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Abstract

Over the past decade Hippo kinase signalling has been established as an essential tumour
suppressor pathway controlling tissue growth in flies and mammals. All members of the Hippo
core signalling cassette are conserved from yeast to humans, whereby the yeast analogues of
Hippo, Mats and Lats are central components of the mitotic exit network and septation initiation
network in budding and fission yeast, respectively. Here, we discuss how far core Hippo signalling
components in Drosophila melanogasterand mammals have reported similar mitotic functions as
already established for their highly conserved yeast counterparts.
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1. Introduction

One prominent feature of cancer cells is their abnormal composition of chromosomes, which
frequently results in the amplification of proto-oncogenes and the loss of tumour suppressor
genes. Combined with changes on the epigenetic level, these chromosome alterations play
an important role in the long-term survival of cancerous material [1]. Basically, cancer cells
need to acquire various changes on the genomic and epigenetic level to ensure resistance to
cell death, sustained proliferative potential and evasion of growth suppression [1].
Therefore, Hanahan and Weinberg (2011) included genomic instability as an enabling
characteristic in their updated Hallmarks of Cancer review [1]. Current evidence strongly
suggests that chromosomal alterations are not only a feature of cancer cells but are also part
of the driving force during malignant cellular transformation [2,3]. Significantly, errors in
mitosis are prone to result in abnormal chromosome composition. Thus, for decades
intensive research efforts have been ongoing to understand the signal transduction
machineries that control mitosis and cytokinesis. Not surprisingly, these studies revealed
that eukaryatic cells have developed several mechanisms to ensure faithful chromosome
segregation [4,5].

Most likely the best studied mechanism is the spindle assembly checkpoint (SAC) [6],
which ensures in normal mitotic cells that the meta-to-anaphase transition only occurs once
all chromosomes have been attached correctly to the mitotic spindle apparatus. Given that
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the SAC can play a role in the progression of cancer, compounds targeting the mitotic
spindle assembly are now established anti-cancer drugs that are used regularly in the clinic
to treat a variety of human tumours [7,8]. However, the SAC is not the only safety
mechanism that should be considered when designing anti-cancer drugs targeting mitosis
and cytokinesis of cancer cells. Evasion of the SAC can even be a driving force for
chromosomal abnormalities [2,3,9]. Therefore, researchers have been studying other
mechanisms that play a role in mitosis. In particular, signalling cascades regulating the
events after meta-to-anaphase transition were studied intensively one decade ago. Taking
advantage of the genetic power of Saccharomyces cerevisiae and Schizosaccharomyces
pombe, yeast geneticists found that exit of mitosis is regulated by a conserved signalling
pathway, termed the mitotic exit network (MEN) in budding yeast and septation initiation
network (SIN) in fission yeast [10,11]. The MEN/SIN achieve the equal distribution of
genetic material between mother and daughter cells through a kinase cascade that triggers
the dephosphorylation and consequent inactivation of mitotic CDK1 (cyclin dependent
kinase 1) by the serine-threonine phosphatase Cdc14. Since mitotic CDKZ1 inhibits
cytokinesis and abscission (cell cleavage) in fungi and metazoans, these studies also
suggested that the MEN/SIN controls not only mitotic exit (progression from anaphase to
late telophase), but can also play a role in the regulation of cytokinesis and abscission.
Intriguingly, the core signalling module of the MEN/SIN is composed of highly conserved
members of the Ste20-like kinase family [12-14], the MOB co-activator protein family [15],
the LATS/NDR kinase family [16,17], and the Cdc14 protein phosphatase family [18]. The
MEN/SIN pathway is very highly conserved from yeast to humans, since human Cdc14 can
even compensate for the loss of Cdc14 in budding and fission yeast [19,20].

Over the past decade Ste20-like kinases, MOB proteins, and LATS/NDR kinases have
gained even more attention, since Hippo (a GCK-1I Ste20-like kinase), Mats/dMOB1, and
Warts/Lats (one of two LATS/NDR kinases in flies) have been established as the central
signalling module of the Hippo tumour suppressor signalling cascade in Drosophila
melanogaster[21-23]. Loss of Hippo, Mats or Warts could be functionally compensated by
their mammalian counterparts MST2, LATS1 and MOB1A, respectively [24-26], strongly
suggesting that, similar to the MEN/SIN, Hippo signalling is very highly conserved from
flies to humans. Over the past years a series of studies using human cells and transgenic
mice established that the core components of mammalian Hippo signalling represent tumour
suppressor proteins [27-31]. However, in spite of the strong conservation of MEN/SIN and
Hippo components, the involvement of the Hippo core cassette in mitotic exit in higher
eukaryotes is not yet fully understood. Nevertheless, some studies in flies and human cells
suggest that Hippo signalling could play a role in the regulation of mitotic exit and possibly
also cytokinesis.

