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ARTICLE INFO ABSTRACT

Keywords: Dead end is a vertebrate-specific RNA-binding protein implicated in germ cell development. We have previously
Testis shown that mouse Dead end1l (DND1) is expressed in male embryonic germ cells and directly interacts with

Sperma‘fogenf?SiS NANOS?2 to cooperatively promote sexual differentiation of fetal germ cells. In addition, we have also reported
Sfermatﬁ)goma that NANOS? is expressed in self-renewing spermatogonial stem cells and is required for the maintenance of the
em ce.

stem cell state. However, it remains to be determined whether DND1 works with NANOS2 in the
spermatogonia. Here, we show that DNDI1 is expressed in a subpopulation of differentiating spermatogonia
and undifferentiated spermatogonia, including NANOS2-positive spermatogonia. Conditional disruption of
DND1 depleted both differentiating and undifferentiated spermatogonia; however, the numbers of Agjng. and
Apaired Spermatogonia were preferentially decreased as compared with those of Auignea Spermatogonia. Finally,
we found that postnatal DND1 associates with NANOS2 in vivo, independently of RNA, and interacts with some
of NANOS2-target mRNAs. These data not only suggest that DND1 is a partner of NANOS2 in undifferentiated
spermatogonia as well as in male embryonic germ cells, but also show that DND1 plays an essential role in the

survival of differentiating spermatogonia.

1. Introduction

Mammalian testes continuously produce a huge number of sperm
cells throughout life. This reproductive characteristic is maintained by
a robust stem cell system comprising the spermatogonial stem cell
(SSC) population. In mouse testes, SSC function resides in a subfrac-
tion of undifferentiated spermatogonial cells, which consist of Agingte
(As; isolated spermatogonia), Apairea (Apr; 2 cell chains) and Agjignea
(A,; chains with 4 or more cells) (de Rooij, 1998, 2001). These cells
give rise to differentiating spermatogonia, which undergo additional
divisions and then enter a meiotic pathway. Although various genes
expressed specifically in undifferentiated spermatogonia have been
reported (Buaas et al., 2004; Costoya et al., 2004; Oatley et al., 2011;
Suzuki et al., 2009; Tokuda et al., 2007; Yoshida et al., 2004; Zheng
et al., 2009), the factors contributing to SSC functions are not fully
elucidated; thus, the molecular basis of stemness remains elusive.
Recently, we have reported that most Ay and A, undifferentiated
spermatogonia express the RNA-binding protein NANOS2, which is
essential for sexual differentiation of fetal male germ cells, and that this
protein is required for adult SSC self-renewal during steady-state

spermatogenesis (Sada et al., 2009; Suzuki and Saga, 2008; Suzuki
et al., 2009). Therefore, NANOS2 is considered key to understanding
SSC stemness.

Dead end is an RNA-binding protein initially identified as an
essential factor for germ cell development in zebrafish (Weidinger
et al., 2003). The mouse homologue, Dead end1 is encoded by Dnd1, to
which the spontaneous mutation, Ter, was recently mapped. In the Ter
mutation, a single cytosine in the third exon of Dndl is changed to
thymine, which generates a premature stop codon, resulting in a null
mutation of DndIl by nonsense-mediated mRNA decay (Youngren
et al., 2005). Although the homozygous mutant mice grew into
seemingly normal adults, over 90% of the male mutant 129/Sv mice
developed testicular teratomas originated from primordial germ cells
(Stevens, 1967, 1973). In other mouse strains, Ter-homo adult males
show complete sterility, while female mice possess a small number of
oocytes and show subfertility owing to a reduction in the number of
primordial germ cells during embryogenesis (Noguchi and Noguchi,
1985). These findings suggest a distinctive role for DND1 in male germ
cell development. We have previously shown that DND1 interacts with
NANOS2 in male embryonic germ cells for the recruitment of specific
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RNAs to the CCR4-NOT deadenylase complex (CNOT complex),
leading them to the degradation pathway (Suzuki et al., 2010, 2016).
Thus, DND1 cooperatively functions with NANOS2 during the sexual
differentiation of male embryonic germ cells; this raises the question of
whether DND1 is also expressed in undifferentiated spermatogonia and
acts as a partner of NANOS2 to maintain these cells.

In the current study, we attempted to elucidate DND1 functions
during spermatogenesis, especially focusing on the relationship with
NANOS2. We found that DNDI1 is expressed in differentiating and
undifferentiated spermatogonia including NANOS2-expressing cells,
and that the proteins interact with each other in spermatogonia.
Additionally, we aimed to examine the physiological role of DND1 in
spermatogonia in vivo, establishing a Dndl-conditional knockout
(DndI1-cKO) mouse strain.

2. Materials and methods
2.1. Ethics statement

Animal experiments were carried out with the permission of the
animal experimental committee at Yokohama National University and
the National Institute of Genetics.

2.2. Mice

DndI-flox, Rosa-CreER™, and transgenic mice expressing Flag-
tagged DND1 have been previously described (Suzuki et al., 2016).
Both of the DndI-flox mice and the Rosa-CreER™ mice have been
backcrossed onto a MCH(ICR) hybrid strain (CLEA Japan, Inc.) for 8
generations. NANOS2-O/E mice have also been described previously
(Sada et al., 2009). In brief, CAG-CAT-3xFLAG-Nanos2 transgenic
mice were crossed with Nanos3-Cre mice (Suzuki et al., 2008) to
induce forced expression of Flag-tagged NANOS2 in germ cells.

2.3. Western blotting

100 mg of various tissues indicated in Figs. 1A and 2B were
homogenized in 1 ml of 1x sample buffer, boiled and then spun at
17,000 x g for 10 min at 25°C. The supernatants were separated by
SDS-PAGE and analyzed according to the standard procedure.

2.4. Histological methods

For histological analysis, testes were fixed with Bouin's solution
overnight, embedded in paraffin, and then sectioned at 6 pm. After
deparaffinization, the sections were stained with hematoxylin and eosin
according to the standard procedure.

