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The main steps of cytokinesis in animal cells and fungi

kinesins to microtubule plus ends at the microtubule overlap
zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of

Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yüce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yüce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA

activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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Figure 1. Overview of Animal Cell Cytokinesis
Cytokinesis initiates during anaphase, when the two sets of sister chromatids
segregate toward opposing spindle poles. Microtubules of the mitotic spindle
then reorganize to form the central spindle. Signaling between the anaphase
spindle and the cell cortex specifies where the actomyosin ring assembles.
Contraction of the actomyosin ring ingresses the attached cell cortex to form
the cleavage furrow, which partitions the cytoplasm into two domains.
Completion of actomyosin ring contraction results in the formation of the
intercellular bridge, which contains the midbody at its center. Abscission
proceeds by disassembly of the microtubules adjacent to the midbody and
membrane fission to physically separate the nascent daughter cells.
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kinesins to microtubule plus ends at the microtubule overlap
zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of

Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yüce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yüce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA

activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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Figure 1. Overview of Animal Cell Cytokinesis
Cytokinesis initiates during anaphase, when the two sets of sister chromatids
segregate toward opposing spindle poles. Microtubules of the mitotic spindle
then reorganize to form the central spindle. Signaling between the anaphase
spindle and the cell cortex specifies where the actomyosin ring assembles.
Contraction of the actomyosin ring ingresses the attached cell cortex to form
the cleavage furrow, which partitions the cytoplasm into two domains.
Completion of actomyosin ring contraction results in the formation of the
intercellular bridge, which contains the midbody at its center. Abscission
proceeds by disassembly of the microtubules adjacent to the midbody and
membrane fission to physically separate the nascent daughter cells.
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metaphase

kinesins to microtubule plus ends at the microtubule overlap
zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of

Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yüce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yüce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA

activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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Figure 1. Overview of Animal Cell Cytokinesis
Cytokinesis initiates during anaphase, when the two sets of sister chromatids
segregate toward opposing spindle poles. Microtubules of the mitotic spindle
then reorganize to form the central spindle. Signaling between the anaphase
spindle and the cell cortex specifies where the actomyosin ring assembles.
Contraction of the actomyosin ring ingresses the attached cell cortex to form
the cleavage furrow, which partitions the cytoplasm into two domains.
Completion of actomyosin ring contraction results in the formation of the
intercellular bridge, which contains the midbody at its center. Abscission
proceeds by disassembly of the microtubules adjacent to the midbody and
membrane fission to physically separate the nascent daughter cells.
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anaphase

kinesins to microtubule plus ends at the microtubule overlap
zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of

Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yüce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yüce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA

activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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segregate toward opposing spindle poles. Microtubules of the mitotic spindle
then reorganize to form the central spindle. Signaling between the anaphase
spindle and the cell cortex specifies where the actomyosin ring assembles.
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proceeds by disassembly of the microtubules adjacent to the midbody and
membrane fission to physically separate the nascent daughter cells.
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cytokinesis

kinesins to microtubule plus ends at the microtubule overlap
zones, which then stops microtubule growth (Bieling et al.,
2010; Subramanian et al., 2010). In cells, Aurora B stabilizes
the central spindle by local activation of KIF4A (Nunes Bastos
et al., 2013) and by inhibition of the microtubule depolymerase
KIF2A (Uehara et al., 2013).
In summary, a decline of Cdk1 activity and relocalization of

Aurora B from chromosomes to microtubules promotes micro-
tubule bundling and assembly of the central spindle during early
anaphase.
Cleavage Plane Specification
In animal cells, the anaphase spindle generates two redundant
signals for cleavage plane positioning, which emerge from the
central spindle and the spindle asters, respectively (Bringmann
and Hyman, 2005; Dechant and Glotzer, 2003). The central
spindle contributes to RhoA activation at the equatorial cortex
(Bement et al., 2005; Yüce et al., 2005), whereas dynamic micro-
tubules from the spindle asters inhibit RhoA at cortical regions
close to the spindle poles (Dechant and Glotzer, 2003; Foe and
von Dassow, 2008; Werner et al., 2007). In addition, a population
of stable microtubules originating from the asters has been pro-
posed to provide an activating signal at the cell equator (Canman
et al., 2003; Foe and von Dassow, 2008). How the spatial infor-
mation is transmitted from the spindle to the cell cortex is not fully
understood, and it may involve direct contact between microtu-
bules and cortex, diffusion of soluble factors, or transport along
actin cables (Fededa and Gerlich, 2012; Green et al., 2012).
Similar to other small GTPases, RhoA is regulated by guanine-
nucleotide exchange factors (GEFs) and GTPase activating pro-
teins (GAPs). An important activator of RhoA is the GEF ECT2
(Pebble in Drosophila melanogaster, and LET-21 or ECT-2 in
nematodes), which in vertebrates targets to the central spindle
by binding to the Plk1-phosphorylated CYK-4/MgcRacGAP sub-
unit of centralspindlin (Burkardet al., 2009;Petronczki et al., 2007;
Wolfe et al., 2009; Yüce et al., 2005). Upon a decrease of Cdk1
activity, a fraction of ECT2 relocates to the equatorial cell cortex
through removal of an inhibitory phosphorylation in its plasma
membrane-targeting domain, thus establishing local RhoA acti-
vation in the vicinity of the central spindle (Su et al., 2011).
How counteracting GAPs contribute to equatorial RhoA