In this review, we briefly give an updated version of the MEN and SIN pathways in budding
and fission yeast (see Sections 2 and 3), before providing an overview of our current
understanding of the roles of Hippo signalling components in the regulation of mitotic exit
and cytokinesis. To make it easier for the reader to appreciate the findings in Drosophila and
human cell systems, we have separated the fly and mammalian part into two independent
sections (see Sections 4 and 5). We conclude with a discussion of important yet unanswered
questions regarding Hippo signalling in the G2/M cell cycle phase. Throughout this review,
we aim to emphasise selected key issues that should be addressed in more detail, so that the
scientific community may fully appreciate which role(s) Hippo signalling can play in the
coordination of two essential mitotic processes: (1) spatial and temporal timing of mitotic
chromosome segregation and (2) cleavage furrow formation in cytokinesis.
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2. Mitotic exit network (MEN) in S. cerevisiae

To understand how eukaryotic cells can co-ordinate mitotic chromosome segregation with
cytokinesis, researchers turned to the power of yeast genetics. In budding yeast, these efforts
revealed a so-called mitotic exit network (MEN) kinase cascade [10,11,32,33]. MEN
signalling triggers the transition from the mitotic anaphase through to the G1-phase of the
cell cycle by inactivating mitotic CDK1, one key hallmark of the end of mitosis [5]. More
specifically, after the initial activation of the GTPase Tem1p at the spindle pole body (SPB;
the equivalent of centrosomes in animals), the Cdc15p protein kinase is stimulated by GTP-
bound Tem1p. Activation of Cdc15p is followed by increased kinase activity of the Mob1p/
Dbf2p (Dbf20p) complex, which in turn results in the release of the serine-threonine
phosphatase Cdc14p from the nucleolus into the nucleus and cytoplasm. Released Cdc14p
then drives inactivation of mitotic CDK1 and dephosphorylates mitotic CDK1 and other
kinase substrates (Fig. 1). This dephosphorylation wave allows spindle breakdown, nuclear
division and cytokinesis in order for cells to exit from mitosis in a co-ordinated fashion.
Initially, it was unclear how the Mob1p/Dbf2p complex transmitted the signal to Cdc14p.
However, Mohl et al. (2009) recently showed that the Mob1p/Dbf2p complex can directly
phosphorylate Cdcl14p, an event that is sufficient to trigger the relocalisation of Cdc14p at
the end of mitosis [34]. To sum up, activation of the Tem1p/Cdc15/Moblp/Dbf2p/Cdcl4p
cascade results in CDK1 inactivation, which enables mitotic exit.

However, recent evidence suggests that the role of MEN signalling goes beyond mitotic exit.
By activating Cdc14p and subsequently inactivating mitotic CDK1, the MEN indirectly
promotes cytokinesis. Nevertheless, recent evidence suggests that MEN signalling
components have more direct roles in orchestrating the process of cytokinesis. On one hand,
Dbf2p and Mob1p have been found at the actin-myosin ring (AMR) structure that is
essential for abscission [35-38], and Cdc15p, Dbf2p and Moblp are required for AMR
contraction [39,40]. Moreover, current evidence suggests that the MEN components Dbf2p
and Mob1p can regulate the cytokinetic components Chs2p, Hoflp, and Innlp (summarised
in [33,41]). However, Hoflp (one of at least three F-BAR domain proteins in S. cerevisiae)
is so far the only established target of Mob1p/Dbf2p in cytokinesis [41].

On the other hand, by dephosphorylating specific Cdk1 targets in telophase, the Cdc14p
phosphatase can promote cytokinesis. By changing the phosphorylation status of the formins
Bnrl and Bnil, Cdcl4p can affect the repolarisation of the cytoskeleton at the end of mitosis
[42]. Cdcl4p may also directly regulate Boil, Boi2, Chsl, Shsl and other mitotic factors to
facilitate cytokinesis [33], however, the direct regulation of these proteins by Cdc14p is yet
to be established. Intriguingly, Cdc14p is further required for the functionality of the LATS/
NDR kinase Cbk1p (the second LATS/NDR kinase in budding yeast) [43]. Weiss and
colleagues showed recently that Cdc14 is essential for Cbk1 function /in vivo, even though
Cdc14p does not influence Cbk1p /n vitro[43]. Since Cbk1 mainly functions in the G1-
phase of the cell cycle [44-46], these findings suggest that the MEN can even play a role
beyond mitotic exit and cytokinesis.

