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Abstract: Cells have developed response systems to constantly monitor environmental changes and
accordingly adjust growth, differentiation, and cellular stress programs. The evolutionarily conserved,
nutrient-responsive, mechanistic target of rapamycin signaling (mTOR) pathway coordinates basic
anabolic and catabolic cellular processes such as gene transcription, protein translation, autophagy,
and metabolism, and is directly implicated in cellular and organismal aging as well as age-related
diseases. mTOR mediates these processes in response to a broad range of inputs such as oxygen,
amino acids, hormones, and energy levels, as well as stresses, including DNA damage. Here, we
briefly summarize data relating to the interplays of the mTOR pathway with DNA damage response
pathways in fission yeast, a favorite model in cell biology, and how these interactions shape cell
decisions, growth, and cell-cycle progression. We, especially, comment on the roles of caffeine-
mediated DNA-damage override. Understanding the biology of nutrient response, DNA damage
and related pharmacological treatments can lead to the design of interventions towards improved
cellular and organismal fitness, health, and survival.
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1. The Mechanistic Target of Rapamycin Pathway in Cell Growth and Metabolism

The mechanistic target of rapamycin (mTOR) is a phosphatidylinositol 3-kinase-related
serine/threonine kinase central to a signaling network that regulates cellular metabolism
in eukaryotic cells in response to various extracellular and intracellular stimuli, including
nutrient and hormone signals, stress, and growth factors [1,2]. The kinase mTOR is also
implicated in cellular health span through modulation of nutrient-sensitive pathways [3].
Originally identified in yeast mutants [4], mTOR is highly conserved and has now been
identified in all eukaryotic cells including flies, nematodes, and mammalian cells [5–9].
The fission yeast Schizosaccharomyces pombe has been widely used as a model to study eu-
karyotic molecular mechanisms, including the conserved mTOR pathway. S. pombe contain
homologues for Rheb, a GTP-binding protein, and an upstream activator of mTOR [10], as
well as the TSC1–TSC2 complex that negatively regulates Rheb [11–13].

In most eukaryotes, mTOR forms the central component of multiprotein complexes
termed TORCs [14]. S. pombe contains two mTOR homologues, Tor1 and Tor2, and two
TORC complexes, TORC1 and TORC2 (Figure 1). The TOR kinases form the catalytic
subunit of the complexes, with the rapamycin sensitive TORC1 containing Tor2, while
TORC2 contains Tor1. Both complexes are composed of several other proteins and are
structurally and functionally distinct [15–17]. There are slight differences between the
structure of the TORC complexes in S. pombe and the TORCs found in mammalian cells
(Figure 1). While both complexes are still present, mammalian cells only contain one
form of the TOR gene (MTOR). The mTOR protein comprises the catalytic subunit of
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both mTORC1 and mTORC2; the complexes also contain orthologues as well as different
proteins to those found in S. pombe [16,18,19].
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Figure 1. Schizosaccharomyces pombe and human TORC1 and TORC2 complexes. Each complex is composed by a TOR
kinase (predominantly Tor2 for TORC1 and Tor1 for TORC2 fission yeast complexes) and at least four partners identified
through mass spectrometry approaches. Lst8 is a common partner for both TORC1 and TORC2. However, in fission yeast,
Mip1 (RAPTOR), Tco89, and Toc1 are associated with TORC1 only, while Ste20 (RICTOR), Sin1, and Bit61 are associated
with TORC2. In human complexes, DEPTOR is found in both complexes, while PRAS40 is associated with TORC1 and
PRR5/PRR5L with TORC2. Each complex has pivotal roles in metabolism, cell organization, growth, and survival (see main
text for details). mTOR, mechanistic target of rapamycin.

TORC1, unlike its counterpart, is inhibited by the macrolide compound rapamycin,
which forms a complex with its intracellular receptor FKBP12. Inhibition of mTOR with
rapamycin mimics nitrogen starvation in fission yeast. For strong inhibition of TORC1 in
S. pombe, rapamycin needs to be accompanied by caffeine, which also inhibits the com-
plex [20–23]. TORC1 is regulated upstream by numerous intracellular and extracellular
stimuli, including in mammalian cells, the cell cycle regulator p53 upon DNA damage
from chemical agents. In contrast to yeast, mTORC1 also activates p53 under pro-growth
conditions [24]. The TORC1 complex regulates ribosomal biogenesis and protein synthesis
primarily through the phosphorylation of two distinct downstream effectors, S6K acti-
vated by phosphorylation and eIF4E binding proteins (4EBP), which are inactivated upon
phosphorylation [25,26]. The complex also has implications over other anabolic processes
including lipid and nucleotide synthesis. Furthermore, the complex also regulates several
catabolic processes including autophagy and protein degradation to balance the metabolic
state of the cell [1] (Figure 1).