activation is less well understood. The GAP domain of CYK-4/
MgcRacGAP has low catalytic activity toward RhoA-GTP but
mediates inactivation of another GTPase, Rac1, which is impor-
tant for efficient furrow ingression (Bastos et al., 2012; Canman
et al., 2008). However, the CYK-4/MgcRacGAP GAP domain
also contributes to the accumulation of active RhoA at the cell
equator (Loria et al., 2012; Miller and Bement, 2009), potentially
through regulation of ECT2. A recent study uncovered M phase
GAP (MP-GAP, also named ARHGAP11A in humans; RGA-3/4 in
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In plants cytokinesis does not involve a contractile ring, but rather relies on 
local deposition of membrane and cell wall



Polyploid cells frequently undergo segregation errors (Theodor Boveri, 1926)

Tumor cells are often polyploid and have multipolar spindles

Some pre-malignant cell types are polyploid; the polyploid condition precedes malignancy, which arises
with p53 loss

WHY STUDYING CYTOKINESIS IS IMPORTANT?





Chromosome non-disjunction (i.e. missegregation) often generates binucleate 
cells that are genetically unstable



Change in ploidy is also exploited to increase genetic diversification during
evolution



1. The mechanics of cytokinesis

2. How cells position the cleavage furrow in a precise place

3. How cytokinesis is coordinated with chromosome segregation

Part I

Part II

Septin ring dynamics for cytokinesis in budding yeast





Cytokinesis depends on a cleavage furrow where the membrane invaginates



Various embryos during early cleavage. Top row: normal cytokinesis in the nemertean Cerebratulus (left), the urchin S. droebachiensis (middle), and the ascidian Corella (right). Middle row: variations on cytokinesis
include unequal cleavage in urchin embryos (left; the urchin S. purpuratus), and "unipolar" cytokinesis in the embryonic cells of cnidarians (middle; the jellyfish Aequorea) and ctenophores (right; Pleurobrachia). Bottom
row: cytokinesis-like processes include polar lobe formation in diverse spiralians including scaphopods (left; Pulsellum) and bivalves (middle; the clam Acila), and somatic budding (right; the wasp Nasonia). All panels are
DIC images taken from time-lapse movies.

The extraordinary variability in cytokinesis modes



The contractile actomyosin ring (AMR) drives cleavage furrow ingression in many
eukaryotes

AMR

S. pombe animal cells S. cerevisiae



Actomyosin ring contraction in human cells

From Spira et al., 2017 eLife 6:e30867

Lifeact-mCherry



In yeasts AMR contraction is coupled to septum (i.e. cell wall) deposition



From The Cell Cycle: Principles of Control
(D. Morgan)

How does the actomyosin ring constricts?

b: barbed end (fast dynamics)
P: pointed end (slow dynamics)



From Spira et al., 2017 eLife 6:e30867

The actomyosing ring has randomly oriented actin filaments at the beginning of 
furrow ingression 



Actin depolymerization contributes to AMR constriction

From Mendes Pinto et al., 2012



In fission yeast AMR contraction is accompanied by ejection of actomyosin
bundles containing cytokinesis proteins

From Huang et al., 2016 eLife 5:e21383



Most of the proteins involved in cytokinesis are involved in 
either organizing or regulating the acto-myosin ring



Assembly and constriction of the actomyosin ring requires the RhoA GTPase

Rho GTPase



does not correct the initial, prominent defect in accumulation
of equatorial cortical myosin observed in cyk-4(or749)
embryos (Figures 2C and 2D), though a modest, late, increase
in myosin accumulation is detected in cyk-4(or749);
ced-10(n1993) embryos as the furrows complete ingression.
Identical results were obtained in cyk-4(or749) embryos in
which the CED-10/Rac1 effector ARX-2 was depleted by
RNAi (Figures 2C and S1A).

