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The spindle position checkpoint (SPOC) is a regulatory
mechanism that ensures accurate segregation of chro-
mosomes in polarized cells during mitosis. In this issue
of Genes & Development, Chan and Amon (pp. 1639-
1649) identify a phosphoprotein phosphatase (Rts1-PP2A)
as a new member of the checkpoint in budding yeast and
define its role in interpreting spatial information during
mitosis.

Conklin’s early studies on mollusk embryogenesis at the
beginning of the 20th century (Conklin 1902) noted the
importance of differential (unequal) cell divisions. His
careful observations contributed to the emerging hypoth-
esis that differential partitioning of cellular constituents
generated different cell fates during development (Conklin
1902). Cellular asymmetry has been studied intensively
in a variety of model organisms amenable to a combina-
tion of genetics, cell biology, and biochemistry. An im-
portant feature of asymmetric cell division is that the
mitotic spindle must be properly oriented and positioned
in the cell so that the daughter nuclei are segregated to
the proper regions of the cell and so that cytokinesis
divides the cell asymmetrically at the proper position
along the cell axis (Siller and Doe 2009). Given the im-
portance of asymmetric cell divisions, it is not surprising
that there are mechanisms that coordinate cell polarity
with spindle orientation in asymmetrically dividing cells.
It is also not surprising that cells have evolved regulatory
mechanisms to deal with spindle misorientation (Amon
1996; Fraschini et al. 2008).

Mitotic spindles are complex organelles consisting of
two microtubule-organizing centers or spindle poles that
nucleate several classes of microtubules. The plus ends
of kinetochore microtubules link the chromosomes to
the poles and interpolar microtubules overlap at their
plus ends, effectively linking the poles to each other. The
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astral microtubules radiate from the spindle poles away
from the chromosomes and into the cytoplasm, where
the plus ends interact with the cell cortex. The micro-
tubules grow and shrink by “dynamic instability,” allow-
ing the plus ends of the astral microtubules to probe the
cytoplasmic space and the cell cortex. One of the features
that characterizes asymmetric cell divisions is that there
are proteins localized to the cortex that interact with
astral microtubules, which allows the spindle to interpret
cell polarity and orient the spindle (Siller and Doe 2.009).
Once the chromosomes are segregated, the spindle is dis-
assembled; cells exit mitosis and complete cytokinesis.
All of this has to be properly orchestrated in both time
and space to produce the desired unequal products.

Regulating the exit from mitosis

Cell cycle progression in all organisms from yeast to
humans is driven by cyclin-dependent kinases (CDKs),
so named for a protein kinase (Cdk) and the associated
activator (cyclin) (Sullivan and Morgan 2007). Order in
the cell cycle is achieved by sequential expression of
cyclins, the Cdk-activating proteins that are thought to
restrict substrate specificity of the Cdk. Mitosis is char-
acterized by cyclin B-Cdk activity, whose substrates are
thought to be important for spindle assembly and chro-
mosome segregation. The transition out of mitosis and
into the G1 phase of the next cell cycle is referred to as
the “exit from mitosis” and is regulated by two general
mechanisms (Visintin et al. 1998; Sullivan and Morgan
2007). The first is proteolytic destruction of the cyclins by
ubiquitin-dependent proteolysis, which uses an E3 ubig-
uitin ligase called the anaphase-promoting complex (APC)
and specificity factors that target relevant substrates for
proteolysis. In budding yeast, Cdh1 is the relevant target-
ing factor for the APC at the exit from mitosis, and Cdhl
targets the B-type cyclins for proteolytic destruction,
which results in cyclin B-Cdk inactivation. The second
mechanism to down-regulate cyclin-B-Cdk activity is
regulation of protein phosphatases to reverse the phos-
phorylation of Cdk substrates that occurred during mito-
sis. The best-studied phosphatase that regulates the exit
from mitosis is in budding yeast and is encoded by a gene
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(CDC14) identified in the original screen by Hartwell and
colleagues (Hartwell et al. 1974) for mutants that affected
the cell division cycle. There were several mutants
(cdc14, cdc15, and cdc5) that had similar phenotypes
and completed most of the cell cycle, including DNA
replication and chromosome segregation, but arrested
late in the cell cycle and were unable to exit from mitosis.
Although their functions would remain mysterious for
many years, they all have been shown to have a critical
role in a complex pathway that regulates the exit from
mitosis. Many of the genes are conserved from yeast to
man, suggesting that there may be conserved activities as
well. There are multiple isoforms of Cdc14 in higher cells
confounding their analysis; however, there are multiple
reports that Cdc14 regulates Cdk activity and late mitotic
events by diverse mechanisms (Bembenek and Yu 2003).
Cdcl4 is well studied in yeast, where it serves as an ex-
cellent example of how spatial information is integrated
with polarity and asymmetry.