Taken together, the mitotic exit of budding yeast is controlled by the MEN signalling
machinery (Fig. 1). At the core of this network is a finely tuned cascade of phosphorylations
and dephosphorylations events, which co-ordinate the completion of mitosis with
cytokinesis and abscission. This spatial and temporal co-ordination is essential for the
survival of healthy budding yeast in order to maintain genome integrity over multiple
generations. As briefly outlined here, several aspects of the MEN have already been studied
in detail with respect to exit of mitosis, however, the importance of the MEN in the
regulation of cytokinesis has only been appreciated rather recently. Therefore, we believe
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the budding yeast system will still be a major contributor to our understanding of MEN in
the future.

3. Septation initiation network (SIN) in Schizosaccharomyces pombe

The machinery regulating the controlled exit of mitosis is highly conserved in other yeast
species [33]. In particular in Schizosaccharomyces pombe, mitotic exit signalling has been
extensively studied in addition to budding yeast [10,11]. Given the differences between
budding and fission yeast in mitosis, the budding yeast MEN was termed septation initiation
network (SIN) in S. pombe. Although the SIN is analogous to the MEN in budding yeast,
the SIN mainly co-ordinates cytokinesis by playing a role in AMR contraction and septum
formation rather than controlling mitotic exit in general [10,11,47,48]. Nevertheless, the SIN
signalling cascade is very similar to the MEN pathway (Fig. 1). After activation of the
GTPase Spglp, GTP-bound Spglp activates the Sid1p kinase (the Ste20-like protein kinase
orthologue of Cdc15p). Active Sid1p then phosphorylates the Mob1p/Sid2p kinase complex
(the fission yeast counterpart of the Mob1p/Dbf2p complex), which in turn activates the
Clp1p/Flpl phosphatase (the counterpart of the budding yeast Cdc14p phosphatase). Using a
similar mechanism as reported for the MEN, the Mob1p/Sid2p complex directly
phosphorylates Clplp, thereby affecting the subcellular localisation of Clplp [49].
Significantly, Clplp might also regulate similar cytokinetic factors as reported for budding
yeast Cdc14p [33,50]. In particular, the regulation of budding yeast Hof1p appears to be
conserved between SIN and MEN. Fission yeast Cdc15p is one of two functional
homologues of Hoflp [51-53], which is the only established target of budding yeast Mob1p/
Dbf2p in cytokinesis [37]. Furthermore, Cdc15p is phosphorylated on a conserved RXXS
motif that can be targeted by Mob1p/Sid2p [53]. Therefore it is tempting to speculate that
the SIN components Mob1p/Sid2p and Clplp regulate cytokinesis in a similar fashion as
reported for the MEN components Mob1p/Dbf2p and Cdc14p [33]. Last but not least, one
should also note that Clplp has been reported to function together with Aurora kinase at
kinetochores in early mitotic stages [54], suggesting that Cdc14 phosphatase family
members can have MEN/SIN independent functions.

In summary, budding and fission yeast orchestrate mitotic exit and cytokinesis through a
conserved kinase signalling cascade (Fig. 1), termed MEN and SIN, respectively. The
conserved signalling core cassettes function as follows: Cdc15p and Sid1p (the budding and
fission yeast Ste20-like kinase counterparts of Drosgphila Hippo) activate Mob1p (the yeast
counterpart of Mats/dMOBL1) in complex with Dbf2p or Sid2p (the LATS/NDR kinase
counterparts of Warts/Lats and Trc), which in turn leads to the activation of protein
phosphatase Cdc14p and Clplp, respectively. Although in yeast additional Ste20-like
kinases, LATS/NDR kinases, and MOB proteins are expressed [15,16], the functionality of
MEN and SIN is fully dependent on one single signalling core module composed of specific
members of the Ste20-like kinase, LATS/NDR, and MOB protein families, namely Cdc15p/
Mob1p/Dbf2p and Sid1p/Moblp/Sid2p, respectively.

4. Hippo signalling in G2/M in Drosophila melanogaster

In flies, members of the Ste20-like kinase, LATS/NDR, and MOB protein families have
essential tumour suppressive roles by co-ordination cell growth, proliferation and death
[16,21-23]. Considering the impact of initial studies on the Ste20-like Hippo kinase
[26,55-58], Hippo/Mats/Lats signalling has been referred to as Hippo signalling ever since.
Intriguingly, the Hippo pathway is very similar to the MEN/SIN cascades in budding and
fission yeast [15,16,33]. As reported for the MEN/SIN, a GCK-II Ste20-like kinase activates
a LATS/NDR kinase in complex with a MOB1 protein. Based on these striking similarities
one is very tempted to draw the conclusion that Hippo signalling in flies is controlling
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mitotic exit in a similar fashion as reported for the MEN/SIN in yeast (Fig. 2). However, in
spite of these similarities, scientific reports supporting a role for Hippo signalling in mitotic
exit and cytokinesis are limited in number. Nevertheless, there is some evidence suggesting
that Hippo signalling (or at least some key components of Hippo signalling) can play a role
in mitosis.