2.5. Immunostaining

For section immunostaining of DND1, NANOS2, and PLZF, adult
testes were fixed with 4% paraformaldehyde (PFA) overnight, em-
bedded in paraffin, and sectioned at 6 um. After deparaffinization, the
sections were autoclaved for 15 min at 121 °C with Antigen Unmasking
Solution (Vector Laboratories, CA, USA) followed by blocking with 5%
skim milk for 30min, and then incubated overnight at 4°C with
primary antibodies against DND1 (1: 2000) produced by a guinea pig
(Suzuki et al., 2016), NANOS2 (1: 100) (Sada et al., 2009; Suzuki and
Saga, 2008), or PLZF (1: 2000; H-300; Santa Cruz Biotechnology).

For whole-mount immunostaining, untangled seminiferous tubules
were prepared as previously described (Nakagawa et al., 2010) with
slight modifications. Adult mouse testes were removed from the tunica
albuginea and fixed with 4% PFA for 1h at 4 °C. The samples were
attached to MAS-coated slide glass (Matsunami, Osaka, Japan) by half-
drying. After incubation in 0.1% Tween-20 in PBS [PBS-T] for 10 min,
the samples were dehydrated through a methanol series (25%, 50%,
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75%, and 100% in PBS containing 0.1% Tween-20 [PBS-T]) on ice,
followed by rehydration in PBS-T. For immunostaining of DNDI1,
NANOS2, NANOS3, or PLZF, the samples were autoclaved for 15 min
at 121 °C with Antigen Unmasking Solution (Vector Laboratories, CA,
USA) followed by blocking with 5% skim milk in PBS for 1 h, and then
incubated overnight at 4 °C with primary antibodies against DND1 (1:
2000), NANOS2 (1: 100), NANOS3 (1: 800), or PLZF (1: 2000; H-300;
Santa Cruz Biotechnology, USA). For immunostaining of GFRal,
CDH1, c-KIT, or TEX14, the samples were directly treated with 5%
skim milk in PBS for 1h without autoclaving, and then incubated
overnight at 4°C with antibodies against GFRal (1:200; R&D
Systems, MN, USA), CDH1 (1: 800; 13—-1900; Invitrogen, CA, USA),
c-KIT (1: 500; a gift from Dr. Hirata, (Yamatani et al., 2004)), or
TEX14 (1: 3200; a gift from Dr. Iwamori).

After washing, the section and samples were incubated with Alexa
355-, Alexa 488- or Alexa 594-conjugated IgG antibody (1: 500; Life
Technologies, CA, USA) for 2h at 25 °C, enclosed in Fluoromount™
(Diagnostic Biosystems, CA, USA), and then observed using fluores-
cence microscopy (Axiolmager.M2; Carl Zeiss, Germany).

All antibodies used were diluted with Can Get Signal immunoreac-
tion enhancer solution (Toyobo, Osaka, Japan).

2.6. Flow cytometry

Testis cell suspensions were generated by sequential digest of
dissected and minced seminiferous tubules with 1 mg/ml collagenase
(Wako, Japan) and then 0.25% Trypsin (27250018, Thermo Fisher
Scientific, USA) containing 1 mM EDTA. Cells were passed through a
40-pum strainer to remove clumps. Harvested cells were resuspended in
HBSS containing 5% FBS and 0.1% BSA for subsequent staining. The
following antibodies to cell surface markers were used: ¢-KIT (1: 100; a
gift from Dr. Hirata, (Yamatani et al., 2004)), APC anti-TER119 (BD
Bioscience, NJ, USA), and APC anti-CD45 (BD Bioscience, NJ, USA).
Ter119 antibody and CD45 antibody were used to remove autofluor-
escence by blood cells. Anti-c-KIT antibody was detected using Alexa
594-conjugated anti-Armenian Hamster IgG antibody (Life
Technologies, CA, USA). For combination of intracellular staining of
DAZL, PLZF or SOHLH1, FoxP3 Transcription Factor Staining Buffer
Kit (A25866A, Life Technologies, CA, USA) were used with antibodies
against DAZL (1: 500) produced by a guinea pig (Suzuki et al., 2016),
PLZF (1: 200; H-300; Santa Cruz Biotechnology, USA) and SOHLH1
(1: 100; a gift from Dr. Rajkovic) according to manufacturer's instruc-
tions. DNA was labelled with DAPI to gate 2N and 4N fractions.
Stained cells were analyzed on a Cell Sorter (MoFlo Astrios,
BeckmanCoulter, CA, USA).

2.7. Tamoxifen treatment

Tamoxifen (Sigma, T5648) was dissolved in sesame oil (Sigma,
S3547) at 20 mg/ml in a light-blocking tube at 55 °C. After filtration,
the solution was administered intraperitoneally to mice at 75 mg/kg
body weight for 5 consecutive days.

