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ABSTRACT
Expression ofDAZ-like (DAZL) is a hallmark of vertebrate germ cells, and is essential for embryonic germ
cell development and differentiation, yet the gametogenic function ofDAZL has not been fully
characterized andmost of its in vivo direct targets remain unknown.We showed that postnatal stage-specific
deletion ofDazl in mouse germ cells did not affect female fertility, but caused complete male sterility with
gradual loss of spermatogonial stem cells, meiotic arrest and spermatid arrest. Using the genome-wide
high-throughput sequencing of RNAs isolated by cross-linking immunoprecipitation and mass
spectrometry approach, we found that DAZL bound to a large number of testicular mRNA transcripts (at
least 3008) at the 3′-untranslated region and interacted with translation proteins including poly(A) binding
protein. In the absence of DAZL, polysome-associated target transcripts, but not their total transcripts, were
significantly decreased, resulting in a drastic reduction of an array of spermatogenic proteins and thus
developmental arrest.Thus, DAZL is a master translational regulator essential for spermatogenesis.
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INTRODUCTION
Germ cells are considered immortal as they are
the only cells that pass from one generation to the
next, while somatic cells die within a single gen-
eration [1]. It has long been thought that germ
cells utilize a unique set of tools and mechanisms
to achieve their distinct functions [1,2]. One such
tool is conserved germ cell-specific expression of
RNAbindingproteins amonganimals [1,3].Deleted
in Azoospermia-like (DAZL) is one of those germ
cell-specific RNA binding proteins and its expres-
sion is a hallmark of vertebrate germ cells [4–6].
DAZL belongs to a human fertility protein family,
the Deleted in AZoospermia (DAZ) family, which
consists ofDAZ,DAZLandBOULE[7,8].DAZand
BOULE appear to be required only for male fertility
[9,10], but DAZL is required for both male and fe-
male fertility [11]. Genetic and epigenetic variations
affecting human DAZL protein are associated with
human infertility [12–15]. In addition, DAZL pro-
motes in vitro differentiation of human embryonic
stem cells (ESCs) towards haploid gametes [16].

Hence, better understanding of the molecular func-
tion of DAZL could provide insights into not only
fundamental features of germ cells, but also into hu-
man infertility and the development of in vitro ga-
mete production technology.

Mouse Dazl was shown to be critically important
in early primordial germ cells (PGCs), and for both
male and female fertility [11,17,18] in the mixed
background of Dazl knockout mice. Analysis of mu-
tant mice in a C57/B6 pure background revealed es-
sential roles for development and sexual differenti-
ation of PGCs [19–21]. Such a PGC requirement
also appears to be conserved inother vertebrates [4].
In contrast, the role of Dazl in gametogenesis is less
clear, partly due to the extensive loss of embryonic
germ cells in Dazl knockout mice. Studies of the re-
maining spermatogenic cells in Dazl mutant testes
suggested defects in spermatogonial transition and a
final block at the leptotene stage of meiosis [17,18].
Stage-specific examination of Dazl function bypass-
ing the early PGC requirement is hence needed to
provide a full picture of Dazl’s function in gameto-
genesis.
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Dazl has been proposed to be important for
mouse oocyte maturation and the oocyte–zygote
transition based on Dazl knockdown via RNA
interference [22]. This is consistent with studies
implicatingXenopusDazl protein’s roles in the trans-
lational control of oocyte maturation [23–25]. Sur-
prisingly, conditional knockout of Dazl by oocyte-
specific GDNF9-Cre produced a normal number of
pups [26], although the contribution of Dazl at or
before primordial follicles has not be excluded.

The first clue regarding the DAZ family proteins’
molecular function came from a study on the
Drosophila boule homolog, which was shown to
be required for posttranscriptional control of the
CDC25 homolog twine [27]. While twine was not
shown to be a direct target of Boule, a series of
studies on mammalian DAZL protein revealed po-
tential binding motifs and targets. DAZL bound to
the 5′UTR of Cdc25c by (GUn)n using Systematic
Evolution of Ligands by Exponential Enrichment
(SELEX) and a tri-hybrid system [28]. Another in
vitro experiment (Specific Nucleic Acids Associated
with Proteins technique (SNAAP)) revealed that
mDAZL protein could specifically bind to at least
nine distinct mRNAs, including the 3′UTR of
Tpx-1 [29]. The crystal structures of the RNA
Recognition Motif (RRM) from murine DAZL
were characterized and verified to be able to bind
the motif GUU [30]. Reynolds et al. performed
DAZL testis immunoprecipitation and microarray
hybridization, and identified at least 11 DAZL
targets from the testes directly. Using a similar
RNA Immunoprecipitation (RIP) approach, DAZL
targets from mouse PGCs and human fetal ovaries
were also identified [21,31]. However, most of the
in vivo direct targets of DAZL remain unknown.
Systematic identification of those direct targets in
their physiological context is key if we are to un-
derstand how DAZL regulates those targets during
spermatogenesis and why DAZ family proteins are
critical in sperm development.