In 2004, Bettencourt-Dias and colleagues screened the Drosophila kinome for cell cycle
functions by RNA-mediated interference (RNAI), thereby revealing that Hippo and Lats are
required for normal cell cycle progression [59]. Depletion of Hippo caused mitotic spindle
abnormalities, suggesting that Hippo plays a role in mitotic progression. Knock-down of
Lats, on the other hand, resulted in an increase of cells in the G1 phase of the cell cycle. The
authors speculated that Lats might accelerate progression through G2/M, thereby shifting
more cells into G1 [59]. In light of the finding that Lats can inhibit CDK1 during mitosis in
human cells and flies [25], this interpretation might be correct. However, we currently
cannot exclude the other possible interpretation of this finding, namely that loss of Lats
function results in a G1 cell cycle arrest. Whatever the case, this report [59] suggests that
Hippo and Lats do not operate together in cell cycle functions, since their depletion results
in very different cell cycle phenotypes. This publication [59] further suggests that Hippo
kinase might function in a similar fashion as reported for the Hippo counterparts Cdc15p
and Sid1p in MEN/SIN (Fig. 2), but how Hippo could control mitotic exit in Drosophila
cells has yet to be determined. Possibly Hippo signals through the Tricornered kinase (Trc;
the second LATS/NDR kinase in flies) as already reported for Hippo signalling in sensory
neurons [60]. Another possibility is that Hippo can function independent of LATS/NDR
kinases during the cell cycle. In this context, one should also note that Hippo mutant cells
from dissected developing wings or eyes do not display obvious cell cycle phasing defects
[26,55], suggesting that Hippo might not have a role in mitosis in every cell type. However,
RasV12 immortalised cells derived from warts null fly embryos display polyploidy, which
suggests a defective tetraploidy checkpoint [61]. Given all these indications, future research
is warranted to address how Hippo/Lats (and possibly also Trc) signalling plays a role in
mitosis.

Given that Hippo can also target Mats [62], the question arises whether Mats could play a
role in mitotic Hippo signalling. Intriguingly, Mats (also termed dMOBL1) is the counterpart
of yeast Mob1p [15], which is an essential component of the MEN/SIN in yeast [10,11].
Considering this high similarity and that Mats is an established core component of Hippo
signalling in the control of cell proliferation and death [24,62], it is very tempting to assume
that Mats must play a role in mitotic exit. Indeed, one report by the Lai laboratory shows
that Mats is required for proper chromosome segregation in developing fly embryos [63].
This suggests that Mats has a role in mitosis, but we do not know which specific function(s)
Mats might have in this important cell cycle phase. One possibility is that Mats functions in
complex with Warts in mitosis, as already shown for the control of cell proliferation and
death [24,62]. Potentially, Mats could function in mitosis independent of Warts, since Mats
can also interact with Trc, the second LATS/NDR kinase in flies [64]. A third possibility is
that Mats signals downstream of Hippo independent of LATS/NDR kinases. Whatever the
case, future research is needed to clarify whether Mats plays a role in mitotic exit and
whether this function requires other Hippo signalling components.

A strong argument for pursuing this line of research is the recent report from Gregory et al.
(2007) showing that Mats is potentially a direct regulator of cytokinesis [65]. By screening
for modulators of Rho signalling during cytokinesis they identified Mats among several
other cell cycle regulators [65]. Significantly, this screen [65] also showed that
overexpression of the Cdc14 phosphatase modulates the G2/M transition of Drosophila
cells. This report [65] proposes that Mats might regulate Cdc14 as already reported for the
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yeast counterparts Mob1p and Cdc14p/Clplp (Fig. 1). Similar to budding yeast Cdc14p
[18], the fly Cdc14 appears also to be essential, since depletion of Cdc14 (CG7134) by
RNAi results in pupal lethality [66]. However, we currently do not understand how Cdc14
functions in Drosophila. Perhaps Cdcl14 can counteract CDK1 activity in mitosis, thereby
regulating mitotic exit and cytokinesis. On the basis of the functional conservation between
yeast and human Cdc14 [19,20] it seems obvious to assume that fly Cdc14 plays a key role
in mitosis and cytokinesis, but as already mentioned there is currently no scientific evidence
available that strongly supports this assumption. Hopefully future research will unveil
whether and how the fly Cdc14 phosphatase is regulating exit of mitosis.

