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Abstract

Most eukaryotic cells possess genetic potential to perform meiosis, but the vast majority of them never initiate it.
The entry to meiosis is strictly regulated by developmental and environmental conditions, which vary
significantly from species to species. Molecular mechanisms underlying the mitosis—meiosis decision are unclear
in most organisms, except for a few model systems including fission yeast Schizosaccharomyces pombe. Nutrient
limitation is a cue to the entry into meiosis in this microbe. Signals from nutrients converge on the activity of
Mei?2 protein, which plays pivotal roles in both induction and progression of meiosis. Here we outline the current
knowledge of how a set of environmental stimuli eventually activates Mei2, and discuss how Mei2 governs the
meiotic program molecularly, especially focusing on a recent finding that Mei2 antagonizes selective elimination

of meiotic messenger RNAs.

Introduction

Meiosis is a process for forming haploid gametes
from diploid germ cells, which is essential for
sexually reproducing species to transmit genetic
information to the next generation. Meiosis drives a
specialized cell cycle that consists of one round of
DNA synthesis followed by two successive rounds of
M phase. This procedure, which halves the genetic
material, seems to be highly conserved in eukaryotes.
However, cues that cause cells to enter the meiotic
pathway appear to vary greatly among species. In
multicellular organisms, extrinsic cues from sur-
rounding cells control the differentiation of germline
stem cells that will enter the meiotic cell cycle. In
lower eukaryotes such as budding yeast Saccharomy-
ces cerevisiae or fission yeast Schizosaccharomyces
pombe, a reduction of available nutrition in the

environment triggers the entry into the meiotic cell
cycle. In either case, the decision to enter the meiotic
cell cycle is tightly regulated in order to prevent
execution of the meiotic program in inappropriate
developmental contexts. Here, we discuss controls to
commit cells to meiosis in fission yeast, which is an
excellent model system for study of the mito-
sis—meiosis decision. Our discussion focuses on the
regulatory pathways underlying the two types of cell
cycle programs.

Meiotic differentiation includes complex sequen-
tial events. Yeast meiosis may be conventionally
divided into two parts: (1) exit from the mitotic cell
cycle and (2) induction of the alternate, meiotic cell
cycle program, in which mitotic events may occur in
a peculiar manner and order. The former process in
fission yeast has been characterized as a multilayered
network of positive and negative factors, which are
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regulated at various levels of gene expression from
transcription initiation to protein modification and
degradation (Yamamoto 1996, 2004, Yamamoto
et al. 1997). The network also involves many
feedback loops to intensify the commitment to
meiosis, which may ensure that mitosis and meiosis
become mutually exclusive. In contrast, the latter
process has been less characterized, although it is
generally assumed to be achieved by a highly
coordinated transcriptional induction of numerous
genes that are specifically required for meiosis (Mata
et al. 2002). The meiosis-specific gene products are
likely to be required (1) to modify the basic cell
duplication machinery that operates in the mitotic
cell cycle, so that DNA synthesis followed by two
successive nuclear divisions will be ensured and
(2) to reorganize the cell morphology, which results
in the formation of asci containing four haploid
spores, the counterparts of gametes in higher eukar-
yotes. In the next four sections we will describe the
developmental fates available for fission yeast cells
and overview the current knowledge of cell cycle
regulation and gene expression during mitosis and
meiosis in this microbe. We will then look at key
factors that constitute the central regulatory module for
meiosis in fission yeast, namely the Pat1-Mei2 system,
focusing on how the exit from the mitotic cell cycle
and the initiation of the meiotic program are governed
by this system. Finally, we will address how the envi-
ronmental cues convey a signal to the key factors and
regulate the exit from the mitotic cell cycle.

Developmental fates of fission yeast

Under conditions rich in nutrition, fission yeast cells
proliferate through mitotic cell cycles, mainly as
haploids, which carry one of the two mating types
denoted as h™ (P) and h~ (M). As in higher
eukaryotes, the mitotic cell cycle can be divided into
four phases, namely Gy, S, G,, and M. Mitotic cells
assume one of the three alternative fates according to
the environmental conditions: They may (1) continue
to progress through the mitotic cell cycle, (2) enter
into the quiescent stationary phase, or (3) differenti-
ate into the conjugation/meiosis pathway. Fission
yeast cells can enter the stationary phase from either
mitotic G; or G,. Different environmental stimuli
impose different effects on the mitotic cell cycle.
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Glucose starvation, for example, primarily arrests
proliferating cells in G, and lead them to the
stationary phase (Costello er al. 1986). Under
nitrogen starvation, in contrast, haploid cells arrest
in G; and enter the stationary phase, usually after
performing two or three rounds of rapid mitotic
cycle. If cells of the opposite mating type are
neighboring under nitrogen starvation, haploid cells
mate to form zygotes, which subsequently undergo
meiosis and generate four haploid spores. Impor-
tantly, only haploid cells in G; phase can initiate the
conjugation process. Zygotes can grow as diploids if
they are transferred to a rich medium immediately
after conjugation. These diploid cells undergo meio-
sis and form spores when they exhaust the available
nutrients. Whether they are zygotes or diploids,
meiotic cells follow essentially the same pathway.
They arrest transiently in Gy, initiate one round of
DNA synthesis, and perform two consecutive nuclear
divisions, called first and second meiotic divisions
(alternatively, meiosis I and meiosis II). Importantly
also, only Gj-arrested diploid cells can enter the
meiotic pathway.