To further investigate whether cyk-4(or749) embryos are
defective in RHO-1 activation or CED-10/Rac1 inactivation,
we examined the levels of f-actin. The former model would
predict a reduction in f-actin accumulation in the furrow
because of reduced activation of the cytokinetic formin. In
contrast, the latter model would predict an increase in f-actin

A

B

C

Figure 1. RHO-1/RhoA Is a Dosage-Sensitive
Regulator of Cytokinesis

C. elegans embryos depleted of RHO-1. The
extent of RHO-1 depletion was classified
phenotypically (mild, pseudocleavage failure;
moderate, pseudocleavage and second division
failure; and severe, pseudocleavage, first and
second cell divisions failure).
(A) Kymographs of the equatorial region of repre-
sentative GFP::PH-expressing embryos. Scale
bar represents 10 mm.
(B) Kinetics of furrow ingression (n = 7 embryos
for mild, n = 7 for severe, n = 20 for moderate,
n = 30 for control).
(C) Cortical myosin accumulation in the furrow
region (n = 8 for mild, n = 5 for severe, n = 6 for
moderate, n = 11 for control).
Error bars represent SEM. See also Figure S1.

because of the activation of Arp2/3
complex by active CED-10/Rac1. We
used MOE::GFP to quantify accumula-
tion of f-actin and found that mutation
of the GAP domain of CYK-4 results in
a dramatic decrease in f-actin levels
(Figure 2E). Another RhoA effector, anil-
lin, also accumulates at greatly reduced
levels in cyk-4(or749) embryos as com-
pared to controls (Figure 2F). Thus,
mutation of the GAP domain of CYK-4
impairs the recruitment of several
independent RhoA effectors [22]. We
infer that RhoA activation is itself
compromised.

The central spindle promotes
cleavage furrow formation. In human
cells, RhoA activation requires binding
of the RhoGEF ECT2 to phospho-CYK-
4 [23, 24]. In several cell types including
C. elegans embryos, cleavage furrows
can form in central spindle-deficient
embryos [8, 25–28], because of an astral
microtubule-dependent mechanism
that functions redundantly with the cen-
tral spindle [29–32]. Central spindle-
dependent furrowing can be assayed
in embryos depleted of Ga [29].
Embryos solely depleted of Ga divide
with high efficiency (Figure 3Ab); furrow-
ing in these embryos requires the

central spindle [29]. In stark contrast, cyk-4(or749) embryos
depleted of Ga fail to form cleavage furrows altogether (Fig-
ure 3Ab0). Similar results were obtained with cyk-4(or570)
embryos (data not shown). Central spindle-induced furrowing
can also be assayed by spatial separation of central spindle-
and aster-directed furrowing. Depletion of the microtubule-
associated protein ZYG-9 results in shorter microtubules and
assembly of the mitotic spindle near the posterior pole [33].
After anaphase onset in ZYG-9-depleted embryos, two
furrows form, one in the posterior that depends on centralspin-
dlin and an anterior furrow that is centralspindlin independent
(Figure 3Ac) [31]. When ZYG-9 is depleted in cyk-4(or749)
embryos, anterior furrow formation is not perturbed, but the
posterior furrow is entirely absent (Figure 3Ac0). These data
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depleted of Ga fail to form cleavage furrows altogether (Fig-
ure 3Ab0). Similar results were obtained with cyk-4(or570)
embryos (data not shown). Central spindle-induced furrowing
can also be assayed by spatial separation of central spindle-
and aster-directed furrowing. Depletion of the microtubule-
associated protein ZYG-9 results in shorter microtubules and
assembly of the mitotic spindle near the posterior pole [33].
After anaphase onset in ZYG-9-depleted embryos, two
furrows form, one in the posterior that depends on centralspin-
dlin and an anterior furrow that is centralspindlin independent
(Figure 3Ac) [31]. When ZYG-9 is depleted in cyk-4(or749)
embryos, anterior furrow formation is not perturbed, but the
posterior furrow is entirely absent (Figure 3Ac0). These data
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From Loria et al., 2012, Curr. Biol. 22:213



Local activation of RhoA by optogenetics is sufficient to drive cleavage furrow
ingression

Activation of RhoA perpendicular to the spindle axis Activation of RhoA along the spindle axis

The plasma membrane is homogeneously responsive to RhoA activation!



