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ABSTRACT Cyclins are key regulators of the mammalian cell cycle, functioning primarily in concert
with their catalytic partners, the cyclin-dependent kinases (Cdks).While their function during mitosis
in somatic cells has been extensively documented, their function during both mitosis and meiosis
in the germ line is poorly understood. From the perspective of cell cycle regulation there are sev-
eral aspects of mammalian spermatogenesis that suggest unique modes of regulation and hence,
possible unique functions for the cyclins. This review will summarize our current understanding
of cyclin expression and function in the male germ line, with particular focus on the A and E type
cyclins in the mouse model. While the focus is on mammalian spermatogenesis, we note contrasts
with similar functions in the female germ line when relevant and also draw upon observations in

other model systems to provide further insight.
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Overview

Spermatogenesis in the adult animal is a complex process of
differentiation that may be divided into three phases by the kinds
of cells that are found—the mitotic phase represented by sper-
matogonia, the meiotic phase by spermatocytes, and the haploid
phase or spermiogenesis by spermatids. From the perspective of
cell cycle regulation, there are many aspects of this process that
present unique control points that are simply not found in somatic
cells. Thisreview will begin with a brief overview of the current status
of our understanding of cell cycle regulation in somatic cells, with
a particular focus on the function of the cyclin proteins. We next
highlight various aspects of spermatogenesis in the mouse model
that pose particular questions unique to cell cycle regulation in the
male germ line. We will then summarize work from our lab and that
of others as to what is known about the expression and function of
the cyclins in the male mammalian germ line, with an emphasis on
the A- and E-type cyclins that are more extensively studied than
the other cyclins. Although our focus is on the mammalian model
system, we will refer to interesting observations from other genetic
model systems as they could provide insight into the function of
the cyclins in the germ line of higher eukaryotes.

Cyclins: key components of the cell cycle machinery

Cellular proliferation requires passage through a cell cycle
wherein a cell replicates its DNA and segregates it into two daugh-
ter cells. One of the most important functions of the cell cycle
is to maintain genetic stability during the process of generating
new cells. Thus, the key cellular machinery controlling cell cycle
progression must ensure that chromosomal DNA is precisely
duplicated, repaired and segregated to the new cell generation.
This machinery is comprised of a complex between regulatory
proteins known as cyclins and their catalytic subunits the cyclin-
dependent kinases (Cdks) (the reader is referred to several more
comprehensive reviews on the topic of cell cycle regulation upon
which this overview is based (Bloom and Cross, 2007, Blow and
Dutta, 2005, Malumbres and Barbacid, 2005, Moroy and Geisen,
2004, Satyanarayana and Kaldis, 2009, Wolgemuth, 2011)). Cy-
clins regulate the activity of their Cdk partners and also modulate
their substrate specificity. More than 20 Cdk-related proteins and
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Fig. 1. Classical model of the mitotic cell cycle. G7 phase is initiated by cyclin D binding
and activation of Cdk4/6 kinases. The active cyclin D-Cdk4/6 complexes phosphorylate the
retinoblastoma protein (pRb) and the pRb-related proteins p107 and p130. When pRb is
phosphorylated, its interaction with the transcription factor E2F is abolished. The free E2F
stimulates cyclin E synthesis. Cyclin E then binds to Cdk2 to form cyclin E-Cdk2 complex and
together with cyclin D-Cdk4/6, increase pRb phosphorylation, liberating additional amounts
of E2F sufficient to induce entry into S phase of the cycle. Targets of E2F are also cyclin A2
and many S phase specific genes, which ultimately lead to the G1/S transition. Cyclin A2
binds Cdk2 and promotes both G1/S and S/G2 transitions as well as DNA replication. Later
cyclin A2 and cyclin B bind Cdk1 and function at the G2/M transition and initiate mitosis.

more than 11 cyclins have been identified in more complex eukary-
otes, which has led to the concept that different cell cycle events
are regulated by distinct cyclin-Cdk complexes. The sequential
activation and deactivation of cyclin-Cdk complexes during cell
cycle progression is tightly regulated and involves activating and
inhibitory proteins, sub-cellular localization, and timely synthesis
and degradation (for comprehensive reviews, see (Malumbres and
Barbacid, 2005, Vermeulen et al., 2003)).

Studies on the four major classes of mammalian cyclins—the
A-, B-, D-, and E-type cyclins—during mitosis have established
a classical model for regulation of the cell cycle that places each
cyclin-Cdk complex at a particular phase of the mitotic cycle (Fig.
1). For example, the D-type cyclins bind either Cdk4 or Cdk6 and
regulate the transition from GO to the G1 phase. Cyclin D-Cdk
complexes phosphorylate pRb bound to E2F, leading to the release
of active E2F which activates transcription of genes needed for
passage into S phase, including genes encoding cyclins E and A,
Cdk2, and itself.

The E-type cyclins function during late G1 and throughout S
phase, mainly in complex with Cdk2. In late G1 phase cyclin E-
Cdk2 (along with cyclin D-Cdk4/6) phosphorylates proteins such
as pRb, p107 and p130 to promote entry into S phase. To maintain
productive cell cycle progression at later phases (S-phase, G2, and
mitosis) cyclin-Cdk complexes continue to phosphorylate Rb and
only after degradation of the mitotic cyclins at the end of M-phase

Cdk 2

is there dephosphorylation of Rb and inhibition of
E2F in early G1 or in cells arrested in GO.