Cell cycle regulation during mitosis

During the mitotic cell cycle, the onset of S phase
and that of M phase are under tight regulation, in
order to ensure that these two phases are coupled in
the correct order (reviewed in MacNeill & Nurse
1997, Moser & Russell 2000). The major player in
this control is Cdc2, the cyclin-dependent kinase
(CDK), whose activity is low in G; phase, moderate
during S phase and G, phase, and high during M
phase. Cdc2 is associated with cyclin Cig2 at the
G/S transition (Bueno & Russell 1993, Connolly &
Beach 1994, Obara-Ishihara & Okayama 1994).
Deletion of cig2 delays entry to S phase, but does
not completely block the transition, because mitotic
cyclin Cdcl3 can eventually substitute the function
of Cig2 (Fisher & Nurse 1996). The entry to S phase
also requires the function of Cdc10, which consti-
tutes a transcription factor complex called DSCI1
(Lowndes et al. 1992). The DSC1 complex is thought
to contain Cdc10, Resl, Res2, and Rep2 to mediate
G4/S specific transcription through both stimulatory
and repressive functions (Tanaka et al. 1992:
Caligiuri & Beach 1993, Miyamoto et al. 1994,
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Zhu et al. 1994, Nakashima et al. 1995, Baum et al.
1997, Whitehall et al. 1999). The DSCI targets
include genes essential for DNA replication, such as
cdcl8 encoding a fission yeast homolog of conserved
replication factor Cdc6, cdt! encoding another
conserved replication factor, and cdc22 encoding
ribonucleotide reductase (Kelly et al. 1993, Fernandez-
Sarabia et al. 1993, Hofmann & Beach 1994, White
et al. 2001). The onset of mitosis is driven by the
Cdc2—Cdc13 complex, which is regulated positively
by the Cdc25 phosphatase and negatively by the
Weel and Mik1 kinase (Lundgren et al. 1991, Millar
et al. 1991). E3 ubiquitin ligase APC/C (anaphase-
promoting complex/cyclosome) associated with its
activator Slpl (APC/CS'') is required for Cdc13 deg-
radation upon exit from M phase, whereas APC/C
associated with another activator Ste9 (APC/CSt°9)
and the CDK inhibitor (CKI) Ruml are responsible
for suppressing Cdc2 activity during G; phase
(Correa-Bordes & Nurse 1995, Yamaguchi et al.
1997, Kitamura et al. 1998, Blanco et al. 2000).

An important concept in the yeast cell cycle is
‘Start’, which is a point (or an interval) during G; at
which the cell becomes committed to the mitotic cell
cycle. Prior to passing Start, cells have the potential
to take the three alternative developmental programs
mentioned above. At Start, cells carefully monitor
their own size and nutritional conditions and deter-
mine their fate. The transition at G,/M is another
control point in the mitotic cell cycle, where again
both size and nutritional controls are in operation.
Cell cycle regulators relevant to the switch between
the mitotic and meiotic cell cycles are shown
schematically in Figure 1. Regulation by TOR
complex TORCI, included in this figure, will be
discussed at the end of this review.

Cell cycle regulation during meiosis

It has been suggested that Cdc2 kinase plays essential
roles in driving the meiotic cell cycle. Genetic
analyses have established the absolute requirement
of the cdc2 gene for the meiotic G,/S transition and
the second meiotic division (Iino et al. 1995). Cdc2
cooperates with cyclin Cig2 to launch premeiotic S
phase (Borgne et al. 2002). Cyclin Cdc13 and the
CDK activator Cdc25 are required for both the first
and second meiotic divisions (Iino et al. 1995)
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(Figure 1). During premeiotic S phase, transcription
of two groups of genes are simultaneously activated:
(1) a group that is also expressed in the mitotic G;/S
interval and required for DNA synthesis (e.g., cdcl8,
cdtl, and cdc22) and (2) a group that is specific to
meiosis, including the rec genes (e.g., rec8 and
recll) involved in meiotic recombination (Fox &
Smith 1998, Watanabe et al. 2001, Mata et al. 2002).
Genes of both groups appear to be regulated by the
DSC1 complex, which is responsible for the tran-
scriptional activation of the former class of genes in
mitotic cells (White et al. 2001, Cunliffe et al. 2004).
It is proposed that a meiotic form of DSCI,
containing Cdcl10, Res2, and a meiosis-specific
component Repl, is responsible for the meiotic
pattern of gene expression (Sugiyama et al. 1994).
The meiosis-specific S phase transcription may lead
to a peculiar mode of DNA synthesis coupled with
incorporation of a meiosis-specific cohesin complex
(Watanabe et al. 2001) and recombination at a high
frequency, eventually followed by two consecutive
nuclear divisions.

