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1. ABSTRACT

Progression of the mitotic cell cycle is driven by
fluctuations of the cyclin-dependent kinase (Cdk) activities.
Entry into mitosis is promoted by the elevated activity of
Cdk1 associated with B-type cyclins. Conversely, exit
from mitosis requires the inactivation of Cdkl and the
dephosphorylation of at least a subset of Cdkl substrates.
The Cdcl4 family of phosphatases antagonizes the action
of Cdkl, and is thus a major player in controlling the
mitotic exit. We review recent discoveries in several model
systems that have shed light on the function of Cdc14 and
propose a general framework within which Cdcl4 plays
conserved roles in regulating the exit from mitosis and
cytokinesis.

2. INTRODUCTION

During the eukaryotic cell cycle, the cell
accomplishes the proper segregation of its genome and the
equal partition of all cellular components into the two
daughter cells. The cyclin-dependent kinases (Cdks) are
the master regulators that orchestrate the various
complicated cellular processes of cell division (Figure 1).
The Cdks are generally heterodimers containing a kinase
subunit and a cyclin (1). Combinations of the different
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isoforms of kinase subunits and cyclins give rise to a large
variety of functional Cdks that phosphorylate specific
substrates and promote different stages of the cell cycle (2).
The Cdcl4 phosphatases appear to remove the Cdk-
mediated phosphorylation of several key cell cycle
regulators and antagonize the functions of Cdks. However,
to understand how Cdc14 reverses the effect of Cdkl and
promotes mitotic exit, we first examine the cellular events
leading to the exit of mitosis and the molecular players
involved in these events.

Several key events serve as major landmarks
during progression through mitosis and provide a roadmap
for understanding how regulators of mitotic exit operate.
The first such event is the separation of sister-chromatids.
After all sister chromatids are attached to microtubules
emanating from the two opposing centrosomes (known as
spindle pole bodies (SPBs) in yeast), the cohesin protein
complex that maintains the sister-chromatid cohesion is
removed by proteolysis (3). This allows the mitotic spindle
to move chromatids pole-ward during anaphase. In
telophase, a mature actin-based contractile ring and the
equatorial microtubule-organizing center (eMTOC) are
formed. Once the chromosomes have been properly
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Figure 1. Schematic representation of the eukaryotic cell cycle.

segregated toward the opposite poles, the cell is partitioned
into two daughter cells through the process known as
cytokinesis (4). To complete mitosis, cells then
disassemble the mitotic spindle, decondense chromosomes,
and reform the nuclear envelope (in mammals). In the end,
each daughter cell acquires a complete set of genomic
DNA, one centrosome, and approximately half of the
cellular organelles. Errors during mitosis, most notably
chromosome mis-segregation, lead to genetic instability,
which may contribute to cancer progression. To avoid this
dire consequence, cells employ strict regulatory
mechanisms to ensure the orderly execution and thus the
fidelity of various mitotic processes.

Significant advances have recently been made
toward the understanding of the molecular basis of mitotic
exit. In essence, exit from mitosis requires the inactivation
of the Cdk activity, and equally importantly the reversal of
some of the Cdk-mediated phosphorylation events. These
dephosphorylation events in turn lead to changes in the
localization, stability and activity of a large set of cellular
proteins. In general, factors that act to promote mitosis are
inactivated, and those that are required for the final stages
of mitosis and subsequent G1 phase are activated. Results
from the various model organisms used to study this
problem suggest that the Cdcl4 family of phosphatases
may play critical roles in both aspects of mitotic exit, i.e.
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inactivation of Cdks and reversal of Cdk-mediated
phosphorylation. We review the evidence supporting the
role of Cdc14 in various aspects of mitotic exit.

3. MOLECULAR BASIS OF MITOTIC EXIT

3.1. Cyclin degradation and the Anaphase-Promoting
Complex (APC)

The B-type cyclins in eukaryotes form complexes
with Cdk1 to promote entry into mitosis. The activities of
these mitotic Cdks must then be lowered for the cell to
complete the final events of mitosis and exit into the
following G1 phase. Ubiquitin-mediated  protein
degradation of the mitotic cyclins ensures the complete and
irreversible inactivation of the mitotic Cdks.  The
anaphase-promoting complex (APC) or the cyclosome, a
multi-subunit ubiquitin protein ligase (E3), is primarily
responsible for the removal of B-type cyclins and other key
mitotic regulators (5). The core APC has little intrinsic
ubiquitin ligase activity and requires the association of
either Cdc20 or Cdhl, two related WD40-repeat-containing
proteins (6). Cdc20 and Cdhl have recently been shown to
recruit substrates to the APC and confer the substrate
specificity of APC (7-14). Not surprisingly, binding of
Cdc20 or Cdhl to APC is controlled by elaborate signaling
networks that act to prevent the degradation of the key
mitotic regulators before the completion of certain cellular
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Figure 2. Outline of the signaling pathways that regulate APC activity during mitosis.

events(15). The pathways that regulate Cdc20 and Cdhl
therefore indirectly control the timing of cyclin
degradation, thus influencing the Cdk oscillator that
dictates the progression of the cell cycle (Figure 2) (16,17).