The Cdcl4 phosphatase in yeast is sequestered in the
nucleolus for most of the cell cycle and must be actively
released late in mitosis by a signaling cascade that is
called the mitotic exit network (MEN) (Visintin et al.
1998; Bardin and Amon 2001). Once Cdcl4 is liberated
from the nucleolus, it exits the nucleus and disperses
though the cytoplasm, where it dephosphorylates mul-
tiple Cdk1 substrates. There are two Cdcl4 substrates
in yeast that are especially important in regulating cy-
clin B-Cdk activity. One is Cdhl, which is activated by
Cdc14, resulting in the destruction of the B-type cyclins,
and the otheris Sicl, a CDK inhibitor that can bind to any
residual cyclin B-Cdk1, thereby inhibiting its activity in
the subsequent G1 (Visintin et al. 1998). Mitotic exit is
accomplished by redundant mechanisms, initiated by the
MEN to inhibit cyclin-B Cdk activity.

Yeast asymmetry

Budding yeast cells are inherently asymmetric due to the
polarized nature of budding. Cells are encased in a rigid
cell wall and, like all cells, must double in size prior to
cell division. This is accomplished by assembling new
cell wall material into a bud so that there is a cell encased
by the old cell wall material (mother) and a daughter cell
encased in the new cell wall material (bud). Therefore, a
yeast cell is inherently polarized. This polarity is estab-
lished early in the cell cycle of an unbudded cell by
localizing determinants to the cortex at a site determined
by the previous cell division. Rsrl, a Ras-like GTPase,
is recruited to the presumptive bud site and activates
Cdc42, a Rho family GTPase that is evolutionarily con-
served and plays the central role in establishing and main-
taining polarity in cells from yeast to humans (Chang and
Peter 2003). Ultimately, a complex “polarity machinery”
promotes the assembly of the actin cytoskeleton, con-
sisting of actin cables that point to the bud site. Vesicles
containing new cell wall material are transported along
the actin cables and deposited at the growing bud tip. The
polarity machinery not only establishes the polarity of
the actin cytoskeleton but also establishes the asymme-
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try between mother and daughter cells and ensures that
the two products of cell division are unequal. There are a
large number of proteins that are asymmetrically local-
ized between the mother and the bud, imparting sub-
stantial differences on the two cells. These include many
proteins involved in bud site selection, polarized actin
assembly, differential (daughter vs. mother) gene expres-
sion, and microtubule-associated proteins (Chang and
Peter 2003; Pearson and Bloom 2004; Mazanka et al.
2008; Paquin and Chartrand 2008).