Classical genetic analyses have identified meiotic
mutants that arrest at a specific point in the meiotic
cell cycle (reviewed in Yamamoto et al. 1997). The
mei2, mei3, and mei4 mutants arrest with a single
nucleus in the cell, whereas the mes/ mutants arrest
with two nuclei, indicating cell cycle arrest before
the second meiotic division. The mei2 and mei3
mutants fail to proceed to premeiotic S phase,
whereas the mei4 mutant arrests before the first
meiotic division after completing DNA synthesis.
One possible function of these gene products is to act
on cell cycle machineries that are utilized also in the
mitotic cell cycle. Indeed, emerging evidence sup-
ports this idea with regard to mei4 and mesl. mei4
encodes a transcription factor that is required for
transcriptional activation of c¢dc25 during meiosis, in
addition to numerous other target genes (lino et al.
1995, Horie et al. 1998, Mata et al. 2002) (Figure 1).
Lowered Cdc25 activity presumably explains the cell
cycle arrest in the mei4 mutant, because artificial
expression of cdc25 restores meiotic divisions in the
mei4A cells (H. Murakami, personal communica-
tion). Mesl binds and inhibits the APC/C activator
Slpl, and hence secures the Cdc2-Cdcl13 MPF
activity to carry out the second meiotic division
(Izawa et al. 2005). Meanwhile, mei3 is required to
activate the mei2 gene product, Mei2, which is the
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Figure 1. A simplified network of cell cycle regulators operating at the mitosis—meiosis decision in fission yeast. The upper line represents the
mitotic cycle, and the lower, the meiotic pathway up to meiosis I. An arrow indicates each cell-cycle window but its length is arbitrary and does
not necessarily represent the time span of the window. With regard to the cell cycle switch, active TOR complex TORCI suppresses exit from
the mitotic cell cycle (discussed in the text), whereas Mei2 functions to promote it. Upon exit from the mitotic cycle, Mei2 plays an essential
role for execution of the alternate meiotic cell cycle program. To initiate premeiotic S phase, the DSC1 complex promotes transcription of two
groups of genes: (1) genes required for DNA replication per se, and (2) genes that function specifically for meiotic replication, such as rec§. A
subpopulation of the Mei2 protein binds to meiRNA and form a single nuclear dot, which sequesters Mmil. Mmil eliminates a subset of
meiosis-specific transcripts (e.g., mei4 and rec8) during the mitotic cell cycle, to suppress the incidence of untimely meiosis (more details in
Figure 2). The sequestration of Mmil by the Mei2 dot is apparently essential for the promotion of meiosis I. Mei2 normally induces meiosis
only from G; phase of the mitotic cell cycle, but under artificial conditions it can induce meiosis from G2 phase.

master regulator of meiosis in fission yeast (see
below). The molecular function of Mei2 has
remained largely unknown until recently, and will
be discussed extensively in this review.

Expression and selective elimination
of meiotic mRNAs

The cell cycle switch from mitosis to meiosis is
accompanied by a striking change in gene expression

profiles. Many genes required for the progression of
meiosis are up-regulated by a series of transcription
factors (Mata et al. 2002). In addition, our recent
study has revealed a new mode of regulation that
contributes to the differential gene expression
between mitosis and meiosis (Harigaya et al. 2000),
as outlined below.

This new regulation operates during the mitotic
cell cycle to suppress meiotic gene expression. A hint
of the presence of this kind of regulation came from
an observation that some meiosis-specific transcripts
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Figure 2. Selective elimination of meiosis-specific mRNAs in mitotic cells. (a) A number of meiosis-specific transcripts in fission yeast carry
a region designated DSR, which renders them eliminated if they are expressed during the mitotic cell cycle. Mmil, a YTH-family RNA-
binding protein localized in the nucleus, binds to the DSR and promotes elimination of the transcript, probably cooperating with RNA-
degrading exosome machinery. (b) During meiotic prophase, Mei2, which has affinity for Mmil, forms a dot structure in the nucleus together
with meiRNA and sequesters Mmil to this dot, so that meiosis-specific transcripts become free from Mmil-dependent mRNA elimination
and remain stably. This figure is reproduced from the Supplemental Figure S1 of our previous publication (Harigaya et al. 2006).

failed to accumulate in mitotic cells even when they
were transcribed from a constitutive promoter. These
transcripts include mei4 mRNA, which encodes a key
transcription factor (Horie et al. 1998), and rec8
mRNA, which encodes a subunit of the meiotic
cohesin complex (Watanabe & Nurse 1999). They
carry a cis-acting region termed DSR (determinant of
selective removal), which is responsible for the block
of their accumulation in mitotic cells (Harigaya et al.
2006). Mmil, a YTH-family protein (Stoilov et al.
2002), binds DSR RNA and causes removal of DSR-
containing transcripts. Moreover, Rrp6, a fission
yeast ortholog of a conserved nuclear-restricted
component of the exosome (Houseley et al. 2006),
seems to be involved in this removal, suggesting the
possibility that DSR-containing transcripts are selec-
tively degraded in the nucleus of growing cells
(Harigaya et al. 2006) (Figure 2a). Importantly,
inactivation of mmil leads to a severe growth defect
due to untimely expression of the mei4 gene and
genes stimulated by Mei4. This indicates that the
DSR-dependent elimination of meiosis-specific tran-
scripts is not a mere safeguard mechanism that would
operate when their promoter happens to be acciden-
tally activated; Rather, dividing cells should keep
this system constantly in operation in order to curtail
expression of meiotic genes. Microarray analyses
have shown that at least a dozen meiosis-specific
transcripts are subject to elimination by the
DSR-Mmil system (Harigaya et al. 2006). It seems
unlikely, however, that the DSR-Mmil system

targets all the genes up-regulated during meiosis.
For example, recl2, which encodes an ortholog of
the conserved meiotic DSB inducer Spoll (Keeney
et al. 1997), does not appear to be regulated by this
system (our unpublished results).

