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Is there a role for DAZL in human
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abstract: The RNA binding protein deleted in azoospermia-like (Dazl) is a key determinant of germ cell maturation and entry into meiosis in
rodents and other animal species. Although the complex phenotype of Dazl deficiency in both sexes, with defects at multiple stages of germ cell
developmentand during meiosis, demonstrates its obligate significance in fertility in animal models, its involvement in human fertility is less clear. As
an RNA binding protein, identification of the in vivo mRNA targets of DAZL is necessary to understand its influence. Thus far, only a small number
of Dazl targets have been identified, which typically have pivotal roles in germ cell development and meiotic progression. However, it is likely that
there are a number of additional germ cell and meiosis-relevant transcripts whose translation is affected in the absence of Dazl. Efforts to identify
these RNA targets have mainly been focused on spermatogenesis, and restricted to mouse. In women, prophase I occurs in fetal life and it is during
this period that the ovarian follicle pool is established, thus factors thathave a role in determining the quality and quantity of the ovarian reserve may
have significant impact on reproductive outcomes later in adult life. Here, we suggest that DAZL may be one such factor, and there is a need for
greater understanding of the role of DAZL in human oogenesis and its contribution to lifelong female fertility.
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Introduction
Female reproductive potential is governed by two key factors: oocyte
quality and quantity, with the loss of quality underpinning the exponential
increase in age-related aneuploidy, and the loss of quantity underlying the
age at menopause (Broekmans et al., 2007; Schmidt et al., 2012; Nelson
et al., 2013). These factors are increasingly important for women where
societal and demographic changes have influenced the age at which they
wish to have their families. Indeed, the maternal age at first birth across
the Western world has steadily risen, with the number of first-time
mothers over the age of 35 years being an all-time high (Schmidt et al.,
2012). While an age-related decline in fertility is much less marked in
men, defects in spermatogenesis are present in one-third to half of
couples who experience infertility (Matzuk and Lamb, 2008; Miyamoto
et al., 2015). Thus, reduced gamete quality and quantity is a key issue
in both sexes, and although in some cases, techniques such as ICSI and
array comparative genomic hybridization to identify euploid embryos
can provide ways of circumventing the problem, they do not address
the underlying issues.

The establishment of the ovarian reserve occurs during fetal life and
begins with the migration of primordial germ cells into the gonadal
ridge during early gestation (reviewed in Findlay et al., 2015), although
post-natal oogenesis is also debated (Grieve et al., 2015). Here the
germ cells undergo mitotic divisions with incomplete cytokinesis, produ-
cing a surplus of interconnected oogonia within germ cell ‘nests’ (Gondos

et al., 1971; Pepling and Spradling, 1998). Ceasing proliferation, the
oogonia enlarge and develop into primary oocytes, which commence
meiosis I and progress through leptotene, zygotene and pachytene
before arresting at diplotene of prophase I. The ‘nest’ structure under-
goes breakdown, in which most oocytes are lost through apoptosis,
while the remainder are enclosed by a layer of pregranulosa cells, thus
forming primordial follicles from 17 weeks gestation. These oocytes
remain quiescent in a state of meiotic arrest until, should they escape
the atresia that befalls .99% of all follicles, they are reactivated at the
time of ovulation: this will not be months or years, but decades later.
Greater understanding of how oocytes maintain long-term meiotic
arrest with chromosomal fidelity is critical to our knowledge of lifelong
reproductive potential in women, and may provide an opportunity for
both diagnosis and therapy.

DAZL (deleted in
azoospermia-like)
DAZL and homologue members DAZ and BOLL (previously known as
BOULE) belong to the DAZ family of genes encoding RNA binding pro-
teins, and have essential roles in gametogenesis. It is likely that BOLL is the
ancestral gene, first identified in Drosophila (where it is known as bol),
and DAZL is considered to have arisen from BOLL through a gene dupli-
cation event (Castrillon et al., 1993). While BOLL appears to be strongly
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evolutionarily conserved, DAZL is only found in vertebrates and DAZ is
limited to just humans and old world monkeys (Reijo et al., 1995).
DAZL is a single-copy autosomal gene and encodes a protein that is spe-
cifically expressed in germ cells at all stages of oogenesis. In addition,
DAZL expression has been reported in human and mouse granulosa
cells, human theca interna cells and in granulosa-luteal cells of the
human corpus luteum; however, these remain controversial (Ruggiu
et al., 1997; Dorfman et al., 1999; Nishi et al., 1999; Pan et al., 2002).
In mouse fetal gonads, Dazl transcripts are first detected from embryonic
day (e) 11.5 in post-migratory germ cells (Fig. 1), and this activation of
Dazl appears to be a consequence of the genome-wide loss of DNA
methylation that occurs in germ cells at this stage (Hackett et al.,
2012). Dazl expression dramatically increases at e13.5 in females, coin-
ciding with the onset of meiosis (Seligman and Page, 1998), and by e17.5
transcript expression in the ovary steadily decreases as the number of
oocytes is depleted. In the human fetal ovary, a marked increase in
DAZL mRNA and protein is observedbetween 9 and 14 weeks gestation
(Ruggiu and Cooke, 2000; Anderson et al., 2007; He et al., 2013), that
immediately precedes and is coincident with the onset of meiosis. At
this time, DAZL undergoes a dynamic redistribution from the germ
cell nucleus (where it may have a role in RNA processing and storage)
to the germ cell cytoplasm where it is expected to function (Reynolds
and Cooke, 2005; Anderson et al., 2007). Expression of DAZL is also
found in oocytes of newly formed primordial follicles (He et al., 2013)
and in mouse, Dazl expression been demonstrated to persist through
later stages of oocyte maturation, including through to zygote formation,
where Dazl-dependent translation is necessary for spindle assembly, the
metaphase I–II transition and early embryo development (Chen et al.,
2011).

