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he events of cell division are reg-

ulated by a complex interplay
between kinases and phosphatases.
Cyclin-dependent kinases (Cdks), Polo-
like kinases (Plks) and Aurora kinases
play central roles in this process. Polo
kinase (Plkl in humans) regulates a wide
range of events in mitosis and cytoki-
nesis. To ensure the accuracy of these
processes, Polo activity itself is subject
to complex regulation. Phosphorylation
of Polo in its T loop (or activation loop)
increases its kinase activity several-fold.
It has been shown that Aurora A kinase,
with its co-factor Bora, activates Plk1 in
G,, and that this is essential for recovery
from cell cycle arrest induced by DNA
damage. In a recent article published in
PLoS Biology, we report that Drosophila
Polo is activated by Aurora B kinase at
centromeres, and that this is crucial for
Polo function in regulating chromosome
dynamics in prometaphase. Our results
suggest that this regulatory pathway is
conserved in humans. Here, we propose
a model for the collaboration between
Aurora B and Polo in the regulation of
kinetochore attachment to microtubules
in early mitosis. Moreover, we suggest
that Aurora B could also function to acti-
vate Polo/Plk1 in cytokinesis. Finally, we
discuss recent findings and open ques-
tions regarding the activation of Polo and
Polo-like kinases by different kinases in
mitosis, cytokinesis and other processes.

Polo Kinase in the Cell Cycle

The Polo kinase was discovered nearly
25 years ago in Drosophila."? Polo and
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its closest orthologs in other species
(Plkl in humans) are now firmly estab-
lished as central regulators of the cell
cycle, playing crucial roles during mitosis
and cytokinesis.>> Four other Polo-like
kinases exist in humans (Plk2-5), which
fulfill more divergent and specialized roles
in cellular proliferation, development and
tissue-specific functions.”> It has long
been known that the activity of Plkl
increases several-fold in mitosis,® but how
this occurs mechanistically, temporally
and spatially in the cell is not fully under-
stood. As discussed in this paper, it is now
clear that both Aurora A and Aurora B
contribute to activate Polo/Plkl for dis-
tinct roles in mitosis. Yet, other Plks could
be activated by different kinases.

The multiplicity of tasks assigned to
Plkl is matched by the complex upstream
regulation of this protein.* First, all Plks
comprise a C-terminal Polo-box domain
(PBD) (Fig. 1) that allows them to interact
with target proteins. In addition, PIk1 is
transcriptionally regulated to allow maxi-
mal expression in G,- and M phases,”®
while  APC®-mediated  ubiquitina-
tion promotes Plkl degradation in late
M phase.” Like many kinases, Plk1 is acti-
vated by phosphorylation in its T loop,
which induces a conformational change
to promote catalysis.'” Phosphorylation at
that site is also thought to lock the pro-
tein in an open conformation, where the
kinase domain and the PBD are dissoci-
ated." Phosphorylation occurs at Thr210
in human Plk1,”* and at the equivalent
Thr201 in Xenopus Plx1."* This site is
highly conserved among Plks, from yeast
to humans (Fig. 1).
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Figure 1. Position of key activating phosphorylation sites in Polo-like kinases. Polo-like kinases
are defined by the presence of a C-terminal Polo-Box Domain and an N-terminal kinase domain
separated by a linker segment. Sequence alignments are shown for regions of interest. Phosphor-
ylation sites with verified activating function are in green. Equivalent residues in other Plks are in
bold black. Positively charged residues that precede those sites are in blue. The regions of Plk4
and Cdc5 equivalent to the Ser137 region of Plk1 are poorly conserved. Dm, Drosophila melano-
gaster; X, Xenopus leavis; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae.

Plkl is activated in G, and promotes
mitotic entry by indirectly stimulating
cyclin B-Cdk1 activation.”® Plkl phos-
phorylates and inactivates Weel and
Mytl, two kinases that target Cdkl to
keep it inactive,"”'® while it also activates
Cdc25C,” the phosphatase that removes
inhibitory phosphates on Cdkl. But what
activates Plk1 in G,? It had been suggested
that Plx1 was activated by xPlkk1/Slk,"
but it was later found that xPlkkl acts
downstream of Plkl1, although it could
contribute to further activate PlxI in a
positive feedback loop.” Thus, convinc-
ing evidence for a kinase activating Plx1
or Plk1 was still lacking.

