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■ Abstract Completion of the cell cycle requires the temporal and spatial coordi-
nation of chromosome segregation with mitotic spindle disassembly and cytokinesis.
In budding yeast, the protein phosphatase Cdc14 is a key regulator of these late mitotic
events. Here, we review the functions of Cdc14 and how this phosphatase is regulated
to accomplish the coupling of mitotic processes. We also discuss the function and
regulation of Cdc14 in other eukaryotes, emphasizing conserved features.
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INTRODUCTION

The transmission of genetic information from one generation to the next requires
the accurate replication of the DNA during S phase and the faithful partitioning of
chromosomes during mitosis. Accomplishing this task requires the coordination
of several cellular events. Successful completion of mitosis, for example, depends
on the temporal and spatial coordination of many mitotic processes such as chro-
mosome segregation, spindle disassembly, and cytokinesis. Errors during mitosis,
most notably chromosome mis-segregation, lead to genetic instability, a molecu-
lar hallmark of cancer. The fidelity of mitotic processes is in part controlled by
checkpoints that monitor key cell-cycle events and, in case of a defect, halt mitotic
progression to provide time for error correction. In addition, the coordination of
mitotic events is often achieved by employing the same proteins to control multiple
events.

In this review, we discuss how the protein phosphatase Cdc14, an antagonist of
mitotic cyclin-dependent kinases (CDKs), regulates and couples multiple mitotic
events. We focus our discussion on the budding yeast Saccharomyces cerevisiae,
where the function of this phosphatase and its regulation are best understood.
We also examine Cdc14’s role in other eukaryotes with the goal of highlighting
conserved features.

AN OVERVIEW OF MITOSIS

Over the past two decades, it has become clear that the basic cell-cycle machin-
ery regulating chromosome segregation is conserved in all eukaryotes. Protein
kinases known as mitotic cyclin-dependent kinases (CDKs), which are composed
of a catalytic kinase subunit and a regulatory cyclin subunit, promote entry into the
chromosome segregation phase (reviewed in 91, 95). Preparations for chromosome
segregation, however, already begin during DNA replication, when protein com-
plexes known as cohesins are laid down between the duplicated DNA strands (sister
chromatids) (reviewed in 47). During prophase, these cohesins facilitate the bipo-
lar attachment of pairs of sister chromatids on the mitotic spindle (reviewed in 96).
The dissolution of sister chromatids is triggered by cleavage of one cohesin subunit
(Scc1/Mcd1 in budding yeast; Rad21 in Schizosaccharomyces pombe, Drosophila,
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and mammals; SCC-1/COH-2 in Caenorhabditis elegans) by a CD clan family
protease called separase (Esp1 in budding yeast) (reviewed in 96). Separase is
kept inactive by securin (Pds1 in yeast) until all pairs of sister chromatids have
attached to the mitotic spindle in a bipolar manner. Once this is achieved, an ubiq-
uitin ligase known as the Anaphase Promoting Complex or Cyclosome (APC/C)
together with the specificity factor Cdc20 mediate the ubiquitin-dependent prote-
olysis of securin (Figure 1) (reviewed in 105). Destruction of securin and hence
activation of separase marks the onset of anaphase.

After the completion of chromosome segregation, cells exit from mitosis
(Figure 1). This cell-cycle transition is characterized by mitotic spindle disas-
sembly, chromosome decondensation, and the removal of mitotic determinants.
The destruction of mitotic determinants creates conditions that are permissive
for cytokinesis and assembly of protein complexes required for the initiation of
DNA replication (prereplicative complexes; preRCs) onto origins of replication.

Figure 1 Regulation of mitosis in S. cerevisiae. After DNA replication, sister chro-
matids are held together by the cohesin complex. Sister-chromatid separation is
initiated when a protease called separase (Esp1 in budding yeast) cleaves the co-
hesin subunit Scc1/Mcd1. Until the onset of anaphase, separase is kept inactive by
its inhibitor securin (Pds1 in budding yeast). Securin is inactivated at the onset of
anaphase by ubiquitin-dependent proteolysis mediated by the anaphase-promoting
complex/cyclosome (APC/C) together with its specificity factor Cdc20. This allows for
separase to become active, thereby triggering the onset of sister-chromatid separation.
Exit from mitosis requires the inactivation of mitotic CDKs. Cdc14 promotes mitotic
exit by antagonizing mitotic CDK activity. The activity of Cdc14 is regulated by two
signaling pathways, the Cdc fourteen early anphase release (FEAR) network and the
mitotic exit network (MEN).
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In all organisms studied to date, exit from mitosis requires the inactivation of mi-
totic CDKs. When inactivation of mitotic CDKs is prevented, cells arrest in late
anaphase/telophase with segregated DNA masses and an extended mitotic spindle
(55, 148). Mitotic CDK inactivation is brought about primarily by the ubiquitin-
mediated degradation of mitotic cyclins (Clb cyclins in yeast), which is initiated
at the metaphase-anaphase transition by APC/CCdc20 (reviewed in 105).

In contrast to most other eukaryotes in which the bulk of mitotic cyclin degra-
dation occurs at the metaphase-anaphase transition, a significant amount of mitotic
CDK activity persists until telophase in budding yeast (59, 115, 132). This pool
of mitotic CDK activity is inactivated by APC/C complexed with the specificity
factor Cdc20 or Cdh1/Hct1, which targets mitotic cyclins for ubiquitin-mediated
proteolysis (105, 108, 142, 148, 153). Accumulation of a CDK inhibitor, Sic1,
which directly binds to the cyclin-CDK complex, further ensures the precipitous
inactivation of mitotic CDKs at the end of mitosis (28, 87, 109).

THE MOLECULAR MECHANISMS REGULATING MITOTIC
CDK INACTIVATION AT THE END OF MITOSIS
IN S. CEREVISIAE

In budding yeast, the protein phosphatase Cdc14 is essential for the inactivation
of the pool of mitotic CDKs that persists until the completion of spindle elonga-
tion. Cells lacking Cdc14 function arrest in late anaphase with high mitotic CDK
activity (140, 144). Conversely, overexpression of CDC14 results in inappropri-
ate mitotic CDK inactivation (140). Cdc14 promotes mitotic CDK inactivation
by reversing CDK phosphorylation events. Cdc14 dephosphorylates Cdh1/Hct1,
which promotes association with the APC/C, thereby activating it (58, 140, 158).
Cdc14 also promotes Sic1 accumulation by dephosphorylating Sic1 and its tran-
scription factor Swi5, which leads to the stabilization of Sic1 and upregulation of
SIC1 transcription, respectively (29, 58, 69, 90, 123, 135, 138, 140). Sic1, Swi5,
and Cdh1/Hct1, however, are not the only substrates of Cdc14. In fact, Cdc14
has many substrates in the cell (Figure 2), and Cdc14 likely dephosphorylates
many, if not all, Clb-CDK substrates. This general reversal of CDK phosphory-
lation is likely to further contribute to the rapid resetting of the cell cycle to the
G1 state.