Of note, in addition to the Cdc14 phosphatase, other phosphatases have roles in mitotic exit
[67]. In particular, members of the conserved PP2A family of phosphatases are of interest
when comparing Hippo signalling with the MEN/SIN. Ribeiro et al. (2010) reported that
Hippo signalling is negatively regulated by the STRIPAK complex, which contains a
functional PP2A unit [68]. Intriguingly, in fission yeast the SIN is regulated by an SIN-
inhibitory PP2A phosphatase (SIP) complex that is very similar to the STRIPAK complex
[69]. Five of six SIP components are even conserved from yeast to man [69]. On one hand,
this suggests that the STRIPAK complex perhaps regulates Hippo in mitosis as observed for
the regulation of the Hippo analogue Sid1p by SIP [69]. On the other hand, these reports
emphasise that in animal cells it will not be sufficient to focus on Cdc14 when addressing
the regulation of mitotic exit by phosphatases. Most likely a network of phosphatases is to
be studied in order to understand how phosphatases regulate the passage through mitosis
[67].

When comparing Hippo signalling with the MEN/SIN, one should also mention the
conservation of scaffolding proteins between these pathways [16]. In budding and fission
yeast, the scaffolding proteins Nud1p and Cdc11p/Sid4p support MEN and SIN signalling,
respectively [10,11,16]. In flies, the scaffolding protein Salvador (Sav; the fly counterpart of
Nudlp and Cdc11p/Sid4p) functions as a central tumour suppressor in Hippo signalling
[26,55-58,70]. However, the involvement of Sav in mitotic processes is yet to be tested.
Perhaps the SARAH protein-protein interaction domain shared between Sav, Hippo and
Rassf proteins [71] will help with this analysis. The Tapon laboratory reported that dRASSF
competes with Sav, and thereby antagonises pro-apoptotic Hippo signalling [72]. Given that
RASSF1A (the human counterpart of fly dRASSF) is an established regulator of mitotic
progression (see Section 5), one is tempted to speculate that dARASSF might also play a role
in mitosis together with Hippo. Nevertheless, as it is the case for most Hippo signalling
components, it is yet to be determined whether Sav and dRASSF play any role in mitosis
and/or cytokinesis. In this context, one should further note that Sav mutant cells derived
from imaginal discs did not display obvious cell cycle defects [70], indicating that Sav might
be dispensable for mitosis of certain cell types.

In summary, in D. melanogaster all core components of the yeast MEN/SIN are conserved
in the Hippo/Mats/Lats cascade (better known as Hippo tumour suppressor signalling) (Fig.
2). Current reports suggest that Hippo and Mats can function in mitosis, but it is so far
unclear whether they play a role in mitotic exit and cytokinesis as reported for their yeast
counterparts. Possibly Cdc14 functions downstream of Hippo/Mats. However, the
involvement of Hippo signalling in the regulation of mitotic exit is currently not established.
Very likely, additional factors such as Trc, PP2A, Sav and dRASSF need to be considered
when addressing this research aspect. Taken together, the MEN/SIN core components are
conserved from yeast to flies, but animal cells seem to co-ordinate mitotic exit by additional
networks, which so far has slowed down research progress with respect to the role of Hippo
signalling in mitosis.

Semin Cell Dev Biol. Author manuscript; available in PMC 2012 September 27.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Hergovich and Hemmings Page 7

5. Mammalian Hippo signalling in the G2/M phase of the cell cycle

Considering that all core components of MEN/SIN and Hippo signalling are conserved from
yeast to humans [15,16,73], one might expect that research has already established that a
signalling cascade composed of MST1/2 kinases (the human counterpart of Hippo), LATS/
NDR kinases (the human analogues of Lats/Trc), and hMOBL1 (the human version of Mats)
is essential for mitotic exit and cytokinesis. However, somewhat similar to our current
picture of mitotic Hippo signalling in Drosophila (see Section 4), our understanding of
mammalian Hippo signalling in mitosis is limited (Fig. 2). A large effort has been invested
in elucidating the roles of Hippo signalling in human disease, establishing mammalian
Hippo signalling as a novel tumour suppressor pathway that is essential for the regulation of
tissue growth [27-31]. Unfortunately, these focused approaches also meant that possible
mitotic functions were neglected to a certain extent. Nevertheless, there is scientific
evidence suggesting that mammalian Hippo signalling (or at least components of this
pathway) can play a role in mitosis.

