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SUMMARY

The meiotic functions of Emi2, an inhibitor of the APC/C complex, have been best characterized
in oocytes where it mediates metaphase Il arrest as a component of the cytostatic factor. We
generated knockout mice to determine the in vivo functions of Emi2—in particular, its functions in
the testis, where Emi2 is expressed at high levels. Male and female Emi2 knockout mice are viable
but sterile, indicating that Emi2 is essential for meiosis but dispensable for embryonic
development and mitotic cell divisions. We found that, besides regulating cell-cycle arrest in
mouse eggs, Emi2 is essential for meiosis | progression in spermatocytes. In the absence of Emi2,
spermatocytes arrest in early diplotene of prophase I. This arrest is associated with decreased
Cdk1 activity and was partially rescued by a knockin mouse model of elevated Cdk1 activity.
Additionally, we detected expression of Emi2 in spermatids and sperm, suggesting potential post-
meiotic functions for Emi2.
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In Brief

Gopinathan et al. use mouse genetics to characterize the in vivo functions of Emi2, a meiotic
inhibitor of APC/C. Emi2 knockout mice are sterile, revealing that Emi2 is essential for oocytes
and spermatocytes to complete meiotic divisions. Impaired Cdk1 activity upon loss of Emi2
contributes to spermatogenic defects.
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INTRODUCTION

Emi2 (early meiotic inhibitor 2), also called XErpl (Xenopus Emil-related protein 1) or
Fbxo43, was originally identified in a yeast two-hybrid screen as a novel PIx-1 (Xengpus
polo-like kinase)-interacting protein and was shown to mediate cytostatic factor (CSF) arrest
in Xenopus eggs (Schmidt et al., 2005; Tung et al., 2005). The mechanism of CSF arrest and
the essential role of Emi2 have been well characterized in frogs (Bhatt and Ferrell, 1999;
Gross et al., 1999; Haccard et al., 1993; Masui, 2000; Masui and Markert, 1971; Sagata et
al., 1989; Schmidt et al., 2006; Shibuya and Masui, 1988; Tunquist et al., 2002, 2003), and
the role of Emi2 as a CSF component that is required for maintenance of metaphase Il (MII)
arrest appears to be similarly conserved in mouse oocytes (Madgwick et al., 2006; Shoji et
al., 2006). Emi2 is phylogenetically closely related to Emil (early mitotic inhibitor 1) or
Fbxo5 (Reimann et al., 2001; Shoji et al., 2006), and both proteins are inhibitors of the
ubiquitin ligase activity of the APC/C complex. Essential to their APC/C inhibitory
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functions is the zinc-binding region (ZBR) that both proteins contain in addition to their C-
terminal F-box domains (Reimann et al., 2001; Schmidt et al., 2005; Suzuki et al., 2010).
While Emil is ubiquitously expressed, Emi2 is restricted to testis and ovary in mice (Shoji et
al., 2006), suggesting that the functions of Emi2 may be specific to meiosis. The functions
of Emi2 in mouse testis have not yet been studied. Interestingly, in Xenopus, Emi2 also has
mitotic functions and is essential for early embryonic divisions (Tischer et al., 2012). In
order to ascertain the in vivo functions of Emi2 in the mouse, we generated conditional

Emi2 knockout mice, which were viable but sterile. Our analyses of the knockout mice
reveal that, in addition to regulating cell-cycle arrest in oocytes, Emi2 is essential for
spermatogenesis.

Emi2 Knockout Mice Are Viable

Conditional Emi2 knockout mice were generated by inserting /oxP sites flanking the third
exon of the Emi2 gene (Figure 1A). The resulting targeting vector was electroporated into
embryonic stem cells (ESCs) to obtain heterozygous Emi2*/flox ESCs by homologous
recombination (Figure 1B). Emi2*/floX ESCs were injected into mouse blastocysts and
homozygous Emi2flox/flox mice were obtained through standard procedures. Emi2flox/flox
mice were phenotypically normal, demonstrating that the floxed Emi2 allele is functionally
wild-type. Emi2flox/flox mice were then crossed with p-actin-Cre transgenic mice
(Lewandoski et al., 1997) to obtain Emi2*/"UIl mice that were intercrossed to obtain
homozygous knockout (KO) Emi2nulnull (Emi2K0) mice. Genotyping of Emi2KO mice
revealed the presence of a “null” allele band of the expected size (Figure 1C). Analysis of
MRNA in Emi2KO testes by RT-PCR revealed the presence of a truncated transcript, the size
matching that expected upon loss of the targeted exon 3 (Figure 1D, top panel). No mRNA
was detected by RT-PCR in Emi2KO testes with primers encompassing the targeted exon 3
(Figure 1D, bottom panel), and western blot analysis using antibodies specific for Emi2
(Figure S6) revealed a complete absence of Emi2 protein in KO testes (Figure 1E). Emi2KO
mice were obtained at the expected Mendelian frequencies (Figure 1F) and displayed a
normal lifespan (up to 2 years) that was comparable to that of wild-type and heterozygous
(Emi2*/mully littermates, indicating that Emi2 is not an essential gene in the mouse, thus
precluding an essential function in mammalian development or mitotic cell division. To
ensure that the observed dispensability of Emi2 for mouse viability was not due to
developmental compensation that genetic KOs are prone to (Barbaric et al., 2007; Rossi et
al., 2015), we deleted Emi2 in adult mice using tamoxifen administration in the ROSA-
CreERT2 strain. Adult male mice (Emi2flox/null ROSA-CreERT?2) lacking Emi2 appeared
healthy, with no overt defects for up to 6 months following tamoxifen administration (data
not shown).