REGULATION OF Cdc14 DURING MITOSIS
IN S. CEREVISIAE

The activity of Cdc14 is controlled by cell cycle–dependent changes in its asso-
ciation with the competitive inhibitor Cfi1/Net1 (120, 128, 137, 141). For most
of the cell cycle up to metaphase, Cfi/Net1 binds to and inhibits Cdc14 activity.
As Cfi1/Net1 resides in the nucleolus, Cdc14, when bound to its inhibitor, also
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localizes to this subnuclear structure. During anaphase, Cdc14 is released from its
inhibitor and spreads into the nucleus and cytoplasm, allowing it to dephosphory-
late its substrates (120, 141).

The dissociation of Cdc14 from its inhibitor during anaphase is controlled by
at least two signaling networks. At the onset of anaphase, the FEAR (Cdc fourteen
early anaphase release) network initiates the release of Cdc14 from its inhibitor
and the phosphatase spreads throughout the nucleus and associates with spindle
pole bodies (SPBs, the yeast centrosomes) and the mitotic spindle (102, 103, 127,
154). During later stages of anaphase, the MEN (mitotic exit network) promotes
further release of Cdc14 and maintains the phosphatase in its released state. During
telophase, when Cdc14 release is mediated by the MEN, the phosphatase is also
found in the cytoplasm (120, 141). Whether the qualitative difference in release
caused by the FEAR network (primarily nuclear) and by the MEN (nuclear and
cytoplasmic) is relevant for Cdc14 regulation is at present unclear. It is, however,
interesting to note that two screens aimed at discovering reduction-of-function
mutants that bypass the mitotic exit defect of MEN mutants identified proteins
involved in nuclear-cytoplasmic transport, such as the karyopherins Kap104 and
Mtr10 (4, 119).

In addition to causing a qualitative difference in Cdc14 release, there are quanti-
tative differences in the extent by which the FEAR network and the MEN promote
exit from mitosis. The MEN is essential for mitotic exit, as MEN mutants arrest
in late anaphase with high mitotic CDK activity (59, 115, 132). In contrast, the
FEAR network is not essential. Cells lacking FEAR network activity delay but do
not fail to exit from mitosis (102, 127, 154), which implies that Cdc14 activated
by the FEAR network does not lower mitotic CDKs enough to trigger exit from
mitosis. This result may be explained by the following findings: (a) The FEAR
network appears to be active only for a brief time during early anaphase, as Cdc14
is not maintained in its released state in the absence of MEN function (102, 120,
127, 141, 154). (b) The FEAR network is not able to direct large amounts of
Cdc14 to the cytoplasm where Cdh1, Swi5, and perhaps other critical substrates
are localized (57, 90, 97).

Despite qualitative and quantitative differences in FEAR network and MEN-
mediated Cdc14 activation, the question arises as to why budding yeast utilizes
two pathways to regulate Cdc14 activation rather than one. Employing multiple
pathways may allow for more elaborate regulation of exit from mitosis. Another,
not mutually exclusive, possibility is that Cdc14 released by the FEAR network
performs functions during mitosis that are different from that of Cdc14 released
by the MEN. Recent studies underscore this idea. Cdc14 released by the FEAR
network plays important roles in regulating chromosome segregation and the lo-
calization of chromosomal passenger proteins (see below) (25, 103, 129). Perhaps
the levels of Cdc14 activity needed to accomplish these tasks are lower than that
needed to promote exit from mitosis. Hence, employing a pathway to activate
Cdc14 briefly during early anaphase allows the phosphatase to regulate anaphase
events, whereas full activation later in the cell cycle allows it to accomplish its
mitotic exit-promoting function.
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TABLE 1 MEN and SIN components and homologues in other eukaryotes

S. cerevisiae S. pombe C. elegans: Mammals:
(MEN) (SIN) putative homologue putative homologue

GTPase Tem1 Spg1 ? ?

Putative GEF Lte1 ? ? ?

GAP Bub2 Cdc16 C33F10.2 GAPCenA
Bfa1 Byr4 ? ?

Protein kinase Cdc15 Cdc7 ? ?
? Sid1 T19A5.2 ?
Dbf2 Sid2 T20F10.1/R11G1.4 WARTS/LATS1

Associated ? Cdc14 ? ?
factors (w/Sid1)

Mob1 (w/Dbf2) Mob1 T12B3.4/F38H4.10/ mMob1
(w/Sid2) F09A5.4

SPB scaffold Nud1 Cdc11 ? Centriolin
? Sid4 ? ?

Phosphatase Cdc14 Clp1/Flp1 CeCDC-14 hCdc14A,
hCdc14B

The Mitotic Exit Network

The Mitotic Exit Network was the first signaling network shown to regulate the
subcellular localization of Cdc14 (120, 141). As this signaling cascade has been
reviewed in detail recently (6, 86, 110), we restrict our discussion to the essential
aspects and recent discoveries. The MEN resembles a Ras-like GTPase signaling
cascade (Table 1, Figure 3) and is comprised of the GTPase Tem1; the putative GEF
(guanine-nucleotide exchange factor) Lte1; the two-component GAP (GTPase
activating protein) Bub2-Bfa1/Byr4; the protein kinases Cdc5, Cdc15, Dbf2; the
Dbf2-associated factor Mob1; and a scaffold protein Nud1. A combination of
genetic and biochemical analyses support the model for MEN signaling outlined
in Figure 3. Tem1’s GTPase activity is negatively regulated by the GAP complex
Bub2-Bfa1 (3, 8, 13, 26, 30, 31, 34, 71, 73, 79, 101, 107, 146). Lte1 positively
regulates Tem1 (8, 114, 116) but in the absence of direct biochemical evidence that
Lte1 functions as a GEF for Tem1, its molecular function remains controversial
(61, 155). The activated form of Tem1, which is likely but not proven to be the
GTP-bound form, is thought to propagate a signal to the protein kinase Cdc15
(5, 7, 76, 88, 139). Cdc15, in turn, activates the protein kinase Dbf2 (83), which
requires the Dbf2-associated factor Mob1 (Figure 3) (70, 82, 83).

Cdc5 has long been thought to be a component of the MEN signaling cascade,
as cells lacking the polo kinase Cdc5 exhibit a phenotype similar to that of MEN
mutants, arresting in late anaphase with Cdc14 sequestered in the nucleolus (59, 67,
76, 120, 141). Recent studies, however, suggest that Cdc5 is not a core component
of the MEN signaling cascade. Instead, Cdc5 is essential for mitotic exit because it
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Figure 3 Components of the FEAR network and the MEN and signals controlling
these pathways. The release of Cdc14 from its inhibitor Cfi1/Net1 is initiated dur-
ing early anaphase by the FEAR network. During later stages of anaphase, the MEN
promotes and sustains the release of the phosphatase. The signals and proteins regulat-
ing the activation of these two pathways are shown. Solid arrows indicate reasonably
well-established interactions; dashed arrows indicate more speculative interactions.
For details refer to the main text.

activates the MEN in multiple ways. The Bub2-Bfa1 complex is phosphorylated by
Cdc5 (51, 52, 77), which inactivates its GAP activity (35, 52). Cdc5 may also regu-
late Lte1 (77). Lastly, Cdc5 activates the Dbf2 kinase in a BUB2-independent man-
ner (76), at least in part by promoting FEAR network-induced activation of Cdc14
(see below) (60, 127, 143). Together, these MEN-activating functions of Cdc5 are
likely to account for the complete loss of MEN signaling in cdc5 mutants (143).

