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The fission yeast MAPK Spc1 senses perturbations in Cdc25
and Wee1 activities and targets Rad24 to restore this balance
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Abstract
Mitogen‐activated protein kinases (MAPKs) play vital roles in multiple cellular processes and
represent prominently pursued targets for development of therapeutic regimes. The MAPK
Spc1 (p38 homologue) is known to be very important for both mitotic promotion and delay in
Schizosaccharomyces pombe. However, the mechanism responsible for mitotic inhibition has
remained elusive. Cdc25 (Cdc2 activator) and Wee1 (Cdc2 inhibtor) are important determinants
of mitotic timing in all eukaryotes. Our results show that Spc1 can sense the perturbations in
the balance of Cdc25 and Wee1 activities in S. pombe and that its function as a mitotic inhibitor
is very important for controlling the same. An Spc1–Srk1–Rad24‐dependent pathway for mitotic
inhibition has been reported earlier.Here we report the presence of an alternative mechanism
wherein Spc1 targets the 14–3–3 protein, Rad24, independently of Srk1, leading to relocalization
of Cdc25 and mitotic inhibition. Our observations suggest that this pathway can serve as a
backup mechanism for Cdc2 inactivation in the absence of Wee1.
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I N T RO D U CT I O N

(MAPK) Spc1(also known as Sty1) has been shown to influence G2/M
progression in S. pombe (Kawasaki, Nagao, Nakamura, & Yanagida,

Progression into mitosis is the major point of regulation in the

2006; Shiozaki & Russell, 1995; Shiozaki, Shiozaki, & Russell, 1998a).

Schizosaccharomyces pombe cell cycle, and its proper control is essential

Spc1 is also responsible for the orchestration of cellular responses

for maintenance of genomic stability. A complex regulatory pathway

to damaging extracellular stimuli (Day & Veal, 2010; Degols & Russell, 1997;

controls the decision about mitotic entry. The CDK1 homologue Cdc2

Degols, Shiozaki, & Russell, 1996; Guo, Ghassemian, Komives, & Russell,

is responsible for controlling all cell cycle phase transition events in

2012; Millar, Buck, & Wilkinson, 1995; Shiozaki & Russell, 1996; Shiozaki,

S. pombe. Cdc2 activity can be inhibited through the Wee1 kinase, which

Shiozaki, & Russell, 1998b). This MAPK pathway is therefore also known

phosphorylates Cdc2 at Y15 (Kellogg, 2003; Tang, Coleman, & Dunphy,

as the SAPK or stress activated protein kinase pathway. p38, the human

1993). Removal of this inhibitory phosphorylation by Cdc25 (positive

homologue of Spc1, is an actively pursued target for cancer therapy (Hui

feedback loop) finally activates Cdc2 (Millar, McGowan, Lenaers, Jones,

et al., 2007; Lenassi & Plemenitaš, 2006; Mikhailov, Shinohara, & Rieder,

& Russell, 1991). Additionally, the mitogen‐activated protein kinases

2005; Wagner & Nebreda, 2009) and therefore it is very important to
understand all intricacies of the influence of Spc1 on cellular processes,

*These authors contributed equally to this work.
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It has been known for nearly two decades that the MAPK Spc1 plays
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Sundaram et al., 2008). However Srk1 is not known to be enhanced

a major role in controlling the G2/M transition in S. pombe. The intriguing

during the DNA damage checkpoint activation (Lopez‐Aviles et al.,

pattern that has emerged from distinct reports about its influence on

2005; Smith et al., 2002). This indicates that additional pathways

mitosis is that Spc1 can have contrasting effects on mitotic entry

effecting a Spc1‐dependent mitotic delay might also exist in S. pombe

decisions. A moderate increase in Spc1 activity promotes (Hartmuth &

cells. The aim of our investigation was to search for those

Petersen, 2009; Petersen & Nurse, 2007) mitotic entry (in response to

mechanisms. We also wanted to investigate how the dose‐dependent

nutrient stress) while a higher increase (Hartmuth & Petersen, 2009;

reversal in the identity of Spc1 from a mitotic promoter to a mitotic

Sundaram, Palchaudhuri, Dixit, & Chattopadhyay, 2008) leads to acti-

inhibitor is achieved in S. pombe cells.

vation of the G2/M checkpoint (in response to oxidative, genotoxic

Our investigations revealed that perturbations to the Wee1/Cdc25

or heat stress). In the former case its function resembles the role of

activity balance leading to Cdc2 hyperactivation is associated with the

mammalian ERK (Liu, Yan, Zhou, Terada, & Erikson, 2004; Wang

ability of Spc1 to induce a mitotic delay. We found that, in conditions

et al., 2007), while in the latter case the functional similarity is with

when Cdc2 is aberrantly hyperactive, Spc1 overexpression can lead to

the mammalian p38 MAPK (Bulavin, Amundson, & Fornace,

an increase in Rad24 expression, leading to Cdc25 relocalization and a

2002; Bulavin et al., 2001). A detailed mechanistic explanation for

consequent delay in mitotic entry. We found that this mechanism

the observed dose‐dependent conflicting outcome of the regulation

operates only when Wee1 is non‐functional or unable to control Cdc2

of mitotic entry by Spc1 is not available though. In this present study

hyperactivation (resulting from Cdc25 overexpression). This pathway

we aim to understand the mechanism of switching of Spc1 from a

therefore represents an important backup mechanism for controlling

mitotic promoter to inhibitor in S. pombe cells.

