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A familial study of azoospermic men identifies three novel
causative mutations in three new human azoospermia genes
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Purpose: Up to 1% of all men experience azoospermia, a condition of
complete absence of sperm in the semen. The mechanisms and genes
involved in spermatogenesis are mainly studied in model organisms,
and their relevance to humans is unclear because human genetic
studies are very scarce. Our objective was to uncover novel human
mutations and genes causing azoospermia due to testicular meiotic
maturation arrest.

Methods: Affected and unaffected siblings from three families were
subjected to whole-exome or whole-genome sequencing, followed by
comprehensive bioinformatics analyses to identify mutations suspected
to cause azoospermia. These likely mutations were further screened in
azoospermic and normozoospermic men and in men proven to be fer-
tile, as well as in a reference database of local populations.

INTRODUCTION

Approximately 15% of couples trying to conceive will not suc-
ceed after a year of attempts.! Male factors account for approxi-
mately half of the cases.” More than 50% of these cases remain
idiopathic and 10-20% are azoospermic (complete absence
of sperm in semen).® Although this high frequency of human
infertility has a notable heritable component,** its genetic etiol-
ogy remains unclear. Male infertility is usually due to a reduced
amount of sperm cells (oligozoospermia) or their absence (azo-
ospermia) in semen.

The most severe presentation of male infertility is nonob-
structive azoospermia (NOA). Examination of testicular biopsy
samples from NOA men reveals substantial histological varia-
tion commonly categorized into three groups: Sertoli cell-only
(SCO), complete maturation arrest (MA), and mixed atrophy.
The variation in the histopathology of the testis might be the
consequence of the complexity of the spermatogenetic process
and its variable genetic and epigenetic regulation.

Meiosis is a key gametogenesis process in which diploid
germ cells undergo two reducing divisions to form haploid
gametes (oocytes or sperm). In females, this process is initi-
ated in the fetus, whereas meiosis in males is initiated at the
onset of puberty and continues during their entire lifetime.®

Results: We identified three novel likely causative mutations of azo-
ospermia in three genes: MEIOB, TEX14, and DNAH6. These genes
are associated with different meiotic processes: meiotic crossovers,
daughter cell abscission, and possibly rapid prophase movements.

Conclusion: The genes and pathways we identified are fundamental
for delineating common causes of azoospermia originating in muta-
tions affecting diverse meiotic processes and have great potential for
accelerating approaches to diagnose, treat, and prevent infertility.
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In spermatogenesis, meiosis starts with several mitotic sper-
matogonial divisions with incomplete separation to form a
syncytium of cells, producing primary spermatocytes that com-
municate with each other via cytoplasmic intercellular bridges.®
Primary spermatocytes then undergo the first meiotic division.

To ensure proper segregation of homologous chromosomes
during the first meiotic division, these chromosomes physically
pair and form chiasmata.” A telomere-led rapid prophase chro-
mosome movement is suggested to move them relative to one
another in order to assist in establishing homologous interac-
tions during pairing.® The latter formation of chiasmata begins
with the generation of programmed DNA double-strand breaks
during the leptotene stage that are progressively repaired by
homologous recombination during the zygotene and pachytene
stages to complete the prophase stage.>'

Each first meiotic division of spermatocytes yields a pair of
secondary spermatocytes that then complete the second mei-
otic division. These haploid cells are called spermatids and
they remain connected to each other through the cytoplas-
mic bridges, which allow them to function as diploid cells."
Spermatids then mature into sperm cells that are released from
the syncytium to the lumen of the seminiferous tubules. Errors
in any of these meiotic processes may lead to spermatogenesis
failure and to NOA. Even though the mechanisms and genes
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involved in these processes are well described in model organ-
isms, their relevance to humans is poorly understood.

High frequency of aneuploidy, Y-chromosome microde-
letions in the azoospermia regions,”? and reports of famil-
ial clustering of male infertility"*'* support the notion that
genetic factors are major contributors to NOA. Copy-number
variations, probably associated with idiopathic male infertility,
have also recently been reported. (e.g., ref. '°). Variants in sev-
eral other genes (e.g., MTHFR, FSHR, USP8, and TGFf}) have
been found to be associated with increased risk for impaired
spermatogenesis in reports that searched for variations on can-
didate genes in cohorts of infertile men or by genome-wide
association studies (GWAS) (e.g., refs. 7-'°). Putative mutations
in TAF4B, ZMYNDI5, NPAS2, and TEXI5 that most likely
cause recessive familial impairments of spermatogenesis were
recently detected by linkage analysis followed by next-genera-
tion exon sequencing.”-*

We and others have suggested that the relatively high inci-
dence of NOA might stem from its being a group of complex
pathologies of different genes, with at least a part of them
being male-specific.*'”* However, there are currently only lim-
ited treatments and poor diagnostic tools for evaluating NOA
patients. As a result, many of them undergo inevitably unneces-
sary testicular sperm extraction (TESE) surgeries.