For more than a decade MST1/2 kinases have been known as pro-apoptotic Ste20-like
kinases [13,14], and since 2003, their role as tumour suppressor proteins has been
established by several studies [27-31]. However, a mitotic role for MST1/2 was described
only recently [74,75]. Oh et al. (2010) provided evidence suggesting that Aurora B kinase
activity is regulated by MST1 signalling, thereby linking MST1 to the molecular processes
of chromosome segregation in mitosis [75]. In line with this finding, a second publication
reported that MST2 signalling plays a role in chromosome alignment in metaphase [74].
Whether MST2 can also influence Aurora B activity is currently not known, but MST1 and
MST?2 both appear to signal through NDR1 kinase (the human counterpart of Trc in flies)
[74,75]. Furthermore, they reported that NDR1 kinase activity is elevated in early mitosis
[74]. However, the Hemmings laboratory did not detect this increased activity in mitosis
[76]. By analysing the cell cycle activation of NDR1/2 via kinase assays and
phosphorylation specific antibodies, Cornils et al. (2011) defined human NDR1/2 as cell
cycle regulated kinases that are mainly activated upon the G1/S cell cycle transition [76].
They further showed that NDR1/2 are essential for the G1/S cell cycle transition by
regulating p21 and c-myc levels [76-78]. Significantly, NDR1/2 kinases require only MST3
kinase activity for this cell cycle role, but not MST1/2 [76,79]. In contrast, MST1 signalling
is indispensable for NDR’s regulation of centrosome duplication in S-phase [80,81]. Taken
together, these findings indicate that human MST1/2 kinases have diverse roles throughout
the cell cycle. In the context of this review, the role of MST1/2 in mitosis appears to be the
most interesting [74,75]. Nevertheless, in spite of these studies [74,75] and the described
spindle midzone localisation of MST2 in late mitosis [82], MST1/2 signalling in mitotic exit
and cytokinesis remains to be studied.

As mentioned above, NDR1/2 kinases can function downstream of MST1/2 signalling
although NDR1/2 have not been implicated in the control of mitotic exit. In contrast,
LATS1/2 kinases, which can also signal downstream of MST1/2 [13,14,83], have been
shown to play a role in later stages of mitosis. A decade ago, it was reported that LATS1 can
inhibit CDK1 activity in mitosis, thereby influencing G2/M cell cycle progression [25,84].
Analysis of cells overexpressing LATS1 supported a role for LATS1 in mitosis, since
LATS1 overexpression resulted in a G2/M cell cycle arrest [84-86]. Subsequent studies
further supported the view that LATS1 is a regulator of mitosis by showing that LATS1
associates with the AMR and midbody in cytokinesis [87], that LATS1 co-localises with
Zyxin at the mitotic spindle apparatus [88], that LATS1 can interact with LIMK1 in mitosis,
a key regulator of the actin polymerisation machinery [87], and that endogenous human
LATS1 plays a role in mitosis [89]. These findings suggest that LATS1 has one major role
in the mammalian cell cycle, namely the regulation of mitosis. In contrast, LATS2 (the
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second human counterpart of Drosophila Lats) seems to function in more than one cell cycle
stage. On one hand, it was reported that LATS2 overexpression inhibits G1/S transition [90].
On the other hand, LATS2 overexpression can also lead to a G2/M cell cycle arrest [91].
Most importantly, LATS2 —/- cells display abnormal mitosis and cytokinesis defects
[92,93], supporting the view that LATS2 is mainly required for mitotic progression. Taken
together, these reports indicate that mammalian LATS1/2 kinases have important roles in
mitosis. However, these publications also suggest LATS1/2 are likely to function on more
than one level in mitosis. In contrast to LATS2, LATS1 appears to function solely in
mitosis, but also this view has been challenged recently by the observation that LATS1 can
play a role in the intra-S-phase and G2/M checkpoints upon DNA damage [94]. Therefore,
more detailed studies of LATS1/2 functions in the cell cycle are warranted. The mitotic
regulation of LATS1/2 by upstream regulators, such as the MST1/2 kinases, also remains to
be studied.

Recent research progress on hMOB1, the human counterpart of fly Mats and yeast Mob1p
[15], should also be mentioned when discussing Hippo signalling in mitosis. h(MOB1, a
known co-activator of LATS/NDR kinases [15], has been detected in the spindle midzone in
late mitotic stages [89,95]. Moreover, Bothos et al. (2005) found that endogenous hMOB1
can play a role in mitosis [89]. This suggests that also the third core component of
mammalian Hippo signalling might have a role in mitotic exit and cytokinesis. However, it
is currently not known whether hMOB1 functions in mitosis together with LATS1/2 and
MST1/2 kinases. Since hMOBL1 further plays a role in S-phase controlled centrosome
duplication by regulating NDR signalling [80,81], the mitotic analysis of hMOBL1 is likely to
be more complicated. This further suggests that h(MOB1 can function in different cell cycle
phases, which is very similar to observations made for budding yeast Mob1p. In yeast,
Mob1p plays a role in spindle pole body duplication (the yeast equivalent of centrosome
duplication in multicellular organisms) [96] in addition to being essential for mitotic exit
[10,11,32,33]. Nevertheless, despite this recent research progress, a role for h(MOBL1 in
mitotic exit and cytokinesis has as yet to be established.

