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clear what the roles are of the few other contractileAbstract. At the end of mitosis, daughter cells are
separated from each other by cytokinesis. This process ring components identified to date. While it has been

difficult to identify important proteins involved in cy-involves equal partitioning and segregation of cyto-
plasm between the two cells. Despite years of study, tokinesis, it has been even more challenging to pin-

point the regulatory mechanisms that govern this vitalthe mechanism driving cytokinesis in animal cells is not
fully understood. Actin and myosin are major compo- process. Cytokinesis must be precisely controlled both

spatially and temporally; potential regulators of thesenents of the contractile ring, the structure at the equa-
tor between the dividing cells that provides the force parameters are just beginning to be identified. This
necessary to constrict the cytoplasm. Despite this, review discusses the recent progress in our understand-

ing of cytokinesis in animal cells and the mechanismsthere are also tantalizing results suggesting that cyto-
that may regulate it.kinesis can occur in the absence of myosin. It is un-
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Introduction

Cytokinesis is the critical final step of cell division. It is
responsible for equal partitioning and separation of the
cytoplasm between daughter cells to complete mitosis.
In order to generate two identical daughter cells from
mitosis, the fidelity of cytokinesis must be precisely
controlled, in both establishing the spatial orientation
of the cleavage plane and the actual timing of cleavage
onset. Unless these restrictions are executed properly,
any previous steps taken to ensure fidelity during mito-
sis are rendered inconsequential. We know from a vari-

ety of studies that entry into mitosis is tightly regulated
via cell cycle checkpoints. These checkpoints serve as
temporary blockades that prevent a cell from progress-
ing through a given cell cycle stage prematurely. Recent
evidence for the existence of a cytokinesis checkpoint in
yeast [1] underscores the importance of precise temporal
control of cytokinesis. In yeast with mutations abolish-
ing dynein function, improper spindle alignment often
occurs, and cytokinesis is postponed until the spindle is
properly oriented [1, 2]. Muhua et al. [1] have identified
mutations that prevent this delay. These yeast mutants
continue into cytokinesis before their nuclei can be
properly segregated into the mother and daughter
cells – resulting in binucleate cells. The existence of this* Corresponding author.
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checkpoint illustrates the importance of precise coordi-
nation between the timing of cytokinesis and nuclear
division.
Cytokinesis in animal cells can be divided into a mini-
mum of four discrete steps. During early anaphase, the
future site of cleavage furrow formation is specified. It is
this site where the mitotic cell will be cleaved into two
daughter cells. There is an ongoing debate whether the
cleavage plane is dictated by the mitotic spindle or
microtubule asters. No matter which is the key player,
signals must somehow be generated to assemble actin
filaments into the contractile ring. The assembly of the
contractile ring is the second step required for cytokine-
sis. Following actin, myosin II also assembles at the
specified cleavage furrow plane, along with a multitude
of additional components. Myosin is thought to bind to
actin within the contractile ring and provide the neces-
sary force to constrict the cytoplasm of dividing cells.
This contraction results in cleavage furrow constriction,
the third major stage of cytokinesis. The final stage of
cytokinesis involves membrane fusion to physically sep-
arate the two daughter cells. What little is known about
membrane fusion has been summarized in a recent review
[3].
Despite years of study, a number of questions surround-
ing the process of cytokinesis remain. How is cytokinesis
controlled both temporally and spatially? What proteins
play key roles in these regulatory mechanisms? Further-
more, once the control switches are released, how is the
process executed?
Major among these questions is the nature of cytokinesis
regulation. A number of substantial advances in recent
years have identified possible key players in the regula-
tory process. These include small G proteins, their mod-
ulators and their target molecules. Studies using a
number of experimental systems have shown that muta-
tions affecting the activity of these proteins lead to
cytokinesis defects. Furthermore, recent studies have also
addressed the possibility that precise control of myosin’s
contractile activity, via modulation of the phosphoryla-
tion state of one of its subunits, could control the onset
of cleavage. In addition to these developments on the
regulatory front, recent work has called into question
dogmas involving mechanistic aspects of cytokinesis as
well. Myosin is widely believed to be essential for cytoki-
nesis. However, new data clearly shows that under
certain conditions, myosin is not required. These results
suggest that it may be necessary to reevaluate current
models of cytokinesis. Similarly, recent findings chal-
lenge the notion that spindle microtubules are dispens-
able for cytokinesis once furrow initiation has occurred.
It is also intriguing that many studies have now docu-
mented interactions between the microtubule and actin
cytoskeleton during cytokinesis. Our goal is to examine
these recent developments surrounding cytokinesis in

animal cells. For additional thoughts on the state of
cytokinesis the reader is directed to several excellent
recent reviews [3–6].