mitotic entry in S. pombe cells. Transcriptional regulation of Rad24

Spc1 is known to be important for mitotic entry. It is important for

expression by Spc1 has never been reported before and is therefore a

phosphorylation of the Polo‐like kinase, Plo1, at Ser 402 (Petersen &

novel finding reported in this paper. The results obtained from our

Hagan, 2005). This phosphorylated Plo1 can then bring about Wee1

overexpression model were also found to be physiologically significant

inactivation and thereby activates Cdc2 and promotes mitotic entry.

as we observed a similar Spc1‐dependent rescue of premature mitotic

The transcription factor Atf1, which is dependent on Spc1 for its activ-

entry in Δwee1 cells subjected to oxidative stress.

ity, is also known to be important for mitotic entry (Bandyopadhyay,
Dey, Suresh, & Sundaram, 2014). Although much is known about

2
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MATERIALS AND METHODS

how Spc1 promotes G2‐M progression, very little information exists
about how it can block the same. All that is known is that the Spc1‐
moting the interaction between Cdc25 and the 14–3–3 protein

2.1 | Fission yeast strains, media and growth
conditions

Rad24 (Lopez‐Aviles et al., 2005; Smith et al., 2002). Both Spc1 and

The S. pombe strains used in this study are listed in Table 1. Cells were

its mammalian homologue p38 have been implicated in Cdc25

grown as described by Moreno, Klar, & Nurse, 1991. All cells were

downregulation during genotoxic stress (Bulavin et al., 2001;

grown at 30 or 25 °C (for temperature‐sensitive mutants) in

dependent kinase Srk1 is involved in Cdc25 downregulation by pro-

TABLE 1

List of strains/plasmids used in the study

Strain or plasmid no.
GSY001/PR109

Genotype

Source

−

h leu1‐32ura4‐D18
−

+

Paul Russell

GSY014/(FY7283)

h wee1::ura4 leu1‐32 ura4‐D18

Yeast genetic resource Centre

GSY017/(FY7997)

h−leu1 wee1‐50

Yeast genetic resource Centre

GSY048/(FY7708)

h− cdc25‐22 leu1‐32

Yeast genetic resource Centre

GSY041/(FY8259)

h− leu1cdc2‐3w

Yeast genetic resource Centre

GSY047/(FY16230)

h− cdc2‐3w cdc25::ura4+ leu1‐32 ura4‐D18

Yeast genetic resource Centre

AZ98

h− wis1DD::12Myc(ura4+) ura4‐D18

Elena hidalgo (Zuin et al., 2010)

GSY 431/(FY21538)

h– ade6‐M210 leu1‐32 ura4‐D18 rad24::kanMX6

Yeast genetic resource Centre

GSY386/RA1530

h− srk1:: kanMX6 leu1‐32 ura4‐D18

Rosa Aligue Alemany

GSY410

srk1::ura4 wee1‐50 leu1‐32

Rosa Aligue Alemany

pGS017

pREP41

Yeast genetic resource Centre

pGS023

pREP41‐spc1

This study

pGS046

pREP82

Lab stock

pGS048

pREP82‐spc1

This study

pGS008

pREP41X‐GFP

Helen Piwnica‐worms

pGS009

pREP41X‐cdc25‐GFP

Helen Piwnica‐worms

pSty1.K49R

pREP41‐spc1K49R

Elena hidalgo

pGS134

pREP41‐srk1(6HisHA)

Rosa Aligue Alemany

pGS011

pREP41‐rad24

Yeast genetic resource Centre
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yeast extract with supplements (YES) medium unless indicated

mentioned

otherwise. For overexpression experiments, cells were grown

unstained cells. All images were taken and processed with the

overnight in Edinburgh minimal medium (EMM) without leucine or

use of identical parameters. Cell length analysis was done using

uracil, supplemented with 20 μM thiamine, harvested, washed,

ImageJ software (Schneider, Rasband, & Eliceiri, 2012.). For calcula-

resuspended in EMM without leucine or uracil, and incubated for

tions of nuclear and cytosolic fluorescence, imaging was done using

another 24 h at 30 or 25 °C (for temperature‐sensitive mutants). The

the Olympus Confocal Laser Scanning Microscope IX81. Live cells

MAPK inhibitor SP600125 (Sigma) was used for inhibition of Spc1

expressing a GFP tagged version of Cdc25 were stained with

(Hartmuth & Petersen, 2009). For controlling Spc1 activity after

1 μg/mL Hoechst 3342 for visualization of nuclei. GFP fluores-

overexpression, cells were treated with the indicated final concentra-

cence restricted to the area occupied by Hoechst 3342 fluores-

tions of 25, 50 and 200 μM of SP600125 and grown for 3 h along with

cence was quantified to get an estimate of nuclear Cdc25 levels.

the untreated controls before cell length analysis. For Spc1 inhibition

This value was subtracted from the total GFP fluorescence of the

in physiological conditions, cells were pretreated with 200 μM of

cell to obtain the value of cytosolic Cdc25 levels. In each case

SP600125 for 1 h before H2O2 addition.

fluorescence values from the region of interest (ROI) were

otherwise.