2.8. Immunoprecipitation and western blotting

For the immunoprecipitation of DND1 and NANOS2, 100 mg of
testes from 8-week-old wild-type mice were homogenized on ice in 1 ml
of Buffer A (25 mM HEPES-KOH [pH 7.4], 250 mM sucrose, 75 mM [3-
glycerophosphate, 1 mM DTT, 0.05% NP-40, 1 mM PMSF) with 400
units/ml RNase inhibitor (Toyobo, Osaka, Japan) or 100 pg/ml RNase
A (Sigma, MO, USA), and spun at 10,000 x g for 10 min at 4 °C. NaCl
(5M) was then added to the supernatants to a final concentration of
150 mM. The samples were mixed with 20 ul of Protein A Sepharose
CL-4B (GE Healthcare) crosslinked with guinea pig anti-DND1 anti-
body (Suzuki et al., 2016), normal guinea pig IgG (MBL, Nagoya,
Japan), rabbit anti-NANOS2 antibody, or rabbit preimmune serum by
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Fig. 1. Expression profile of DND1 in adult mouse testes. A, Western blot analyses of DND1 protein in various tissues from 5-week-old mice. TUBULIN-3 was used as a loading
control. B—D, Testis sections of a 6-week-old mouse were immunostained with antibodies against DND1 (green) (B) and NANOS?2 (red) (C). DNA was labelled with DAPI (blue) (D).
White arrowheads indicate cells expressing both DND1 and NANOS2, whereas yellow arrowheads indicate cells expressing DND1 alone. E—S, Whole-mount immunostaining of
seminiferous tubules of a 6-week-old mouse with antibodies against DND1 (green) (E, H, K, N, Q), GFRal (red) (F), NANOS3 (I), CDH1 (L), ¢-KIT (0), and PLZF (R). Arrowheads in
E—-G indicate co-expression of DND1 and GFRal, whereas arrowheads in H-J and K-M indicate DND1-positive NANOS3-negative cells (H-J) and DND1-positive CDH1-negative
cells (K—M), respectively; scale bars: 50 ym in B for B-D, E for E-S. Insets in B—S show enlarged views to better visualize protein expression.
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Fig. 2. Conditional knockout of Dnd1 causes depletion of PLZF-positive spermatogonia. A, Schematic representation of experimental strategy: for conditional knockout of
postnatal DND1, TM was injected into both 4-week-old Dnd/°/x (control) mice and Dnd"**/%%; Rosa-CreER™ (Dnd1-cKO) mice for 5 consecutive days (red arrowheads), and the
testes from these mice were harvested at the indicated time points (blue arrowheads). B, Western blot analysis of DND1 protein in 5-week-old testes from control and Dnd1-cKO mice;
three mice per genotype were analyzed (#1, #2, and #3). DAZL was used as a loading control. An asterisk indicate non-specific signals. C—K, Testis sections of 5-week-old control, DndI-
¢KO, and DndI-null (Dnd1*/*) mice were immunostained with antibodies against DND1 (green) (C, F, I) and PLZF (red) (D, G, J). DNA was labelled with DAPI (E, H, K). Asterisks in
C, F, and I indicate non-specific signals in somatic cells. Arrowheads in C—H indicate cells positive for PLZF. Note that DndI-null testis sections serve as the negative control for
immunostaining. L, Ratios of the numbers of DND1-positive cells and DND1-negative cells per the number of PLZF-positive cells were calculated by counting each cell in section
immunostaining of DND1 and PLZF; 100 tubules from more than 10 independent microscopic fields were scored (n = 3). M, Comparison of testis size in 12-week-old littermates from
control and Dnd1-cKO mice. N, Testis weight per Body weight ratios of 12-week-old control and Dnd1-cKO mice. The results were normalized using those of control mice. Error bars
represent mean + SD; three mice per genotype were analyzed. *** P < 0.001 (Student's t-test). O—T, Testis sections of 5-, 8-, and 12-week-old control and Dnd1-cKO mice were stained
with hematoxylin and eosin. U-Z, Testis sections of 5-, 8-, and 12-week-old control and Dnd1-cKO mice were immunostained with an anti-PLZF antibody. DNA was labelled with DAPI
(blue). a, Number of PLZF-positive spermatogonia per seminiferous tubule in sections. More than 100 tubules from 20 independent microscopic fields were scored (n = 3). The results
were normalized using the corresponding control for each stage. Scale bars: 50 um in C for C-K, O for O-T, U for U-Z.

disuccinimidyl suberate (Pierce Biotechnology, IL, USA) on a rotator 2.9. Immunoprecipitation and RT-qPCR
for 3h at 4 °C. After 10 washes with Buffer A containing 150 mM NaCl,

the sepharose was boiled in 20 pl of 2 x sample buffer. Flag-tagged DND1 or NANOS2 was immunoprecipitated from

For immunoprecipitation of Flag-tagged DND1 and NANOS2, testis testes extracts as mentioned above. After elution of precipitates by
extracts were generated from 6-week-old DndI-heterozygous mice, 3x FLAG peptides, co-precipitated RNAs were purified using TRIzol®
Dnd1-null mice with the transgene, or CAG-CAT-3xFLAG-Nanos2/ Reagent (Life Technologies, CA, USA) and used for first-strand cDNA
Nanos3-Cre mice as mentioned above. The samples were then incu- synthesis with 200 U SuperScript III reverse transcriptase (Invitrogen)

bated with 50 pl of anti-FLAG M2 affinity gel (A2220, Sigma, MO, and 100 pmol (dT),g primer (Invitrogen). Quantitative PCR was
USA) or mouse IgG-agarose (A0919, Sigma, MO, USA) on a rotator for performed on the Thermal Cycler Dice” Real Time System (Takara
3h at 4°C. After 5 washes with Buffer A containing 150 mM NaCl, Bio, Shiga, Japan) using SYBR® Premix Ex Taq™ II (Tli RNaseH plus)
precipitates were eluted with 500 pg/ml of 3xFLAG peptides in Buffer (Takara Bio, Shiga, Japan) in 20-ul reactions. For qPCR with Sohlhl
A containing 150 mM NaCl on a rotator for 1h at 25°C and then and Sohlh2 primers, the reaction was held at 98 °C for 1 min followed
concentrated using methanol and chloroform. by 45 cycles of 98 °C for 10s, 62 °C for 20s, and 72 °C for 30s. For
The samples were subjected to SDS-PAGE and analyzed by western qPCR with other primers, the reaction was held at 94 °C for 1 min
blotting with antibodies against DND1 (1: 800), NANOS3 (1: 800), followed by 45 cycles of 94 °C for 30s, 60 °C for 30 s, and 72 °C for 45 s.
NANOS2 (1: 800), CNOT1 (1: 500, provided by H. T. Timmers), Each sample was analyzed in triplicate, and three biological replicates
CNOT3 (1: 500, provided by T. Tamura), CNOT9 (1: 500, provided by (n=3) were included, and the relative amounts of transcripts was
H. Okayama). calculated by the standard curve method using Multiple RQ Software
(Takara Bio, Shiga, Japan). The level of Actinf3 control mRNA was used