The mitotic spindle is assembled during S phase and
must orient along the same axis as the actin cytoskeleton
in order to ensure that the mother and bud receive a
nucleus after mitosis. The elongation of the spindle along
the mother-bud axis in an unperturbed mitosis therefore
represents a mechanism for the spindle to interpret the
polarity information to place the spindle axis in the right
orientation. Unlike higher cells, the spindle is mostly
intranuclear in yeast, and the nuclear envelope remains
intact during mitosis (O’Toole et al. 1999). The intranu-
clear spindle axis is specified by two related microtubule-
organizing centers, each called a spindle pole body (SPB),
which are on opposing sides of the mitotic nucleus. The
SPBs are functionally equivalent to centrosomes in higher
cells. The SPBs are duplicated conservatively in early S
phase to generate an “old” SPB and a “new” SPB (Pereira
et al. 2001). There are microtubules that attach to ki-
netochores and interpolar microtubules and together
form the intranuclear part of the spindle. The rest of the
spindle, the equivalent of the asters, is outside the nu-
cleus, and microtubules emanate from the SPBs into the
cytoplasm. The cytoplasmic microtubules are dynamic
and interact with the cell cortex. There are two redun-
dant pathways—involving Kar9 and Dyn1 (dynein)—that
cooperate to connect the SPB via the cytoplasmic micro-
tubules to the cortex and orient the spindle (Pearson and
Bloom 2004). Kar9 is bound to the cytoplasmic side of
SPBs and associates with the plus-end microtubule motor
Kip2 and the plus-end-binding protein Biml (the EBI
homolog in yeast). The complex translocates to the
plus ends of cytoplasmic microtubules and binds to an
actin-associated myosin (Myo2). The Kar9-Bim1complex
hitchhikes along the actin cables, with Myo2 carrying the
plus end of the cytoplasmic microtubules to the site of
bud growth, and anchors the cytoplasmic microtubules in
the cell cortex to establish spindle orientation along the
mother-daughter axis. Dynein is recruited independently
to the plus ends of microtubules and aids in anchoring
them in the cortex and in generating forces to align the
spindle.

Regulating the MEN

The spindle position checkpoint (SPOC) ensures that the
MEN are activated only when the spindle segregates the
chromosomes such that the daughter cells each have
a nucleus (Fraschini et al. 2008). Despite the redundant
pathways for spindle orientation, occasionally the pro-
cess fails and spindles are oriented such that the spindle
divides within the mother cell (Adames et al. 2001). This



is probably common in wild yeast cells that grow in
temperate climates or high altitudes where temperatures
can be cold, because microtubules are inherently cold-
sensitive and spindle misorientation would be favored.
Spindle misorientation can be induced experimentally
with mutations in B-tubulin or members of the dynein
and Kar9 pathways. In these mutants, the spindle elon-
gates in the mother cell prior to traversing the neck into
the bud (Bardin et al. 2000; Adames et al. 2001). The
consequence is that the SPOC is activated, and cells
complete anaphase with the spindle in the wrong orien-
tation and arrest prior to the exit from mitosis with
Cdcl4 remaining in the nucleolus (Bardin et al. 2000;
Wang et al. 2000; Adames et al. 2001).

The target of the SPOC is a small GTP protein, Teml,
that activates the MEN (Pereira et al. 2000; Yoshida et al.
2003; Nelson and Cooper 2007; Fraschini et al. 2008).
Proteins of the SPOC, the MEN, and the MEN regulators
have intriguing patterns of localization and asymmetry
with respect to both the spindle poles and the mothers
and buds. The MEN regulators Bub2, Bfal, and Tem]1 are
SPB-associated proteins that initially localize preferen-
tially (although not exclusively) to the two SPBs and then
concentrate on the daughter-bound SPB (dSPB) before the
nucleus is positioned at the neck (Molk et al. 2004;
Mackawa et al. 2007; Caydasi and Pereira 2009; Monje-
Casas and Amon 2009). As the nucleus proceeds into
anaphase and the spindle elongates into the bud, Bub2
and Bfal partially release from the dSPB, and Teml
accumulates to higher levels (Pereira et al. 2000; Molk
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et al. 2004). MEN proteins Cdc5, Cdc15, Dbf2, and Mobl
are also on the dSPB and then relocate to the bud neck
after Cdcl14 is released from the nucleolus (Visintin and
Amon 2001; Yoshida and Toh-e A 2001). Ltel, a MEN
activator, is localized asymmetrically to the bud and is
not present in the mother (Bardin et al. 2000; Seshan et al.
2002; Yoshida et al. 2003). This temporal and spatial
orchestration of SPOC and MEN proteins suggested
a testable model for how the MEN is regulated by the
SPOC.