In 2008, two papers reported that Plkl
is activated in G, by Aurora A kinase.*”*'
This requires the protein Bora that
appears to facilitate the recognition of
Plk1 by Aurora A, which then phosphory-
lates Plk1 at Thr210 in its activation loop.
This pathway was shown to dictate the
normal timing of mitotic entry and to be
essential for re-entry into mitosis in recov-
ery from a DNA damage response arrest.”!
Where exactly the activation of Plkl by
Aurora A occurs is unclear, but one could
envision that it could take place at least in
part at centrosomes, where both proteins
co-localize and regulate spindle poles.?
However, Plkl, Aurora A and Bora are
dispensable for mitotic entry in an unper-
4,20,21

turbed cell cycle.

www.landesbioscience.com

Bringing Active Polo
to the Kinetochore

Polo/Plk1 activity is not necessary for
mitotic entry but is essential for chro-
mosome congression in prometaphase.
While Polo and Plkl localize at centro-
meres and kinetochores in early mitosis,
Aurora A and Bora do not. We hypoth-
esized that another kinase was required
to activate Plk1 at kinetochores. Aurora B
was an obvious candidate for the job. First,
the T-loop activation site of Polo/Plkl
kinase lies in a consensus motif for both
Aurora A and B kinases, as it is preceded
by positively charged residues (Fig. 1).**-
» Second, Aurora B is concentrated at
centromeres in early mitosis and regu-
lates several proteins of the kinetochore,
where Plkl is localized. The different
pattern of localization between Aurora A
and Aurora B is due to their interactions
with completely distinct regulatory pro-
teins that ensure their functional specific-
ity.?® Aurora B is the enzymatically active
subunit of the chromosomal passenger
complex (CPC), which also includes
INCENDP, Survivin and Borealin.”” The
CPC localizes to chromosomes in early
mitosis, later becoming enriched at cen-
tromeres, where it is required for proper
kinetochore function. After anaphase
onset, the CPC relocalizes to the central
spindle, where it colocalizes with Polo
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and is required for cytokinesis.?® Thus, if
Aurora B activates Polo on chromosomes
in early mitosis, it could potentially keep
Polo active later on the central spindle in
cytokinesis.

In our paper recently published in
PLoS Biology,” we used Drosophila as a
model to test if Aurora B could activate
Polo. We found that INCENDP and Aurora
B kinase are required for Polo activation
by T-loop phosphorylation at centro-
meres and kinetochores in vivo and in
cultured cells. Recruitment of total Polo
to the centromere/kinetochore region
did not depend on the CPC. We found
that INCENP co-localizes with active
Polo and physically interacts with Polo.
Our results confirm that Aurora B indeed
plays an important role in Polo activation
in mitosis (Fig. 2) and places the protein
INCENTP in a unique position as a plat-
form for the coordination of the activities
of both kinases.*

Inhibition, inactivation or mutation
of Polo/Plkl leads to a mitotic arrest
with monopolar spindles and failures in
correct kinetochore-microtubule attach-
ments."*3133 We found that chromosome
congression was strongly dependent on
T-loop activation of Polo. Interestingly,
bipolar spindles could still be assembled
without Polo activation at the same site.
Thus, unphosphorylated Polo may pro-
vide sufficient activity for proper spindle
regulation, but a higher level of Polo activ-
ity may be required at kinetochores, and
brought about by the CPC.

Importantly, our experiments con-
firmed that the CPC-Plkl activation
pathway is active in human cells. The
activation of Polo kinase by Aurora B at
mitotic centromeres may be widely con-
served in animals. Although the role of
Aurora A and Bora in Plkl activation is
solidly established in human cells, this
mechanism may not be universally con-
served and could also serve tissue-specific
functions. In Drosophila cells, Aurora A
knockdown led to a modest reduction
in active Polo levels at centrosomes.”’
Although bora is an essential gene in flies,
no mitotic defects have been reported in
bora mutants. Instead, bora mutant clones
were shown to produce defects in asym-
metric cell division, reminiscent of some
aurora a mutants.’* As both Polo and
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Aurora A are required for asymmetric
cell division,*>*¢ Aurora A and Bora could
function to activate Polo specifically in
that context. However, while human Bora
binds both Aurora A and Plk1, Drosophila
Bora has been found to bind Aurora A*
but not Polo. Thus it remains unclear how
Bora and Polo are functionally connected
in flies. No Bora orthologs have been iden-
tified in the yeasts. It seems that Aurora B
in the CPC plays a more essential and
perhaps better conserved role in activating
Polo in mitosis.