The mitotic A-type cyclin, cyclin A2, is synthesized
at the onset of S-phase and like the E-type cyclin
binds and activates Cdk2, thus promoting progres-
sionthrough S-phase via phosphorylation of proteins
involved in DNA replication. During the G2/M transi-
tion, cyclin A2 complexes with Cdk1, prior to B-type
cyclin expression. Subsequently, B-type cyclins bind
to Cdk1 and drive entry into M-phase, culminating
in the completion of the cell cycle.

Knockout mouse models have been generated for
most of the major cell-cycle regulators (reviewed in
(Satyanarayanaand Kaldis, 2009)). Characterization
of these mouse models revealed that surprisingly,
except for cyclin A2, cyclin B1 and Cdk1, other
cyclins and Cdks, originally thought to be essential
for mitotic cell cycle regulation, are in fact largely
dispensable. Lack of cyclinA2 and cyclin B1 resulted
in early embryonic lethality, which argues that they
are non-redundant. Cdk1, in complex with several
of the major mitotic cyclins, had been proposed to
be a master regulator of the mammalian cell cycle
(Santamaria et al., 2007), and indeed, loss of Cdk1
function is incompatible with life. In contrast, loss of
Cdk2 function only affected the progression of meiotic
prophase in both the male and female germ lines
(Berthet et al., 2003, Ortega et al., 2003).

In addition to activating and conferring substrate
specificity to Cdks, some mammalian cyclins exhibit
kinase-independent functions. For example, cyclin
D1 can interact with transcription factors and act
as a co-activator (Zwijsen et al., 1997). A kinase-
independent function has also been reported for
cyclin E1 in that loading of MCM helicase onto DNA pre-replication
complexes and entry into S-phase was observed in kinase-dead
cyclin E-Cdk2 complexes (Geng et al., 2007).

Recent studiesin Drosophila melanogaster report novel, non-cell
cycle related roles for several cyclins. For example, reduced levels
of the single Drosophila A cyclin in postmitotic neurons promote
sleep, as evidenced by a delayed wake-sleep transition (Rogulja
and Young, 2012). The abundance of cyclin A was also implicated
in the regulation of the number of endocycles, in which repeated
rounds of DNA replication occur without intervening mitoses, in
mechanosensory organs in Drosophila (Salle et al., 2012). In male
germ line stem cells of the fly, cyclin A (Wang et al., 2010) normally
localizes to the spectrosome, and the par-1 mutant displays an ab-
errant localization pattern while its overexpression leads to defects
in the centrosome orientation checkpoint.

Cdk 4/6

Unique aspects of spermatogenesis from a cell cycle
perspective

In mammals, spermatogenesis is considered to begin during
embryonic development with the establishment of the primordial
germ cells (PGCs) and their migration to the gonadal ridge. In the
mouse, PGCs arise in the extraembryonic mesoderm at around
E6.5 and migrate through the developing hindgut endoderm by
E8.5, eventually colonizing the genital ridges at around E10.5. At



this point and up to E12.5, the gonocytes of both sexes are prolif-
erating. At ~E12.5, the female gonocytes or oogonia begin to enter
the pre-leptotene stage and progress through meiotic prophase.
By E18.5, all oocytes are arrested at the diplotene stage of meiosis
where they will remain until puberty followed by the cyclical entry
into oocyte maturation characteristic of the reproductive span in
the adult female.

In contrast, the male gonocytes continue to proliferate until E15.5,
at which time they enter a quiescent period that extends into the
early post-natal period. At approximately post-natal day (pnd) 3, the
quiescent gonocytes resume proliferation and a subset give rise to
undifferentiated type A spermatogonia (for a comprehensive review
on spermatogonial differentiation, see (de Rooijand Russell, 2000)).
The more undifferentiated type A spermatogonia are subdivided
into three types, A, . (As), A ., (Apr), and A, (Aal). The As
population is generally considered to constitute the spermaogonial
stem cells (SSCs) and, like other stem cells, has the capability to
both self-renew and to differentiate into committed progenitors.
Apr cells divide to form the Aal spermatogonia that can be found in
clones of Aal 4 to 16 (occasionally 32). These clones of Aal 4-16+
are presumably committed to differentiation and are followed by the
A1-4, Intermediate (In) and B spermatogonia. However, the SSC
pool may actually consist not just of As, but also of a subset of the
Apr cells, and even Aal in chains of 4 or more, which have recently
been shown to contribute to the self-renewing SSC pool (Morimoto
et al., 2009). Thus, undifferentiated spermatogonia may be unique
among adult stem lineages, possessing greater renewal potential
than other adult stem cells. In addition, there is heterogeneity within
the As population - As cells that stained lightly or more intensely with
toluidine blue had been described by Martin Dym and colleagues
(Dettin et al., 2003). Oatley et al., recently reported that the inhibitor
of DNAsysnthesis protein ID4 is the only marker expressed uniquely
in As cells (Oatley et al., 2011). They further noted that within the
Id4+ type As, there were two populations, those that were [d4+/
Plzf- and those that were Id4+/Plzf+. These observations suggested
that there are two classes of SSCs, perhaps reflecting that those
quiescent serve as a reserve pool while the more actively dividing
SSCs contribute to normal spermatogenesis.