Small G proteins as molecular switches in cytokinesis

A successful strategy to study cytokinesis has been to
focus on the regulation of the mechanical components
responsible for contraction of the cleavage furrow –
namely the actomyosin cytoskeleton. Concentration of
actin at the position of the cleavage furrow is one of the
first signs of cytokinesis. Actin has been postulated to act
as a scaffolding onto which the rest of the cytokinesis
machinery assembles.
During interphase, the key regulators of the actin net-
work include members of the Ras superfamily of
guanosine triphosphate (GTP) binding proteins. Mem-
bers of the Rho GTP family, namely Rho, Rac and
Cdc42, mediate distinct actin-based cytoskeletal changes,
despite the extensive cross-talk between all three signal-
ing partners [7]. Rho induces stress fiber formation, and
potentiates myosin activity through phosphorylation of
the myosin regulatory light chain [8–11]. On the other
hand, activated Rac produces membrane ruffling and
lamellipod formation, whereas Cdc42 induces filopodia
(reviewed in [12]). How these proteins regulate the state
of the actin cytoskeleton is currently under intense study.
Many downstream targets that may link the GTP-
switched signals to the coordination of the cytoskeleton
have been identified.
Rho GTPases exist in two interconvertible forms: the
active GTP-bound form, and the inactive guanosine
disphosphate (GDP)-bound form. This allows these Ras-
like proteins to serve binary switch functions. The state
of bound guanine nucleotide is regulated by a multitude
of factors such as GTPase-activating proteins (GAPs)
[13], GDPs dissociation inhibitors (GDIs) and guanine
nucleotide exchange factors (GEFs) [14]. GAPs and
GDIs inactivate GTPases by facilitating hydrolysis of
GTP to GDP or the inhibition of GDP/GTP exchange,
respectively. On the other hand, GEFs stimulate the
exchange of GDP/GTP, thus activating the GTPase
signaling molecules. The involvement of these intricately
controlled Rho GTPases in actin rearrangement and the
rapidly accumulating knowledge of the signaling cas-
cades they participate in have prompted many groups to
examine the roles of Rho GTPases in the regulation of
the actomyosin system during cytokinesis.
Kishi et al. [15] provided early clues that Rho is involved
in both contractile ring and cleavage furrow formation
in Xenopus embryo, since the microinjection of either
rhoGDI or Clostridium botulinum C3 transferase, both
potent Rho inhibitors, prevented the formation of the
cleavage furrow. These results are consistent
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with the findings by Rubin et al. that microinjection of
C3 transferase into NIH3T3 fibroblasts produces binu-
cleate cells [16]. RhoGDI is known to affect multiple
GTPases as downstream targets. The fact that coinjec-
tion of GTPgS-bound (constitutively active) Rho but not
Rac rescued the rhoGDI inhibitory effects suggests that
active Rho is required for both contractile ring and
cleavage furrow formation and that specificity must be
conferred by yet to be identified factors. The involvement
of Rho in cytokinesis appears to be a universal phe-
nomenon, since microinjection of C3 transferase into
furrowing sand dollar eggs also rapidly collapses the
contractile ring and causes the furrow to regress [17].
However, since C3 transferase disrupts actin organiza-
tion in general, it is possible that the inhibitory effects
may not be confined to the formation of contractile ring
but may result from a more general effect on the actin
cytoskeleton.
Rho has been shown to regulate a wide array of down-
stream targets, from phosphotidylinositol 3-kinase,
phospholipase D, phosphotidyl 4-phosphate 5-kinase,
protein kinase N, rhophilin and rhotekin to multiple
tyrosine kinases and the Rho-associated coiled-coil
protein kinases ROCK-I and ROCK-II (discussed in
[18]). Since the small GTP binding proteins generate
widely ubiquitous signals, there arises a critical question
regarding the specificity of this signal. One likely mech-
anism to produce specificity is targeting the signaling
molecules to the site of action. One of the first indications
that Rho may be targeted to its site of action was
provided by Yamochi et al. [19] using Saccharomyces
cere6isiae, in which the mammalian Rho homolog,
RHO1, localized to clustered cortical actin patches of the
growth region. Takaishi et al., using myc-tagged RhoA,
showed that RhoA was targeted to the cleavage furrow
during cytokinesis in NIH3T3 cells [18]. These results
suggest the existence of a targeting mechanism able to
transport Rho to the cleavage furrow. It is not known if
Rho activity is required to switch on the transport
system. Since prior injection of rhoGDI or C3 transferase
abrogated Rho localization to the cleavage furrow,
RhoGTP appears necessary for translocation. This no-
tion is further supported by the observation that
RhoGTPgS restored cleavage furrow function in the
presence of rhoGDI [15].
However, somewhat contradictory results have been
obtained by Dreschel et al. [20], who observed arrested
cytokinesis in Xenopus eggs by both active and inactive
Rho or Cdc42. Although constitutively GTP-bound
forms of Rho were generated differently by these two
groups (Kishi et al. used GTPgS-bound Rho, whereas
Dreschel et al. used RhoG14V point mutant) [15, 20], it
is more likely that other variables may explain the
difference. For example, both studies used immu-
nofluorescence to localize the target protein; thus the