The phenotype of Dazl deficiency has been investigated in detail in the
mouse. The deletion of Dazl results in a loss of germ cells in both male and
female gonads, with evidence of increased apoptosis, reduced expres-
sion of germ cell markers and aberrant chromatin structure (Ruggiu
et al., 1997; Schrans-Stassen et al., 2001; Lin and Page, 2005). The loss
of Dazl leads to a reduction in the number of post-migratory primordial
germ cells, defects in sexual differentiation of the germ cells, a failure to
erase and re-establish genomic imprints, and defects in meiotic progres-
sion (Haston et al., 2009; Gill et al., 2011). The defect in meiosis has been
shown by immunohistological analysis to be a failure to progress beyond
leptotene of meiotic prophase I. Although axial elements are formed
[visualized using an antibody against synaptonemal complex protein 3
(Sycp3)], complete synaptonemal complexes are not, giving a precise
point beyond which meiosis cannot progress without Dazl (Saunders
et al., 2003). Transplantation of ROSA/LacZ-labelled spermatogonia
into the testes of Dazl2/2 mice confirms that the somatic tissues are
capable of supporting gamete development, indicating that it is only
germ cell function that is compromised in these animals (Rilianawati
et al., 2003).

Many RNA binding proteins are recognized as having roles in transla-
tional control during gametogenesis. During oogenesis, growing oocytes
accumulate significant quantities of mRNAs, but transcription ceases
during the final stages of maturation and subsequent protein production
is dependent upon a well-orchestrated programme of dynamic modula-
tion of mRNA poly(A) tail length, recruitment to polysomes and transla-
tional activation (Seydoux and Braun, 2006; Radford et al., 2008). Indeed,
DAZL is associated with actively translating polysomes (Tsui et al.,
2000b; Maegawa et al., 2002) and sucrose gradient analysis of translation
intermediates from a 3′ untranslated region (UTR) tethering reporter

Figure1 DAZL (deleted in azoospermia-like) expression during formation of the ovarian reserve. DAZL is first expressed in germ cells prior to meiosis in
human and mouse. While this continues in mouse until after follicle formation, in humans, DAZL is switched off briefly before being re-expressed in oocytes
of primordial follicles. E, embryonic day; D, post-natal day; PGC, primordial germ cell; W, weeks gestation.
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assay in Xenopus laevis oocytes revealed that mDazl acts to specifically
stimulate translation through regulation of the initiation stage (Collier
et al., 2005). DAZL contains two functional domains: a highly conserved
RNA recognition motif (RRM) and a single DAZ domain unique to DAZ
family proteins. Investigation into the binding specificity of Dazl using
RNA homopolymers demonstrated that the RRM of Xenopus Dazl pref-
erentially binds poly(U) and poly(G) RNA in vitro (Houston et al., 1998),
and this was also the case for human DAZL (Tsui et al., 2000b). An im-
provement to the description of this binding element was achieved using
SELEX, a powerful RNA ligand enrichment-based strategy, in addition to
a three-hybrid screen, to show that mDazl binds oligo(U) stretches inter-
spersed by G or C nucleotides (Venables et al., 2001). When the G or C
nucleotides were replaced by A, only a weak interaction was observed
between Dazl and the binding site, and replacement with a U abolished
this interaction completely. Resolution of the RRM crystal structure of
mDazl with and without 3′UTR target sequences has revealed the in-
volvement of an extended, kinked pair of b-strands in the recognition
of a GUU triplet in the 3′UTR of Dazl targets (Jenkins et al., 2011).
The nucleotide at position 4 of this refined Dazl consensus sequence
varies between complexes (U or C), and mutation of bases within
the GUU triplet reduces the affinity of binding. Searching for DAZL
targets based on this binding site alone is likely to return many false
positives given that such short sequences may occur relatively
frequently in many mRNAs. Therefore, the presence of multiple
DAZL-binding elements, which can enhance translational stimulation
(Collier et al., 2005; Fox et al., 2005), partner proteins such as
DAZAP1 or PUM2 (Tsui et al., 2000a; Moore et al., 2003), which
may modulate DAZL stimulation, and appropriately timed germ cell
expression should all be taken into consideration when attempting
to uncover DAZL targets.