Emi2KO Mice Are Sterile

Attempted breedings of adult male and female Emi2KO mice with fertile wild-type mice did
not result in pregnancies or produce any pups, indicating sterility and an essential role for
Emi2 in meiosis. Emi2 heterozygous (Emi2*/"u!l) mice were fertile and phenotypically
indistinguishable from wild-type mice. Histopathological analysis revealed healthy ovaries
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in KO mice (Figures 2A and 2B); however, eggs collected from oviducts following
superovulation displayed abnormal morphology that was distinct from wild-type oocytes
arrested in metaphase of meiosis Il. In addition to normal protrusion of the first polar body,
Emi2KO oocytes exhibited a germinal vesicle-like structure with chromatin that is likely to
be decondensed (Figure 2C). Additionally, some Emi2KO oocytes also displayed
parthenogenetic divisions. This indicates successful completion of the first meiotic division
by Emi2KO oocytes but defects in entry into meiosis Il. These results are comparable to
earlier studies that used anti-sense morpholinos or small interfering RNA (siRNA) to silence
Emi2 in mouse oocytes (Madgwick et al., 2006; Shoji et al., 2006).

Of the 11 Emi2KO mice examined, oocytes from only two KO mice displayed
parthenogenetic divisions (Figure 2C). In anticipation of ovarian cancer that can result from
parthenogenetic divisions (Colledge et al., 1994; Eppig et al., 1996; Hashimoto et al., 1994;
Vanderhyden et al., 2003; Yoshida et al., 2007), we aged female Emi2KO mice (n = 7).
However, these mice had a normal lifespan (around 2 years) and, upon necropsy, displayed
normal gross morphology of ovaries (data not shown). Our results suggest that
parthenogenesis is infrequent or rare in Emi2KO oocytes and may not impact ovary health.

Testes from adult Emi2KO mice displayed decreased size and weight compared to wild-type
littermates (Figure 3A). Histopathological analysis revealed a complete absence of
spermatids in Emi2KO testes (Figure 3B, P63 testis panels) and an absence of sperm in
Emi2KO epididymis (Figure 3B, P120 cauda epididymis panels), suggesting that
spermatocytes are unable to complete meiotic divisions in the absence of Emi2.

Emi2 Is Essential for Completion of Prophase in Meiosis | of Spermatogenesis

To determine the exact stage of meiosis where Emi2KO spermatocytes arrest, we performed
detailed histopathological analysis of testes from KO mice of various ages (Figure 3B).
Testes collected from Emi2KO mice at P15 were indistinguishable from those of wild-type
and heterozygote littermates. This was further supported by gene expression analysis, where
no differentially regulated genes were seen at P15 in Emi2KO testes, in comparison to wild-
type testes (Figure S1). Since by P15, primary spermatocytes enter into the first meiotic
divisions, normalcy at this stage in KO testes indicates that Emi2 is not required for mitotic
spermatogonial divisions or entry into meiosis I. While the most advanced cells in wild-type
and heterozygote testes were round spermatids at P23 and elongated spermatids at P29, the
most advanced cells in Emi2KO testes at P23 and P29 were pachytene/diplotene
spermatocytes that underwent apoptosis at stage XI1 of the cycle of seminiferous epithelium.
Adult P63 testes from wild-type and heterozygote littermates displayed complete
spermatogenesis, while adult testes from Emi2KO mice contained apoptotic pachytene/
diplotene spermatocytes (Figure 3B). Similar results were seen upon tamoxifen
administration to Emi2flox/null ROSA26-CreERT2 adult male mice (Figure S2).

To verify that the sterility seen in Emi2KO males is specifically due to loss of Emi2 in germ
cells, we crossed Emi2floX mice to Stra8-Cre transgenic mice. The expression of Cre-
recombinase in Stra8-Cre transgenic male mice is first detected at P3 (postnatal day 3) in
early-stage spermatogonia and persists through P7 in pre-leptotene spermatocytes (Sadate-
Ngatchou et al., 2008). Stra8-Cre recombinase-mediated deletion of Emi2 in pre-meiotic
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cells resulted in the sterility of male mice, with spermatocytes arresting and undergoing
apoptosis at pachytene/diplotene, indicating that Emi2 expression in male germ cells is
indispensable for meiotic progression (Figures S3A and S3B).