Controlling Kinetochore-
Microtubule Attachment:

A Close Collaboration Between
Polo and Aurora B Kinase

More Polo is on kinetochores than cen-
tromeres in prometaphase and metaphase,
while the CPC is mainly at inner cen-
tromeres.”” So how and where does the
CPC activate Polo? In cultured cells, we
observed that Polo is initially recruited
to centromeres before INCENP is seen
there.?” The direct interaction between
Polo and INCENP could help the recruit-
ment of the CPC or stabilize its local-
ization at centromeres. Centromeric
CPC is then required for its activation
of Polo and its functions in regulating
kinetochore-microtubule attachment.
Consistent with this model, active Polo is
seen at centromeres only after INCENP
has been recruited.”” Once activated at
centromeres, active Polo could relocalize
to kinetochores. But diffusible Aurora B
emanating from centromeres could also
keep Polo phosphorylated and active at
that site (Fig. 3A).

In this regard, a gradient in Aurora B
activity concentrated at centromeres has
been proposed to serve as a mechanism
whereby kinetochores can sense bipolar
attachment.’”** In this model, once under
tension, a kinetochore is stretched away
from its centromere, and the Aurora B
substrates at the kinetochore become
efficiently phosphorylated.  Since
Aurora B phosphorylation of kinetochore
components results in destabilization of
kinetochore-microtubule  attachments,
the outcome of this mechanism is prefer-
ential stabilization of bipolar attachments
(Fig. 3B). Until then, incorrectly attached

less
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Figure 2. Localization of T-loop phosphorylated Polo™®"". Images of Drosophila cells in culture
expressing Polo-GFP (green) and stained with a phospho-specific antibody against Polo™?™" (red).
Blue: DNA. In prophase, Polo™2"" js seen on centrosomes (arrowheads), where it could be phos-
phorylated by Aurora A. In prometaphase, Polo™®?*" appears on centromeres and kinetochores
(under bracket), where it depends on phosphorylation by Aurora B.?* In cytokinesis, Polo™2"" con-
centrates on the central spindle at the level of the cleavage furrow (arrow), where we hypothesize
that it could again be phosphorylated by Aurora B. The red signal in interphase nuclei was verified

A

QO Polo
@ AuroraB

B

Stretched
kinetochores

Amphitelic attachment, stable

C

Detached
Aurora B — Polo

Attached,
No tension
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Figure 3. Model for the collaboration between Aurora B and Polo kinases in the regulation of ki-
netochore-microtubule attachments. (A) Aurora B (red) phosphorylation of kinetochore subunits
promotes the detachment of kinetochores that are not under tension (orange arrow). Polo (yel-
low) at the kinetochore promotes kinetochore attachment to microtubules (large green arrow).
Aurora B also phosphorylates and activates Polo at centromeres, and possibly on kinetochores (or
activated Polo relocalizes from centromeres to kinetochores). (B) Once amphitelic attachment is
reached, tension stretches kinetochores, separating Polo on the outer kinetochore from Aurora B
on the inner centromere. (C) The activation of Polo by Aurora B could facilitate the attachment/
detachment cycle that takes place between kinetochores and microtubules in prometaphase.

detach under the effect
and their re-attachment

kinetochores

of Aurora B,
requires Polo activity. Thus, a close collab-
oration between Aurora B and Polo keeps
the attachment/detachment cycle active in
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prometaphase, and the coupling between
Aurora B and Polo activities appears logi-
cal (Fig. 3C).

Such a cycle would not be possible
without phosphatase activity. Recently,
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protein phosphatase 2A in complex with
its B56 regulatory subunit (PP2A-B56)
has been shown to antagonize both
Aurora B and Plk1 activities during pro-
metaphase. A balance between Aurora B
and Plk1 kinases vs. PP2A-B56 is required
for proper chromosome attachment and
congression in prometaphase.! PP2A-B56
is enriched at centromeres/kinetochores,
and substrates of both Aurora B and Plk1
become hyperphosphorylated when B56
isoforms are depleted, while kinetochores
fail to reach correct attachments. Thus
PP2A-B56 appears as an essential phos-
phatase in the attachment/detachment
cycle. When kinetochores are bipolarly
attached and under tension, less Aurora B
activity can reach the kinetochores, and
PP1 is then recruited to the kinetochores,
further dephosphorylating Aurora B sub-
strates and stabilizing attachments.”® Less
Plk1 is also seen on kinetochores that have
attached correctly.”** The complex inter-
play between kinases and phosphatases in
kinetochore regulation is slowly coming to

light.

What Turns Polo On
during Cytokinesis?