To date, next-generation sequencing (NGS) technologies
allow the derivation of the entire mutation landscape from
desirable genomic segments. These advancements enhance the
studies of Mendelian diseases.” As a result, rapid identification
of suspected causal mutations at single-nucleotide resolution
became feasible, even in complex genetic backgrounds, thus
avoiding the performance of linkage disequilibrium analysis of
large family pedigrees.”

Here, we report a genetic study using NGS for three unre-
lated consanguineous families with familial NOA and testicular
spermatocyte maturation arrest. We detected three novel vari-
ants in three genes not previously reported to be involved in
men with NOA.

MATERIALS AND METHODS

Patients and study population

The initial cohort included 1,000 infertile men referred to
the institute for the study of fertility at the Tel Aviv Sourasky
Medical Center during 1997-2010. The control group included
287 men with proven fertility, of whom 92 were sperm bank
donors and 225 had at least two children. All infertile men
underwent Y-chromosome microdeletion assessment and
karyotype analyses. CFTR mutations, which pose a severe risk
for obstructive azoospermia, were assessed according to clini-
cal indications. All 92 sperm donors were normozoospermic
(sperm concentration >40x 10° per ml; sperm motility >50%
during the first hour; normal morphology >4%*) and had
normal karyotypes, no Y-chromosome microdeletion, and no
familial history of infertility. All the men included in the study
were queried about their parental origin, family ancestry, and
fertility history. The ethnicity of the men was categorized as
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Arab or Jewish according to their parental origin. The former
were Moslem, Christian, and Druze men, and the Jews were
subdivided according to the country of ancestral origin. All the
study participants consented to undergo genetic evaluation.
The local institutional review board committee approved the
study in accordance with the Helsinki Declaration of 1975.
Siblings from three families who reported familial infertil-
ity and had a similar histological testicular impairment were
selected to undergo further genetic assessment by NGS.

Clinical features and biopsy evaluation

All analyzed siblings had azoospermia, except for one who had
two sperm cells observed in one of the three sperm analyses
that had been performed (Supplementary Table S1 online).
The siblings had normal testicular volume and normal fol-
licle-stimulating hormone (FSH) levels, except for one with
slightly elevated FSH levels. None of them had Y-chromosome
microdeletions.

After testicular sperm extraction (TESE) performed as previ-
ously reported,?” a small part of one biopsy sample was utilized
for routine Bouin’s fixation for histopathological assessment
and an additional part was minced and used to perform a mei-
osis evaluation by fluorescence in situ hybridization (FISH) as
previously described.”®* Briefly, testicular tissue was shredded
and the released cells were washed and then resuspended and
washed three times in 3:1 cold, fresh methanol acetic acid solu-
tion. The treated testicular cell suspension was stored at —20
°C until use. Prior to undergoing FISH, the treated cells were
placed onto precleaned glass slides and air-dried. The slides
were treated according to the manufacturer’s FISH instructions.
Triple-color FISH with CEP centromeric DNA probes (Vysis,
Downers Grove, IL) for chromosomes X, Y, and 18 (results for
bivalent 18 are not included in the present report) and dou-
ble-color FISH with TelVysion telomeric probes (Vysis) Xq/Yq
(both orange) and Xp/Yp (both green) were used. Two inde-
pendent observers viewed each slide with an Olympus AX70
fluorescence microscope (Olympus, Tokyo, Japan).

The nuclei of primary spermatocytes were identified by the
typical granular or threadlike chromatin appearance of the
DAPI counterstain. No selection was made for normal sper-
matocytes to additionally include moderately degenerated
forms that characterize patients in the maturation arrest and
mixed atrophy groups.

NGS data analysis

NGS input from whole-exome reads was aligned, a variants
calling and genotyping file (VCF) was produced,® and the vari-
ants were annotated” and assessed for their relevance to the
phenotype (see results for further description).

Conservation and selection analysis

Protein and nucleotide alignments of the candidate genes were
retrieved from the UCSC genome browser, and sequences
with large gaps were removed from the alignments. Selection
analysis was performed using the Selecton server.’® Protein
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conservation and sequence domains were analyzed using the
ConSurf,*> CDD,* and InterPro* servers.