3.2. APC®*? jnitiates chromosome segregation

The Cdc20 protein (Fizzy in Drosophila, FZY-1
in C. elegans, p55Cdc or hCdc20 in humans, and Slpl in
fission yeast) binds to the APC and targets securin, an
inhibitor of the separase, for ubiquitination (18-20).
Separase released from securin then cleaves the Sccl
subunit of the cohesin complex that tethers sister-
chromatids together during chromosome alignment on the
metaphase plate(19). It is generally believed that cleavage
of Sccl by separase causes the loss of cohesion between
sister-chromatids, which then migrate to opposing poles
during anaphase. The spindle checkpoint senses tension
and occupancy of kinetochores by microtubule attachments
(21).  Kinetochores without attachment and tension
coalesce the spindle checkpoint proteins to transmit a
diffusive signal that prevents Cdc20 from activating the
APC (22,23). Once all kinetochores are correctly attached
to microtubules, the spindle checkpoint is satisfied and
Cdc20 is allowed to activate the APC, leading to
ubiquitination of securin, activation of separase, cleavage
of Sccl, and the onset of sister-chromatid separation (3,24).
In addition to securin degradation, the APC®*?° complex
also begins the degradation of mitotic cyclins and possibly
other important substrates (25).
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3.3. Role of APC“™"" and Cdc14 in mitotic exit

In certain systems, such as the early embryonic
cell divisions of Drosophila and Xenopus that lack G1 or
G2 phases, APC®? is sufficient for mitotic exit by
ubiquitinating enough cyclin to allow the inactivation of
Cdkl. In fact, the Cdhl protein is not even present in
Xenopus egg extracts (26). However, during the somatic
cell cycle that has a well-defined G1 phase, Cdhl (also
known Hctl in S. cerevisiae, Fizzy-related in Drosophila,
and Srw1/Ste9 in S. pombe) also mediates the degradation
of mitotic cyclins and the inactivation of Cdkl, thus
promoting mitotic exit (17,27). In addition to
ubiquitinating mitotic cyclins, APC™™ is also known to
degrade many important mitotic regulatory proteins,
including Cdc20 and Cdc5 polo-like kinases, thus resetting
the cell cycle and establishing G1 (28,29). To delay its
own demise, the mitotic Cdks phosphorylate Cdhl and
block its association with the APC (30). It has been shown,
in both budding yeast and mammalian cells, that the Cdc14
phosphatase dephosphorylates Cdhl and promotes its
stimulatory activity toward the APC (9,27,30-32).

3.4. Regulation of Cdc14 by MEN and SIN

Through genetic analysis, a complex network of
genes in the budding yeast Saccharomyces cerevisiae,
known as the Mitotic Exit Network (MEN), has been
shown to control the Cdcl4-dependent activation of
APCE(33), Similarly, in the fission yeast
Schizosaccharomyces pombe, Cdcl4 is regulated by a
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Figure 3. Comparisons of the MEN and SIN.

highly homologous signaling pathway, known as the
Septation Initiation Network (SIN) (34,35). The SIN was
identified by genetic analysis aimed at understanding the
control of cytokinesis rather than cyclin degradation and
mitotic exit. Surprisingly, SIN does not appear to be
required for the activation of APC“™'. Thus, studies on the
two genetic networks (MEN and SIN) operating in fission
and budding yeast have led to the conclusion that, except
the regulation of Cdc14, the MEN and SIN networks have
been established to perform very different tasks (Figure 3).

The genetic dissection of MEN and SIN has been
invaluable in identifying a large set of factors responsible
for the inactivation of mitotic Cdks and/or for the
completion of cytokinesis. = However, the apparent
discrepancy between the MEN and SIN outputs has caused
some distraction in the studies of this important cell cycle
circuitry. It is possible that the different findings between
the budding and fission yeast may be caused by the specific
features associated with the cell cycle of the two organisms.
MEN and SIN could in fact have very similar functions in
controlling both mitotic exit and cytokinesis in all
organisms. We propose the following hypothesis to
reconcile the difference between MEN and SIN in general
and the difference between the roles of Cdc14 in MEN and
SIN signaling in particular.