Polo is essential for cytokinesis.>* In
human cells, Plkl promotes RhoA activ-
ity at the contractile ring, which drives
cleavage furrow ingression.”¢ Polo activ-
ity also regulates several other effectors of
cytokinesis.” We found that T loop-acti-
vated Polo is enriched at the cleavage fur-
row and the midbody ring (Fig. 2).”” This
activation of Polo is likely to be impor-
tant for cytokinesis, but this has not been
fully investigated yet. Although activated
Polo could, in principle, transit from the
kinetochore to the central spindle, it seems
unlikely to survive phosphatase activities
after anaphase onset. There again, Aurora
B in the CPC would be in a good posi-
tion to phosphorylate Polo, as they are
in close proximity on the central spindle
during cytokinesis. Conversely, Aurora A
and Bora are unlikely to mediate Polo/
PIk1 activation in cytokinesis. In human
cells, Bora has been shown to be degraded
during mitosis, and this is triggered by
Plk1,#% the same kinase that it contrib-
utes to activate in G,. More experiments
are required to determine if Polo/Plkl
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T-loop phosphorylation is essential for
cytokinesis, as well as the role of Aurora B
and the CPC in this activation.

Other Sites of Activation
and Other Plks

Polo-like kinase activation is surely more
complex than one phosphorylation site
and two kinases. Serl37 is an alternative
site of activation in the kinase domain of
Plk1."? It has been shown to be phosphory-
lated briefly in mitosis and has been pro-
posed to contribute to regulate the activity
of the spindle assembly checkpoint.”® How
phosphorylation at Serl137 increases Plkl
activity and how it differs from Thr210
phosphorylation is unclear. Serl37 is
conserved in Plk2, Plk3 as well as in
Drosophila Polo (Fig. 1), but the identity
of the kinase(s) targeting it is unknown.
Interestingly, Serl37 is preceded by posi-
tively charged residues, making it a pos-
sible target of Aurora kinases (Fig. 1).
Aurora kinase activation of a Plk outside
its kinase domain has also been reported
recently in the fission yeast S. pombe. In
this case, Arkl (Aurora A) phosphorylates
Plol (Polo) in the linker region (Fig. 1)
to promote its recruitment to the spindle
pole bodies, and this contributes to trigger
mitosis in response to nutrient availability
sensed by the TOR pathway.”!

If Aurora kinases are ideally poised to
activate Polo/Plkl in G,, mitosis and cyto-
kinesis, can they also contribute to regu-
lating other Plk family members? Little or
nothing has been published on T-loop acti-
vation of Plk2, Plk3 and Plk4. Based on
the presence of positively charged residues
preceding the equivalent site to Thr210
(Plkl) and Thr182 (Polo) in Plk2 and
Plk3, these too could be targets of Aurora
kinases (Fig. 1). However, Plk2 and Plk3
are known to function mostly in inter-
phase and in differentiated cells,*”> where
Aurora kinases are largely inactive. It will
be interesting to investigate whether Plk2,
Plk3 and Plk4 require T-loop phosphor-
ylation at all for their functions in vivo,
and, if so, the identity of the kinase(s)
responsible for their activation.

In the budding yeast, Cdc5 is the
sole Plk, and it plays very similar roles
to Drosophila Polo and human PlkI.
However, its activation has been shown
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to depend on phosphorylation at a cyclin-
dependent kinase (Cdk) site in the T loop
(Thr242, corresponding to Thr214 in
Plkl) (Fig. 1).** The same study found
that Cdc5 Thr238, corresponding to
Plkl Thr210 (Fig. 1) is phosphorylated
in vivo, but its mutation did not affect
Cdc5’s essential functions. Thr242 of
Cdc5 is conserved in all Plks of humans
and Drosophila, where it is followed by a
proline residue. It is tempting to speculate
that proline-directed kinases, including
Cdks and MAP kinases, could contribute
to activate other Plks at this alternative
T-loop site.

The field has come a long way in deci-
phering the astonishing complexity of
functions of the Polo-like kinases in the
cell cycle, mitosis, cytokinesis and even
outside cell division.**** While T-loop
phosphorylation of Plkl by Aurora A/
Bora can help the cell enter mitosis, Polo
activation at the same site by the CPC is
required in mitosis. It should not be sur-
prising, but rather expected, that Plks
have found multiple activating partner
kinases to help regulate them in their vari-
ous functions, by phosphorylating them
at both the same and different residues.
Much remains to be done before a full
understanding of Plk activation can be
reached, but let’s be prepared to see the
picture expand and complexify.
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