To validate the aforementioned histopathological findings, we analyzed synaptonemal
complex formation in chromosome spreads from the P21 testes of control and Emi2KO mice
by immunofluorescent staining for SYCP3, one of the lateral elements of the synaptonemal
complex (Dobson et al., 1994; Heyting et al., 1985, 1987), in conjunction with other markers
as described previously. Chromosome spreads from wild-type testes stained with antibodies
against SYCP3 displayed complete prophase 1. This was observed as the redistribution of
SYCP3 from the lateral element to centromeric regions at diakinesis/pro-metaphase that is,
in turn, associated with strong phosphorylation of histone H3 (Figure 3C). Phosphorylation
of histone H3, a marker of chromosome condensation that is a characteristic feature of
diplotene-to-metaphase transition (Hendzel et al., 1997; Sun and Handel, 2008), was first
detected in early to mid-diplotene and increased in intensity in late diplotene, as expected in
wild-type chromosomes. In contrast, the most advanced step observed in Emi2KO
chromosome spreads was early to mid-diplotene (Figure 3C). Phosphorylation of histone H3
was undetectable in Emi2KO spermatocytes. Of the six Emi2KO mice analyzed,
chromosome spreads from only one KO mouse testis displayed mid- to late diplotene-like
structures when stained with anti-SYCP3 antibodies; however, phosphorylation of histone
H3 was completely absent in these chromosomes (data not shown), indicating the inability
of meiosis | chromosomes to undergo condensation and progress beyond diplotene in the
absence of Emi2. The arrest of Emi2KO spermatocytes at pachytene/diplotene was
corroborated by the decreased expression of cyclin Al (see Figure 7C), which has
previously been shown to be necessary for the progression of spermatocytes beyond
diplotene (Liu et al., 1998; Nickerson et al., 2007).

To verify that spermatocytes are able to complete the stages preceding diplotene normally in
the absence of Emi2, we examined the phosphorylation of H2AX histone variant as a marker
for recombination initiation (Mahadevaiah et al., 2001; Paull et al., 2000) and the expression
of SYCP1, the central element of the synaptonemal complex as a marker for pachytene
synapsis (de Vries et al., 2005; Dobson et al., 1994; Meuwissen et al., 1992). Similar to
chromosomes from wild-type testis, strong yH2AX staining was seen in Emi2KO
chromosomes until zygotene; after this, staining was confined to the XY sex body, indicating
normal initiation of meiotic recombination and resolution of double-stranded breaks (DSBSs)
in the absence of Emi2 (Figure 4). Emi2KO chromosomes displayed normal SYCP1 staining
at pachytene, and no SYCP1 was detected in diplotene (Figure S4), as is expected due to
disassembly of the synaptonemal complex following pachytene (Moens, 1995). Thus,
Emi2KO spermatocytes are able to progress normally through the steps preceding diplotene
but are unable to complete diplotene to enter metaphase I.

B1-Associated Kinase Activity Is Decreased in the Absence of Emi2

Since Cdk1/cyclin B complexes are believed to play a predominant role in the transition
from prophase | to metaphase | in spermatogenesis, presumably by chromatin remodeling
(Sun and Handel, 2008), we decided to analyze Cdk1/cyclin B1 expression levels and
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activity in Emi2KO testes at P14 and P21. At P14, wild-type and Emi2KO testes are
histologically identical, whereas at later ages, apoptotic spermatocytes can be detected
(Figure 3B). As a measure of Cdk1-associated activity, we performed kinase assays with
immunoprecipitated Cdk1 and cyclin B1 complexes, as well as with Cdk1 complexes
affinity purified using sucl beads. When compared to wild-type testes, Emi2KO testes
exhibited decreased Cdk1/cyclin B1-associated kinase activity (Figure 5) that was associated
with increased inhibitory Tyrl5 phosphorylation of Cdk1 (Figure 6A) at P14. Similar results
were obtained at P21. No changes were detected in Cdk1 and cyclin B1 mRNA levels (data
not shown) or protein expression (Figure 7C) in Emi2KO testes at P14.

Elevated Cdk1 Activity Enables Progression of Emi2KO Spermatocytes through Prophase |
with Aberrant Entry into Metaphase |

Based on the aforementioned results of decreased Cdk1 activity in the absence of Emi2 (see
Figure 5), we hypothesized that increasing Cdk1 activity by eliminating inhibitory
phosphorylation sites would rescue the observed prophase | arrest in Emi2KO
spermatocytes. Therefore, we generated a mouse model of elevated Cdk1 activity by
replacing the inhibitory phosphorylation sites Thr14 and Tyrl5 with non-phosphorylatable
amino acids alanine and phenylalanine (Cdk1T14A/Y15F  henceforth referred to as Cdk1AF)
(Adhikari et al., 2016). Heterozygous knockin mice (Cdk1*/AF) displayed early embryonic
lethality and were maintained as conditional knockin mice crossed to Cre strains. The
phenotypic characterization of testes from Cdk1*/AF Stra8-Cre mice is shown in Figures
S3C-S3E.

To understand the impact of elevated Cdk1 activity in the absence of Emi2, we bred
Cdk1*AF ROSA26-CreERT?2 with Emi2*/~ mice to obtain Emi2~/~Cdk1*/AF ROSA26-
CreERT2 mice. Cdk1AF activity was induced by intraperitoneal (IP) administration of
tamoxifen at around age P21. Since the induction of Cdk1AF activity resulted in morbidity
within 4-5 days, we analyzed the testes 48—72 hr after tamoxifen administration. Cre-
mediated recombination and Cdk1AF activation post-tamoxifen administration in testes were
confirmed by genotyping (data not shown) and assessing sucl-associated Cdk1 kinase
activity (Figure 6B). Kinase assays indicated that Cdk1/ resulted in elevated Cdk1 activity
in both Emi2~/~ and Emi2*/* but that the activity of Emi~/~Cdk1*/AF ROSA26-
CreERT2(+TAM) was comparable to that of Emi2*/* (Figure 6B; compare lanes 2 and 3).
Testes from control Emi2~~Cdk1** ROSA26-CreERT2 mice that were administered
tamoxifen (+TAM) were phenotypically identical to Emi2KO testes (Figure 3B) and
displayed apoptotic pachytene/diplotene spermatocytes (Figure 6C). Histopathological
analysis of testes from Emi2~~Cdk1*/AF ROSA26-CreERT2(+TAM) mice revealed a mixed
phenotype derived from Cdk1*/AF and Emi2KO, i.e., tubules with only Sertoli cells (Figure
S3E) as well as tubules with apoptotic pachytene/diplotene spermatocytes. Most
significantly, Emi2~/~Cdk1*/AF ROSA26-CreERT2(+TAM) testes also displayed the
presence of metaphase spermatocytes (Figure 6C), indicating progression beyond the
diplotene arrest seen in Emi2KO testes.