A fact common to all organisms studied to date is
that cytokinesis cannot occur prior to the inactivation of
Cdk1 (Figure 3). It is thus possible that factors required for
cytokinesis are inhibited by mitotic Cdks. The general
model derived from the evidence currently available in
several model systems is that the Cdcl4 phophatase
promotes both the exit from mitosis and cytokinesis in two
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ways. First, Cdcl4 dephosphorylates several substrates
that cause the global inactivation of mitotic Cdk activity.
Second, Cdc14 removes Cdk-mediated phosphorylations on
specific substrates required during cytokinesis. Although
the Cdcl4 homologue in S. pombe, flpl/clpl, is not
required for cyclin degradation during SIN signaling
(34,35), flpl is very likely to be involved in this process
during the normal cell cycle. The flpl-null S. pombe
mutants may degrade cyclins and inactivate Cdk1 through
alternative mechanisms (possibly through the actions of the
APC2 complex), but display an elevated rate of
cytokinesis defects compared to wild-type cells,
highlighting the role of flpl during cytokinesis (34,35).
Unlike S. pombe, alternate mechanisms are unable to
overcome the loss of Cdc14 function in S. cerevisiae for the
degradation of mitotic cyclins. Inactivation of Cdc14 thus
leads to cyclin stabilization, preventing both mitotic exit
and cytokinesis. It is possible that the failure to degrade
mitotic cyclins in the MEN mutants of S. cerevisiae masks
any potential cytokinesis phenotypes. Extensive reviews
are available on the MEN and SIN (36-40). We will briefly
describe these networks with emphasis on the most recent
findings and discuss how they relate to our general
hypothesis of the function of Cdc14 in both mitotic exit and
cytokinesis. We will also attempt to highlight important
issues that may resolve the discrepancies between the MEN
and SIN.

4. THE MEN OF S. CEREVISIAE

4.1. Molecular components of the MEN

Inactivation of the MEN in S. cerevisiae through
temperature-sensitive mutants or deletion analysis causes
cells to arrest in telophase with large buds and high mitotic
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Figure 4. Schematic outline of the interactions between molecular players of the MEN and SIN.

Cdk activity. MEN activity is therefore required for proper
cyclin degradation, and cyclin degradation is required for
cytokinesis. MEN components include the Cdcl14 dual-
specificity phosphatase, the protein kinases Cdc5 (polo-like
kinase family), Cdcl15, and Dbf2 in complex with Mobl
(no known structural and functional motifs), the Teml
GTPase, the Ltel guanine nucleotide exchange factor
(GEF), and Bub2 and Bfal that comprise a two-component
GTPase-activating protein (GAP) (Figure 4).

4.2. The TEM1 GTPase cycle

The small GTPase Tem1 is thought to act at or
near the top of this signaling network. The two-component
GAP Bub2-Bfal negatively regulates Tem1 (41). Deletion
of Bub2, however, does not have the same effect as most of
the other MEN components. Bub2 is a spindle checkpoint
gene and was identified in a screen for genes required for
maintaining the metaphase arrest in response to
microtubule depolymerization by drug treatment (42). The
majority of spindle checkpoint genes identified in this
genetic screen regulate the ubiquitin ligase activity of
APC®20 (43). On the other hand, Bub2 appears to be the
only spindle checkpoint gene that negatively regulates the
MEN through Tem1 inactivation (44). It should be pointed
out that Bub2 is dispensable for the normal cell cycle in the
absence of spindle damaging agents, largely due to
additional regulatory mechanisms on Tem1 (see below) and
the timing of cell cycle events (i.e. the rate of spindle
positioning into the daughter cell occurs faster than
cytokinesis after MEN activation). In the presence of a
metaphase arrest generated through mutations or drug
treatment, Bub2 is required to restrain the activity of MEN
and stabilize the mitotic cyclins (44).
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Mutations of Ltel cause telophase arrest at low
temperatures. Overexpression of Teml can bypass this
arrest (45). This and other evidence support the role of
Ltel in activating Tem1 through exchange of GDP for GTP
on Teml. Presumably, the GEF activity of Ltel is only
required for Teml nucleotide exchange at lower
temperatures, as Tem1 has high intrinsic exchange activity
at higer temperatures (41). Interestingly, Tem1, Bub2 and
Bfal localize preferentially to the SPB that repositions into
the daughter cell (46). Ltel is localized at the cortex of the
daughter cell (46,47). This allows Teml to become
activated when the leading spindle has properly moved into
the daughter cell. For this reason, the Bub2 pathway is
known as the spindle position checkpoint.

4.3. Role of Cdc15, Dbf2, and Cdc5 during mitotic exit

Tem1 activation then leads to the recruitment the
Cdcl15 kinase to the SPB (48). Cdcl5 is constitutively
active and is thought to be regulated only by the availability
of substrates, which are localized at the SPB (49). Cdcl5
localization to the SPB leads to the activation of the kinase
activity of Dbf2-Mob1 complex (50,51). In late mitosis,
both Cdc15 and Dbf2-Mobl relocalize from the SPB to the
mother-bud junction during cytokinesis (52,53). The exact
role of these components at the bud neck is not clear.

CdcS5 plays a complex role during several stages
of mitosis. First, during prometaphase, Cdc5 is involved in
the activation of APCC*? through a yet unknown
mechanism(29). Second, Cdc5 phosphorylates Sccl, which
facilitates its cleavage by Espl (54). Third, Cdc5
phosphorylates Bfal and inhibits the GAP activity of
Bub2-Bfal toward Teml (55). Fourth, Cdc5
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phosphorylates Netl, which is thought to promote its
dissociation from Cdcl4 and the release of Cdcl4 from
sequestration (see below) (56,57). At the end of mitosis,
Cdc5 also localizes to the bud neck, and plays a role in the
completion of cytokinesis (58).