Activation of the MEN is regulated not only by Cdc5 but also in many additional
ways. Cdc15 has a potential autoinhibitory C-terminal domain (7) but its regula-
tion remains elusive. The spatial segregation of the MEN components Lte1 and
Tem1 also contributes to the temporal coordination of MEN activation. The MEN
activator Lte1 localizes to the bud cortex concomitant with bud formation while
Tem1 resides on the daughter-bound SPB (8, 101). Therefore, activation of Tem1
by Lte1 occurs only after the Tem1-bearing SPB has migrated into the bud (6,
8, 101). The subcellular localization of many other MEN components is also cell
cycle regulated. Tem1, Bub2, Bfa1, Cdc5, Cdc15, Dbf2, and Mob1 localize to the
cytoplasmic face of the SPB (7, 8, 19, 39, 101, 139, 151, 156). The SPB component
Nud1 functions as a scaffold for the Bub2-Bfa1-Tem1 complex and helps to recruit
other MEN components onto the SPBs (8, 39, 101, 139). Cdc15 and Dbf2 localize
to both SPBs, whereas Tem1 and the Bub2-Bfa1 complex associate preferentially

A
nn

u.
 R

ev
. G

en
et

. 2
00

4.
38

:2
03

-2
32

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
as

sa
ch

us
et

ts
 -

 B
os

to
n 

on
 0

1/
17

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



31 Oct 2004 14:4 AR AR230-GE38-07.tex AR230-GE38-07.sgm LaTeX2e(2002/01/18) P1: GCE

Cdc14 PHOSPHATASE 211

with the daughter-bound SPB (7, 8, 19, 88, 89, 101, 139, 151). Interestingly, the
future destination (daughter versus mother cell) rather than age of the SPB (old
versus newly synthesized) determines which SPB “recruits” the Tem1-Bub2-Bfa1
complex (104). However, the biological significance of this asymmetric localiza-
tion, which curiously is conserved in fission yeast, and the molecular mechanisms
that establish and/or maintain this asymmetry remain unknown. It is tempting to
speculate that the Tem1-Bub2-Bfa1 complex associates with the SPB that expe-
riences maximal pulling force during anaphase spindle elongation. As the pulling
force on the daughter-bound SPB is likely to be higher during anaphase than on the
SPB in the mother cell, the Tem1-Bub2-Bfa1 complex would localize to the SPB
migrating into the bud. This idea is consistent with the finding that Tem1 localiza-
tion on the daughter SPB is significantly decreased in cells lacking microtubule
motor proteins such as KIP2 or the dynein heavy chain DHC1 (89) and that Tem1
localizes to both SPBs during late stages of anaphase (101). This mechanism would
also predict the existence of one or multiple force-sensitive factors on the SPB.

The FEAR Network

Recent studies found that the release of Cdc14 from its inhibitor during early
anaphase occurs in the absence of MEN activation (102, 127, 154). Several genes,
collectively referred to as the FEAR network, are required for this activation of
Cdc14 during early anaphase (127). The FEAR network is comprised of the sep-
arase Esp1, the polo-like kinase Cdc5, the kinetochore protein Slk19, the small
nuclear protein Spo12 and its homologue Bns1, and the replication fork block pro-
tein Fob1 (Figure 3) (102, 126, 127, 143, 154). Genetic epistasis analyses suggest
that the FEAR network consists of at least two branches (Figure 3). ESP1 and
SLK19 appear to function in parallel to SPO12 and BNS1 (131, 143). The place-
ment of Cdc5 within the FEAR network is complicated by the fact that Cdc5 is
also an activator of the MEN. It is, however, likely, though not proven, that Cdc5
is the ultimate effector of the FEAR network, as its overexpression suppresses the
Cdc14 release defect of cells impaired in both the ESP1 and SPO12 branch (143).

Little is known about the relationship among FEAR network components. Slk19
is cleaved by Esp1 at the metaphase-anaphase transition (130) but Slk19 cleavage is
not required for its mitotic exit function (127, 131). Remarkably, Esp1 promotes the
release of Cdc14 independently of its protease function (15, 131), but the nature
of this protease-independent signaling mechanism remains elusive. Rather than
Slk19 being regulated by Esp1, it appears that Slk19 functions together with Esp1
to promote Cdc14 release from the nucleolus. Slk19 forms a complex with Esp1
and is required for targeting Esp1 to kinetochores and the spindle midzone (131).
Thus it is possible that Slk19 promotes the protease-independent function of Esp1.

There is also some evidence to suggest that Esp1 and Slk19 regulate Cdc5
during anaphase. Overexpression of ESP1 lacking its proteolytic activity induces
the phosphorylation of Cfi1/Net1 in metaphase-arrested cells (131). As Cfi1/Net1
phosphorylation is at least in part CDC5 dependent, it is possible that Esp1
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activates Cdc5 toward its anaphase-specific substrates. Importantly, both the pro-
tease-dependent and protease-independent functions of Esp1 are inhibited by the
securin Pds1 (131), thus enabling securin to restrain both the onset of sister-
chromatid separation and FEAR network-mediated activation of Cdc14.

Several studies provided insights into the mechanism by which Spo12 promotes
the release of Cdc14 from its inhibitor. Spo12 was found to physically interact with
the replication fork block protein Fob1 (126), which localizes to the same rDNA
region as Cfi1/Net1 and Cdc14 (53, 126). FOB1 is a negative regulator within the
FEAR network, functioning downstream of or in parallel to SPO12 (126). But how
is the Spo12-Fob1 branch activated? The phosphorylation of two serine residues
within the DSP-Box (double SP sites), a highly conserved C-terminal domain
within Spo12, is required for its function, and phosphorylation of these sites appears
to be cell cycle regulated (112, 126). Thus, it is possible that phosphorylation of
Spo12 during early anaphase triggers the activation of the Spo12 branch.