Brightfield

images

were

taken

using

normalized by background subtraction [normalized ROI fluores-

2.2

|

Protein extraction and immunoblotting

cence = total ROI fluorescence – (area of ROI × mean background
fluorescence)]. ROI selection is depicted in Fig. S2 in the

Cell pellets were resuspended in 500 μL of native lysis buffer (20 mM

Supporting Informatio. This analysis was performed using the

Tris pH 8.0, 150 mM sodium chloride, 50 mM sodium fluoride, 1 mM

OLYMPUS Fluoview software (see Fig. S2 for details).

EDTA, 1 mM DTT, 2 mM sodium vanadate, 50% glycerol, Protease
Inhibitor Cocktail) and vortexed at maximum speed for 5 × 1 min
pulses after adding glass beads. The solution was then transferred to

2.6

|

Statistical analysis

a fresh microcentrifuge tube (to remove the glass beads) and then
centrifuged at 13,000 rpm for 15 min. All steps were done at 4 °C
and samples were kept on ice. The supernatant was then resuspended
in 5× SDS–PAGE loading buffer (final concentration of 1×).
The samples were boiled at 100°C for 5 min before loading onto 10%
SDS–polyacrylamide gels. After transferring onto PVDF membranes
immunoblotting was done using anti‐Cdc2 (Sc‐53217) antibody, anti‐

Statistical analysis to evaluate the significance of quantitative data
obtained for cell length measurements was performed using the
GraphPad Prism software. Unpaired t‐test with Welch's correction
was performed and the p‐values were used to estimate significance
of the results: *** indicates p‐value <0.001; ** indicates p‐value
<0.01; * indicates p‐value <0.05.

14–3–3ε (Sc 23957), anti‐phospho p38 (Cell Signalling #9211, for
phospho‐Spc1) or anti‐Hog1 (Sc‐9079, for total Spc1) antibodies at
1:1000 dilutions. Immunoblots were developed using Amersham ECL
Prime reagent (GE Healthcare Life Sciences RPN2232).

2.7

|

Cloning of Spc1 in pREP41/pREP82

The Spc1 gene was amplified from genomic DNA and cloned between
the NdeI and SalI sites of the pREP41/pREP82 vector giving rise to

2.3

|

S. pombe transformations

A 1 mL aliquot of an overnight S. pombe culture in YES was harvested

pGS023 and pGS048. Primer sequences are as follows: forward, 5′
GGCAGTGCATATGGCAGAATTTA3′;

reverse,

5′ACGCGTCGACT

TAGGATTGCAGTTCATT3′.

and then resuspended in 0.5 mL PEGLET (10 mM Tris pH 8, 1 mM EDTA,
0.1

M

lithium acetate, 40% PEG). A 5 μL aliquot of denatured salmon

sperm DNA (10 mg/mL) was added to it. A 1 μg aliquot of the purified
plasmid DNA was then added to this mixture and allowed to stand
overnight at room temperature after which the cells were resuspended
in 150 μL YES and spread on appropriate selection plates.

2.8

|

RNA isolation and real‐time PCR

Total cellular yeast RNA was isolated from the samples after lysing the
cells using RNA extraction buffer [50 mM Tris (pH 8), 100 mM EDTA
[pH −8], 100 mM NaCl, 0.25% SDS], phenol–chloroform–isoamyl alcohol (25:24:1) and glass beads. It was followed by phenol–chloroform

2.4

|

Viability assays

extraction and DNaseI (Thermo Scientific) treatment. About 1 μg

Cells were first grown to log phase and then normalized by measure-

of the isolated RNA was converted to cDNA using reverse

ment of absorbance at 595 nm. Ten‐fold serial dilutions (unless

transcriptase [Moloney murine leukemia virus (M‐MuLV) reverse

indicated otherwise) were then made and 5 μL was spotted onto the

transcriptase; Thermo Scientific]. Real‐time PCR was performed

indicated plates. Plates were then incubated at the indicated

in an Applied Biosytems Real Time Fast 7500 instrument using

temperatures for 4 days before being photographed.

SYBR green reagent (Applied Biosystems). Melt curve analysis was
done to confirm the absence of primer dimers and non‐specific

2.5

|

Microscopy

amplification products. Primers used for real‐time PCR are as
follows:

Rad24

forward,

5′AGTTTGCCGTTGGTGAGAA3′;

and

S. pombe cells were grown as indicated and for cell length at

reverse, 5′AAGCGGATAGGATGAGTAGGT3′; 18S rRNA forward,

septation measurements live cells were examined using Olympus

5′TGTACTGTGAAACTGCGAATGGCTC3′ and reverse, 5′GCAAGG

BX51 Fluorescence Microscope at 100× magnification unless

CCATGCGATTCGAA3′.

264

3

PAUL

|

RESULTS A ND DIS CUS SION

ET AL.

or viability, clearly indicating that the kinase activity of Spc1 was
essential for the observed effects. Our results indicated that overex-

3.1 | Spc1 overexpression can delay mitotic entry in
Δwee1 cells

pression of Spc1 further delayed mitotic entry in these cells. The levels
of total and active Spc1 (phospho‐Spc1) in all these experiments are
shown in Figure S1(a) in the Supporting Information.