4.4. The release of Cdc14 from the nucleolus

The activation of this GTPase/kinase intracellular
signaling cascade eventually leads to the activation of
Cdcl4 and mitotic exit. In interphase cells, Cdcl4 is
sequestered in the nucleolus where it remains inactive by
association with the Netl/Cfil component of the RENT
complex (59,60). An active MEN signal is required for the
sustained release of Cdcl4 from the nucleolus. Because
mutations of Cdc5, Cdcl5, Dbf2, and Teml all lead to a
telophase arrest with Cdc14 sequestered in the nucleolus
and because overexpression of Cdc14 bypasses the lethality
of most MEN mutants, Cdc14 was thought to be the most
downstream component of the MEN pathway (16).

Once Cdcl4 is released from the nucleolus, it
dephosphorylates many substrates, including Cdh1 (Hctl in
yeast), SwiS5, Sicl, Cdcl5, and Ltel (49,61-63).
Dephosphorylation of Swi5 leads to the transcriptional up-
regulation of Sicl, a Cyclin-dependent Kinase Inhibitor
(CKI) (61). Moreover, dephosphorylation of the Sicl
protein is required for its stabilization and accumulation.
Finally, dephosphorylation of Cdh1/Hctl activates the APC
and leads to the degradation of CIb2 (31). Therefore,
Cdc14 is a key component of the MEN and triggers the exit
from mitosis through multiple inter-connected mechanisms.

4.5. The transient release of Cdc14 in early anaphase

Recently, several findings refine the aforementioned
model of mitotic exit in budding yeast. Earlier evidence had
suggested an additional mechanism for Cdc14 release from the
nucleolus independent of MEN activity (59). For some time, it
had been known that, in addition to controlling the cleavage of
Sccl, Pdsl (securin) and Espl (separase) play a role in the
proper execution of mitotic exit (64,65). The mitotic exit
function of Pdsl and Espl is dependent on several MEN
components, including Cdc5. Cdc5 overexpression results in
stimulation of APC activity that does not affect the degradation
of Pds1, implicating that it affects APC“™ (29). Additionally,
Spo12, a protein involved in the regulation of meiosis and the
proper timing of mitosis, was shown to be a high-copy
suppressor of MEN components (33). Interestingly, Spol2
localized to the nucleolus, suggesting that a possible
mechanism for suppression of MEN mutations by Spol2
might be through the delocalization of a small portion of
Cdc14 from the nucleolus (66). These observations were tied
together by several recent reports that made careful
observations of the dynamics of Cdc14 localization throughout
anaphase. It was demonstrated that a MEN-independent
release of Cdcl4 occurs in early anaphase, prior to MEN
activation (67-69). Several genes, collectively referred to as
the Cdcl4 Early Anaphase Release (FEAR) network, were
required for this early release of Cdcl4, including CdcS,
Spo12, Espl, and the Esp1 substrate, Slk19 (67).

Subsequently, CdcS was shown to affect Cdcl4
release from the nucleolus in part by phosphorylating Netl,
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weakening the affinity of Netl for Cdc14 (56,57). In an
clegant study, it was determined that Espl activation
promotes Cdc14 release from the nucleolus independent of
its role in chromosome segregation. The physical
interaction between Espl and its substrate Slk19, rather
than the protease activity of Espl, is required for the
transient release of Cdc14 (70). Thus, progression through
mitosis requires two distinct functions of Espl. These
results strongly suggest that the events of mitotic exit are
mechanistically coupled to the proper completion of
metaphase and the release of inhibition of APC®*? by the
spindle checkpoint.

4.6. The relationship between MEN and FEAR

CdcS is the only common component of the MEN
and FEAR. It is required for Cdc14 release both in early
and late anaphase, which is consistent with its pleotropic
roles in mitosis, including the phosphorlyation of Bfal,
Netl, and Sccl. What is then the functional consequence
of the early release of Cdcl4? Not surprisingly, it is
required for the full activation of the MEN. It turns out that
the early released Cdc14 localizes to the SPB that moves
into the daughter cell through the physical interaction with
Bfal and Tem1 (68,69). This interaction may help relieve
the GAP activity of Bfal/Bub2 on Tem1 (in addition to the
inhibitory phosphorylation of Bfal by Cdc5), thus allowing
the activation of Tem1 by Ltel (68).