Fission yeast cells may use another mechanism to
prevent expression and function of meiotic genes
during proliferation. It has been found that a fraction
of intron-containing transcripts remain unspliced
until a specific period during meiosis, among which
are crsl and reml mRNAs, both encoding meiosis-
specific cyclin (Averbeck et al. 2005). Analyses of
gene chimeras have indicated that splicing of crs/
and rem! mRNAs is prevented in mitotically grow-
ing cells through sequences located outside the
coding region (Averbeck et al. 2005). During
meiosis, the inhibition of reml! splicing appears to
be overcome by the function of Mei4 (Malapeira
et al. 2005).

The Patl-Mei2 system: central regulator
for fission yeast meiosis

Discovery of the pat/ mutation (initially also called
ranl) opened the door to molecular understanding of
the meiotic entry in fission yeast (Beach et al. 1985,
lino & Yamamoto 1985, Nurse 1985). Cells carrying
the patl-114 mutation show temperature-sensitive
growth and perform ectopic meiosis and sporulation
at the restrictive temperature, regardless of nutritional
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conditions and the ploidy of the cells, indicating that
Patl is a factor that prevents cells from entering
meiosis when they should grow mitotically.

The patl gene encodes a Ser/Thr protein kinase
(McLeod & Beach 1988), which phosphorylates
Mei2, an RRM-type RNA-binding protein critical
for the entry to meiosis, on residues Ser438 and
Thr527 (Watanabe et al. 1997). Even weak expres-
sion of mutant Mei2 carrying alanine in these two
positions (MeiZSATA) results in ectopic meiosis and
sporulation, as does inactivation of Patl kinase
(Watanabe et al. 1997). This indicates that Mei2 is
a critical target of Patl and a pivotal factor for the
entry to meiosis.

How is the Mei2 activity suppressed through
phosphorylation by Patl kinase? As one possible
mechanism, this phosphorylation confers a shorter
half-life to Mei2, due to increased susceptibility of it
to proteasome-dependent destruction involving E2
Ubc2 and E3 Ubrl (Kitamura et al. 2001). As
another possibility, phosphorylated Mei2 shows
increased affinity for Rad24, the major 14-3-3
protein in fission yeast. The binding of Rad24 to
phosphorylated Mei2 inhibits association of Mei2
with meiRNA (Sato et al. 2002), which is a non-
coding RNA that cooperates with Mei2 to propel
meiotic progression (Watanabe & Yamamoto 1994).
Deletion of rad24 accelerates commitment to meio-
sis, but this mutation by itself does not result in such
a conspicuous meiosis-inducing phenotype as shown
by the patl-114 or mei25*™ mutation. Thus, it seems
that there are yet-unidentified functions of Mei2 that
are critical to inducing meiosis and are inhibited by
the phosphorylation by Patl.

How could Mei2 provoke and govern
the meiotic program?

Activation of Mei2 can confer a cell cycle switch
from mitosis to meiosis. Therefore, understanding the
molecular function of Mei2 is a key to fission yeast
meiosis, but this has not been an easy task. In
addition to its function as a meiotic inducer, Mei2 is
known to play essential roles in the induction of
premeiotic S phase and first meiotic division. This
has been deduced from the following observations.
(1) Cells devoid of the mei2 gene can cease growth in
response to nutritional starvation but cannot initiate
premeiotic DNA synthesis. (2) In a temperature-
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sensitive mutant of mei2 (mei2—33), the meiotic cell
cycle is arrested before the initiation of first meiotic
division after completing premeiotic DNA synthesis
(Watanabe & Yamamoto 1994). An early study has
shown that transcription of mei2 is up-regulated by
Stell, an HMG-type transcription factor, upon
nutrient deprivation (Sugimoto et al. 1991). Mei2
has an intrinsic feature to shuttle between the nucleus
and the cytoplasm (Sato et al. 2001). Upon entry to
meiosis, a subpopulation of this protein forms a
peculiar single dot in the nucleus, which we hereafter
call the Mei2 dot (Watanabe et al. 1997, Yamashita
et al. 1998). The Mei2 dot is located on the
chromosomal locus of the sme2 gene, from which
meiRNA is transcribed (Shimada et al. 2003). In
sme2A cells, which lack meiRNA, the Mei2 dot
formation is impaired, and the meiotic cell cycle is
blocked prior to the initiation of meiosis I (Watanabe
et al. 1997, Yamashita et al. 1998). Thus, meiRNA
performs a function required specifically for meiosis
I, in cooperation with Mei2. Given that mei4 mRNA
is undetectable in sme2A cells (A. Yamashita and M.
Yamamoto, unpublished), the meiotic cell cycle
arrest in this mutant appears to be attributable at
least in part to the absence of Mei4 function.

