 40 exons), making
resequencing of the entire gene in 86 individuals by capillary
sequencing logistically challenging. Therefore, we focused on
exons 14, 27, 28, 34, and 35, which accounted for seven
validated nsSNPs in the infertile group. One nsSNP (R1264C)
was discovered in exon 27 in one of 18 fertile control samples;
all other control sequences were wild type in the coding
sequence. Chi-square analysis indicates that the number of
infertile men with nsSNPs in exons 14, 27, 28, and 34 is
significantly different vs. case-matched controls (P ¼ 0.02).

Two additional SBF1 SNPs (A300T and R1561G) were
found in patients whose karyotypes were subsequently found to
be abnormal (Supplemental Table S2, patients 45 and 55). These
were excluded from statistical analysis. However, both SNPs
were assessed to be damaging by two of three or three of three
bioinformatic tests, respectively. Abnormal karyotypes have
been associated with infertility [31]. Sequence traces for these
two SNPs are shown in Figure 2, and modeling of one (R1561G)
was included in the bioinformatic analysis (described herein).

A previously unidentified synonymous SNP was found in
SBF1 (codon 1197, Y). This SNP (C/T) was present in both

patient and control groups at similar frequencies (0.12 vs. 0.14,
P¼ 0.33), indicating that the population structure of the patient
and control groups is compatible. A second, less frequent
(frequency, 0.03), synonymous SNP was also discovered in the
control group but not the patient group at codon 1190 (L). Also
present in both infertile and control groups was a previously
identified polymorphism in intron 13 (rs2076714); statistical
analysis of this SNP was hampered by the large number of
ambiguous readings from the chips at this position, although
the frequency of g/g homozygotes in both groups was
indistinguishable by chi-square analysis (P ¼ 0.23).

Chi-square analysis of the nsSNPs discovered in LIMK2
yielded nonsignificant results (P¼ 0.09), probably because the
sample sizes of the infertile and control groups were too small
to measure the significance of three SNPs. Capillary sequenc-
ing was performed on 82 controls for exons 7 and 9, where the
three SNPs were discovered. No other SNPs were found in the
controls.

Bioinformatic Predictions

All of the nonsynonymous SNPs discovered in our study
were subjected to three bioinformatic analyses to assess the
potential effect of the amino acid change. The first test,
BLOSUM62, is a simple amino acid substitution matrix that
assesses similarity based on chemical properties (acidity,

TABLE 2. Nonsynonymous SNPs discovered in infertile cohort.

Gene nsSNP BLOSUM62 PolyPhen SIFT

LIMK2 T227M Damaging Benign Damaging
R243C Damaging Damaging Damaging
T375P Benign Damaging Damaging

LIPE R354C Damaging Damaging Damaging
D519N Benign Benign Damaging

SBF1a A300Tb Damaging Benign Damaging
G503S Benign Benign Damaging
W525L Damaging Damaging Damaging
M534L Benign Damaging Benign
A1236T Damaging Benign Benign
A1268T Damaging Benign Damaging
A1268V Benign Benign Benign
R1561Gc Damaging Damaging Damaging
N1625K Benign Benign Benign
T1828A Damaging Benign Benign

TBPL1 N163D Benign Benign Benign

a Amino acid numbering for differentially spliced isoform illustrated in
Figure 3.
b SNP found in patient 45, who also had abnormal karyotype.
c SNP found in patient 55, who also has abnormal karyotype.

TABLE 3. Known nonsynonymous SNPs in genes queried in infertile
cohort.