Expression analysis

The RNAseq RPKM (reads per kilobase of transcript per
million mapped reads) values were retrieved from the GTEx
portal.*® A differential expression value was given to each
gene as previously described.” Briefly, a synthetic expres-
sion vector of exclusive expression in a tissue was created
for all tested tissues. The Pearson product-moment correla-
tion coefficient (r) was calculated for each synthetic vector
against all the gene expression vectors. The results are a list
of r-values indicating the expression specificity of each gene
for each tissue.

Mutations analysis

DNA from all subjects was extracted from peripheral blood
lymphocytes using the MasterPure Genomic DNA Purification
Kit for blood (Epicenter, WI). Mutations suspected to
cause azoospermia were confirmed by Sanger sequencing
(Supplementary Table S2 online) and by examining the seg-
regation within the respective families. Following this confir-
matory step, the mutation frequency was assessed in ethnic
populations selected from the cohort of 1,000 infertile men.

GERSHONI et al | Familial study of azoospermia

Screening to detect each mutation in the population was per-
formed in fertile and infertile men of the same ethnic origin
to prevent erroneous findings by population stratification and
in 22 additional infertile men who presented with complete
spermatocyte maturation arrest. Mutations were detected
by restriction analysis (RFLP) that was performed on PCR
products and analyzed on agarose gel (2-4%, Supplementary
Table S2 online). When the DNAH6 mutation was detected, an
additional run on 10% acrylamide gel was performed to deter-
mine if the sample came from a heterozygote or a homozygote.
Restriction sites for distinguishing between normal and mutant
alleles were identified with the help of the following web serv-
ers: http://cedar.genetics.soton.ac.uk/public_html/primer.html,
http://www.genscript.com/cgi-bin/tools/enzyme_cuttingtool,
and http://www.justbio.com/cutter/index.php.

RESULTS

Patient and control collection and characterization

We collected DNA samples from 1,000 Jewish and Arab
men with azoospermia or severe oligozoospermia (<5 mil-
lion sperm per ml) and from 227 matching fertile controls
who fathered at least 2 children and 92 normozoospermic
fertile men. Karyotype and carriers of CFTR mutations were
reported in almost one-third of the infertile cohort. Familial
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Figure 1 Family A genetic and clinical findings. (a) Family A pedigree with black fill denoting azoospermic siblings. Brothers A.1 and A.2 underwent
whole-exome sequencing. (b) Histologic section of patient A.1 showing spermatogenesis up to the spermatocyte cells (spc) stage at magnification x400.
(€) Sanger sequencing validation of the identified mutation in subject A.1. (d) RFLP analysis of all affected siblings.
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Figure 2 Expression and conservation of the MEIOB gene. (a) MEIOB expression levels in men and women. RPKM values from 544 adult donors across
53 tissues retrieved from the GTEx project version 6. MEIOB is exclusively expressed in the testis. (b) MEIOB domain organization scheme and computational
function analysis. RPA1 DBD is an OB fold ssDNA-binding domain of RPAT proteins. The asterisk denotes the position of the mutated Asn 64. Results of
ConSurf? analysis of the Asn 64 region. Color intensity denotes conservation, “e” and “b"” denote predicted exposed and buried residues, and ‘f" and “s”

denote predicted functional and structural important residues.

infertility was reported in 10% of our patients, and paren-
tal consanguinity was present in 7.25% of them. We chose
three families for which we had DNA samples for at least
two phenotypically well-characterized siblings with a similar
testicular impairment of complete spermatocyte maturation
arrest (Supplementary Table S1 online). The rate of sper-
matocytes with XY chromosome bivalents was extremely
low (in terms of both centromeres and telomeres being in
proximity) in families A and C (Supplementary Table S3
online). Metaphase spermatocytes, identified by DAPI stain-
ing, were almost undetectable (2% of the spermatocytes in
a sample of family member A.1 and none in the other three
samples). XY chromosome bivalents were not assessed in
family B, but its testicular histology revealed spermatogonia
cells in all the tubules, with only a few spermatocytes in some
of them. Groups of pyknotic nuclei, reminiscent of apoptosis
or necrosis, were observed, particularly in some tubules in
the family A specimens (Supplementary Figure S1 online).
Sporadic cells were observed in family C samples, but none
were observed in those from family B (Supplementary
Table S1 online and Supplementary Figure S1 online). In
addition, the collected cohorts served for screening the can-
didate mutations identified herein.