Another interesting aspect of cell cycle regulation in the male
germline occurs atthe Aalto A1 spermatogonia transition: this step
occurs in the absence of replication and cell division and rather, is
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driven at least in part by retinoic acid (Gaemers et al., 1996). The
mitotic divisions that follow produce the differentiated A1-4, Int,
and B spermatogonia, which are now synchronous. The number
of divisions is tightly regulated and species specific. Interestingly,
the level of cell cycle synchrony among these divisions is perhaps
the most tightly regulated in any model system of mammalian
differentiation (Dirk de Rooij, personal communication). Once the
spermatogonia transition from Aal to A1, there is no indication that
these differentiated cells can revert to a stem cell-like status.

Following the differentiation to B spermatogonia, the cells enter
meiosis, a process that by every standard constitutes a highly spe-
cialized cell cycle. The spermatocytes pass sequentially through
the pre-leptotene, leptotene, zygotene, pachytene, and diplotene
phases of prophase | and then quickly undergo the two M-phase
divisions, ultimately yielding haploid cells, the spermatids. The
S-phase that occurs in pre-leptotene spermatocytes is followed
by an extremely protracted intervening meiotic prophase before
entry into M-phase. The events that occur during this phase are
common to both spermatocytes and oocytes, including synapsis,
recombination, etc. However, the timing of this phase is strikingly
different, both in terms of duration and stages of development of
the animal. Unlike oocytes, which arrest at the diplotene stage until
the resumption of meiotic maturation, the metaphase divisions of
spermatocytes occur in rapid sequence to produce the haploid
spermatids. The occurrence of two successive nuclear divisions,
without an intervening round of DNA synthesis, is another feature
unique to the meiotic as compared to mitotic cell cycle and is com-
mon to both male and female meiosis. The transition from prophase
to M-phase of meiosis | is similar to the G2—-M transition in the
mitotic cell cycle, although adapting this transition for the meiotic
cell cycle requires several significant modifications in cellular and
molecular events. Separation of homologues, rather than sister
chromatids, and timing considerations, such as dictyate arrest in
oocytes, are just some of the unique features of meiotic cells at
this transition, and the cellular machinery must adapt to regulate
and monitor such events.

A-type cyclins

Expression and function of the A-type cyclins
The mammalian A-type cyclins have been studied extensively
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Fig. 2. Cyclin expression during mammalian spermatogenesis. Colored bars indicate the expression of each cyclin in the different cell types, as has

been reported at the mRNA and/or protein level.
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in the somatic lineage but their distinct pattern of expression in
the male germ line remains one of their most intriguing features.
Unlike other cyclin families which are comprised of redudndant
multiple members, both of the two A-type cyclins are uniquely
essential (for comprehensive review, see (Wolgemuth, 2011)).
The originally identified A-type cyclin, now designated cyclin A2,
is ubiquitously expressed in cultured cells, in the developing
embryo and in virtually all tissues that have dividing cells, and
is up-regulated in a variety of cancers. Perhaps not surprisingly,
targeted mutagenesis of the murine Ccna2 gene resulted in early
embryonic lethality, apparently around the peri-implantation stage
(Murphy et al., 1997). We discovered that in addition to Ccna2,
mammals contain a second gene, cyclin A1 (Ccnaft), which in
striking contrast to Ccna2, is restricted specifically to the male
germ line (Ravnik and Wolgemuth, 1996, Sweeney et al., 1996).
Mouse cyclin A1 mRNA and protein are detected only in late
pachytene to diplotene spermatocytes but not at significant levels
during the second division of male meiosis (Fig. 2) (Sweeney
et al., 1996). We tested the hypothesis that the primary site of
Ccnat function is in the male germ line, specifically at the first
meiotic division by generating cyclin A1-deficient mice by targeted
mutagenesis of the Ccna1 gene (Liu et al., 1998). Ccna1” mice
were viable, however the males were sterile and histological and
cytogenetic analysis revealed an absence of germ cell differentia-
tion beyond the late diplotene stage. Assessment for apoptosis
by TUNEL assay showed a massive wave of cell death in diplo-
tene cells and confirmed the point of arrest in cyclin A1-deficient
spermatocytes to the diplotene-metaphase 1 transition. These
studies demonstrated the absolute requirement for cyclin A1 in
late prophase | spermatocytes in order to enter metaphase I. In
both mitosis and meiosis, the transition into metaphase is regu-
lated by activation of the maturation promoting factor (MPF), a
complex composed of Cdk1 kinase and a B-type cyclin. In the
stages leading up to this transition, cyclin B accumulates in the
cell and Cdk1 is activated by cyclin dependent kinase activation
kinase (Cak) and by dephosphorylation via Cdc25 phosphatase.
The activation of Cak in mitotic cells, associated with build up of
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Fig. 3. Expression of cyclinA2 in spermatogonia of adult testis (arrows).
Stages of tubules are indicated by Roman numerals; spermatogonia sub-
types are indicated with the corresponding letters, as described in the text.

mitosis-specific cyclin A2, results in the initiation of metaphase
I. We speculated that cyclin A1 activates meiotic metaphase
transition during meiosis |, in conjunction with MPF. There was
a striking reduction in the activation of MPF kinase at the end of
meiotic prophase, although both Cdk1 and cyclin B proteins were
present. The spermatogenic arrest, which occurs atthe metaphase
transition, is likely to be due to impaired Cdk1 kinase activation
and spindle checkpoint activation (Liu et al., 2000). The apparent
relatively normal appearance of the meiotic chromosomes was
supported by subsequent studies in which pachytene cyclin A1-
deficient spermatocytes were artificially driven into a metaphase
configuration by treatment with okadaic acid (Liu et al., 2000).
Metaphase | preparations from mutant and normal spermatocytes
appeared similar, with no obvious defects in chiasmata. Cyclin
A1 is therefore essential for passage into the first meiotic divi-
sion in spermatocytes, a function that cannot be complemented
by the concurrently expressed B-type cyclins. Importantly, the
arrest in meiosis phenotype appears to be unique to cyclin A1
and Cdk2 among the cyclins and Cdks that have been studied
by mutational analysis in vivo.