DAZL in fertility: action through
its mRNA targets
Efforts to identify in vivo mRNA targets of mammalian DAZL have mainly
been focused on mouse. The results of these inquiries further attest to
Dazl’s role in fertility as many identified targets are key players in germ
cell development and gametogenesis, particularly during meiosis.
DAZL could potentially have distinct mRNA targets at different stages
of germ cell development. The first screen for Dazl targets, carried out
as part of an investigation addressing the absence of DAZ proteins and
spermatogenic defects, identified Tpx-1, a testicular cell adhesion
protein (Jiao et al., 2002). The significance of Tpx-1 breakpoints in male
fertility, together with its temporal expression pattern, suggests this
gene is essential for the progression of spermatogenesis, and Dazl has
a key role in regulating it. Tpx-1 is not expressed in the female, but a
study in mouse oocytes has identified Tpx-2 as a Dazl target (Chen
et al., 2011). TPX2 activates a regulator of centrosome and spindle
pole assembly, and itself participates in spindle pole organization
(Gruss et al., 2001; Bayliss et al., 2003). Morpholino down-regulation
of Tpx-2 in oocytes causes spindle assembly disruption and chromosome
condensation failure; phenotypic changes similar to those observed
post-Dazl knockdown in oocytes (Brunet et al., 2008), suggesting Tpx2
protein is responsible for these defects and may be a key target for
Dazl in post-natal mouse oocytes. These studies used in vivomaturedger-
minal vesicle, metaphase I and metaphase II mouse oocytes and also

confirm Tex19.1, which has a role in both male and female fertility in
mice (Ollinger et al., 2008), as a bona fide Dazl target.

Tex19.1 had previously been reported as a potential Dazl target during
spermatogenesis along with Sycp3 and Vasa (formally knownas DDX4, or
Mvh in mouse) (Reynolds et al., 2005). These genes were identified as po-
tential targets for translational regulation by Dazl using a combination of
immunoprecipitation and microarray in male mouse germ cells from
wildtype and Dazl2/2 animals, making these studies the first attempt
to isolate endogenous Dazl–RNA complexes rather than exploiting
interactions with recombinant proteins or RNA libraries (Reynolds
et al., 2005, 2007). Sequence analysis showed that Sycp3 and Vasa
transcripts contain Dazl binding elements, and RNA binding and lucifer-
ase assays were used to demonstrate that Dazl stimulates transcript
translation via the 3′UTR; in the case of Sycp3, this response was dimin-
ished upon mutation of the Dazl binding sites. VASA is an ATP-
dependent RNA helicase of the DEAD-box family (Raz, 2000), and is
widely utilized as a germ cell marker, while SYCP3 is a major component
of the lateral elements of the synaptonemal complex in meiotic germ cells
(Schramm et al., 2011). Defects in translation of Vasa, Sycp3 and Tex19.1
could all contribute to the defects in meiotic progression reported
in Dazl2/2 spermatocytes (Saunders et al., 2003), as Mvh2/2,
Sycp32/2 and Tex19.12/2 spermatocytes all have defects in progres-
sion from leptotene through to pachytene stages of meiosis I (Tanaka
et al., 2000; Ollinger et al., 2008). However, some aspects of the male
Dazl2/2 phenotype, such as the defects in spermatogonial differenti-
ation (Schrans-Stassen et al., 2001), the reduction in post-migratory
germ cell number (Haston et al., 2009), extensive germ cell apoptosis
during male fetal development (Lin and Page, 2005) and the failure of
fetal oocytes to progress through meiotic prophase (Ruggiu et al.,
1997; Saunders et al., 2003), are not reported in any of the Mvh2/2,
Sycp32/2 or Tex19.12/2 mice, suggesting that additional as yet un-
identified Dazl targets are likely contributing to the complex Dazl2/2

