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ABSTRACT
The mitosis-meiosis transition is essential for spermatogenesis.
Specific and timely downregulation of the transcription factor DMRT1,
and consequent induction of Stra8 expression, is required for this
process in mammals, but the molecular mechanism has remained
unclear. Here, we show that β-TrCP, the substrate recognition
component of an E3 ubiquitin ligase complex, targets DMRT1 for
degradation and thereby controls the mitosis-meiosis transition in
mouse male germ cells. Conditional inactivation of β-TrCP2 in male
germ cells of β-TrCP1 knockout mice resulted in sterility due to a lack
of mature sperm. The β-TrCP-deficient male germ cells did not enter
meiosis, but instead underwent apoptosis. The induction of Stra8
expression was also attenuated in association with the accumulation
of DMRT1 at the Stra8 promoter in β-TrCP-deficient testes. DMRT1
contains a consensus β-TrCP degron sequence that was found to
bind β-TrCP. Overexpression of β-TrCP induced the ubiquitylation
and degradation of DMRT1. Heterozygous deletion of Dmrt1 in
β-TrCP-deficient spermatogonia increased meiotic cells with a
concomitant reduction of apoptosis. Collectively, our data indicate
that β-TrCP regulates the transition from mitosis to meiosis in male
germ cells by targeting DMRT1 for degradation.
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INTRODUCTION
Spermatogenesis is a highly regulated process by which diploid
spermatogonial stem cells undergo mitotic expansion and then
differentiate into spermatocytes that progress through meiosis to
produce haploid spermatids, which in turn undergo elongation to
give rise to spermatozoa (Jan et al., 2012). In male mouse embryos,
pre-Sertoli cells maintain germ cells mitotically quiescent in G0

phase of the cell cycle. During the first postnatal week of life,
seminiferous tubules undergo remodeling and germ cells migrate to
the basal lamina of the tubules, where a spermatogonial stem cell
niche is formed and the germ cells develop into spermatogonial
stem cells. The first wave of spermatogenesis takes place
synchronously. In the adult, however, the spermatogenic cycle
starts asynchronously, with the result that distinct stages of

spermatid development are apparent in different tubules, allowing
for the continuous production of functional sperm.

In mammals, retinoic acid (RA), the active derivative of vitamin A,
contributes to the switch from undifferentiated spermatogonia to
differentiating spermatogonia, as well as the transition frommitosis to
meiosis of differentiating spermatogonia. In the latter case, RA
promotes meiosis by activating RA receptor-dependent transcription
of meiotic inducers, including Stra8 (Bowles and Koopman, 2007).
The expression of STRA8 is robustly induced in preleptotene
spermatocytes entering meiosis (Oulad-Abdelghani et al., 1996;
Vernet et al., 2006; Zhou et al., 2008). In Stra8 mutant mice, most
preleptotene spermatocytes fail to enter meiosis (Anderson et al.,
2008; Mark et al., 2008), suggesting that STRA8 controls the switch
from mitotic proliferation to meiosis in male germ cells. RA
responsiveness in undifferentiated spermatogonia is regulated by
Doublesex andMab-3-related transcription factor 1 (DMRT1), which
inhibits meiosis entry by blocking Stra8 transcription (Raymond
et al., 1998; Matson et al., 2010). Accordingly, DMRT1 was shown
to be downregulated by an unknown mechanism before the onset of
meiosis (Matson et al., 2010). DMRT1 is expressed in the testis
throughout life and is required for both Sertoli cell differentiation and
germ cell migration and proliferation, reinforcing the importance of
its specific and timely disappearance in male germ cells for execution
of the mitosis-meiosis transition.

The SCF (SKP1, CUL1 and F-box protein) complex is an E3
ubiquitin ligase that comprises the RING domain-containing protein
ROC1, the scaffold proteins SKP1 and CUL1, and an interchangeable
F-box protein responsible for substrate recognition. This complex
contributes to the regulation of many cellular processes, including
proliferation, differentiation and death by targeting its substrate
proteins for degradation by the ubiquitin-proteasome system (Petroski
andDeshaies, 2005). In this latter system, ubiquitin is first activated by
an E1 ubiquitin-activating enzyme in an ATP-dependent manner and
is then transferred to an E2 ubiquitin-conjugating enzyme before
attachment to the target protein mediated by an E3 ubiquitin ligase.
The E3 thus recognizes specific substrates and facilitates or directly
catalyzes ubiquitin transfer to these proteins. In most instances, the
formation of a polyubiquitin chain on a target protein marks it for
degradation by the 26S proteasome (Hershko andCiechanover, 1998).

β-Transducin repeat-containing protein (β-TrCP; Fbxw11) is the
substrate recognition subunit of an SCF complex that mediates the
ubiquitylation of various substrates (Fuchs et al., 2004; Frescas and
Pagano, 2008). Mammals express two distinct paralogs of β-TrCP –
β-TrCP1 and β-TrCP2 – that manifest similar biochemical properties
(Suzuki et al., 1999; Tan et al., 1999).Malemice deficient in β-TrCP1
show moderate disruption of spermatogenesis and fertility without
other signs of illness or gross tissue abnormalities (Guardavaccaro
et al., 2003; Nakayama et al., 2003). Furthermore, combined β-TrCP1
knockout and β-TrCP2 knockdown throughout the body of adult
mice was associated with a pronounced testicular phenotype that wasReceived 16 August 2017; Accepted 27 September 2017
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characterized by impairment of spermatogenesis and attributed to
accumulation of the β-TrCP substrate SNAIL (Kanarek et al., 2010).
However, the widespread expression of β-TrCP1/2 in the testis,
including that in both male germ cells and Sertoli cells, combined
with the intimate interaction between these cell types, has made it
difficult to elucidate the molecular mechanism by which β-TrCP
regulates spermatogenesis.
We have now examined the role of β-TrCP in spermatogenesis by

conditional gene targeting in mice. We found that β-TrCP functions
as a critical regulator of the mitosis-meiosis transition in male germ
cells by targeting DMRT1 for degradation.