Regulation of the Cdc14–Cfi1/Net1 Interaction
by the FEAR Network and the MEN

Although it is clear that the FEAR network and the MEN promote the release of
Cdc14 from its inhibitor during anaphase, the molecular mechanisms by which they
disrupt the complex are only partially understood. Both Cdc14 and Cfi1/Net1 are
phosphorylated during anaphase, raising the possibility that complex dissociation
is regulated by this posttranslational modification (118, 120, 143, 157). Consistent
with this notion, the phosphorylation of Cfi1/Net1 destabilizes the complex in vitro
(118). Which kinases phosphorylate Cfi1/Net1 and Cdc14? Cdc5 appears to be at
least in part responsible. Cdc5 can phosphorylate both Cdc14 and Cfi1/Net1 in vitro
(118, 157; R.Visintin, personal communication). In vivo, the phosphorylation of
Cdc14 by Cdc5 does not require the MEN, whereas Cfi1/Net1 phosphorylation is
at least in part mediated by the MEN (118, 143, 157). A likely candidate for the
MEN-dependent Cfi1/Net1 phosphorylation is Dbf2, the most downstream kinase
within the MEN.

How does the Spo12-Fob1 branch of the FEAR network contribute to the release
of Cdc14 from its inhibitor? Fob1 binds to Cfi1/Net1 and was proposed to inhibit
the dissociation of the Cdc14-Cfi1/Net1 complex prior to anaphase initiation (53,
126). As Spo12 phosphorylation decreases its binding to Fob1, it is possible that
the phosphorylation of Spo12 during early anaphase triggers a conformational
change in the Spo12-Fob1 complex, which in turn may help to destabilize the
Cdc14-Cfi1/Net1 complex (126).

We speculate that the following series of events triggers the release of Cdc14
from its inhibitor. It appears that Cdc5, perhaps activated by the Esp1 branch
of the FEAR network, promotes the phosphorylation of Cdc14. Together with
a Spo12-dependent destabilization of the Cdc14-Cfi1/Net1 complex, this might
trigger the transient release of Cdc14 from its inhibitor during early anaphase.
Activation of the MEN during later stages of anaphase then may cause Dbf2 to
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phosphorylate Cfi1/Net1, thereby promoting further conformational changes that
sustain the dissociation of the Cdc14-Cfi1/Net1 complex. Rigorous testing of such
a model requires the identification of the in vivo phosphorylation sites within
Cdc14 and Cfi1/Net1.

Inactivation of the MEN and FEAR Network

The inactivation of Cdc14 after mitotic exit has been completed is as important
for successful cell division as its activation is during anaphase. This is illustrated
by the severe growth defects exhibited by cells with unconstrained Cdc14 activity
(120, 140, 141). Therefore, it is critical that the FEAR network and the MEN are
inactivated once mitotic exit has been completed and cells have entered G1.

FEAR network activity appears to be restricted to a very brief time during early
anaphase, as Cdc14 becomes resequestered into the nucleolus during late anaphase
in cells lacking a functional MEN (102, 127, 154). How the activation of the FEAR
network is restricted to the duration of early anaphase is unknown. Two FEAR net-
work components, Cdc5 and Spo12, are targeted for degradation by APC/CCdh1 (20,
21, 112, 117). This mechanism, although it is likely to contribute to lowering FEAR
network activity after cells have exited from mitosis, cannot account for restrict-
ing FEAR network activity to early anaphase, as Cdc5 and Spo12 protein levels
remain high in telophase-arrested MEN mutant cells (F. Stegmeier, unpublished
data). The phosphorylation of two serine residues of Spo12 is required for its FEAR
network function. Given that these phosphorylation sites conform to the Cdc14
consensus, Cdc14 itself may quench FEAR network activation by dephosphorylat-
ing Spo12 (112, 126). This hypothesis further predicts that the kinase responsible
for phosphorylating Spo12 is inactivated shortly after the onset of anaphase.

The inactivation of the MEN is accomplished in multiple ways. Interestingly, in
each case Cdc14 plants the seeds for its own demise. Cdc14 dephosphorylates both
Bfa1 and Lte1, which presumably restores the GAP activity of Bub2-Bfa1 toward
Tem1 (35, 52, 102) and triggers the release of Lte1 from the bud cortex (61, 111).
The cortical release of Lte1 decreases its concentration in the bud, which is believed
to be required for efficient Tem1 activation (8, 61, 111). It is also possible that
Lte1 dephosphorylation decreases its activity (61, 111). Furthermore, the sustained
release of Cdc14 activates APC/CCdh1, which induces the degradation of the MEN
activator Cdc5 (20, 21, 117). Lastly, Amn1, which is expressed specifically in
daughter cells only after Cdc14 has been activated, is thought to antagonize MEN
function by competing with Cdc15 for binding to Tem1 (147).

Signals Controlling MEN and FEAR Network Activity

Many mitotic processes, such as the onset of sister-chromatid separation, mitotic
spindle disassembly, and cytokinesis, are irreversible. Therefore, to ensure the suc-
cessful completion of mitosis, it is essential that mitotic exit is tightly coordinated
with other cell-cycle events. Recent work has identified some of the cellular sig-
nals that control the activation of the FEAR network and the MEN, shedding light

A
nn

u.
 R

ev
. G

en
et

. 2
00

4.
38

:2
03

-2
32

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
as

sa
ch

us
et

ts
 -

 B
os

to
n 

on
 0

1/
17

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



31 Oct 2004 14:4 AR AR230-GE38-07.tex AR230-GE38-07.sgm LaTeX2e(2002/01/18) P1: GCE

214 STEGMEIER � AMON

onto the mechanisms whereby Cdc14 activation and hence the coordination of late
mitotic events are accomplished.

Coordination of Chromosome Segregation and Exit
from Mitosis Through the FEAR Network

Faithful chromosome segregation requires that exit from mitosis is temporally
coordinated with the partitioning of the genetic material between the progeny
cells. The fact that two important regulators of sister-chromatid separation, the
separase Esp1 and the polo-kinase Cdc5, also promote the release of Cdc14 as part
of the FEAR network provides a molecular explanation as to how cells ensure that
exit from mitosis does not occur prior to the onset of sister-chromatid separation
(Figure 3) (127, 131). Conversely, the fact that FEAR network-induced Cdc14
activation promotes the partitioning of late-segregating DNA regions, i.e., the
telomeres and the ribosomal DNA (rDNA) region (described in detail below),
ensures that sister-chromatid separation is completed before cells exit from mitosis
(25, 129).

Preventing Mitotic Exit in Response to Microtubule
and DNA Damage Through Inhibition of the MEN
and the FEAR Network

In the event of mitotic spindle or DNA damage, cells need to delay sister-chromatid
separation and mitotic exit until the damage has been repaired. Two surveillance
mechanisms, known as the spindle-assembly checkpoint and the DNA-damage
checkpoint, monitor defects in the attachment of microtubules to kinetochores
and DNA damage, respectively (reviewed in 78, 99). Both checkpoints antagonize
MEN function and prevent the degradation of Pds1. The stabilization of Pds1
inhibits both sister-chromatid separation and FEAR network activation (2, 3, 22,
127, 145, 152, 154). The spindle-assembly checkpoint components Mad1, Mad2,
Mad3, Bub1, and Bub3 are essential for preventing the degradation of Pds1 by
inhibiting the APC/CCdc20 (reviewed in 78), whereas the Bub2-Bfa1 complex is
necessary to prevent MEN activation in response to spindle damage. The current
view is that the Bub2-Bfa1 complex is essential to inhibit MEN activity during
all mitotic arrests (3, 8, 13, 26, 30, 31, 50, 71, 77, 79, 101, 146). It has been
proposed that activation of the spindle checkpoint prolongs the inhibitory function
of the Bub2-Bfa1 complex (51), but direct biochemical evidence (i.e., increased
Bub2-Bfa1 GAP activity) is still lacking.