Gene nsSNP BLOSUM62 PolyPhen SIFT

BCL2L2 Q133R Benign Benign Benign
V178M Damaging Benign Benign

FUS Y33H Benign Unknown Damaging
S57F Damaging Unknown Damaging
G399C Damaging Damaging Benign
R495Q Benign Benign Benign
R503K Benign Benign Damaging

HMGB2 R48I Damaging Damaging Damaging
LIMK2 G35S Benign Benign Benign

D45N Benign Benign Damaging
R213C Damaging Damaging Damaging
P296R Damaging Damaging Damaging
R418C Damaging Damaging Damaging

LIPE Y100H Benign Benign Benign
Q127H Benign Benign Benign
P146S Damaging Damaging Benign
S177T Benign Benign Benign
A194V Damaging Benign Benign
R217Q Benign Benign Benign
R217L Damaging Benign Benign
K497N Benign Benign Damaging
N499H Benign Benign Damaging
R611C Damaging Damaging Damaging
G742R Damaging Damaging Damaging
R938S Damaging Benign Benign

PPP1CC C105R Damaging Damaging Damaging
F152S Damaging Damaging Damaging
D197N Benign Benign Benign

SBF1 T5A Damaging Benign NDa

F75L Benign Damaging Damaging
E335K Benign Benign Damaging
K486E Benign Benign Damaging
R1059K Benign Benign Damaging
A1119V Benign Benign Benign
L1693V Benign Benign Benign

TBPL1 V44A Damaging Benign Damaging
T72K Benign Benign Damaging
F179L Benign Benign Damaging

a ND, not done; NH3 terminus of translated SBF1 sequence too variable.
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polarity, etc.). Values of 0 or greater indicate some degree of
compatibility, while negative values are deemed incompatible.
The second test, PolyPhen, assesses the potential for damage
based on known protein structure/function analyses and on
conservation across a wide range of taxa. The third test, SIFT,
also assesses the potential for damage based on phylogenetic
comparisons. In our study, we relied on mammalian ortho-
logues in the SIFT analysis, given the specialized nature of
mammalian spermatogenesis. In addition, some genes (e.g.,
LIMK2) did not have any close orthologues outside of the
mammalian phylogeny. Where two of three or three of three
tests indicated that a particular nonsynonymous substitution
was damaging, we assessed the SNP as deleterious. Figure 3
shows the location of several nonsynonymous SNPs in SBF1.
Note the clustering of SNPs in two regions of the polypeptide:
three SNPs in exon 14 and three in close proximity in exons 27
and 28, two of which alter the same codon. The predicted effect
of the amino acid substitutions on the tertiary structure of the
protein for several of the novel SNPs is shown in Figure 4.

Note that the R1561G substitution (found in a patient with
abnormal karyotype) is predicted to be damaging by the three
bioinformatic programs applied to the structure and causes a
shift in the orientation of the a-helical coils on the
antiphosphatase domain. A similar shift in a-helical coil
orientation is observed for the presumed benign nsSNP
A1236T, while the presumed benign T1828A substitution has
no apparent effect on protein structure. The nsSNP discovered
in exon 27 of SBF1 in one fertile control DNA (R1264C) is
predicted to be benign by two programs (PolyPhen and SIFT)
and damaging by one (BLOSUM62).

Using these criteria, the infertile group (excluding patients
45 and 55) contained two novel deleterious substitutions in
SBF1 (one in LIPE and three in LIMK2). None of the
deleterious substitutions were found in the control group. In
addition, we assessed annotated nsSNPs in the same fashion
and found several that fulfilled our ‘‘damaging’’ criteria (Table
3). While four previously annotated nsSNPs were found on the
chips, only three were validated (LIPE Y100H, P156S, and

FIG. 2. Sequence traces of 10 nonsynonymous SNPs found in SBF1. Genomic DNA from infertile patients with substitutions identified on the Affymetrix
chips was subjected to capillary sequencing. Heterozygous readings are indicated with arrows. In one case (T1828A), a known synonymous substitution is
also observed nearby (arrowhead).
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R611C) and found to be present at expected frequencies for the
general population. The latter two were predicted to be
damaging substitutions.