While posttranscriptional regulation has been
established for DAZ proteins, increasing evidence
points to a major role of DAZL in translational
control. Tsui et al. reported that DAZL could bind
to poly(A) RNAs, implicating DAZL in translation
control [32]. Using a tethering translation assay in
Xenopus laevis oocytes, Collier et al. demonstrated
nicely that DAZL promotes target translation by
recruiting poly(A) binding protein (PABP) [24].
Among 11 testicular mRNA targets, Reynolds et al.
showed that the translation of two of them (Vasa
and Sycp3) could be enhanced by DAZL based on
a few surviving germ cells in Dazl knockout mouse
testes [33,34]. Polysome profiling of mouse oocytes
at different stages revealed extensive translational

regulation, andDAZLwas proposed to be one of the
key translational regulators working synergistically
withCytoplasmic Polyadenylation Element Binding
protein (CPEB) [22,35].However, the translational
role of DAZL appears to be context-dependent,
as both translational promotion and repression
were reported for mammalian DAZL [21,36].
Despite progress studying DAZL protein, our
understanding of DAZL’s functions in spermato-
genesis remains incomplete. A major limitation
is a lack of systemic knowledge of its binding
targets and interacting proteins in their native
context. Thus, comprehensive identification of
DAZL targets in gametogenesis is necessary to
understand their roles and why they are so critical
in human fertility. Therefore, we determine the
stage-specific requirements of Dazl in postnatal
gametogenesis, then identified comprehensive
direct targets and protein partners of DAZL in the
mouse testis in vivo via both transcriptome-wide
high-throughput sequencing of RNAs isolated by
cross-linking immunoprecipitation (HITS-CLIP)
and immunoprecipitation (IP) mass spectrometry,
and finally interrogate the impact of stage-specific
deletion ofDAZLon the identifiedDAZL targets, to
unravel the molecular circuitry of DAZL-mediated
posttranscriptional regulation.

RESULTS
Dynamic and continuous Dazl expression
from spermatogonial stem cells to the
round spermatid stage
Although DAZL was previously found to be highly
expressed in various stages of germ cell development
usingdifferent antibodies andaDAZL-GFPreporter
[8,11,37], the extent of DAZL expression, especially
in specific stages such as spermatogonial stem cells
(SSCs) or round spermatids, was not clearly de-
fined. We decided to perform a systematic analy-
sis of DAZL expression at both the RNA and pro-
tein levels, using our validated DAZL antibody to
gain precise and detailed expression and localization
patterns from ESCs through postnatal gametogene-
sis, supported by western blot analysis of STA-PUT
method-purified spermatogenic cells at different
stages and immunofluorescent co-localization with
stage-specific markers. DAZL protein expression in
SSCs and round spermatids was clearly established
by co-localization with stage-specific markers, and
western analysis of purified SSCs and round sper-
matids (see Supplementary Figs S1C and F). We
confirmed DAZL expression in the embryonic go-
nads, and throughout postnatal male germ cell de-
velopment and differentiation (See Supplementary
Fig. S1), validating its expression as a bona fide germ
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Figure 1. Removal of Dazl in gonocytes, spermatogonia and spermatocyte respectively led to infertility with distinct
spermatogenic phenotype. (A) Strategy for conditional removal of Dazl in gonocytes, spermatogonia and spermato-
cyte via three germ cell-Cre. The onset expression of Cre was indicated by an arrow on developmental time line.
DAZL protein expression was shown as solid bar in blue color. Dotted line indicated that DAZL expression is un-
clear during this period. (B) Adult testes size was reduced to different extent in three conditional knockout mice.
(C) No sperm in adult VKO and barely any sperm in SKO and HKO were observed in epididymis. (D) H&E stained
epididymis sections showed no or little sperm in conditional knockout (cKO) mouse testes. Scale bar: 100 μm. (E)
H&E stained testis sections from heterozygotes (Het), VKO, SKO and HKO showing distinct spermatogenic defects in-
side adult seminiferous tubules. Scale bar: 50 μm. (F) All Dazl cKO mouse were sterile. Error bars indicate SD.
∗P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.005.

cell marker, and suggesting a global and central role
during spermatogenesis.

Removal of Dazl in gonocytes,
spermatogonia and spermatocytes led to
infertility with distinct spermatogenic
phenotypes
In order to investigate Dazl function throughout
spermatogenesis, we constructed a conditionalDazl
knockout mouse and confirmed its nature as a loss
of function mutation after the deletion of exons 4, 5
and 6, in comparison to theDazlwhole-body knock-
out mouse (see Supplementary Fig. S2) [11]. The
availability of a conditional Dazl knockout in com-
bination with germ cell-specific Cre active at differ-
ent time points of germline development allowed us
to determine the requirement ofDazl systematically
in postnatal gametogenesis. Remarkably, deletion of

Dazl at the gonocyte (Vasa-Cre; Dazlf/−, VKO),
spermatogonia (Stra8-Cre;Dazlf/−, SKO) and sper-
matocyte stages (Hspa2-Cre; Dazlf/−, HKO) [38–
40] all led to complete sterility, with reduced testis
size and absence of sperm in the epididymis (see
Fig. 1A–D), revealing a persistent critical require-
ment in at least three stages of spermatogenesis.Het-
erozygotes appeared indistinguishable from those of
wild type mice and hence were used as littermate
controls in the experiments. Examination of adult
testis sections showed an absence of germ cells in
VKO, an arrest at the zygotene stage in SKO, and
an arrest at the round spermatid stage in HKOmice
(see Fig. 1E). Hence, Dazl is critically required in
SSCs, meiosis and spermiogenesis.