to normalize mRNA levels of target genes. For the RNAs co-precipi-

tated with Flag-tagged DND1, the fold enrichment of each mRNA in
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immunoprecipitates (IP) from DndI-null testes extracts with the
transgene (A/A +tg) compared to IP from DndI- heterozygous testes
extracts (+/A) was calculated (ratio of each mRNA level in FLAG IP
from tg to those from wt). For the RNAs co-precipitated with Flag-
tagged NANOS2, the fold enrichment of each mRNA in immunopre-
cipitates (IP) of anti-FLAG M2 affinity gel (a-FLAG, A2220, Sigma,
MO, USA) compared with IP of Mouse IgG-Agarose (IgG, A0919,
Sigma, MO, USA) was calculated (ratio of each mRNA level in FLAG IP
to IgG IP).

2.10. Primers
Primer pairs used for the RT-qPCR analyses were as follows:

Ddx4-Fw: 5"-GCTTCATCAGATATTGGCGAGT-3" and

Ddx4-Rv: 5’-GCTTGGAAAACCCTCTGCTT-3” for Ddx4 (NM_001
145885.1).

Dmrtl-Fw: 5 -CTGGAAACCAGTGGCAGATG-3” and

Dmrtl-Rv: 5" -GCGAGAACACACTGGCTTTG-3" for Dmrtl (NM_01
5826.5).

Sohlh1-Fw: 5°-AGCCAGACTCCGGTATAGCCA-3’ and

Sohlh1-Rv:  5"-CAAGCTGGAAGACTCTGGCT-3"° for  Sohihl
(NM_001001714.1).

Sohlh2-Fw: 5" -CTTTGGAGGGAGCAGTGAGAG-3" and

Sohlh2-Rv:  5°-GTGCAGTGGGTGGCAAATAAG-3" for Sohlh2

(NM_028937.3).

Dazl-Fw: 5"-CTATTCTGTCAGGATTGCTC-3" and

Dazl-Rv: 5"-CAGTTGTGATATGACCCATT-3" for Dazl (NM_010
021.5).

Taf7l-Fw: 5'-GAGGGACAGAAGTATGTGGT-3’ and

Taf7l-Rv: 5-TTTAGCCTCCATGAAGCAGA-3’ for Taf7l (NM_028
958.4).

ActinfB-Fw: 5’-AAAGACCTCTATGCCAACAC-3’ and

Actinf-Rv: 5’-TGCTTGCTGATCCACATCTG-3' for Actinfs (NM_007
393.5).

2.11. Statistical analysis

The statistical significance of differences in cell numbers, ratios of
testis weight per body weight, ratios in flow cytometry, and RT-qPCR
analysis results was assessed using a two-tailed t-test. A P-value < 0.05
was considered to represent statistical significance. Statistical analysis
was conducted using Microsoft Excel.

3. Results
3.1. DND1 expression profile in adult testes

The Mouse ENCODE transcriptome data show that Dnd1 mRNA is
expressed in various adult tissues. However, the protein expression of
DND1 still remains obscure. We have previously generated specific
antibodies against DND1, and confirmed its expression in male
embryonic germ cells by western blotting and immunostaining
(Suzuki et al., 2016). Therefore, we examined DND1 expression in
various tissues of adult mice by western blotting using the antibody,
and found a strong signal of DND1 only in the testis, suggesting DND1
functions during spermatogenesis (Fig. 1A).

We next aimed to identify DND1-expressing cells in adult testes
and examined whether DND1 is co-expressed with NANOS?2 in these
cells. Section immunostaining revealed strong signals of DND1 in both
the nucleus and cytoplasm in a fraction of cells on the basement
membrane of seminiferous tubules (Fig. 1B). In addition, some of them
were positive for NANOS2 expression (Fig. 1B—D, white arrowheads).
We have counted the number of DND1-positive cells per NANOS2-
positive cells and found that more than 99.8% of NANOS2-positive
cells expressed DND1 (Fig. S1A), suggesting that DND1 is expressed in
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undifferentiated spermatogonia. To clarify the expression profile of
DNDL1 in detail, we examined glial cell line-derived neurotrophic factor
family receptor alpha 1 (GFRal), because this protein is expressed
preferentially in A; and A, undifferentiated spermatogonia during
steady-state spermatogenesis, similar to NANOS2 (Grasso et al., 2012;
Sada et al., 2009), while many of aligned A-type spermatogonia become
GFRal-positive in regenerative response to busulfan treatment (Chan
et al., 2017; Nakagawa et al., 2010). Double-immunostaining analyses
of whole seminiferous tubules revealed the expression of GFRal in a
subpopulation of DND1-positive cells (Fig. 1IE-G and Fig. S1B),
confirming that DND1-expressing cells include A and A, undiffer-
entiated spermatogonia. We then compared the DND1-positive cell
population with that positive for NANOS3, which associates with
DNDL1 in vitro and is expressed in A, undifferentiated spermatogonia
(Suzuki et al., 2016, 2009). Immunostaining analyses revealed that
DND1 is expressed in all the NANOS3-positive undifferentiated
spermatogonia (Fig. IH-J and Fig. S1C), although the staining signals
were also observed in NANOS3-negative spermatogonia (Fig. 1H-J,
arrowheads). Therefore, we next compared DND1 expression with that
of cadherin 1 (CDH1), a marker for all undifferentiated spermatogonia
from Ag to Aus16 (Tokuda et al., 2007). Immunostaining analyses
revealed that almost all CDH1-positive undifferentiated spermatogonia
expressed DND1 (Fig. 1IK-M and Fig. S1D), as expected. These data
indicate that DND1 is expressed in all the populations of undiffer-
entiated spermatogonia. However, the CDH1 expression was very weak
in some of DND1-positive cells (Fig. 1K-M, arrowheads), suggesting
that DND1 is also expressed in differentiating spermatogonia. To
determine the point at which DND1 expression ends during differ-
entiation of spermatogonia, the expression of c-KIT, a marker for
spermatogonia differentiating into early spermatocytes (Schrans-
Stassen et al.,, 1999; Yoshinaga et al., 1991), was analyzed with
DND1. Whole-mount immunostaining analyses of seminiferous tu-
bules showed that a portion of DND1-positive undifferentiated sper-
matogonia co-expressed c-KIT (Fig. IN-P), and that the ratio of ¢-KIT
positive cells gradually increased with increase in cluster cell number of
undifferentiated spermatogonia (Fig. S1E). After differentiation of
undifferentiated spermatogonia, the expression of DND1 was weakly
detected in all c-KIT-positive differentiating spermatogonia at Stage IV
of the seminiferous epithelial cycle (Fig. S1G, H). However, its
expression was gradually downregulated in association with the
differentiation of spermatogonia; this expression finally disappeared
in more differentiated spermatogonia at Stage V (Fig. S1G, I).
Collectively, these findings indicate that DND1 is expressed in all
populations of undifferentiated spermatogonia and a part of differ-
entiating spermatogonia from Al to at least through A3 spermatogonia,
which is very similar to the expression profile of promyelocytic
leukemia zinc-finger (PLZF) (Buaas et al., 2004; Costoya et al., 2004;
Suzuki et al., 2009). Therefore, we then compared the DND1 expres-
sion with that of PLZF, and found almost complete co-localization of
DND1 and PLZF signals (Fig. 1Q-S, Fig. 2L, and Fig. S1J).