Prediction of the three-dimensional structure of human
SBF1 using the Phyre server produced significant structures of
two separate segments of the SBF1 molecule. The first segment
comprises residues 1138–1636 and had an E value of
9.248842e�37 (Fig. 4, A and B). This segment contains a
myotubularin-related domain (IPR010569), an antiphosphatase
domain, and a suvar 3–9, enhancer-of-zeste, trithorax (SET)-
binding domain. Residue A1268 is contained in this segment.
Residue A1236 was not modeled, as it resided in a gap in the
multiple sequence alignment on which the structure was based.
The second segment, which models residues 1792–1902
represents nearly the entirety of the Pleckstrin-type homology

domain (IPR011993) of SBF1 and had an E value of
4.841437e�17 (Fig. 4C). This segment contains T1828, which
was also found to be mutated in one infertile patient. Residue
R1561, mutated in patient 55, maps to the same segment as
A1268 and is shown in Figure 4C.

DISCUSSION

We resequenced nine genes in the DNA from 78 infertile
men and found 14 novel nonsynonymous SNPs in four genes.
The majority of mutations were found in one gene, SBF1. Only
one of our newly identified polymorphisms (LIPE D519N) was
found in DNA from control samples. In addition, a novel
nsSNP was found in one fertile control DNA in SBF1
(R1264C). All of the mutations were in heterozygous
configuration; if they are responsible for male factor infertility,

FIG. 3. Amino acid sequence of SBF1. The
sequence of SBF1 is shown, with amino
acids found to be mutated in infertile men
highlighted in large red font. Two different
substitutions for A1268 (large blue font)
were found. The differentially spliced exon
35 is underlined.
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it must be either as dominant negative alterations or a reflection
of monoallelic expression. Recent evidence indicates that as
many as 7% of human genes may be randomly silenced on one
allele resulting in monoallelic expression [32].

Eight of the new nonsynonymous SNPs were discovered in
one gene, SBF1. Despite its size (5682-base pair [bp] coding
sequence), there are equal numbers of annotated SNPs in the
coding sequence of this gene (22 annotated SNPs), including
nonsynonymous, synonymous, and nonsense/frameshift muta-
tions, relative to those found in the smaller LIPE gene (3232-bp
coding sequence [22 annotated SNPs]). Thus, while this gene
may be more highly mutable, it is not excessively so. The large
number of nonsynonymous SNPs in the patient cohort suggests
that this gene may have an important role in male infertility.
The 22 annotated SNPs in SBF1 lack population data, while
those in LIPE are present in the population at measurable
frequencies. In a similar vein, LIMK2 may also be a hot spot
for mutations in the infertile population, although the statistical
support for the LIMK2 SNPs is less compelling.

Bioinformatic analysis using three different tools revealed
that six of the SNPs in three genes, LIMK2, LIPE, and SBF1,
could be classified as damaging by at least two of three
methods. Two additional potentially damaging nsSNPs in
SBF1 were found in patients with abnormal karyotypes
(Supplemental Table S2). The predicted three-dimensional
structure of SBF1 allowed the mapping of the location of two
amino acid residues that were found to be mutated in the
infertile male population, A1268 and T1828; both residues (as
well as A1236, which was not modeled) are predicted to lie in
close proximity to functional domains in the SBF1 protein,
which could explain a loss in male fertility if the mutations
were deleterious. It is unknown whether testis-specific
functions depend on the residues with predicted benign
substitutions.

In choosing the genes for analysis, we relied on mouse
genetics. All of the genes identified in the mouse as being
important for spermatogenesis were either null or hypomorphic
alleles. Given the method for making targeted mutations, which
typically uses male embryonic stem cells, the study of
dominant negative alleles affecting spermatogenesis is a major
challenge. One mouse ‘‘mutation’’ resulting in male infertility
is the overexpressing Spz1 transgene [33]. In this case, early
germ cell hyperproliferation leads to subsequent apoptosis,
impaired spermiogenesis, and progressive germ cell loss. These
phenotypic features are common sequelae in many mouse

mutations affecting male fertility (Supplemental Table S1) and
suggest that a common response pathway for dealing with
abnormal cellular behavior may operate in the testis.