Therefore, in the mouse model, both A-type cyclins are ab-
solutely essential genes, cyclin A1 for male meiosis and A2 for
embryonic development. The importance of understanding the
regulation and function of the A-type cyclins in mammalian cells
is underscored by the contrasts with highly studied yeast model
systems, which totally lack this class of cyclins and Drosophila,
another carefully mined model for cell cycle studies, which have
only a single A-type cyclin.

Although we reported several years ago that cyclin A2 is
expressed in spermatogonia (Fig. 2) (Ravnik and Wolgemuth,
1996, Ravnik and Wolgemuth, 1999), we have not established
whether A2 expressionis common to all spermatogonial subtypes.
In addition, because of the early embryonic lethality of cyclin A2-
deficiency, its role in adult lineages remains to be determined.
To narrow down precisely which types of spermatogonia express
cyclin A2 we performed immunohistochemical analysis of staged
tubules in adult testes (Fig. 3). Our analyses to date allow us to
conclude that cyclin A2 is expressed in differentiated type A, In
and type B spermatogonia. There is also a pronounced difference
in staining intensity between different types and possibly even
among the same type of spermatogonia (Fig. 3D, stronger stain-
ing in left-most cell compared to right-most). This could reflect
differential accumulation of cyclin A2 protein as cells progress
from S to M phase of the cell cycle.

Precisely controlled mitotic divisions are essential for the
proliferation and development not only of post-natal, but also
embryonic germ cells. At E9.5, the migratory PGCs divide prolifi-
cally and populate the gonads by E11.5. In the male germ line
mitotic divisions continue until E15.5 when the gonocytes arrest
at GO until spermatogenesis resumes several days after birth.
We hypothesized that cyclin A2 may also be important for mitosis
in the embryonic germ cells as well and therefore determined
its localization in male gonads at E10.5, 13.5, 15.5, and 17.5
(Fig. 4). Although cyclin A2-positive PGCs at E10.5 are found
infrequently, A2-positive gonocytes are readily detectable at
E13.5, but are scarce by E15.5, likely reflecting their entry into a
quiescent state. Therefore, we restricted our analysis between
E9.5 and E15.5 as the detection of cyclin A2 in migrating PGCs
prior to E9.5 will be quite challenging and its expression is not



Cyclin A2

Fig. 4. Expression of cyclin A2 in embryonic testis. Sequential sections were
stained with antibodies against cyclin A2 (left panels) and Oct4 (right panels).
Gonocytes expressing both cyclin A2 and Oct4 are indicated with yellow arrows.

Nuclei are stained with hematoxylin.

robust in gonocytes beyond E15.5. We will, however, extend the
analysis to examine gonocytes in post-natal testes at pnd1, 2,
and 3, when spermatogonial proliferation resumes and determine
if cyclin A2 expression resumes concomitantly.

Our recent studies generating cyclin A2 conditional knockout
(A2CKO) mice have revealed several highly significant and
paradigm-shifting observations concerning the role of cyclin A2
in cell cycle regulation (Kalaszczynska et al., 2009). First, mouse
embryonic fibroblasts (MEFs) deficient of all A-type cyclins can
undergo mitotic divisions. Second, up-regulation of cyclin E
apparently compensates for loss of all A-type cyclins in MEFs.
Third, in contrast, our data have shown an absolute requirement
for cyclin A2 by hematopoietic stem cells (HSCs) and embryonic
stem cells (ESCs) for their proliferation. To determine if cyclin
A2 is required for the proliferation of spermatogonial stem cells
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(SSC) it will be essential to ascertain whether SSC express
cyclin A2 and then to use Cre-expressing strains to excise
floxed A2 alleles in the SSC.

Regulation of expression of the A-type cyclins

As noted above, the two A-type cyclins exhibit strikingly dif-
ferent patterns of expression: CcnaZ2is ubiquitously expressed
in mitotically dividing cells while expression of Ccna1is highly
restricted, being most abundant in the testis in both mice and
humans (Liao et al., 2004, Sweeney et al., 1996, Yang et
al., 1997). In mice, Ccnat is expressed specifically in testis
in stage IX to XlI spermatocytes. We and others have now
shownthathuman CCNATis also expressed at highestlevels
in male germ cells. Ccna1 and CcnaZ2 also exhibit a distinct,
non-overlapping pattern of expression during male germ cell
development, as CcnaZ2 expression is down-regulated early
in the meiotic cell cycle before Ccna1 is expressed (Ravnik
and Wolgemuth, 1999, Sweeney et al., 1996, Wolgemuth,
2008). We therefore hypothesized that there are specific
regulatory elements unique to each A-type cyclin that are
critical for their distinct regulation of expression.