RESULTS
Generation of β-TrCP2 conditional knockout (CKO) mice
β-TrCP1–/– male mice have previously been found to manifest
reduced fertility accompanied by testicular accumulation of
spermatocytes in metaphase I of meiosis (Guardavaccaro et al.,
2003). However, we did not observe this phenotype in β-TrCP1–/–

males generated in our laboratory (Nakayama et al., 2003), suggesting
that the effect of β-TrCP1 deletion on fertility may be dependent on
genetic background or gene-targeting strategy. Given that the two
β-TrCP paralogs in mammals are thought to be functionally redundant
(Frescas and Pagano, 2008), loss of both β-TrCP1 and β-TrCP2might
be expected to have a more profound effect on fertility. Consistent
with this notion, whole-body knockdown of β-TrCP2 in adult male
β-TrCP1–/– mice resulted in a loss of sperm associated with
accumulation of the β-TrCP substrate SNAIL in the testis (Kanarek

et al., 2010). These findings thus indicated that β-TrCP plays an
essential role in spermatogenesis. However, given that the expression
of both β-TrCP1 and β-TrCP2 was downregulated in all tissues of
these mice, it has been difficult to identify the substrate (or substrates)
of β-TrCP responsible for this phenotype, as well as the tissues or cells
in which β-TrCP supports spermatogenesis.

To clarify this issue, we set out to generate β-TrCP1/2 double-
knockout (DKO) mice in a cell type-specific manner and to examine
testicular function in these animals. To this end, we first generated
mice in which exon 5 of β-TrCP2 is flanked by loxP sequences
(β-TrCP2F allele) (Nakagawa et al., 2015a) and then induced deletion
of the floxed gene by crossing the corresponding animals with Stra8-
Cre transgenic mice, which express Cre recombinase specifically in
spermatogonia from 3 days postpartum (dpp) (Sadate-Ngatchou
et al., 2008) (Fig. 1A). Exon 5 of β-TrCP2 encodes the F-box
domain, which is required for binding of β-TrCP2 to the SKP1-CUL1
scaffold, and its deletion induces a frameshift that generates a
premature stop codon. Genomic polymerase chain reaction (PCR)
analysis confirmed that exon 5 of β-TrCP2 was indeed substantially
deleted from 8 dpp in the testis of Stra8-Cre;β-TrCP2F/F [β-TrCP2
conditional knockout (CKO)] mice (Fig. 1B), whereas reverse
transcription (RT) and quantitative PCR (qPCR) analysis showed that
the testicular abundance of β-TrCP2 mRNA was reduced at 6 to
10 dpp (Fig. 1C). Male β-TrCP2 CKOmice were as fertile as control
(Stra8-Cre) males (Table 1), indicating that loss of β-TrCP2 function
alone did not affect spermatogenesis, likely as a result of functional
compensation by β-TrCP1.

Fig. 1. Targeted disruption of the mouse β-TrCP2 gene. (A) Schematic representation of wild-type, floxed and deleted alleles of the mouse β-TrCP2 locus.
LoxP sites are shown as triangles. Deletion of exon 5 by Cre recombinase results in a frameshift that generates a premature stop codon. The positions
of PCR primers (F, R1, R2) for genotyping are indicated. (B) Genomic PCR analysis for the testis of β-TrCP2 CKO or β-TrCP2F/F mice at the indicated ages. The
remaining floxed band in Stra8-Cre animals is due to unrecombined alleles in somatic cells of the testis. (C) RT-qPCR analysis of β-TrCP2mRNA abundance in
the testis of β-TrCP2 CKO mice expressed relative to that for age-matched β-TrCP2F/F (control) mice. Data are mean±s.e.m. for three mice of each
genotype. *P<0.05 versus corresponding control (two-way ANOVA followed by Tukey’s post-hoc test).
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β-TrCP1/2 deletion in germ cells impairs fertility and
spermatogenesis in adult male mice
To investigate the functional redundancyof the β-TrCP paralogs inmale
germ cells, we crossed β-TrCP2F/F mice with β-TrCP1–/– and Stra8-
Cre mice to yield Stra8-Cre;β-TrCP1–/–;β-TrCP2F/F (β-TrCP1/2
DKO) male mice. Although neither β-TrCP1 KO nor β-TrCP2 CKO
mice at 8 weeks of age manifested abnormalities, with both genotypes
showing apparently normal fertility, male β-TrCP1/2 DKO mice were
completely sterile (Table 1) and their testes were significantly smaller
than those of the single-knockout animals (Fig. 2A). Histological
analysis revealed testicular atrophy with a greatly reduced number of
sperm in β-TrCP1/2 DKO epididymal (Fig. 2B) and seminiferous
(Fig. 2C) tubules. These data thus indicated that β-TrCP in
spermatogonia is essential for spermatogenesis and that β-TrCP
paralogs are functionally redundant in male germ cells in this regard.