Deletion of Spc1 is known to cause cell elongation supporting its role

The MAPKK Wis1 mutant wis1DD has been shown to have higher

in the promotion of mitotic entry (Shiozaki & Russell, 1995). It may

basal activity of Spc1 and is known to enter mitotis prematurely. It

be expected that the overexpression of Spc1 would lead to accelerated

should be noted here that we found that the cells overexpressing

mitosis, resulting in cells with shorter lengths. However, we did not

Spc1 have higher levels of phosphorylated (active) Spc1 (Figure S1b)

observe any such decrease in cell length when we overexpressed

compared with the wis1DD mutant cells. Earlier studies with Spc1 have

Spc1 in wt S. pombe cells (Figure 1a, b). On the contrary, we actually

indicated that the levels of Spc1 in a cell dictate whether it acts as a

found that Spc1 overexpression could partially rescue the ‘wee’

mitotic inhibitor or accelerator (Hartmuth & Petersen, 2009; Petersen

phenotype of Δwee1 cells (Figure 1a, b) and also enhanced the viability

& Nurse, 2007; Sundaram et al., 2008). Our overexpression system,

of wee1‐50 ts mutants (Figure 1c). Wee1 kinase is known to inhibit

therefore, mimics the condition when Spc1 acts as a mitotic inhibitor.

Cdc2 (CDK) activity by phosphorylating the latter on Y15. Δwee1 cells

Thus, although results from experiments in a Spc1 loss of function

are relieved of this inhibition and therefore enter into mitosis

background support a role for Spc1 in promoting mitotic entry, gain

prematurely and divide at shorter cell lengths. The fact that Spc1 over-

of function experiments suggest a role for Spc1 in inhibition of mitotic

expression led to an increase in cell length of Δwee1 cells indicates that

entry. Therefore, while Δspc1 cells can serve as a good model to study

Spc1 overexpression compensates for loss of Wee1 activity. Spc1

its role in mitotic promotion, the overexpression model that we are

deletion has earlier been shown to be synthetic lethal with the

working with will be a very good model to study its role in inhibition

cdc25‐22 ts mutation, signifying an important role for Spc1 in promot-

of mitosis.

ing mitotic entry. These mutants have a ts allele of Cdc25 which
becomes non‐functional at 37°C. Cdc2, therefore, remains inactive
and the cells arrest at the G2/M boundary. Prolonged incubation at
this temperature leads to cell death. We found that Spc1 overexpres-

3.2 | Spc1 overexpression delays mitosis in an
Rad24‐dependent manner but independently of Srk1

sion led to an increase in their loss of viability (Figure 1d). In all of

One interesting observation in the above‐mentioned experiments is

the above‐mentioned experiments overexpression of a kinase dead

that the mitotic inhibition activity of Spc1 is more apparent in cells

version of Spc1 (Spc1K49R) did not lead to any change in cell length

with a hyperactive CDK resulting from reduced Wee1 activity.

FIGURE 1 Spc1 overexpression can delay mitotic entry in Δwee1 cells. (a) Bright‐field images of wt and Δwee1 cells transformed with pGS017 (φ)
or pGS023 (Spc1) or pSty1.K49R (Spc1K49R). For overexpression, cells were grown in EMM without leucine and thiamine (b1) for 24 h at 30°C,
and then processed for imaging. Bar represents 10 μm. (b) Quantification of the length at septation of the cells shown in (a) using image J software.
More than 50 septated cells were quantified in each case. *** p < 0.001. (c) wt, wee1‐50 and (d) cdc25‐22 cells transformed with pGS017 (φ) or
pGS023 (Spc1) or pSty1.K49R(Spc1K49R) were grown to log phase in the presence of thiamine (b1), washed and then dilutions as indicated were
spotted onto EMM without leucine and in the presence or absence of thiamine (b1) plates. The plates were incubated at the indicated temperatures
for 4 days before being photographed. All data are representative of three independent experiments
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Cdc25 overexpression is also known to cause Cdc2 hyperactivation.

Mondesert, & Russell, 1999; Zeng & Piwnica‐Worms, 1999). We

We therefore checked whether overexpression of Cdc25 in wt cells

therefore investigated whether the observed Cdc25 relocalization

could also trigger the mitosis‐delaying activities of Spc1. The high

upon Spc1 overexpression was also occurring via modulation of

level of Cdc25 activity in these cells causes premature mitotic entry

Rad24 activity. We found that, unlike in otherwise wt cells, Spc1 over-

and they divide at shorter cell lengths. We found that Spc1 overex-

expression could not rescue the short cell length phenotype of Δrad24

pression could partially rescue the cell length shortening in these cells

mutants overexpressing Cdc25 (Figure 2e, f). Cdc25 nuclear accumula-

(Figure 2a). Thus Cdc2 hyperactivation (caused either by loss of Wee1

tion also appeared unchanged in Δrad24 cells overexpressing Spc1

function or increase in Cdc25 levels) seems to be associated with the

(Figure 2g), as did the total Cdc25 levels (Figure 2h). This indicated that

Spc1 overexpression‐induced mitotic delay in S. pombe cells. We then

Rad24 might have been the target through which Spc1 overexpression

tried to investigate the molecular mechanism by which enhanced Spc1

led to mitotic delay and that Spc1 overexpression led to a Rad24‐

levels can delay mitotic initiation. Other than augmenting the function

dependent decrease in nuclear Cdc25 levels in S. pombe cells.