In summary, Mei2 is apparently involved in
multiple steps of sexual differentiation: (1) the
withdrawal from the mitotic division cycle; (2) the
start of premeiotic S phase; and (3) the initiation of
meiosis I. It has been speculated that the molecular
activity of Mei2 could be linked to the cell cycle
regulators and gene expression machinery, either
directly or indirectly. Indeed, our recent study has
demonstrated that one function of Mei2 is to act on a
regulatory factor for meiotic gene expression. We
will discuss this in the next section.

Mei2 turns off the DSR-Mmil system

Our study has revealed a direct link between Mei2
and the DSR-Mmil system for elimination of
meiosis-specific transcripts (Harigaya et al. 2006).
This was recognized originally through localization
analysis of Mmil. During vegetative growth, Mmil
was localized to multiple foci in the nucleus, but it
converged to a single dot that overlapped with the
Mei2 dot during meiotic prophase. The concentration
of Mmil did not occur in the absence of the Mei2 dot
in mei2A or sme2A cells. These observations have
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lead us to speculate that Mei2 may turn off the
DSR-Mmil system by sequestering Mmil to the dot,
and thereby ensure stable expression of meiosis-
specific transcripts (Figure 2b). Consistent with this
idea, the arrest prior to meiosis I caused by loss of
the Mei2 dot can be rescued by a reduction in the
Mmil activity, presumably because it allows accu-
mulation of DSR-containing transcripts, mei4 mRNA
among others (Harigaya et al. 2006).

Shutdown of the DSR-Mmil system by the Mei2
dot can fully account for the function of Mei2
necessary to initiate meiosis I. However, it does not
appear to be the only task that Mei2 executes during
meiosis. This is because inactivation of Mmil does
not lead to the conspicuous meiosis-inducing pheno-
type of the mei2®*"™* mutant. Rather, loss of mmil
causes a severe growth defect that seems likely to be
a perturbation of the mitotic cell cycle by untimely
function of meiotic genes (our unpublished results).
This may also indicate that Mei2-dependent inacti-
vation of the DSR-Mmil system should be under
strict temporal control so that expression of meiotic
genes may never precede the withdrawal from the
mitotic cycle. There may be a mechanism that
signals Mei2, after the exit from the mitotic cycle,
to launch the next action to carry forward the meiotic
program by promoting expression of DSR-containing
transcripts.

Mei2 and growth inhibition

Transient G; arrest occurs at the very beginning of
both patl-driven and mei25*™-driven meiosis.
Although mei2A diploids can arrest in G; in response
to nutritional starvation, the kinetics are delayed
(Watanabe & Yamamoto 1994). Loss of mei2 func-
tion completely blocks pat/-driven meiosis. Further-
more, the patl-114 mei2A double mutant can
continue to grow at the temperature restrictive for
patl-114. All these observations indicate a function
of active Mei2 to inhibit growth and cause transient
arrest in G; phase at the entry to the meiotic cell
cycle. The molecular mechanism by which unphos-
phorylated Mei2 induces transient G, arrest remains
elusive. It is possible that a reduction in the level of
rep2 mRNA in response to the expression of
mei2%*™ may contribute to the cell cycle arrest in
G,, given that deletion of rep2 leads to the
accumulation of cells in G; (Nakashima et al. 1995,
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Watanabe et al. 1997). The link between Mei2 and
the Cdc2 activity, whose down-regulation is essential
for imposing cell cycle arrest, has not been pursued
thoroughly but it may be indirect (see below).

Mei2 and meiotic G,/S transition

The function of Mei2 is absolutely necessary for the
meiotic G,/S transition (or ‘Start’ of the meiotic cell
cycle), since mei2A diploid cells starved of nitrogen
are unable to increase the DNA content after
arresting at G; (Watanabe & Yamamoto 1994). The
molecular mechanism by which Mei2 promotes DNA
synthesis also remains elusive. Given that Mei254T4
induces a transcriptional switch between rep/ and
rep2 (Watanabe et al. 1997), and that transcription of
repl, the putative meiotic counterpart of rep2, is
essential for premeiotic S phase (Sugiyama et al.
1994), it is possible that Mei2 may promote initiation
of premeiotic S phase by enhancing repl expression.
It should be noted, however, that rep/ mRNA can be
expressed in mei2A diploid cells in response to
nitrogen starvation (Sugiyama et al. 1994). Never-
theless, it may be presumed that the protein level
and/or the activity of Repl may be reduced in the
absence of mei2 and cannot support premeiotic DNA
synthesis. Cdc2 is essential for premeiotic DNA
synthesis and is thought to form a complex with
cyclin Cig2 during this S phase. It also remains an
interesting question whether and how Mei2 acts on
the S phase CDK—cyclin complex to initiate premei-
otic DNA synthesis.