DAZL is also highly expressed in ovaries and in
oocytes of all stages (see Supplementary Fig. S3A)
[22,35]. Full-body Dazl knockout led to an ovary
without any follicles, similar to the previously
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Figure 2. Identification of DAZL targets in mouse testes by HITS-CLIP. (A) Immunoblot (IB) analysis of DAZL immunoprecipitation (IP). (B) Autoradiogram
of 32P-labeled RNA crosslinked to DAZL pulled down by IP. The RNA marked by blue and red bars was excised for library construction. (C) RNA excised
from (B) was ligated to linker (36nt) and amplified by PCR. The amplified cDNA product marked by blue and red bars was derived from the band of
the same color in (B). (D) Distribution of all DAZL binding regions based on their genomic locations. (E) Venn diagram of DAZL targets bound at 3′UTR
from three cDNA libraries, including two main bands (sample 1 and 2) and a mixture of mRNA combined from the two higher bands (sample 3). (F)
Gene ontology analysis result of DAZL targets revealed by DAVID. (G) Validation of HITS-CLIP result by RNA immunoprecipitation [49] of 8 target genes.
(H) Consensus motifs within DAZL clusters from 3 samples identified by HITS-CLIP using the HOMER algorithm. (I) Consensus motif distribution at the
3′UTR of a DAZL target Sycp1. (J) DAZL bound to the 3′UTR of Sycp1 around the motif ‘UGUU’ and enhanced luciferase expression. Error bars indicate
SD. ∗P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.005. (K) DAZL target genes showed little overlap with up or down regulated genes in 10dpp Dazl SKO testes.

reported knockout (see Supplementary Fig. S3B)
[11]. Surprisingly, bothDazlVKO(see Supplemen-
tary Figs S3B, E and F) and Gdnf9-Cre; Dazlf/−
(data not shown) [26] were fertile, with the num-
ber of progeny and of pups per litter similar to those
of wild type. We confirmed the absence ofDazlwild
type transcripts and protein in conditional Knock-
out (cKO) oocytes (see Supplementary Fig. S3C
and D). To exclude any compensatory effects from
the Dazl paralog Boule [41], we also determined
the RNA level of Boule transcripts in Dazl VKO
ovaries. Boule transcripts remained undetectable in
the absence of Dazl (see Supplementary Fig. S3C).
Furthermore, we constructed a Vasa-Cre; Dazlf/−;
Boule−/− double knockout mouse; those Dazl and
Bouledouble knockout females remained fertilewith
no significant difference from wild type or VKO
mice (seeSupplementaryFigs S3EandF).Wehence

conclude that neitherDAZLnorBOULE is required
for postnatal female gametogenesis.

DAZL globally binds mRNAs associated
with spermatogenesis at the 3′UTR via
the motif UGUU
To shed light on how DAZL functions during
spermatogenesis, weperformedhigh-throughput se-
quencing of RNAs isolated by cross-linking im-
munoprecipitation (HITS-CLIP) to identify DAZL
binding targets [42,43]. DAZL antibody was used
to pull-down RNAs bound by DAZL from a pool of
16 testes from eight 25-d postpartum (dpp) mice.
Pulled down RNAs were detected at the predicted
DAZL band and at a slightly higher band in the
UV cross-linked samples, but not in the non-UV
cross-linked samples (see Fig. 2A and B).TheRNAs
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excised from both the main bands and the slightly
higher bands from two independent pull-downs
were recovered to construct three cDNA libraries
(see Fig. 2C and Supplementary Table S1). The
cDNA library constructed from the higher bands
overlapped extensivelywith the cDNA libraries from
the predicted main DAZL band, suggesting that the
higher bands also contain DAZL targets. Therefore,
we used all three libraries for DAZL target anal-
ysis. RNA sequencing (RNAseq) of 25-dpp testes
was used as background. The CLIP peaks of at least
twofold enrichment when compared with the back-
ground were considered significant. DAZL binding
sites appeared to distribute throughout the genome,
with the majority of sites (51%) located on the
3′UTR of mRNA, consistent with its role in post-
transcriptional regulation (see Fig. 2D). Thus, we
focused our analysis on mRNA targets with DAZL
binding sites at the 3′UTRandpredominant binding
sites for mRNAs were located on the 3′UTR. Out of
1373 sharedmRNA targets among all three libraries,
1235 targets contained binding sites at the 3′UTR
(see Supplementary Figs S4A and S2E). For mR-
NAs sharedby at least two libraries, 3008out of 3470
targets contained binding sites at the 3′UTR.Those
targets (1235 or 3008 targets) were significantly en-
riched for pathways involved in RNA metabolism,
such as mRNA processing, RNA splicing and trans-
lational regulation.The cell cycle and spermatogene-
sis pathways were also highly enriched (see Fig. 2F).
To determine the validity of the DAZL target mR-
NAs identified by HITS-CLIP, we randomly picked
8 targets fromamong the 12353′UTRtargets shared
by all three libraries and 7 targets from among the
less stringent 3008 3′UTR targets (shared by at least
two libraries), and found that they were all signifi-
cantly enriched in DAZL IP (see Fig. 2G). In con-
trast, Sertoli cell transcripts Wt1, Gata4 and other
non-targets such as Nanos2, Neurog3 (Ngn3), Tnp1
and Tnp2 were not enriched (see Fig. 2G and Sup-
plementary Fig. S4B). This suggested that the 3008
shared targets were reliable DAZL targets. We fur-
ther established the quality and reproducibility of
the three libraries by comparing the binding sites of
the targets. We observed a consistent peak distribu-
tion for the same target transcripts among the three
libraries (see Supplementary Fig. S4C).