We further verified the presence of metaphase spermatocytes in Emi2~/~Cdk1*/AF ROSA26-
CreERT2(+TAM) testes by the immunostaining of chromosome spreads. Emi2~/~Cdk1*/AF
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ROSA26-CreERT2(+TAM) chromosome spreads looked similar to Emi2~/~Cdk1*/*
ROSA26-CreERT2(+TAM) spreads until early diplotene (Figure 6D). However, unlike
Emi2~/~Cdk1** ROSA26-CreERT2(+TAM) chromosomes that arrested in early diplotene
with the absence of phospho-histone H3 staining (Figures 3C and 6D), Emi2~/~Cdk1*/AF
ROSA26-CreERT2(+TAM) chromosomes started to display phospho-histone H3 signal at
mid-diplotene and progressed to pro-metaphase (Figure 6D). Intriguingly, in addition to
aberrant structures with discontinuous SY CP3 staining that were also observed in
Emi2*/*Cdk1*/AF ROSA26-CreERT2(+TAM) chromosomes, we observed metaphase I-like
chromosomes that stained for SYCP3 in Emi2~/~ Cdk1*AF ROSA26-CreERT2(+TAM)
spermatocytes, suggesting aberrant entry into metaphase without relocalization of SYCP3
(Bisig et al., 2012; Parra et al., 2004). Similar to Emi2*/*Cdk1*/AF ROSA26-
CreERT2(+TAM) chromosomes, Emi2~~Cdk1*/AF ROSA26-CreERT2(+TAM)
chromosomes displayed persistence of yH2AX foci at pachytene (Figure 4, bottom panels)
and stained normally for SYCP1 (Figure S4). Similar results were seen using the Mvh-
CreERT2 strain (data not shown) (Gallardo et al., 2007). Thus, the defects in chromosome
condensation in Emi2KO chromosome could be rescued by induction of elevated Cdk1
activity, which allows for completion of prophase | and aberrant entry into metaphase I.

Emi2 Is Expressed Post-meiotically in Spermatids and Sperm

For a more detailed understanding of the role of Emi2 in testis development, we analyzed
the expression of Emi2 in testes at various ages. The expression of Cdk1, cyclin B1, and
cyclin Al was also analyzed for a comparative assessment. Emi2 expression at mRNA and
protein levels could not be detected at P7 and was first detected at P14 (Figures 7A and 7C).
Notably, expression increased with age, and the highest expression of Emi2 was detected in
adult testes. Cdk1 protein expression in wild-type mice was highest at P7 and P21 and
declined thereafter (Figure 7C). Interestingly, Cdk1 expression in Emi2KO testes did not
decline after P21 and remained elevated in comparison to wild-type testis, although this was
still associated with decreased Cdk1 activity, as seen previously with P14 testes (Figures 5
and 7C; data not shown). Cyclin B1 protein expression was highest at P14 and declined from
P21 onward (Figure 7C). While we are unaware of the reasons behind the decrease in
expression of Cdk1 at P14, in contrast to the increased expression of cyclin B1 at this age,
the decline in expression of Cdk1 and cyclin B1 after P21 correlates with predicted roles for
Cdk1/cyclin B1 complexes as the metaphase or maturation-promoting factor (MPF) (Cobb et
al., 1999; Godet et al., 2004; Handel et al., 1995; Sun and Handel, 2008; Wiltshire et al.,
1995); metaphase onset is expected to occur between P14 and P21 during the first wave of
spermatogenesis (Hermo et al., 2010).

Since increased expression of Emi2 in adult mice was suggestive of post-meiotic expression
in spermatids, we performed centrifugal elutriation to isolate the various germ cell
populations from adult testis (Barchi et al., 2009) and analyzed Emi2 mRNA and protein
expression in each fraction. Real-time gPCR analysis revealed the highest expression of
Emi2 in Fraction 5 (spermatocytes), followed by Fraction 1 (elongated spermatids) (Figure
7B). Descriptions of mRNA expression patterns of Cdk1, cyclin B1, SYCP3 (as a marker of
spermatocyte expression), and Spatal8 (as a marker of spermatid expression) in elutriation
fractions can be found in the Supplemental Information (Figure S5). Emi2 protein
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expression was detected in all fractions (Figure 7D). This was in contrast to Cdk1 and cyclin
B1, which were predominantly detected in Fraction 5 (spermatocytes). Expression of Emi2
in spermatocytes was also verified by immunohistochemistry in P20 testes (Figure 7E).
Immunofluorescent staining for Emi2 in adult testes revealed Emi2 expression in spermatids
(Figure 7F). Staining was observed in the acrosomal cap region of spermatids. Similar
results were seen in human testicular sections (Figure 7H). No signal was detected in
spermatids when staining was performed using immunoglobulin G (IgG) control or
secondary antibody alone (data not shown). To determine whether Emi2 is also expressed in
sperm, we performed immunofluorescent staining on mature sperm extracted from the cauda
epididymis of wild-type mice and detected staining at the acrosomal cap for Emi2 (Figure
7G). We also performed staining for SP56, an acrosomal marker (Kim et al., 2001;
Wassarman, 2009). To verify our results of Emi2 expression, we analyzed previously
published RNaseq data on testicular elutriation fractions (Hammoud et al., 2014) and found
the results to be similar to ours; Emi2 was expressed in spermatocytes, spermatids and
sperm, with the highest expression in spermatocytes (data not shown), indicating that Emi2
is important not only in meiosis but potentially also in the post-meiotic development of
spermatozoa.

