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Rho GTPases regulate a diverse range of cellular functions
primarily through their ability to modulate microtubule
dynamics and the actin-myosin cytoskeleton. Both of
these cytoskeletal structures are crucial for a mitotic cell
division. Specifically, their assembly and disassembly is
tightly regulated in a temporal manner to ensure that each
mitotic stage occurs in the correct sequential order and not
prematurely until the previous stage is completed. Thus, it is
not surprising that the Rho GTPases, RhoA, and Cdc42, have
reported roles in several stages of mitosis: cell cortex stiffening
during cell rounding, mitotic spindle formation, and bi-orient
attachment of the spindle microtubules to the kinetochore
and during cytokinesis play multiple roles in establishing the
division plane, assembly, and activation of the contractile
ring, membrane ingression, and abscission. Here, | review the
molecular mechanisms regulating the spatial and temporal
activation of RhoA and Cdc42 during mitosis, and how this is
critical for mitotic progression and completion.

Mitosis results in the generation of two independent daughter
cells. It is the final phase of the cell cycle and consists of six
distinct sequential stages—prophase, prometaphase, metaphase,
anaphase, telophase, and cytokinesis (Fig. 1). Mitotic progression
is highly regulated and involves dynamic modulation of cell shape
and morphology primarily through remodelling of the actin and
microtubule cytoskeletons. Rho GTPases are key regulators of
both processes in a diverse spectrum of cellular functions due to
their ability to elicit a cellular response through activation of a
large suite of effector proteins.

The Rho GTPase family of proteins is approximately 20 kDa
and there are >22 members in humans. The best characterized

can be subdivided into three major groups based on sequence:
Rho, Rac and Cdc42.! Rho GTPases cycle between an active
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GTP-bound and an inactive GDP-bound state. This cycle is
tightly regulated, primarily by two classes of regulatory molecules:
(1) GTPase-activating proteins (GAPs), which enhance the
relatively slow intrinsic GTPase activity of Rho proteins leading
to its inactivation; and (2) guanine nucleotide-exchange factors
(GEFs), which catalyze the exchange of GDP for GTP in vivo
promoting Rho activity.! A third set of regulatory proteins have
emerged and are the guanine nucleotide-dissociation inhibitors
(GDIs), which sequester Rho GTPases in the cytosol in a GDP-
bound state.?

The role of Rho GTPases in animal cell division, once
thought to be limited to cytokinesis, has now been shown to
extend to all mitotic stages. Recent work indicates that they may
function during mitotic onset for cell rounding as well as during
metaphase for spindle orientation and chromosome congression.
Assessment of Hela mitotic extracts for GTP-bound RhoA,
Cdc42, and Racl as a measure of their activity revealed that
GTP-Cdc42 peaks in metaphase (chromosome alignment),
whereas GTP-RhoA increases in anaphase reaching maximal
levels during telophase (cytokinesis).> GTP-Racl levels do not
alter during mitosis. Consistent with this idea, Cdc42 appears
to be the primary driver of Rho signaling during metaphase?
and several RhoA-mediated signaling pathways are essential for
cytokinesis.’ In contrast, active Racl does not have any known
roles in mitosis but rather its inactivation appears to be required.
Analysis of Rho signaling pathways in mitosis by RNAi-
mediated depletion has identified several Rho GEFs (such as
Ect2, GEF-HI, and MyoGEF) as well as many GAPs (such as
MgcRacGAP, pl90RhoGAP, and MP-GAP), as key regulators
of mitotic progression as depletion of any one of these proteins
results in multinucleated cells. The expression level of Rho GEFs
(Ect2, GEF-H1) and GAPs (MgcRacGAP, pl90RhoGAP)
involved in mitosis, peak at the G,/M boundary.®* Only one
RhoGDI has been associated with mitosis to date.” However,
given their importance in regulating Rho function, future
investigation is likely to identify other RhoGDIs with mitotic
roles.

This review focuses on the role and regulation of Rho GTPases
during mitosis, specifically the molecular mechanisms that
regulate their temporal localization and activation throughout
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Figure 1. Phases of mitosis and the relative activity levels of Rho GTPases throughout mitosis. A profile of the relative activity levels (upper panel) of
RhoA-GTP (blue), Cdc42-GTP (red), and Rac1-GTP (black) corresponding with the phases of mitosis (lower panel) is shown.

mitosis to ensure that mitotic events take place in a sequential
manner to achieve two independent daughter cells. In this
review, | summarize the literature surrounding the roles of RhoA,
Cdc42, and Racl as well as their regulators, GAPs and GEFs,
during mitosis, specifically focusing on their role in mammalian
cells.

Prophase: Mitotic Onset

At the onset of mitosis, the cell undergoes profound changes
in its architecture to detach from the substrate and become round
in shape (Fig. 1). This is important for subsequent mitotic events
such as spindle assembly and positioning as well as chromosome
capture. Cell rounding involves extensive rearrangement of the
actin cytoskeleton, de-adhesion, and an increase in cortical
rigidity.'>!" Recent time-lapse microscopy analysis of HeLa cells
reveals that cell rounding is one of the earliest mitotic events
in prophase occurring prior to centrosome separation and
visible chromatin condensation followed by nuclear envelope
breakdown.'? Upon mitotic entry, RhoA activity is elevated'*"
and active RhoA concentrates to the cell cortex.!> Here, it is
the primary driver of actin remodeling resulting in both mitotic
cell rounding and cortical stiffening. It is not involved in loss of
adhesion. Instead this involves inactivation of the small GTPase
Rapl.’” RhoA mediates cell rounding and cortical stiffening
through activation of its downstream effectors, Rho kinase
(ROCK) and subsequent phosphorylation of myosin II'** in an
analogous pathway for contractile ring assembly and function
during the ingression phase of cytokinesis.