A simple and appealing model was proposed to explain
MEN regulation in an unperturbed cell cycle (Fig. 1A) and
to explain how the SPOC regulates the exit from mitosis
when spindles are misaligned (Fig. 1B; Bardin et al. 2000;
Pereira et al. 2000). The key to the model is Tem1, which
is associated with the dSPB during mitosis. The Teml
GTPase is believed to be activated by a guanine exchange
factor (GEF) called Ltel that is restricted to the cortex of
the bud. Tem1 normally associates with the dSPB along
with its negative regulator, a two-component GTPase-
activating protein (GAP) consisting of Bub2 and Bfal that
keeps Teml1 inactive. According to the model, spindle
elongation normally places the dSPB in the daughter cell,
where the inhibitory GAP partially dissociates from
Teml. Tem1 is further activated when it associates with
Ltel. Under this scenario, the GEF overcomes the in-
hibition of the GAP and activates the MEN.

In this simple model, the key events to MEN regulation
in an unperturbed mitosis are the localization of Ltel to
the daughter cell cortex and the asymmetric localization

Figure 1. MEN regulation. (A) An unperturbed
mitosis. Bub2 Bfal and Teml are associated with
o the dSPB, and Kin4 is associated with the mSPB
and the mother cell cortex. The mother cell keeps
Teml in the GDP (off) state. Ltel is localized to the
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cortex of the bud and is kept there by the septins.
Mitosis places the dSPB in the vicinity of Ltel, and
Teml is activated. (B) Misaligned spindle. The
asymmetry of regulators is lost and Kin4 is associ-
ated with both SPBs, which keeps Teml in the
GDP (off) state and inhibits MEN activation.
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of MEN regulators to the dSPB. Localization of Ltel to the
daughter cell cortex is dependent on the small GTPase
proteins Cdc42 and Ras in addition to other polarity
proteins, Cla4 and Kell, but precisely how they work is
not understood (Seshan et al. 2002; Yoshida et al. 2003;
Seshan and Amon 2005). Maintaining Ltel in the daugh-
ter cell requires the septins, structural proteins that
are key components of the bud neck. In the absence of
septins, Ltel localizes in both the mother and the bud,
which abrogates the SPOC (Castillon et al. 2003). Septins
may have an additional role in removing the GAP (Bub2
and Bfal) as the dSPB traverses the neck, although that
is controversial (Fraschini et al. 2006; Monje-Casas and
Amon 2009). Tem1 localization to the SPB requires Bfal-
Bub2, but the reverse is not true. Furthermore, Bub2
and Bfal are interdependent for localization to the SPB
(Pereira et al. 2000). How is the asymmetry of SPB local-
ization controlled? There are several models that could
explain the asymmetric localization of MEN regulators
and MEN proteins to the dSPB. One possibility is the
inherent age of the two SPB (old vs. new). The old SPB is
inherited by the daughter and is normally the dSPB.
However, interfering with microtubules randomizes the
inheritance of old and new SPB but does not change the
asymmetry, and the dSPB, independent of age, is asym-
metrically associated with Bub2, Bfal, and Tem1 (Pereira
et al. 2001). Another possibility is that the asymmetric
forces of the microtubules and the spindle dictate the
asymmetry, but severing nuclear microtubules with a
laser microbeam did not affect Bfal localization (Monje-
Casas and Amon 2009). Finally, it is possible that the
asymmetry is regulated by cell polarity machinery, and
this seems to be correct. Asymmetric localization to the
SPB requires both the cell polarity genes and interac-
tions between the cytoplasmic microtubules and the bud
cortex. Therefore, the asymmetric localization of pro-
teins to the SPB is linked to the inherent polarity of the
cell.

In the simple model (Fig. 1A), the dividing cell inter-
prets spatial information by the asymmetric localization
of Tem1 and the inhibitory GAP (Bub2/Bfal) to the dSPB,
which is dependent on the cell polarity machinery. Spin-
dle orientation is likewise dependent on the cell polarity
machinery. Once the spindle elongates along the mother—
bud axis in mitosis, Tem1 is placed in proximity to Ltel
in the daughter cortex. This is the signal that the spindle
was correctly oriented and the MEN are activated to
exit mitosis. The model is appealing in its simplicity, but
there is additional complexity concerning MEN regula-
tion in the bud that must be considered.