DISCUSSION

Emi2 in Spermatogenesis

Over a decade after the identification of Emi2 as an APC/C inhibitor in Xenopus eggs
(Schmidt et al., 2005), we uncovered its essential role in mammalian spermatogenesis. In the
absence of Emi2 in testes, we observed the decreased activity of Cdk1. Based on prior
reports that established an essential role for Emi2 in stabilizing cyclin B1 in eggs
(Madgwick et al., 2006; Wu et al., 2007), it is likely that decreased Cdk1 activity is related
to cyclin B1 levels in Emi2KO spermatocytes; however, this requires further investigation.
Our experiments in Figure 7C, measuring steady-state levels of cyclin B1 in whole-testis
lysates that contain germ cells and support cells, cannot adequately address cyclin B1
regulation in spermatocytes. In addition to association with cyclin B1, Cdk1 activity is also
regulated by phosphorylation (Lew and Kornbluth, 1996). Interestingly, decreased activity of
Cdk1 in the absence of Emi2 was associated with increased Tyr15 inhibitory
phosphorylation. Based on prior models that postulate phosphorylation of Emi2 by Cdk1
(Tang et al., 2008; Tischer et al., 2012; Wu et al., 2007), it is intriguing that Cdk1 would
undergo inhibitory phosphorylation in the absence of Emi2. Inhibitory phosphorylation of
Cdk1 on Thr14 and Tyr15 residues by Weel and Mytl kinases (Parker and Piwnica-Worms,
1992) (Kornbluth et al., 1994; Liu et al., 1997; Mueller et al., 1995) is antagonized by the
Cdc25 family of phosphatases (Boutros et al., 2006); however, the role of Weel/Mytl and
Cdc25 has not yet been studied extensively in mammalian meiosis.

In addition to Cdk1, we also observed the decreased activity of Cdk2 in Emi2KO testes
(Figure S7A). The decrease in Cdk?2 activity persisted upon Cdk1 activation in
Emi2~/~Cdk1*/AF Cre testes (Figure S7B, lanes 1 and 2). Thus, in our model, the
progression to metaphase | upon induction of Cdk1 activity in Emi2KO testes, although
aberrant, did not require a concurrent increase in Cdk2 activity. Our Cdk1AF model offered
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the distinct benefit of being an in vivo system, and the rescue of prophase | arrest in
Emi2KO spermatocytes using this model enforces its functionality. However, we were also
limited due to the inherent lethality and damage-prone meiotic progression of Cdk1*/AF
mice (Figures 4 and 6C). The aberrant and incomplete rescue may be related to these
inherent defects and low Cdk2 activity.

Testicular meiotic arrest in the absence of Emi2 was associated with decreased expression of
cyclin Al (Figure 7C). Interestingly, cyclin Al expression followed a similar pattern as
Emi2 and increased with age, with Emi2KO testes displaying delayed upregulation. Similar
to Emi2KO male mice, cyclin A1KO male mice are sterile, with spermatocytes arresting in
diplotene (Liu et al., 1998; Nickerson et al., 2007) associated with impaired Cdk1 activation
(Liu et al., 2000). The involvement of Emi2 and cyclin Al at similar stages is suggestive of
co-operation between the two in spermatogenic regulation. While awaiting further research
into these aspects of spermatogenesis, it may be worthwhile for now to draw parallels from
mitosis, where Emil-mediated inhibition of APC/C results in the stabilization of cyclin A2,
allowing for further cyclin A2-mediated APC/C inhibition and mitotic progression (Lukas et
al., 1999; Sgrensen et al., 2001). Cooperative APC/C inhibition leading to cyclin Al and
cyclin B1 stabilization may be similarly essential for meiotic progression in
spermatogenesis. A potential role for Cdk2, a binding partner of cyclin Al in
spermatogenesis (Sweeney et al., 1996) that was discussed earlier, provides further reason
for evaluating these links. While a role for APC/C in female meiosis is well established
(Homer, 2013; Jones, 2011), evidence for its involvement in spermatogenesis is limited
(Holt et al., 2014; Zhao et al., 2013). The identification of FZR1 as an essential APC/C
coactivator for the completion of prophase I in spermatocytes (Holt et al., 2014) implores
further investigation into the substrates and regulatory pathways directed by APC/C in male
meiosis.