AriseinCdkl activityoccursconcomitantwithcellrounding,®
indicating that Cdk1/cyclin Bl-mediated phosphorylation may
regulate timing of this process. Indeed, upon mitotic onset

Cdkl/cyclin Bl mediates the phosphorylation of the RhoA
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regulators, the GEF Ect2,'>'®" and the GAP pl190RhoGAP."
The resulting outcome is a global increase in RhoA activity."
Ect2 (also known as Pebble in Drosophila) is an essential
RhoA-GEF.!¢1822 Tt |ocalizes to the nucleus of interphase cells
and upon mitotic entry translocates from the nucleus to the
cytoplasm prior to nuclear envelope breakdown.'#2% This
coincides with phosphorylation at T341 and T412 by Cdk1/
cyclin Bl. Specifically, T341 phosphorylation causes Ect2 to
fold into an inactive conformation through an intramolecular
interaction between the N-terminal BRCT domains and the
catalytic DH-PH region.'® This autoinhibition is relieved upon
binding of the phosphorylated form of MgcRacGAP to the
BRCT domains. Presumably this would occur at the cell cortex
as both MgcRacGAP and Ect2 can bind phospholipids and
this interaction is essential for Ect2 activity.?#? Thus, what is
the role of Ect2 phosphorylation? It may facilitate the binding
of proteins to prepare Ect2 for activation. Cdkl-mediated
phosphorylation of Ect2 at T412 during G,/M creates a
phosphospecific binding site for Plkl. Cells expressing the
Ect2-T412A mutant exhibit reduced accumulation of GTP-
RhoA and impaired induction of cortical hyperactivity.”
Spatial regulation of Ect2 also seems to be important for
correct temporal activation of RhoA and cell rounding.
Mislocalization of Ect2 to the cytoplasm leads to premature cell
rounding as evident by cells that express a nuclear localization
signal Ect2 mutant that renders it in the cytoplasm.'? Nuclear
export of Ect2 coincides with an increase in Cdkl activity
and nuclear import of cyclin B1. Thus it is possible that Ect2
is phosphorylated in the nucleus and this drives its nuclear
export. Phosphorylation would therefore maintain Ect2 in an
inactive conformation at this point during mitosis to prevent
premature activation of RhoA, i.e., prior to nuclear envelope
breakdown. Only once Ect2 reached the cell cortex would the
autoinhibition be relieved to activate RhoA.
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Pro-Metaphase and/or Metaphase:
Spindle Formation and Chromosome Alignment

Following cell rounding and nuclear envelope breakdown, the
mitotic spindle is assembled to assist in alignment of chromosomes
along the center of the cell (metaphase plate) and subsequent equal
segregation of sister chromatidsinto daughter cells (Fig. 1).2%” The
mitotic spindle is a bipolar structure composed of microtubules
and associated motor proteins. Microtubules initially emanate
from the spindle poles and/or centrosomes toward the cell equator
and attach to the kinetochore of a chromosome with their plus
ends. This population of microtubules is termed kinetochore-
or Kfibers. This attachment allows rapid movement of the
bound chromosome such that the sister kinetochore attaches
to a microtubule growing from the opposing centrosome. The
result is a correctly bi-orientated chromosome at the metaphase
plate with a stable microtubule-kinetochore attachment. Once
all chromosomes have achieved this, the cell is considered to be
in metaphase and chromosome segregation during anaphase can
proceed. The mitotic spindle consists of two other populations of
microtubules: (1) microtubules that do not attach to kinetochores,
but also emanate toward the cell center and are called central
spindle or non-kinetochore microtubules and (2) microtubules
that emanate from the centrosomes circumferentially and anchor
at the cell cortex are called astral microtubules, which function
to maintain correct spindle orientation. Premature or aberrant
chromosome segregation results in aneuploidy and is avoided
by activity of the spindle assembly checkpoint (SAC). This
signaling pathway consists of a number of protein complexes that
monitor mitotic spindle assembly, delaying anaphase onset until
all chromosomes have formed stable bipolar attachments to the
spindle via kinetochores.?

The primary Rho GTPase that functions during metaphase
is Cdc42 with several diverse roles that contribute to spindle
orientation in polarized epithelial cells as well as centrosome
integrity for spindle formation and bi-orient chromosome
attachment to spindle microtubules (Fig. 2). All three roles
contribute to chromosome alignment at the metaphase plate.

Role for Cdc42 in spindle orientation

In contrast to the localization and function of RhoA, Cdc42
localizes to the spindle and centrosomes during metaphase
where it contributes to spindle orientation and formation
for chromosome alignment.”” Cdc42 is a master regulator of
cell polarity, and thus its role during metaphase appears to be
particularly important for formation of epithelial organs, where
it functions in the monolayer of polarized cells that enclose the
central lumen.*® Orientation of the mitotic spindle is paramount
in these cells to ensure division occurs in the correct plane.
As such, the metaphase function of Cdc42 has been linked to
regulation of the formation of the central lumen in a 3D Madin-
Darby canine kidney model as well as in a Caco-2 cell model
of mammalian intestinal epithelial morphogenesis.”* At the
centrosome, Cdc42 co-localizes with the Cdc42 specific GEF,
intersectin 2 (ITSN2). Spindle positioning during asymmetric
divisions is believed to be governed by the interaction between
astral microtubules and the cell cortex. This involves the motor
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protein dynein, which is cortically anchored by a conserved
protein complex consisting of LGN, nuclear mitotic apparatus
(NuMA) and Gai.”? Cells depleted of either Cdc42 or ITSN2
display incorrect spindle orientation.?” Silencing of ITSN2 also
results in a loss of centrosomal Cdc42 with a corresponding
dispersal throughout the cytoplasm. Disruption of LGN causes
a similar lumen formation defective phenotype to depletion of
ITSN2 and Cdc42.” Thus, it is proposed that the role of ITSN2/
Cdc42 in spindle orientation is mediated through an LGN-
dependent pathway. To date, this ITSN2/Cdc42 metaphase role
has only been demonstrated in polarized epithelial cells and thus
may not contribute to spindle orientation in other cell types.

Role for Cdc42 in maintenance of centrosome integrity

The Golgi is in close physical proximity to the centrosome
in mammalian cells. This association is poorly understood;
however, it is becoming evident that the Golgi contributes to
organization of the structure and function of the centrosome.®
Depletion of the Golgi proteins, GM130 and GRASP65,
results in fragmented mitotic centrosomes and multipolar
spindles.*** The mechanism of action of these Golgi proteins
remains unknown. Co-immunoprecipitation assays revealed that
GM130 forms a complex with the Cdc42 GEF, Tuba, as well as
Cdc42 and that formation of this complex is required for Tuba-
mediated activation of Cdc42 at the Golgi and/or centrosome
region of mitotic U20S and HeLa cells.*® Blocking either Tuba
or Cdc42 activity phenocopy GM130 depletion of aberrant,
non-functional centrosomes. Expression of constitutively active
Cdc42 can overcome the requirement for GM130 in centrosome
regulation, indicating that Cdc42 functions downstream of
GM130. Thus, Cdc42 functions during metaphase to maintain
centrosome integrity and unlike its role in spindle orientation
this role does not appear to be exclusive to polarized epithelial
cells. The mechanism(s) of how Cdc42 maintains centrosome
integrity will be revealed by identifying its target effectors.