Overall, nine DNA samples were subjected to NGS. The
seven subjects from families A and C underwent whole-exome
sequencing, and the two siblings from family B underwent
whole-genome sequencing.
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Identification of mutations suspected to cause
azoospermia
We set an analysis pipeline to identify new genes involved in
familial infertility (Supplementary Figure S2 online). Whole-
exome reads were aligned and a variants calling and genotyping
file (VCF) was produced as described.*® Mutations corresponding
to the inheritance model of each family and that do not appear
in unaffected individuals were retrieved by a custom Perl script.
All detected variants were comprehensively annotated, and the
variation categories, transcript consequences, functional conse-
quences, population frequencies, evolutionary conservation, and
pathology information were added to each variant as previously
reported.” Likely causative mutations were identified by filtering
the data according to (i) the recessive model of inheritance, (ii)
the expected population frequency of the mutation (MAF <3%),
and (iii) the functional impact of the mutation (conservation,
loss of function, functional prediction). Finally, the relevance
for the phenotype was assessed using comprehensive expression
data,” Gene Ontology terms,” and model organism data.””
Mutations that passed these filtering steps were evaluated for
their frequency in our in-house genome reference database that
includes genotype-phenotype data for approximately 500 indi-
viduals from major Israeli ethnic groups (unpublished). The
top suspected mutations then underwent validation by Sanger
sequencing, familial segregation (when possible), and screen-
ing of patients with the same testicular impairment and fertile
controls of the same ethnicity.
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Figure 3 Family B genetic and clinical findings. (a) Family B pedigree with black fill denoting azoospermic siblings. Subjects B.1 and B.2 underwent whole-
genome sequencing. (b) Histologic section of subject B.1 with spermatogonia (spg) in all the tubules and few spermatocyte cells (spc) at magnification x400.
(c) TEX14 domain architecture. “ANK rep” denotes an ankyrin repeat and “PKc like” denotes a protein kinase C-like domain. The asterisk marks the position
of the identified deletion, and the resulting downstream truncated region is boxed and labeled. (d) Sanger sequencing validation of the identified mutation in
subject B.1. (e) RFLP analysis of affected siblings. (f) TEX74 expression levels (shown as in Figure 2b). TEX74 is almost exclusively expressed in testis (light blue
box) and, to some extent, in transformed fibroblasts of men and women (blue and red boxes, respectively), as labeled.

The whole-exome data from two affected brothers in family
A included five mutations in five genes that passed all our fil-
tration steps (Figure 2 and Supplementary Table S4 online).
Segregation analysis of two additional affected brothers ruled
out three of these mutations. The two remaining mutations are
likely part of the same haplotype. The first mutation, which was
in the gene pentraxin 4 (PTX4), was predicted to be damag-
ing and had an approximately 0.5% population frequency in
its corresponding ethnic group. Although pentraxin genes are
associated with the immune response, PTX4 is found to have a
relatively high expression in the testis as well as in the small intes-
tine and brain.”® However, there is no evidence for the involve-
ment of PTX4 in spermatogenesis. At 400kb downstream to
PTX4, we identified a novel, predicted deleterious asparagine-
to-isoleucine nonsynonymous mutation in the MEIOB gene
(NM_001163560:c.A191T:p.N64I). MEIOB seems exclusively
expressed in adult human and mice testis (Figure 2a). In addi-
tion, we found asparagine 64 to be extremely conserved in
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metazoans (Figure 2b and Supplementary Figure S3 online).
MeioB knockout mice** are azoospermic due to meiotic
arrest, similar to our patients (Figure 1b). These works sug-
gested that MEIOB is required for double-strand break repair,
crossover formation, and promotion of true and complete
synapsis during meiosis. The identified mutation is located in
one of three conserved DNA binding domains in MEIOB,***
and computational analysis suggests that this amino acid has
structural importance (Figure 2b). The MEIOB mutation was
further validated by Sanger sequencing (Figure 1c). RFLP and
a computational screen of fertile and infertile males identified
two additional patients as being homozygous to the muta-
tion; they appeared to be the third and fourth affected siblings
(matched by family and maiden name, Figure 1d). No other
carriers among our cohorts or in our reference database were
identified (Supplementary Table S5 online).