Emi2 in Mitosis

The general acceptance of Emi2 as a specialized meiotic CSF component in eggs was
challenged when T.U. Mayer’s group reported its requirement for mitotic embryonic
divisions in Xenopus (Tischer et al., 2012). In contrast, our study indicates that Emi2 is
dispensable for mitotic divisions in mice, since germline Emi2KO mice are viable. Even in
mouse spermatogenesis, where we report that Emi2 is essential, no requirement of Emi2 was
observed in mitotic spermatogonial divisions (Emi2KO testes are normal at P15; Figure 3B).
The contrasting mitotic requirements of Emi2 across species may reflect differences in Emi2
expression patterns. While the premise for investigating Emi2 functions in Xenopus embryos
was the reaccumulation of Emi2 in early embryos following fertilization (Tischer et al.,
2012), Emi2 levels have been reported to decline following fertilization in mouse embryos
(Shoji et al., 2006). Additional investigations into Emi2 expression across species, and into
stage-specific deletions of Emi2 during development, may yield fresh insights into roles of
Emi2 beyond meiosis.

Emi2 in Spermiogenesis and Fertility

The expression of Emi2 in spermatocytes, spermatids, and sperm alludes to potential roles
during differentiation and spermiogenesis. In particular, its expression in sperm may be
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suggestive of functions during fertilization. Although immunostaining revealed expression
of Emi2 at the acrosomal cap (Figures 7F-7H), preliminary western blot experiments
revealed Emi2 expression in both acrosomal and non-acrosomal fractions of cauda sperm
(data not shown). Since the acrosomal region in sperm is prone to non-specific staining by
antibodies, additional experiments are necessary to validate this finding. We attempted to use
our CreERT2 models to delete Emi2 in sperm by administering tamoxifen to adult mice
(Figure S2). However, post-meiotic expression of CreERT2 was very weak, and we were
unable to effectively use this system for deletion of Emi2 in spermatids or sperm. Use of
post-meiotic Cre strains such as protamine-cre (O’Gorman et al., 1997) and evaluating the
behavior of Emi2-depleted sperm could help ascertain why Emi2 is expressed post-
meiotically. Identification of interacting partners in spermatid fractions or sperm will aid in
fitting Emi2 into the vast post-meiotic regulatory network of testis-specific transcription
factors, transition proteins, and morphogenetic factors.

Emi2 in Oocytes

Decades of quest into the identity of CSF components in eggs established pathways of
APC/C inhibition by Emi2 and cMos/MAPK (mitogen-activated protein kinase) leading to
MPF (Cdk1/cyclin B1) stabilization (Masui, 2000). Unlike the c-Mos/ MEK/MAPK/p90rsk
pathway, which is not fully conserved between frog and mouse eggs (Dumont et al., 2005),
the role of Emi2 to maintain MII arrest in eggs appears to be well conserved in vertebrates
(see Figure 2; Wu and Kornbluth, 2008). Since we chose to focus on the spermatogenesis
phenotype and did not examine oocytes from Emi2KO mice in much detail, specifics of
meiosis | progression, as well as the exact kinetics of MII entry/exit (earlier studies
demonstrated that Emi2 is required for both establishment and maintenance of metaphase Il
arrest; Liu et al., 2007), are not clear from our study. We were also keenly interested in using
our in vivo model to investigate any link between the parthenogenetic phenotype in Emi2KO
oocytes and ovarian cancer. In the absence of Emi2, we did not detect any attenuation of
lifespan or ovarian cancer. Since the number of Emi2KO female mice that exhibited oocyte
parthenogenesis were few (2 out of 11), it is possible that ovarian cancer in the absence of
Emi2 is a rare occurrence and will require the analysis of several more mice for conclusive
findings. Despite this, the in vivo nature of our study design and the unambiguous sterility in
Emi2KO females clearly establish an essential physiological role for Emi2 in female
mammalian meiosis.

EXPERIMENTAL PROCEDURES

All animal work was done in a humane way and was approved by the Biological Resource
Center (BRC) of Biopolis (IACUC #140927).

Testis Immunohistochemistry

Freshly excised mouse testes were fixed in Bouin’s fixative or modified Davidson’s fluid
(30% formalin, 15% ethanol, 5% glacial acetic acid) for 16 hr. Paraffin-embedded tissues
were sectioned and processed for Periodic Acid Schiff staining, H&E staining, or anti-Emi2
antibody immunostaining.
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Immunofluorescence Analysis of Testis

Please refer to the Supplemental Information for detailed protocols. Briefly, slides with
chromosome spreads were incubated overnight with primary antibodies at 4°C, followed by
incubation with appropriate Alexa Fluor-conjugated secondary antibodies for 1 hr at room
temperature. Slides were counterstained with DAPI before epifluorescence images were
taken.

Testicular Cell Elutriation

Centrifugal elutriation of testicular germ cell fractions was performed as described
previously (Barchi et al., 2009). Briefly, a testicular cell suspension was prepared from testes
of three 8-week-old wild-type mice using collagenase and trypsin digestion. The pump flow
rates and velocity were adjusted to obtain five fractions from the cell suspension.
Approximate proportions of cell fractions are as described here. Fractions 1 and 2, 65%
residual bodies + 34% elongated spermatids, Fraction 3, 72% round spermatids; Fraction 4:
50% round spermatids + 30% primary spermatocytes + 12% secondary spermatocytes; and
Fraction 5: 80% primary spermatocytes. Content and purity of fractions were observed using
Giemsa staining.