phenotype.
DAZL may also impact fertility through its mRNA targets with known

functions in the regulation of pluripotency, differentiation and apoptosis.
Through an association with Tet1, Dazl has an essential role in mediating
the hydroxylation of methylated cytosine residues in mouse embryonic
stem cells that are actively reprogramming to a pluripotent ground
state (Welling et al., 2015). In primordial germ cell-like cells derived
from mice embryonic stem cells, DAZL was demonstrated to block
the translation of core pluripotency factors Sox2 and Sall4, which are es-
sential for stem cell self-renewal, as well as of Suz12, which is required for
the differentiation of pluripotent cells (Chen et al., 2014). In addition,
Dazl inhibited the translation of proapoptotic caspases, which is consist-
ent with the Dazl2/2 phenotype, in which embryos have a drastic reduc-
tion in germ cell number due to increased apoptosis (Lin and Page, 2005;
Chen et al., 2014). Although it is mostly recognized to enhance transla-
tion, this is one of few instances where a repressive function has been
reported for Dazl. It is possible that the observed translational repression
by Dazl in these investigations is an indirect effect, as some of Dazl’s
partner proteins, for example, Pumilio-2 (Moore et al., 2003; Fox
et al., 2005), are known to bind RNA and function as translational repres-
sors. Nevertheless, it appears that DAZL has a more complex role in
regulating its downstream target transcripts than was previously
believed, although these data also highlight the need for an understanding
of which effects are through direct binding of the mRNA target and which
are indirect.
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Is DAZL relevant to human
female fertility?
In humans, direct demonstration of a causative role is not possible, but
observation of the association of DAZL with reproductive outcomes
provides some evidence for the involvement of this gene in human fertil-
ity. However, given the protracted duration of oogenesis and the in-
accessibility of the female gamete, the majority of findings pertaining to
DAZL function have been restricted to the testis in both experimental
animals and humans. In males, it is estimated that 10–15% of cases
of azoopermia and oligozoospermia result from deletions within the
Y chromosome, specifically the region which contains the DAZ gene
cluster (Reijo et al., 1995), but DAZL is considered to be a prime candi-
date implicated in roughly 60% of idiopathic male infertility, given its
high similarity to DAZ, its germ-cell specific expression and the suspected
involvement of autosomal recessive mutations in these men (Lilford et al.,
1994; Visser and Repping, 2010). Altered methylation of the DAZL pro-
moter has been associated with male infertility (Navarro-Costa et al.,
2010; Li et al., 2013). Furthermore, polymorphisms in both the promoter
and coding sequence of DAZL have been correlated with total sperm
count, sperm motility, age at menopause and primary ovarian insuffi-
ciency (POI), also known as premature ovarian failure, in infertile men
and women, respectively (Teng et al., 2002; Tung et al., 2006a), although
other studies have been unable to find such associations (Bartoloni et al.,
2004; Zerbetto et al., 2008). Interestingly, many of the allelic variants
studied exhibited opposing effects in men and women, which may be in-
dicative of the different genetic requirements of male and female germ
cells (Tung et al., 2006b). This sex-dependent effect was also observed
in knockout mice, where the Dazl2/2 phenotype could be partly
rescued by a human DAZL transgene in male mice, but not in females
(Vogel et al., 2002). Ultimately, these observations suggest that hypo-
morphic polymorphisms and single-nucleotide polymorphisms that
quantitatively reduce DAZL expression or function in human germ
cells could potentially have consequences for fertility.

Thus far, the study by Tung et al. (2006a, b) has been the only report of
DAZL’s relevance to human female fertility and while Tung et al. suggest
that DAZL might affect oocyte quantity in women (through influencing
age at POI or menopause), there has been no examination as to
whether the quality of oocytes is affected too. Given that DAZL was
shown to influence total sperm count and sperm motility, quantity and
quality parameters respectively, it seems possible that the same should
occur in women; a key significant difference being the developmental
period at which the effect happens. The generation of sperm via sperm-
atogenesis, and thus meiosis, is a continuous process beginning at the
onset of puberty and continuing throughout male adult life. However,
in females, the process of oogenesis is initiated in the fetus, with the for-
mation of stored oocytes that are used periodically over a defined repro-
ductive lifespan. It is not clear if the genetic associations between DAZL
polymorphisms and age at menopause and POI reflect a role for DAZL in
fetal oocyte development or maintenance of oocytes during their pro-
longed post-natal arrest, but these associations are consistent with the
fetal oocyte death reported in Dazl null mice (Ruggiu et al., 1997; Saun-
ders et al., 2003), and provide a link between DAZL function during fetal/
early post-natal life and reproductive success later in adult life.

The increase in the incidence of infertility and miscarriage from the
mid-fourth decade of female life onwards (Schmidt et al., 2012) is in
great part attributed to segregation errors in meiosis I in the female

(Hassold and Hunt, 2001). This is likely because oocytes that are ovu-
lated in late reproductive life differ from their earlier counterparts in
the duration of prophase I arrest. The requirement for DAZL during
meiotic progression in fetal mouse oocytes suggests that less severe
hypomorphic mutations and/or polymorphisms in DAZL in humans
could perturb meiotic progression sufficiently to impair oocyte quality.
Accurate chromosome segregation in adult oocytes depends on suc-
cessful establishment of meiotic crossovers between paired and
synapsed homologous chromosomes during fetal development, and
the subsequent maintenance of those crossovers post-natally (Herbert
et al., 2015; MacLennan et al., 2015). Defects in meiotic progression
during fetal oocyte development, such as those reported in female
mice carrying mutations in the Dazl-target Sycp3, can result in aneuploidy
arising during the meiotic chromosome segregations and reduced oocyte
quality in adulthood, although this is not age-related (Yuan et al., 2002).
However, analysis of chromosomes in oocytes of naturally aged mice
demonstrated that premature bivalent separation into univalents is the
primary defect responsible for age-related aneuploidy (Sakakibara
et al., 2015). This was also found in human oocytes, where there was
an increase in sister kinetochore separation, rotated bivalents and mer-
otelic attachments, suggesting in fact there are multiple age-related
changes in chromosome architecture with advanced maternal age
(Zielinska et al., 2015). Therefore, the potential role of DAZL, and
DAZL-targets, in meiotic progression in human fetal oocytes may be
able to impact on human female fertility in adulthood through influencing
oocyte quality. Experiments in mice suggest that Dazl also has functions in
fully grown oocytes in adult life where it is essential for the resumption of
meiosis I in germinal vesicle oocytes and the transition to meiosis II, as in
its absence, meiotic microtubules become disorganized causing meiotic
spindle failure; these oocytes cannot be fertilized (Chen et al., 2011).
Consequently, factors acting during oogenesis at the time of meiosis ini-
tiation, arrest and completion can potentially have fundamental roles in
determining oocyte quality as well as quantity, thereby influencing both
components of reproductive lifespan: a women’s ability to conceive
later in life as well as her age at menopause. We suggest that DAZL
may be one such factor, and for this reason, highlight the need for specif-
ically female-oriented studies to investigate this notion further.