β-TrCP1/2 DKO mice manifest testicular vacuolization and
apoptosis
To determine the developmental stage at which β-TrCP1/2 deletion
impairs spermatogenesis, we examined animals at various ages from
6 dpp, when a decrease in the expression of β-TrCP2 in the testis of
β-TrCP2 CKO mice was first apparent (Fig. 1C). Testis weights of
β-TrCP1/2 DKO mice were significantly reduced compared with
those in control mice beginning at 10 dpp (Fig. 3A). Although early
meiotic events are first apparent in the testis of wild-type mice at 10
dpp (Bellve et al., 1977), some seminiferous tubules of β-TrCP1/2
DKO mice contained germ cells with pyknotic nuclei, indicative of
apoptosis, at this developmental stage (Fig. 3B). The pyknotic cells
were observed at the center of tubules, not at the periphery where
spermatogonia reside. At 14 dpp, meiotic germ cells that had
migrated from the periphery to the center were evident in most
tubules of control mice, whereas meiotic cells were essentially
absent and the tubule lumen was largely empty in β-TrCP1/2 DKO
mice (Fig. 3B). The terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay confirmed that
apoptotic cells were located in the lumen of tubules and that the
number of such cells was significantly increased in the β-TrCP1/2
DKO mouse testis at 10 and 14 dpp (Fig. 3C). No significant
increase in the number of apoptotic cells was apparent in the β-
TrCP1/2 DKO testis at 6 dpp (Fig. 3C). Together, these results
suggested that loss of β-TrCP1/2 function in male germ cells leads
to impairment of spermatogenesis by 10 dpp.

Male germ cells of β-TrCP1/2 DKO mice do not enter meiosis
The developmental stage and location at which apoptotic cell death
was observed in the β-TrCP1/2 DKO mouse testis overlapped with
those of early meiotic events in the testis of control mice, prompting
us to examine whether germ cells of the mutant animals were
eliminated before or after meiotic entry. Immunostaining revealed
that the number of seminiferous tubules positive for SCP3, a marker
of meiotic prophase, was markedly reduced in β-TrCP1/2DKOmice
compared with control mice at 10 dpp (Fig. 4A,C). The paucity of

staining for SCP3 in the mutant mice was more evident at 14 dpp
(Fig. 4B,C), whereas staining for PLZF, a marker of undifferentiated
spermatogonia, was similar in control and β-TrCP1/2 DKO mice at
both 10 and 14 dpp (Fig. 4). These results thus suggested that,
whereas undifferentiated spermatogonia survive in β-TrCP1/2 DKO
mice, male germ cells do not enter meiotic prophase.

β-TrCP1/2 DKO male germ cells exhibit accumulation of
DMRT1 with concomitant reduction of STRA8
Given that β-TrCP serves as the substrate binding component of an
SCF ubiquitin ligase, its loss would be expected to reduce the
ubiquitylation level of its substrates and (in most instances) to lead to
their accumulation. To address the molecular mechanism for the
meiotic defect in β-TrCP1/2DKOmale germ cells, we first examined
the abundance of various β-TrCP substrates implicated in
spermatogenesis, as well as of mitotic (PLZF) and meiotic (DMC1)
marker proteins. PLZF was detected from 6 to 10 dpp in the testis of
control mice, and its level was not altered in that of β-TrCP1/2 DKO
mice (Fig. S1A). In contrast, induction of DMC1, a marker protein of
meiotic prophase, was apparent at 10 dpp in the control testis, but this
upregulation of DMC1was greatly attenuated in the β-TrCP1/2DKO

Table 1. Fertility of male β-TrCP knockout mice

Genotype Number of fertile mice/total Litter size (mean±s.e.m.)*

Control 6/6 7.60±1.51
β-TrCP1 KO 6/6 5.85±1.78
β-TrCP2 CKO 6/6 7.22±1.64
β-TrCP1/2 DKO 0/6 0

*Resulting from 8-week-old male mice of the indicated genotype crossed with
wild-type females

Fig. 2. Defective spermatogenesis in β-TrCP1/2 DKO mouse testis.
(A) Testis size and weight for β-TrCP knockout mice at 8 weeks of age.
Quantitative data are mean±s.e.m. for six mice of each genotype. *P<0.05
versus age-matched control (one-way ANOVA followed by Tukey’s post-hoc
test). (B,C) Periodic acid-Schiff staining of epididymal (B) and seminiferous
(C) tubules of 8-week-old control (Stra8-Cre) and β-TrCP1/2 DKO mice.
Scale bars: 100 μm.
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testis (Fig. S1A), providing further support for our finding that β-
TrCP1/2 is crucial for entry of male germ cells into meiotic prophase.
SNAIL and EMI1 have been implicated as targets of β-TrCP

responsible for spermatogenic failure in β-TrCP mutant mice
(Guardavaccaro et al., 2003; Kanarek et al., 2010). However, we
found that neither of these proteins accumulated to a substantial
extent in the testis of our β-TrCP1/2 DKO mice (Fig. S1A).
Bioinformatics analysis of meiosis-related proteins revealed that
two such molecules – STRA8 and DMRT1 – contain a β-TrCP
degron sequence (DSGXXS), to which β-TrCP has been found to
bind (Hornbeck et al., 2012). Immunoblot analysis showed that the
amount of DMRT1 was increased, whereas that of STRA8 was
reduced in the β-TrCP1/2 DKO testis compared with the control
testis (Fig. 5A, Fig. S1A and S1B).
We have previously reported that DMRT1 is silenced at the

mitosis-to-meiosis transition (Matson et al., 2010). We therefore used
immunofluorescence to ask whether DMRT1 expression in double
mutant testes is elevated specifically at this crucial regulatory step.We
first examined spermatogonial markers (SOHLH1, SOHLH2 and
DMRT6) and found that these were expressed in cells of appropriate
morphology and organization, indicating that spermatogonial
development is normal in the double mutant (data not shown).
Next, we examined the mitosis/meiosis transition. In control testes,
DMRT1 was expressed in Sertoli cells and spermatogonia, but not
in SYCP3-positive preleptotene spermatocytes or prophase I
spermatocytes (Fig. 5B, left panel). By contrast, in double mutant