3.2. Conditional deletion of Dndl causes spermatogenic defects

To address the physiological role of DND1 during spermatogenesis,
we crossed Dndl-flox mice (Suzuki et al., 2016) with Rosa-CreER™?
mice, and administered tamoxifen (TM) pulses to both 4-week-old
Dnd1/fo* (control) and Dnd"#°%; Rosa-CreER™? (DndI-condi-
tional knockout; Dnd1-cKO) mice for 5 consecutive days to delete
Dndl in a whole-body manner (Fig. 2A). We first examined the
deletion of DndI from genomic DNA of PLZF-positive spermatogonia
isolated from the 5-week-old control and DndI-cKO testes (Fig. S2A).
PCR analyses revealed the Cre-mediated recombination of loxP se-
quence in the PLZF-positive spermatogonia (Fig. S2B, C). We then
examined the expression of DND1 in the 5-week-old Dnd1-cKO testes
by western blotting and found that the signal of DND1 was depleted
(Fig. 2B). Section immunostaining analyses showed that DND1 ex-
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pression was removed from PLZF-positive spermatogonia in the 5-
week-old DndI-cKO testes (Fig. 2C-K). To quantitate the deletion
efficiency, we counted DND1-positive and DND1-negative cells per
PLZF-positive cells and found that the DND1 protein was expressed in
99.6% of PLZF-positive cells; however, this was depleted to 1.3% as of
1 week after the first pulse of TM (Fig. 2L), These data indicate that
DND1 was almost completely depleted from PLZF-positive spermato-
gonia during 1 week after first injection of TM.

We then measured the body weights of 12-week-old control and
Dnd1-cKO mice to assess the physiological effect of TM injection and
Dndl1 deletion, and found no significant change (Fig. S3), suggesting
that neither TM injection nor Dnd1 deletion had a deleterious effect on
somatic tissues. On the other hand, the testis size in Dnd1-cKO mice
was decreased as compared with those in control mice during 8 weeks
after TM pulses (Fig. 2M); testis weight was approximately 50% lower
than that in control mice (Fig. 2N). Histological analyses revealed that
the number of germ cells progressively declined with age after TM
pulses (Fig. 20-T), resulting in sterility of these mice. To determine the
cause of germ-cell loss observed in Dnd1-cKO mice, we analyzed PLZF-
positive spermatogonia during the 12 weeks after TM administration
by section-immunostaining with an anti-PLZF antibody. PLZF-positive
cells in the testes of Dndl-cKO mice seemed morphologically un-
changed; however, the numbers were obviously lower at 8 and 12
weeks compared with that in control testes (Fig. 2U-Z). We then
counted the number of PLZF-positive cells and found that the number
gradually declined with age, resulting in almost half of the number of
control testes even within 1 week after TM injection in the absence of
DND1 (Fig. 2a, 5W). These data indicate that the spermatogenic
defects in Dnd1-cKO testes are caused by loss of spermatogonia.

3.3. Both differentiating and undifferentiated spermatogonia are
decreased in DndI-cKO mice

To assess the primary defect caused by the deletion of DND1, we
next aimed to examine the each population of differentiating and
undifferentiated spermatogonia in the testes of 5-week-old Dnd1-cKO
mice. For this purpose, cells in the testes from 5-week-old control and
DndI-cKO mice were subjected to flow cytometric analysis using
antibodies against DAZL and PLZF (Fig. 3A, B, gate D). These analyses
revealed that the number of PLZF-positive cells was decreased to about
half in the absence of DND1 (Fig. 3C), confirming the result in Fig. 2a.
Then, we analyzed the population of spermatogonia double-positive for
PLZF and c¢-KIT in the testes of control and Dnd1-cKO mice (Fig. 3D,
E, gate D), since DND1 is expressed in a part of c-KIT-positive
differentiating spermatogonia (Fig. S1G). Flow cytometric analyses
revealed that PLZF- and c-KIT-positive cells were decreased in the
absence of DND1 (Fig. 3F), suggesting a reduction of the differentiating
spermatogonia. Therefore, we further examined the SOHLH1-positive
cell population because SOHLH1 is mainly expressed in c-KIT-positive
spermatogonia (Suzuki et al., 2012), and found that the population of
SOHLH1- and c-KIT-positive spermatogonia (Fig. 3G, H, gate D) was
clearly decreased to less than one-third in Dnd1-cKO testes as expected
(Fig. 31). To identify the cause of the reduction of these cells in Dnd1-
cKO testes, we examined whether these cells undergo apoptotic cell
death using antibodies against cleaved Caspase 3 (active-Casp3) and c-
KIT (Fig. 3J-0). Section immunostaining analyses showed that the
active-Casp3 signal was significantly upregulated in c-KIT-positive cells
in Dndl-cKO testes (Fig. 3P), suggesting that the c-KIT-positive
differentiating spermatogonia undergo apoptotic cell death in the
absence of DND1. From these data, DND1 is essential for the survival
of differentiating spermatogonia.