choice of fixation conditions may have generated artifac-
tual localization [20]. Also, staining Xenopus eggs under-
going cell division with either antibody or rhodamine
phalloidin provides a snapshot of actin organization but
lacks the temporal resolution that would allow monitor-
ing of the dynamics of cytokinesis. Although F-actin is
localized to the cortex during normal cytokinesis, excess
microinjected actin appears to interfere with furrow
ingression, suggesting that the actin level in the cortex
must be finely balanced. Too little actin prevents the
formation of the contractile ring, and provides too little
rigidity for tension generation during furrow ingression.
In contrast, too much actin may stiffen the cortex,
reducing the efficiency of cleavage furrow contraction.
Interestingly, perturbation of Cdc42 activity had no
effect on assembly of actin into the cleavage furrow but
prevented constriction. These results highlight the poten-
tial interplay between two Rho GTPases, both of which
affect actin reorganization during interphase, and sug-
gests they play distinct roles in regulating cytokinesis
[20].
How Rho and Cdc42 work together to promote the
successful assembly of actin into the contractile ring and
regulate contraction of the cleavage furrow is presently
unknown. Current models are based on how these
GTPases mediate the reorganization of the actin cy-
toskeleton in response to growth factors and agonists
during interphase. Since Rho induces stress fiber forma-
tion, it is possible that the recruitment of Rho to the
cortex may regulate a factor crucial for actin polymeriza-
tion. The fact that cytochalasin B causes a phenotype
comparable to that produced by C3 transferase inhibi-
tion of Rho supports this hypothesis [21, 22]. The
components of the pathway between Rho and actin have
not been identified. However, there is now accumulating
evidence that myosin may play a key role in transmitting
the Rho signal to the actin cytoskeleton. During inter-
phase, myosin regulatory light-chain phosphorylation,
which presumably activates myosin, is required for Rho-
induced stress fiber formation in fibroblasts . The colo-
calization of actin and myosin to the cortex and the
contractile ring [23] raises the possibility that myosin may
be a target of the Rho signal in bundling and cross-link-
ing actin into the cortical array required for furrow
ingression.
Recently, Madaule et al. cloned a splice variant of a Rho
target protein, citron, which contained at its N-terminal
end a kinase domain homologous to those in Rho-asso-
ciated kinases, ROCK and ROK [24], hence the name
citron kinase. Citron kinase contains PDZ (PSD-95, discs
large, Z01) and SH3 binding domains at its C terminus,
and a zinc finger and a Rho binding sequence within the
C-terminal half of the molecule. It colocalized with Rho
to the cleavage furrow, and localized to distinct spots
associated with tubulin bundles at the midbody when
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transfected into HeLa cells. Further dissection of the
molecule showed that the Rho binding domain in citron
kinase was required for localization, and that overex-
pression of C-terminus-truncated mutants, lacking the
entire C-terminal half up to or including the Rho bind-
ing domain, produced multinucleated cells. It is impor-
tant to note that citron kinase mutants with C-terminal
truncations were capable of producing multinucleated
cells, regardless of whether further mutations were in-
troduced into the kinase domain, thus rendering the
mutant ‘‘kinase-dead’’. The role of the serine/threonine
kinase domain therefore is unclear at this point. Cells
expressing citron kinase C-terminal truncation mutants
did undergo normal cytokinesis after telophase, but
failed to form the intracellular bridge, and curiously
reversed the contraction of their furrows. Since actin
organization appeared normal in these cells, it sug-
gested that citron kinase may not affect the actin
filaments. The downstream targets of citron kinase, as
well as the nature of its interactions with Rho, remain
to be elucidated.
On the other hand, it is less clear how Cdc42 regulate
cytokinesis. Consistent with the role of Cdc42 in actin
reorganization, it is logical to postulate that Cdc42 also
mediates the assembly and functioning of the cleavage
furrow. However, since inhibiting Cdc42 did not affect
actin localization to the contractile ring yet halted
proper ingression of the furrow, downstream targets
other than actin may be likely. Although the actin
contractile ring appeared normal, the possibility that
perturbation of Cdc42 may have led to defects in actin
organization elsewhere in the cell or that myosin may
fail to function properly to facilitate proper ingression
cannot be ruled out. The latter model suggests the
involvement of a Cdc42 downstream effector on
myosin: p21-activated kinases (PAKs). Members of the
PAK family have been implicated in Cdc42-mediated
cytoskeletal rearrangement [25–29]. More important,
PAKs have also been shown to be involved in myosin
activity [30–35]. In fact, microinjection of constitutively
active PAK arrested cleavage furrow in early Xenopus
embryo [36], suggesting a cytostatic role of PAK in
preventing cells from undergoing cytokinesis until the
right time. This result is consistent with the finding that
disrupting Cdc42 (either with GDP- or GTP-bound
state) resulted in a cytokinesis defect, probably due to a
perturbation of the tightly controlled checkpoint. It
remains to be elucidated if and how PAKs fit into the
Cdc42 signaling cascade in proper cleavage furrow
functioning.
The involvement of an additional Rho family member,
RacE, was discovered through a genetic screen in Dic-
tyostelium [37]. Using insertional mutagenesis, Dictyos-
telium cells were identified based on their failure to
grow in suspension where they became multinucleated.

In addition, mutations in another Rho family member,
RasG, produced a similar phenotype [38]. Much of the
current data about the role of these proteins in cyto-
kinesis has been summarized in two recent reviews [3,
39]. However, more recent characterization of RacE
mutants has suggested that RacE may affect cytokinesis
by altering the integrity of the cortical actin cytoskele-
ton [40]. Microscopic analysis of cytokinesis in RacE
mutant cells in suspension showed formation of a con-
tractile ring and cleavage furrow. However, instead of
completing contraction these mutants formed multiple
blebs at the poles, and contraction of the cleavage
furrow arrested and eventually reversed! Thus RacE
does not appear necessary for assembly of the contrac-
tile ring or initial constriction. Instead, RacE may be
important for maintaining proper cortical tension. This
is similar to the likely role for RasG, which also appears
to be required for normal actin organization.
If the Rho family of GTPases carry the critical signals
to the cortical region of a cell undergoing cytokinesis,
how is that signal converted into reorganization of the
cytoskeleton? One potential group of effector molecules
contains sequences known as formin homology regions,
or FH domains [41]. Proteins with FH domains are
thought to play a role in organizing different actin
structures in a wide variety of organisms. The most
compelling evidence comes from a combination of yeast
two hybrid, coimmunoprecipitation, and GST pulldown
studies wherein FH proteins from various species have
been shown to interact with profilin, a key regulator of
actin dynamics (discussed in [42]). Bni1p and Bnr1p,
both FH family members, bind Cdc42p and Rho4p in
S. cere6isiae, suggesting a role for FH proteins in link-
ing the Rho GTPase signals to the cytoskeleton. The
involvement of FH proteins in cytokinesis is further
confirmed by the observation by Swan et al. [42] that
cyk-1 (for cytokinesis defective) mutants, an FH family
member, failed to complete furrow constriction in
Caenorhabditis elegans despite forming a contractile
ring that initiates contraction. CYK-1 protein was de-
tected only at the leading edge of the furrow after
substantial ingression had occurred. These results sug-
gest that CYK-1 exerts its effect at a late stage of
cytokinesis, similar to RasG and RacE, but its precise
localization to the furrow suggests it may play a more
specific role in cytokinesis. Whether CYK-1 interacts
with Rho family members late in cytokinesis awaits
further investigation.
The finding that a yeast homolog of CYK-1 protein,
cyk1p, exhibits sequence similarity to the mammalian
IQGAP further highlights the interwoven connection of
GTPase signals and the cytoskeleton during cytokinesis.
IQGAPs, which are able to bind Cdc42 and Rac, repre-
sent a novel class of molecules that may link GTP
signals and the cytoskeleton. Both IQGAP1 and IQ-
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GAP2 contain a domain with sequence homology to the
actin binding domain of calponin [43], and IQGAP1
has indeed been shown to interact directly with actin
[44]. Interestingly, IQGAPs have been shown to inhibit
the GTPase activity of Cdc42, prolonging its time in the
GTP-bound state [43]. Lippincott and [23] Li have
shown that gene disruption of yeast CYK1 resulted in
cytokinesis failure with no discernible effects on other
events of cell cycle. Cyk1p had a diffuse distribution
throughout most stages of cell cycle but localized, to-
gether with myosin II and filamentous actin, to the
contractile ring at the mother bud junction following
the initiation of anaphase. The requirement of IQGAPs
and their colocalization to the contractile ring was
further confirmed by the finding that disruption of
another IQGAP-related gene, Iqg1, also perturbed the
proper segregation of nucleus, and caused cytokinesis
defects [45]. The fact that overexpression of Iqg1 caused
premature actin ring formation was strongly indicative
of its roles in the control of actin organization.
Taken together, these recent reports suggest a close
connection between GTPase-mediated signals and the
actomyosin system during cytokinesis. The data accu-
mulated from cytoskeletal events in response to various
extracellular agonists during interphase and our rapidly
growing knowledge that the actomyosin system may be
regulated by GTPases will surely complement one an-
other to foster a better understanding of how cells
coordinate the intricate cross-talk among various sig-
naling pathways to ultimately affect the functions of the
cytoskeleton. One important task that remains is to
distinguish generalized effects on the actin cytoskeleton
from specific effects on the machinery and regulation of
cytokinesis.