MEN regulation in buds

Careful analysis of the spindle movements shows that
the exit from mitosis is not correlated with interactions
between the dSPB and the bud cortex. There is a much
stronger correlation for interactions between the dSPB
and the bud neck during an unperturbed mitosis (Molk
et al. 2004). These observations could be accommodated
by a model in which the relevant Tem1-Ltel interaction
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occurs when the GAP is dissociated as the dSPB passes
through the bud neck. Elegant genetic experiments have
defined an additional inhibitory pathway that includes
the formin Bud6 (required for actin polymerization) and
the kinesin Kip2 that operates in the bud to inhibit
Ltel until there are interactions with the dSPB, pre-
sumably at the neck (Haarer et al. 2007; Nelson and
Cooper 2007). Understanding the role of Ltel in Teml
activation is further complicated because the protein is
nonessential at physiologically relevant temperatures.
Cells lacking Ltel exit mitosis with normal kinetics,
implying that Ltel can be dispensable for the exit from
mitosis and suggesting an alternative pathway for regu-
lating Tem1 (Adames et al. 2001). One interesting hy-
pothesis is that interactions between the cytoplasmic
microtubules and the bud neck independently regulate
Bub2/Bfal GAP activity (Nelson and Cooper 2007). De-
spite the fact that cells can exit mitosis without Ltel,
there is good evidence that Ltel has a role in mitosis in
every cell cycle. Ltel is essential in mutants unable to
execute the brief release of Cdcl4 that occurs early in
mitosis (independent of MEN) and aids in spindle assem-
bly (Stegmeier et al. 2002). Furthermore, Ltel is essential
at cold temperatures, and cells lacking Ltel arrest at the
exit from mitosis (Adames et al. 2001). This probably
reflects the high intrinsic GTPase activity of Tem1, which
is compromised when cells are grown at low temper-
atures (Geymonat et al. 2002). Curiously, Ltel GEF
activity is dispensable for mitotic exit, even at low
temperatures, suggesting that the Ltel requirement is
independent of direct guanine exchange (Yoshida et al.
2003). Together, these observations suggest that regulat-
ing mitotic exit in the bud is more complex than the
simple model would imply.

The SPOC—regulating the MEN in the mother

MEN regulation involves localization of Teml on the
dSPB, but also regulation of Bub2/Bfal GAP in a spatially
sensitive way. MEN activation and, hence, mitotic exit, is
inhibited in a variety of mutants where anaphase pro-
ceeds in the mother cell (Adames et al. 2001; Haarer et al.
2007; Nelson and Cooper 2007). Under these conditions,
the spindle elongates, but the SPOC is activated and cells
remain arrested with a fully elongated but misaligned
spindle (Fig. 1B). The active SPOC is reflected by changes
in the localization of MEN regulators. Bub2/Bfal is regu-
lated by the polo-like kinase Cdc5, which phosphorylates
Bfal and relieves the inhibition on Tem1 (Hu et al. 2001).
Bub2/Bfal localizes to both spindle poles in cells with
misaligned spindles, and Bfal is not phosphorylated by
Cdc5 (Pereira al. 2001; Molk et al. 2004). The Kin4 kinase
was the first member of the SPOC that was identified, and
cells lacking Kin4 exit mitosis in response to misaligned
spindles (D’Aquino et al. 2005; Pereira and Schiebel
2005). Kin4 is a negative regulator of the MEN that func-
tions exclusively through the SPOC. The kinase binds to
the cortex of mother cells and associates with both the
mother-bound SPB (mSPB) and the bud neck during un-
perturbed mitosis. The restricted localization of Kin4 to