Implications from the G,-exit meiosis

The meiotic program naturally starts from G,
because activation of Mei2 is restricted to this phase
of the cell cycle. However, in certain settings,
meiosis appears to be induced from other cell cycle
windows than G; (Watanabe et al. 2001). In rumiA
cells, which have a very short G, phase, meiosis can
be induced from the G, window in three different
ways to activate Mei2 artificially: (1) by inactivation
of Patl kinase, (2) by ectopically expressing mei3
(see below), and (3) by ectopically expressing
mei25*TA Tt seems from these results that unphos-
phorylated Mei2 induces quiescence of cell prolifer-
ation rather than cell cycle arrest specific to G; phase
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(Figure 1). After the inhibition of cell proliferation,
Mei2 appears to function to induce premeiotic DNA
synthesis if cells are arrested in G;. However, if they
are arrested in G,, Mei2 appears to induce meiosis
from G,, which undergoes no DNA synthesis but
only two rounds of nuclear division. If meiosis is
induced from G,, DSC1-regulated genes required for
both premitotic and premeiotic S phase, such as
cdcl8 and cdc22, fail to be expressed. Curiously,
however, DSCl-regulated genes required only for
premeiotic S phase, such as rec8, are expressed
substantially, though the timing and the level of their
expression may somewhat change (Watanabe et al.
2001). It may be too tempting to speculate that
Mei2 can recognize in which window of the cell
cycle the cells are and can start a meiotic program
adjusted to the window. Alternatively, once the
mei2-dependent growth inhibition is established, the
state of the CDK activity and/or other cell cycle-
specific features, such as the licensing state of
replication origins, may autonomously set the start
point of the meiotic program.

Signal pathways linking extracellular cues
to the commitment to meiosis

Here we address which signaling cascades emanate
from environmental stimuli to the activation of Mei2.
This section provides an overview, and more detailed
aspects will be discussed in the next four sections.
The initiation of meiosis is regulated by two major
signal transduction pathways in fission yeast, one
responding to the nutritional conditions (Figure 3a)
and the other to the mating pheromones (Figure 3b).
Nutrient starvation results in transcriptional activa-
tion of the stel/l gene, through down-regulation of
the activity of cAMP-dependent protein kinase
(PKA) (Maeda et al. 1990, Sugimoto et al. 1991,
Mochizuki & Yamamoto 1992). Stel1, an HMG-type
transcription factor, activates a number of genes
required for mating and meiosis, including genes
encoding mating pheromones and their receptors,
mating-type genes (matl-Pc, matl-Pi, matl-Mc, and
matl-Mi), and mei2 (Sugimoto et al. 1991). Binding
of the pheromone to its receptor results in activation
of a MAPK cascade, which leads to the induction of
additional genes required for the mating process.
Pheromone communication and subsequent MAPK
activation occur not only in haploid but also in
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diploid cells. In zygotes and diploid cells, 4" -specific
Matl-Pi and h -specific Matl-Mc cooperatively
induce the mei3 gene, which encodes an inhibitor of
Patl kinase (McLeod & Beach 1988, Li & McLeod
1996, Van Heeckeren et al. 1998). The binding of
Mei3 is thought to confer full inactivation of Patl,
thereby liberating Mei2 from the inhibitory phos-
phorylation (Watanabe er al. 1997). In cells under
physiological conditions, complete inactivation of
Patl is strictly dependent on expression of Mei3,
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Figure 3. Signal transduction pathways that regulate the initiation
of meiosis. (a) The cAMP-PKA pathway and the stress-responsive
MAPK pathway mediate signals from external nutrition and stress,
respectively, which ensure cell cycle arrest in G; and
transcriptional activation of the ste// gene under starved
conditions. Stell activates a number of genes required for
pheromone communication and induction of meiosis. (b) Binding
of either P or M pheromone to its receptor leads to activation of the
Byr2-Byr1-Spkl pathway. Stell is again targeted by Spkl to
activate the pheromone-induced transcriptional program and to
promote G; arrest, both of which are prerequisites for the mating
and meiotic process. Successful conjugation results in production
of both h*-specific Mat1-Pi and &~ -specific Mat1-Mc in a single
cell, which cooperatively induce transcription of mei3. Mei3
inhibits Patl kinase, and hence liberates Mei2 from the inhibitory
phosphorylation. For simplification, many factors and interactions
known to be involved in this process are omitted in this
illustration.
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which ensures that meiosis is induced only in diploid
cells heterozygous for P and M mating-type genes.

Nutritional starvation induces G, arrest
and stell transcription

The sexual differentiation process is triggered by
reduced availability of nutrients in fission yeast, as in
many microorganisms. Starvation, especially of
nitrogen, promotes (1) arrest in the pre-Start G,

phase, which is a prerequisite for sexual differenti-
ation, and (2) transcriptional activation of the stel/
gene, which in turn activates transcription of a
number of genes required for mating and meiosis
(Figure 3a).