Artificial activation RhoA in different regions of the membrane can drive 
ingression of multiple furrows

From Wagner and Glotzer, 2016, J. Cell Biol. 213:641



Cyk-4: GAP for Rho-like G-proteins
Mklp1: kinesin

From Glotzer, 2005, Science 307:1735 From Basant and Glotzer, 2005, Curr. Biol. 28:R570

The centralspindlin complex promotes RhoA accumulation and accumulation at the 
cleavage furrow in metazoans



Abscission is the final step of cytokinesis and involves the cut of the 
intercellular bridge

Drawing from Beata Mierzwa





The ESCRT-III complex forms spirals that mediate membrane fission during
abscission

From Guizetti et al., 2011, Science 331:1616





Asymmetric distribution of cell fate determinants in C. elegans
embryos

P. Gönczy, ISREC, Lausanne



Cytokinesis following spindle misorientation leads to aberrant distribution of 
polarity factors, thereby affecting cell fate



Perturbing asymmetric cell division causes tumor growth in Drosophila

Caussinus and Gonzalez, 2005, Nature Genetics 37:1125



What signals determine the position of the cleavage furrow?

Nature 382, 466 - 468 (01 August 1996); doi:10.1038/382466a0

Grasshopper spermatocytes

Chromosomes are not required to correctly position 
the cleavage furrow!!



The mitotic spindle is required to define the correct cleavage plane

From Pardo and Nurse, 2003

S. pombe cell after microtubule depolymerisation (Rlc1-GFP)



Cleavage furrow positioning depends on spindle position

Ray Rappaport 
(marine invertebrate embryos)

chromosomes aster glass bead

spindle moved to one 
side of the cell

the cleavage furrow is not 
complete and a binucleate 
cell is generated

both nuclei undergo 
mitosis

multiple cleavage furrows are formed between pairs of 
asters generating four cells 



Laser ablation of centrosomes in Ptk1 cells 

J. Cell Biol. 2001, 153:237



In Drosophila cytokinesis is strictly dependent on the 
central spindle and the midbody



A cytokinesis furrow is positioned by two
consecutive signals
Henrik Bringmann1 & Anthony A Hyman1

The position of the cytokinesis furrow in a cell determines the
relative sizes of its two daughter cells as well as the distribution of
their contents. In animal cells, the position of the cytokinesis
furrow is specified by the position of the mitotic spindle1. The
cytokinesis furrow bisects the spindle midway between the micro-
tubule asters, at the site of the microtubule-based midzone,
producing two daughter cells. Experiments in some cell types
have suggested that the midzone positions the furrow2,3, but
experiments in other cells have suggested that the asters position
the furrow4,5. One possibility is that different organisms and cell
types use different mechanisms to position the cytokinesis furrow.
An alternative possibility is that both asters and the midzone
contribute to furrow positioning6,7. Recent work in C. elegans has
suggested that centrosome separation and the midzone are impli-
cated in cytokinesis8. Here we examine the relative contributions
of different parts of the mitotic spindle to positioning of the
cytokinesis furrow in the C. elegans zygote. By spatially separating
the spindle midzone from one of the asters using an ultraviolet
laser, we show that the cytokinesis furrow is first positioned by a
signal determined by microtubule asters, and then by a second
signal that is derived from the spindlemidzone. Thus, the position
of the cytokinesis furrow is specified by two consecutive furrowing
activities.
Amitotic spindle contains two structures implicated in cytokinesis

furrow positioning: asters, which are radial arrays of centrosome-
nucleated microtubules, and the midzone, which forms between the
separating chromatin at anaphase and consists of non-kinetochore
spindle microtubules. A mitotic spindle is an inherently symmetric
structure. A furrow-positioning cue from the asters would position
the furrow midway between them. A midzone cue would position a
furrow at the same place. In order to separate the contributions of the
midzone and the asters to cytokinesis, the two structures must be
spatially separated. In one-cell C. elegans embryos, the spindle forms
in the middle of the cell at metaphase. At anaphase, cortical pulling
forces pull on the microtubule asters, separating the two spindle
poles9.
We took advantage of these pulling forces to design an experiment