Role for Cdc42 in regulating bi-orient attachment of spindle
microtubules to kinetochores

Evidence for a Rho GTPase in bi-orient attachment of
spindle microtubules to kinetochores during metaphase was
first demonstrated in cells treated with Clostridium difficile
toxin B, which inactivates all Rho subfamily members.
Staining for CENP-A, a kinetochore marker, and MAD2, a
mitotic checkpoint protein that only localizes to unattached
kinetochores, revealed that these cells are impaired in their
ability to align their chromosomes at the metaphase plate, and
have a loss of microtubule attachment to these chromosomes.
The resulting outcome is an accumulation of chromosomes near
each pole that are either mono-oriented or without microtubule
attachment. These cells either fail to progress through mitosis,
most likely resulting in cell death or premature exit to interphase
without a distinct anaphase to produce aberrant tetraploid nuclei.
Cdc42 was identified as being the responsible Rho GTPase as
cells overexpressing the dominant negative form of Cdc42-N17
phenocopied toxin B treatment.* In contrast, overexpression
of RhoA-N19 and Racl-N17 results in a cytokinesis failure
phenotype and no mitotic defects, respectively. Consistent with
a role for Cdc42 during metaphase, only active Cdc42 locates
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Figure 2. Cdc42-mediated signaling at the mitotic spindle and centrosomes during prometaphase and/or metaphase. In contrast to other mitotic
stages, the primary Rho GTPase driving prometaphase and/or metaphase transition is Cdc42, which locates to the mitotic spindle and centrosomes.
Here, it is activated by several GEFs (Ect-2, Tuba, and ITSN-2). Cdc42 is also a target of MgcRacGAP. However, its activity it inhibited by binding to PRCT,
thus favoring Cdc42 activation. Depending on the localized pool of Cdc42-GTP, it interacts with mDia3/CENP-A/HP-1 (mitotic spindle), GM130/Tuba
(Golgi), or ITSN-2 (centrosomes) to regulate a specific metaphase function. As such Cdc42 has roles in (1) bi-orientation and stabilization of spindle
microtubule attachment to kinetochores, (2) spindle assembly, and (3) spindle orientation. All three roles contribute to chromosome alignment at the

along the mitotic spindle, in addition to its localization at the
spindle poles.*?” The downstream effector of Cdc42 metaphase
function is likely mDia3, a member of the formin-homology
(FH) family of proteins that induces actin polymerization and
promotes the alignment and stabilization of microtubules.***
mDia3 binds active Cdc42-GTP and forms a complex with
CENP-A at the kinetochores of condensed chromosomes
juxtaposed with p1509", a component of the dynactin—
dynein complex that anchors MTs to the kinetochore.*” mDia3
kinetochore localization is disrupted in toxin B-treated cells.
Thus, it is proposed that the Cdc42/mDia3-signaling pathway
is not involved in the initial attachment of microtubules to
kinetochores but plays an important role in subsequent, stable
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bi-orientated microtubule attachment for proper chromosome
alignment and segregation. Another potential Cdc42 effector
during metaphase is p2l-activated kinase 1 (Pakl), as it also
localizes to the mitotic spindle and its loss causes monopolar and
multipolar spindles, and misaligned chromosomes.“#! The role of
Cdc42 in regards to Pakl activation during metaphase is still yet
to be determined. These findings suggest a direct involvement of
Cdc42 at the kinetochore. However, it is also possible that its role
is indirect by stabilizing the core histone H3 variant CENDP-A,
which lies at the centromere and is responsible for recruiting
kinetochore-binding proteins. Modulation of Cdc42 activity and
depletion of Cdc42 causes a significant reduction in centrosome-
localized CENP-A.%* This would result in impaired chromosome
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attachment and subsequent segregation. In an analogous manner
to Cdc42 depletion, depletion of Racl also results in a decrease in
CENP-A localization at the centromere.”> However, in contrast
to Cdc42,%%7 Racl does not locate to the mitotic spindle or the
centromere nor does its depletion cause chromosome attachment
errors.”? Therefore, a role for Racl in CENP-A regulation during
metaphase is not likely nor is it the primary Rho GTPase that
functions during metaphase.

Although the evidence for a role for Cdc42 during metaphase is
limited, it is becoming evident that it is the primary Rho GTPase
that functions during this mitotic stage with several roles that all
contribute to stabilization of the mitotic spindle for chromosome
alignment. Thus, the metaphase roles of Cdc42 are most likely
not mutually exclusive. For example, given centrosome integrity
is required for spindle assembly and subsequent attachment to
the kinetochores of chromosomes for alignment at the metaphase
plate, it is possible that the roles for Cdc42 in these two processes
are linked.

Cytokinesis: Final Separation
to Generate Two Independent Cells

Cytokinesis is the final stage of cell division that generates
two separate daughter cells. Cytokinesis in animal cells can be
subdivided broadly into two steps: (1) membrane ingression
and (2) membrane abscission (Fig. 1).** These steps are highly
ordered processes that begin immediately following chromosome
segregation and need to occur in a sequential manner for
cytokinesis to be executed correctly. Membrane ingression
involves two phases. First, the site of division is determined
by recruiting RhoA. Second, the membrane ingresses, which
requires the assembly and activity of the actin-myosin II
contractile ring.”> Membrane abscission also involves two phases.
This first phase involves completion of ingression such that the
membrane is fully constricted by the end of telophase, whereby
the anti-parallel microtubules forming the mitotic spindle and
associated proteins are compressed to form an intracellular bridge
between nascent daughter cells. At the center of the bridge is the
* such as vy-tubulin,®
centriolin,® and the exocyst complex.” They assemble into
a single ring structure, called the midbody ring (MR).” The
MR is not contractile and is unable to account for abscission

midbody, consisting of several proteins,?

on its own. It appears to act as a recruitment scaffold for the
abscission machinery. The final phase is the physical separation
of the cytoplasmic contents into two independent cells. Vesicle
trafficking is a major hallmark of this stage of cytokinesis, with
vesicle fusion occurring adjacent to the MR and is thought to be
the site of abscission. After abscission the MR may be inherited
by one of the daughter cells.”” Cytokinesis failure can occur at
any one of the steps in this process due to an array of errors such
as protein mislocalization, deregulated protein phosphorylation,
and erroneous signaling. Depending on the stage of cytokinesis
that the error occurs, membrane ingression may not be initiated,
or if partially completed will regress or if the midbody has formed
then the nascent daughter cells may remain connected due to
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persistent bridge formation. Nevertheless, the resultant outcome
is the generation of a binucleated (or aneuploid cell), which can
lead to genomic instability and thus contribute to the initiation
and/or progression of tumorigenesis.