Myosin phosphorylation as a key regulatory event in
cytokinesis

The force for partitioning the cytoplasm is produced by
the contractile ring. This transient structure is formed
during anaphase at the site of the cleavage plane, along
the cell cortex. Actin assembly is one of the first visible
signs of contractile ring formation. Short actin filaments
are linked by an unknown mechanism to the plasma
membrane, and then to each other. These filaments are
arranged such that they form a meshwork along the
entire circumference at the equator of the dividing cell.
Myosin localizes to the cleavage furrow shortly after
actin. Bipolar filaments of myosin are thought to bind
to adjacent actin filaments and, when myosin is acti-
vated, generate tension along the surface of the plasma
membrane. Such local constriction of the membrane
results in a progressively tighter ‘purse string’ which
segregates the cytoplasm between the dividing cells.

Thus, myosin is not only important as a structural
component of the contractile ring, but also generates
the force necessary to constrict the cleavage furrow.
However, it is important to note that this model of
cytokinesis is likely oversimplified. The purse string
analogy suggests that actin filaments are arranged in
parallel arrays to form an equatorial band of actin. Yet
experiments performed by Fishkind and Wang [46]
demonstrated that actin localization during cytokinesis
is more complex than a simple equatorial band at the
cleavage furrow. They observed that actin filaments
become progressively more ordered throughout the
cleavage process. Furthermore, many actin filaments
are aligned along the length of the dividing cell, perpen-
dicular to those filaments near the equator. Based on
these findings the authors proposed an alternate model
for force generation. This isotropic contraction model
postulates that the less-ordered equatorial network of
actin and myosin would produce contraction forces
originating from many different directions [4, 46],
whereas a purse string would generate forces principally
perpendicular to the long axis of the dividing cell.
Despite these studies there remains controversy sur-
rounding the validity of the actomyosin-based contrac-
tile ring model of cytokinesis. Neujahr et al. [47] found
that myosin was not concentrated in the cleavage fur-
row of Dictyostelium dividing in suspension culture or
on a solid substrate. They also observed little actin
accumulation within the cleavage furrow. These results
raise the possibility that myosin-dependent constriction
of the contractile ring may not be the driving force
behind cytokinesis under these conditions. In contrast,
recent studies have demonstrated an enhanced accumu-
lation of fluorescently tagged myosin [48–50] and actin
[51] in the cleavage furrow of live Dictyostelium.
Myosin II is composed of two myosin heavy chains
(MHCs), two essential light chains (ELCs) and two
regulatory light chains (RLCs). Proper myosin function
requires all three myosin subunits. The RLC is of par-
ticular importance because of its role in regulating
myosin activity. Phosphorylation of RLC on certain
residues increases myosin activity in smooth muscle and
nonmuscle vertebrate cells. These activating phosphory-
lations occur predominantly at serine-19, although
threonine-18 phosphorylation is also seen. The principal
kinase responsible for phosphorylating these sites is
myosin light-chain kinase (MLCK). There is a large
body of in vitro biochemical data supporting the belief
that phosphorylation of the RLC at MLCK sites is
required for myosin activation. However, there are only
two examples where the physiological relevance of these
phosphorylation sites has been examined in vivo. In
both cases the experimental approach was the same:
residues equivalent to MLCK sites in the respective
organisms were mutated to unphosphorylatable amino
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acids, then the mutant RLCs were expressed in null
backgrounds. In Dictyostelium, there were no defects in
myosin-dependent processes, including cytokinesis, sug-
gesting that phosphorylation of RLC at MLCK sites is
not critical for myosin function in this organism [52].
However, cytokinesis was defective in germ line cells of
Drosophila, suggesting that RLC phosphorylation is
required for Drosophila oogenesis [53]. It is possible that
this disparity reflects different requirements for myosin
function during cytokinesis in single cells versus cells in
the context of a tissue.
In addition to RLC phosphorylation, the MHC is also
phosphorylated. These phosphorylation sites in the tail
play a critical role in regulating the assembly state of
Dictyostelium myosin. Mutation of these phosphoryla-
tion sites in the tail leads to myosin that cannot assem-
ble or that disassembles poorly [54]. Mutants unable to
assemble fail to complete cytokinesis, suggesting that
regulation of the myosin assembly state is also impor-
tant for cytokinesis. Measurements of cortical tension in
Dictyostelium mutants suggests that the mechanical
properties of cells can be separated into RLC- and
MHC-regulated components [55], perhaps reflecting the
separate roles for regulation of activity by RLC phos-
phorylation and assembly state by MHC phosphoryl-
ation.
Several labs have observed a cell cycle-dependent pat-
tern of RLC phosphorylation. Given that RLC phos-
phorylation affects myosin activity, it has been
proposed that phosphorylation of RLC at specific sites
during the cell cycle could regulate the timing of cytoki-
nesis [5, 56]. Localized phosphorylation of myosin in
the contractile ring, at serine-19 on the RLC, could
activate myosin’s motor function, thus initiating con-
striction of the cleavage furrow. Such a scenario is
supported by two recent reports showing the localiza-
tion of phosphorylated RLC to the cleavage furrow
during cytokinesis [57, 58].
DeBasio et al. [57] engineered a fluorescent biosensor to
follow myosin phosphorylated on serine-19 of the RLC
in live fibroblasts during cell division. They detected a
dramatic increase in RLC phosphorylation at serine-19
during anaphase throughout the cell body. This local-
ization becomes more equatorial during telophase, then
concentrates in the cleavage furrow during the latter
stages of cytokinesis. These findings are consistent with
the hypothesis that RLC phosphorylation at serine-19 is
important for myosin-mediated constriction of the
cleavage furrow. However, localization of phosphory-
lated RLC is clearly not restricted exclusively to the
narrow band of cell cortex occupied by the contractile
ring. Yet in a second study the localization of serine-19-
phosphorylated RLC in dividing cells was quite dis-
crete. Immunofluorescence results using an antibody
that detects RLCs phosphorylated predominantly at