The human CCNAT promoter contains a 1.3 kb region
upstream of the starting site that controls the expression
of a transgenic EGFP construct in a much less restricted
pattern in male germ cells than seen for the endogenous
Ccna1 gene (Muller-Tidow et al., 2003). The mouse Ccnat
promoter contains an upstream sequence 1.3 kb to +0.8 kb
of the putative transcriptional start site that is sufficient to
recapitulate the endogenous pattern of Ccna1 expression
(Lele and Wolgemuth, 2004). Specifically, we showed that
transgenic mice with 3-gal under the control of this region
expressed B-galactosidase in spermatocytes at stages IX
to XII of the cycle of the seminiferous epithelium, and not in
earlier stages, similar to the narrow window of expression
that was also observed with the endogenous mouse gene. A
consensus sequence for two sets of paired CDE (cell cycle-
dependent element)/CHR (cell cycle genes homology region)
elements, also present in the CCNA2, CDK1, and CDC25C
genes; and believed to control the timing of expression of
these genes during the cell cycle (Zwicker et al., 1995), was
identified in this 1.3 kb region.

Sequences between 4.8 kb and 1.3 kb upstream of the
putative transcriptional start site of the mouse cyclin A1
promoter also contain enhancer elements needed for con-
sistent expression of lacZ (Lele and Wolgemuth, 2004). Within
this region, consensus elements for several regulatory factors
expressed in spermatocytes have been identified. Among them,
A-myb (Latham et al., 1996) is reportedly expressed in mid- to
late-stage spermatocytes, raising the possibility that it may be
involved in the regulation of expression of Ccna1. We have also
identified a 170-bp region within the promoter that is involved in
repression of Ccnatl (Panigrahi et al., 2012). Within this region
we identified cis-acting binding sequences for Sp1 and GATA1
transcription factors, neither of which is expressed in pachytene
spermatocytes and later stages of germ cell differentiation. Nota-
bly, Sp1 is readily detected at earlier stages of spermatogenesis,
suggesting that Sp1 acts as a suppressor of Ccnat expression in
spermatogonia. Supporting this hypothesis, we have also found
occupancy of Sp1 onthe Ccna1promoter and influence of GATA1-
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dependent cis-acting elements in cell lines and most importantly,
in spermatogonia (Panigrahi et al., 2012).

Transcription of the gene encoding CcnaZ2 is regulated by mul-
tiple factors in cell cycle-dependent manner and many of the DNA
sequences mediating this regulation have been clearly delineated
(reviewed in (Blanchard, 2000)). An in vivo footprinting study of
nucleosomes on the mouse CcnaZ2promoter revealed progressive
loss of contact between histones and DNA synchronous with gene
activation (Coisy et al., 2004). This nucleosomal organization is
maintained by a bipartite repressor sequence, which is recognized
by the chromatin remodeling factor Brahma/SNF2alpha. Other
known repressors of Ccna2 promoter activity are E4F, which per-
forms its function by binding the cyclic AMP response element site
(Fajas et al., 2001), thyroid hormone receptor- $1 (TRB1), which
impairs the cyclin D/Rb/E2F pathway and prevents the recruitment
of E2F1 to Ccna2promoter thus exerting an antiproliferative action
(Porlan et al., 2008) and Jun dimerization protein-2 JDP2, which
is recruited directly to the promoter of Ccna2 at the AP-1 site
(Pan et al., 2010). Cells lacking JDP2 showed elevated levels of
Ccna2mRNA. Furthermore, reintroduction of JDP2 resulted in the
repression of transcription of Ccna2 and of cell-cycle progression.

In contrast to the extensive studies in cultured cells and to
an extent in somatic tissues, almost nothing is known about the
regulation of CcnaZ2 expression in the germ line. However, given
its expression in primordial germ cells, varying stages of spermato-
gonial divisons, including the remarkably synchronous divisions of
the differentiated A1 to B spermatogonial stages, and its absolute
exclusion of expression once the cells make the decision to undergo
meiosis, suggest that understanding its regulation at the level of
both activation and repression will be of great interest.

Events in cell cycle progression potentially downstream of
cyclin A1/Cdk function

We have previously reported the arrest point of cyclin A1-
deficient spermatocytes to late diplotene, just before entry into
the first meiotic division (Nickerson et al., 2007). At this stage, the
machinery for entry into M-phase, particularly the kinetochore,
should be assembled. The kinetochore, the structural and functional
organizing center of the centromere, begins with the assembly of
the passenger protein complex in late prophase of meiosis. The
components of this complex, identified in mitosis, are less thor-
oughly studied in meiosis. However, it is known that INCENP and
aurora B localize to centromeric heterochromatin in late prophase
(Parra etal., 2003) and become more concentrated at centromeres
towards mid-metaphase. The activity of this complex is required
for the phosphorylation of multiple targets. The aurora B kinase
is thought to be involved in the spindle checkpoint and correct
segregation of chromosomes, and disruption of the complex in
mitotic cells causes mis-segregation of chromosomes (Lampson
et al., 2004). The activity of MPF (cyclin B-Cdk1) has been linked
in two ways to the passenger protein complex. Firstly, aurora Ahas
been shown to be phosphorylated by MPF in Xenopus oocytes,
ultimately leading to phosphorylation of histone H3 (Maton et al.,
2003). Additionally, survivin, a powerful anti-apoptic protein, is
phosphorylated by MPF at threonine 34, and this phosphoryla-
tion is protective against apoptosis in mitotic cells (O’Connor et
al., 2000), making survivin a compelling candidate for sensing of
meiotic arrest in cyclin A1-deficient mice. We also reported the
localization of the cyclin A1 protein itself to the peri-centromeric

region, leading to the hypothesis that cyclin A1-Cdk has a critical
target(s) in this location.