of Wee1, mitotic entry may also be delayed by inhibition of Cdc25

Enhanced Cdc25 export from the nucleus would also explain the phe-

activity. Spc1‐dependent inhibition of Cdc25 activity could in fact

notype of Δwee1 cells where inhibitory phosphorylation of Cdc2 is

explain all of our observations. We went on to test that possibility.

impaired in the absence of Wee1. Although Wee1 is the major kinase

To confirm our hypothesis, we measured the extent of nuclear

responsible for Cdc2 inhibition, another kinase Mik1 is also known to

accumulation of Cdc25 in our experimental conditions. This was done

be able to inhibit Cdc2 via Y15 phosphorylation. Hence some Y15

by acquiring images (Figure 2b) of these cells and determining

phosphorylation on Cdc2 is expected to be present in Δwee1 cells as

the nuclear/cytoplasmic ratio of GFP fluorescence in these cells

well. Hence Cdc25 exclusion from the nucleus will be able to compen-

(see ‘Methods’ section and Fig. S2). We found that the percentage

sate for the loss of Wee1 activity in these cells. The levels of total and

of cells showing nuclear Cdc25 was reduced upon Spc1 overexpres-

active Spc1 (phospho‐Spc1) in Δrad24 mutants is shown in Figure S1(c)

sion. Quantitative estimations showed a clear decrease in the

and that of wt cells is shown in Figure 4(a).

nuclear/cytoplasmic ratio of Cdc25 in these cells (Figure 2c), while

An Spc1–Srk1–Rad24‐dependent pathway for mitotic inhibition

the total Cdc25 levels remained same (Figure 2d). The above results

through Cdc25 has been reported (Lopez‐Aviles et al., 2005; Smith

indicated that overexpression of Spc1 leads to a delay in mitotic initia-

et al., 2002). To confirm whether the targeting of Rad24 by Spc1 in

tion in S. pombe cells which is triggerred by a hyperactive Cdc2 and

our experimental conditions is independent of Srk1, we repeated our

occurs via Cdc25 relocalization. Earlier studies have also implicated

experiments in a Δsrk1 background. Spc1 overexpression led to a clear

Spc1 to be associated with Cdc25 regulation in S. pombe (Sundaram

increase in the cell length at septation of Δsrk1 cells overexpressing

et al., 2008). Cdc25 relocalization is known to be dependent on the

Cdc25 (Figure 3a) as well as the Δsrk1wee1‐50 cells (Figure 3b) at the

activity of the 14–3–3 protein Rad24 (Lopez‐Girona, Furnari,

non‐permissive temperature (loss of Wee1 function). Our data show

FIGURE 2

Spc1 overexpression mediates mitotic delay in a Rad24‐dependent manner. (a) Length at septation of wt cells overexpressing Cdc25‐
GFP or both Cdc25‐GFP and Spc1 for 24 h at 30°C. Corresponding empty vector (pREP41‐GFP) controls are also shown (n > 50). (b) Fluorescence
images of live cells in (a), stained with Hoechst to visualize the nucleus, were acquired. Bar represents 10 μm. (c) the nuclear/cytoplasmic ratio and
(d) total intensity of GFP fluorescence for each cell in (a) was quantified (see methods) (n > 40). (e) Quantification of the length at septation of the
Δrad24 cells overexpressing Cdc25‐GFP or both Cdc25‐GFP and Spc1 for 24 h at 30°C and their corresponding empty vector (pREP41‐GFP)
controls using image J software. *** p < 0.001 (n > 50). (f) Fluorescence images of live cells in (e), stained with Hoechst to visualize the nucleus, were
acquired. Bar, 10 μm. (g) the nuclear/cytoplasmic ratio and (h) total intensity of GFP fluorescence for each cell in (f) were quantified (see methods)
(n > 40). All data are representative of three independent experiments
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Spc1 overexpression delays mitosis independently of Srk1. (a) Length at septation of Δsrk1 cells overexpressing Cdc25‐GFP or both
Cdc25‐GFP and Spc1 for 24 h at 30°C along with their corresponding empty vector (pREP41‐GFP) controls and that of (b) Δsrk1wee1‐50 cells
overexpressing Spc1 (for 24 h at 25°C) after being shifted to 37°C for 4 h to inactivate Wee1. *** p < 0.001; * p < 0.05, n > 50 for both (a) and (b). All
data are representative of three independent experiments

FIGURE 3

that the Spc1–Rad24 mechanism for mitotic delay that is suggested by

well‐characterized mitotic inhibitor, regulation of its expression via

our genetic studies is not exclusively dependent on Srk1 and therefore

Spc1 has never been reported. The fact that Spc1 can regulate

represents a new distinct pathway for mitotic regulation by Spc1 in S.