In addition to binding to Bfal and Teml at the
SPB, the transient release of Cdc14 in early anaphase may
also stimulate the activity of the MEN through
dephosphorylating Cdc15 and Ltel. The effect of Cdcl5
dephosphorylation by Cdc14 is unknown, although it might
affect the SPB localization of Cdcl5, and thus Dbf2-Mob1
activation, or promote its relocalization to the contractile
ring. This will activate more players of MEN, and
somehow enhance Cdcl5 activity toward mitotic exit
and/or cytokinesis. Ltel has recently been shown to
localize to the bud in a manner dependent on actin, Cdc42,
and the mitotic Cdks (62), demonstrating a role for cell
polarity proteins in mitotic exit. The Rho-like GTPase,
Cdc42, activates the Cla4 kinase and leads to Ltel
phosphorylation and localization to the bud through
binding to Kell (63,71). On the other hand, overexpression
of Cdcl4 in metaphase cells leads to the premature
dephosphorylation and delocalization of Ltel (62). The
release of Cdcl4 in early anaphase may positively
influence the activity of Ltel by releasing it from the cell
cortex and allowing its access to Tem1 on the SPB. Thus,
Cdcl14 may potentiate the signaling of the MEN through
several parallel pathways.

4.7. Role of MEN during cytokinesis

Several lines of evidence indicate that the MEN
in budding yeast might also be important for cytokinesis,
similar to the SIN in fission yeast and the Cdc14 proteins in
mammals and C. elegans. For example, many MEN
components localize to both the SPB and the actomyosin-
based contractile ring. More interestingly, a Netl mutant
has been isolated that allows the release of Cdc14 in the
absence of proper Teml function. This mutant degrades
mitotic cyclins with the proper timing, but it exhibits severe
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cytokinesis defects when the function of Teml is
compromised. This strongly suggests that Tem1 (a MEN
component) is required for certain aspects of cytokinesis.
This function of Teml can only be revealed when the
requirement for MEN in the inactivation of Cdkl is
bypassed, in this case, by suppressing the function of Netl.
The Mobl protein, which complexes with Dbf2, is required
for actomyosin ring contraction and thus proper cytokinesis
when its role in cyclin degradation is bypassed (72).
Temperature sensitive mutations of Dbf2 cause the loss of
the actomyosin ring and actin patches at the bud neck in
late mitosis (52). Additionally, certain mutations in Cdcl5
allow rebudding to occur, indicative of Cdkl inactivation,
and are defective for cytokinesis (73). Furthermore, Cdc15
has recently been shown to relocate from the mother SPB
to the daughter SPB only after the activation of Cdc14 and
inactivation of Cdkl (53). Cells expressing Cdcl5
fragments defective in SPB localization are capable of
forming an actomyosin ring, but undergo several rounds of
DNA replication and form chains of cells without
completing cytokinesis. In addition, Cdc5 mutations also
cause growth of chains of cells, disruption of septin
formation, and cytokinesis defects, independently of the
Bub2-Bfal pathway (74). Finally, overexpression of a C-
terminal domain of Cdc5 inhibits cytokinesis (58).

4.8. Inactivation of MEN

All the available data now support the following
order of events. First, Cdc14 dephosphorylates Ltel, both
of which then associate with the SPB through interactions with
Teml and Bfal. This leads to the activation of the MEN.
Cdc14 then dephosphorylates Cdcl5, activating Dbf2-Mobl
and downstream MEN components. Cdcl5 and Dbf2-Mobl
then relocate to the contractile ring and play an undetermined
role in the execution of cytokinesis. Concurrent with these
events, Cdc14 also promotes the destruction of mitotic cyclins
through Cdhl. Cdcl4 also dephosphorylates Swi5 and Sicl,
leading to the accumulation of Sicl. This culminates in the
global inactivation of Cdkl, allowing mitotic exit and
cytokinesis. At telophase, Cdcl4 inactivates the MEN
signaling by reversing the Cdc5-dependent phosphorylation of
Bfal, which restores the GAP activity of Bub2-Bfal towards
Teml (68).

Interestingly, despite their direct association, Cdc14
does not appear to dephosphorylate Bfal in early anaphase
(68). The mechanism by which Cdcl4 is prevented from
dephosphorylating Bfal in early anaphase is unknown. One
possibility is that the fully activated MEN causes a full release
of Cdc14 from the nucleolus, increasing the concentration of
Cdcl14 in the cytoplasm and elevating Cdc14-binding to the
SPB. Only high enough concentrations of Cdc14 at the SPB in
telophase could then lead to the dephosphorylation of Bfal and
the inactivation of MEN. Alternatively, a yet unidentified
mechanism actively prevents the dephosphorylation of Bfal by
Cdc14, but not its binding to Cdc14, until the MEN activity is
no longer required.

5. THE SIN OF S. POMBE

In sharp contrast to the MEN defects in S.
cerevisiae, most loss-of-function SIN mutants in S. pombe
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properly degrade mitotic cyclins and exit mitosis. The
primary defect of SIN mutants is the incomplete or
improper execution of cytokinesis and septum formation,
resulting in elongated and multinucleated cells with
multiple septa that eventually undergo lysis. Despite these
differences, the MEN and SIN are highly similar
intracellular  signaling networks with most MEN
components having homologues in the SIN. In fact, it is
highly likely that homologues of all known MEN
components will eventually be found in the SIN, and vice
versa (Figure 4).