serine-19 showed that the antibody stains the midzone
between chromosomes during late anaphase [58]. The
timing of this localization seemed to be precisely con-
trolled and preceded cleavage furrow formation. The
earlier work of DeBasio et al. [57] also found that RLC
phosphorylation at serine-19 preceded furrow constric-
tion. Also consistent with the findings using the fluores-
cent biosensor [57], Matsumura et al. found that
phosphorylated myosin persists at the cleavage furrow
throughout cytokinesis [58]. Taken together, these re-
sults support the idea that phosphorylation of myosin
at serine-19 of RLC could be a signal to initiate the
furrow constriction phase of cytokinesis.
If RLC phosphorylation were truly a signal to initiate
cleavage furrow constriction, it would be vital to regu-
late the timing of this phosphorylation event so that
cytokinesis could not occur prematurely. One such
model has been proposed, and it revolves around a link
between the timing of cytokinesis and the key cell cycle
regulator maturation-promoting factor (MPF) [5, 56].
In eukaryotes, MPF activity is required for entry into
mitosis and meiosis. Two of the components that com-
pose MPF are cdc2 kinase and cyclin B. MPF activity
peaks during prophase and metaphase, but at the
metaphase-anaphase transition MPF activity is greatly
diminished due to cyclin degradation. Cdc2 kinase is
one of the kinases that can phosphorylate RLC, but not
at either serine-18 or serine-19. It phosphorylates RLC
at serine-1, serine-2 and threonine-9 in vitro [56]. Phos-
phorylation at these sites inhibits myosin activity by
inhibiting subsequent phosphorylation at the activating
residue, serine-19 [59–61]. Thus, myosin activity can be
inhibited or activated depending on which residues of
the RLC are phosphorylated.
Based on preliminary reports that RLCs could be phos-
phorylated by cdc2 kinase, Satterwhite et al. [56] exam-
ined whether cyclin-cdc2 kinase could phosphorylate
intact myosin. Their in vitro data showed that purified
cyclin-p34cdc2 phosphorylated RLC on serine-1/2 in-
hibiting sites. Furthermore, in metaphase but not inter-
phase Xenopus egg lysates RLC was phosphorylated on
serine-1/2. This activity corresponded biochemically
with that of MPF. Thus the model proposed by Satter-
white et al. [56] (reviewed in [5]) contends that cdc2
kinase phosphorylation of RLC at serine-1/2 could in-
hibit myosin activity, and consequently myosin-
dependent contraction of the cleavage furrow, until
anaphase onset. Phosphatases would then presumably
dephosphorylate serine-1/2 residues, allowing for phos-
phorylation of RLC at serine-19 and myosin activat-
ion.
The finding that RLC is differentially phosphorylated
during different stages of mitosis was further supported
by experiments examining the state of RLC phosphory-
lation in cultured mammalian cells. RLC from inter-
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phase cells was phosphorylated at serine-19, whereas
RLC from mitotic cells was phosphorylated predomi-
nantly at serine-1/2, consistent with the results of Sat-
terwhite et al. [56]. Upon release of cells from mitotic
arrest, RLC became highly phosphorylated at serine-19,
whereas serine-1/2 phosphorylation was reduced. This
increased level of RLC phosphorylation was maintained
30 min, then gradually decreased throughout the
completion of cytokinesis [62]. The levels of RLC phos-
phorylation at serine-19 were also found to decrease
with time using the fluorescent biosensor [57]. These
results suggest that the switching of the RLC phospho-
rylation sites from serine-1/2 to serine-19 during
anaphase might be important for regulating the timing
of cytokinesis.
Although it is clear that myosin activation, and thus
cytokinesis, could be controlled by phosphorylation of
RLC at different sites during the early and late stages of
mitosis, it is unclear how good a substrate RLC might
be for cdc2 kinase in vivo. Yamakita et al. found that
cdc2 kinase purified from mitotic cells had very low
levels of kinase activity on isolated RLC and intact
myosin [62]. Perhaps other kinases besides cdc2 kinase
are responsible for RLC phosphorylation at serine-1/2
during the early stages of mitosis. For example, it is
known that protein kinase C can also phosphorylate the
same RLC residues. Accordingly, two groups have ad-
dressed this issue by examining the effects of a specific
cdc2 kinase inhibitor, butyrolactone-I, on RLC kinase
activity in sea urchin egg extracts. One group observed
that the amount of RLC-phosphorylating kinase activ-
ity that was sensitive to butyrolactone-I was small [63],
suggesting that cdc2 kinase is unlikely to be a major
kinase contributing to RLC phosphorylation. However,
in a similar analysis butyrolactone-I inhibited the
metaphase kinase activity from sea urchin extracts [64].
This kinase activity present in metaphase extracts was
also found to phosphorylate RLC at serine-1/2. These
conflicting results make it difficult to assess the physio-
logical relevance of cdc2 kinase phosphorylation of
RLC. Further experiments are needed to clarify the
identity of the kinase responsible for serine-1/2 phos-
phorylation in vivo.
Several lines of experimental evidence point to the im-
portance of myosin RLC phosphorylation in regulating
the timing of cytokinesis. First, myosin phosphorylated
on serine-19 of RLC accumulates near the cleavage
plane prior to constriction. RLC phosphorylation at
serine-19 peaks just before the cleavage furrow con-
tracts. Furthermore, cell cycle-dependent phosphoryla-
tion of RLC on different residues can either inhibit or
activate myosin function. However, a number of ques-
tions remain. What kinases are responsible for the
global phosphorylation of RLC at serine-19 during
anaphase and how are they regulated? Is phosphoryla-