On the other hand, flow cytometric analyses also revealed that the
number of c-KIT-negative and PLZF-positive undifferentiated sperma-
togonia significantly decreased in the absence of DND1 (Fig. 3D, E,
gate E, and Q). To determine the population of undifferentiated
spermatogonia decreased in Dnd1-cKO testes, we conducted whole-
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mount immunostaining of seminiferous tubules with antibodies against
GFRal and PLZF (Fig. 4A—F); then, the numbers of double-positive
cell clusters were counted as As, Ay, Aas and Ay g (Fig. 4G). These
analyses revealed that the cluster numbers of As and A, spermatogonia
were significantly decreased in Dnd1-cKO testes, while the A,.4 and
A,s clusters seemed unchanged. However, since GFRal might be
expressed only in a part of the A, 4 and A, g spermatogonia, we
performed further immunostaining using antibodies against CDH1 and
PLZF to count the cluster number of aligned spermatogonia in more
detail. In addition, an antibody against TEX14 was also used to
visualize the cell connections in the clusters (Iwamori et al., 2012)
(Fig. 4H-M). These analyses showed that the numbers of As and A,
clusters were decreased as in the case of GFRal in Dnd1-cKO mice as
anticipated. On the other hand, we were surprised to find that the
cluster number of A,.4 was slightly but significantly increased, while
the A, s and A,p_16 clusters were unchanged (Fig. 4N). Although the
cause of these changes of spermatogonial cluster number are unclear
because apoptotic cell death was not observed in As and A, sperma-
togonia even in the absence of DND1 (Fig. S4), these data at least
indicate that DND1 functions reside in undifferentiated spermatogo-
nia, especially in As and A, clusters, in which NANOS2 is mainly
expressed.

3.4. DNDI interacts with NANOS2 and some of its target RNAs in
spermatogonia

In adult Nanos2-cKO mouse testes, germ cells are gradually lost
because of depletion of spermatogonial stem cells (Sada et al., 2009).
As DND1 cooperatively functions with NANOS2 in male embryonic
germ cells (Suzuki et al., 2016), we presumed that DND1 also partners
with NANOS2 for the maintenance of A; and A, undifferentiated
spermatogonia. To test this hypothesis, we assessed the interaction
between DND1 and NANOS?2 in postnatal testes. Immunoprecipitation
analyses revealed that the antibody against DND1 efficiently precipi-
tated DND1 from testis extracts, although the amount was larger in the
presence of RNase than in the absence (Fig. 5A). This may be because
disruption of DND1-RNA complex exposed the accessible surface of
DNDL1 for the antibody used, resulting in more efficient precipitation.
Under this condition, a small amount of NANOS2 was co-precipitated
in addition to NANOS3 as expected. However, the signals were very
faint, possibly owing to the small number of NANOS2-expressing cells
in whole testes and even in DNDI-expressing spermatogonia.
Therefore, we carried out a reciprocal immunoprecipitation using
antibody against NANOS2, and found co-precipitation of DND1 in
addition to the components of CCR4-NOT deadenylase complex,
CNOT1, CNOT3, and CNOT9 (Fig. 5B), which were shown to interacts
with NANOS2 (Bhandari et al., 2014; Suzuki et al., 2010). These results
indicate that there is an interaction between DND1 and NANOS2 in
spermatogonia as well as in male embryonic germ cells.

We further examined whether DND1 associates with NANOS2-
interacting RNAs in spermatogonia. Although our antibody is able to
precipitate NANOS2 from testis extracts, the amount is too small to
analyze its interacting RNAs. To overcome these difficulties, we took
advantage of a transgenic mouse line, in which Flag-tagged NANOS?2 is
over-expressed by Cre-loxP system specifically in germ cells (Sada
et al., 2009). In the testes of NANOS2-overexpressing (O/E) mice,
seminiferous tubules are filled with Flag-tagged NANOS2-positive
spermatogonia because differentiation is strongly repressed (Sada
et al.,, 2009), which allows us to carry out biochemical analyses of
NANOS2. We first conducted immunoprecipitation of Flag-tagged
NANOS2 from testis extracts of the NANOS2-O/E mice with anti-
Flag antibody (Fig. 5C, Blue lines) and found clear co-precipitation of
CNOT1, CNOT3, CNOT9, and DND1, regardless of RNase treatment
(Fig. 5D), thus confirming the interaction with DND1. As NANOS2 has
been shown to interact with mRNAs of Sohlhl1, Sohlh2, Dmrt1, Taf7l,
and Dazl genes, but not Ddx4 mRNA in germline stem cells (Zhou
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Fig. 3. Differentiating spermatogonia decrease in Dnd1-cKO testes. A-1, Flow cytometric analyses of testis cells from 5-week-old control (A, D, G) and DndI-cKO (B, E, H)
mice using antibodies against PLZF and DAZL (A, B), PLZF and ¢-KIT (D, E), or SOHLH1 and ¢-KIT (G, H). Percentages of cells within each gate are indicated. Frequency of indicated
cell fractions among testis cells of PLZF+ and DAZL+ (C), PLZF+ and ¢-KIT+ (F), or SOHLH1+ and c-KIT+ (I) were determined by the flow cytometric analyses. * P < 0.05, ** P < 0.01.
Error bars in C, F and I represent mean SD; three mice per genotype were analyzed. J—O, Testis sections from 5-week-old control and DndI-cKO mice were immunostained with
antibodies against active-Casp3 (green) (J, M) and ¢-KIT (red) (K, N). DNA was labelled with DAPI (L, O). Arrowheads indicate cells double positive for active-Casp3 and c-KIT. P,
Number of cells double positive for active-Casp3 and ¢-KIT in J-O were counted in 300 tubules from more than 20 independent microscopic fields (n = 4); *** P < 0.001 (Student's ¢-
test); scale bar: 50 um in J for J-O. Q, Frequency of indicated cell fractions among testis cells of PLZF+ and ¢-KIT—- in D and E were determined by the flow cytometric analyses. * P <
0.05. Error bars represent mean SD; three mice per genotype were analyzed.