Starvation-induced pre-Start arrest requires down-
regulation of the CDK activity that drives the G;/S
transition. It is necessary to inhibit both the
Cdc2—Cig2 complex, which triggers timely S phase,
and the Cdc2-Cdc13 complex, which can take over
Cig2 function in its absence (Fisher & Nurse 1996).
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Cig2 cyclin is thought to be a primary target for
degradation in response to nutritional starvation
(discussed in Nielsen 2004). Degradation of Cig2
delays G;/S transition, which leads to accumulation
of Ruml. Ruml directly inhibits the Cdc2—Cdc13
complex and promotes degradation of both Cig2 and
Cdc13 via APC/C*® (Correa-Bordes & Nurse 1995).
Two pathways, the cAMP-PKA pathway and the
stress-responsive MAPK pathway, have been shown
to link nutritional conditions with CDK regulation.

Nutrient starvation results in a reduced level of
intracellular cAMP and cAMP-dependent protein
kinase (PKA) activity (Maeda et al. 1990, Mochizuki
& Yamamoto 1992). A reduction in the PKA activity
relieves inhibitory phosphorylation of APC/C
(Yamashita et al. 1996). This facilitates degradation
of both the Cig2 and the Cdc13 cyclin.

Starvation of nutrients also leads to activation of
the stress-responsive MAPK pathway (Wis4/Wakl
and Winl MAPKKKSs, Wisl MAPKK, and Styl/
Spcl MAPK) (Samejima et al. 1997, 1998, Shieh
et al. 1997, 1998, Shiozaki et al. 1997). A target of
Sty1/Spcl is a bZIP protein Atf1/Gad7, which cons-
titutes a transcription-activating complex (Shiozaki
& Russell 1996, Wilkinson et al. 1996). The wisl,
styl, and atfl genes are required for proper G, arrest
following nitrogen starvation (Warbrick & Fantes
1991, Takeda er al. 1995, Kanoh et al. 1996,
Shiozaki & Russell 1996, Wilkinson et al. 1996).
While the mechanism by which this stress pathway
induces pre-Start G; arrest is not yet known, the
following scenario has been proposed based on the
fact that nitrogen starvation speeds up mitosis,
affecting G,/M transition through the stress pathway:
Starvation-induced rapid mitosis results in smaller
size of the newborn G, cells; To attain the critical
size for entry to S phase, the length of the G; window
is prolonged; Consequently, Rum1 protein accumu-
lates in excess and down-regulates the CDK activity
completely (Nielsen 2004). Consistent with this
hypothesis, the atflA strain can arrest at G; if
it carries the weel-50 mutation, which causes
precocious G,/M transition (Kanoh et al. 1996).

Starvation-induced ste/] expression is also medi-
ated by the cAMP-PKA and the stress-responsive
MAPK pathways. Rst2, a zinc-finger transcription
factor, is a substrate of PKA and is inactive when
phosphorylated by PKA (Kunitomo et al. 2000,
Higuchi et al. 2002). The unphosphorylated form of
Rst2 stimulates transcription of the stell gene. Atfl/
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Gad7 and its binding partner Pcrl are also apparently
involved in the regulation of ste/ I: Deletion of either
atfl or pcrl reduces the level of stel/l expression
considerably (Kanoh et al. 1996, Watanabe &
Yamamoto 1996). It remains to be determined
whether the Atfl/Gad7-Pcrl complex directly
regulates the stel/ gene.

Pheromone signaling

The mating type of a fission yeast cell is determined by
the DNA sequence at the mat! locus. If it is P (matl-P),
the cell assumes the 4" mating type, and if it is M
(matl-M), the cell assumes the 2 mating type. Both
matl-P and matl-M consist of two divergently
transcribed units, termed mat/-Pc and matl-Pi, and
matl-Mc and matl-Mi (Kelly et al. 1988). Whereas
matl-Mc and matl-Pc are expressed in both mitotic
and meiotic cells, though less intensively in the former,
matl-Mi and matl-Pi are expressed only when the
pheromone signaling is on (Kelly et al. 1988, Nielsen
et al. 1992, Willer et al. 1995).

Stell activates transcription of genes required for
pheromone communication (Sugimoto et al. 1991).
The expression and the activity of Stell itself are
apparently affected by both nitrogen starvation and
pheromone signaling. This gives a somewhat com-
plex aspect to overall gene regulation by Stell, and
certain genes targeted by Stell are known to be
induced at various levels depending on the strength
of these two signals (Aono et al. 1994, Sugiyama
et al. 1994, Petersen et al. 1995). Stell enhances
expression of matl-Pc in h* cells and matl-Mc in
h~ cells. These genes promote the production of
mating pheromones and their receptors in a mating
type-specific manner. The pheromone signal is
mediated by Gpal, a receptor-coupled G-protein,
and a downstream MAPK module consisting of Byr2
(MAPKKK), Byrl (MAPKK), and Spkl (MAPK)
(Obara et al. 1991, Gotoh et al. 1993, Neiman et al.
1993). Substrates phosphorylated by Spkl are
thought to cause the physiological effects of
pheromone stimulation.