TORC2 is not inhibited by rapamycin, owing to the structure preventing the binding
of the rapamycin/FKBP12 complex [27]. Torin1 is a known ATP competitive inhibitor of
mTOR and blocks the catalytic active site, preventing downstream phosphorylation in
both complexes [28]. Because of the absence of a specific TORC2 inhibitor, the complex is
less studied and more remains to be elucidated when compared with its counterpart [29].
TORC2 in fission yeast is not essential for cellular proliferation, however, it is essential for
sexual differentiation and entry into the stationary phase, which are two of the main star-
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vation responses in fission yeast [17,30]. Interestingly, TORC2 has also been shown to work
in tandem with TORC1 to regulate the phosphorylation of S6K in S. pombe [31]. Alongside
this, the TORC2 complex is also responsible for actin dynamics, telomere integrity, and cell
size [32–35]. TORC2-deficient S.pombe are sensitive to several stress conditions including
osmotic and oxidative stress and, importantly, DNA damage and replicative stress [36].
Furthermore, the complex has also been implicated in the maintenance of the genome in
S. pombe, elucidating a further connection between the TORC2 complex and DNA damage
response pathways [37] (Figures 1 and 2).
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Figure 2. Interaction of DNA damage response (DDR), environmental stress response (ESR), and TORC1/TORC2 signaling
in S. pombe. TORC1 and TORC2 play distinct roles in regulating cell growth and division as well as responses to environ-
mental stresses and nutrient availability. Activation of Rad3 by DNA damage or replication stress leads to the activation
of Chk1 and Cds1, respectively. Chk1 and Cds1 inhibit Cdc25 and activate Wee1 (or Mik1) to inhibit Cdc2 and delay cell
cycle progression. Direct inhibition drives cells into mitosis via the Ppk18-Igo1-PP2APab1 pathway in the presence of DNA
damage, suggesting Rad3 may maintain TORC1 activity during cell cycle arrest. Conversely, TORC2 is required for the
resumption of cell cycle progression once DNA repair has been affected. Rad3 may also regulate TORC2 activity during the
DDR. Caffeine may directly inhibit TORC1 as a low affinity ATP competitor. Alternatively, caffeine may indirectly inhibit
TORC1 via activation of the ESR and Ssp1-Ssp2 (AMPK) pathways.

2. DNA Damage Response (DDR) Signaling: Cdc25, Wee1, and DNA Damage
CheckPoint Activation

Cells continuously suffer various forms of DNA damage from both endogenous
and exogenous sources. To avoid the “fixing” of mutations and/or chromosome mis-
segregation during mitosis, cells must arrest cell cycle progression and delay mitosis (DNA
damage checkpoints) until damaged DNA has been repaired [38]. While various forms
of DNA damage (ranging from base misincorporation and additions to double strand
breaks) occur, in S. pombe, Rad3 is the major regulator of the DNA damage response and a
member of the PIKK family [39–44] (Figure 2). Rad3 is a homologue of the mammalian
ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) and
Saccharomyces cerevisiae (S. cerevisiae) Mec1 proteins [42,43].
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The timing of mitosis is regulated by the opposing actions of the Cdc25 phosphatase
and Wee1 kinase on Cdc2 tyrosine 15 phosphorylation, and hence activity [45,46]. DNA
damage checkpoint activation and maintenance, thus, require the dual regulation of Cdc25
and Mik1/Wee1 activity to effectively inhibit Cdc2 [47]. Additionally, cells must be able
to effectively resume cell cycle progression once DNA repair has been completed, linking
DNA damage checkpoint activation and resumption of cell division [44,48]. In general,
these pathways are evolutionarily conserved and follow a general pattern of DNA dam-
age detection, signal activation, signal amplification/transmission, and execution. The
Rad3 kinase and its homologues are recruited to sites of DNA damage, leading to their
activation via autophosphorylation [40,49]. This facilitates the recruitment of adaptor
proteins such as Crb2, which allow the cell cycle phase specific recruitment and activation
of the downstream kinases Cds1 and Chk1 during the S- and G2-phases of the cell cycle,
respectively [50–52].

During the S-phase, deleterious events such as nucleotide depletion stalled replication
forks and DNA strand breaks result in the Rad3-dependent hyper-phosphorylation and
activation of Cds1. Cds1 in turn directly inhibits Cdc25 by phosphorylating inhibitory
serine/threonine residues, while inducing the accumulation of the Wee1-related kinase
Mik1. The S-phase specific Mik1 kinase regulates Cdc2 tyrosine 15 phosphorylation in
a Rad3-dependent manner [53–55]. Alternatively, DNA damage sustained during G2
results in Chk1 and Wee1 activation [53]. Chk1 phosphorylates Cdc25, leading to its export
from the nucleus and Rad24 (a 14-3-3 family type protein)-dependent sequestration and
accumulation within the cytoplasm [56–58]. The nuclear export of Cdc25 is, however, not
required for its inhibition, suggesting direct inhibition by Cds1 and Chk1 [58,59]. Addi-
tionally, studies using Cdc25 mutants lacking Cds1/Chk1 phosphorylation sites suggest
the existence of a redundant nuclear ubiquitin-dependent degradation pathway [60–62].
The cytoplasmic accumulation observed in S. pombe following cell cycle arrest may thus
facilitate the rapid resumption of cell cycle progression following the completion of DNA
repair [48,63]. Wee1 also accumulates in response to DNA damage and is itself a target of
activating Chk1 phosphorylation. The dual inhibition of Cdc25 phosphatase activity and
increased Wee1 activity thus results in Cdc2 tyrosine 15 phosphorylation and inhibition by
a “double- lock” mechanism [47,64].

S. pombe cells also transiently arrest cell cycle progression and then rapidly progress
through mitosis in response to nitrogen deprivation and various environmental stresses [65–67].
The environmental stress response (ESR) pathway is regulated by the Sty1 kinase (Figure 2),
a homologue of the human p38MAPK kinase [68–70]. Sty1 activation results in srk1 induc-
tion and accumulation of the Srk1 kinase. Srk1 in turn phosphorylates Cdc25, leading to
its sequestration and accumulation within the cytoplasm [65]. Interestingly, the transient
activity of Srk1 appears to be dependent on the CaMKK homologue Ssp1. S. pombe mutants
lacking ssp1 become elongated and arrest cell cycle progression in G2, following exposure
to heat stress, osmotic stress, and glucose deprivation [71–74]. Srk1 levels are elevated in
ssp1∆ mutants and the deletion of rad24 or srk1 is sufficient to restore cell cycle progression
under stress conditions [73,74]. Ssp1 also activates the AMPK homologue Ssp2, which in
turn inhibits TORC1 signaling [75] (Figure 2). Ssp1 may thus integrate Sty1 signalling with
TORC1 activity to facilitate the resumption of cell cycle progression following exposure to
environmental stresses.