To identify the consensus sequence of DAZL
binding sites, we used the motif discovery algo-
rithm Hypergeometric Optimization of Motif En-
Richment (HOMER) [44] to search for the mRNA
motifs bound byDAZL.Of themost enriched 3-mer
motifs, the GUU triplet ranked highest in all three
samples with much higher statistical significance
than other motifs, consistent with the binding motif
determined by crystal structure and binding affinity

analysis of theDAZLRRM-RNA complex [30] (see
Fig. 2H). Among the most enriched 6-mer motifs,
VVUGUU ranked highest. To test the UGUUbind-
ing motif, we evaluated the 3′UTR of the DAZL tar-
get Sycp1 using a dual luciferase assay (see Fig. 2I).
When we mutated UGUU to ACAA, relative lu-
ciferase activity decreased significantly, confirming
the consensus binding motif of DAZL (see Fig. 2J).

DAZL does not significantly impact the
stability of its target mRNAs
We next examined the transcript abundance of the
identified DAZL targets in the absence of DAZL.
To our surprise, there was little overlap between
the DAZL targets identified by HITS-CLIP (see
Fig. 2K) and genes whose transcript levels signifi-
cantly changed in the 10-dpp Dazl SKO testes. We
chose 10-dpp testes because knockout testes were
comparable to those of controls in terms of cell com-
position. A lack of transcript level change in the
knockout testes among DAZL targets could not be
attributed to the different time points of testes used,
as the majority (2896 out of 3008) of DAZL tar-
gets were detectable (Fragments Per Kilobase Mil-
lion (FPKM)>30) in 10-dpp testes.This result sug-
gested that loss ofDAZLdid not significantly impact
target transcript levels, leading us to propose that
mouse DAZL regulates translation rather than tran-
script stability. Furthermore, changes in transcript
levels of non-target genes inDazlmutant testes com-
pared to wild type testes were likely a secondary ef-
fect ofDazl loss.

Protein expression of DAZL
SSC-associated targets is essential for
the maintenance of SSCs
Since spermatogenic genes were highly en-
riched among DAZL targets, we mapped all
the DAZL binding sites of spermatogenic tar-
gets. Remarkably, all the spermatogenic target
mRNAs contained binding sites exclusively in
their 3′UTR (124 out of 124, classified by the
Database for Annotation, Visualization and Inte-
grated Discovery (DAVID), see Supplementary
Table S2), consistent with DAZL being a transla-
tional regulator [45]. We also found that DAZL
target transcripts were present throughout sper-
matogenesis, with enrichment for genes associated
with key steps such as SSC self-renewal, meiosis and
spermatid differentiation. Such stage enrichment
corresponded nicely with the stages when Dazl
is shown to be required from our genetic analysis
above, leading us to hypothesize that DAZL may
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promote spermatogenesis by regulating the protein
expression ofmany target transcripts critical for each
stage of spermatogenesis.

Among the spermatogenic mRNAs bound by
DAZL, there was a remarkable enrichment of genes
linked to SSCs. Out of 13 genes shown to be impor-
tant for maintenance of the spermatogonial progen-
itor pool [46], the mRNAs for eight of these genes
were found to be DAZL targets (see Fig. 3A), sug-
gesting a previously unknown function of DAZL in
the regulation of SSCs. Careful examination of bind-
ing peaks among those eight genes revealed distinct
peaks on their 3′UTRs (see Fig. 3B). We then de-
termined DAZL expression in SSCs, and found that
both DAZL mRNA and protein were detectable in
neonatal testes and in purified primary SSCs, and
thatDAZLco-expressedwith PLZF+ andLIN28A+

cells (seeSupplementaryFigs S1A–CandF), further
supporting a role for DAZL in SSCs [47].

We then investigated the effect of removingDazl
from SSCs by generating Dazl VKO mice; these
mice were expected to produce no functional DAZL
in postnatal germ cells, including SSCs [38]. In
testes from 3-week-old Dazl VKO mice, despite a
significant reduction in germ cells, the number of
both LIN28A+ and PLZF+ cells were comparable
to controls, suggesting that the initial pool of
SSCs was not different between heterozygotes and
knockout mice. However, by 5 and 10 weeks of age,
LIN28A+ and PLZF+ cells had decreased gradually
and had completely disappeared by 15 weeks of
age (see Fig. 3C–E, and Supplementary Fig. S5A
and B), resembling the reported phenotypes of SSC
maintenance-defective mutant mice [48]. Short
hairpin RNA (shRNA) knockdown ofDazl in estab-
lished SSC cultures led to significantly fewer SSC
cloneswith reduced size andcell number (seeFig. 3F
and G). PLZF and LIN28A proteins were also

significantly reduced in the Dazl knocked-down
SSCs, establishing a role for DAZL in SSC self-
renewal and development by promoting the protein
expression of SSC-associated target genes (see
Fig. 3H).

To examine the self-renewal ability of Dazl
knockout SSCs, we isolated THY1+ cells fromDazl
VKO testes to generate in vitro SSC clones with-
out DAZL protein. The Dazl knockout SSC clones
were established in vitro andhad similarmorphology
to heterozygotes SSCs on the first and second days
of culture (data not shown). However, the knock-
out SSC clones failed to grow further, forming only
chains or clusters of two-to-three cells; in contrast,
the heterozygote SSCs formed long chains and large
clusters (see Fig. 3I and Supplementary Fig. S5C).
These data demonstrate an essential role of DAZL
in the maintenance of the spermatogonial progeni-
tor pool.