Experimental strategies to
investigate the role of DAZL
in women
The identification of DAZL mRNA targets illustrates the growing
spectrum of processes in gametogenesis that this gene is proposed to
regulate. However, the only work in humans to date, where overexpres-
sion of DAZL elevated endogenous VASA and SYCP3 levels (Kee et al.,
2009), has been in embryonic stem cells rather than germ cells. The study
of DAZL in women is complicated by scarce access to female gametes.
However, it is possible to obtain fetal ovarian tissue after elective termin-
ation of pregnancy, while mature adult oocytes may be accessed in the
course of IVF or ICSI cycles, and advances in follicle culture (Xiao
et al., 2015) may allow access across a range of developmental stages.
Further understanding of the role of DAZL in oogenesis will require
knowledge of its target mRNAs at different stages throughout develop-
ment. The most ideal way to achieve this would be to adopt an RNA
immunoprecipitation approach similar to that of Reynolds and Cooke
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(2005) in order to isolate RNAs bound to endogenous DAZL. These
RNAs can then be identified using microarray or high-throughput RNA
sequencing; advances in these technologies now make this possible
with limited amounts of starting material (Kanter and Kalisky, 2015).
However, limitations include the sensitivity of the assay, as well as the
strength of the DAZL–RNA interaction. Cell lysis can also lead to asso-
ciations between molecules that are not representative of interactions
that occur in vivo, and for this reason, newly identified targets should
be investigated in vitro using RNA binding assays and polysome profiling
to confirm DAZL’s ability to regulate target RNA translation. Lastly,
gene manipulation of DAZL using RNA interference in cultured human
fetal ovaries or mature oocytes provides a powerful strategy to
explore the functional significance of novel RNA targets during
meiosis, fertilization and early embryo formation. This approach has
been used to study the roles of growth differentiation factor 9 and pro-
liferatingcell nuclearantigen in newborn hamsterovaries (Wang and Roy,
2006; Xu et al., 2011), and of DMRT-Like Family A2 (DMRTA2) in the
human (Poulain et al., 2014). Alternatively, silencing of DAZL or RNA
target gene expression in mature oocytes can be achieved through the
injection of specific antisense morpholino oligonucleotides (Chen
et al., 2011).

Concluding remarks
The RNA binding protein DAZL has an essential role in translational
control during gametogenesis, and its absence or altered function is asso-
ciated with infertility in several organisms, including humans. Although
many targets of DAZL have been investigated in vitro and in vivo in a
number of different species, many, or indeed probably most of its
mRNA targets have yet to be identified, especially in women. As a key
factor in the initiation of meiosis, DAZL target mRNAs involved with
this are of particular significance, given the critical issues in meiosis spe-
cific to female gamete formation. Therefore, identification of mRNAs
that depend on DAZL for regulation of their translation will increase
our understanding of the fundamental processes that underpin oocyte
quality and quantity, which in turn determine a woman’s reproductive
potential and reproductive lifespan.

Authors’ roles
R.R. wrote the manuscript. I.R.A. and R.A.A. edited the manuscript.

Funding
The authors’ work in this field is supported by grants from the Medical
Research Council (G1100357 to R.A.A. and an intramural program
grant to I.R.A.). Funding to pay the Open Access publication charges
for this article was provided by the Medical Research Council.

Conflict of interest
None declared.

References
Anderson RA, Fult on N, Cowan G, Coutts S, Saunders PT. Conserved and

divergent patterns of expression of DAZL, VASA and OCT4 in the germ
cells of the human fetal ovary and testis. BMC Dev Biol 2007;7:136.

Bartoloni L, Cazzadore C, Ferlin A, Garolla A, Foresta C. Lack of the T54A
polymorphism of the DAZL gene in infertile Italian patients. Mol Hum
Reprod 2004;10:613–615.

Bayliss R, Sardon T, Vernos I, Conti E. Structural basis of Aurora-A activation
by TPX2 at the mitotic spindle. Mol Cell 2003;12:851–862.

Broekmans FJ, Knauff EAH, te Velde ER, Macklon NS, Fauser BC. Female
reproductive ageing: current knowledge and future trends. Trends
Endocrinol Metab 2007;18:58–65.

Brunet S, Dumont J, Lee KW, Kinoshita K, Hikal P, Gruss OJ, Maro B,
Verlhac MH. Meiotic regulation of TPX2 protein levels governs cell cycle
progression in mouse oocytes. PLoS One 2008;3:e3338.

Castrillon DH, Gonczy P, Alexander S, Rawson R, Eberhart CG,
Viswanathan S, DiNardo S, Wasserman SA. Toward a molecular genetic
analysis of spermatogenesis in Drosophila melanogaster: characterization
of male-sterile mutants generated by single P element mutagenesis.
Genetics 1993;135:489–505.