Western Blot Analysis

Freshly excised or frozen testes were lysed in EBN buffer (80 mM B-glycerophosphate [pH
7.3], 20 mM EGTA, 15 mM MgCl,, 150 mM NaCl, 0.5% NP-40, 1 mM DTT, and protease
inhibitors [20 ug/mL each of leupeptin, chymostatin, and pepstatin; Chemicon, EI8, EI6, and
EI10, respectively]) for 20 min on ice and clarified by centrifugation. Protein extracts were
resolved by SDS-PAGE, followed by western blot analysis.

Real-Time PCR

Quantification of mRNA levels from mouse testes and testicular elutriation fractions was
performed by real-time PCR using a Rotor-Gene 6000 instrument (Corbett Life Science) and
the Maxima SYBR Green Kit (Fermentas). Sequences of primers used are listed in Tables
S1and S2.

Tamoxifen Treatment and Superovulation of Mice

Emi2floX ROSA26-CreERT2 or Emi2floX Mvh-CreERT2 male mice, aged 6-8 weeks, were
injected intraperitoneally with 1.5 mg tamoxifen dissolved in corn oil. Mice received a total
of three injections, one injection per day on 3 consecutive days. The next day, each
tamoxifen-treated mouse was moved to a cage with two wild-type females (5-6 weeks old).
After 2 months, the breeding females were replaced with two new females, and breeding
with new females was continued for 1-2 more months. Separated females were monitored
for 3 more weeks to check for pregnancy/litters. All breeding cages were regularly
monitored for litter number and size.

For superovulation, female mice aged 3 weeks or older were intraperitoneally injected with
5 IU PMSG (pregnant mare serum gonadotropin; Calbiochem, catalog #367222). 48 hr later,
mice were intraperitoneally injected with 5 IU human chorionic gonadotropin (HCG;
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Calbiochem, catalog #230734). Eggs were collected from the oviducts of sacrificed mice
12-16 hr after HCG administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Deletion of Emi2 leads to sterility in male and female mice
In the absence of Emi2, oocytes exhibit defective entry into meiosis |1
Emi2KO spermatocytes are unable to complete meiotic divisions

Elevated Cdk1 activity partially rescues this spermatogenic arrest
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Figure 1. Generation of Emi2KO Mice
(A) The Emi2 genomic locus (I) was modified in ESCs using the targeting vector (described

in Supplemental Experimental Procedures). LoxP recombination sites (red triangles) along
with an FRT (green rectangles)-flanked neomycin-selection cassette were introduced
flanking exon 3 (I1). Expression of FLP recombinase results in removal of the neomycin
cassette (111). Expression of Cre recombinase results in the excision of exon 3 (IV) and a
frameshift, generating a null allele. FRT, flippase recognition target sites; FLP, flippase.

(B) Following Kpnl digestion, 5" [PKO1253, PKO1254] and 3" [PKO1365, PKO1366]
probes located outside of the targeting vector were used for Southern blot analysis of
genomic DNA extracted from wild-type (Emi2*/*) and Emi2*/flox ES cell clones, resulting
in 21 kb for wild-type or 6 kb for the floxed locus with the 5" probe and 21 kb for wild-type
or 13 kb for the floxed locus with the 3 probe.

(C) PCR genotyping with primers P1 (PK0O2025), P2 (PK02026), and P3 (PK0O2028)
demonstrates absence of the Emi2 wild-type band in testis of Emi2KO mice.

(D) RT-PCR of mRNA isolated from wild-type and Emi2KO testes indicated the presence of
a truncated transcript in KO testis (top panel, primers PKO2144 and PKO2147) and absence
of targeted exon 3 (bottom panel, primers PKO2145 and PKO2147). Sequences for primers
used are listed in Table S1. Results are representative of two independent experiments.

(E) Western blot analysis of Emi2 in testis extracts from wild-type and Emi2KO adult (P60)
mice, indicating absence of Emi2 protein in KO testis; two mice per genotype were used.
Results are representative of over six independent experiments. HSP90, heat shock protein
90.

(F) Expected and observed frequency (%) of P21 pups (200 pups counted in total) obtained
from heterozygous Emi2 intercrosses.

See also Supplemental Experimental Procedures and Table S1.
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Figure 2. Loss of Emi2 Leads to Defects in Meiosis Il Entry of Eggs upon Ovulation
(A and B) Overall size (A) and histology (B; H&E) of ovaries from 4-week-old Emi2KO

mice are phenotypically normal.

(C) Upon superovulation, eggs collected from Emi2KO mice displayed first polar body
(open arrows), germinal vesicle-type structures (solid arrows), and parthenogenetic division
(arrowheads).

Scale bars: 5 mm in (A); 200 um in (B); 50 um in (C), top panels; and 20 pm in (C), bottom
panels. Results are representative of at least three mice per genotype.
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Figure 3. Emi2 Is Essential for Mouse Spermatogenesis
(A) Testes were excised from control (Emi2*/* or Emi2*/~) or Emi2KO (Emi2~/") mice at

different ages; testes from adult Emi2KO mice are smaller in size (n = 5). P15 testes were
fixed in Bouin’s fixative before images were taken. Scale bars: 5 mm; error bars represent
mean + SD. Images are representative of testes extracted from at least three mice per age per
genotype.