Furthermore, we examined protein expression of
DAZL targets in Dazl knockout germ cells. Based
on fluorescence intensity relative to the germ cell
marker TRA98, the expression of SSC-associated
DAZL target proteins was decreased in 7-dpp Dazl
VKO mouse testes, with LIN28A and FOXO1
showing a statistically significant decrease com-
pared to controls (see Fig. 3J–L). This finding fur-
ther supports the notion that DAZL-mediated SSC-
associated protein expression is critical for SSC
maintenance.

DAZL-mediated protein expression of
meiotic genes is essential for
synaptonemal complex assembly and
DNA repair during meiosis
Other spermatogenic genes significantly enriched in
the DAZL targets were associated with the meiotic

Figure 3.DAZL targets are enriched for SSC-associated genes and loss of DAZL leads to a defect in spermatogonial progenitor
maintenance. (A) Schematic illustration of SSC-associated genes bound by DAZL. (B) Genome browser tracks showing binding
peak distributions (DAZL-CLIP) and transcript levels (RNA-seq) of SSC-associated target genes. (C) Immunohistochemical
staining of the SSC marker PLZF in Dazl VKO testes. Scale bar: 20 μm. (D) Gradual germ cell loss in testes of Dazl VKO
mice. Testes sections from 3, 5, 10 and 15-week-old mice were stained for VASA expression to detect the number of VASA-
positive tubules. A seminiferous tubule containing at least one VASA-positive cell was classified as a VASA-positive tubule.
The number of mice at each time point is shown in parentheses. More than 100 cross-sections were scored for samples
taken from random slides. (E) Comparison of the number of LIN28A+ and PLZF+ SSCs in cross-sections of testes from Dazl
heterozygotes (Het) and Dazl VKO mice at different ages. The number of mice is the same as in (D). A seminiferous tubule
containing at least one SSC was classified as tubule with SSCs. Data are mean ± SEM for 20 round seminiferous tubules
of both genotypes at each age. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005. (F) Dazl knockdown led to a significant reduction
in the size of SSC clones at day 4 following shRNA lentiviral transduction. Scale bar: 200 μm. (G) Cell count of SSCs at
day 4 following lentiviral transduction. (H) SSC markers (LIN28A, PLZF) were downregulated at day 4 following lentiviral
transduction. (I) Established SSC clones immunostained for DAZL and PLZF after 4 days of culture of Thy1+ cells from 7dpp
Dazl heterozygotes and Dazl VKO testes. Scale bar: 50 μm. (J-L) Fluorescence intensity of DAZL targets was compared
between Dazl heterozygotes and Dazl VKO testes at 7dpp by immunofluorescent staining in TRA98-positive cells. Scale bar:
20 μm. Error bars indicate SEM. ∗P< 0.05, ∗∗P< 0.01, ∗∗∗P< 0.005.
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Figure 4. Synapsis defect in Dazl knockout spermatocytes results from reduced protein expression of DAZL targets Sycp1, Sycp2 and Sycp3. (A)
Schematic illustration of meiotic genes bound by DAZL. (B) Genome browser tracks showing binding peak distributions and transcript levels of meiotic
target genes of the synaptonemal complex. (C) Expression of proteins involved in meiotic initiation and SSC-associated proteins were not significantly
changed in 9dpp Dazl SKO testes. (D) Meiotic spread of 21dpp wild type and Dazl VKO spermatocytes co-stained with SYCP1, SYCP3 and CREST
antibodies. Completion of synapsis is determined by a single CREST signal (white points) for a given pair of chromosomes. (E) Transcript levels of
meiotic target genes were not changed significantly in 10dpp Dazl SKO testes. (F) Protein level of meiotic target genes was significantly reduced in
10dpp Dazl SKO testes.

cell cycle (see Fig. 4A and B). The list of DAZL-
targeted meiosis-associated genes included the pre-
viously reported Sycp3 as a direct target [34], but
contained a number of other meiotic genes such
as major synaptonemal complex (SC) genes (Sycp1
and Sycp2) and DNA repair pathway genes (Rad51,
Msh4, etc).We investigated the effect of loss ofDazl
on the expression of these DAZL targets, as well
as on key meiotic events. To bypass the embryonic
and SSC reqiurement for Dazl we utilized Stra8-
Cre, which drives Cre expression starting in the 3-
dpp testis [39]. We found that the resulting Dazl
SKO mice are sterile and have significantly smaller
testes compared to heterozygotes (see Fig. 1B and
C). Spermatogenesis was arrested at the transition