3. TORC1, Caffeine and the DNA Damage Response Pathway

Given the links between the Sty1 environmental stress response (ESR) and Rad3 DNA
damage response (DDR) regulated pathways, it has been proposed that these pathways
may also interact with TORC1 and TORC2 signaling [24,76–79]. For instance, glucose
deprivation, which inhibits TORC1 signaling, induces the accumulation of Cds1 [80].
Cds1 normally accumulates during S-phase or activation of the replication and S-phase
checkpoints [50,55].



Cells 2021, 10, 305 5 of 11

Under nitrogen-rich conditions, active TORC1 inhibits the Greatwall kinase homo-
logue Ppk18, which prevents its activation of the endosulphine Igo1 [45,81]. Following
transfer to a poor nitrogen source, Ssp2 mediated TORC1 inhibition activates Ppk18 and
Igo1, leading to the inhibition of the PP2A phosphatase catalytic subunit Pab1 [33,82,83].
Under normal cell cycle conditions, PP2APab1 delays the timing of mitosis by negatively reg-
ulating Cdc25 and positively regulating Wee1 activity [67,84]. TORC1 inhibition following
nitrogen deprivation or chemical inhibition advances cells into mitosis, in a manner depen-
dent on Sty1 and Ppk18-Igo1-PP2APab1 signaling, resulting in Cdc2 activation [67,83,84].
Furthermore, pab1∆ mutants exhibit a “wee” phenotype (small-sized cells upon mitosis),
confirming its role as a regulator of mitotic progression [85]. TORC1 thus indirectly delays
cells’ cycle progression via the negative and positive regulation of Cdc25 and Wee1, re-
spectively [67]. As Rad3 indirectly inhibits Cdc2 via Cdc25 inhibition and Wee1 activation,
these findings suggest TORC1 activity re-enforces DNA damage checkpoint signaling by
maintaining PP2APab1 activity [62,78] (Figure 2).

Caffeine is a methylxanthine and among the most widely consumed neuroactive
substances in the world [86]. Early studies clearly indicated that caffeine overrides DNA
damage signaling in both yeast and mammalian cells [87–90]. Rad3 and its homologues
were initially reported to be inhibited by caffeine in vitro and in vivo [88,90]. These findings
have proved controversial, as caffeine inhibits several members of the PIKK family. In
addition, caffeine induced ATM hyperactivation and failed to inhibit the phosphorylation
of its downstream targets [91]. In S. pombe, Rad3 and the Rad51/Rad54 regulated DNA
pathways are required for tolerance to caffeine, suggesting it might induce low level DNA
damage [92]. Caffeine also failed to inhibit Cds1 and Chk1 phosphorylation in S. pombe, in
contrast to the deletion of rad3 [62]. In mammalian cells, inhibition of PP2A activity inhibits
DNA repair and ATM contributes to the activation of the phosphatase [38]. Furthermore,
PP2A and related phosphatases negatively regulate the DDR and are required for eventual
progression towards mitosis [93]. In this regard, the ability of caffeine to override DNA
damage signaling has generated much interest, but the precise underlying mechanisms
remain unclear [62,78,94].

More recent studies suggest that the TORC1 complex is the target of caffeine in both
yeast and mammalian cell lines [21,22,95] (Figure 2). This raises the intriguing question
of if and how caffeine might override DNA damage checkpoint signaling by inhibiting
TORC1 activity. The effect of caffeine on cell cycle progression in S. pombe mimics that
of nitrogen deprivation, TORC1 inhibition, and other environmental stresses [62,67,76].
Indeed, inhibition of TORC1 activity with Torin1 advanced S. pombe cells into mitosis in a
manner similar to nitrogen deprivation. This activity was associated with changes in the
activity and/or expression of Cdc25 and Wee1 in both S. pombe and mammalian cells [67,76].
TORC1 inhibition results in the activation of Ppk18, which then activates Igo1, resulting
in the inhibition of the PP2APab1 phosphatase, and increases and decreases in Cdc25 and
Wee1 activity, respectively [45,81]. TORC1 activity would thus be required to enforce Rad3-
mediated DNA damage checkpoint signaling to prevent the premature activation of Cdc2.
Conversely, inappropriate TORC1 inhibition under genotoxic conditions would advance
cells into mitosis with unrepaired DNA, leading to a loss of viability. This is indeed the case,
as both caffeine and torin1 enhance DNA damage sensitivity in S. pombe [96]. Furthermore,
caffeine appears to indirectly regulate the activity of both Cdc25 and Wee1. Thus, caffeine
mediated-TORC1 inhibition might be sufficient to override DNA damage checkpoint
signaling [62,77,78]. Under environmental stress conditions, cells undergo a temporary
Sty1-mediated cell cycle arrest through Srk1-dependent Cdc25 inhibition. The cells are
subsequently advanced into mitosis regardless of cell length [65]. These stresses also inhibit
TORC1 signaling via the Ssp1 and Ssp2/AMP activated protein kinase (AMPK) pathways.
S. pombe mutants lacking ssp1 fail to accelerate mitosis following exposure to various
environmental stresses and become greatly elongated [71]. It has been demonstrated that
ssp1∆ mutants express elevated levels of Srk1, suggesting enhanced Cdc25 inhibition and
an inability to resume cell division. Indeed, the deletion of ssp1 is synthetically lethal
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in a cdc25-22 strain background [71,74]. Furthermore, both ssp1∆ and ssp2∆ mutants fail
to advance mitosis under low nitrogen conditions [75]. The Ssp2-mediated inhibition of
TORC1 is thus required for the downstream activation of Ppk18 and advancement into
mitosis under environmental and nutrient stress conditions [82].