In yeast, activation of the Cdc14 phosphatase by the MEN/SIN is a key event to trigger
mitotic exit (see Sections 2 and 3). Is this also the case in mammalian cells? Considering
that human Cdc14 can compensate for the loss of Cdc14 in budding and fission yeast
[19,20], the initial answer is a clear yes. However, as is the case for most cellular processes
in mammals, the picture is more complicated. Several studies showed that Cdc14 is
dispensable for exiting mitosis in different model systems other than yeast [18]. However,
this does not mean that Cdc14 has no role to play in mitosis, since overexpression of Cdcl14
leads to cytokinesis defects in mammalian cells [18]. In addition, Cdc14 can be detected at
the spindle midzone and midbody in animal cells [97-101]. These reports suggest that
mammalian Cdc14 phosphatases are not essential for mitotic progression, although they can
have negative effects on mitotic processes upon overexpression. Of note, Cdc14A (one of
two Cdc14 phosphatases expressed in human cells) can further play a role in the G2/M
transition by preventing premature activation of CDK1 through regulating the phosphatases
Cdc25A/B [102], suggesting that mammalian Cdc14 has function beyond mitotic exit and
cytokinesis. This recent report [102] is interesting, since Clplp, the fission yeast Cdc14, has
already been connected with the yeast Cdc25p phosphatase [103]. Furthermore, Clplp has
been reported to function in meta-/anaphase on the yeast kinetochore in addition to its role in
the SIN [54]. Therefore, given that Cdc14 has more than one function in yeast [54,103], it
should not be surprising that mammalian Cdc14 phosphatases have different roles in mitosis
[18]. Furthermore, one needs to keep in mind that other phosphatases, in particular members
of the PP1 and PP2A families, have been reported to play a role in mitotic exit of
mammalian cells [67]. Therefore, we believe that it will not be sufficient to focus on Cdc14
when addressing the regulation of mitotic exit by mammalian Hippo signalling.
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In spite of all these reports linking MST1/2, LATS1/2, hMOB1, and Cdc14 to mitotic
functions, we have to date not understood the real nature of the mitotic signalling cascades
involving core Hippo components (Fig. 2). Possibly by understanding the trigger for mitotic
activation of MST1/2 we can unveil a more detailed picture of mammalian Hippo signalling
in mitosis. Interestingly, the MST1/2 binding partners RASSF1A and mammalian Salvador/
WW45 (the analogues of Drosophila dRASSF and Sav, respectively) are potentially part of
this trigger. MST1/2 kinases can be activated by the tumour suppressor proteins WW45 and
RASSF1A [13,14]. The interaction of WW45 with MST2 can regulate mitotic centrosome
disjunction [104], but any further roles for WW45 in mitosis have yet to be reported. In
contrast, the regulation of MST1/2 by RASSF1A has been studied more extensively. In
human cells, RASSF1A signals through MST/LATS1 to induce apoptosis [105-107], and
can also trigger apoptosis by MST1/NDR signalling [108]. Part of the mode of action
appears to be that RASSF1A protects MST1/2 from dephosphorylation by PP2A to induce
apoptosis [109]. Whatever the case, RASSF1A has been repeatedly reported as an activator
of MST1/2 signalling [105-108,110]. RASSF1A can form complexes with MST1/2 and
WW45 through conserved SARAH domains [71,82,83,111], which seems to play a role in
Hippo dependent and independent apoptotic signalling [112]. Significantly, RASSF1A null
cells display cytokinesis failure [82], which is a similar phenotype as observed in LATS2
null cells [92,93]. Furthermore, it has been reported that RASSF1A overexpression induces
a G2/M cell cycle arrest [113], most likely by RASSF1A regulating APC-Cdc20 E3 ligase
activity which affects mitotic progression [114]. In addition, it was found that Aurora A
regulates RASSF1A during prometaphase progression [115,116], while Aurora B
phosphorylation of RASSF1A plays a role in the regulation of cytokinesis [117]. These
reports strongly suggest that RASSF1A has diverse roles in mitosis. However, according to
our knowledge, any direct link between RASSF1A and mitotic Hippo signalling is yet to be
established. Furthermore, the contradiction between Drosophila and human data regarding
RASSF signalling should be clarified. In flies, the Tapon laboratory reported that (RASSF
antagonises Hippo signalling [72], while in human cells RASSF1A activates MST/LATS/
NDR signalling [105-108,110]. Possibly these differences can be explained by considering
other RASSF family members [118,119]. In this context it is noteworthy that lkeda et al.
(2009) published that RASSF6 can regulate MST2 dependent and independent apoptosis
pathways [120]. In other words, at least two RASSF family members play a role in
mammalian Hippo signalling.