Whole-genome sequencing of two affected brothers from
family B (Figure 3) identified two mutations that passed all
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Figure 4 Family C genetic and clinical findings. (a) Family C pedigree with black fill denoting azoospermic members and grey fill denoting an
oligozoospermic member. Subjects C.1 and C.2 were subjected to whole-exome sequencing. (b) Histologic section of patient C.1 showing spermatogenesis
up to spermatocyte cells (spc) at magnification x400. (c) Sanger sequencing validation of the identified mutation in subject C.1. (d) RFLP analysis of affected
brothers C.1 and C.2 and other family members (C.3-C.8). Only the affected brothers were found to be homozygous for the suspected mutation, whereas

all other members were carriers.

filtration steps. One mutation (NM_145292:exon5:c.G617C:p.
G206A) was found in gene GALNTLS5, which is expressed
highly specifically in the testis. However, this mutation was
found in a relatively high population frequency of 1.5% in the
ethnic group of the affected family. In addition, another muta-
tion in this gene was previously reported to cause impairment
of sperm motility, but not to affect spermatogenesis. Thus, the
relatively high population frequency of the mutation and the
gene involvement in sperm motility, but not in early spermato-
genesis, made this mutation less likely to be causative for NOA
in this family. The second mutation we found was caused by a
novel 10-bp deletion (NM_001201457:exon16: 2668-2678del)
that led to a frameshift in gene TEX14, resulting in an early
stop codon and a truncation of more than 500 codons before
the wt termination codon. TEX14 was reported to be required
for the formation of intercellular bridges in vertebrate germ
cells, which are essential for meiosis during spermatogenesis.*'

GENETICS in MEDICINE | Volume 19 | Number 9 | September 2017

Severe spermatocyte depletion was observed in TEXI14 KO
mice and TEXI4 exonic insertion in pigs.**** The porcine
insertion occurs in exon 27, downstream to the deletion we
identified here. It caused differential splicing of the exon and
created a premature translation stop codon and an absence of
protein product. TEX14 appears to be exclusively expressed in
the testis of men and mice (Figure 3e) and is conserved among
mammals. Further RFLP and computational screening of our
cohorts and database did not find any other individuals who
carried this mutation (Supplementary Table S5 online). Sanger
sequencing validated this mutation (Figure 3c).

Family C was reported as a high parental consanguinity
marriage (Figure 4). We performed whole-exome sequencing
for two infertile siblings, two healthy siblings, and one cousin
with reported reduced sperm count who succeeded in father-
ing one child. Only one, rare, nonsynonymous substitution
(MAF ~0.1%) in the gene DNAHG6 passed all filtering steps
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positively selected residues. The grey inset details the positive selection in the region of the mutated H3471 residue colored according to the selection pressure.

(NM_001370:c.C10413A:p.H3471Q). This gene is overex-
pressed in human (Figure 5a) and mouse (http://biogps.org)
testis. Extended segregation analysis of family C (Figure 4d)
confirmed that only the affected azoospermic siblings were
homozygous to the DNAH6 mutation. RFLP and computational
screening of our cohorts and our reference database did not
find any other homozygotes to this mutation (Supplementary
Table S5 online). Homozygosity mapping” found only one
homozygous stretch shared in the affected brothers and absent
in the unaffected family members (Figure 5b). This stretch cov-
ers our DNAH6 candidate mutation.

DNAHS6 is an axonemal dynein heavy chain suggested by
homology as an inner dynein arm component.* Dyneins are
microtubule-associated motor protein complexes that gen-
erate force and movement on microtubules in various pro-
cesses, including ciliary beating and cell division.*” DNAH6
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knockdown disrupted motile cilia function in the human and
mouse airway,’ but dynein genes have also been shown to be
important for proper meiosis.”” In addition, no members of
family C are known to have recurrent respiratory tract infec-
tions. DNAHG6 protein and the candidate mutation amino acid
position present an overall low conservation. Low conserva-
tion might stem from reduced functional importance or from
nonadaptive processes, such as genetic drift, but it might also
be driven due to adaptive evolution. To differentiate between
these possibilities, we performed amino acid Ka/Ks tests, which
compare the rates of synonymous (Ks) and nonsynonymous
(Ka) substitutions and enable the inference of the selection
direction (i.e., purifying, neutral or positive) and intensity.”'
Positive selection (significance for Ka/Ks values >1) was found
in 117 out of 4,158 (2.8%) amino acid positions, including the
suspected mutation position (Figure 5c). More importantly,
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most of these 117 positively selected positions, including our
suspected mutation position, were located in two dense clus-
ters (Figure 5c¢). One cluster was located at the N terminus, and
the other, which included the suspected mutation position, was
located near the C terminus. This suggests that the relatively
low conservation of the mutated amino acid is likely due to
adaptation, and thus could be functionally important.