(B) Testes sections were stained by the Periodic Acid Schiff (PAS) technique. Cauda
epididymis sections were stained with H&E. Spermatids are absent in Emi2KO testes, and
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mature sperm are absent in Emi2KO epididymis. In the testis, open stars indicate normal
pachytene spermatocytes, open arrows indicate normal diplotene spermatocytes, open
arrowheads indicate meiotic metaphases in spermatocytes, closed arrowheads indicate round
spermatids, closed arrows indicate elongating spermatids, asterisks indicate mono- or multi-
nuclear apoptotic pachytene/diplotene spermatocytes. The round cells in the epididymis are
most likely apoptotic immature germ cells. Scale bars: 20 pm for testis; 50 pm for
epididymis. Results are representative of testes/cauda epididymis extracted from at least
three mice per age per genotype.

(C) Chromosome spreads were prepared from testes of 3-week-old mice and immunostained
for SYCP3 and phospho-S10-histone H3; spermatocytes were from Emi2KO mice arrest at
early diplotene of prophase | (n = 6). Scale bars: yellow, 5 um; and white, 10 pm. Images are
representative of at least three mice per genotype.
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Figure 4. Elevated Cdk1 Activity Results in Persistence of Double-Strand Breaks after
Recombination

Testes from Emi2*/*, Emi2~/=, Emi2*/*Cdk1*/AF ROSA26-CreERT2, and
Emi2~/~Cdk1*AFROSA26-CreERT2 mice around 3 weeks of age were used for preparing
chromosome spreads that were immunostained with the indicated antibodies. For those mice
expressing ROSA26-CreERT2, tamoxifen was injected intraperitoneally, and testes were
excised 48 hr later. Scale bars: yellow, 5 pm; and white, 10 um. Results are representative of
at least three independent experiments.
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Figure 5. Cdk1-Associated Activity Is Decreased in Emi2KO Testes
Protein extracts from testes isolated from control (Emi2*/* or Emi2*/~) or Emi2KO

(Emi2~'7) mice at P14 and P21 were immunoprecipitated (IP) with antibodies against Cdk1
or cyclin B1 or affinity purified (AP) with sucl beads, and kinase activity was measured
using radiolabeled ATP and histone H1 as substrate. Kinase assay results are representative
of at least two independent experiments.
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Figure 6. Elevated Cdk1 Activity in Emi2KO Spermatocytes Allows for Aberrant Metaphase
Entry

(A\) Protein extracts from testes isolated from control (Emi2*/* or Emi2*/~) or Emi2KO
(Emi2~"") mice at P14 were affinity purified (AP) with sucl beads and subjected to SDS-
PAGE and western blotting with the indicated antibodies. Cdk1 inhibitory phosphorylation
was increased in Emi2KO (Emi2~/") testes.

(B-D) Mice around 3 weeks of age expressing ROSA26-CreERT2 (n = 6) were administered
tamoxifen intraperitoneally, and testes were isolated after 48 hr. (B) Protein extracts were
affinity purified (AP) with sucl beads, and kinase activity was measured using radiolabeled
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ATP and histone H1 as substrate. Sucl-associated activity was increased upon tamoxifen
administration. Results are representative of two independent experiments. (C) Testes were
fixed and processed for H&E staining. Open stars indicate normal pachytene spermatocytes,
closed asterisks indicate apoptotic pachytene/diplotene spermatocytes, open arrowheads
indicate meiotic metaphases in spermatocytes, closed arrowheads indicate round spermatids,
and closed diamonds indicate Sertoli cells. Scale bars: 50 pum. Results are representative of
testes extracted from at least five mice per genotype. (D) Chromosome spreads from testes
were immunostained with the indicated antibodies. Metaphase spermatocytes were absent in
Emi2KO testes but were detected upon increasing Cdk1 activity in Emi2KO testes. Scale
bars: yellow, 5 pm; white, 10 um. Results are representative of testes extracted from six mice
per genotype.
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Figure 7. Emi2 Is Expressed Post-meiotically
(A and B) Real-time PCR analysis was performed to analyze mRNA levels of genes at

different ages

(A) and in elutriation fractions (B) of testes. Expression values were normalized to house-
keeping gene Elongation Factor 2 (EF2) and expressed relative to P7 (A) or Fractions 1 + 2
(B). Sequences of primers used are listed in Table S2. Mean values obtained from testes
extracted from three mice per age group are reported in (A). For (B), results are
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representative of two independent elutriation experiments, with testes from three mice used
per experiment. Error bars represent mean + SD.

(C) Protein extracts of testes collected from control or Emi2KO mice at various ages were
subjected to SDS-PAGE and western blotting with the indicated antibodies. Results are
representative of three independent experiments.

(D) Protein extracts of fractions collected from testicular cell elutriation were subjected to
SDS-PAGE and western blotting with the indicated antibodies. Fraction 1: residual bodies +
elongated spermatids; Fraction 2: residual bodies + elongated spermatids; Fraction 3: round
spermatids; Fraction 4: round spermatids + spermatocytes; and Fraction 5: spermatocytes.
Results are representative of three independent experiments.

(E) Testes were isolated from control or Emi2KO mice (n = 3) at P20 and processed for
immunohistochemistry with antibodies against Emi2. Scale bars: 100 pm.

(F) Testes from control or Emi2KO mice (n = 3) at P60 were processed for
immunofluorescent staining with antibodies against Emi2.

(G) Cauda epididymal sperm from wild-type mice (n = 3) were immunostained for Emi2
and SP56.

(H) Human testicular tissues were immunostained for Emi2.

White arrowheads point to spermatids with acrosomal staining. Results are representative of
three independent experiments.
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