The role of several Rho signaling components in cytokinesis is
specifically exemplified in the differentiation of megakaryocytes
where cytokinesis failure is necessary for these hematopoietic
cells to give rise to blood platelets. In this case, this process of
polyploid formation is termed endomitosis. Downregulation
of the Rho/ROCK pathway® as well as repression of Ect2 and
GEF-H1 transcrption® results in a block in myosin II activation
at the ingressing furrow. The result aborts ring contraction
to allow endomitosis. Overexpression of either GEF forces
megakaryocytes to complete cytokinesis, generating 2N cells.

Membrane ingression

Position of division site

Immediately after chromosome segregation, cells must ensure
that the spindle poles are on opposing sides of the division plane
so that the segregated chromosomes are equally distributed into
each of the two newly forming cells. In animal cells, the division
plane is determined at the metaphase to anaphase transition
and its position is dictated in part by three separate pools of
microtubules that collectively form the mitotic spindle:>** (1)
polar astral microtubules (emanating from the spindle pole to
sites away from the ingression site) most likely aid in positioning
of the ingression site by inhibiting cortical contraction’®>* by
spatially regulating myosin recruitment),”>*® (2) equatorial astral
microtubules (emanating from the spindle poles toward the
ingression site) are thought to contribute to stabilization of the
equatorial cortical region,” as well as provide positive signals that
stimulate formation and contraction for membrane ingression),’®
and (3) central spindle (a set of anti-parallel microtubule bundles
between the spindle poles) deliver positive signals to the midzone
region, which are especially important for later cytokinetic
stages. The roles of each microtubule population are partly
redundant but collectively they ensure that a robust division site
is established.”*°

RhoA is essential for defining the site to initiate formation of
the ingressing furrow in animals cells (Fig. 3).!”¢""* Its activation
is restricted spatially to a narrow zone at the equatorial cell cortex

upon anaphase onset,22:65-68

Disruption of this restricted spatial
regulation of RhoA that results in a wider zone of activation can
lead to failure of the initiation of membrane ingression.”? The
narrow zone of RhoA activation is achieved by RhoA activators
whose localization is restricted to the central spindle.

Regulation of RhoA by GEFs

Activation of Ect2 upon mitotic entry could activate
RhoA globally and thus additional mechanisms contribute to
equatorial activation of RhoA. The spatial regulation of RhoA
GEFs and GAPs is thought to underpin the mechanisms of
correct spatial activation of RhoA. During metaphase and

16,20,21

anaphase, Ect2 localizes to the mitotic spindle and associates with
the centralspindlin complex, which is a heterotetrameric complex
consisting of kinesin-like MKLP1 and the GAP MgcRacGAP
(also known as Cyk4).”?2970 The central spindlin complex
binds to the plus-ends of the central spindle non-kinetochore
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Figure 3. Spatial regulation of the signaling pathways mediated by Rho GTPases during the ingression phase of cytokinesis. Upon anaphase onset,
the site of the division plane is established. This involves in-part the interaction between the centralspindlin complex and Ect-2, which is facilitated by
phosphorylation, and occurs at the central spindle and/or midzone. RhoA is subsequently recruited to the equator of the cell cortex where its activation
is tightly regulated. Its activity is confined to a narrow zone (defining the division plane) by several Rho GEFs (GEF-H1, Myo-GEF) and GAPs (p190RhoGAP,
MP-GAP). At the same time, cell cortex localized Rac1 is maintained in an inactive state by MgcRacGAP to inhibit the formation of Arp2/3-mediated
branched actin filaments. However, this pathway may be active at the polar regions to allow for cell elongation. At the equatorial cell cortex, RhoA
activates the effectors, mDial for linear actin filament polymerization, as well as the kinases, MLCK, ROCK, and citron kinase, to activate myosin Il. The
outcome is assembly and activation of the actin-myosin Il contractile ring to mediate membrane ingression. Anillin and septin proteins maintain all
furrow components within this narrow zone for efficient and complete membrane ingression.

microtubules where it is required for microtubule bundling.®7

Here, MgcRacGAP recruits and binds Ect2 in a phosphorylation-
dependent manner. Thus, Ect2 is stabilized in an active
conformation to allow interact with RhoA.”? Depletion of
MKLP1* or disruption of the central spindle’"’ results in mis-
localization of MgcRacGAP and Ect2 from the central spindle
and subsequent broadening of the RhoA activation zone. These
cells do not accumulate the necessary components for ingression
in a spatially narrow region on the cell cortex and thus this first
phase of cytokinesis fails.?> The T341E phospho-mimetic form
of Ect2 is only weakly catalytically active whereas the T341A
mutant is fully active and binds MgcRacGAP."® Therefore,
Cdk1-mediated phosphorylation of Ect2 likely maintains Ect2
in an inactive conformation to prevent binding to MgcRacGAP
until it is positioned correctly to activate RhoA. Identification
of the phosphatase responsible for dephosphorylating T341 will

be important to identify and likely will locate to the central
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spindle and/or cell cortex as phospholipid binding is essential for
Ect2 activity.*** MgcRacGAP also binds phospholipids.”? The
interaction site of MgcRacGAP on the plasma membrane could
demark the site of RhoA activation and initiation of cytokinesis.

