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In eukaryotes, the cyclin-dependent kinase Cdk1p (Cdc2p) plays a central role in entry into and progression through
nuclear division during mitosis and meiosis. Cdk1p is activated during meiotic nuclear divisions by dephosphorylation
of its tyrosine-15 residue. The phosphorylation status of this residue is largely determined by the Wee1p kinase and the
Cdc25p phosphatase. In fission yeast, the forkhead-type transcription factor Mei4p is essential for entry into the first
meiotic nuclear division. We recently identified cdc25" as an essential target of Mei4p in the control of entry into
meiosis |. Here, we show that wee1™ is another important target of Mei4p in the control of entry into meiosis I. Mei4p
bound to the upstream region of weel™ in vivo and in vitro and inhibited expression of weel™, whereas Mei4p
positively regulated expression of the adjacent pseudogene. Overexpression of Mei4p inhibited expression of weel™
and induced that of the pseudogene. Conversely, deletion of Mei4p did not decrease expression of wee1™ but inhibited
that of the pseudogene. In addition, deletion of Mei4p-binding regions delayed repression of weel™ expression as well
as induction of expression of the pseudogene. These results suggest that repression of weel™ expression is primarily

owing to Mei4p-mediated transcriptional interference.

Introduction

In meiosis, 2 consecutive rounds of chromosome segrega-
tion follow a single S phase, producing functional haploid
gametes. A high level of homologous recombination occurs
between S phase and the first meiotic nuclear division (meiosis
I (MI))." The order of meiosis is regulated by the activities
of the cyclin-dependent kinase 1 Cdklp (also known as
Cdc2p)’ and the DNA replication and damage checkpoint
proteins.” Based on the temporal expression of meiosis-specific
genes (early, middle, and late), a transcriptional cascade of var-
ious meiotic genes regulates sporulation.”® In fission yeast,
transcription of the middle genes is activated by the meiosis-
specific transcription factor Meidp.® Meidp is a member of the
group of forkhead transcription factors that bind to the con-
sensus sequence GTAAAYA, also known as FLEX.”® In fission
yeast, there are 4 forkhead transcription factors, namely,
Fkh2p, Fhllp, Seplp, and Meidp.” These proteins are involved
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in the cell cycle, mating, septation, and periodic gene expres-
sion.'"”"? Among them, Meidp is specifically required during
meiosis. Mei4p is essential for recombination, the first meiotic
division, and sporulation.*'* Among the potential Meidp tar-
get genes, spoGt is required for sporulation® and mde2™ is
required for recombination.””'

The activity of Cdc2p is not only regulated by the availability
of cyclin but by the phosphorylation status of its tyrosine-15
(Tyrls) residue.”!¢ During the mitotic cell cycle, the tyrosine
kinase Weelp phosphorylates Cdc2p on Tyr'’ and thereby
inhibits Cdc2p activity, whereas the tyrosine phosphatase
Cdc25p dephosphorylates this residue and thereby activates
Cdc2p.>'® Similar to its regulation during the mitotic cycle,
Cdc2p kinase activity gradually increases from meiotic ‘Start’
and peaks around meiotic nuclear division.*'”'® Consistent with
its kinase activity, the Tyr'” residue of Cdc2p is phosphorylated
after meiotic ‘Start’ and decreases during meiotic nuclear divi-
sion.*"”~"? This tyrosine phosphorylation is a rate-limiting step
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for entry into meiotic division, given that such entry is promoted
by forced dephosphorylation of this residue.'”

We have previously shown that cdc25™ is an essential target of
Meidp for progression through meiotic nuclear division.”® We
also proposed that Mei4p is a rate-limiting factor for entry into
MI and coordinates cell cycle progression with other meiotic
events such as sporulation and double-strand break formation.*
Here, we show that Mei4p also regulates weel™ expression, but
this negatively affects entry into ML

Results and Discussion

weel " is a target gene of Meidp

We previously reported that Mei4p controls phosphorylation
of Cde2p on Tyr'>.?® This suggests that weel™ is also regulated
by Mei4p, in addition to cdc25*. We examined the expression
of weel™ mRNA during meiosis by Northern blot analysis
(Fig. 1A). To induce meiosis synchronously, we used a tempera-
ture-sensitive patl strain of Schizosaccharomyces pombe.?! Cells
were synchronized in G; phase by nitrogen deprivation and then
shifted to the restrictive temperature to induce meiosis. The
amount of weel ™ mRNA decreased around the onset of MI
(5 h) in wild-type (WT) cells. By contrast, the level of weel™®
mRNA was almost constant in mei4 " -deleted (mei4) cells. Fur-
thermore, the level of weel ™ mRNA was decreased earlier (4 h)
in mei4 " -overproducing (mei4"-OP) cells. These results suggest
that Mei4p negatively regulates weel ™ mRNA.