Impact of cyclin A mis-regulation on invertebrate spermato-
genesis

Drosophila melanogaster, where only a single homolog of the
mammalian A-type cyclins has been found, is by far the simplest
model system to investigate the role of this essential cyclin in the
germline. Cyclin A is found at the site of the fusome, a branched
germline specific organelle spanning through all cystocytes and
connecting each at a single spindle pole centrosome (Lin et al.,
1994). The fusome later regresses and becomes a spectrosome,
which serves as a vehicle to transport material between cystocytes,
including factors that determine the cell chosen to differentiate
into an oocyte (Lilly et al., 2000). Overexpression of cyclin Ain the
cystocytes results in an extra round of mitotic divisions and cysts
with 32, rather than 16, cells. In early stages of meiotic prophase in
developing fly oocytes, cyclin A protein levels have been reported
to be regulated at the posttranslational level by deadenylation of
its mRNA (Morris et al., 2005). In addition, binding of the repressor
Bruno to the cyclin A 3° UTR inhibited the translation of cyclin A
during prophase of meiosis | and prevented return to the mitotic
cycle (Sugimura and Lilly, 2006). As meiosis resumes during mei-
otic maturation, cyclin A mRNA is polyadenylated and the Bruno
repressor is lost (Vardy et al., 2009). The de novo synthesized
cyclin A protein is phosphorylated at multiple sites, likely involving
autophosphorylation. The requirement for degradation of cyclin A
by the ubiquitin ligase Effete in order to maintain the germline stem
cells is an example of an evolutionary conserved mechanism to
deplete mitotic cyclins (Chen et al., 2009).

In Drosophila testes the sub-cellular localization of cyclin A
protein changes during the meiotic cell cycle. The cyclin A protein
was mostly cytoplasmic in spermatocytes from early stages until
the onset of the G2/M transition and prior to chromosome conden-
sation (Gonczy et al., 1994). Early in the G2/M transition as the
chromosomes underwent condensation cyclin A protein moved into
the nucleus and was abruptly degraded just prior to metaphase |
and was not detected in subsequent stages (Lin and Nash, 1996).

Very recently Yamashita and colleagues confirmed this rapid
degradation prior to anaphase onset and also demonstrated that
during mitotic divisions of male cystocytes cyclin A exhibits as-
sociation with the fusome/spectrosome similar to that reported
in the female germline (Yuan et al., 2012). This association also
occurred during late S to G2 stage of the cell cycle, an oscillatory
pattern reminiscent of the periodic synthesis and degradation dur-
ing the vertebrate cell cycle. As cells progressed through G2, the
localization pattern changed dynamically by the release of cyclin A
into the cytoplasm and nucleus at the onset of mitosis and cyclin A
proteinlevels remained comparable between the two compartments
during prophase. Mutational analysis demonstrated that confine-
ment of cyclin A to the centrosome in Drosophila germ stem cells
is essential for correct sensing of centrosome mis-orientation. It
is possible that there is an evolutionary conserved element of this
function in male germ cells of higher organisms, which calls for a
closer look at cyclin A localization.

E-type cyclins

During the past two decades, extensive research has dem-



onstrated the importance of E type cyclins in driving cell cycle
progression by promoting the entry of the cell into S phase (Moroy
and Geisen, 2004). Similar to the A-type cyclins, the family of mam-
malian E type cyclins is comprised of two proteins, E1 and E2.
They show an amino acid similarity of 75% within the cyclin box
and a 47% in the entire coding sequence and are co-expressed
in almost all proliferating cell types studied (Moroy and Geisen,
2004). These characteristics, together with their concomitant ac-
tivity during the mitotic cell cycle, suggest that E1 and E2 could
have entirely overlapping functions. In proliferating somatic cells,
transcription of cyclin E1 and E2 genes is induced by the E2F
family of transcription factors at the end of G1. Later, a positive
feedback mechanism confers the ability of cyclin E1 and E2 to
stimulate their own transcription.

Cyclin E1 and E2 control cell proliferation by multiple mecha-
nisms. Cyclin E-Cdk2 complexes also activate proteins involved
specifically inthe initiation of DNAreplication, histone biosynthesis,
centrosome duplication, gene expression control, pre-mRNAsplic-
ing and cell cycle progression (reviewed in Yu and Sicinski, 2004),
allin addition to the previously described kinase-independent func-
tions (Geng et al., 2007). Possible functions of the E type cyclinsin
non-proliferating cells have also been described: inthe adult mouse
brain, cyclin E1 forms complexes with Cdk5, controlling its activity
in modulating synapse function and memory (Odajima etal., 2011).