the mother cell is the opposite of Ltel and reinforces the
simple model (Fig. 1) of spatial regulation of the MEN
with a Tem1 activator in the bud and a Tem1 inhibitor in
the mother. Kin4, like Bub2-Bfal, binds to both SPBs
when spindles are misaligned, and Kin4 phosphory-
lates Bfal, which prevents inhibitory phosphorylation
by Cdc5, thus maintaining the GAP in the active state.
The active GAP keeps Teml inactive and prevents
mitotic exit. Interestingly, Kin4 has no SPOC activity if
it is forced to localize exclusively to the plasma mem-
brane, suggesting that the critical Kin4 is restricted to
either the mSPB or the bud-neck-associated enzymes. If
Kin4 is ectopically tethered to both SPBs by fusing it to
a constitutive SPB protein (mimicking the localization
that occurs when the SPOC is active), the cells have
a constitutively active SPOC (Maekawa et al. 2007). This
suggests that regulated SPB localization of Kin4 is a key
event in mitotic regulation by the SPOC.

Kin4 SPB localization is regulated by protein
phosphatase 2A

A new study by Chan and Amon (2009) in this issue of
Genes & Development provides an explanation for how
Kin4 localization to the SPB is regulated and identifies
a new crucial component of the SPOC. The study builds
on the previous observation that Kin4 is a phosphoprotein
whose phosphorylation is cell cycle-regulated during S
phase and mitosis (D’Aquino et al. 2005). Chan and Amon
(2009) assay cell cycle-dependent phosphorylation of
Kin4 in a variety of phosphatase mutants and identify
protein phosphatase 2A (PP2A) as the relevant phospha-
tase responsible for dephosphorylating Kin4 late in mito-
sis and in the early stages of the cell cycle before S phase.
PP2A is a trimeric enzyme consisting of an A subunit that
serves as a scaffold (Tpd3), the regulatory B subunit
(Cdc55 or Rtsl), and a catalytic C subunit (Pph21 or
Pph22) (Jiang 2006). PP2A-Rts1 is the only phosphatase
that dephosphorylates Kin4, and Rtsl is required for the
SPOC. Interestingly, PP2A-Rtsl does not regulate the
activity of the Kin4 kinase but is required for the
localization of Kin4 to the SPB. Chan and Amon (2009)
examined three conditions where Kin4 is localized to
spindle poles either symmetrically (when spindles are
misoriented) or asymmetrically (unperturbed mitosis),
and in each case Kin4 association with the SPB requires
Rtsl, suggesting that Rtsl is required to load Kin4 onto
the SPB. This activity is especially interesting because
Rtsl is not localized exclusively to the mother cell, and
suggests that some other mechanism spatially restricts
the activity of Rtsl (Gentry and Hallberg 2002). Interest-
ingly, the lack of Rts1 does not affect the phosphorylation
status of Bub2, Bfal, Teml, or Ltel. Likewise, the asym-
metric localization of Bub2, Bfal, and Tem]l to the dSPB
and Ltel to the bud cortex is normal in cells lacking Rts1.
These observations suggest that the role of Rtsl in the
SPOC is restricted to Kin4. Finally, Chan and Amon
(2009) use a series of alleles with increasing activity to
show that Rtsl, like Kin4, is not a general inhibitor of the
MEN, but exerts its regulatory effect within the SPOC.

PP2A and the SPOC

Lessons learned and future directions

There are two important contributions from the study by
Chan and Amon (2009). One is that it adds a new and
important player to the SPOC while adding an additional
layer of complexity to this interesting and important
regulatory pathway. The second is that it provides an
additional dimension to the ever-expanding role of PP2A
in mitotic regulation (Jiang 2006). Like all good studies, it
raises more questions than it answers, including: How
does PP2A control the loading of Kin4 onto SPBs? How is
PP2A-Rtsl spatially regulated? How is PP2A-Rtsl tem-
porally regulated? Is Kin4 the only substrate of PP2A-Rts1
in the SPOC? Are there other roles for PP2A-Rtsl in the
SPOC manifested in other regions of the cell? Which
kinase phosphorylates Kin4? Yeast genetics and cell
biology continue to provide important insights into cell
cycle regulation that have important implications for
basic cell and developmental biology as well as many
diseases. We look forward to the answers to these and
other exciting questions in the near future.
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