testes, many cells were present with morphology typical of
preleptotene spermatocytes but expression of both DMRT1 and
SYCP3 (Fig. 5B, middle and right panels) was severely defective
in primary spermatocytes. We conclude that double mutant
spermatogonia fail to properly downregulate DMRT1 at the onset
of preleptonema and the ectopic DMRT1 likely interferes with
initiation of meiotic prophase. DMRT1 regulates expression of Stra8
in spermatogonia, likely by direct repression of Stra8 transcription
(Matson et al., 2010), and thus ectopic DMRT1 in double mutant
testes would be expected to suppress the normal upregulation of
STRA8 in preleptonema. In control testes, STRA8 was strongly
expressed in preleptotene spermatocytes with characteristic speckled
expression of SYCP3 and DAPI staining (Fig. 5C, left panels).
Double mutant testes had a variable phenotype. In some tubules,
preleptotene spermatocytes were present but lacked STRA8 (Fig. 5C,
middle panels). These tubules lacked pachytene spermatocytes. Other
tubules had some STRA8-positive preleptotene spermatocytes and
pachytene spermatocytes with normally synapsed chromosomes but
very few preleptotene cells had normal levels of STRA8 (Fig. 5C,
right panels). β-TrCP1/2 DKO preleptotene cells exhibited DNA
replication, marked by BrdU incorporation, similar to control cells
(Fig. 5D) at 21 dpp when the second round of preleptotene cells
replicate their DNA but Sertoli cells have already exited cell
proliferation (Vergouwen et al., 1991). This indicates that loss of
β-TrCP1/2 does not inhibit DNA replication of preleptotene cells,
which takes place immediately before meiotic prophase.

Fig. 3. Developmental defect and apoptosis in seminiferous tubules of β-TrCP1/2 DKO mice. (A) Testis weight of control (Stra8-Cre) and β-TrCP1/2 DKO
mice at various ages. Data are mean±s.e.m. for four mice for each group. *P<0.05 versus age-matched control (two-way ANOVA followed by Tukey’s
post-hoc test). (B) Periodic acid-Schiff staining of seminiferous tubules of control and β-TrCP1/2DKOmice at 10 and 14 dpp. Scale bars: 100 μm. (C) Left: TUNEL
staining of seminiferous tubules in control and β-TrCP1/2 DKO mice at 10 and 14 dpp. Scale bars: 10 μm. Right: The percentage of TUNEL-positive tubules
was determined as mean±s.e.m. for three mice of each group. *P<0.05 versus age-matched control (two-way ANOVA followed by Tukey’s post-hoc test).
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RT-qPCR analysis confirmed that Stra8 expression was
significantly decreased in the testis of β-TrCP1/2 DKO mice
compared with that of control mice at 8 dpp, whereas the abundance
of Dmrt1 mRNA did not differ between the two genotypes
(Fig. 5E). Furthermore, chromatin immunoprecipitation (ChIP)-
qPCR analysis showed that DMRT1 accumulated at the Stra8
promoter in the β-TrCP1/2DKO testis (Fig. 5F), consistent with the
notion that DMRT1 binds directly to the promoter region to repress
Stra8 expression (Matson et al., 2010). From these data, we
conclude that ectopic DMRT1 expression in preleptonema is
associated with reduced STRA8 expression and this likely
contributes to the severe gametogenesis defects observed in the
double mutant testes.

DMRT1 is a substrate of β-TrCP for ubiquitylation and
degradation
The β-TrCP-binding motif (DSGXXS) of mouse DMRT1 is located
at amino acids 329 to 334 (Fig. 6A), with phosphorylation of the two

serine residues thought to be necessary for β-TrCP binding. Indeed,
we found that DMRT1 bound to β-TrCP1 in testicular cells (Fig. 6B)
and transfected 293T cells (Fig. 6C), as well as to β-TrCP2 in
transfected 293T cells (Fig. 6D); however, an SAmutant of DMRT1,
in which the serines at amino acid positions 330 and 334 have been
replaced with alanine, did not. The ubiquitylation level of DMRT1 in
transfected 293T cells was markedly increased by forced expression
of either β-TrCP1 or β-TrCP2, whereas deletion of the F-box domain
(ΔF) of either β-TrCP paralog abrogated this effect (Fig. 6E). In
contrast, the SA mutant of DMRT1 was resistant to ubiquitylation
even in cells overexpressing β-TrCP1 (Fig. 6F). Consistent with the
degradation following ubiquitylation, overexpression of β-TrCP1 and
β-TrCP2 markedly reduced the half-life of wild-type DMRT1
(Fig. 6G) but not the SA mutant of DMRT1 (Fig. S2A). Finally,
Cre recombinase-mediated acute reduction of β-TrCP in mouse
embryonic fibroblasts with reconstituted DMRT1 led to accumulation
of steady-state levels of DMRT1 accompanied by the decrease
in ubiquitylation level (Fig. S2B-D), supporting the notion that

Fig. 4. Meiotic defect of male germ cells
in β-TrCP1/2 DKO mice.
(A,B) Immunohistofluorescence staining for
SCP3 (green) and PLZF (red) in seminiferous
tubules of control (Stra8-Cre) and β-TrCP1/2
DKOmice at 10 (A) and 14 (B) dpp. The tubules
are outlined in merged images on the basis of
nuclear staining with 4′,6-diamidino-2-
phenylindole (DAPI, blue). Seminiferous
tubules lacking meiotic cells are indicated with
an asterisk. Scale bars: 50 µm. (C) Percentage
of seminiferous tubules containing SCP3+ (left)
or PLZF+ (right) cells for control and β-TrCP1/2
DKOmice at the indicated ages. Data aremean
±s.e.m. for three (for SCP3 staining) and two
(PLZF staining) mice of each group. *P<0.05
versus age-matched control (two-way ANOVA
followed by Tukey’s post-hoc test).
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DMRT1 is targeted by β-TrCP for ubiquitylation and subsequent
degradation.