tion of RLC at serine-19 necessary for cytokinesis?
Does cdc2 kinase phosphorylate RLC in vivo as a
means of preventing premature cytokinesis? It is likely
that RLC phosphorylation, and thus myosin activity,
involves a dynamic balance between a number of differ-
ent kinases and phosphatases. The role of phosphatases
in cytokinesis is largely unexplored. Is it possible that
they represent an important regulatory element during
cytokinesis?

Does cytokinesis really require myosin function?

The necessity of myosin function for cytokinesis has
been demonstrated in a number of different experimen-
tal systems. However, data chiefly from one system,
Dictyostelium, have caused some to reevaluate not only
conventional myosin’s role in cytokinesis but also the
mechanistic models of cytokinesis itself. Might myosin
be dispensable for cytokinesis? Thus, in a classic bit
of irony, the system that perhaps produced the most
convincing data that myosin was absolutely required
for cytokinesis has now required reevaluation of this
idea.
The finding that Dictyostelium cells deficient in expres-
sion of MHCs become severely multinucleate when
grown in suspension culture [65, 66] was solid proof
that myosin was necessary for cytokinesis. However,
these same lines were capable of dividing when main-
tained on a solid substrate, despite the absence of
myosin function. Dictyostelium deficient in other
myosin subunits, ELCs [67, 68], and RLCs [69], exhibit
characteristics similar to the MHC-deficient cells. At the
time, the ability of the MHC-deficient cells to divide on
a solid substrate was attributed to a cell cycle-indepen-
dent process called ‘‘traction-mediated cytofission’’ [70].
This phenomenon can best be described as different
sections of a cell pulling in opposing directions, produc-
ing smaller cell fragments with reduced nuclear content.
This process requires adhesive forces between the cell
and its substratum.
Recently, Neujahr et al. [71] reexamined the ability of
Dictyostelium MHC-null cells to divide on a solid sub-
strate. By staining cells for DNA and tubulin, they
determined that many of the cells maintained on a solid
substrate divided their cytoplasm in a cell cycle-depen-
dent fashion despite the absence of myosin. In addition,
mononucleate MHC-null cells proceeded through divi-
sion on solid substrate with a speed similar to that of
wild-type cells. This suggests that although the presence
of myosin might make cell division on solid substrate
more efficient, cells are clearly capable of dividing with-
out it. Why would myosin be required for cytokinesis
under one condition, but not another? Do all cells have
a myosin-independent cleavage mechanism?
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Figure 1. The key participants and regulatory points of cyto-
kinesis. It is certain that this diagram is overly simplified.

forces generated by some other molecule are sufficient
for cytokinesis on a solid substrate. What might these
other force-generating molecules be? It is possible that
any of a number of different unconventional myosins
could fill the role. Alternatively, perhaps all that is
needed is elevated cortical tension such as might be
provided by increased actin cross-linking [72].
To begin dissecting out important factors influencing
substrate-dependent cleavage, Neujahr et al. [73] exam-
ined multinucleate MHC-null cells to address the con-
tributions of microtubules to cleavage furrow form-
ation. Adherent multinucleate MHC-null cells (previ-
ously grown in suspension) were shown to undergo cell
division in a cell cycle-dependent manner using GFP-a-
tubulin to follow microtubules in multinucleate cells
undergoing cell division. In addition to having mitotic
spindles, the observation that cells fail to exhibit exten-
sive leading edge movement suggests they were not
separating via migration of the cells away from each
other. Taking the results of both papers together [71,
72], it is clear that both mono- and multi-nucleate
Dictyostelium devoid of myosin function can undergo
cell division in a cell cycle-regulated manner.
All of these analyses were performed using Dictyos-
telium, a simple eukaryotic organism. The question re-
mains how applicable these results might be to other
cells. Is there a difference in the cleavage mechanisms
used by single cells and cells in the context of a tissue?
Could mammalian cell division on a solid substrate be
affected by traction forces in a similar manner? A novel
experimental design, using an elastic substrate, has been
employed to measure the traction forces generated by
animal cells during cytokinesis [74]. Traction force was
detected at the cleavage furrow during cytokinesis. This
force increased as daughter cells spread and dissociated.
These experiments suggest that tension can promote
stretching and separation of the cytoplasmic bridge
during cytokinesis. Given these findings, it seems impor-
tant to consider how this adhesion component could
influence cytokinesis in adherent cells.
Taken together, these recent findings provide strong
support for the concept that cytokinesis in suspension is
likely to be mechanistically different from that of single
cells performing cytokinesis on a solid substrate. It is
clear that in the case of Dictyostelium, myosin is abso-
lutely required for cytokinesis in suspension, but is
dispensable for cell division on a solid substrate. Per-
haps the two processes involve different key players.
Furthermore, cytokinesis within the context of a com-
plex tissue may be different than either mechanism of
division for isolated single cells. Any models of cyto-
kinesis that involve adhesion, whether on a solid sub-
strate or within a complex tissue, need to evaluate the
influence of this traction component.