Coupling Mitotic Exit with Spindle Position Through
Regulating MEN Activity

Because of its unusual division pattern (budding), S. cerevisiae faces the unique
challenge of threading the nucleus through the mother-bud neck during chro-
mosome segregation. A surveillance mechanism, known as the spindle position
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checkpoint, ensures that exit from mitosis does not occur until the nucleus has
moved into the bud, the future daughter cell. But how do cells “know” whether
part of the nucleus has moved into the bud during anaphase? One mechanism relies
on the spatial segregation of the MEN components Lte1 and Tem1. The MEN acti-
vator Lte1 localizes to the bud cortex during bud formation while Tem1 resides on
the daughter-bound SPB (8, 101). Thus, delivery of the Tem1-bearing SPB into the
bud is likely to promote Tem1 activation during anaphase (6, 8, 101). Indeed, when
maintenance of Lte1 in the bud is disrupted by the inactivation of septins, which
form a diffusion barrier for membrane-associated proteins (10, 48, 111), cells with
a mispositioned nucleus exit from mitosis (18). The Bub2-Bfa1 complex is also
required to restrain mitotic exit in cells in which the nucleus and hence the mitotic
spindle are not correctly positioned along the mother-bud axis (1, 8, 13, 26, 101,
146). Interestingly, the phosphorylation of Bfa1 and its asymmetric localization to
the daughter-bound SPB appear to be regulated in response to spindle orientation
(52, 104). The interaction of cytoplasmic microtubules with the bud neck possibly
controls the activity of the Bub2-Bfa1 complex (1, 18, 104), but the molecular
nature of such a signaling mechanism remains elusive.

Regulation of Mitotic Exit by Cell Polarity Determinants

Several recent studies found that Lte1 and the Bub2-Bfa1 complex are also reg-
ulated by cell polarity proteins, including the Rho-like GTPase Cdc42 and its
effectors Cla4, Ste20 (both PAK-like kinases), Gic1, and Gic2 (48, 49, 61, 111).
Cdc42 appears to promote MEN activation through three independent effector
branches: (a) Cdc42-dependent activation of the PAK-like kinase Cla4 is both re-
quired and sufficient for the phosphorylation and thus targeting of Lte1 to the bud
cortex (48, 111). Importantly, cells lacking CDC42 or CLA4 delay in exit from
mitosis, supporting the notion that bud enrichment of Lte1 is important for the
timely completion of mitotic exit (8, 48, 111). However, it is also possible that
phosphorylation of Lte1 is required for its activation (48, 111). (b) The activation
of Gic1 and Gic2 by Cdc42 is thought to promote mitotic exit by interfering with
Bub2-Bfa1 GAP protein function (49). (c) The PAK-like kinase Ste20 is also ac-
tivated by Cdc42 and functions in a pathway parallel to LTE1, but its molecular
target remains elusive (48). Given that these cell polarity proteins help to estab-
lish Lte1’s asymmetric bud localization (in the case of Cla4), and are thought to
antagonize Bub2-Bfa1 function only after the mitotic spindle has been correctly
positioned (in the case of Gic1), these pathways may well contribute to the proper
function of the spindle position checkpoint.

Regulation of Mitotic Exit by Nutrient Signaling

The effects of nutrient signaling, which is likely to be mediated at least in part by the
Ras-cAMP pathway, on entry into the cell cycle are well established (9, 133). The
Ras pathway has, however, also been implicated in controlling exit from mitosis.
When the essential function of the Ras pathway in cAMP production is bypassed,
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cells lacking both RAS1 and RAS2 are impaired in mitotic exit at elevated or lower
temperatures (92). A recent study found that active Ras is required for the proper
localization of Lte1 to the bud cortex (155), which is likely to account for the
mitotic exit defect of ras1� ras2� mutant cells at lower temperatures. However,
additional Ras effectors must regulate exit from mitosis, as LTE1 is dispensable for
mitotic exit at elevated temperatures (1). It will be interesting to determine whether
Ras signaling affects the localization or the activity of the Bub2-Bfa1 complex.

THE MULTIPLE ROLES OF Cdc14 DURING LATE
STAGES OF MITOSIS

Having discussed the regulation of Cdc14 in detail, we now describe the cellular
processes controlled by Cdc14. In summary, Cdc14 is the workhorse during late
stages of mitosis; it reverses the CDK phosphorylation events that earlier during
the cell cycle promoted progression through mitosis. In recent years, it has become
clear that Cdc14 induces not only mitotic CDK inactivation and exit from mitosis
but regulates a variety of other cellular events such as rDNA and telomere segre-
gation, mitotic spindle dynamics, and cytokinesis. Remarkably, the execution of
these diverse events relies on Cdc14 activation mediated by different regulatory
networks.

Functions of Cdc14 Released by the FEAR Network

Although Cdc14 activated by the FEAR network is not essential for cell prolifer-
ation, it helps to coordinate several mitotic events (Figure 2), thereby contributing
to the maintenance of genomic stability. The importance of the FEAR network is
illustrated by a loss in viability that cells experience when progressing through
anaphase in the absence of FEAR network function (25), which may at least in
part be due to chromosome loss (46).

Several recent studies found that FEAR network-induced Cdc14 activation pro-
motes the completion of chromosome segregation (Figure 2). Cells lacking CDC14
or FEAR network activity are impaired in the segregation of telomeres and the
rDNA array (15, 25, 36, 129, 134). Given that cells lacking MEN activity do not
exhibit such defects, it appears that the transient activation of Cdc14 by the FEAR
network is sufficient for the separation of these late-segregating chromosomal re-
gions. Several observations point to the possibility that Cdc14 mediates rDNA seg-
regation by promoting the enrichment of condensins, which are protein complexes
required for chromosome condensation (reviewed in 44, 47), at the rDNA locus.
Cells carrying mutations in subunits of the condensin complex exhibit nucleolar
segregation defects similar to cdc14 mutants (12, 32, 72, 100). Moreover, CDC14 is
required for rDNA condensation (41) and the targeting of condensins to the rDNA
region during anaphase (25, 129). The observation that Cdc14 also induces the
sumoylation of the condensin subunit Ycs4 during anaphase raises the interesting
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possibility that Cdc14 targets condensins to the rDNA by promoting Ycs4 sumoy-
lation. However, the molecular mechanism(s) by which Cdc14 and condensin
facilitate the individualization of these genomic regions remains unknown.