We next studied the amount of Weelp protein during meiosis
(Fig. 1B). Like the pattern of its mRNA expression, the level of
Weelp protein decreased around the onset of MI (5 h) in WT

cells and then slightly increased at later time points. However, the
amount of Weelp was almost constant in mei4 cells. Additionally,
the level of Weelp was decreased earlier in mei4™-OP cells. These
data suggest that the Weelp protein level is negatively controlled
by Meidp, similar to its mRNA expression. The correlation
between the expression of weel™ at the mRNA and protein levels
suggested that regulation of the abundance of weel™ mRNA is
important for the physiological function of this gene.

Regulation of the pseudogene adjacent to weel* by Meidp

To address the mechanism by which Mei4p negatively regu-
lates weel™ mRNA, we measured the abundance of the gene
(SPCC18B5.02¢) that is located adjacent to weel™ (Fig. 1A).
SPCC18B5.02c is a cinnamoyl-CoA reductase gene (Sanger Cen-
ter database, http://www.sanger.ac.uk/), although it has frame-
shift mutations and is considered to be a pseudogene. The amount
of SPCC18B5.02c mRNA increased around MI (5 h) in WT
cells, but was not increased in mei4 cells (Fig. 1A). The induction
of this mRNA occurred earlier in mei4™-OP cells (Fig. 1A). These
data suggest that Mei4p positively regulates this pseudogene.

Mei4p binds to FLEX elements adjacent to weel™

A 27-bp oligonucleotide harboring a FLEX heptameric core
(GTAAAYA) is required for binding to Meidp in vitro.® We
searched for core FLEX sequences in the genomic regions adja-
cent to weel ™. Five FLEX sequences (FLEX1, FLEX2, FLEX3,
FLEX4, and FLEX5) were found within a 3-kb region upstream
of the start codon of weel™ (Fig. 2A).

We examined whether Mei4p can bind to the identified FLEX
sequences adjacent to weel ™ by performing a chromatin immuno-
precipitation (ChIP) assay. ChIP
analysis showed that Mei4p associ-

rRNA

Weel-HA -..-
TUDUIN o s s ———

a Tme( 0 1 2 3 4 5 6 b WTwee1*-HA ated with the FLEX1, ELEX2,
: el 6 1 2 8 &4 5 8 7 FLE)i3/4, and FLEXS sites of

Weel-HA . weel ™, as well as with the FLEX-

WT -—a-—-e == g D site of sp06+, which was used as

Tl a positive control (Fig. 2B). This

binding was greatly reduced at the

mei4 wee1*-HA 0 h time point, when the level of

o Tmeg) & 4 2 8 4 4§ 6 7 Meidp is low.?° Furthermore, the

WEET-HA. s e S—— association of Mei4p with a geno-

Tubulin R | mic region located ~15 kb or

30 kb downstream of the start

mei4*-OP wee1*-HA codon of weel’ was minimal.

SPCC18B5.026 meig-op | Tme() 0 1 2 38 4 5 8 7 These results showed that Meidp

“ - binds to the FLEX sites adjacent

to weel™ in vivo when the abun-
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To examine whether Mei4p

anti-HA and anti-a-tubulin (loading control) antibodies (B).

Figure 1. Expression of wee1t and SPCC18B5.02¢ during meiosis and the effects of mei4* deletion or overex-
pression. Cells of the indicated genotypes (wild-type (WT), HM1307; mei4, HM2163; mei4"-OP, HM4582; WT
weel™-HA, HM4732; weel*-HA, mei4, HM4833; and mei4™-OP wee1"-HA, HM4735) were subjected to syn-
chronous induction of meiosis as described in the Materials and Methods. Samples were collected at the indi-
cated time points thereafter and subjected to Northern blot analysis of wee1™ and SPCC18B5.02c mRNA
(rRNA (rRNA) was stained with ethidium bromide as the loading control) (A) or Western blot analysis with

can bind directly to the FLEX
sites adjacent to weel™ in vitro,
we performed an electrophoretic
mobility shift assay (EMSA) with
a fusion protein composed of glu-
tathione S-transferase (GST) and
the forkhead domain of Meidp
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Figure 2. Mei4p binds to the FLEX a
sequences upstream of wee1™ both
in vivo and in vitro. (A) Schematic
representation of the positions of

the FLEX sequences associated with
weel™. The arrowheads indicate

FLEX
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the direction of the FLEX sequence
from 5 to 3. ORF, open reading b