Other GEFs with a reported role in the initiation of
cytokinesis are the microtubule-regulated exchange factor,
GEF-HI, and the myosin-interacting GEF, MyoGEF. Both can
catalyze RhoA activation and locate to the central spindle. GEF-
H1 is responsible for catalyzing RhoA activation in response
to Ect2-dependent localization and initiation of cytokinesis.
GEF-HI localizes to the spindle, particularly at the tips of
cortical microtubules and perturbation of its function induces
asymmetric membrane ingression.” Like Ect2, GEF-HI activity
is also regulated by phosphorylation whereby Aurora A/B and
Cdk1/Cyclin B mediated phosphorylation of GEF-H1 results in
inhibition of its catalytic activity. Thus, RhoA activation at the
equatorial cell cortex is likely to coincide with downregulation of
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Cdk1 activity upon the onset of anaphase and/or chromosome
segregation. This would ensure that initiation of membrane
ingression does not occur prematurely. Consistent with this idea,
dephosphorylation of GEF-HI occurs just prior to the initiation
of cytokinesis, accompanied by GEF-HIl-dependent GTP
loading on RhoA.”* On the other hand, MyoGEF spindle and
cell cortex localization is not dependent on Ect2, but instead it is
required for Ect2 localization at the central spindle.”” MyoGEF
spindle localization is dependent on the centrosome/spindle
pole-associated protein (CSPP) and Plkl, as depletion of either
protein by RNAI interferes with the localization of MyoGEF at
the spindle pole and central spindle.”>”® This dependence on Plk1
is most likely due to phosphorylation as Plkl1 mediates MyoGEF
phosphorylation at T574. In contrast to the role of phosphorylation
in regulating GEF-H1 function,” this modification stimulates
MyoGEF activity toward RhoA.”* RNAi-mediated depletion of
CSPP or MyoGEF causes defects in mitosis and cytokinesis, such
as metaphase arrest and regression of the invaginating membrane
resulting in formation of multinucleated cells.”>”” It also causes
mis-localization of activated RhoA and the phosphorylated
(active) form of nonmuscle myosin 117> Thus, the temporal
regulation required to initiate cytokinesis is tightly regulated
by three GEFs (Ect2, GEF-H1, and MyoGEF). Of these, Ect2
appears to be the major GEF responsible as RNAi-mediated
depletion of Ect2 has the most penetrant cytokinesis failure
phenotype. Nevertheless, these GEFs function in converging
pathways to ensure spatially correct activation of RhoA to
establish the site of membrane ingression and this is temporally
coordinated with chromosomal segregation.

Regulation of RhoA by GAPs

The presence of a GAP (MgcRacGAP) and a GEF (Ect2)
in the same complex at the central spindle that contribute to
RhoA localized activation is puzzling. Specifically, the role
of MgcRacGAP is unclear. It was suggested to mediate RhoA
inactivation’®” and thus thought that constant RhoA cycling
between active and inactive states is required for the proper
localization and function of RhoA.”” However, the primary
role of MgcRacGAP appears to be indirect via recruiting and
contributing to Ect2 activation, which in turn is required for RhoA
cortical localization.”?*®7° MgcRacGAP is a Plkl substrate,
and phosphorylation is required to bind and recruit Ect2.508!
Microtubules, as well as PRCI1 facilitate Plkl phosphorylation
of MgcRacGAP.® PRCI binding to MgcRacGAP has also
been shown to decrease its GAP activity and prevent Aurora
B-mediated phosphorylation.’” Overexpression of an Aurora
B phospho-mimetic form of MgcRacGAP results in abnormal
spindle morphology and therefore PRC1 binding prevents
premature activation of MgcRacGAP or at least prevents its
activation at the spindle midzone.”” This raises the question
of what are the targets of the GAP function of MgcRacGAP.
Evidence suggests that it is Racl (discussed below).®*#* This
raises the question of what is the identity of the GAPs that
regulate RhoA during cytokinesis? pl90RhoGAP co-localizes
with RhoA at the cell cortex of anaphase cells. Overexpression of
pl90RhoGAP results in abnormal positioning of the ingression

www.landesbioscience.com

Small GTPases

site and this correlates with mis-localization of active RhoA,
leading to failed or abnormal ingression and multinucleation.
Its levels decrease during late mitosis by a ubiquitin-mediated
mechanism,® consistent with the hypothesis that high RhoA-
GTP levels are required for completion of cytokinesis. A
systematic and thorough screen of 67 potential RhoGAPs in
humans has recently been performed identifying M phase GAP
(MP-GAP) as the most likely major GAP regulator of RhoA
during mitosis.*> RhoA is excessively activated in cells depleted of
MP-GAP correlating with formation of large cortical protrusions
and cytokinesis failure. In these cells, RhoA accumulates around
the entire cell cortex but only when centrosomal asters are
simultaneously disrupted.®> Thus, p190RhoGAP and MP-GAP
are the two primary RhoGAPs to function during the initiation
of cytokinesis as regulators of RhoA activity. However, these
molecules do not function alone and RhoA accumulation, site
selection for ingression and subsequent ring contraction are also
regulated by other factors such as astral microtubules

In summary, the interplay and collaborative effort of several
GAPs (MgcRacGAP, pl90RhoGAP, MP-GAP) and GEFs
(Ect2, GEF-H1, and MyoGEF) are responsible for modulating
RhoA activity at the correct equatorial cell cortex zone, and are
therefore critical for the spatial organization of the division site
and subsequent membrane ingression.

Regulation of actin and myosin contractile ring and cleavage
Sfurrow formation

Membrane ingression and invagination of the cell membrane
is driven by a contractile ring, composed of parallel filaments
of actin and non-muscle myosin I1.*¢ Myosin comprises two
heavy chains, two essential light chains, and two regulatory
myosin light chains (MLC). Phosphorylation of MLC on T18
and S19 drives assembly of the actin-myosin II contractile ring®
and activity of the myosin II motor,*®® respectively. The major
phosphorylation site is S19, which allows myosin II to interact
with actin to assemble an actin-myosin II complex and initiate
contraction.”

A second cytoskeletal regulator of cytokinesis is the septin
family of GTP-binding proteins that form filamentous
complexes.”! Of the 12 septin genes in mammals, Sept2, Sept4,
Sept7, and Sept9 localize to the cell cortex, contractile ring,
and midbody of mitotic cells.”*?” Cytokinesis is disrupted by
micro-injection of anti-Sept2 or anti-Sept9 antibodies and by
transfection of siRNAs against Sept2, Sept7, or Sept9.>94%
Despite mechanistic differences in cytokinesis among distant
organisms, septins are required for a robust cytokinesis in D.
melanogaster,”® C. elegans,”
associate with actin filaments at the site of cytokinesis initation,

and mammals.”? Septin filaments

where they co-operate to achieve membrane ingression.”>'*
These two filament systems are thought to be linked indirectly
by the actin-binding protein anillin as it can bind phosphorylated

myosin II, actin filaments and septins.?"?3101-103

In yeast, septin
filaments are thought to provide a diffusion barrier that restricts
membrane proteins in the ingressing zone.'**'®> For example, to
retain active RhoA within the narrow zone required for initiation

of and subsequent membrane ingression. However, this role for
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septins is unclear in mammalian cells. Instead, the primary role
of septins appears to be in regulating anillin levels during the
final stages of ingression.!0'%