Despite the importance of the E-type cyclins in the regulation of
the mitotic cell cycle, mice that lack either cyclin E1 or E2 are fully
viable with no apparent effect on cell proliferation in vitro (Geng et
al., 2003). Cyclin E2-deficient males, however, are sub-fertile, with
nearly a 4-fold reduction in the number of sperm and seminifer-
ous tubules containing giant multinucleated cells, enlarged round
spermatids, and delayed development of elongated spermatids
(Geng et al., 2003, Wolgemuth, 2008). Mice lacking both E1 and
E2 cyclins die early in embryogenesis and present a poorly devel-
oped layer of trophoblast giant multinucleated cells with reduced
ploidies. This early embryonic lethality further obviates determining
the effects of complete loss of E-type cyclins on spermatogenesis.

Although it is known that cyclin E1 and E2 are expressed in
testis and the effect of E2 absence on male fertility indicates a
pivotal role for this cyclin during spermatogenesis, the precise
sites of expression have not been determined at the cellular level.
To elucidate the function of the E-type cyclins during spermato-
genesis, we have initiated collaborative studies with the Sicinski
lab to determine the pattern of E1 and E2 expression in the testis
and, using both conventional and conditional knockout strains of
mice, to examine the consequences of complete lack of E-type
function in the male germ line (Martinerie et al., 2013). Some early
observations from these studies are highlighted below.

E2 mRNA and protein are readily detected in spermatocytes
throughout prophase | (Fig. 2) (Martinerie et al., 2013). E1 mRNA
can be detected in early meiotic prophase but E1 protein is seen
only later in prophase and at lower levels than E2 (Fig. 2). Further
characterization of the spermatogenic abnormalities in E2-deficient
mice revealed abnormal loading of the synaptonemal complex
proteins, persistentyH2AX foci in later prophase | stages, heterolo-
gous chromosome associations and chromosome rearrangements
(Martinerie et al., 2012). A known catalytic partner for the E-type
cyclins, Cdk2, is also expressed in meiotic prophase and required
for meiotic progression (Ortega et al., 2003). As a consequence,
it is possible that the cyclin E2-Cdk2 complexes are involved in
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phosphorylating proteins implicated in these meiotic prophase
events. Curiously, in the adult mouse testis E1 protein is readily
detected in the non-dividing Sertoli cells and at low levels during
later stages of prophase | (Martinerie et al., 2013).

During Drosophila oogenesis, cyclin E is highly expressed in
follicle stem cells and forms a complex with Cdk2 (Lilly and Spra-
dling, 1996). Oscillating levels of cyclin E are critical for proper DNA
replication and cell fate determination of the follicle cells, preventing
their differentiation into meiotic cells. In addition, the activity of the
cyclinE-Cdk2 complex is essential for maintenance of the follicle
stem cell niche, acting as a positive regulator between cell cycle
and niche retention (Wang and Kalderon, 2009).

C. elegans has a single gene, cye-1, encoding cyclin E that
forms a complex with Cdk2 and controls progression through the
G, phase of mitotic cells, such as vulval cells (Fay and Han, 2000).
Similar to Drosophila, in C. elegans the cyclin E-Cdk2 complex,
together with GLP-1 notch signalling, maintain the proliferative cell
fate and cell cycle progression of the germline cells and prevents
the entry of the cells into meiosis (Fox et al., 2011). In this sense,
the cyclin E-Cdk2 complex acts as a critical regulator of stem cell
maintenance and inhibits the switch from the mitoticinto the meiotic
cell cycle (Jeong et al., 2011).

In contrast, in Xenopus laevis, an E type cyclin plays a pivotal
role during meiosis, especially in the control of metaphase/ana-
phase transition of meiosis Il (Tunquist et al., 2002). Two cyclin E
genes have also been described in the frog, cyclin E1 and cyclin
E2, both of which are homologues of the mammalian cyclin E’s
(Chevalier et al., 1996). In eggs, cyclin E-Cdk2 is expressed and
activated during meiosis Il and can trigger metaphase arrest by
acting as a cytostatic factor by inhibiting the anaphase promoting
factor (APC) (Tunquist et al., 2002).

Overall, the genetic analyses of these model organisms indicate
that E-type cyclins could play two distinct and opposite roles in
gametogenesis. In arthropods and nematodes, cyclin E1 maintains
the proliferative status of the germ stem cells. On the other hand,
in chordates and more specifically, in vertebrates, E1 and E2 have
a cell-cycle independent role in senescent cells while also control-
ling critical meiotic processes. Although the molecular network
wherein E1 (and E2) regulates the G1-S transition in proliferating
cellsis common for almost all eukaryotes, the complexity exhibited
by vertebrate gametogenesis requires a more complex cell cycle
control network as compared to other eukaryotes.

B type cyclins

B type cyclins are essential for the transition of the cell from
G2 to M phase and are pivotal for activating the major M-phase
kinase Cdk1 (Satyanarayana and Kaldis, 2009). They form part of
MPF, which regulates processes such as nuclear envelope frag-
mentation and spindle assembly. Several B type cyclin members
are present in diverse organisms varying from yeast to mammals,
with three specific B type cyclins described in vertebrates: B1, B2
and B3. The mouse genes encoding cyclins B1 and B2 (Ccnb1
and Ccnb2) share homology with the classic B type cyclin genes
found in flies, worms, frogs, and mammals. In contrast, Ccnb3has
evolved independently from B1 and B2 genes and constitutes a
separate and single gene conserved from teleost and nematodes
to vertebrates.