Chen J, Melton C, Suh N, Oh JS, Horner K, Xie F, Sette C, Blelloch R, Conti M.
Genome-wide analysis of translation reveals a critical role for deleted in
azoospermia-like (Dazl) at the oocyte-to-zygote transition. Genes Dev
2011;25:755–766.

Chen HH, Welling M, Bloch DB, Munoz J, Mientjes E, Chen X, Tramp C,
Wu J, Yabuuchi A, Chou YF et al. DAZL limits pluripotency,
differentiation, and apoptosis in developing primordial germ cells. Stem
Cell Rep 2014;3:892–904.

Collier B, Gorgoni B, Loveridge C, Cooke HJ, Gray NK. The DAZL family
proteins are PABP-binding proteins that regulate translation in germ
cells. EMBO J 2005;24:2656–2666.

Dorfman DM, Genest DR, Reijo Pera RA. Human DAZL1 encodes a
candidate fertility factor in women that localizes to the prenatal and
postnatal germ cells. Hum Reprod 1999;14:2531–2536.

Findlay JK, Hutt KJ, Hickey M, Anderson RA. How is the number of primordial
follicles in the ovarian reserve established? Biol Reprod 2015;93:1–7.

Fox M, Urano J, Reijo Pera RA. Identification and characterization of RNA
sequences to which human PUMILIO-2 (PUM2) and deleted in
Azoospermia-like (DAZL) bind. Genomics 2005;85:92–105.

Gill ME, Hu YC, Lin Y, Page DC. Licensing of gametogenesis, dependent on
RNA binding protein DAZL, as a gateway to sexual differentiation of fetal
germ cells. Proc Natl Acad Sci USA 2011;108:7443–7448.

Gondos B, Bhiraleus P, Hobel CJ. Ultrastructural observations on germ cells
in human fetal ovaries. Am J Obstet Gynecol 1971;110:644–652.

Grieve KM, McLaughlin M, Dunlop CE, Telfer EE, Anderson RA. The
controversial existence and functional potential of oogonial stem cells.
Maturitas 2015;82:278–281.

Gruss OJ, Carazo-Salas RE, Schatz CA, Guarguaglini G, Kast J, Wilm M, Le
Bot N, Vernos I, Karsenti E, Mattaj IW. Ran induces spindle assembly by
reversing the inhibitory effect of importin alpha on TPX2 activity. Cell
2001;104:83–93.

Hackett JA, Reddington JP, Nestor CE, Dunican DS, Branco MR, Reichmann J,
Reik W, Surani MA, Adams IR, Meehan RR. Promoter DNA methylation
couples genome-defence mechanisms to epigenetic reprogramming in the
mouse germline. Development 2012;139:3623–3632.

Hassold T, Hunt P. To err (meiotically) is human: the genesis of human
aneuploidy. Nat Rev Genet 2001;2:280–291.

Haston KM, Tung JY, Reijo Pera RA. Dazl functions in maintenance of
pluripotency and genetic and epigenetic programs of differentiation
in mouse primordial germ cells in vivo and in vitro. PLoS One 2009;4:
e5654.

DAZL and human female fertility 381



He J, Stewart K, Kinnell HL, Anderson RA, Childs AJ. A developmental
stage-specific switch from DAZL to BOLL occurs during fetal oogenesis
in humans, but not mice. PLoS One 2013;8:e73996.

Herbert M, Kalleas D, Cooney D, Lamb M, Lister L. Meiosis and maternal
aging: insights from aneuploid oocytes and trisomy births. Cold Spring
Harb Perspect Biol 2015;7:a017970.

Houston DW, Zhang J, Maines JZ, Wasserman SA, King ML. A Xenopus
DAZ-like gene encodes an RNA component of germ plasm and is a
functional homologue of Drosophila boule. Development 1998;125:
171–180.

Jenkins HT, Malkova B, Edwards TA. Kinked beta-strands mediate
high-affinity recognition of mRNA targets by the germ-cell regulator
DAZL. Proc Natl Acad Sci USA 2011;108:18266–18271.

Jiao X, Trifillis P, Kiledjian M. Identification of target messenger RNA
substrates for the murine deleted in azoospermia-like RNA-binding
protein. Biol Reprod 2002;66:475–485.

Kanter I, Kalisky T. Single cell transcriptomics: methods and applications.
Front Oncol 2015;5:53.

Kee K, Angeles VT, Flores M, Nguyen HN, Reijo Pera RA. Human DAZL,
DAZ and BOULE genes modulate primordial germ-cell and haploid
gamete formation. Nature 2009;462:222–225.

Li B, Li JB, Xiao XF, Ma YF, Wang J, Liang XX, Zhao HX, Jiang F, Yao YQ,
Wang XH. Altered DNA methylation patterns of the H19 differentially
methylated region and the DAZL gene promoter are associated with
defective human sperm. PLoS One 2013;8:e71215.

Lilford R, Jones AM, Bishop DT, Thornton J, Mueller R. Case–control study
of whether subfertility in men is familial. BMJ 1994;309:570–573.