5.1. Molecular components of the SIN

The SIN consists of spgl (a Ras-like GTPase),
cdcl6-byrd (a two-component GAP), plol (a polo-like
kinase), cdc7 (a protein kinase), sid2 (a protein kinase),
mobl, and flpl (also known as clpl, a dual-specificity
phosphatase; hereafter referred to as flpl for clarity).
These genes are homologues of Teml, Bub2-Bfal, Cdc5,
Cdcl5, Dbf2, Mobl, and Cdcl4 of the MEN in S.
Cerevisiae, respectively. There is currently no known GEF
for spgl in the SIN that is homologous to Ltel in the MEN,
whereas the sidl-cdc14 (unrelated to the S. cerevisiae
Cdc14) protein kinase complex has no known homologue
in the MEN.

The spgl GTPase is an activator of SIN signaling,
and is inhibited by the two-component GAP, cdcl6-byrd
(75,76). Overexpression of spgl leads to multiple rounds of
septum formation without cytokinesis (77). Likewise, deletion
of either cdcl6 or byrd causes the same phenotype due to
hyperactive SIN function (78,79). Additionally, cdc16-byr4
function is required, in a similar fashion to Bub2-Bfal, to
maintain high mitotic Cdk activity during a metaphase arrest
caused by an active spindle checkpoint (78). The cdc7 kinase,
the S. cerevisiae Cdc15 homologue, is recruited to the spindle
in an spgl-GTP-dependent manner, and activates the sid2-
mobl kinase (Dbf2-Mobl S. cerevisiae homologue) complex
through the sidl-cdc14 kinase (80). The active sidl-cdc14
complex is recruited to the SPB only after the inactivation of
Cdkl. This step may be one of the key links between the
inactivation of mitotic Cdks and cytokinesis initiation.

The plol polo-like kinase, similar to CdcS of the
MEN, has a complex role in SIN signaling. It is required for
the formation of the equatorial microtubule organizing center,
the medial ring and thus septation (81,82). Overexpression of
plol causes the recruitment of cdc7 to the SPB and activation
of the SIN (83). The plol kinase was also shown to activate
spgl and act at a step upstream of cdcl6-byr4 (84). This
indicates that plol may function in a similar fashion to the
CdcS5 of the MEN network. It will be interesting to examine
whether plol directly phosphorylates and inhibits byr4,
causing the activation of spgl and the recruitment of cdc7 to
the SPB and if it influences the localization of flpl, the S.
pombe Cdcl4 homologue (see below). Likewise, there is
currently no experimental evidence to support direct
interactions between flp1 and spgl or between flp1 and cdc16.

5.2. Differences between MEN and SIN
The SIN mutants are able to degrade mitotic
cyclins and undergo mitotic exit. Consistent with this, flp1
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is not essential for viability in S. pombe (34,35). Instead of
arresting in telophase with elevated cyclins, the flpl
deletion mutants degrade mitotic cyclins normally (34,35).
Dephosphorylation of the ruml and ste9/srwl proteins
(homologues of sicl and Hctl of S. cerevisiae respectively)
also occurs normally in these cells (34,35). Consequently,
the flpl mutant cells exit mitosis, albeit with a slight
increase (about 8% of the population) in cytokinesis
failures (34,35). Unexpectedly, the flpl mutants exhibit a
mild so-called wee phenotype first found in the weel
mutants, i.e. these cells are small in size due to premature
entry into mitosis. Furthermore, although overexpression
of flpl does not overcome the phenotypes of other SIN
mutants, it does produce a dramatic delay in mitotic entry.
This delay in mitotic entry correlates with the
dephosphorylation of the cdc25 phosphatase, an activator
of Cdkl (34,35). These data are consistent with flpl
playing a role in restraining mitotic entry by inhibiting
cdc25 and thus delaying the activation of Cdkl. Despite
the failure to rescue the cytokinesis phenotype of several
SIN mutants, there are strong genetic interactions between
flpl and the SIN. Certain SIN mutant cells with flpl
deleted lose viability and have a more pronounced septation
defect (34,35). This strongly suggests that flpl might have
a role in potentiating SIN signaling, similar to that of
Cdc14 in further activating other MEN components in the
budding yeast. Interestingly, loss of flpl strongly
attenuated the recruitment of the sid1p kinase to the SPB, a
step that is dependent upon Cdkl inactivation. This
indicates that flp1 negatively regulates Cdk1 during mitotic
exit, despite not being strictly required for cyclin
degradation and exit from mitosis (34,35).

Another apparent discrepancy between flpl and
the budding yeast Cdc14 lies in their localization patterns.
In interphase cells, flpl localizes largely to the nucleolus,
but a small portion of flp! is also found at the SPB (34,35).
This observation casts doubt on the generality of the
hypothesis that nucleolar sequestration by the RENT
complex completely inactivates the Cdcl4 family of
phosphatases, as first been suggested by results from S.
cerevisiae.  This localization pattern of flpl is also
consistent with it playing a role during interphase, such as
the regulation of cdc25 and consequently Cdkl. During
mitosis, flpl is released from the nucleolus into the
cytoplasm and the nucleus. In addition to the diffuse
localization, flpl released from the nucleolus also
specifically localizes to the spindle, the eMTOC, and the
central actin ring. Surprisingly, the SIN network is not
required to release flpl from the nucleolus, but is necessary
for maintaining flpl in a released state (34,35). These
prominent differences between MEN and SIN led to the
conclusion that, despite many homologous features, they
function in very different fashions and control distinct
cellular processes.