RhoA is essential for establishing organization within the
ingressing zone as well as stimulating ingression by not only
promoting actin and myosin II assembly and function but by
also interacting with the scaffold proteins anillin and septins.
RhoA stimulates actin polymerization through the activation
of formins. Formins nucleate the formation of unbranched
long, straight actin filaments in response to RhoA."” One key
mechanism preventing premature actin polymerization is the
autoinhibition of formins through intramolecular binding of
a Diaphanous autoinhibitory domain (DAD) to a conserved
N-terminal regulatory element.'”” This is alleviated upon binding
of active RhoA,"%%11% and thus actin polymerization is restricted
to the ingressing membrane region. The mammalian formin
mDial (a RhoA effector) binds selectively to the GTP-bound
form of RhoA, as well as to profilin, thereby inducing actin
polymerization."’® Inhibition of mDial by antibody injection
causes cytokinesis failure.! Downstream of RhoA-mDial, in
addition to its role in actin polymerization, mDial has been
implicated in regulating Src activation, which appears to play
a role in cytokinesis completion;''* however this is most likely
during the abscission stage.

RhoA is a key regulator of myosin activity via several
pathways. Myosin ATPase activity is not required for myosin
IT localization to the ingressing membrane'*'® and instead
its recruitment is dependent on activated RhoA.®!'®1 Of the
three kinases, myosin regulatory light chain kinase (MLCK),
ROCK, and Citron kinase, that contribute to myosin activation
by phosphorylating T18 and S19 on MRLC, the latter two are
activated by RhoA.""® Both ROCK and Citron kinase localize
to the ingression site and this is thought to be dependent on
RhoA. However, this dependency relationship between RhoA
and Citron kinase is under debate. Nevertheless, they both
activate myosin by phosphorylating MRLC at S19'” and T18
and $19,'%° respectively. Overexpression of kinase-active mutants
causes abnormal contractions resulting in multinucleated cells.!'®
ROCK also cross-links straight anti-parallel actin filaments.
MLC phosphorylation is regulated in part by myosin phosphatase
(MYPT1), which downregulates myosin II contractility by
dephosphorylating S19 on MLC. MYPT1 consists of a myosin
binding subunit (MBS), a catalytic subunit (delta isoform of
PP1) and an additional small subunit. ROCK, but not Citron

120

121

kinase,'? also acts to maintain active myosin by phosphorylating
T853 on the MBS subunit of MYPT1. Thereby inhibiting the
phosphatase activity of MYPT1 by causing dissociation of the
catalytic subunit of PP13.'2%!%

As for its role in activating RhoA for initiation of cytokinesis,
MyoGEF continues to function as a RhoA activator at the
ingression site via interaction with non-muscle myosin II to
advance membrane ingression.”’” Citron kinase was thought to be
a second RhoA regulator during ingression. However, two recent
manuscripts provide evidence to indicate that Citron kinase is
not a canonical RhoA effector for ingression'**!? as interaction
of the D. melanogaster Citron kinase ortholog Sticky with RhoA
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is not dependent on RhoA status. Instead their findings indicate
that Sticky is a regulator of RhoA during the later stages of
cytokinesis when transitioning to midbody formation. RhoA fails
to form a compact ring in late cytokinesis after Sticky depletion
or overexpression of a Sticky kinase-dead mutant.”*'> This
indicates that RhoA midbody localization during late stages of
cytokinesis is dependent on Sticky, specifically its kinase activity.
Similar findings have since been shown in mammalian cells
during the latter stages of ingression,'*® suggesting that Citron
kinase is important for maintaining active RhoA at the midbody
during its formation. Thus, the primary Rho effector regulating
myosin activity for membrane ingression appears to be ROCK
while Citron kinase is likely to maintain active RhoA during the
final stage of ingression converging with midbody formation.

Both activated RhoA and Citron kinase (Sticky) interact with
anillin at the cleavage furrow and are required for its localization
at this region.'”?71% Anillin contains conserved N-terminal
actin and myosin binding domains and is required to maintain
active myosin in the equatorial plane during cytokinesis,
suggesting it links these filament systems for coordinated action
to achieve contraction. RhoA interacts with the conserved
C-terminal domain in anillin that shares homology with the
RhoA binding protein Rhotekin. This C-terminal region is
essential for its function and localization'”® and thus anillin is
thought to act as a scaffold protein to link RhoA with the ring
components actin and myosin to maintain efficient contraction.
Although furrows can form and initiate ingression in the absence
of anillin, furrows cannot form in anillin-depleted cells in which
the central spindle is also disrupted, revealing that anillin can
also act at an early stage of cytokinesis.'*® In line with this idea,
the central spindlin component MgcRacGAP (RacGAP50C)
is directly involved in targeting anillin to the cleavage furrow
in Drosophila, but not in mammalian cells.””! Instead anillin
is targeted by the centralspindlin binding protein, Ect2, in
mammalian cells.® Collectively, the role of anillin during
cytokinesis is likely to maintain all key components in close
proximity, such as activated RhoA, actin, myosin, Citron kinase,
septins, for efficient contraction and ingression ensuring that this
stage of cytokinesis is robust.

Membrane abscission

Formation of midbody

The central spindle, also known as the spindle midzone, plays
a key role in maintaining the segregated chromosomes separated
during cytokinesis. If microtubules are depolymerized the newly
forming nuclei return to the center of the cell and fuse."* The minus
end of microtubules that are locally nucleated in the midzone
are coated with y-tubulin.®'¥ As the membrane ingresses, the
midzone and associated microtubules are compressed, forming
an intracellular bridge that is 1-1.5 pm in diameter whereby
the cytoplasm of the nascent daughter cells remains connected.
Compression of this region, as cytokinesis progresses, results in
protein accumulation forming the phase-dense structure referred
to as the Fleming Body, or as it is most commonly known the
midbody ring. The mechanism of how cells transition from
complete membrane ingression, i.e., contractile ring closure, to
midbody ring formation and maturation are only starting to
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emerge. The first evidence has come from Drosophila. Time-lapse
microscopy of Drosophila S2 cells revealed that anillin is required
for this transition as depleted cells fail to complete the final stages
of ingression and are unable to generate an intracellular bridge of
the required thinness, i.e., 1-1.5 pm in diameter.!” Anillin acts
as a linker protein connecting the actin-myosin contractile ring
and septin filaments via its N- and C-terminus, respectively.'*>!%
Specifically, it is the removal and retention of anillin at the closing
contractile ring and midbody ring, respectively, that corresponds
with the transition from complete membrane ingression to
midbody formation.'® This cycling of anillin is regulated by
interactions with Sticky and septins, respectively.'?