Lin Y, Page DC. Dazl deficiency leads to embryonic arrest of germ cell
development in XY C57BL/6 mice. Dev Biol 2005;288:309–316.

MacLennan M, Crichton JH, Playfoot CJ, Adams IR. Oocyte development,
meiosis and aneuploidy. Semin Cell Dev Biol 2015;45:68–76.

Maegawa S, Yamashita M, Yasuda K, Inoue K. Zebrafish DAZ-like protein
controls translation via the sequence ‘GUUC’. Genes Cells 2002;7:
971–984.

Matzuk MM, Lamb DJ. The biology of infertility: research advances and clinical
challenges. Nat Med 2008;14:1197–1213.

Miyamoto T, Minase G, Okabe K, Ueda H, Sengoku K. Male infertility and its
genetic causes. J Obstet Gynaecol Res 2015;41:1501–1505.

Moore FL, Jaruzelska J, Fox MS, Urano J, Firpo MT, Turek PJ, Dorfman DM,
Pera RA. Human Pumilio-2 is expressed in embryonic stem cells and germ
cells and interacts with DAZ (Deleted in AZoospermia) and DAZ-like
proteins. Proc Natl Acad Sci USA 2003;100:538–543.

Navarro-Costa P, Nogueira P, Carvalho M, Leal F, Cordeiro I,
Calhaz-Jorge C, Goncalves J, Plancha CE. Incorrect DNA methylation of
the DAZL promoter CpG island associates with defective human
sperm. Hum Reprod 2010;25:2647–2654.

Nelson SM, Telfer EE, Anderson RA. The ageing ovary and uterus: new
biological insights. Hum Reprod Update 2013;19:67–83.

Nishi S, Hoshi N, Kasahara M, Ishibashi T, Fujimoto S. Existence of human
DAZLA protein in the cytoplasm of human oocytes. Mol Hum Reprod
1999;5:495–497.

Ollinger R, Childs AJ, Burgess HM, Speed RM, Lundegaard PR, Reynolds N,
Gray NK, Cooke HJ, Adams IR. Deletion of the pluripotency-associated
Tex19.1 gene causes activation of endogenous retroviruses and
defective spermatogenesis in mice. PLoS Genet 2008;4:e1000199.

Pan HA, Tsai SJ, Chen CW, Lee YC, Lin YM, Kuo PL. Expression of DAZL
protein in the human corpus luteum. Mol Hum Reprod 2002;8:540–545.

Pepling ME, Spradling AC. Female mouse germ cells form synchronously
dividing cysts. Development 1998;125:3323–3328.

Poulain M, Frydman N, Tourpin S, Muczynski V, Souquet B, Benachi A,
Habert R, Rouiller-Fabre V, Livera G. Involvement of doublesex
and mab-3-related transcription factors in human female germ cell

development demonstrated by xenograft and interference RNA
strategies. Mol Hum Reprod 2014;20:960–971.

Radford HE, Meijer HA, de Moor CH. Translational control by cytoplasmic
polyadenylation in Xenopus oocytes. Biochim Biophys Acta 2008;
1779:217–229.

Raz E. The function and regulation of vasa-like genes in germ-cell
development. Genome Biol 2000;1:reviews1017.1–reviews1017.6.

Reijo R, Lee TY, Salo P, Alagappan R, Brown LG, Rosenberg M, Rozen S,
Jaffe T, Straus D, Hovatta O et al. Diverse spermatogenic defects in
humans caused by Y chromosome deletions encompassing a novel
RNA-binding protein gene. Nat Genet 1995;10:383–393.

Reynolds N, Cooke HJ. Role of the DAZ genes in male fertility. Reprod Biomed
Online 2005;10:72–80.

Reynolds N, Collier B, Maratou K, Bingham V, Speed RM, Taggart M,
Semple CA, Gray NK, Cooke HJ. Dazl binds in vivo to specific
transcripts and can regulate the pre-meiotic translation of Mvh in germ
cells. Hum Mol Genet 2005;14:3899–3909.

Reynolds N, Collier B, Bingham V, Gray NK, Cooke HJ. Translation of the
synaptonemal complex component Sycp3 is enhanced in vivo by the
germ cell specific regulator Dazl. RNA 2007;13:974–981.

Rilianawati, Speed R, Taggart M, Cooke HJ. Spermatogenesis in testes of Dazl
null mice after transplantation of wild-type germ cells. Reproduction 2003;
126:599–604.

Ruggiu M, Cooke HJ. In vivo and in vitro analysis of homodimerisation activity
of the mouse Dazl1 protein. Gene 2000;252:119–126.

Ruggiu M, Speed R, Taggart M, McKay SJ, Kilanowski F, Saunders P, Dorin J,
Cooke HJ. The mouse Dazla gene encodes a cytoplasmic protein
essential for gametogenesis. Nature 1997;389:73–77.

Sakakibara Y, Hashimoto S, Nakaoka Y, Kouznetsova A, Hoog C,
Kitajima TS. Bivalent separation into univalents precedes age-related
meiosis I errors in oocytes. Nat Commun 2015;6:7550.