Post-translational regulation of DMRT1 in germ cells
Our data indicated that downregulation of DMRT1 at the meiosis-
to-mitosis transition is mediated by protein degradation, but not
likely by transcriptional silencing. To confirm this, we used a Cre-
inducible transgene to express DMRT1 and GFP in the adult

spermatogonial lineage from a bicistronic mRNA (Lindeman et al.,
2015). This transgene (CAG-Stop-Dmrt1-Gfp) is driven by a strong
synthetic promoter followed by a transcriptional stop cassette that
can be excised by Cre recombination to selectively activate
transcription of the Dmrt1- and Gfp-coding sequences, and
contains exogenous 5′ and 3′ untranslated regions (UTRs). We
activated transgene transcription in undifferentiated spermatogonia
by tamoxifen injection of adult mice carrying CAG-Stop-Dmrt1-

Fig. 5. Accumulation of DMRT1 and reduction of STRA8 in β-TrCP1/2DKO testes. (A) Immunoblot analysis of the indicated proteins in the testis of four control
(Stra8-Cre, control) and four β-TrCP1/2 DKO mice at 8 dpp. Hsp90 was examined as a loading control. (B) Immunofluorescent staining of sectioned adult
seminiferous tubules for DMRT1 (green) and SYCP3 (red); DAPI staining of DNA is blue. In control testes (left panel), preleptotene spermatocytes (closed
arrowhead) have speckled distribution of SYCP3 and lack DMRT1, whereas pachytene spermatocytes (open arrowhead) have filamentous SYCP3 localized to
synaptonemal complexes. In double-mutant tubules (middle and right panels), preleptotene spermatocytes (closed arrowhead) ectopically express DMRT1 and
pachytene spermatocytes are rare. (C) Immunofluorescent staining of sectioned seminiferous tubules STRA8 (green) and SYCP3 (red); DAPI staining of
DNA is blue. In control testes (left panel), STRA8 is strongly expressed in preleptotene spermatocytes (closed arrowhead), whereas in double mutant testes
(middle and right panels), STRA8 is absent or weakly expressed in these cells (closed arrowheads). Scale bars: 20 μm. (D) Analysis of BrdU incorporation (red) in
sections of control and β-TrCP1/2 DKO testes at 21 dpp. DAPI staining of DNA is blue. Scale bars: 20 μm. (E) RT-qPCR analysis of β-TrCP2, Stra8 and Dmrt1
mRNAs in the testis of control and β-TrCP1/2 DKO mice at 8 dpp. Data are mean±s.e.m. for four mice of each genotype. *P<0.05 versus control (unpaired
Student’s t-test). (F) ChIP-qPCR analysis of DMRT1 associated with the Stra8 promoter in the testis of control and β-TrCP1/2 DKOmice at 8 dpp. Regions (3 kb)
upstream and downstream of the Stra8 promoter were examined as negative controls. Data are mean±s.e.m. for three mice of each genotype. *P<0.05 versus
control (unpaired Student’s t-test).
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Gfp and Oct4-MerCreMer (Greder et al., 2012) transgenes, and
confirmed the co-expression of DMRT1 and GFP in spermatogonia
by immunofluorescence (Fig. 7A-C). We next examined expression
of DMRT1 and GFP in meiotic spermatocytes, identified based on

morphology and SYCP3 expression (Fig. 7D-F). We asked whether
exogenous transgene mRNA expression can cause ectopic
expression of DMRT1 protein after the mitosis/meiosis transition.
We found that activation of the transgene starting in spermatogonia

Fig. 6. β-TrCP1/2 bind to and ubiquitylate DMRT1 for degradation. (A) The amino acid sequences of DMRT1 orthologs. The β-TrCP degron is shaded, with the
critical residues for association with β-TrCP indicated in red. (B) Immunoprecipitation analysis of the endogenous interaction of β-TrCP1 with DMRT1 in the
control testis. Testis lysates were immunoprecipitated with antibodies to DMRT1 or control mouse IgG, and the immunoprecipitates (as well as 10% of the input
lysates) were subjected to immunoblot analysis with antibodies to β-TrCP1 and to DMRT1. (C,D) Immunoprecipitation analysis of the interaction of β-TrCP1 (C) or
β-TrCP2 (D) with DMRT1 in 293T cells transfectedwith expression vectors for FLAG epitope-tagged forms of β-TrCP1 or β-TrCP2, aswell as forMyc epitope-tagged
WT or SA mutant forms of DMRT1. Cell lysates were immunoprecipitated with antibodies to FLAG, and the immunoprecipitates (as well as 5% of the input cell
lysates) were subjected to immunoblot analysis with antibodies to Myc and to FLAG. (E) In vivo ubiquitylation analysis of DMRT1. 293T cells transfected with
vectors for hemagglutinin epitope (HA)-tagged ubiquitin, FLAG-taggedDMRT1 andMyc epitope-taggedWTor ΔFmutant forms of β-TrCP1 or β-TrCP2 were treated
with the proteasome inhibitor MG132 for 5 h, lysed and subjected to immunoprecipitation with antibodies to FLAG under denaturing conditions followed by
immunoblot analysis with antibodies to HA, to FLAG, to Myc and to tubulin (loading control). (F) In vivo ubiquitylation analysis of WT or SA mutant forms of DMRT1
with β-TrCP1 as in E. (G) Cycloheximide chase analysis of DMRT1 stability. 293T cells transfected with vectors for FLAG-tagged β-TrCP1 and β-TrCP2 (or the
corresponding empty vector, mock), as well as for Myc epitope-tagged DMRT1 were incubated with cycloheximide for the indicated times, lysed and subjected to
immunoblot analysis (IB) with the indicated antibodies. The band intensity for Myc-DMRT1 normalized by that of Hsp90 was quantified with Image J software.
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did result in GFP expression in large clones of spermatocytes, as
expected (Fig. 7E); however, these cells did not express DMRT1
(arrowheads, Fig. 7D-F). As both proteins were translated from the
same mRNA, we conclude that DMRT1 expression is likely
silenced at the onset of meiosis by a mechanism involving regulated
protein instability. In contrast to spermatocytes, transgenic DMRT1
was ectopically expressed in GFP-positive round spermatids
(Fig. 7G-I), indicating that these cells lack the mechanism that
destabilizes DMRT1.