Rad24 levels in S. pombe is a novel observation that this study reports.

pombe. The levels of total and active Spc1 (phospho‐Spc1) in Δsrk1

To further confirm that the Spc1‐dependent increase in Rad24 levels

cells is shown in Figure 4(e) while that in Δsrk1wee1‐50 cells is shown

by itself can in fact delay mitotic entry, we overexpressed Rad24 in

in Figure S1(d). It would be interesting to check the activity levels of

wt and Δwee1 cells. Indeed we found that Rad24 overexpression could

Srk1 under our experimental conditions. The possibility that Srk1,

increase cell length at division in both the backgrounds (Figure 4d).

when present, may further strengthen the Spc1–Rad24‐dependent

It is interesting to note here that no such increase in Rad24 levels

mechanism described here by promoting the recognition between

was found in unperturbed wt cells. This reiterates the need for loss of

Cdc25 and Rad24, cannot be completely ruled out and further studies

Wee1/gain of Cdc25 events as an important requirement for the

are essential to unravel the intricacies of this mechanism. Moreover,

observed mitosis delaying effects of Spc1. We then wanted to check

while Srk1 is not involved in responses to genotoxic stress, Rad24 is

if the regulation of expression occurred at the levels of transcription

known to be a part of the DNA damage checkpoint activation

or translation. We found that Spc1 overexpression led to an increase

machinery (Zeng and Piwnica‐Worms, 1991; Lopez‐Girona et al.,

in Rad24 mRNA levels in Δwee1 cells (Figure 4c). However, the

1999; Peng et al., 1997; Chen, Liu, & Walworth, 1999). Hence,

opposite was observed in wt cells. Spc1 overexpression decreased

enhancement of Rad24 levels can explain the involvement of Spc1 in

Rad24 expression in wt cells (Figure 4c). Genome‐wide analysis of

checkpoint activation during genotoxic stress. It would be interesting

the effect of Spc1 overexpression on transcription of S. pombe genes

to explore these indications of our studies.

done earlier in our laboratory also showed that Spc1 overexpression
decreases Rad24 expression in wt cells (Paul, Sanchari, & Geetanjali,

3.3 | Spc1 overexpression in Δwee1 cells is
associated with an increase in Rad24 levels that leads
to mitotic inhibition

2015). It therefore seems that loss of Wee1 function is essential for

We then investigated how Spc1 overexpression targets Rad24 for

between wt cells and cells where the Wee1/Cdc25 balance is

mitotic inhibition. We found that Spc1 overexpression led to an

perturbed might be responsible for the contrasting outcome of Spc1

increase in Rad24 levels of the wt cells overexpressing Cdc25

overexpression on Rad24 expression in these cells.

(Figure 4a). We also observed that Spc1 overexpression caused an

the Spc1‐dependent increase in Rad24 levels. The mechanistic cause
for this contrasting outcome needs further investigation. It may be
possible that the intrinsic differences in cell cycle phase distribution

Another interesting fact that was also revealed in our experiments

increase in Rad24 levels in Δwee1 cells (Figure 4b). Thus Spc1 overex-

was that the Δwee1 cells had considerably lower Rad24 mRNA levels

pression led to an increase in Rad24 levels under both Cdc25 increase

compared with wt cells (Figure 4c) and that Spc1 overexpression

and loss of Wee1 scenarios in which we observed the Spc1‐dependent

partially rescued this deficiency. Furthur studies are, however, required

mitotic delay. Rad24 is known to be important for Cdc25 export from

to understand the mechanistic nature of these variations.

the nucleus and therefore the increase in Rad24 levels might be

Once again we investigated the involvement of Srk1 with this

thought to be responsible for the observed Cdc25 relocalization and

process. Srk1 is not known to affect gene expression and hence the

mitotic entry delay seen in our experiments. Although Rad24 is a

modulation of Rad24 expression by Spc1 is not expected to be
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FIGURE 4

Spc1 regulates Rad24 expression. (a) Rad24, phospho‐Spc1 and Spc1 levels in wt cells overexpressing Spc1 or Cdc25 or both, and (b) in wt
and Δwee1 cells overexpressing Spc1 determined by immunoblotting. Cdc2 level is used as the loading control. (c) qPCR analysis of Rad24 expression
in wt and Δwee1 cells overexpressing Spc1. 18S rRNA expression was used for normalization. Data represents mean of three independent
experiments. ** p < 0.01; * p < 0.05. (d) Length at septation of wt and Δwee1 cells overexpressing pGS017 (φ) or pGS011 (Rad24) for 24 h at 30°C
(n > 50 in each case). *** p < 0.001. (e) Rad24, phospho‐Spc1 and Spc1 levels in Δsrk1 cells overexpressing Cdc25‐GFP or both Cdc25‐GFP and Spc1
determined by immunoblotting. Cdc2 level is used as the loading control. All data are representative of three independent experiments

dependent on Srk1. Indeed, we found that, in Δsrk1 cells overexpress-

Another alternative possibility could be that the mitotic acceleration

ing Cdc25, Spc1 overexpression caused an increase in Rad24 levels

pathway is selectively shut down in cells having very high levels of

(Figure 4e). This again suggests the presence of a Srk1‐independent

Spc1 activity. To decide between these two possibilities, we decided

pathway for mitotic entry regulation by Spc1–Rad24 in S. pombe cells.