from zygotene to pachytene stage in adult testes, and
in the first wave of spermatogenesis of both Dazl
VKO and Dazl SKO animals (see Supplementary
Figs S5A and S6A), confirming a meiotic block in
the absence of Dazl [18]. Expression of the SSC
marker PLZF, and early meiotic markers such as
STRA8 and SPO11, was not affected in 9-dpp Dazl
SKO mice, suggesting that those knockout germ
cellswere able to entermeiosis (seeFig. 4C). Indeed,
meiotic chromosome spread revealed a similar pro-
portionof leptotene cells in theDazlSKOmice com-
pared to wild type but significantly more zygotene
and pachytene-like cells, suggesting an arrest at the
transition from zygotene to pachytene (see Supple-
mentary Fig. S6B).
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In DAZL-deficient leptotene nuclei, short
stretches of condensed SYCP3 signals were ob-
served, indicating that chromosome core-associated
SYCP3 protein was loaded normally during early
meiotic prophase. However, loss of Dazl resulted
in an increase in the unpaired SC in zygotene-
stage spermatocytes (see Fig. 4D). Despite the
presence of SYCP3-positive axial elements, nearly
all of the Dazl VKO zygotene spermatocytes had
weak SYCP1 staining, suggesting a partial loss of
transverse filaments of the SC (white arrow, see
Fig. 4D). Defects in synapsis formation were also
observed in Dazl VKO pachytene spermatocytes.
Typical pachytene nuclei with 20 synapsed chro-
mosomes were never observed in Dazl VKO cells.
Instead, most nuclei contained 40 unsynapsed
chromosomes (n = 222) with <5% exhibiting
partial synapsis. The vast majority of axial elements
in Dazl VKO spermatocytes failed to align and
instead remained separated from each other as
univalent chromosomes. The presence of about 40
short SCs suggested that the chromosomes were
condensed and that the spermatocytes were at a
stage corresponding to early pachytene; we refer
to these as ‘pachytene-like’. The same abnormal
pachytene-like cells were found in Dazl SKO
testes (see Supplementary Fig. S6C). These results
suggest that the loss of Dazl disrupted the assembly
of the SC and likely led to meiotic arrest at early
pachytene.

In addition to defective synapsis and disruption
of the SC, we also observed increased DNA damage
inDazlVKOspermatocytes. PhosphorylatedH2AX
(called γ -H2AX or H2AFX) is a marker of double
strand breaks during leptotene and zygotene, and
of the XY body during pachytene [49,50]. While
Dazl VKO leptotene spermatocytes showed simi-
lar staining for H2AFX, the signal did not decrease
in zygotene, and instead increased in both zygotene
and pachytene-like cells. The single XY body ob-
served inwild typepachytene spermatocyteswas not
present in the Dazl VKO pachytene spermatocytes.
A number of dispersed H2AFX domains were re-
tained along each chromosome (see Supplementary
Fig. S6D). A similar dispersed H2AFX staining pat-
tern was seen inDazl SKO spermatocytes, implicat-
ing DNA repair defects in the absence of Dazl (see
Supplementary Fig. S6C).

DAZL meiotic target mRNA expression was not
affected in the SKO testes but their protein level was
significantly reduced (see Figs 2K, and 4E and F),
consistentwith a defect in the SC, synapsis andDNA
repair in the mutant testes. These findings further
support a role for DAZL in translational regulation
rather thanmRNA stability in the regulation of sper-
matogenesis.

DAZL is required for translation of its
target mRNAs and interacts with PABP in
mouse testes
Given the requirement of DAZL throughout sper-
matogenesis, we next examined the mechanism of
DAZL action at the molecular level, specifically,
how it controls protein expression of its targets.
Several previous reports have suggested that DAZL
plays important roles as an enhancer of mRNA
translation in germ cell development [33–35]. Be-
cause meiotic arrest was the prominent phenotype
in Dazl conditional knockout testes and genes en-
coding components of the SC were identified as
DAZL targets, we investigated how expression of
Sycp1, Sycp2 and Sycp3 was affected by Dazl knock-
out at the translational level via polysome analy-
sis. RNA was isolated from the fractions of free ri-
bonucleoprotein andpolysomes (seeFig. 5A andB).
Sycp1, Sycp2 and Sycp3 transcripts were not signif-
icantly decreased in total transcripts but were dra-
matically decreased in polysome fractions (see Figs
4E and 5C). Hence, reduction of protein expression
of those DAZL targets resulted from reduced pro-
tein translation rather than reduced mRNA levels,
further supporting a role for DAZL in translational
regulation.