Another function of Cdc14 released by the FEAR network is to regulate the sub-
cellular localization of chromosomal passenger proteins, which presumably con-
tributes to the stabilization of the mitotic spindle during early anaphase (Figure 2)
(103). Chromosomal passenger proteins are characterized by their change in sub-
cellular localization during anaphase. During metaphase they reside at kineto-
chores but translocate to the spindle midzone during anaphase (reviewed in 17). A
recent study found that the translocation of the chromosomal passenger proteins
Ipl1 (Aurora B kinase) and Sli15 (INCENP) to the mitotic spindle and spindle mid-
zone is promoted by FEAR network-induced activation of Cdc14 (103). Cdc14
dephosphorylates Sli15, thereby triggering the change in Ipl1-Sli15 localization.
This change in localization appears to be important for anaphase spindle stabiliza-
tion. A SLI15 mutant that mimics its dephosphorylated form partially rescues the
premature spindle breakage observed in esp1 mutants, possibly by recruiting other
spindle-stabilizing proteins, such as Slk19, to the spindle midzone (103). How-
ever, another study reached the opposite conclusion, namely that Ipl1 promotes
mitotic spindle disassembly (16). One possible explanation for these contradictory
observations is that the Ipl1 complex first stabilizes the mitotic spindle during early
anaphase but promotes its disassembly during telophase.

Lastly, FEAR network-released Cdc14 stimulates MEN activity. It does so in
at least two ways (Figure 2). (a) Cdc14 released by the FEAR network promotes
the dephosphorylation of Cdc15, thus enhancing Cdc15’s mitotic exit function
(60, 127). How the dephosphorylation of Cdc15 promotes its mitotic exit function
remains unknown. Dephosphorylation of Cdc15 may enhance its interaction with
Tem1, its localization to SPBs, or antagonize the inhibitory function of Cdc15’s
C-terminal domain. (b) Cdc14 has been proposed to inactivate the Bub2-Bfa1
complex in a phosphatase-independent manner during early anaphase (102). Cdc14
binds to Bub2 at the daughter SPB shortly after its release from the nucleolus
during early anaphase (102, 154). Although the association between the Bub2-
Bfa1 complex and Cdc14 has been proposed to inactivate its GAP activity during
early anaphase, Bfa1’s dephosphorylation by Cdc14 during later stages of mitosis
is thought to reactivate the GAP complex (35, 102). Validation of this model will
require the elucidation of Cdc14’s phosphatase-independent inhibitory function
on Bub2-Bfa1 and the identification of the mechanism(s) that prevent Cdc14 from
dephosphorylating Bfa1 during early anaphase.

Cdc14 released by the FEAR network most likely regulates many other aspects
of anaphase chromosome movement. What these processes may have in common
is that their regulatory proteins require dephosphorylation by Cdc14 despite the
presence of high mitotic CDK activity throughout the cell. Therefore, subcellular
regions that contain a high local concentration of Cdc14 during early anaphase,
which includes kinetochores, the mitotic spindle, and SPBs, are most likely to
harbor yet unidentified targets of Cdc14 released by the FEAR network.
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Functions of Cdc14 Released by the MEN

Cdc14 activated by the MEN is mainly responsible for promoting exit from mitosis,
as this transition does not occur in the absence of MEN function (45, 59, 63,
115, 132). Several observations, however, indicate that Cdc14 and the MEN also
regulate cytokinesis independently of their mitotic exit function. When the need
for MEN function in mitotic exit is bypassed, either by weakening the Cdc14–
Cfi1/Net1 interaction or by overexpression of the CDK inhibitor SIC1, severe
cytokinesis defects become apparent (62, 80, 81, 120, 125). The notion that the
MEN regulates cytokinesis is also consistent with the translocation of the MEN
components Cdc15, Dbf2, Mob1, and Cdc5 to the bud neck (the site of actomyosin
ring constriction in budding yeast) during late anaphase and telophase (33, 81, 124,
125, 151, 156). The cytokinesis function of at least some MEN components requires
Cdc14 function, as the accumulation of Dbf2 and Mob1 at the bud neck depends
on CDC14 (33, 156). We speculate that after the MEN promoted Cdc14 activation,
Cdc14 itself may dephosphorylate CDK consensus sites in MEN components to
promote their localization to the bud neck, where they then regulate cytokinesis
(Figure 2). However, the critical Cdc14 targets within the MEN in the regulation
of cytokinesis remain to be identified.

FUNCTIONS OF Cdc14, THE FEAR NETWORK
AND THE MEN DURING MEIOSIS

Meiosis is a specialized cell cycle during which a single round of DNA replication
is followed by two chromosome segregation phases (reviewed in 96). Owing to
this special segregation program, the transition from meiosis I to meiosis II has
specific requirements. CDK activity needs to be lowered sufficiently to allow
for the disassembly of the meiosis I spindle. On the other hand, complete CDK
inactivation, which would allow for the assembly of prereplicative complexes
(preRCs) onto the DNA, needs to be avoided to prevent an intervening S phase (56).
Two studies raise the interesting possibility that meiotic cells solve this problem by
employing the FEAR network rather than the MEN to promote exit from meiosis I.
Cells impaired in FEAR network-mediated Cdc14 activation are severely delayed
in meiosis I spindle disassembly, whereas MEN inactivation does not affect exit
from the first meiotic division (15, 85). Given that Cdc14 activity released by the
FEAR network is short-lived, employing the FEAR network for Cdc14 activation
may lower CDK activity sufficiently for meiosis I spindle disassembly to occur
but not low enough to allow assembly of preRCs onto origins of replication.

The requirement for Cdc14 and the FEAR network in exit from meiosis I is
similar to its mitotic function, but another phenotype exhibited by cdc14 and
FEAR network mutants is unique to meiosis. Instead of arresting in anaphase I
with homologous chromosomes segregated, cdc14 and FEAR network mutants
exhibit a “mixed” chromosome segregation pattern, which is characterized by
some chromosomes segregating in a meiosis I-like pattern and others segregating
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in a meiosis II-like pattern (15, 65, 68, 85, 113, 159). This unusual chromosome
segregation pattern appears to result from meiotic events being uncoupled (15,
85). Despite cells arresting in anaphase I, meiosis II chromosome segregation
events continue to occur, leading to some chromosomes undergoing both meiotic
divisions on the same anaphase I spindle. These findings suggest that Cdc14 and
the FEAR network ensure that the two meiotic divisions occur on two sequentially
built spindles. Presumably, by antagonizing meiotic CDK activity, Cdc14 not only
promotes meiosis I spindle disassembly, but also creates conditions that preclude
the onset of the second chromosome segregation phase.