to overexpress Spc1 in cells where the Rad24–Cdc25‐dependent

Our results therefore reveal the presence of a novel mechanism

mitotic inhibitory pathway targeted by Spc1 would be either absent

governing mitotic entry decisions in S. pombe through Spc1. It is,

or non‐functional. If the former hypothesis is true then Spc1 overex-

however, unclear why Spc1 overexpression leads to conflicting

pression could be expected to lead to mitotic acceleration rather than

outcome w.r.t. Rad24 expression in Δwee1 (increase) and wt (decrease)

inhibition in these cells. We therefore chose a cdc2‐3w mutant

cells. We did find that the endogeneous levels of Rad24 in wt and

background for our experiments. The cdc2‐3w allele of Cdc2 does

Δwee1 cells are different. Such intrinsic differences may dictate the

not need Cdc25 for its activation. Hence the Rad24‐dependent

outcome of Spc1 overexpression.

Cdc25 inhibitory mechanism would be largely ineffective in a cdc2‐
3w background. Indeed, we observed that Spc1 overexpression led

3.4 | Competition between the mitotic acceleration
and delay mechanisms activated by Spc1 are
responsible for its dose‐dependent contrasting effects
on mitotic timing

to a decrease in length of these cells, indicating a faster entry into

Existing reports on the influence of Spc1 on mitotic entry decisions

function as a mitotic accelerator even when its levels in the cell are

suggest a dose‐dependent reversal of its influence on mitotic initiation.

very high. Therefore, our first hypothesis about Spc1 retaining its abil-

A slight to moderate increase in its activity seems to accelerate mitotic

ity to promote mitosis even when activated to high levels is true. Our

entry while a very high increase delays the same. One plausible

observations therefore indicate that the Spc1‐dependent mitotic

explanation for such contrasting behaviour could be that the mitotic

acceleration is definitely operational even when Spc1 levels are very

timing is dependent on the net result of the competition between

high but remains masked by the additional presence of the Spc1–

the Spc1‐dependent mitotic acceleration and inhibition mechanisms.

Rad24‐dependent mitotic delay pathway. The fact that mitotic

mitosis (Figures 5a, b and S1d). Similar results were also obtained for
experiments done in cdc2‐3wΔcdc25 mutants (Figures 5c and S1d).
This indicated that, if the Spc1 effectors responsible for mitotic
inhibition are non‐functional or absent then Spc1 continues to
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FIGURE 5

Competition between Spc1‐mediated mitotic acceleration and delay mechanisms influencing mitotic timing. (a) Bright‐field images of
cdc2‐3w cells transformed with pGS017 (φ) or pGS023 (Spc1). For overexpression, cells were grown in EMM without leucine and thiamine (b1)
for 24 h at 30°C, and then processed for imaging. Bar represents 10 μm. (b) Quantification of the length at septation of the cells shown in (a) using
image J software. *** p < 0.001 (n > 40). (c) Quantification of the length at septation of cdc2‐3wΔcdc25 cells transformed with pGS017 (φ) or
pGS023 (Spc1) and grown in EMM without leucine and thiamine (b1) for 24 h at 30°C using image J software. *** p < 0.001 (n > 40). All data are
representative of three independent experiments. (d) Δwee1 cells transformed with pGS017 (φ) or pGS023(Spc1) overexpressed for 24 h at 30°C
were grown for 3 h at 30°C in either the complete absence or the presence of the indicated concentrations of the MAPK inhibitor, and brightfield
images of live cells were acquired. Length of the septated cells (n > 40) was determined using the image J software and the median of these values
were calculated. Data represents the average of the median septated cell length determined from three such independent experiments. Dotted line
indicates the median septated cell length value for cells transformed with empty vector (φ) and grown in the absence of the inhibitor

acceleration is more evident at lower levels of Spc1 activity seems to

activity of Spc1 should be maintained in the cells for proper timing of

suggest that the Rad24‐dependent pathway is not sufficiently

mitotic commitment while an increase in the same beyond the thresh-

activated when Spc1 activity is low. Therefore the observed dose‐

old switches its role to a mitotic inhibitor.

dependent switching of Spc1 from a mitotic promoter to a mitotic
inhibitor can be explained as the result of the competition between
the mitotis‐promoting functions of Plo1 and the mitotic inhibitory
functions of Rad24.
We then did further experiments to validate the above‐mentioned

3.5 | Spc1‐dependent mitotic delay mechanism
compensates for Wee1 deficiency during oxidative
stress

‘competition hypothesis’. We argued that if our hypothesis was true

We then decided to test whether this backup mechanism would be

then lowering the activity levels of overexpressed Spc1 should also

functional in physiologically relevant situations also. We therefore

lead to a decrease in its mitosis‐delaying ability. We controlled the

treated both wt and Δwee1 S. pombe cells with 20 mM H2O2 and then

level of Spc1 activity by treating the cells with varying concentrations

looked at the length of septated cells after 1 h of treatment. Indeed, we

of MAPK inhibitor SP600125 which has earlier been shown to inhibit

found that the cell length at septation of Δwee1 cells increased after

Spc1 activation (Hartmuth & Petersen, 2009). We tested the effect

treatment (Figure 6a, b). No significant change in septated cell length

of decreasing Spc1 activity on the extent of G2/M delay in Δwee1

was observed for wt cells under such conditions. However the increase

cells. We observed that at lower doses of inhibitor (i.e. higher Spc1

in cell length of Δwee1 cells after oxidative stress was completely

activity) the Δwee1 cells underwent septation at longer lengths com-

abolished in presence of the MAPK inhibitor (i.e at low Spc1 activity;

pared with those at higher inhibitor doses (i.e. lower Spc1 activity;