Amelioration of spermatogenic defects in β-TrCP-deficient
mice by heterozygous deletion of Dmrt1
To test our hypothesis that abnormal accumulation of DMRT1 is
responsible for spermatogenic defects in β-TrCP mutant testes, we
examinedwhether forced reduction ofDMRT1 by heterozygous gene
deletion prevented impairment of spermatogenesis. To this end, we
first performed in vitro fertilization of oocytes obtained from
β-TrCP1−/−;β-TrCP2F/F mice with sperm from Dmrt1F/F mice
(Raymond et al., 2000) to obtain Dmrt1+/F;β-TrCP1+/−;β-TrCP2+/F

mice. As Dmrt1 and β-TrCP-1 are linked by the same chromosome

(19, compared with β-TrCP-2 on chromosome 11), we tried to obtain
recombinants but were unable to obtain any. Therefore, we compared
the testes of Stra8-Cre;β-TrCP1+/−;β-TrCP2F/F (β-TrCP1+/−;
β-TrCP2Δ/Δ) mice with those of Stra8-Cre;Dmrt1+/F;β-TrCP1+/−;
β-TrCP2F/F (Dmrt1+/Δ;β-TrCP1+/−;β-TrCP2Δ/Δ) and Stra8-Cre;
Dmrt1+/F (Dmrt1+/Δ) mice at 14 dpp when reduction of meiotic
cells, increase of apoptosis and vacuolization of seminiferous tubules
are notable in β-TrCP1/2 DKO mice (Figs 3 and 4). As reported
previously, heterozygous deletion of Dmrt1 does not have any
noticeable effects on spermatogenesis (Raymond et al., 2000) and thus
Dmrt1+/Δ testis served as a control.

Compared with Dmrt1+/Δ mice, testis weight in β-TrCP1+/−;
β-TrCP2Δ/Δ mice was significantly reduced in association with
vacuolization of seminiferous tubules, but Dmrt1+/Δ;β-TrCP1+/−;
β-TrCP2Δ/Δ mice exhibited almost identical testis weight to control
Dmrt1+/Δ mice with vacuolization ameliorated (Fig. 8A,B).
Furthermore, increased apoptosis observed in β-TrCP1+/−;β-TrCP2Δ/Δ

mice was also significantly reduced in Dmrt1+/Δ;β-TrCP1+/−;
β-TrCP2Δ/Δ mice (Fig. 8C and Fig. S3). Immunofluorescence
analysis revealed the significant decrease in meiotic cells in
β-TrCP1+/−;β-TrCP2Δ/Δ seminiferous tubules, which was improved
in Dmrt1+/Δ;β-TrCP1+/−;β-TrCP2Δ/Δ mice (Fig. 8D,E). Collectively,
these data support the idea that abnormal accumulation of DMRT1 is
a primary cause of spermatogenic defects in β-TrCP mutant testes.

DISCUSSION
Doublesex and Mab-3 (DM) domain-containing transcription
factors mediate sexual differentiation following sex determination in
both invertebrates and vertebrates (Matson and Zarkower, 2012). In
male mice, DMRT1 is required for maturation of Sertoli cells, which
support spermatogenesis, as well as for mitosis reinitiation and
migration of germ cells (Raymond et al., 2000). DMRT1 must be
downregulated after mitotic expansion for spermatogonia to enter
meiosis (Matson et al., 2010), and the molecular mechanism of
this downregulation has remained unknown. We have now
demonstrated that this downregulation is mediated by post-
transcriptional protein degradation and identified SCFβ-TrCP as a
critical ubiquitin ligase for this degradation in male germ cells
immediately before meiotic entry. Although the importance of the
ubiquitin-proteasome system in the late stages of spermatogenesis has
been appreciated (Hou and Yang, 2013; Richburg et al., 2014), as far
as we are aware, SCFβ-TrCP is the first ubiquitin ligase shown to play a
direct role in the mitosis-to-meiosis transition of germ cells in
mammals.

How is SCFβ-TrCP-mediated degradation of DMRT1 restricted
to the period immediately before meiosis? We consider two
possibilities that are not mutually exclusive: (1) expression of
β-TrCP1/2 is induced at this time; and (2) phosphorylation of the
β-TrCP degron of DMRT1 occurs at this time. Given that recognition
of substrates by F-box proteins is dependent on substrate
phosphorylation and that we found that mutation of the putative
phosphorylation sites in the β-TrCP degron of DMRT1 disrupted its
binding to β-TrCP and consequent ubiquitylation in cells, the second
scenario may be more likely. However, the kinase (or kinases)
responsible for DMRT1 phosphorylation remains to be identified.

Both β-TrCP and DMRT1 are conserved from invertebrates to
vertebrates, suggesting that regulation of DMRT1 by β-TrCP might
also be conserved. However, this does not seem to be the case, given
that neither the Drosophila DMRT1 ortholog Doublesex nor the
Caenorhabditis elegans ortholog MAB-3 appears to contain a
β-TrCP degron. The regulation ofDMRT1 by β-TrCPmight therefore
have appeared after the evolutionary divergence of vertebrates from