Previous studies in Saccharomyces cerevisiae (S. cerevisiae) have identified TORC1 (Tor1)
mutants that exhibit increased tolerance to caffeine. These studies suggested that, unlike
rapamycin and other analogues, caffeine directly binds to Tor1 and acts as a competitive
inhibitor of ATP [95]. It remains unclear if caffeine indirectly inhibits TORC1 signaling via
the Ssp2/AMPK kinase pathway. Because the Sty1-regulated ESR pathway is required for
tolerance to caffeine, it is possible that the drug also indirectly inhibits TORC1 signaling in
S. pombe (Figure 2). It has also been noted that the inhibition of TORC1 by Torin1 differs
from that of caffeine and rapamycin [62,67,97]. It also remains unclear if TORC1 regulates
the timing of mitosis under normal cell cycle conditions by inhibiting Ppk18 until the unset
of mitosis, or if PP2APab1 is negatively regulated by additional pathways [82]. Studies in
S. pombe have demonstrated that Cdc25 and Wee1 are degraded at mitosis independently
of currently identified phosphorylation pathways [84]. Further studies will be needed to
dissect the precise effects of caffeine on TORC1 signaling in relation to cell division [62,78].
Despite its pleotropic effects on cellular physiology, caffeine may provide useful insights
into the regulation of TORC1 and its downstream targets. Such studies could also lead to
the development of therapeutic strategies to combat aging and increase the sensitivity of
cancer cells to chemo- and radiotherapy.

4. Crosstalk between TORC2 and DNA Damage Response Pathways

In contrast to TORC1, the Tor1 containing TORC2 complex has been clearly implicated
in mediating resistance to osmotic and nutritional stress responses as well as genotoxic
agents in S. pombe [79]. Loss of Tor1 activity induced sensitivity to several genotoxic
agents such as hydroxyurea (HU), Methyl methanesulfonate (MMS), UV, and camptothecin.
Similarly, mutants lacking Gad8, a downstream target of Tor1, also exhibit sensitivity
to genotoxic agents [32,37]. Recent studies implicating gad8 mutants show that osmotic
and nutritional stress responses appear to form a separate branch from genotoxic stress
responses downstream of TORC2-Gad8 [98].

Interestingly, tor1∆ mutants were checkpoint proficient, but failed to resume cell cycle
progression in a manner like wild type cells. Tor1 is thus not required for Rad3 mediated
DNA damage checkpoint activation. In fact, deletion of tor1 suppressed the short- term HU
sensitivity of rad3 and cds1 mutants. Rather, tor1∆ mutants failed to dephosphorylate Cdc2
and failed to resume cell division [32]. Tor1 thus appears to be required for the reactivation
of Cdc2 following exposure to HU and other genotoxic agents. In fact, Tor1 appears to
promote mitotic progression as loss of tor1 resulted in a slight increase in average cell
length. Rad3 may simultaneously inhibit TORC2 activity until DNA damage repair has
been completed [32,37].

More recent findings report Chk1 activation in S. pombe mutants that lack certain
components of the TORC1 protein complex. S. pombe mutants lacking the TORC1 and
TORC2 complex component Wat1/Pop3 sustain DNA damage through the effects of
reactive oxygen species (ROS). This results in constitutive Chk1 activation and enhanced
inhibition of Cdc25 and Wee1 [99,100]. Wat1/Pop3 is a component of both complexes
and is required for the oxidative stress response. Loss of Wat1/Pop3 may thus induce
DNA damage, because of ROS concentrations. Additionally, wat1/pop3 mutants are unable
to downregulate Chk1 activation in a manner like tor1 mutants. These findings provide
further evidence for a TORC2-dependent role in maintaining genomic stability [32,99,100].

5. Prospects for mTOR as a Chemo- and Radio-Sensitisation Therapeutic Target

Caffeine initially aroused much interest owing to its ability to sensitize cancer cells
to the lethal effects of genotoxic agents [86]. Clinically, this activity is important as it
would increase the therapeutic window of these agents and lower the side effects of



Cells 2021, 10, 305 7 of 11

chemo- and radio-sensitization [101–103]. More recently, caffeine has been shown to extend
chronological lifespan (CLS) in a wide range of organisms. Furthermore, caffeine has been
shown to have protective effects and against cancer and can improve clinical outcomes [104].
It is now apparent that caffeine exerts its effects on cell division via TORC1 rather than
Rad3/ATM inhibition, and that these effects are mimicked by selective TORC1 inhibitors
such as rapamycin and Torin1 [21,22,95]. Torin1 affected Cdc25 and Wee1 stability and cell
cycle progression in both S. pombe and mammalian cell lines [67].

These findings suggest that TORC1 may serve as a therapeutic target for enhancing
the chemo- and radiosensitivity of cancer cells. Further studies on caffeine-mediated
DNA checkpoint override in the context of TORC1 and mTOR inhibition are thus highly
desirable. Importantly, it remains unclear if caffeine functions as a direct inhibitor of TORC1
or partially mediates its effects via the activation of the AMPK pathway [71,75]. Such
studies will be important as the role of AMPK in tumors is context-dependent [105–107].
Dissecting DNA damage checkpoint override by caffeine and other TORC1 inhibitors is
likely to provide a stimulating and revealing field of study in the years to come.
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49. Stracker, T.H.; Roig, I.; Knobel, P.A.; Marjanović, M. The ATM Signaling Network in Development and Disease. Front. Genet.