5.3. Requirement for flpl in mitotic exit under special
circumstances

The dmal gene was identified as a multicopy
suppressor of null phenotype of cdcl6, a spindle
checkpoint gene (85,86). The dmal protein contains an
FHA domain (a putative phosphopeptide-binding module)
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and a RING domain (a domain commonly found in E3
ubiquitin ligases) (85). Like cdc16 and byrd4, dmal is not
an essential gene. However, similar to cdcl16 and byr4,
deletion of dmal abrogates the ability of the spindle
checkpoint to maintain a metaphase arrest in the presence
of spindle damaging agents (85). In a study to further
analyze the relationship of dmal with the SIN, Guertin et
al. showed that dmal prevents plol from localizing to the
SPB. Although dmal has yet to be demonstrated to be an
E3 ubiquitin ligase, its mammalian homologue, CHFR, has
been shown to directly ubiquitinate Plk1 in vitro (87). It is
thus possible that dmal directly ubiqutinates plol and
regulates its localization or turnover at the SPB, thus
preventing the inactivation of cdc16-byr4 by plol and the
untimely activation of spgl in the presence of an active
spindle checkpoint (88).

As mentioned above, the dmal deletion mutant
cells exhibit a defective spindle checkpoint and undergo
mitotic exit in the presence of spindle damaging agents,
such as nocodazole (88). Interestingly, flpl is required for
the inactivation of mitotic Cdks and the mitotic exit of the
dmal-null cells in the presence of an active spindle
checkpoint (and thus an inactive APC“?° complex) (88).
Normal mechanisms for the inactivation of active Cdkl in
S. pombe again involve the stabilization and increased
expression of the CKI rum1 and the activation of the Cdhl
homologue, ste9/srwl (89-93). Although the fission yeast
cells can overcome the loss of flpl and exit mitosis, the
failure of the flpl and dmal double mutants to undergo
mitotic exit in the presence of spindle damage indicates that
flpl is required for mitotic exit under certain adverse
conditions (88). This strongly suggests that flpl might
contribute to the activation of APC™*™! and/or the
stabilization of rum! during the normal cell cycle. It will
be interesting to test whether cdc16 mutants that have a
defective spindle checkpoint also require the function of
flp1 for Cdk1 inactivation and mitotic exit. Along this line,
it will also be interesting to test the ability of flpl to
directly dephosphorylate ste9/srw1 and ruml in vitro.

6. MITOTIC EXIT NETWORKS IN HIGHER
EUKARYOTES

It is very likely that higher eukaryotes utilize
signaling networks similar to MEN and SIN to monitor late
mitotic events. Database searches have identified several
homologues of the MEN and SIN networks in mammals
and other higher eukaryotes. For example, GAPCENA has
homology to Bub2 and cdcl6, and localizes to the
centrosomes (94). The small GTPase RhoA has been
shown to be required for the proper execution of
cytokinesis in mammalian cells (95). Apparent
homologues of Dbf2/Sid2, Mobl, Cdc5/Plol have been
identified in mammals (96-100). Likewise, two human
homologues of Cdc14, hCdc14A and hCdc14B, have been
identified (101). As expected, these proteins have been
shown to play various roles in mitosis and some of them
are shown to localize to mitotic structures including the
centrosomes, similar to their yeast counterparts. However,
these various factors have not yet been assembled into a
signaling network that controls exit from mitosis in
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mammals. We will focus our discussion on the role of
Cdc14 in higher eukaryotes.

6.1. Mammalian Cdc14A and Cdc14B

The human genome encodes two homologues of
Cdc14, hCdcl4A and hCdcl14B. The hCdcl4A protein
localizes to the centrosomes throughout the cell cycle
whereas hCdc14B localizes to the nucleolus during
interphase (9,102), our unpublished results. Both hCdc14A
and hCdc14B can dephosphorylate hCdh1 and activate the
activity of APC™™' jn vitro (9), and our unpublished
observations.  Overexpression of hCdcl4A promotes
APC®! formation even in the presence of non-degradeable
cyclin B in mammalian cells, leads to premature centriole
splitting in S-phase, and aberrant, multi-polar mitotic
spindles (103,104). Depletion of hCdcl4A from U20S
cells by RNA interference (RNAi) also led to multiple
defects in mitosis, including failure to undergo cytokinesis
(104).