A complementary study addressed this perplexing issue
by examining the Dictyostelium MHC-null cells trying
to divide in the absence of an adhesive surface. MHC-
null cells were suspended in a droplet or placed on a
hydrophobic surface to reduce cell substrate adhesion
and imaged over time. Following mitosis, cells remained
round, never formed a cleavage furrow and failed to
divide [49]. This suggests that myosin is the key force-
generating molecule during division in suspension, and
that in its absence no other molecules are able to
produce the same level of force necessary for contrac-
tion. In the light of these data and the finding that
MHC-null cells can divide on a solid substrate, the
authors proposed that cell division can occur via two
different mechanisms – one that is myosin-dependent
and one that is myosin-independent but requires cell
adhesion. These results, as well as those from Neujahr
et al. [71], and myosin subunit gene knockouts [65, 66,
68, 69] suggest that while myosin’s presence can facili-
tate substrate-dependent cleavage, it is not required.
Perhaps the additive effects of adhesive forces plus
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Interplay between microtubule and actin networks during
cytokinesis

Mitosis clearly requires precisely regulated reorganiza-
tion of both the microtubule and microfilament cy-
toskeletal systems. It is well established that microtubules
provide the signals necessary for specification of the
cleavage plane during cytokinesis. It has been proposed
that interaction between the microtubule and actin cy-
toskeleton systems during cytokinesis could serve to
position the cleavage furrow and initiate ingression [75–
77]. In addition, the work discussed below suggests that
microtubules may play an important role in cleavage
furrow contraction. This suggests that microtubules and
the actomyosin contractile ring might be intimately
linked during these stages of cytokinesis.
Several recent studies by Wang and colleagues have
examined the role of spindle microtubules during cyto-
kinesis in cultured animal cells. Nocodazole treatment of
cells to reduce the number of midzone microtubules in
proximity to the cortex resulted in furrow inhibition or
regression [78]. This supports the notion that midzone
microtubules are necessary throughout cleavage furrow
ingression in cultured cells. These findings are inconsis-
tent with the earlier belief that microtubules were only
required for cleavage furrow specification, and that they
were unnecessary for cytokinesis beyond that point.
Analysis of cleavage furrow formation in multinucleate
Dictyostelium myosin heavy chain mutants expressing
GFP tubulin suggests that interaction between astral
microtubules and the cell cortex exerts a local influence
on the cortex [73]. Interaction of microtubules with the
cell cortex stimulated ruffle formation and consequently
suppression of furrow formation in areas of active ruffl-
ing. Since the density of astral microtubules, and there-
fore ruffling, was lowest between the adjacent asters,
furrows formed in these regions – despite the absence of
myosin. Since these furrows contracted, continued pres-
ence of microtubules is not necessary to complete con-
traction. These observations suggest that, in Dictyo-
stelium, microtubules play an important role in initiation
of furrow contraction, but not necessarily progress-
ion.
The idea that cleavage furrows may form between sites
of astral microtubule-stimulated cortical activity has also
been supported by computer simulations [79]. These
simulations suggest a distance dependence of the ability
of microtubules to stimulate the cortex. Based on geo-
metrical considerations this modeling suggests that be-
yond a threshold distance the ability to stimulate the
cortex would drop off rapidly. Such a model would make
it unlikely that astral microtubules would stimulate
contraction in the equatorial region.
The involvement of microtubules in furrow formation
has been addressed in other experimental systems as well.