Cyclin B1 and B2 are expressed in almost all organs that contain
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dividing cells. In general, the expression level of B2 in mitotic cells
is lower than B1, except in the testis, where both B1 and B2 have
similar expression levels (Brandeis and Hunt, 1996). In contrast,
cyclin B3 is expressed only during meiosis in females and males
(Nguyen et al., 2002). Cyclin B1 is essential for mouse embryonic
development as B1-deficient mice die before embryonic day 10.
In contrast, B2-deficient mice are viable and females and males
are fertile (Brandeis et al., 1998).

In the adult testis, we have shown that the three B type cyclins
exhibit quite distinct patterns of expression (Fig. 2). Ccnb3 mRNA
is expressed in early prophase stages, particularly leptotene and
zygotene, and is detected atvery low levels in pachytene spermato-
cytes (Nguyen et al., 2002). Later, Ccnb2 is expressed in meiotic
prophase, particularly during pachytene and diplotene, although
low levels of mRNA are also detected in early stage spermatids.
In contrast, while Ccnb1 transcripts are also detected in spermato-
cytes, they are mostabundant in post-meiotic spermatids (Chapman
and Wolgemuth, 1992). Notably, neither B1 nor B2 were detected
in mitotically dividing spermatogonia. Although in Drosophila and
C. elegans cyclin B3 is expressed in both mitotic and meiotic germ
line cells and play a role in promoting the entry of the cell from G2
to M phase (Deyter et al., 2010, Tarailo-Graovac and Chen, 2012),
no endogenous cyclin B3 has been detected in cell lines from a
wide variety of cell types (Nguyen et al., 2002).

The function of the B-type cyclins in spermatogenesis is still not
fully understood. As noted above, loss of cyclin B2 had no effecton
either male or female fertility but the embryonic lethality of cyclin
B1-deficient mice precludes determining its function in either germ
line. Use of a conditional knock out of cyclin B1 function specifically
in the male germ line is needed to address this important question.
Transgenic mice that express cyclin B3 after zygotene exhibited
seminiferous tubules mostly depleted of germ cells and abnormal
round spermatids, together with increased apoptosis and reduced
sperm production (Refik-Rogers et al., 2006). It was thus suggested
thatdown-regulation of cyclin B3 at the zygotene-pachytene transi-
tion is necessary for the normal progression of spermatogenesis
(Refik-Rogers et al., 2006). Another interesting aspect of cyclin
B3 function is that when partnered with Cdk2 in cell lines it forms
kinase-deficient complexes (Nguyen et al., 2002). Based on this
observation, we have previously suggested the novel possibility
that cyclin B3 expression during the stages where homologous
pairing, synapsis and double strand break repair is occurring, could
be inhibiting any chance of spermatocyte entry into a precocious
pachytene stage (Nguyen et al., 2002).

During mitosis, there is interplay between cyclin A2-Cdk1 and
the cyclin B1/B2-Cdk1 complexes. Cyclin A2-Cdk1 triggers the
activation and nuclear accumulation of B1-Cdk1, which induces
chromatin condensation during mitosis (Gong and Ferrell, 2010).
Thus, cyclin A2 could help initiate mitosis through its effects on
cyclin B1. The co-expression of cyclins B1, B2 and the meiosis-
specific cyclin A1 during pachytene and diplotene suggests that
a similar interplay could be occurring at the end of prophase .

D-type cyclins

The three mammalian D type cyclins, D1, D2 and D3, govern
the progression of cells from G1 to S-phase. However, in addition
totheirrole in proliferation, the D type cyclins have been implicated
in other cellular events, including differentiation and apoptosis

(Satyanarayana and Kaldis, 2009). Although cyclin D1, D2 and
D3 are highly homologous and evolutionarily conserved, they
contain distinct structural motifs and are differentially regulated in
several cell types (Mullany et al., 2008). D1-deficient mice present
reduced body size and neurological abnormalities; depletion of D2
causes impaired pancreatic beta-cell and gonadal function; and
depletion of D3 causes alterations in immune cell development
(Mullany et al., 2008).

Cyclin D1, as well D2 and D3 are frequently deregulated in
cancers such as leukemia, breast, prostate and hepatocarcinoma,
representing a biomarker for disease progression (Musgrove et
al., 2011). Interestingly, D-type cyclins, particularly D1 have been
associated with testicular cancer (Bartkova et al., 1999) in addition
to its premature expression in teratoma-susceptible mouse germ
cells (Heaney et al., 2012).

The three D-type cyclins are differentially expressed during
spermatogenesis (Fig. 2). While cyclin D1 mRNA is expressed
principally in non-dividing Sertoli cells, D2 appears in pachytene
and diplotene spermatocytes (Ravnik et al., 1995) as well as in
spermatogoniain stage VIl of the seminiferous epithelium (Beumer
et al., 2000). Cyclin D3 is expressed in differentiated Sertoli cells,
spermatogonia and differentiated spermatids (Zhang et al., 1999).
D2 and D83 are also expressed in the Leydig cells (Beumer et al.,
2000).

Despite the potential role of D-type cyclins during spermatogen-
esis, depletion of different D cyclin function in the mouse has not
resulted in male sterility, although it was noted that D2-deficient
mice exhibit hypoplastic testes (Sicinski et al., 1996). Similar to
other cyclins such as B or E, it is possible that the D-type cyclins
also have functional redundancy during spermatogenesis. As the
complete loss of D-type cyclins is embryonic lethal (Kozar et al.,
2004), the use of conditional knockouts specific to the germ line
could provide significantinsightinto the consequences of complete
loss of D-type cyclin function.
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