In summary, mammalian Hippo signalling components can play a role in the regulation of
mitosis (Fig. 2). In how far the MST/hMOB1/LATS core signalling cassette is functioning
together in mitosis is still an open question. Perhaps by taking into account that MST1/2 and
hMOB1 signalling are also important for the regulation of NDR1/2 kinases (the second
group of LATS/NDR kinases in human cells), the complexity of mammalian Hippo
signalling in mitosis could be better understood. Moreover, the downstream targets of
mammalian Hippo signalling are yet to be determined in mitosis. Any involvement of YAP
and TAZ, the two established Hippo targets [27-31], in mitotic exit and cytokinesis has not
been reported so far. Possibly Cdc14 phosphatases can be activated by Hippo signalling,
which could be part of the regulation of PSTPIP1, the mammalian homolog of yeast Hof1p
[121]. Taken together, by considering all these open questions, we look forward to exciting
new discoveries in mammalian Hippo signalling and its role in mitotic progression.

6. Conclusions

Eukaryotic cells have developed a range of mechanisms to ensure the equal distribution of
genetic material between daughter cells at the end of the cell cycle. Here, we have
summarised our current understanding of a signalling cascade that regulates mitotic exit and
cytokinesis after the meta-to-anaphase transition. Intriguingly, the core components of this
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pathway are highly conserved from yeast to humans. In budding/fission yeast, the Ste20-like
kinases Cdc15p/Sid1p function together with the LATS/NDR kinases Dbf2p/Sid2p and the
Mob1p co-activator as a central hub in the regulation of mitotic exit and cytokinesis.
Therefore, the Cdc15p/Dbf2p/Moblp and Sid1p/Sid2p/Moblp cascades were termed the
MEN and SIN, respectively. In Drosophila melanogaster, the Ste20-like kinase Hippo
functions together with the LATS/NDR kinase Lats and the Mats co-activator as a central
module in Hippo tumour suppressor signalling, which is essential for the co-ordination of
cell growth, proliferation, and death in tissue growth. Current reports suggest that Hippo and
Mats can function in mitosis, but it is so far unclear whether they play any role in mitotic
exit and cytokinesis, as reported for their yeast counterparts. In mammalian cells, the Ste20-
like kinases MST1/2 function together with the LATS/NDR kinases LATS1/2 and the
hMOB1 co-activator as central players in mammalian Hippo tumour suppressor signalling.
Nevertheless, in spite of the high conservation between the MEN/SIN factors and MST/
hMOBZ1/LATS it is yet to be established whether the Hippo core signalling cassette is
functioning together in mitosis. This lack of knowledge in metazoan model systems is
somewhat surprising. Very likely, the complexity of mammalian cell systems (human cells
express five Ste20-like kinases that are similar to MST1/2; four different LATS/NDR
kinases; and six MOB proteins) will need to be considered when tackling mitotic
mammalian Hippo signalling. Currently, we do not know whether the Hippo growth
repressor pathway and Hippo signalling in mitosis represent one pathway that has different
roles dependent on developmental and cell cycle stages. Possibly, not all components are
shared between these two signalling cascades, which would mean that at least two distinct
Hippo pathways can operate in multicellular organisms. In this respect we are very confident
that exciting times lay ahead of us in translating lessons learned from mitosis in yeast into
more complex mitotic events in metazoans.
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Figurel. The MEN and SIN in yeast

In budding and fission yeast, MEN and SIN core signalling encompasses members of five
conserved protein groups. Scaffolding proteins (brown) assist Ste20-like kinases (yellow) in
their activation of LATS/NDR kinases (green) in complex with a MOB protein (red). This
kinase/co-activator complex then phosphorylates and thereby activates a Cdc14 phosphatase
(blue), which finally results in CDK1 inhibition and subsequent exit from mitosis and
cytokinesis. Please note that the indicated SIN-phosphorylation of Mob1p is predicted by the
conservation between MEN and SIN signalling and not based on scientific evidence.
Phosphorylations are indicated by “P” in blue.
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Figure 2. Comparison of MEN and Hippo signalling componentsin mitotic exit and cytokinesis
S. cerevisiae, D. melanogaster and mammals utilise a highly conserved signalling module
composed of scaffolding proteins (brown), Ste20-like kinases (yellow), LATS/NDR kinases
(green), MOB proteins (red), and possibly Cdc14 phosphatases (blue). While this signalling
cassette is essential for mitotic exit in yeast, the mitotic role of Hippo signalling is
debateable. Currently, we do not know whether Hippo signalling as illustrated here is
playing any role in mitotic exit and cytokinesis. Nevertheless, some factors (RASSF1A,
LATS1/2 and Cdc14) have been reported to play a role in mitotic exit and cytokinesis.
Otherwise, question marks highlight proteins that so far have no reported role in mitotic exit
and/or cytokinesis. Phosphorylations are indicated by “P” in blue.
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