109



Y. Niimi et al.

Developmental Biology 445 (2019) 103—-112

| PLZF I GFRa1 I

control

Dnd1-cKO

\ PLZF + CDH1 I

control

|

Dnd1-cKO

o 160

=1

= :

2 140 \ control

§ [ Dnd1-ckO

2 120

8

&

L 100

N

o

3 80

¥

% 60 ;

& 57.9

“5_ 40 Hkk [

2 331 38.1

o 20 NS

3 o NS

3 95120 03 08
As Apr Aal-4 Aal-8

Merge |

2 180

2 5 control

= 16!

£ Dnd1-cKO

S 140 186

3

120

N

& 100

o I

+ 80 83.9

5 *%

c« M. .

5 4 ; 54.9 5

2 40.8 . NS

s 20 26.2

5 = NS

= 13.213.1 23 14

o 0 -
As Apr Aal-4 Aal-8 Aal-16

Fig. 4. A, and A, spermatogonia decrease in Dnd1-cKO testes. A-F, Seminiferous tubules of 5-week-old control and Dnd1-cKO mice were immunostained with antibodies
against PLZF (green) (A, D), GFRal (red) (B, E). G, Number of clusters double-positive for GFRal and PLZF in A—F were counted from undifferentiated A to A, - g spermatogonia per
1-cm tubule (n = 3). Clusters other than those of 2" cells are omitted. H-M, Seminiferous tubules of 5-week-old control and Dnd1-cKO mice were immunostained with antibodies
against PLZF (blue) (H, K), CDH1 (red) (H, K), and TEX14 (green) (I, L). N, Number of clusters double-positive for CDH1 and PLZF in H-M were counted from undifferentiated A to
A.1-16 Spermatogonia per 1-cm tubule (n = 4). Clusters other than those of 2 " cells are omitted. * P < 0.05, *** P < 0.001 (Student's t-test); scale bars: 50 um in A for A—F, H for H-M.
Insets in A—F and H-M show enlarged views to better visualize protein expression. Arrowheads in H-M indicate localization of TEX14 to show cell connections in the clusters. Error

bars in G and N represent mean SD.

et al., 2015), we then analyzed these mRNAs by immunoprecipitation
of Flag-tagged NANOS2 and RT-qPCR (Fig. 5C, magenta lines). All the
tested mRNAs, except Ddx4 mRNA, were co-precipitated with Flag-
tagged NANOS2 (Fig. 5E), indicating that the mRNAs are associated
with NANOS2 in vivo as anticipated.

We then analyzed whether these mRNAs also associate with DND1.
Because our antibody against DND1 is not very useful for precipitation
of DND1-RNA complex (Fig. 5A), we took advantage of another
transgenic mouse line expressing Flag-tagged DND1, which was
previously reported to fully rescue the phenotype of Ter-homo mice
(Suzuki et al., 2016). We introduced the transgene into DndI-null
(Dnd1*/*) mice and confirmed that the transgene also fully rescued the
phenotype of DndI*/* mice (Fig. S5). Then, we carried out immuno-
precipitation using the rescued testes (Fig. 5F, Blue lines). As expected,
the antibody against Flag efficiently precipitated Flag-tagged DNDI1,
resulting in the co-precipitation of NANOS2 and NANOS3 regardless of
RNase treatment (Fig. 5G). Then, we conducted immunoprecipitation
and RT-qPCR analyses (Fig. 5F, magenta lines) and found that all the
NANOS2-associated mRNAs were precipitated with DND1, although
the amount of the mRNAs co-precipitated was small (Fig. 5H). As the
amount of NANOS2 co-precipitated with Flag-tagged DND1 was very
small (Fig. 5G, a-NANOS2), the amount of NANOS2-interacting RNAs
was also expected to be very small. Nevertheless, these data suggest
that DND1 regulates the mRNAs cooperatively with NANOS2.
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4. Discussion