Mei4-HA

no tag

frame; (B) A chromatin immunopre- P
cipitation assay of FLEX sites associ-

INPUT  IP

INPUT

ated with weel™ was performed
with antibodies against HA or con-
trol 1gG at the indicated times after
induction of meiosis in cells express-
ing (Mei4-HA) or not expressing (no
tag) mei4"-HA. weel*-15kb and
weel*-30kb were about 15 kb and
30 kb downstream, respectively, of
the start codon of weel™ and were
used as negative controls. The
FLEX-D site of spo6 was used as a
positive control. The images of the
immunoprecipitates of wee1"-15kb
and wee1"-30kb are different from
those of the inputs, but the experi-
mental conditions were the same;
(C) Electrophoretic mobility shift
assay analysis of weel™ FLEX sites
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GST-Meidp (71-182) (lane 3) were
incubated with the indicated
labeled oligonucleotide probe. The
TR probe is unrelated to the FLEX
sequence and was used as a nega-
tive control. The arrowhead indi-
cates shifted bands. The image of
weel™—FLEX3 and weel™—FLEX4
is different from the rest of the
image, but the experimental condi-
tions were the same.

71-182)  as
described previously,” together

(amino  acids

1123123812814 23128128123

free probe

with radioactive oligonucleotides
containing  FLEX1, FLEX2,
FLEX3, FLEX4, or FLEX5 of weel™ as probes. A band shift
with each of the 5 weel ™ FLEX probes was observed only in the
presence of the fusion protein, not in its absence or in the pres-
ence of GST alone (Fig. 2C). These were similar to the results
obtained with a spo6* FLEX-D probe, which was used as a posi-
tive control.® A shifted band was not detected with the GST-
Mei4 fusion protein and a negative control (TR) oligonucleotide
(Fig. 2C). These data suggested that Mei4p binds directly in vitro
to all 5 FLEX elements located close to weel™.

Role of the FLEX sites in the control of weel ™ mRNA
expression

We next examined whether the FLEX sequences associated
with weel™ function as transcriptional cis elements. We deleted

www.landesbioscience.com

Cell Cycle

the chromosomal region containing FLEX1, FLEX2, FLEX3,
and FLEX4 of weel™ (Fig. 3A). In the resulting cells, weel ™
mRNA was downregulated 1 h later than in WT cells following
the induction of meiosis, and induction of the adjacent pseudo-
gene was also delayed (Fig. 3B). This result shows that 4 of the
FLEX elements located close to weel™ are required for efficient
down-regulation of weel ™ mRNA and up-regulation of the adja-
cent pseudogene mRNA. This suggests that these sites serve as
cis-acting elements for Mei4p.

Negative regulation of weel™ expression by Mei4p

This study of the role of Mei4p in the control of meiotic
nuclear division in fission yeast revealed that: (1) the major target
of Meidp in this context is weel™, in addition to cdc25T; (2)
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of Cdc2p decreases, Cdc2p is activated, and
MI begins. In this way, Meidp negatively

regulates weel™, whereas it positively regu-

a
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lates transcription of the adjacent psudo-
gene. In the process of transcriptional

b

SPCC18B5.02¢ [
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interference, a transcriptional event affects
another transcriptional process.22 There-
fore, inhibition of weel™ expression is
likely primarily owing to Mei4p-mediated
transcriptional interference.

Positive and negative regulation of genes
by the same transcription factor has been
described previously. In budding yeast,
Fkh1p and Fkh2p both activate and inhibit

transcription.”> The serine-dependent fac-
p p

stained with ethidium bromide as the loading control.

Figure 3. Effects of deletion of the FLEX sites near to weel' on weel1™ gene expression. (A) Sche-
matic representation of the weel™ and SPCC18B5.02c loci according to the Sanger Center data-
base. ORF, open reading frame; (B) The region of the weel™ gene containing FLEX1, FLEX2,
FLEX3, and FLEX4 was deleted (HM5678). Meiosis was induced in the resulting cells as described
in Fig. 1. Samples were collected at the indicated time points after meiosis induction and sub-
jected to Northern blot analysis of wee1® and SPCC18B5.02c mRNA. Ribosomal RNA (rRNA) was

tor Cha4p also serves as both an activator

and repressor of transcription simulta-
24

neously.”™ In mammals, the tumor suppres-

sor p53 up-regulates the transcription of

genes involved in several essential processes

including cell cycle control and apoptosis.*”