This kind of tissue response to molecular damage is
reminiscent of neurodegenerative diseases, where a wide range
of mutations in a variety of genes leads to neuronal cell death.
SBF1 belongs to the myotubularin family of proteins; one
member of the myotubularin family, MTMR2, is involved in
Charcot-Marie-Tooth type 4B1 disease, while another member,
MTM1, is associated with X-linked myotubular myopathy [34]
(http://www.molgen.ua.ac.be/CMTMutations/Home/IPN.cfm).
Many nonsynonymous disease-causing mutations in both
MTM1 and MTMR2 have been identified. Approximately
66% (32 of 48) correspond to residues conserved with SBF1,
suggesting that these proteins are sensitive to substitutions in
multiple domains.

The myotubularin family of proteins are dual-specificity
phosphatases and are able to dephosphorylate not just pTyr and
pSer but also (at least in the case of MTMR2) PI3 [34]. SBF1
lacks phosphatase activity because of inactivating amino acid
substitutions in the catalytic domain. It has been characterized
as an ‘‘antiphosphatase’’ and presumably works by sequester-
ing targets away from active phosphatases, thus having an
important role in cell homeostasis. Loss of homeostasis in the
testis, with accompanying cell death, would lead to reduced
fertility.

The mouse mutations on which this study was based were
recessive loss-of-function alleles. However, the SNPs identi-
fied in the infertile cohort were all heterozygous nonsynon-
ymous substitutions and, if causative of infertility, would be
acting either as dominant negative mutations or in a
semidominant fashion as a result of monoallelic silencing of
the wild-type allele [32]. Testing the potentially damaging
nature of these substitutions would require either x-ray
crystallographic analysis of protein structure or targeted
mutations in mice, although the latter would be challenging
because of the necessity of using female embryonic stem cells,
which tend to suffer X-chromosome nondisjunction. One
should also bear in mind the difference in not just size but also
life span between humans and mice. The cellular milieu is very
similar, and the length of time required for development of a
mature sperm is approximately the same. However, the human
testis churns out sperm for roughly 60 yr, while mouse testes
rarely last beyond 2 yr because of the limited life span of the
animal. Thus, a genetic lesion that has little effect in the mouse

FIG. 4. Predicted structural changes generated by nonsynonymous substitutions in SBF1. Predicted locations of mutated SBF1 residues present in infertile
males. The three-dimensional structure of SBF1 was predicted using the Phyre server. A and B) A segment of the SBF1 molecules representing residues
1138–1636 (E value¼ 9.248842e�37). This segment contains a myotubularin-related domain (yellow), an antiphosphatase domain (blue), a SET-binding
domain (green), and residues A1268 and R1587 (red). C) A segment representing residues 1792–1902 (E value¼ 4.841437e�17). This segment represents
the Pleckstrin-type homology domain (cyan) at the extreme C-terminus of SBF1 and contains residue T1857 (red).
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may, over time, begin to affect spermatogenesis in the human,
leading to loss of tissue integrity and reduced fertility. In a
similar vein, there are some mutations in the human that are
without phenotype in mice. The most dramatic example of this
is the Duchenne muscular dystrophy gene. Loss of function
mutations in this gene, which result in the debilitating
Duchenne muscular dystrophy in human males starting in later
childhood, have no effect in mice [35], probably because they
do not live long enough.

The need to identify causative factors in male infertility is
highlighted by the widespread use of assisted reproductive
technologies, in particular intracytoplasmic sperm injection, for
its treatment. All of the health burden in assisted reproductive
technology (ART) is borne by women and children, with not
just increased risk of birth defects but also obstetrical
complications such as hypertension and preeclampsia [36–
39]. As ART becomes standard practice around the world, the
probability that the next generation of infertile men is
augmented by male offspring inheriting mutant alleles from
their infertile fathers merely compounds the problems associ-
ated with this complicated technology. Until now, many
mutation discovery projects such as the present work have been
aimed at a small subset of genes. However, emerging
technology such as Solexa resequencing (www.illumina.com)
may make whole-genome SNP discovery a viable (i.e.,
affordable) possibility. Identification of the mutation hot spots
that lead to male infertility will make the analysis of risk factors
through in-depth, controlled, animal studies more feasible.
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