Next, we performed mass spectrometry to iden-
tify proteins that interact with DAZL protein via IP
(see Fig. 5D and E). We identified >100 proteins
that potentially interact with DAZL (see Supple-
mentary Table S3). Among them, proteins involved
in translation were significantly enriched: specifi-
cally, a series of ribosomal proteins andPABP,which
stimulates translationwhenbound to a poly(A) tract
(see Fig. 5F and G, and Supplementary Fig. S7A
and B). PABP was previously found to interact with
DAZL in frog oocytes [24]. To determine if DAZL
directly interacts with mouse PABP in the testes,
we performed co-IP of DAZL and PABP in 8-dpp
and 25-dpp mouse testis extract. DAZL and PABP
reciprocally pulled down each other independent
of RNA, establishing a direct interaction between
these two proteins in vivo (see Fig. 5H and I). We
then asked if we could identify a DAZL-PABP com-
plex bound to a DAZL mRNA target directly by
pulling down the 3′UTR of DAZL’s target. Using
three biotin-labeled oligo probes complementary to
the 3′UTR of a meiotic target of DAZL, Sycp1, we
could pull-down Sycp1 3′UTR from the testis extract
(see Fig. 5J and K). Remarkably, we could also pull-
down DAZL and PABP proteins at the same time
(see Fig. 5L), demonstrating DAZL-PABP interac-
tion directly on a DAZL target. To confirm the na-
ture of the translational regulation ofDAZL, we next
overexpressed DAZL in SSCs in vitro. The protein
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Figure 5. DAZL recruits PABP to regulate translation of its target. (A) Sucrose density gradient fractionation of 10dpp mouse testes with and without
DAZL. (B) Immunoblot analysis of different fractions. (C) Target mRNAs from polysome fractions decreased dramatically with Dazl KO. (D) Silver staining
of SDS-PAGE gel of DAZL and IgG immunoprecipitation (IP) in 8dpp mouse testes. Proteins were identified by mass spectrometry from excised bands
(the whole lane except heavy and light chain). (E) Silver staining of SDS-PAGE gel of DAZL and IgG IP in 25dpp mouse testes. Proteins were identi-
fied by mass spectrometry from excised bands (the whole lane except heavy and light chain). (F) Gene ontology analysis results of proteins identified
by mass spectrometry from (D). GO:0000028: ribosomal small subunit assembly; GO:0001649: osteoblast differentiation; GO:0000387: spliceosomal
snRNP assembly; GO:0021762: substantial nigra development. (G) Gene ontology analysis results of proteins identified by mass spectrometry from (E).
GO:1904874: positive regulation of telomerase RNA localization to Cajal body; GO:0032212: positive regulation of telomere maintenance via telom-
erase; GO:1904871: positive regulation of protein localization to Cajal body; GO:1904851: positive regulation of establishment of protein localization to
telomere. (H) Co-IP of DAZL and PABP in 8dpp mouse testes. (I) Co-IP of DAZL and PABP in 25dpp mouse testes. (J) Biotin-oligo was designed to reverse
complement the 3′UTR of Sycp1 mRNA. (K) 3′UTR of Sycp1 mRNA was enriched in Sycp1 pull-downed samples. (L) DAZL and PABP proteins were
enriched in Sycp1 pull-downed samples. (M) Overexpression (OE) of DAZL in SSCs enhanced the expression of PLZF and LIN28A. Relative expression
of PLZF and LIN28A in different samples was quantified using ImageJ.

levels of both DAZL targets Plzf and Lin28a were
enhancedwithDAZL overexpression (see Fig. 5M).
Thus,DAZL functionsby recruitingPABP tomRNA
targets of DAZL to promote their translation. Since
DAZL bound to the 3′UTR of mRNA targets as-
sociated with SSCs, meiosis and round spermatids,
we propose that DAZL facilitates translation by re-
cruiting PABP to thosemRNA targets to form active
translational circles (see Fig. 6).WithoutDAZL, the
translation of key proteins central for SSC mainte-
nance, the SC, DNA repair and spermatid differenti-
ation is severely impaired, resulting in a progressive
loss of germcells, failure of synapsis, arrest inmeiosis
and round spermatids. Indeed, we found that DAZL

and PABP are concomitantly expressed from the
SSC to round spermatid stages during spermatoge-
nesis (see Supplementary Fig. S7C), and co-localize
in spermatogenic cells in 10-dpp and 25-dpp mouse
testes (white arrow, see Supplementary Fig. S7D).
These findings establish a central and global role
ofDAZL-mediated translational control throughout
spermatogenesis (see Fig. 6).

DISCUSSION
Our finding suggests that DAZL expression is a
hallmark of mouse germ cells, and is also critically
required throughout male gametogenesis but not



RESEARCH ARTICLE Li et al. 465

in female gametogenesis. While earlier studies have
demonstrated a requirement for DAZL in fetal germ
cell development and differentiation [20], our find-
ings extendDAZL’s requirement intopostnatalmale
gametogenesis and argue for a central regulatory role
of DAZL throughout germ cell development, from
embryonic to postnatal sperm development. Our
genome-wide identification of DAZL targets and its
protein partners, in combination with systemic in-
terrogation of the requirement for DAZL, has led us
to propose that DAZL-mediated translational reg-
ulation is critical throughout spermatogenesis, and
that DAZL acts as amaster translational regulator to
ensure the proper translation of key spermatogenic
factors and thus fertility.

Ample genetic evidence regarding the human
DAZ family (DAZ, DAZL and BOULE) genes and
their homologs among animals supports their essen-
tial roles in human and animal fertility [8–11,51,52].
However, molecular mechanisms by which DAZ
proteins regulate sperm development remain
elusive, with their direct in vivo targets staying
largely unknown. The identification of more than
3000 direct targets from our transcriptome-wide
HITS-CLIP experiments hence provides a key
mechanistic clue regarding DAZL function. A
caveat of the HITS-CLIP approach is that the
signal/noise ratio may depend on the specificity of
the antibody used, relative RNA abundance and
bioinformatics strategies. We have validated the
specificity of the DAZL antibody with knockout
mice (Figs 3I and S2D) and normalizedHITS-CLIP
data against RNAseq data from the testes of mice of
the same age (Fig. 3B). We only considered mRNA
targets ≥ twofold higher relative to the RNAseq
data to be DAZL targets and successfully validated
a number of spermatogenic targets from the target
list. Hence, false positives are likely to be minimal
in our DAZL target list. We showed that DAZL
protein directly regulates the translation of their
target mRNAs via binding to their 3′UTRs, without
apparent an effect on mRNA levels, supporting
a conserved translational function in mammalian
germ cells [22–24,33,34,53]. Among a number
of protein partners of DAZL identified through
mass spectrometry, we showed that mouse DAZL
interacts with PABP in the testes to promote the
translation of spermatogenic targets, extending the
seminal finding on DAZL interacting with PABP
to activate translation in frog oocytes to the mouse
testis [23,24]. Our work further supported a general
and conserved function of DAZL in translation.
Bioinformatics analysis of target sequences revealed
3mer GUU and 4mer UGUU to be consensus
binding motifs, consistent with the results from
the crystal structure analysis of DAZL RRM [30].