Fig. 7. Post-translational regulation of DMRT1 in germ cells.
(A-C) Immunofluorescent staining of whole-mount seminiferous tubule for
DMRT1 (magenta) and GFP (green). Strongly double-positive cells at surface
of tubule are spermatogonia. (D-F) Immunofluorescent staining of whole-
mount seminiferous tubule DMRT1 (magenta), GFP (green) and SYCP3
(orange). Large clones of GFP-positive cells below the tubule surface are
spermatocytes and are SYCP3 positive and DMRT1 negative (arrowheads
indicate examples of such cells). DMRT1-positive cells interspersed among
SYCP3-positive spermatocytes are spermatogonia and Sertoli cells. Insets
show the enlarged images of the cells indicated by arrowheads. (G-I)
Immunofluorescent staining of seminiferous tubule section for DMRT1
(magenta) and GFP (green). Cells expressing GFP and DMRT1 are round
spermatids. GFP immunofluorescence in whole-mount tubules is inefficient in
spermatids and hence the strongly GFP-positive germ cells in E and F are
primarily spermatocytes; GFP expression in spermatids is more readily
apparent in cross-section, as in H and I, where the majority of strongly GFP-
positive cells are round spermatid. Scale bars: 20 μm.
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invertebrates. Alignment of the amino acid sequences surrounding
the β-TrCP degron of DMRT1 orthologs from fishes to mammals
revealed that the critical sixth amino acid (serine) of the degron is not
conserved in birds, in which it is replaced with cysteine (Fig. S4). The
relevance of this difference remains unclear, but it is possible that the
regulatory mechanism for meiotic entry of spermatogonia in birds
differs from that in other vertebrates.
β-TrCP is one of the best-characterized F-box proteins, with

β-TrCP1 and β-TrCP2 having been considered to be functionally
redundant and indistinguishable. We found that β-TrCP1/2 DKO
male mice are sterile, whereas β-TrCP1 KO and β-TrCP2 CKO
males are not. This finding is thus consistent with the notion of
β-TrCP redundancy, at least in male germ cells.
Together, our results show that β-TrCP1/2 ubiquitylates DMRT1

and thereby targets it for degradation, with such degradation being

necessary for the entry of spermatogonia into meiosis after their
mitotic expansion. Our data are also consistent with the notion that
phosphorylation of the β-TrCP degron of DMRT1 is the molecular
trigger for the mitosis-to-meiosis switch. Identification of the kinase
(or kinases) responsible for this phosphorylation should provide
further insight into the molecular mechanisms underlying control of
the proliferation and differentiation of spermatogonia.

MATERIALS AND METHODS
Generation of mutant mice and preparation of MEFs
β-TrCP-1−/− mice (Nakayama et al., 2003) and β-TrCP2F/+ mice
(Nakagawa et al., 2015a) were backcrossed to the C57BL/6 background
for at least six generations. Dmrt1F/F mice (mainly C57BL/6 with a small
amount of 129Sv and probably FVB) have been described previously
(Raymond et al., 2000). Stra8-Cre mice on the FVB/NJ background [FVB/

Fig. 8. Amelioration of spermatogenic defects in β-
TrCP-deficient mice by heterozygous deletion of
Dmrt1. (A) Testis weights of mice of indicated
genotypes at 14 dpp. Data are mean±s.e.m. for three
mice of each group. *P<0.05 versus age-matched
control (one-way ANOVA followed by Tukey’s post-hoc
test). N.S., not significant. (B) Periodic acid-Schiff
staining of seminiferous tubules of mice of indicated
genotypes at 14 dpp. Scale bar: 100 μm. (C) The
percentage of TUNEL-positive tubules determined as
themean±s.e.m. for threemice of each group at 14 dpp.
*P<0.05 versus age-matched control (one-way ANOVA
followed by Tukey’s post-hoc test). N.S., not significant.
See also Fig. S3. (D) Immunofluorescent staining for
SCP3 (green) and PLZF (red) in seminiferous tubules of
mice of indicated genotypes at 14 dpp. The tubules are
outlined in merged images on the basis of nuclear
staining DAPI (blue). Scale bar: 100 µm. (E) Percentage
of seminiferous tubules containing 20 or more SCP3+

cells for mice of indicated genotypes at 14 dpp. Data are
mean±s.e.m. for three mice of each group. *P<0.05
versus age-matched control (one-way ANOVA followed
by Tukey’s post-hoc test). N.S., not significant.
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N-Tg(Stra8-Cre) mice] were obtained from The Jackson Laboratory.
CAG-Stop-Dmrt1-Gfp transgenic mice have been described previously
(Lindeman et al., 2015). Oct4-MerCreMer knock-in mice were kindly
provided by Dr Yoav Segal (University of Minnesota, MN, USA) (Greder
et al., 2012). Mice were maintained in a specific pathogen-free facility at the
Institute of Animal Experimentation (Tohoku University Graduate School
of Medicine, Sendai, Japan) or at the University of Minnesota. They were
provided with water and rodent chow ad libitum and treated according to
The Standards for Humane Care and Use of Laboratory Animals of Tohoku
University; to the Guidelines for Proper Conduct of Animal Experiments of
the Ministry of Education, Culture, Sports, Science, and Technology of
Japan; or to the University of Minnesota Animal Care and Use Committee.
Primary mouse embryonic fibroblasts (MEFs) were obtained from 13.5 dpc
embryos as described previously (Nakayama et al., 2003).

Isolation of RNA and RT-qPCR analysis
Testicular RNAwas isolated and purified with the use of an SV Total RNA
Isolation System (Promega) and was subjected to RT with the use of a
PrimeScript RT reagent kit (Takara Bio) followed by real-time PCR analysis
with a StepOnePlus Real-Time PCR System (Life Technologies) and Fast
SYBR Green Master Mix (Life Technologies). Data were analyzed
according to the 2−ΔΔCt method and were normalized by the amount of
Arbp mRNA as described previously (Hosogane et al., 2013). Sequences of
PCR primers are provided in Table S1.