2013, 4, 37. [CrossRef]
50. Rhind, N.; Russell, P. Chk1 and Cds1: Linchpins of the DNA Damage and Replication Checkpoint Pathways. J. Cell Sci. 2000, 113

Pt 22, 3889–3896.
51. Paparatto, D.; Fletcher, D.; Piwowar, K.; Baldino, K.; Morel, C.; Dunaway, S. The Schizosaccharomyces pombe Checkpoint Kinases

Chk1 and Cds1 Are Important for Cell Survival in Response to Cisplatin. PLoS ONE 2009, 4, e6181. [CrossRef]
52. Qu, M.; Yang, B.; Tao, L.; Yates, J.R.; Russell, P.; Dong, M.-Q.; Du, L.-L. Phosphorylation-Dependent Interactions between Crb2

and Chk1 Are Essential for DNA Damage Checkpoint. PLoS Genet. 2012, 8, e1002817. [CrossRef] [PubMed]
53. Rhind, N.; Russell, P. Mitotic DNA Damage and Replication Checkpoints in Yeast. Curr. Opin. Cell Biol. 1998, 10, 749–758.

[CrossRef]
54. Boddy, M.N.; Furnari, B.; Mondesert, O.; Russell, P. Replication Checkpoint Enforced by Kinases Cds1 and Chk1. Science 1998,

280, 909–912. [CrossRef] [PubMed]
55. Christensen, P.U.; Bentley, N.J.; Martinho, R.G.; Nielsen, O.; Carr, A.M. Mik1 Levels Accumulate in S Phase and May Mediate an

Intrinsic Link between S Phase and Mitosis. Proc. Natl. Acad. Sci. USA 2000, 97, 2579–2584. [CrossRef]
56. Zeng, Y.; Forbes, K.C.; Wu, Z.; Moreno, S.; Piwnica-Worms, H.; Enoch, T. Replication Checkpoint Requires Phosphorylation of the

Phosphatase Cdc25 by Cds1 or Chk1. Nature 1998, 395, 507–510. [CrossRef]
57. Zeng, Y.; Piwnica-Worms, H. DNA Damage and Replication Checkpoints in Fission Yeast Require Nuclear Exclusion of the Cdc25

Phosphatase via 14-3-3 Binding. Mol. Cell. Biol. 1999, 19, 7410–7419. [CrossRef]
58. Lopez-Girona, A.; Furnari, B.; Mondesert, O.; Russell, P. Nuclear Localization of Cdc25 Is Regulated by DNA Damage and a

14-3-3 Protein. Nature 1999, 397, 172–175. [CrossRef]
59. Furnari, B.; Blasina, A.; Boddy, M.N.; McGowan, C.H.; Russell, P. Cdc25 Inhibited in vivo and in vitro by Checkpoint Kinases

Cds1 and Chk1. Mol. Biol. Cell 1999, 10, 833–845. [CrossRef]
60. Frazer, C.; Young, P.G. Carboxy-Terminal Phosphorylation Sites in Cdc25 Contribute to Enforcement of the DNA Damage and

Replication Checkpoints in Fission Yeast. Curr. Genet. 2012, 58, 217–234. [CrossRef]
61. Frazer, C.; Young, P.G. Redundant Mechanisms Prevent Mitotic Entry Following Replication Arrest in the Absence of Cdc25

Hyper-Phosphorylation in Fission Yeast. PLoS ONE 2011, 6, e21348. [CrossRef]
62. Alao, J.P.; Sjölander, J.J.; Baar, J.; Özbaki-Yagan, N.; Kakoschky, B.; Sunnerhagen, P. Caffeine Stabilizes Cdc 25 Independently of

Rad 3 in Schizosaccharomyces pombe Contributing to Checkpoint Override. Mol. Microbiol. 2014, 92, 777–796. [CrossRef] [PubMed]
63. Kovelman, R.; Russell, P. Stockpiling of Cdc25 during a DNA Replication Checkpoint Arrest in Schizosaccharomyces pombe. Mol.

Cell. Biol. 1996, 16, 86–93. [CrossRef] [PubMed]
64. Raleigh, J.M.; O’Connell, M.J. The G(2) DNA Damage Checkpoint Targets Both Wee1 and Cdc25. J. Cell Sci. 2000, 113 Pt 10,

1727–1736.
65. López-Avilés, S.; Lambea, E.; Moldón, A.; Grande, M.; Fajardo, A.; Rodríguez-Gabriel, M.A.; Hidalgo, E.; Aligue, R. Activation of

Srk1 by the Mitogen-Activated Protein Kinase Sty1/Spc1 Precedes Its Dissociation from the Kinase and Signals Its Degradation.
Mol. Biol. Cell 2008, 19, 1670–1679. [CrossRef] [PubMed]

66. Smith, D.A.; Toone, W.M.; Chen, D.; Bähler, J.; Jones, N.; Morgan, B.A.; Quinn, J. The Srk1 Protein Kinase Is a Target for the Sty1
Stress-Activated MAPK in Fission Yeast. J. Biol. Chem. 2002, 277, 33411–33421. [CrossRef] [PubMed]

67. Atkin, J.; Halova, L.; Ferguson, J.; Hitchin, J.R.; Lichawska-Cieslar, A.; Jordan, A.M.; Pines, J.; Wellbrock, C.; Petersen, J. Torin1-
Mediated TOR Kinase Inhibition Reduces Wee1 Levels and Advances Mitotic Commitment in Fission Yeast and HeLa Cells. J.
Cell Sci. 2014, 127, 1346–1356. [CrossRef]

68. Shiozaki, K.; Russell, P. Cell-Cycle Control Linked to Extracellular Environment by MAP Kinase Pathway in Fission Yeast. Nature
1995, 378, 739–743. [CrossRef]