Figure 6c) clearly indicating that the G2‐M delay seen in H2O2‐treated

Figure 5d). Thus it can be concluded that at lower levels of Spc1 activ-

Δwee1 cells was exclusively dependent on Spc1 activity. We found

ity its mitotic inhibitory action decreases. (Even at high doses of the

that Spc1 was activated in both wt and Δwee1 cells but the increase

inhibitor the basal levels of Spc1 may not be inhibited completely

in Rad24 expression was limited to just the Δwee1 cells (Figure 6d).

and so an increase in cell length characteristic of complete absence

These results are similar to the results obtained from our Spc1 overex-

of Spc1 was not seen.) These results clearly showed that Spc1 influ-

pression experiments and clearly demonstrate that, in absence of

ences mitotic entry decisions in a dose‐dependent manner. A basal

Wee1, the high levels of Spc1 activity in cells treated with H2O2 can

PAUL

269

ET AL.

FIGURE 6

Spc1‐dependent mitotic delay mechanism compensates for Wee1 deficiency during oxidative stress. (a) Exponentially growing wt and
Δwee1 cells were treated with 20 mM H2O2 for 1 h, before imaging and (b) length of septated cells shown in (a) was determined using the image J
software. *** p < 0.001 (n > 40). (c) Length of septated exponentially growing Δwee1 cells treated with either 20 mM H2O2 or 200 μM MAPK
inhibitor or both was determined using the image J software. *** p < 0.001 (n > 30). (d) Rad24, phospho‐Spc1, total Spc1 and Cdc2 protein levels in
wt and Δwee1 cells treated with 20 mM H2O2 for 15 min determined by immunoblotting. All data are representative of three independent
experiments

our

of Wee1. Our observations reveal an important role for Spc1 in sens-

observations is therefore clearly signified by the above result. A com-

ing the balance of Cdc25 and Wee1 activities and attempting to

parison of levels of active Spc1 in H2O2 treated cells with that of cells

restore the normal balance via Rad24. This pathway may therefore

overexpressing Spc1 is shown in Figure S1(e).

serve as a backup or secondary defense mechanism for controlling

delay

mitotic

initiation.

The

physiological

relevance

of

As mentioned earlier, during nutrient stress Spc1 enhances mitotic

CDK activity when the primary Wee1‐dependent mechanism fails to

entry. Possibly the level of active Spc1 in those cells is not sufficient to

do so. The regulation of Rad24 expression could augment the

cause a mitotic delay. Alternatively, communication between Cdc2 and

Srk1‐dependent mitosis inhibitory functions of Spc1 and could also

Spc1 in nutrient stress conditions may prevent the downstream

be responsible for mitotic inhibition in conditions where Srk1 is not

increase in Rad24 activities. It would be interesting to investigate

activated. Further studies are essential to understand how the

whether Spc1 and Cdc2 communicate with each other in the cell

Spc1–Rad24 and Spc1–Srk1–Rad24‐dependent pathways functionally

and, if so, whether there are stress‐specific differences in the nature

interact with each other. Our results also offer an explanation for the

of communication. We found a decrease in Rad24 levels in wt cells

activity level‐dependent switching of Spc1 from a mitotic accelerator

treated with H2O2 (Figure 6d). Previous studies on gene expression

to a mitotic inhibitor. The results of experiments shown in Figure 5

alteration in S. pombe cells subjected to oxidative stress have also

clearly demonstrate that the mitosis delaying functions require very

reported a decrease in Rad24 levels (Chen et al., 2003). Our observa-

high levels of Spc1. At moderate levels of activity, Spc1 is known to

tions about the decrease in Rad24 levels in wt cells treated with

cause mitotic acceleration. Our results show that, when its activity or

H2O2 are therefore consistent with earlier observations. However, fur-

levels increase beyond a certain threshold, it is able to bring about

ther investigations are essential to understand the mechanism respon-

robust Cdc25 inhibition via Rad24. Under such conditions the ability

sible for the same.

of Spc1 to promote mitosis is still present (Figure 5) but the balance

Taken together our findings elucidate the novel role of Spc1 in

of the mitosis‐promoting and ‐inhibiting mechanisms tilts in favour of

Rad24‐dependent inhibition of Cdc25 and regulation of G2/M

the latter and a delay in mitotic entry is observed. This requires high

progression in S. pombe. We also show that Spc1‐dependent inhibition

levels of Spc1 activity similar to that seen in S. pombe cells exposed

of mitosis via Rad24 expression modulation is associated with CDK

to environmental stress stimuli and Spc1 can therefore help to activate

hyperactivation resulting from enhanced Cdc25 activity or inactivation

a G2/M checkpoint in those cells.
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