Cdc14 HOMOLOGUES IN OTHER EUKARYOTES

The Functions and Regulation of Cdc14’s S. pombe
Homologue Clp1/Flp1

Like its cousin in S. cerevisiae, Clp1/Flp1 antagonizes mitotic CDK activity. Fur-
thermore, the activity of Clp1/Flp1 is at least in part regulated by the septation-
initiation network (SIN, Table 1), a signaling pathway homologous to the MEN
that is essential for cytokinesis in fission yeast (reviewed in detail in 6, 86, 121).
Despite these similarities, the mechanisms whereby Clp1/Flp1 and Cdc14 accom-
plish mitotic CDK inactivation and the cellular processes regulated by these two
phosphatases appear to be quite different. In contrast to Cdc14, Clp1/Flp1 is not
essential for mitotic exit but predominantly antagonizes mitotic CDK activity dur-
ing G2. In the absence of clp1+/flp1+ cells enter mitosis prematurely (23, 136).
The importance of Clp1/Flp1 in maintaining low mitotic CDK activity during G2
is further revealed by its role in the cytokinesis checkpoint. Activation of the cy-
tokinesis checkpoint in fission yeast leads to cell-cycle arrest in G2. This cell-cycle
arrest requires the continuous inhibition of mitotic CDKs, which is at least in part
mediated by Clp1/Flp1 (23, 136).

Although Clp1/Flp1’s main function appears to be the regulation of the G2/M
transition, it was recently shown that Clp1/Flp1 also contributes to the inhibition
of mitotic CDKs during exit from mitosis (43, 150). Furthermore, cells lacking
clp1+/flp1+ exhibit defects in cytokinesis (23, 136). As mitotic CDKs inhibit SIN
activation by antagonizing the localization of the SIN component Sid1 to SPBs
(42), Clp1/Flp1 activation during mitosis may help to maintain Cdk1 activity be-
low a certain threshold that allows the SIN to stay active and properly execute
cytokinesis (150).

Unlike Cdc14 in budding yeast, which dephosphorylates and activates the
APC/C activator Cdh1/Hct1 and the Cdk1 inhibitor Sic1 to inhibit mitotic CDKs,
Clp1/Flp1 antagonizes mitotic CDK activity by preventing the dephosphorylation
of a conserved tyrosine residue (Y15 in S. pombe) in Cdk1 (136). Clp1/Flp1
promotes Y15 phosphorylation by activating the protein kinase Wee1, which phos-
phorylates Y15, and by down-regulating the Cdc25 phosphatase, which dephos-
phorylates Y15 (136, 150). The dual regulation of Cdc25 and Wee1 by Clp1/Flp1
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not only causes down-regulation of CDKs during G2 (23, 136) but it may also help
to inactivate CDKs during exit from mitosis (150).

Similar to its budding yeast ortholog, Clp1/Flp1 localizes to the nucleolus during
some cell-cycle stages and is released during others, raising the possibility that
some aspects of Cdc14 and Clp1/Flp1 regulation are shared between the two yeasts.
During G1 and S phase, Clp1/Flp1 localizes predominantly to the nucleolus, but a
small portion resides at SPBs (23, 136). While Cdc14 is released from the nucleolus
during anaphase, Clp1/Flp1 is already released from the nucleolus during prophase
and localizes to the mitotic spindle, the SPBs, and the medial ring (23, 136). It is
still unclear whether the release of Clp1/Flp1 from the nucleolus alone is sufficient
for its activation. It will be important to determine whether Clp1/Flp1 is bound
to an inhibitor when it resides in the nucleolus and if so, whether the release
of Clp1/Flp1 from the nucleolus disrupts the interaction with this inhibitor. The
activity of Clp1/Flp1 might also be regulated by changes in phosphorylation, as
Clp1/Flp1 phosphorylation is maximal during mitosis (23, 136).

Although it does not appear to be the sole mechanism of regulation, the changes
in subcellular localization of Clp1/Flp1 are likely to contribute to its activation.
How is the release of Clp1/Flp1 from the nucleolus regulated? SIN, a regulatory
network homologous to the MEN (Table 1), appears to control Clp1/Flp1 local-
ization in a manner similar to the MEN (23, 136). Although the SIN does not
regulate Clp1/Flp1 localization during an unperturbed cell cycle, this signaling
network is required to maintain Clp1/Flp1 in its released state when the cytoki-
nesis checkpoint has been activated (23, 136). Thus, maintenance of Cdc14 and
Clp1/Flp1 in its released state relies on conserved pathways. Whether a pathway
similar to the FEAR network regulates the release of Clp1/Flp1 during early stages
of mitosis in S. pombe is not known but initial observations indicate that this might
not be the case. cut1 mutants (cut1+ encodes the ESP1 homologue in S. pombe)
are not impaired in the release of Clp1/Flp1 from the nucleolus (D. McCollum,
personal communication). Furthermore, overexpression of the fission yeast polo-
like kinase plo1+ does not promote the release of Clp1/Flp1 from the nucleolus
(D. McCollum, personal communication). Identifying the regulatory mechanisms
that promote Clp1/Flp1 release from the nucleolus during early mitosis will be
an important task for future studies, as this might also provide insights into the
mechanisms controlling the localization of metazoan homologues, which are also
released from the nucleolus during prophase (see below).

The Functions of Cdc14 Homologues and
their Regulation in Metazoans

Homologues of Cdc14 exist in most if not all eukaryotes and have been character-
ized at least to some extent in C. elegans and mammals. In C. elegans, depletion
of CeCDC-14 by RNAi causes defects in cytokinesis, most likely due to a failure
to form an intact central spindle (40). How CeCDC-14 promotes central spindle
formation is not known, but CeCDC-14 is required for the localization of ZEN-4,
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a kinesin-related motor protein that is also required for central spindle formation,
to the mitotic spindle (40). Consistent with a role in cytokinesis and central spin-
dle function, CeCDC-14 localizes to the central spindle and the midbody, similar
to Clp1/Flp1 in S. pombe, but the phosphatase has been detected neither in the
nucleolus nor on centrosomes (40). Whether CeCDC-14 is regulated by signaling
pathways homologous to the MEN and SIN is also unclear. A recent study has
explored the function of several potential MEN and SIN homologues in C. elegans,
using RNA-mediated interference (RNAi) (40). Surprisingly, depletion of Dbf2,
Mob1, and Sid1 homologues (Table 1) by RNAi did not lead to embryonic lethality
(40). It is possible that the RNAi-mediated depletion was incomplete or that re-
dundant factors exist in C. elegans. Alternatively, the MEN/SIN components may
not be necessary during embryonic divisions or these pathways may have evolved
to fulfill functions specific to yeast.

The human genome encodes two Cdc14 homologues, hCdc14A and hCdc14B.
The roles of these two phosphatases are poorly understood, but an involvement in
mitotic exit and cytokinesis is possible. In vitro studies have shown that hCdc14A,
just like its yeast counterparts, has a clear preference for substrates of proline-
directed kinases (64, 136, 140), which is further supported by the crystal structure
of the core domain of hCdc14B (37). Furthermore, hCdc14A can dephosphorylate
Cdh1 and reconstitute active APCCdh1 in vitro (11). Although this finding indicates
that hCdc14A can in principle bring about mitotic CDK inactivation, this Cdc14
isoform appears to primarily regulate centrosome function in vivo. Overexpression
of hCdc14A leads to premature centriole splitting in S phase and formation of an
excessive number of aberrant mitotic spindles (64, 84). Conversely, depletion of
hCdc14A by RNAi leads to centrosome duplication, mitotic and cytokinesis defects
(84). The latter defects may, however, be an indirect consequence of the centrosome
malfunction.Consistent with its proposed role in regulating centrosome function,
hCdc14A localizes to this organelle (11, 64, 84). Much less is known about the
functions of hCdc14B. Intriguingly, however, hCdc14B localizes to the nucleolus
during interphase but not during mitosis (11, 64). The dramatic differences in
the localization of hCdc14A and B suggest that these isoforms perform different
functions in the cell.