69. Degols, G.; Russell, P. Discrete Roles of the Spc1 Kinase and the Atf1 Transcription Factor in the UV Response of Schizosaccharomyces
pombe. Mol. Cell. Biol. 1997, 17, 3356–3363. [CrossRef]

70. Coulthard, L.R.; White, D.E.; Jones, D.L.; McDermott, M.F.; Burchill, S.A. P38MAPK: Stress Responses from Molecular Mechanisms
to Therapeutics. Trends Mol. Med. 2009, 15, 369–379. [CrossRef]

http://doi.org/10.1016/S1568-7864(02)00165-9
http://doi.org/10.1242/jcs.169730
http://doi.org/10.1007/s00294-018-0920-y
http://www.ncbi.nlm.nih.gov/pubmed/30610294
http://doi.org/10.1590/1678-4685-gmb-2019-0071
http://www.ncbi.nlm.nih.gov/pubmed/31930279
http://doi.org/10.1002/1873-3468.13635
http://doi.org/10.1080/15384101.2017.1302229
http://doi.org/10.1016/S0962-8924(00)01773-6
http://doi.org/10.1016/j.tcb.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16682204
http://doi.org/10.3389/fgene.2013.00037
http://doi.org/10.1371/journal.pone.0006181
http://doi.org/10.1371/journal.pgen.1002817
http://www.ncbi.nlm.nih.gov/pubmed/22792081
http://doi.org/10.1016/S0955-0674(98)80118-X
http://doi.org/10.1126/science.280.5365.909
http://www.ncbi.nlm.nih.gov/pubmed/9572736
http://doi.org/10.1073/pnas.97.6.2579
http://doi.org/10.1038/26766
http://doi.org/10.1128/MCB.19.11.7410
http://doi.org/10.1038/16488
http://doi.org/10.1091/mbc.10.4.833
http://doi.org/10.1007/s00294-012-0379-1
http://doi.org/10.1371/journal.pone.0021348
http://doi.org/10.1111/mmi.12592
http://www.ncbi.nlm.nih.gov/pubmed/24666325
http://doi.org/10.1128/MCB.16.1.86
http://www.ncbi.nlm.nih.gov/pubmed/8524332
http://doi.org/10.1091/mbc.e07-07-0639
http://www.ncbi.nlm.nih.gov/pubmed/18272791
http://doi.org/10.1074/jbc.M204593200
http://www.ncbi.nlm.nih.gov/pubmed/12080074
http://doi.org/10.1242/jcs.146373
http://doi.org/10.1038/378739a0
http://doi.org/10.1128/MCB.17.6.3356
http://doi.org/10.1016/j.molmed.2009.06.005


Cells 2021, 10, 305 10 of 11

71. Rupeš, I.; Jia, Z.; Young, P.G. Ssp1 Promotes Actin Depolymerization and Is Involved in Stress Response and New End Take-Off
Control in Fission Yeast. Mol. Biol. Cell 1999, 10, 1495–1510. [CrossRef]

72. Yanagida, M.; Ikai, N.; Shimanuki, M.; Sajiki, K. Nutrient Limitations Alter Cell Division Control and Chromosome Segregation
through Growth-Related Kinases and Phosphatases. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 3508–3520. [CrossRef] [PubMed]

73. Freitag, S.I.; Wong, J.; Young, P.G. Genetic and Physical Interaction of Ssp1 CaMKK and Rad24 14-3-3 during Low PH and
Osmotic Stress in Fission Yeast. Open Biol. 2014, 4, 130127. [CrossRef] [PubMed]

74. Gómez-Hierro, A.; Lambea, E.; Giménez-Zaragoza, D.; López-Avilés, S.; Yance-Chávez, T.; Montserrat, M.; Pujol, M.J.; Bachs, O.;
Aligue, R. Ssp1 CaMKK: A Sensor of Actin Polarization That Controls Mitotic Commitment through Srk1 in Schizosaccharomyces
pombe. PLoS ONE 2015, 10, e0143037. [CrossRef] [PubMed]

75. Davie, E.; Forte, G.M.A.; Petersen, J. Nitrogen Regulates AMPK to Control TORC1 Signaling. Curr. Biol. 2015, 25, 445–454.
[CrossRef] [PubMed]

76. Hartmuth, S.; Petersen, J. Fission Yeast Tor1 Functions as Part of TORC1 to Control Mitotic Entry through the Stress MAPK
Pathway Following Nutrient Stress. J. Cell Sci. 2009, 122, 1737–1746. [CrossRef]

77. Alao, J.P.; Huis in ’t Veld, P.J.; Buhse, F.; Sunnerhagen, P. Hyperosmosis Enhances Radiation and Hydroxyurea Resistance of
Schizosaccharomyces pombe Checkpoint Mutants through the Spindle Checkpoint and Delayed Cytokinesis. Mol. Microbiol. 2010,
77, 143–157. [CrossRef]

78. Alao, J.P.; Sunnerhagen, P. Caffeine as a Tool for Investigating the Integration of Cdc25 Phosphorylation, Activity and Ubiquitin-
Dependent Degradation in Schizosaccharomyces pombe. Cell Div. 2020, 15. [CrossRef]

79. Weisman, R.; Cohen, A.; Gasser, S.M. TORC 2—A New Player in Genome Stability. EMBO Mol. Med. 2014, 6, 995–1002. [CrossRef]
80. Fletcher, J.; Griffiths, L.; Caspari, T. Nutrient Limitation Inactivates Mrc1-to-Cds1 Checkpoint Signalling in Schizosaccharomyces

pombe. Cells 2018, 7, 15. [CrossRef]
81. Castro, A.; Lorca, T. Greatwall Kinase at a Glance. J. Cell Sci. 2018, 131, jcs222364. [CrossRef]
82. Pérez-Hidalgo, L.; Moreno, S. Coupling TOR to the Cell Cycle by the Greatwall–Endosulfine–PP2A-B55 Pathway. Biomolecules

2017, 7, 59. [CrossRef] [PubMed]
83. Martín, R.; Lopez-Aviles, S. Express Yourself: How PP2A-B55Pab1 Helps TORC1 Talk to TORC2. Curr. Genet. 2018, 64, 43–51.