Saunders PT, Turner JM, Ruggiu M, Taggart M, Burgoyne PS, Elliott D,
Cooke HJ. Absence of mDazl produces a final block on germ cell
development at meiosis. Reproduction 2003;126:589–597.

Schmidt L, Sobotka T, Bentzen JG, Andersen AN. Demographic and medical
consequences of the postponement of parenthood. Hum Reprod Update
2012;18:29–43.

Schramm S, Fraune J, Naumann R, Hernandez-Hernandez A, Hoog C,
Cooke HJ, Alsheimer M, Benavente R. A novel mouse synaptonemal
complex protein is essential for loading of central element proteins,
recombination, and fertility. PLoS Genet 2011;7:e1002088.

Schrans-Stassen BH, Saunders PT, Cooke HJ, de Rooij DG. Nature of the
spermatogenic arrest in Dazl2/2 mice. Biol Reprod 2001;65:771–776.

Seligman J, Page DC. The Dazh gene is expressed in male and female
embryonic gonads before germ cell sex differentiation. Biochem Biophys
Res Commun 1998;245:878–882.

Seydoux G, Braun RE. Pathway to totipotency: lessons from germ cells. Cell
2006;127:891–904.

Tanaka SS, Toyooka Y, Akasu R, Katoh-Fukui Y, Nakahara Y, Suzuki R,
Yokoyama M, Noce T. The mouse homolog of Drosophila Vasa is
required for the development of male germ cells. Genes Dev 2000;
14:841–853.

Teng YN, Lin YM, Lin YH, Tsao SY, Hsu CC, Lin SJ, Tsai WC, Kuo PL.
Association of a single-nucleotide polymorphism of the deleted-in-
azoospermia-like gene with susceptibility to spermatogenic failure. J Clin
Endocrinol Metab 2002;87:5258–5264.

Tsui S, Dai T, Roettger S, Schempp W, Salido EC, Yen PH. Identification of
two novel proteins that interact with germ-cell-specific RNA-binding
proteins DAZ and DAZL1. Genomics 2000a;65:266–273.

Tsui S, Dai T, Warren ST, Salido EC, Yen PH. Association of the mouse
infertility factor DAZL1 with actively translating polyribosomes. Biol
Reprod 2000b;62:1655–1660.

382 Rosario et al.



Tung JY, Rosen MP, Nelson LM, Turek PJ, Witte JS, Cramer DW, Cedars MI,
Pera RA. Variants in Deleted in AZoospermia-Like (DAZL) are correlated
with reproductive parameters in men and women. Hum Genet 2006a;
118:730–740.

Tung JY, Rosen MP, Nelson LM, Turek PJ, Witte JS, Cramer DW, Cedars MI,
Reijo-Pera RA. Novel missense mutations of the Deleted-in-
AZoospermia-Like (DAZL) gene in infertile women and men. Reprod
Biol Endocrinol 2006b;4:40.

Venables JP, Ruggiu M, Cooke HJ. The RNA-binding specificity of the mouse
Dazl protein. Nucleic Acids Res 2001;29:2479–2483.

Visser L, Repping S. Unravelling the genetics of spermatogenic failure.
Reproduction 2010;139:303–307.

Vogel T, Speed RM, Ross A, Cooke HJ. Partial rescue of the Dazl knockout
mouse by the human DAZL gene. Mol Hum Reprod 2002;8:797–804.

Wang C, Roy SK. Expression of growth differentiation factor 9 in the oocytes
is essential for the development of primordial follicles in the hamster ovary.
Endocrinology 2006;147:1725–1734.

Welling M, Chen HH, Munoz J, Musheev MU, Kester L, Junker JP,
Mischerikow N, Arbab M, Kuijk E, Silberstein L et al. DAZL regulates

Tet1 translation in murine embryonic stem cells. EMBO Rep 2015;
16:791–802.

Xiao S, Zhang J, Romero MM, Smith KN, Shea LD, Woodruff TK. In vitro
follicle growth supports human oocyte meiotic maturation. Sci Rep 2015;
5:17323.

Xu B, Hua J, Zhang Y, Jiang X, Zhang H, Ma T, Zheng W, Sun R, Shen W, Sha J
et al. Proliferating cell nuclear antigen (PCNA) regulates primordial follicle
assembly by promoting apoptosis of oocytes in fetal and neonatal mouse
ovaries. PLoS One 2011;6:e16046.

Yuan L, Liu JG, Hoja MR, Wilbertz J, Nordqvist K, Hoog C. Female germ cell
aneuploidy and embryo death in mice lacking the meiosis-specific protein
SCP3. Science 2002;296:1115–1118.

Zerbetto I, Gromoll J, Luisi S, Reis FM, Nieschlag E, Simoni M,
Petraglia F. Follicle-stimulating hormone receptor and DAZL gene
polymorphisms do not affect the age of menopause. Fertil Steril 2008;
90:2264–2268.

Zielinska AP, Holubcova Z, Blayney M, Elder K, Schuh M. Sister kinetochore
splitting and precocious disintegration of bivalents could explain the
maternal age effect. eLife 2015;4:e11389.

DAZL and human female fertility 383



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