in which the position midway between the two asters was different
from the position of the spindle midzone. An embryo was observed
until the onset of anaphase (the time at which the midzone forms10).
One aster was then separated from its associated chromatin using an
ultraviolet laser, creating a cell with one isolated aster and the other
aster still attached to the midzone. Cortical pulling forces moved the
asters to opposite poles of the cell, positioning the spindle ‘midzone’
roughly one-third of the way along the aster-to-aster-distance
(Fig. 1a–d and Supplementary Videos 1, 2). Thus, the position of
themidzone was different from the positionmidway between the two
asters. We call this procedure asymmetric spindle severing (ASS).
Following ASS, cytokinesis furrow ingression started midway
between the asters. However, the furrow did not complete midway

between the asters: a second furrow formed at the cell cortex closest
to the midzone (Fig. 1e–g and Supplementary Videos 3–5). The two
distinct furrows then met and cytokinesis completed. Thus, two
furrows are observed after ASS, one between the asters and one
directed towards the midzone. Both furrows contribute to the final
position of the cleavage plane.
Using cylindrical cells, it has been shown that the mitotic appa-

ratus can induce multiple furrows if it is successively displaced along
the long axis of the cell11. A furrow can even be produced after
removing the mitotic apparatus by aspiration before the onset of
furrowing12. It could be that the spindle midzone specifies both
furrows, one before and one after its displacement. Alternatively, the
asters might specify the first furrow. To resolve this problem, we
compared the effects of separating either the anterior or the posterior
aster. The isolated aster moves further towards the poles of the cell
compared with the aster that is still attached to the midzone. Thus,
the position midway between the asters is different after anterior and
posterior ASS. This difference is reflected in the difference of
the position of the first furrow (see Fig. 2, the position of the first
furrow is 53.7 ^ 0.9% along the embryo length after anterior ASS
and 56.5 ^ 0.6% along the embryo length after posterior ASS;
mean ^ s.e.m.; P ! 0.041). After ASS, the position of the first furrow
is thus dependent on the position of the asters.
We also shifted the first furrow using monopolar spindles, as it has

been shown that either an isolated aster or a monopolar spindle
is sufficient to specify a cleavage plane4,13. To generate mono-
polar spindles, we repeated ASS and subsequently disintegrated
the separated aster using the ultraviolet laser (Fig. 2 and Supplemen-
tary Videos 6, 7). Under these conditions, the first furrow was
established further away from the remaining aster (ASS with intact
aster, 12.8 ^ 0.2 mm; ASS followed by aster disintegration,
18.0 ^ 0.7 mm), at a position that was not related to the midzone
position before ASS. The cleavage plane then corrected towards the
midzone. The spatial shift of the first furrow away from the intact
aster demonstrates that the furrow position is not defined before
spindle severing, and is thus determined by microtubule asters.
Taken together, these experiments show that the cytokinesis cleavage
plane is specified by two consecutive signals derived from distinct
components of the mitotic spindle: the microtubule asters and the
spindle midzone.
Cleavage furrow formation is driven by actomyosin contraction,

but little is known about themolecular mechanisms specifying where
and when contraction will occur. To learn about the molecular
control of redundant cleavage plane positioning, we assayed genes
with known and potential roles in cytokinesis for their effects on the
two furrows. Genes leading to defects in cytokinesis were chosen
from the literature and genome-wide screens (see Supplementary
Table 1). The gene products were depleted either by RNA interference
(RNAi) or using established mutants, subjected to the ASS pro-
cedure, and analysed for the specification of the aster-positioned
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furrow (the first furrow), the specification of themidzone-positioned
furrow (the second furrow), the ability to correct the aster-positioned
furrow, and the extent of ingression of both furrows.
Here we describe four categories of cleavage furrow defects (Fig. 3

and Supplementary Videos 8–13). Supplementary Table 1 contains
details of the genes tested. The first class consisted of rho-1, nmy-2,
cyk-1, mlc-4, let-21, pfn-1 and act-4. In this class, neither furrow
formed. Genes in this class were required for general aspects of
actomyosin activity, and have previously been shown to prevent

furrow formation14–16. We did not further analyse these genes. The
second class consisted of air-2, zen-4 and cyk-4 (Fig. 3b). These genes
have known roles in spindle midzone formation and completion of
cytokinesis17–19. After ASS the aster-positioned furrow ingressed
weakly compared with wild-type embryos. A midzone-positioned
furrow did not form. The aster-positioned furrow regressed and
cytokinesis failed. The weak ingression of the aster-positioned furrow
indicates that these genes have general roles in furrow ingression.
The third class of genes leading to cleavage furrow defects

consisted of spd-1 and klp-7 (Fig. 3c). Both of these genes are
known to be required for midzone formation, but cytokinesis
completes in one-cell embryos9,20. After ASS, embryos in this class