[CrossRef] [PubMed]
84. Lucena, R.; Alcaide-Gavilán, M.; Anastasia, S.D.; Kellogg, D.R. Wee1 and Cdc25 Are Controlled by Conserved PP2A-Dependent

Mechanisms in Fission Yeast. Cell Cycle 2017, 16, 428–435. [CrossRef] [PubMed]
85. Kinoshita, K.; Nemoto, T.; Nabeshima, K.; Kondoh, H.; Niwa, H.; Yanagida, M. The Regulatory Subunits of Fission Yeast Protein

Phosphatase 2A (PP2A) Affect Cell Morphogenesis, Cell Wall Synthesis and Cytokinesis. Genes Cells 1996, 1, 29–45. [CrossRef]
[PubMed]

86. Bode, A.M.; Dong, Z. The Enigmatic Effects of Caffeine in Cell Cycle and Cancer. Cancer Lett. 2007, 247, 26–39. [CrossRef]
87. Osman, F.; McCready, S. Differential Effects of Caffeine on DNA Damage and Replication Cell Cycle Checkpoints in the Fission

Yeast Schizosaccharomyces pombe. Mol. Gen. Genet. 1998, 260, 319–334. [CrossRef] [PubMed]
88. Sarkaria, J.N.; Busby, E.C.; Tibbetts, R.S.; Roos, P.; Taya, Y.; Karnitz, L.M.; Abraham, R.T. Inhibition of ATM and ATR Kinase

Activities by the Radiosensitizing Agent, Caffeine. Cancer Res. 1999, 59, 4375–4382.
89. Blasina, A.; Price, B.D.; Turenne, G.A.; McGowan, C.H. Caffeine Inhibits the Checkpoint Kinase ATM. Curr. Biol. 1999, 9,

1135–1138. [CrossRef]
90. Moser, B.A.; Brondello, J.M.; Baber-Furnari, B.; Russell, P. Mechanism of Caffeine-Induced Checkpoint Override in Fission Yeast.

Mol. Cell. Biol. 2000, 20, 4288–4294. [CrossRef]
91. Cortez, D. Caffeine Inhibits Checkpoint Responses without Inhibiting the Ataxia-Telangiectasia-Mutated (ATM) and ATM- and

Rad3-Related (ATR) Protein Kinases. J. Biol. Chem. 2003, 278, 37139–37145. [CrossRef]
92. Calvo, I.A.; Gabrielli, N.; Iglesias-Baena, I.; García-Santamarina, S.; Hoe, K.-L.; Kim, D.U.; Sansó, M.; Zuin, A.; Pérez, P.; Ayté,

J.; et al. Genome-Wide Screen of Genes Required for Caffeine Tolerance in Fission Yeast. PLoS ONE 2009, 4, e6619. [CrossRef]
93. Campos, A.; Clemente-Blanco, A. Cell Cycle and DNA Repair Regulation in the Damage Response: Protein Phosphatases Take

Over the Reins. Int. J. Mol. Sci. 2020, 21, 446. [CrossRef] [PubMed]
94. Wang, S.W.; Norbury, C.; Harris, A.L.; Toda, T. Caffeine Can Override the S-M Checkpoint in Fission Yeast. J. Cell Sci. 1999, 112 Pt

6, 927–937.
95. Reinke, A.; Chen, J.C.-Y.; Aronova, S.; Powers, T. Caffeine Targets TOR Complex I and Provides Evidence for a Regulatory Link

between the FRB and Kinase Domains of Tor1p. J. Biol. Chem. 2006, 281, 31616–31626. [CrossRef]
96. Alao, J.P.; Johansson-Sjölander, J.; Rallis, C.; Sunnerhagen, P. Caffeine Stabilises Fission Yeast Wee1 in a Rad24-Dependent Manner

but Attenuates Its Expression in Response to DNA Damage. Microorganisms 2020, 8, 1512. [CrossRef] [PubMed]
97. Rodríguez-López, M.; Gonzalez, S.; Hillson, O.; Tunnacliffe, E.; Codlin, S.; Tallada, V.A.; Bähler, J.; Rallis, C. The GATA

Transcription Factor Gaf1 Represses TRNAs, Inhibits Growth, and Extends Chronological Lifespan Downstream of Fission Yeast
TORC1. Cell Rep. 2020, 30, 3240–3249.e4. [CrossRef] [PubMed]

98. Pataki, E.; Simhaev, L.; Engel, H.; Cohen, A.; Kupiec, M.; Weisman, R. TOR Complex 2- Independent Mutations in the Regulatory
PIF Pocket of Gad8AKT1/SGK1 Define Separate Branches of the Stress Response Mechanisms in Fission Yeast. PLoS Genet. 2020,
16, e1009196. [CrossRef] [PubMed]