Mei4p down-regulates weel™ mRNA, whereas it up-regulates the
adjacent pseudogene mRNA; and (3) FLEX sequences are located
close to weel™ and function as cis-regulatory elements for Mei4p.
We propose the following model (Fig. 4). Before MI, weel™
is transcribed by an unknown transcription factor, whereas the
adjacent pseudogene is not expressed. When Mei4p is produced,
Mei4p binds to the FLEX regions close to weel™ and displaces
the unknown transcription factor at the onset of MI. The affinity
of Mei4p for the FLEX regions is likely stronger than that of the
unknown transcription factor. Thereafter, the level of weel™
mRNA decreases, as well as the level of Weelp protein. Con-
versely, the level of the pseudogene mRNA increases. Due to the
downregulation of Weelp, phosphorylation of the Tyr'” residue

‘on’
Before MI
TF
d 444 4 weel * ORF |
AR
SPCC18B5.02C 1 234 5
‘off’
MI onset
‘off’
(g ([ ] weia
d 444 4 | weel * ORF |
AR
SPCC18B5.02C 1 234 5
lonY
Figure 4. Model of weel™ regulation during meiosis. See the text for
details. MI, meiosis |; ORF, open reading frame; TF, transcription factor.
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It also acts as a transcriptional repressor by
competing with more efficient activators for DNA binding or by
blocking the functions of DNA-bound activators.2® 2% Similar to
p53, it is possible that Mei4p negatively regulates its target genes
by competing with an activator for binding to overlapping sites
in the gene promoter. The promoter context, such as the relative
positions of the Mei4p-binding sites and other factors, may influ-
ence whether Mei4p activates or represses transcription.

Control of weel ™ during mitosis versus meiosis

During the mitotic cell cycle, the level of weel ™ mRNA does
not fluctuate markedly, although the Weelp protein level moder-
ately fluctuates in fission yeast.”” Recently, it has been proposed
that Weelp is localized at the center of the cell and its activity is
regulated by the medially-located sensor Cdr2 in actively prolifer-
ating cells.”®?" In this way, a geometry-sensing mechanism is
used to coordinate cell length and division. However, during
meiosis, cells do not grow and cell length is relatively constant.
Therefore, it would be difficult to use a geometry-sensing mecha-
nism to regulate Weelp. It seems likely that Mei4p evolved later
to transcriptionally regulate weel ™ mRNA during meiosis.

Simultaneous transcriptional regulation of weel ™
and cdc25™

We have shown that Mei4p regulates weel ™ (this study) and
cdc2572° simultaneously. This simultaneous regulation is related
to 2 observations. First, overexpression of mei4" induces earlier
meiotic nuclear division and Mei4p is a rate-limiting factor for
entry into ML*° Simultaneous regulation of weel* and cdc25™
by Meidp decreases weel™ mRNA expression and increases
cdc25" mRNA expression. Consequently, the protein levels of
Weelp and Cdc25p change according to their mRNA levels.
Therefore, phosphorylation of the Tyr'’ residue of Cdc2p
decreases rapidly and its kinase activity increases quickly. Second,
when mei4™ is disrupted, MI does not occur.®*° Simultaneous

Volume 13 Issue 18



regulation of weel™ and cdc25™ likely contributes to this tight
control. We conclude that Meidp is a critical regulator of MI
by activating cdc25" transcription and inhibiting weel™
transcription.

Experimental Procedures

Fission yeast strains

The strains used in the present study were constructed accord-
ing to standard procedures®* and are listed in Table S1. Synchro-
nous meiosis was induced in liquid culture with temperature-
sensitive pat] mutants as described previously.”

Primers and probes
The primers and double-stranded oligonucleotides used in the
present study are listed in Table S2.

Isolation of RNA and Northern blot analysis

Total RNA was isolated from synchronized patl cells as
described previously.3 2 Aliquots (5-6 pg) of the isolated RNA
were subjected to Northern blot analysis. For probes, fragments
of open reading frames were amplified from genomic DNA by
PCR with the following sets of primers: 477 and 478 for weel ™
and 1040 and 1041 for SPCC18B5.02c.

Immunoblot analysis
Whole cell extracts (20 pg of protein) were prepared by the

boiling method'” and analyzed as described previously.'”?

ChIP

ChIP and quantitative real-time PCR analyses were performed
as described previously.”® Aliquots of precipitated DNA as well as
DNA fragments isolated from 0.4 mg of whole cell extract were

subjected to semi-quantitative PCR analysis with the following
primers: weel "—FLEX1, 915 and 916; weel ™—FLEX2, 866
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