The drug colchicine, which binds to tubulin monomers
and causes microtubule depolymerization, was applied to
different regions of dividing newt eggs. Furrow forma-
tion stimulated by treatment of newt eggs with furrow-in-
ducing agents was ablated when colchicine was applied
locally to the furrow [80]. Furthermore, local colchicine
application shortly following furrow constriction re-
sulted in arrest and, sometimes, retraction of the furrow.
These findings suggest that in newt eggs, microtubules
are required for both furrow formation and contraction.
Further evidence underscoring the importance of mid-
zone microtubules for progression through cytokinesis
comes from Caenorhabditis elegans embryos, where null
mutants for a kinesin-like protein, ZEN-4, result in
multinucleate embryos due to premature arrest of the
cleavage furrow [81]. ZEN-4 is a member of the MKLP1
family of proteins that promote bundling of antiparallel
microtubules. Consistent with the loss of this bundling
activity, the midzone microtubules of ZEN-4 mutants are
dissociated. Failure to complete contraction of the cleav-
age furrow demonstrates the importance of intact mid-
zone microtubules for progression through cytokinesis in
C. elegans embryos. This contrasts with the results of
Neujahr et al. [73] in Dictyostelium, where microtubules
were not necessary for completion of furrow contraction.
Perhaps different organisms have different requirements
for continued furrow ingression.
Fishkind et al. [82] have examined the role of micro-
tubules in actin organization in cultured mammalian cells
by treating dividing cells with drugs that either disrupt
or stabilize spindle microtubules. Following nocodazole
treatment to disrupt microtubules during anaphase, cells
exhibited generally less organized actin localization pat-
terns than untreated cells, although equatorial bands of
actin filaments were unaffected. In contrast, when cells
were treated with taxol to stabilize microtubules, actin
filaments were highly ordered along the equator of the
dorsal and ventral planes. These experiments suggest that
spindle microtubules may influence actin organization in
the contractile ring, perhaps in part by affecting cortical
flow of actin filaments to and from the equator.
However, it is still not clear whether microtubules stim-
ulate or inhibit cortical flow of actomyosin. Cortical flow
of actin filaments along the cell cortex is thought to be
important for a number of cell movements, including
cytokinesis [77]. To investigate cortical flow, Canman
and Bement [83] developed an inducible Xenopus oocyte
system that overcomes some of the difficulties in studying
the effect of microtubules on actomyosin-based cortical
motility in live cells. Wang and colleagues [82] have
shown that cortical flow is confined to the furrow region
during cytokinesis. Canman and Bement found that
increased microtubule polymerization inhibited cortical
actin assembly during cortical flow, whereas microtubule
depolymerization increased cortical flow. These results
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imply that microtubules, or their associated proteins,
might inhibit cortical flow of actomyosin. How might
this occur? The authors favor a model whereby micro-
tubule dynamics might modulate the actomyosin cy-
toskeleton biochemically. This model is supported by
data showing that depolymerization of microtubules
altered myosin localization [84], and regional disassem-
bly of actin networks was associated with microtubules
[85].
Further evidence of the influence of microtubules on
actomyosin during cytokinesis comes from additional
experiments from Wang et al. [86]. They used a topoiso-
merase inhibitor to prevent chromosome separation to
test whether signals transported via interzone micro-
tubules provoke cytokinesis. Treatment of dividing cells
with the topoisomerase inhibitor prevented normal in-
terzone spindle formation. Furthermore, actomyosin
failed to form an equatorial band in furrowing cells, but
instead localized only to the lateral edges of the cleav-
age furrow. Accordingly, anomalies in cytokinesis were
characterized by distorted or misplaced cleavage fur-
rows, or premature furrow regression. These results
suggest that aberrant organization of the microtubule
network during cytokinesis affects proper assembly of
actomyosin into a contractile ring.
Recent studies of Drosophila profilin mutant, chickadee,
have addressed the connection between the central spin-
dle and the contractile ring [87]. Analysis of male meio-
sis in these mutants showed that they exhibited severe
cytokinesis defects. Surprisingly, profilin mutations pre-
vented both central spindle and contractile ring forma-
tion. To test whether there was cooperativity between
spindle microtubules and the contractile ring, they
looked at other mutations or drugs that disrupt either
cytoskeletal system for similar effects on meiosis. Simul-
taneous disruption of the central spindle and the con-
tractile ring was observed in cytokinesis-defective
mutants of diaphanous, a formin family member, and
KLP3A, a kinesin-like protein. Cytochalasin B-treated
meiotic cells exhibited the same phenomena. These re-
sults strongly suggest that there is an interdependence
of the central spindle and the contractile ring during
cytokinesis. Even more surprising is the possibility that
defects in assembly of the actin-based contractile ring
affect spindle assembly.
Further studies elucidating the function of microtubules
during cleavage furrow initiation and progression will
likely center on the mechanisms for this influence.
Given the recent data indicating that (i) midzone micro-
tubules are required for continued furrow ingression in
some organisms and (ii) these microtubules can affect
contractile ring assembly, it will be important to deter-
mine whether the continued presence of spindle micro-
tubules is required for maintenance of the contractile
ring throughout cytokinesis. Another future area of

study derives from the finding that defects in the actin
contractile ring formation disrupt the mitotic spindle.
What is the nature of this cross-talk between these two
cytoskeletal networks?

Future perspectives

Much is still unknown about how cytokinesis is pre-
cisely coordinated during mitosis. Certainly the search
for the regulatory pathways involved will continue to be
a major focus of research activity for years to come.
Faced with the daunting task of identifying potential
key regulatory proteins among the thousands present
within a cell, it is encouraging that new candidates have
been identified. These recent studies demonstrate that
members of the small G protein family, their modula-
tors and their effector molecules play important roles in
cytokinesis. Further experiments are necessary to delin-
eate precisely those roles. Do they simply serve to
properly organize actomyosin into the contractile ring
at the right time or are they important for other aspects
as well? Another important line of investigation into
possible mechanisms of regulating the timing of cyto-
kinesis is the role of myosin RLC phosphorylation.
While there is clearly much data to support the pro-
posed model [5, 56], the answer to the most critical
question remains unclear. Is phosphorylation of RLC at
serine-19 required for cytokinesis? Until this question is
conclusively answered in a mammalian system, the
model will remain speculative.
In addition to these developments surrounding regula-
tory aspects of cytokinesis, other recent work has raised
questions about widely held mechanistic elements of
cytokinesis. Myosin is thought to be essential for cy-
tokinesis in a number of organisms. However, recent
results suggest that myosin might not be necessary
under certain growth conditions. In at least one organ-
ism, Dictyostelium, cells can undergo cytokinesis just
fine without myosin. It seems that in this case, the sole
requirement for these cells to complete division is adhe-
sion between the cell and a solid substrate. While it is
possible that this is merely a phenomenon limited to
Dictyostelium, it seems worth examining in cells from
other organisms as well, particularly adherent cultured
mammalian cells. Such studies could give significant
insight into other key molecules important for cyto-
kinesis.
Moreover, recent studies in some organisms have
demonstrated that microtubules can play an important
role in continued cell cleavage and are not necessarily
dispensable once furrow initiation is completed. The
finding that this continual requirement for microtubules
is organism-specific comes as no great surprise. While
the major tenants of cytokinesis might be applicable to
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a wide variety of organisms, it is likely that some
variations exist. Nonetheless, it will be worthwhile to
determine how common the requirement of microtubules
is for the completion of cytokinesis. Lastly, new develop-
ments suggest that the mitotic spindle and contractile
ring are intimately linked during cytokinesis. The influ-
ence of microtubules on the actin cytoskeleton has been
studied for quite some time. Although the link has not
been completely elucidated, it is clear that some impor-
tant relationship exists. Indeed, knowledge of the nature
of that variation may provide useful insights into the
process of cytokinesis. What is more surprising is that
defects in the actin contractile ring affect the mitotic
spindle. This suggests that the link between these two
cytoskeletal elements transmits signals both ways. It will
be important to determine which molecules facilitate
these interactions as well as how they are controlled.
Finally, not only is the regulation of cytokinesis an
important and fundamental biological process interest-
ing in its own right, but it may represent an important
target for therapeutic interventions in cancer.
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