y-tubulin is a core structural component of the midbody ring.
Its depletion by anti-sense RNA causes cytokinesis failure due
to dysmorphogenesis of the midbody structure.’> The midbody
ring is thought to act as a scaffold platform for recruiting and/
or activating signaling proteins that contribute to the regulation
of abscission and post-mitotic cell fate.!**'% Proteomics and cell
biology studies have indicated that a large number of proteins
(>100) locate to the midbody ring itself or to flanking regions
within the intracellular bridge.**'** The molecular details of
the role of these proteins, and the interaction between pathways
involved in the abscission process, are only starting to emerge.
Proteins that accumulate at the midbody ring and flanking
regions within the intracellular bridge include those derived from
(1) the central spindle such as kinesin-like motor proteins and
chromosomal passenger proteins, that travel along the central
spindle toward microtubule plus ends, accumulating in the
midzone; (2) the cell equator such as MgcRacGAP, Ect2, and
anillin; (3) the equatorial cortex such as RhoA and sept2; and
(4) proteins previously located within the nascent daughter cells
that traffic to the intracellular bridge upon formation such as
Rabll and ESCRT-III. Thus, in human cell lines several lines
of evidence suggest that recruitment of key abscission proteins to
the midbody are dependent on microtubules, e.g., depletion of
y-tubulin by anti-sense RNA disrupts microtubules associated
with the intracellular bridge and causes cytokinesis failure.'?
RNAi-mediated depletion of the microtubule bundling protein
PRCI causes abscission defects in HeLa cells.'”” Different species
may utilize alternate mechanisms as PRC1%¢! (RNA1) C. elegans
embryos do not form midbody microtubules but are still able to
recruit midbody ring components such as MKLP.'»

Scission

Following completion of membrane ingression and formation
of the intracellular bridge, the abscission stage of cytokinesis is
further characterized by a secondary ingression or thinning of the
intracellular bridge to approximately 100 nm at a site on one side of
the midbody ring. This is thought to be the site of abscission, which
subsequently follows this secondary ingression.'*'¥* In addition
to disassembly of the actin-myosin II contractile ring following
membrane ingression, secondary ingression, and abscission also
involve depolymerization of cortical actin located within the
intracellular bridge. Inhibition of actin depolymerization within
the intracellular bridge blocks cytokinesis completion.' The
molecular components and pathways required to disassemble
cortical actin at this location are not well characterized.
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Nevertheless, the inactivation of RhoA within the intracellular
bridge is thought to be one of the driving mechanisms.?>® This
is thought to involve the GAPs, MgcRacGAP and p50RhoGAP,
as they both localize to the midbody during abscission.
MgcRacGAP co-localizes at the midbody with Aurora B and
RhoA, not Racl. Here, it is phosphorylated at S387 by Aurora B
functionally converting its GAP activity to RhoA from Racl.'#?
Expression of a kinase-defective mutant of Aurora B disrupts
cytokinesis and inhibits phosphorylation of MgcRacGAP at
S387, but not its localization to the midbody. Overexpression of a
phosphorylation-deficient MgcRacGAP-S387A mutant, but not
phosphorylation-mimic MgcRacGAP-S387D mutant, prevents
abscission and induces multinucleation. However, the idea that
Aurora B-mediated phosphorylation of MgcRacGAP regulates
its affinity toward RhoA and Racl is controversial as a recent
study provided compelling evidence against this.** Purified
MgcRacGAP from metaphase and anaphase cells have different
phosphorylation states and display equivalent activity toward
Racl with no detectable activity toward RhoA.** In this study, the
phosphorylation-mimetic MgcRacGAP-S387D mutant causes a
partial inactivation of Racl and Cdc42 activity. This finding is
in line with other reports showing MgcRacGAP has little to no
activity toward RhoA and has greater activity toward Racl and
Cdc42.%? Other sites on MgcRacGAP are phosphorylated,® with
one of these fitting the Cdk1 consensus. These phosphorylation
sites do not lie within the GAP domain and thus are likely to
regulate MgcRacGAP activity indirectly possibly by regulating
its mitotic localization, i.e., cytosol in metaphase to central
spindle during anaphase. The primary RhoGAP targeting RhoA
during abscission is therefore likely to be p50RhoGAP or an as
yet unidentified GAP. Depletion of p50RhoGAP causes a delay
in abscission and multinucleation."” This cytokinesis failure
phenotype correlated with an increase in cortical actin within
the intracellular bridge,'! suggesting that actin reorganization/
disassembly mediated by p50RhoGAP may potentially be via
inhibiting RhoA activity locally for completion of abscission.
Secondary ingression and abscission also involve
depolymerization of microtubules,''% trafficking of Rabll-
FIP3 recycling endosomes to the midbody! 1143144 3nd
subsequent recruitment of the ESCRT complexes.''%¢ The
ESCRT complex is involved in intralumenal vesicle formation
and fission and consists of four proteins (ESCRT-0, -1, -II, -III)
that function in a sequential manner. Together with the ESCRT
interacting protein ALIX, they function at late endosomes
to sort membrane proteins into the vesicular lumen to create
multivesicular bodies (MVBs)."” ESCRT 0-II complexes recruit
the cargo destined for these intralumenal vesicles. There are 11
ESCRT-III proteins in mammals and are often called charged
MVB proteins (CHMPs). These proteins assemble into spiral,
membrane-bound filaments required for intralumenal vesicle
formation and scission. This filamentous assembly is block by
cortical actin.'"® ESCRT proteins are thought to play a similar role
during cytokinesis as depletion of ESCRT proteins and ALIX by
siRNA causes cytokinesis failure and these proteins are recruited
to the midbody by Cep55.4¥ ALIX and TSG101 (ESCRT-)
accumulate at the midbody and recruit ESCRT-III proteins to
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this intracellular bridge region during late cytokinesis.!?®!%>146

ESCRT-III components have been associated with recruiting
the microtubule severing enzyme spastin, which appears to be
required for shearing the microtubules during abscission,'3%5
and this most likely occurs after completion of the secondary
ingression but prior to membrane scission. In a similar manner
to its role in intralumenal vesicle formation and scission, ESCRT-
III proteins polymerize to form 17 nm filaments within the
intracellular bridge during cytokinesis, spiraling toward the
secondary ingression site and driving membrane scission.'®