Conclusions

NOA can be caused by aneuploidy, Y-chromosome microde-
letions,'* copy number variations,' and mutations in specific
genes.””** This supports genetic and heritable bases for NOA,
but the origin for most cases remains elusive. Here, we stud-
ied NOA due to complete testicular meiotic maturation arrest
in three families. We analyzed whole-exome or whole-genome
sequencing and found novel likely NOA-causative mutations in
the MEIOB, TEX14, and DNAH6 genes. None of these genes
have ever been reported to cause NOA in humans. Each gene
is associated with a different spermatogenesis pathway, demon-
strating the complexity of azoospermia.

In family A (Figures 1 and 2), we identified a novel, predicted
deleterious (e.g., a change likely to alter the function of the
protein, see Methods section), highly conserved asparagine-
to-isoleucine mutation in the MEIOB gene. Meiob-deficient
mice do not form crossovers in germ cells, and male and female
Meiob knockout mice are infertile due to meiotic arrest.** This
is the phenotype observed in the affected brothers of family
A. In adult humans, MEIOB seems to be exclusively expressed
in the testis (Figure 2a). However, MEIOB was reported to be
expressed in the fetal ovary, suggesting that it has a possible role
in female meiosis.”” All four sisters of the affected brothers in
family A are reported to have children. Because no DNA samples
can be obtained from these sisters and other family members,
we cannot assess the effect of the MEIOB mutation on women's
fertility. Alignment of the X and Y chromosomes that occurs in
the late zygotene or early pachytene stage*® probably precedes
the y-H2AX sex body staining stage.” The low percentage of
spermatocytes with X-Y chromosomes in proximity observed
in brothers Al and A2 is in agreement with the absence of sex
body in pachytene-like spermatocytes in Meiob”~ mutant mice
and with the suggestion that mice Meiob is required for chro-
mosomal synapsis. We suggest that the NOA defect in family A
is possibly due to problems in formation of meiotic crossovers
or in paring of bivalents due to malfunction of the MEIOB pro-
tein in spermatocytes.

We found a novel deletion that leads to a frameshift and early
stop codon in the TEX14 gene in family B (Figure 3). An inser-
tion in TexI4 exon 27, which resulted in a premature stop codon,
was identified in several Finnish Yorkshire boars that had sper-
matogenic arrest in early meiotic cells.* Spermatogenesis pro-
gressed to the early meiotic stage in TEX14 knockout mice, but
it halted before the completion of the first meiotic division. In
addition, TEX14 was required for formation and maintenance
of the intercellular bridge and for cell abscission during meio-
sis in mice germ cells.** Thus, in families A and B, we found
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comprehensive genetic and functional evidence pointing to our
identified mutations as the causative ones for spermatogenic
failure due to meiotic arrest present in our patients.

In family C, we detected a rare nonsynonymous mutation in
the poorly characterized heavy axonemal dynein chain gene
DNAH6. Homozygosity mapping followed by extended segre-
gation analysis in eight family members confirmed this find-
ing and identified a genomic segment covering DNAH6 as
the only region to fit the recessive model of inheritance in this
family. DNAHS6 is only known to be a member of the dynein
proteins family;* there is no information regarding its func-
tion in general or specifically in spermatogenesis. A possible
hint comes from a recent study that found co-occurrence of a
large deletion in the human DNAH6 locus and primary ovar-
ian insufficiency.”® The high rate of amino acid substitutions
during mammalian evolution of the DNAH6 mutated amino
acid region might be mainly due to adaptive selection, a fea-
ture highly associated with some genes involved in reproduc-
tion.”>* Notably, dynein genes have been suggested as the main
components of the force generating rapid prophase movements
of the chromosomes (RPMs) during meiosis in various phy-
logenetic classes.*> RPMs have been proposed to move chro-
mosomes relative to one another, helping proper homologous
pairing, resolving chromosome entanglements, and regulating
chiasma placements.® However, as far as we know, the exact
dynein genes involved in mammalian RPMs have not been
identified. In this context, the function of DNAHG6 should be
further investigated.

In conclusion, we found different likely NOA-causative muta-
tions in different genes that associate with different pathways of
the first meiosis in each of the studied families. This highlights
the effectiveness and value of advanced genetic and genomic
analyses of familial male infertility cases and their usefulness
in improving diagnoses of and treatment procedures for this
condition and in important basic science discoveries.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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