Spermatogenic transcripts are highly enriched
among DAZL targets and pathway analysis revealed
potential roles in SSC development, meiosis and
spermatid differentiation, among which only two
transcripts were previously reported to be regulated
[33,34]

Previously, Dazl knockout germ cells exhibited
a defect in spermatogonial transition from Aalign- to
A1-type spermatogonia [17]. We showed a clear re-
quirement for DAZL in SSC maintenance. Condi-
tional deletion of Dazl by either Vasa-cre or Stra8-
cre led to a gradual loss of germ cells and SSCs
marked by PLZF+ and LIN28A+ cells, with no ap-
parent increase in KIT+ spermatogonia (unpub-
lished). This finding established a role for DAZL
in SSC maintenance but not in spermatogonia dif-
ferentiation [54]. The meiotic roles of DAZL were
suggested as Dazl knockout germ cells failed to en-
ter meiosis, or were arrested at or before leptotene
during the first wave of spermatogenesis [18,55]; we
found that spermatogenic cells lacking DAZL could
apparently differentiate and enter meiosis but were
arrested at the zygotene/pachytene transition stage,
supporting the notion of a critical meiotic require-
ment for DAZL [18]. Differences in the specific ar-
rest stagemay reflect the uniqueproperties of knock-
out germcells from thewhole-bodyDAZLknockout
or the limitations of the very few germ cells available
for analysis [18,55].

DAZL’s role in SSCs revealed a novel layer of
translational regulation in SSC maintenance and
differentiation. SSC regulation involves a hierarchy
of transcriptional regulators and signaling pathways
[46,56]. The only posttranscriptional regulator that
is required in SSC maintenance is Nanos2, another
RNA binding protein [57], although the molecu-
lar mechanism by which NANOS2 regulates SSCs
has not been determined. Interestingly, NANOS2
repressed DAZL expression in sexually differentiat-
ing germ cells at embryonic stages [58], raising the
possibility thatNANOS2might exert its influence in
SSCs via DAZL. Indeed Nanos2 overexpression re-
sulted in a reduction of SSC chains and an increase
of As, similar to our Dazl knockdown phenotype
(see Fig. 3I and Supplementary Fig. S5C) and the
effects of Dazl conditional knockout on the testes
[57].Hence,NANOS2may regulate levels ofDAZL
expression to balance SSC maintenance and differ-
entiation. Future experiments are needed to deter-
mine the contribution of NANOS2 and DAZL to
SSCmaintenance, and their interaction inmaintain-
ing the homeostasis of spermatogenesis.

Master developmental regulators are the few key
regulators in developmental pathways that regu-
late a large number of downstream targets in crit-
ical developmental steps. DAZL binds to many
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Figure 6. Model for DAZL-mediated master translational control in at least three key
steps of spermatogenesis.

spermatogenic target transcripts and appears to
regulate their translation to ensure sufficient pro-
tein expression for key steps of spermatogenesis.
Hence, DAZL may represent a master translational
regulator that facilitates efficient sperm produc-
tion from the embryonic germ cell stage to post-
natal spermatogenesis. Firstly, DAZL is most ex-
tensively expressed from the embryonic germ cell
throughout postnatal spermatogenesis, validating
its expression as a hallmark of germ cells. Sec-
ondly, DAZL is required persistently throughout
germ line development including most stages of
spermatogenesis, without which male germ cell de-
velopment is arrested thereafter [11,19,20] (this
work). Thirdly, DAZL binds to a large number
of spermatogenic transcripts that are key to the
progression of spermatogenesis and recruits PABP
to the 3′UTR of those target transcripts. With-
out DAZL, translation of those key spermatogenic
regulators is disrupted, resulting in an arrest in
subsequent steps. Hence, we propose that DAZL
functions as a master translational regulator during
spermatogenesis (seeFig. 6).The insights andmech-
anistic frameworks established by this work could
advance our understanding not only of the funda-
mental mechanisms that distinguish germ cells from
somatic cells, but also of human infertility involving
the DAZ family of proteins.

An additional note; during the preparation of
this manuscript, another manuscript reported their
CLIP analysis onDAZL and validation using FACS-
sorted germ cells from whole-body Dazl knockout
testes [59]. Two thirds of our targets overlapped
with their targets, confirming the validity of our tar-
gets. However, Zagore et al. found that a portion
of the target transcripts were downregulated in the

Dazl knockout spermatogenic cells, leading to their
conclusion that DAZL regulates the stability of a
subset of its target transcripts. In contrast, our analy-
sis showed that DAZL knockout does not affect the
transcript levels of DAZL targets but mainly affect
their translation. Such a difference may result from
the different animal models used for the RNAseq
studies, as the Dazl knockout mice used by Zagore
et al. were full-body knockouts while our model was
a stage-specific knockout. Despite this difference, a
large portion of DAZL target transcript levels were
still not changed in the absenceofDAZL in thepaper
by Zagore et al. These unchanged target transcripts
in Dazl knockout germ cells may correspond to the
transcripts under DAZL translational regulation in
our study.

METHODS
The detailed methods and materials are available as
Supplementary data atNSR online.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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