Histology, immunofluorescence analysis andBrdU incorporation
Testes were dissected and immediately fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 16 h at 4°C. The fixed tissue was
dehydrated, embedded in paraffin wax and sectioned at 5 μm. After removal
of paraffin wax, the sections were treated first with 0.5% periodic acid
(Muto Pure Chemicals) for 10 min at 60°C and then with Schiff’s reagent
(Muto Pure Chemicals) for 20 min at room temperature. Nuclei were
counterstained with Mayer’s Hematoxylin (Muto Pure Chemicals). For
immunostaining, sections were treated with boiling 20 mM sodium citrate
buffer (pH 6.0) for 5 min, incubated with blocking solution (3% bovine
serum albumin and 0.3% Triton X-100 in PBS) for 16 h at 4°C, and then
exposed first to primary antibodies for 16 h at 4°C and then to Alexa Fluor
488- or Alexa Fluor 546-conjugated secondary antibodies for 1 h at room
temperature. The sections were washed with PBS containing 0.1% Triton
X-100, incubated with DAPI (1 μg/ml) for 10 min at room temperature, and
then examined with a BZ9000 fluorescence microscope (Keyence), a
DeltaVision fluorescence microscopy system (GE Healthcare) or a Zeiss
Imager Z1 microscope with Apotome structured illumination using a Zeiss
MRm camera. All the antibodies used in the present study are listed in
Table S2, except for the STRA8 antibody used in Fig. 5C (Zhou et al., 2008),
which was kindly provided by Dr. Michael D. Griswold (Washington State
University,WA,USA). TUNEL staining was carried out using TUNELLabel
Mix (Roche) and TUNEL Enzyme (Roche). BrdU incorporation assay was
performed as described previously (Anderson et al., 2008).

Plasmid construction
The expression construct for HA ubiquitin has been described previously
(Nakagawa et al., 2015b). The cDNAs encoding β-TrCP1 and β-TrCP2 were
amplified from a cDNA library derived from mouse embryonic fibroblasts,
and cloned into the pENTR vector (Life Technologies). The cDNA for
DMRT1 was amplified from a library derived from mouse (C57BL/6) testis
and also cloned into pENTR. The LR reaction was performed as described
previously (Nakagawa et al., 2015b) to generate constructs for Myc epitope-
or FLAG-tagged proteins. The SA mutant of DMRT1 and ΔF mutants of
β-TrCP1 and β-TrCP2 were generated by PCR-based mutagenesis.

Cell culture and viral infection
MEFs and 293T cells (not recently authenticated) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, penicillin (50 U/ml), streptomycin (50 μg/ml), 2 mM L-glutamine,
1%MEM-non essential amino acids and 1% sodium pyruvate. Mycoplasma
contamination tested monthly was negative. DMRT1 was reconstituted in
TrCP1−/−;β-TrCP2F/F MEFs by infection of retrovirus encoding DMRT1-

and blasticidin-resistant genes, and infected cells were selected using 10 μg/
ml blasticidin. Conditional deletion of the β-TrCP2 gene in DMRT1-
reconstituted MEFs was achieved by infection with a retrovirus containing
Cre recombinase as described previously (Nakagawa et al., 2015a).

Immunoprecipitation and immunoblot analysis
For immunoprecipitation, 293T cells were washed with PBS and lysed
for 10 min at 4°C in NP-40 lysis buffer [0.5% Nonidet P-40, 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol] and a protease inhibitor
cocktail [10 μg/ml aprotinin (Sigma), 10 μg/ml leupeptin (Peptide institute)
and 1 mM PMSF (Wako)]. The lysates were centrifuged at 20,000 g for
15 min at 4°C, and the resulting supernatants were incubated with Dynabeads
Protein G (Life Technologies) conjugated with the antibodies to FLAG. The
resulting immunoprecipitates were washed three times with PBS containing
0.1% Triton X-100 and 10% glycerol, and then subjected to immunoblot
analysis.

For immunoblot assay, testicular extracts were prepared by
homogenization of tissue in a solution containing 50 mM Tris-HCl (pH
7.5), 250 mM sucrose, 1 mM EDTA, a protease inhibitor cocktail and
phosphatase inhibitor cocktail [0.4 mM sodium orthovanadate (Wako),
0.4 mM EDTA (Dojindo), 10 mM NaF (Wako) and 10 mM sodium
pyrophosphate (Sigma)]. The homogenate was then mixed with an equal
volume of 2× radioimmunoprecipitation assay (RIPA) buffer. Extracts of
293T cells were prepared with 1× RIPA buffer and were cleared of debris by
centrifugation at 20,000 g for 15 min at 4°C. Band intensities were
quantified using Image J software.

ChIP-qPCR analysis
ChIP-qPCR analysis was conducted as reported previously (Matson et al.,
2010).

Ubiquitylation assay
The in vivo ubiquitylation assay was performed as described previously
(Nakagawa et al., 2015b). In brief, 293T cells transfected with expression
vectors for HA-ubiquitin, Myc epitope-taggedWT or ΔF mutant forms of β-
TrCP1 or β-TrCP2, and FLAG-tagged WT or SA mutant forms of DMRT1
orMEFs reconstituted with DMRT1were incubated with 10 μMMG132 for
5 h, lysed with NP-40 lysis buffer containing 0.1% SDS to disrupt
noncovalent protein-protein interaction, and then subjected to
immunoprecipitation with antibodies to FLAG followed by immunoblot
analysis with the indicated antibodies.

Cycloheximide chase analysis
293T cells were incubated with cycloheximide (25 μg/ml) for the indicated
times and then subjected to immunoblot analysis.

Bioinformatic protein sequence analysis
Mouse proteins with β-TrCP degron (DSGXXS) sequence were retrieved by
‘SEQUENCESEARCH’ engine ofPhosphoSitePlus (http://www.phosphosite.
org/psrSearchAction.action) (Hornbeck et al., 2012), and reported functions of
these proteins were obtained one by one based on literature.

Data reporting
Sample size was not predefined. The experiments were not randomized and
the investigators were not blinded to allocation during experiments and
outcome assessment.

Statistical analysis
Data are presented as mean±s.e.m. and were analyzed by the two-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc tests or the
unpaired Student’s t-test as indicated in the figure legends. P<0.05 was
considered statistically significant.
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