Pheromone-induced transcription and G, arrest

Many genes, including those targeted by Stell,
DSCI, or Mmil, are transcriptionally up-regulated
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by pheromone stimulation (Chikashige et al. 2006,
Harigaya et al. 2006, Mata & Bahler 2006). How-
ever, connections between the pheromone pathway
and the regulators of gene expression are mostly
unclear, except for the relation between Spkl and
Stell. It has been recently demonstrated that Stell is
a target of MAP kinase Spkl (Kjaerulff e al. 2005),
but the physiological significance of this relation
remains unknown.

Interestingly, transcription of some pheromone-
dependent genes, such as matl-Mi and fusl, takes
place only in Gy cells (Stern & Nurse 1998). This
may explain at least in part why cells do not
conjugate when arrested in G,. A related observation
is that nitrogen starvation fails to induce mei3
expression in cdc25-22 or rumlA diploid cells, which
have extended G, phase, suggesting a mechanism
that restricts transcription of mei3 to G; cells
(Watanabe et al. 2001). This appears to ensure the
start of the meiotic program from the G; window of
the cell cycle. What then causes restriction of the
pheromone-dependent transcription to G;? The
restriction could be due to cell cycle-specific down-
regulation of either the pheromone pathway or the
downstream transcriptional apparatus. At least, how-
ever, nitrogen starvation-responsive activation of
transcription by Stell seems to be independent of
the cell cycle, because induction of Stell target
genes, such as mei2, occurs normally in the
nuc2—663 mutant, which is defective in G; arrest
(Kumada et al. 1995).

Experiments using synthetic pheromones have
verified that the mating pheromone causes cell cycle
arrest in Gy in fission yeast (Davey & Nielsen 1994,
Imai & Yamamoto 1994). It is suggested that the
pheromone blocks the onset of S phase by suppress-
ing the Cdc2 kinase activity through Rum1 and APC/
C (Stern & Nurse 1997, Stern & Nurse 1998). Stell,
a target of the pheromone pathway, has been shown
to contribute to this pheromone-induced G; arrest
(Kjaerulff et al. 2005).

How is the nutritional status recognized?

Whereas signals from the nutritional status, which
are eventually transmitted to the master meiosis-
regulator Mei2, have been elucidated considerably, a
fundamental question still remains unanswered: How
do cells ‘sense’ the nutrition in molecular terms?
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Recent studies on Tor2, one of the two TOR kinases
in fission yeast, have provided an important clue
(Alvarez & Moreno 2006, Uritani et al. 2006,
Matsuo et al. 2007, Weisman et al. 2007). Loss of
tor2 function apparently causes the same cellular
responses as nitrogen starvation (i.e., entry to
quiescence or conjugation in haploid cells and to
meiosis in diploid cells). Thus, Tor2 appears to be
central to the switch between cell growth and cell
differentiation in response to the availability of
nitrogen, and is likely to suppress other developmen-
tal fates than proliferation under rich nutrition. It is
highly likely that down-regulation of Tor2 activity is
a physiological process that occurs in cells subjected
to nitrogen starvation.

It has been shown that Tor2 forms a growth-
controlling TOR complex (TORC1), which is con-
served from budding yeast to human cells and
controls ribosome biogenesis (Alvarez & Moreno
2006, Matsuo et al. 2007). One component of fission
yeast TORCI is the raptor ortholog Mip1, which has
been shown to interact with Mei2 (Shinozaki-Yabana
et al. 2000). Like mammalian cells, fission yeast has
an ortholog of Rheb (Rhbl), which is a Ras
superfamily GTPase, and orthologs of TSCI1 and
TSC2 (Tscl and Tsc2), which form a complex that
acts as a GTPase activating protein (GAP) for Rheb.
Rhbl and the Tsc1-Tsc2 complex appear to function
as upstream regulators of TORCI in fission yeast
(Matsumoto et al. 2002, van Slegtenhorst ez al. 2004,
Urano et al. 2005, 2007, Uritani et al. 2006, Matsuo
et al. 2007, Weisman et al. 2007).

Unlike Tor2, Torl (the other TOR homolog) is
nonessential for growth, but it is required for the
entry to quiescence and sexual development (Kawai
et al. 2001, Weisman & Choder 2001, Matsuo et al.
2003). Torl appears to be the major TOR kinase that
forms TORC?2 in fission yeast (Alvarez & Moreno
2006, Matsuo et al. 2007).

Conclusion and future directions

The availability of nutrients is key for the mito-
sis—meiosis decision in fission yeast. Signals from
nutrients converge on the master meiosis regulator
Mei2. Although the entire suite of molecular func-
tions that Mei2 exerts in order to provoke and
orchestrate the meiotic program has not yet been
unveiled, a Mei2 function essential for the initiation
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of meiosis I has now become apparent as suppression
of the DSR—Mmil system. This system eliminates a
subset of meiosis-specific transcripts during prolifer-
ation and hence blocks an untimely entry into
meiosis. In future studies it will be intriguing to
elucidate the remaining molecular functions of Mei2,
such as that required to arrest cell proliferation or to
elicit the meiotic cell cycle program following the
exit from the mitotic cycle. Another important
problem to be solved will be the molecular mecha-
nism by which cells recognize nutritional conditions.
Recent findings that fission yeast TORC1 apparently
plays a pivotal role in this recognition seem to
provide a promising prospect of solving this question.
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