Rab11-FIP3 endosomes traffic toward the intracellular bridge
during the final stages of membrane ingression. The secondary
ingression is also mediated by FIP3-endosome fusion and this
is followed by recruitment of ESCRT-III to the abscission site.
ESCRT-III proteins stabilize the secondary ingression site and
act as the scission factor. RhoA signaling molecules have been
associated with Rab11-FIP3 recycling endosomes and the ESCRT
machineryforlatestages of theabscission step. Usingacombination
of siRNA and proteomic analysis, MgcRacGAP was identified as
a binding partner of FIP3 during cytokinesis.”! During the final
stages of membrane ingression, Rabl1-FIP3 endosomes traffic
toward the midbody ring in a kinesin I-dependent manner.
Once at the intracellular bridge, FIP3 binds MgcRacGAP and
accumulates in the midbody. This association appears to be
dependent on a dissociation of Ect2 from MgcRacGAP at the
midbody as it shares the same binding region to FIP3.5"">* The
mechanism of dissociation remains unknown but could involve
dephosphorylation of MgcRacGAP## or ubiquitin-mediated
degradation of Ect2."® During the secondary ingression, FIP3
endosomes deliver p50RhoGAP to the intracellular bridge to
regulate depolymerization of the cortical actin network for
abscission. !

In contrast to previous dogma, an active pool of RhoA exists
at the midbody ring indicating that its role during abscission may
not only be associated with cortical actin disassembly. Midbody
ring localized RhoA is activated upon binding to FIP3/Rabll1-
containing endosomes."" This localized pool of active RhoA is
puzzling as cortical actin needs to be disassembled for abscission.
This raises several questions: what is the role of RhoA-GTP during
abscission and what are the responsible GEFs? Two candidate
GEFs are Ect2 and leukemia-associated RhoGEF (LARG),
which also concentrate at the midbody ring.”*"> The armadillo
protein, p0071, is targeted to the midbody by the kinesin II
KIF3b and once at the midbody ring associates with Ect2 and
RhoA."”*1¢ Upon binding it stimulates Ect2-mediated activation
of RhoA. Depletion of p0071 causes cytokinesis failure and
multinucleation, which correlates with downregulation of Rho
activity and reduced actin and phospho-myosin I at the midbody.
In contrast to depletion of Ect2 and GEF-H1, depletion of LARG
causes cells to spend a prolonged period of time in abscission
without affecting any other earlier stages of mitosis.” Thus, it
is the only RhoA GEF whose function is specifically associated
with the abscission stage of cytokinesis. Taken together, these
studies provide tantalizing evidence to suggest that active RhoA
plays a role during the abscission stage of cytokinesis. However,
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many questions are raised that future studies are likely to address:
the temporal kinetics of inactivation and/or activation of RhoA,
the molecular machinery that regulates this activity flux, and the
role of active RhoA during abscission.

Rac is a negative regulator of cytokinesis

In contrast to RhoA and Cdc42, whose GTP-bound states
fluctuate during mitosis and thus corresponds with their activity
at specific locations and specific mitotic stages, GTP-Racl levels
do not alter during mitosis (Fig. 1).> Nevertheless, it appears
as though inactivation of Racl is required during mitosis. The
primary role of Racl is to stimulate membrane expansion at the
leading edge of the cell™ to cause cell spreading and adhesion. It
does this by promoting actin nucleation, specifically formation
of branched actin filaments through activation of Arp2/3."®
Thus, the inactivation of Racl during mitosis appears to be
particularly important during cytokinesis at the cell equator
for correct formation and activity of the contractile ring for
efficient membrane ingression. Indeed, FRET-based activity
probes revealed that Racl activity is suppressed at the spindle
midzone during anaphase and telophase.®® Overexpression of
a constitutively active form of Racl causes multinucleation
or failed cytokinesis in HeLa and RatA cells.**™ In contrast,
Racl RNAI has no effect on cell division in C. elegans,®>751%
and D. melanogaster.®® Although the global GTP-Racl levels
do not change throughout mitosis, FRET-based activity probes
revealed that GTP-Racl levels are increased at the polar regions
of the plasma membrane after telophase.®® Thus, Racl activity
is suppressed at the cell equator during metaphase and anaphase
to promote formation of RhoA/formin-dependent linear actin
filament assembly thus restricting actin-myosin II contractility
to a narrow zone for efficient membrane ingression. Whereas
its activity at the polar regions after telophase would promote
the formation of Arp2/3-dependent branched actin filaments to
induce cell spreading and adhesion for completion of cytokinesis
and re-entry into the next cell cycle. Identification of the GEF
responsible for activating Racl at the polar regions will aid in our
understand of the mechanisms of cell spreading and its relevance
to completion of cytokinesis.

MgcRacGAP has been implicated as a key regulator of Racl
during cytokinesis (Fig. 3). MgcRacGAP locates to the central
spindle where it aids in recruitment of RhoA to the cell equator.
However, biochemical analysis of MgcRacGAP shows that it has
little to no activity toward RhoA and has greater activity toward
Racl and Cdc42% and geneticevidence in Drosophilaindicates that
Pebble (fly MgcRacGAP) inhibits Rac activity.**** Indeed, recent
evidence has indicated that the GAP activity of MgcRacGAPD is
required during anaphase to inhibit Racl-dependent effector
pathways associated with control of cell spreading and adhesion
in HeLa cells.* This model is also supported by genetic evidence
in C. elegans whereby MgcRacGAP downregulates Racl to block
Racl-mediated activation of the Arp2/3 complex.'® The spatial
regulation of MgcRacGAP would therefore not result in Racl
inactivation at the polar regions of the cell cortex to allow for
cell elongation via the Pak1/2 and ARHGEF7 effectors. Racl
activity as well as the cell adhesion marker vinculin are high in
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HeLa cells expressing a GAP-deficient MgcRacGAP mutant,"’
and Racl RNAI in these cells can rescue the cytokinesis failure

timely manner.

phenotype.®® These defects can also be rescued by depletion

of the Racl effector proteins, ARHGEF7 and Pakl. Pakl can
also suppress MLCK by mediating its phosphorylation,”® and

thus prevent activation of myosin II. As such, expression of a

constitutively active form of Pakl blocks cytokinesis in HeLa

cells.” Thus, MgcRacGAP-mediated inactivation of Racl at the
site of ingression appears to have at least two roles: (1) block actin
nucleation of branched filaments to promote a narrow zone of
actin-myosin contractility and (2) prevent suppression of myosin
IT activity. This would collectively result in efficient actin-myosin
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