Potential homologues of MEN/SIN pathway components have been identified
in mammals (Table 1) but their cellular functions remain largely unexplored. Inter-
estingly, some of these putative homologues, such as GAPCenA, WARTS/LATS1
and centriolin (24, 38, 98), localize to centrosomes. Furthermore, the centrosome
has been implicated in the regulation of cytokinesis. Ablation of centrosomes leads
to defects in cytokinesis (66, 106). Thus, the centrosome, like the SPBs in budding
and fission yeast, may anchor signaling networks needed for the completion of the
cell cycle. In support of this hypothesis, the Nud1 homolog centriolin is important
for the final stages of cytokinesis (38).

Metazoan genomes also harbor homologues of the FEAR network compo-
nents Cdc5, Esp1, and Spo12 (Table 2). Several studies suggest that polo kin-
ases are required to control mitotic exit and cytokinesis in most if not all
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TABLE 2 FEAR network components and potential homologues in other eukaryotes

S. cerevisiae S. pombe C. elegans Mammals

Separase Esp1 Cut1 SEP-1 Separase

Polo kinase Cdc5 Plo1 PLK-1/PLK-2 Polo-kinase family

Spo12 family Spo12 Wis3 4D376 ?

Kinetochore protein Slk19 ? ? ?

Fork block protein Fob1 ? ? ?

organisms (27, 54, 74, 75, 93), but whether polo kinases regulate these processes
through activation of Cdc14 in mammals remains unknown. Separase may also
be needed for cell-cycle steps after cohesin removal in at least some metazoans.
Reduction of separase function by RNAi in C. elegans not only prevents sister-
chromatid separation but also slows down subsequent cell-cycle events (122).
Clearly, further studies will be needed to elucidate the role of homologues of Cdc14,
the MEN, and the FEAR network during cell-cycle progression in mammalian
cells.

CONCLUSIONS AND PERSPECTIVES

There has been significant progress in the past few years in elucidating the mech-
anisms that control late mitotic events in budding yeast. The Cdc14 phosphatase
takes center stage during late mitosis and promotes several mitotic processes by
reversing mitotic CDK phosphorylation events. Besides its essential role in exit
from mitosis, this phosphatase also regulates certain aspects of sister-chromatid
separation, mitotic spindle dynamics, and cytokinesis. Given its important role in
coordinating several mitotic events, it is not surprising that the activation of Cdc14
is intricately controlled by at least two signaling networks, the FEAR network and
the MEN, which integrate different cellular signals into the decision whether or
not to activate Cdc14.

While the ability of Cdc14 homologues to antagonize mitotic CDK activity is
likely to be conserved in all eukaryotes, the cellular functions of Cdc14 homo-
logues appears to differ significantly between species. For example, the absolute
requirement for Cdc14 in mitotic exit appears unique to budding yeast. We spec-
ulate that the reason for this might be founded in the physiology of budding yeast.
Because of its unusual division pattern (budding), this yeast might have evolved a
delay in mitotic CDK inactivation and re-engineered Cdc14’s regulatory circuits to
ensure that the spindle has been correctly positioned between the mother cell and
the bud axis before committing to exit from mitosis. This safeguard mechanism
could be unnecessary in cells dividing by fission.

Another conserved feature of Cdc14 homologues in all species appears to be
the regulation of several mitotic events. In budding and fission yeast, Cdc14
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regulates chromosome segregation, spindle dynamics, cytokinesis, and mitotic
exit. The complex phenotype of human cells lacking or overexpressing hCdc14A
and hCdc14B homologues is consistent with Cdc14 regulating many mitotic pro-
cesses. Thus, we speculate that all Cdc14 homologues coordinate multiple mitotic
processes by reversing CDK phosphorylation events but that each organism re-
engineered its regulatory circuits according to its particular needs.

A specific example of conserved Cdc14 function is its regulation of cytokine-
sis in all organisms studied to date (23, 33, 40, 84, 136, 156). Could other mitotic
functions of Cdc14 be conserved across species? It is possible that Cdc14 regulates
the subcellular localization of chromosomal passenger proteins also in mammals.
INCENP (Sli15 in yeast) is phosphorylated prior to mitosis (14) and the translo-
cation of the chromosomal passenger proteins aurora B (Ipl1 in yeast) and TD-60
(not conserved in yeast) from kinetochores to the spindle midzone is prevented by
high levels of mitotic CDK activity (94, 149). These findings suggest that protein
dephosphorylation is necessary for this translocation to occur. However, whether
one of the mammalian Cdc14 phosphatases regulates this process remains to be
determined.

In budding and fission yeast, great strides have been made in dissecting the role
of the Cdc14 phosphatase in several mitotic processes and in deciphering its com-
plex regulation by the FEAR network and the MEN/SIN. In contrast, our molecular
understanding of Cdc14 function and the regulation of late mitotic events in meta-
zoans is still limited. Systematic RNAi screens in a variety of systems are likely
to lead to the identification and characterization of the pathways regulating Cdc14
activity in these organisms. In addition, the identification of relevant physiological
substrates of Cdc14 in diverse species will help to unearth further mitotic processes
controlled by this conserved phosphatase.

NOTE ADDED IN PROOF

A recent study (160) provided significant insight into the molecular mechanisms
that promote the release of Cdc14 from its inhibitor Cfi1/Net1 during early ana-
phase. Azzam et al. mapped the in vivo phosphorylation sites of Cfi1/Net1 and
found that the phosphorylation of a subset of these sites by Clb2–CDK (or Clb1-
CDK) is required for the release of Cdc14 during early anaphase. Interestingly,
the phosphorylation of Cfi1/Net1 occurs significantly later than the activation of
Clb-CDKs, which peaks already during metaphase. The authors propose that the
other FEAR network components are required for the timely phosphorylation of
Cfi1/Net1 by Clb-CDKs, but the molecular mechanisms remain to be identified.
It is important to note that the phosphorylation of Cfi1/Net1 alone is not suffi-
cient for Cdc14 release from the nucleolus. Cdc14 becomes re-sequestered into
the nucleolus in cdc15-2 mutants despite Cfi1/Net1 still being highly phospho-
rylated (160). We speculate that the phosphorylation of Cdc14 by Cdc5 syner-
gizes with Cfi1/Net1 phosphorylation to weaken the interaction of Cdc14 with its
inhibitor.
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