Several lines of evidence establish a link between
the centrosomes and cytokinesis in mammals. First, micro-
manipulation studies showed that anaphase was delayed in
mammalian cells with mis-oriented spindles until spindle
repositioning occurred (105). Microsurgical removal of the
centrosomes in mammalian cells caused defects in
cytokinesis, suggesting that proper cytokinesis in
mammalian cells might be dependent upon the presence of
intact centrosomes (106). Live imaging studies of cells
stably expressing GFP-Centrin to label the centrosomes
demonstrated that the mother centriole migrates to the
midbody prior to abscission (106). Taken together, these
data suggest that the centrosomal localization of hCdc14A
might be connected to its function in cytokinesis, although
the exact mechanism remains to be established. The
essential role of centrosomes in mammalian cytokinesis is
also consistent with the functions of the SPBs in yeast,
which act as hubs for organizing and assembling active
complexes of the MEN and SIN molecules involved with
mitotic exit and cytokinesis.

6.2. The C. elegans Cdc14

In contrast to hCdcl14A, the in vivo function of
hCdc14B has not been carefully studied, but it is likely that
both hCdc14A and hCcd14B contribute to various aspects
of exit from mitosis in mammalian cells. Determining how
these two Cdcl4 homologues are regulated by other
proteins homologous to MEN or SIN components will be
among the next challenges for uncovering the mechanisms
for mitotic exit in mammals. The Cdc14 homologue in C.
elegans has also been identified. The CeCdcl4 protein
localizes to the eMTOC, similar to the S. pombe flp1, but it
does not localize to the centrosomes (107). Removal of
CeCdc14 by RNAI in C. elegans does not prevent mitotic
cyclin degradation (107), consistent with the fact that the
carly embryos lack the expression of Cdhl and that
APC? js sufficient to complete mitotic cyclin
degradation in early embryonic cell divisions. However,
consistent with its role in cytokinesis, depletion of
CeCdc14 does causes severe defects in eMTOC formation
and cytokinesis (107). Interestingly, CeCdc14 requires the
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mitotic kinesin ZEN-4 for localization to the eMTOC, and
vice versa (107).

7. PERSPECTIVE

Lessons from cell cycle research in the past have
led us to believe that the general principles for setting up
the program of mitotic exit and cytokinesis are very likely
to be conserved among species. A careful examination of
the available data in the literature has already provided
hints about how the apparent differences among various
organisms might be eventually resolved. For example, an
important unresolved question is why APC®*% s
insufficient or prevented from completely degrading
mitotic cyclins when the MEN pathway is compromised in
budding yeast. In MEN mutants, cells arrest in telophase
with high mitotic Cdk activity despite the completion of
spindle assembly, sister-chromatid separation, and the loss
of spindle checkpoint-mediated inhibition of APC®?. In
contrast, inactivation of the SIN in fission yeast does not
appear to affect the ability of APCY! (slpl is the fission
yeast homologue of Cdc20) to degrade mitotic cyclins.
One possible mechanism may be that activation of the
FEAR pathway that leads to early anaphase release of
Cdc14 following inactivation of the spindle checkpoint
might also somehow inactivate APC®? 1n this vein, it is
interesting to note that the APC isolated from the CdcS
mutants is less responsive to Cdhl activation in vitro (30).
Therefore, it is possible that certain MEN genes are
required to maintain the integrity of the APC core.
Alternatively, the MEN genes, such as Cdc5, actively
promote the conversion from APC®? to APC“™.  The
loss of certain MEN genes would then trap APC in an
inactive state that can not fully function with either Cdc20
or Cdhl, thus preventing the degradation of mitotic cyclins.

Why is this feature unique to the budding yeast?
The answer might lie in the fact that the cell cycle defects
caused by MEN mutations activate the Bub2 spindle
positioning checkpoint. By coupling mitotic cyclin
degradation and the status of spindle positioning, this
checkpoint would ensure that the activity of the mitotic
Cdks can persist until proper spindle positioning. In S.
pombe, the spindle position checkpoint may have already
been satisfied because both SPBs have to achieve the
correct orientation to allow proper chromosome
segregation. If the mechanism that senses spindle position
is satisfied earlier in S. pombe, the APCS™! complex is then
sufficient to drive mitotic cyclin degradation, allowing exit
from mitosis and establish G1, in the absence of flpl
function.

It is apparent that both MEN and SIN regulate
cytokinesis. However, the mechanism by which these
networks regulate cytokinesis remains to be established.
Recent reports indicate that the SIN is required for the
formation of the actomyosin ring and the eMTOC during
late mitosis in S. pombe (81,82). Studies in C. elegans
strongly suggest that Cdcl4 might also be required for
these processes. It will be interesting to determine whether
this function of Cdcl4 is conserved in other organisms
including mammals. The exact role of Cdc14 homologues
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in regulation of cytokinesis will undoubtedly be an exiting
topic of future studies.

In conclusion, there are important unresolved
differences with respect to the function of Cdc14 in various
organisms.  These differences might be due to our
incomplete understanding of the signaling networks that
control mitotic exit and cytokinesis. Future studies are
needed to resolve the important differences between the
MEN and SIN pathways in budding and fission yeast and to
delineate similar mitotic exit and cytokinesis signaling
networks in mammals and other higher eukaryotes.
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