http://doi.org/10.1091/mbc.10.5.1495
http://doi.org/10.1098/rstb.2011.0124
http://www.ncbi.nlm.nih.gov/pubmed/22084378
http://doi.org/10.1098/rsob.130127
http://www.ncbi.nlm.nih.gov/pubmed/24451546
http://doi.org/10.1371/journal.pone.0143037
http://www.ncbi.nlm.nih.gov/pubmed/26575035
http://doi.org/10.1016/j.cub.2014.12.034
http://www.ncbi.nlm.nih.gov/pubmed/25639242
http://doi.org/10.1242/jcs.049387
http://doi.org/10.1111/j.1365-2958.2010.07193.x
http://doi.org/10.1186/s13008-020-00066-1
http://doi.org/10.15252/emmm.201403959
http://doi.org/10.3390/cells7020015
http://doi.org/10.1242/jcs.222364
http://doi.org/10.3390/biom7030059
http://www.ncbi.nlm.nih.gov/pubmed/28777780
http://doi.org/10.1007/s00294-017-0721-8
http://www.ncbi.nlm.nih.gov/pubmed/28643116
http://doi.org/10.1080/15384101.2017.1281476
http://www.ncbi.nlm.nih.gov/pubmed/28103117
http://doi.org/10.1046/j.1365-2443.1996.02002.x
http://www.ncbi.nlm.nih.gov/pubmed/9078365
http://doi.org/10.1016/j.canlet.2006.03.032
http://doi.org/10.1007/s004380050901
http://www.ncbi.nlm.nih.gov/pubmed/9870697
http://doi.org/10.1016/S0960-9822(99)80486-2
http://doi.org/10.1128/MCB.20.12.4288-4294.2000
http://doi.org/10.1074/jbc.M307088200
http://doi.org/10.1371/journal.pone.0006619
http://doi.org/10.3390/ijms21020446
http://www.ncbi.nlm.nih.gov/pubmed/31936707
http://doi.org/10.1016/S0021-9258(19)84075-9
http://doi.org/10.3390/microorganisms8101512
http://www.ncbi.nlm.nih.gov/pubmed/33008060
http://doi.org/10.1016/j.celrep.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32160533
http://doi.org/10.1371/journal.pgen.1009196
http://www.ncbi.nlm.nih.gov/pubmed/33137119


Cells 2021, 10, 305 11 of 11

99. Ochotorena, I.L.; Hirata, D.; Kominami, K.; Potashkin, J.; Sahin, F.; Wentz-Hunter, K.; Gould, K.L.; Sato, K.; Yoshida, Y.; Vardy,
L.; et al. Conserved Wat1/Pop3 WD-Repeat Protein of Fission Yeast Secures Genome Stability through Microtubule Integrity and
May Be Involved in MRNA Maturation. J. Cell Sci. 2001, 114, 2911–2920.

100. Verma, S.K.; Ranjan, R.; Kumar, V.; Siddiqi, M.I.; Ahmed, S. Wat1/Pop3, a Conserved WD Repeat Containing Protein Acts
Synergistically with Checkpoint Kinase Chk1 to Maintain Genome Ploidy in Fission Yeast S. pombe. PLoS ONE 2014, 9, e89587.
[CrossRef]

101. Tenzer, A.; Pruschy, M. Potentiation of DNA-Damage-Induced Cytotoxicity by G2 Checkpoint Abrogators. Curr. Med. Chem. Anti
Cancer Agents 2003, 3, 35–46. [CrossRef]

102. Wang, X.; Wang, H.; Iliakis, G.; Wang, Y. Caffeine-Induced Radiosensitization Is Independent of Nonhomologous End Joining of
DNA Double-Strand Breaks. Radiat. Res. 2003, 159, 426–432. [CrossRef]

103. Sinn, B.; Tallen, G.; Schroeder, G.; Grassl, B.; Schulze, J.; Budach, V.; Tinhofer, I. Caffeine Confers Radiosensitization of
PTEN-Deficient Malignant Glioma Cells by Enhancing Ionizing Radiation-Induced G1 Arrest and Negatively Regulating
Akt Phosphorylation. Mol. Cancer Ther. 2010, 9, 480–488. [CrossRef] [PubMed]

104. van Dam, R.M.; Hu, F.B.; Willett, W.C. Coffee, Caffeine, and Health. N. Engl. J. Med. 2020, 383, 369–378. [CrossRef] [PubMed]
105. Li, W.; Saud, S.M.; Young, M.R.; Chen, G.; Hua, B. Targeting AMPK for Cancer Prevention and Treatment. Oncotarget 2015, 6,

7365–7378. [CrossRef] [PubMed]
106. Umezawa, S.; Higurashi, T.; Nakajima, A. AMPK: Therapeutic Target for Diabetes and Cancer Prevention. Curr. Pharm. Des. 2017,

23, 3629–3644. [CrossRef]
107. Vara-Ciruelos, D.; Russell, F.M.; Hardie, D.G. The Strange Case of AMPK and Cancer: Dr Jekyll or Mr Hyde? Open Biol. 2019, 9.

[CrossRef]

http://doi.org/10.1371/journal.pone.0089587
http://doi.org/10.2174/1568011033353533
http://doi.org/10.1667/0033-7587(2003)159[0426:CIRIIO]2.0.CO;2
http://doi.org/10.1158/1535-7163.MCT-09-0498
http://www.ncbi.nlm.nih.gov/pubmed/20103602
http://doi.org/10.1056/NEJMra1816604
http://www.ncbi.nlm.nih.gov/pubmed/32706535
http://doi.org/10.18632/oncotarget.3629
http://www.ncbi.nlm.nih.gov/pubmed/25812084
http://doi.org/10.2174/0929867324666170713150440
http://doi.org/10.1098/rsob.190099

	The Mechanistic Target of Rapamycin Pathway in Cell Growth and Metabolism 
	DNA Damage Response (DDR) Signaling: Cdc25, Wee1, and DNA Damage CheckPoint Activation 
	TORC1, Caffeine and the DNA Damage Response Pathway 
	Crosstalk between TORC2 and DNA Damage Response Pathways 
	Prospects for mTOR as a Chemo- and Radio-Sensitisation Therapeutic Target 
	References