In the current study, we found that both differentiating and
undifferentiated spermatogonia were decreased by 1 week after the
first pulse of TM in the Dnd1-cKO testes (Fig. 3A-1, Q). Among these
two cell-types, undifferentiated spermatogonia showed a preferential
reduction of A; and A, spermatogonia (Fig. 4G, N), in which DND1
interacts with NANOS2 (Fig. 5A, B). Therefore, the observed reduction
in spermatogonia may be attributed to the disruption of the DND1-
NANOS2 complex. Considering that the apoptotic signal was not
observed in GFRal-positive undifferentiated spermatogonia (Fig. S4)
while the number of A,_4 spermatogonial cluster was slightly increased
(Fig. 4N), A and A,,; spermatogonia might be quickly divided into A,1_4
spermatogonia without self-renewal by 1 week after the first TM pulse,
which suggest that A and A, spermatogonia might fail to turnover at a
normal rate of 6-7 days (de Rooij, 2017). Alternatively, it is also
possible that some of A; and A, spermatogonia directly differentiate
into GFRal-negative differentiating spermatogonia or meiotic cells in
DndI-cKO testes, in a similar manner to that observed in male
embryonic germ cells showing meiotic characters in the absence of
DND1 (Suzuki et al., 2016). However, we currently lack evidence
confirming either the mitotic division or the differentiation of these
cells. Further analysis is required for elucidation of the status of A and
A, undifferentiated spermatogonia in the absence of DND1. On the
other hand, apoptotic cell death was significantly upregulated in the
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differentiating spermatogonia (Fig. 3P), accounting for the reduction of
these cells. As DND1 is expressed in NANOS2-negative spermatogonia,
DND1 might have some functions that are independent of NANOS2 in
these cells; In fact, we found that NANOS3 interacts with DND1 in the
adult testes. As NANOS3 is expressed mainly in NANOS2-negative
undifferentiated spermatogonia (Sada et al., 2009), DND1 might have a
cooperative function with NANOS3 instead of NANOS?2 in these cells.
Therefore, disruption of the DND1-NANOS3 complex might have some
effects on NANOS2-negative undifferentiated spermatogonia, which
may indirectly promote the apoptosis of differentiating spermatogonia.
Alternatively, DND1 may associate with some proteins other than
NANOS family proteins in differentiating spermatogonia, and play a
role in the survival of these cells. To reveal the physiological function of
DND1 in spermatogonia in more detail, loss-of-function analyses of
DND1 should be conducted in either NANOS2-negative undifferen-
tiated spermatogonia or differentiating spermatogonia. Lastly, it should
be noted that we cannot rule out a possibility that a small number of
cells in some somatic tissues express DND1, even if the present western
blot analyses indicated DND1 expression only in the testis of 5-week-
old mice. Therefore, a ubiquitous deletion of Dndl might alter such
tissues, which in turn would affect the maintenance of spermatogonia
via mechanisms such as those involving the endocrine system. A
detailed identification of DNDI1-expressing cells in somatic tissues
and a specific deletion of DndI in such cells are required for further
analyses of the physiological function of DND1.

In our analyses, we used mouse lines backcrossed to the MCH

strain (Fig. 4N), and the portion of A in 5-week-old control mice was
higher than those described in C57/BL6 or close to C57/BL6 (Choi
et al., 2010; DeFalco et al., 2015; Gassei and Orwig, 2013; Nakagawa
et al., 2010; Tokuda et al., 2007). Therefore, the different ratios of
undifferentiated spermatogonial clusters might result from the genetic
background. To clarify this point, we have counted the cluster number
of undifferentiated spermatogonia in C57/BL6J mice in the same
manner as Fig. 4N, and then calculated the portion of each cluster
(Fig. S6). These analyses resulted in a data consistent with the previous
assessments confirming that our experimental system is reliable, which
in turn supports our notion that the higher portion of A is due to the
mouse strain used in our experiments. If so, we cannot exclude a
possibility that different ratio could be observed in Dnd1-cKO mice on
other genetic backgrounds.

We showed that NANOS2 co-precipitated with DND1 from testis
extracts and vice versa; to our knowledge, these data represent the first
in vivo evidence of the interaction between NANOS2 and DND1 in
spermatogonia. As NANOS2 interacts with the CCR4-NOT (CNOT)
deadenylase complex (Fig. 5B), it is presumed that DND1 is required
for loading specific RNAs into NANOS2-CNOT complex for suppres-
sion of the RNAs in spermatogonia as well as in male embryonic germ
cells (Suzuki et al.,, 2009). However, the present antibody against
NANOS2 was not suitable for analysis of the interaction of NANOS2
with RNAs by immunoprecipitation using testis extracts. This may be
because the expression of NANOS2 is too low for the biochemical
analysis, as NANOS2 is expressed only in a small population of
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undifferentiated spermatogonia. A comprehensive identification of
NANOS2-interacting RNAs in the presence and absence of DNDI1 is
required for the elucidation of the biochemical function of DND1.

Recently, Photoactivatable ribonucleoside—enhanced crosslinking
and immunoprecipitation (PAR-CLIP) analyses indicated that DND1
preferentially interacts with the sequences UUU or UUA in the 3" UTR
of target mRNAs in cultured cells, and the number of these consensus
sequences controls the extent of DND1-mediated mRNA degradation
(Yamaji et al., 2017). Therefore, we counted the sequences in the
mRNAs, and found 8 sequences in Sohlhl1, 31 in Sohlh2, 41 in Dmrtl,
96 in Dazl, 24 in Taf7l, and 34 in Ddx4 mRNA (Fig. S7). However, the
signal intensity in the RT-qPCR analyses, in which only DmrtI mRNA
was strongly detected, was not correlated with the numbers of these
sequences (Fig. 5H). This might be because DND1 interacts with
Sohlh1l, Sohlh2, Dazl, and Taf7l mRNAs only in complex with
NANOS2, whereas DND1 might associate with DmrtI mRNA via not
only NANOS2, but also other mechanisms. On the other hand, it is
difficult to explain why neither DND1 nor NANOS2 associated with
Ddx4 mRNA, despite the fact that Ddx4 mRNA has 34 consensus
sequences in its 3° UTR. We assume that a germ cell-specific
mechanism might prevent DND1 from binding to Ddx4 mRNA, and
that such a mechanism does not exist in cultured cells. Alternatively, IP
and RT-qPCR analyses might not be able to reflect the in vivo status of
the interaction between DND1 and the target mRNAs as precisely as
PAR-CLIP analysis. It is essential to comprehensively identify DND1-
binding proteins and RNAs in germ cells for further understanding of
DND1-mediated RNA metabolism in vivo.
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Summary statement

DND1, which acts co-operatively with NANOS2 in male embryonic
germ cells, plays an essential role for the maintenance of both
undifferentiated spermatogonia and differentiating spermatogonia.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ydbio.2018.11.003.
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