Figure 1 | Asymmetric spindle severing spatially separates the spindle
midzone and the region midway between the asters, leading to the
generation of two furrows. a–d, Alteration of spindle geometry. Spinning-
disk microscopy images after ASS performed in a yellow fluorescent protein
(YFP)–a-tubulin background (a, b) or a zen-4–GFP background (c, d) to
reveal the microtubule cytoskeleton and the spindle midzone, respectively.
Unsevered control cells are shown in a and c, severed spindles in b and d.
e–g, Generation of two furrows after ASS shown in DIC microscopy image
series (compare Supplementary Videos 1–5). Time shown in minutes
following ASS procedure. e, Wild-type embryo. f, Separation of the anterior
aster. g, Separation of the posterior aster. The irradiated region is indicated
by a black bar. The posterior nucleus lies outside the focal plane in one image
(position indicated by a black circle). Furrows often were unilateral after
ASS. The asters seem to be attached to the ingressing furrow, which may
cause the midzone to move off axis (see f). First furrows are indicated in
green, second furrows in red. The difference in furrowing after posterior and
anterior ASS is probably due to the geometry of the cell. After anterior ASS,
the midzone moves closer to the cortex compared with posterior ASS. In
general, cytokinesis takes longer after ASS (roughly double the time
compared to control). Posterior is to the right in a–g. Scale bars, 10 mm.

Figure 2 | Microtubule asters position the first cytokinesis furrow. The
spindlemidzone positions the second cytokinesis furrow. a–c, Spinning-disk
microscopy images after posterior ASS (P-ASS) with (c) and without (b)
subsequent aster ablation, observed by YFP–a-tubulin fluorescence.
a, Unsevered control. Embryos in the top panels are shown at the point at
which the first furrow (green arrowheads) ingresses. Comparedwith a and b,
the furrow in c is set up further away from the remaining aster. Embryos in
the bottom panels are shown at the point at which the second furrow
ingresses. The second furrow (red arrowheads in b and c) always aims at the
spindle midzone. Posterior is on the right. Scale bar, 10 mm. Compare
Supplementary Videos 6 and 7 showing aster ablation in DIC microscopy.
d, Quantification of spindle dimensions and furrow positions in unsevered
embryos and embyros after anterior (A) and posterior (P) ASS, and P-ASS
plus aster ablation. The position of the aster centres (green squares) and the
nuclei (red dots) at the time the first furrow ingresses are indicated. The
positions of the first (green), second (red) and final (grey) furrow are shown
as histograms. Error bars are s.e.m.
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furrow (the first furrow), the specification of themidzone-positioned
furrow (the second furrow), the ability to correct the aster-positioned
furrow, and the extent of ingression of both furrows.
Here we describe four categories of cleavage furrow defects (Fig. 3

and Supplementary Videos 8–13). Supplementary Table 1 contains
details of the genes tested. The first class consisted of rho-1, nmy-2,
cyk-1, mlc-4, let-21, pfn-1 and act-4. In this class, neither furrow
formed. Genes in this class were required for general aspects of
actomyosin activity, and have previously been shown to prevent

furrow formation14–16. We did not further analyse these genes. The
second class consisted of air-2, zen-4 and cyk-4 (Fig. 3b). These genes
have known roles in spindle midzone formation and completion of
cytokinesis17–19. After ASS the aster-positioned furrow ingressed
weakly compared with wild-type embryos. A midzone-positioned
furrow did not form. The aster-positioned furrow regressed and
cytokinesis failed. The weak ingression of the aster-positioned furrow
indicates that these genes have general roles in furrow ingression.
The third class of genes leading to cleavage furrow defects

consisted of spd-1 and klp-7 (Fig. 3c). Both of these genes are
known to be required for midzone formation, but cytokinesis
completes in one-cell embryos9,20. After ASS, embryos in this class

Figure 1 | Asymmetric spindle severing spatially separates the spindle
midzone and the region midway between the asters, leading to the
generation of two furrows. a–d, Alteration of spindle geometry. Spinning-
disk microscopy images after ASS performed in a yellow fluorescent protein
(YFP)–a-tubulin background (a, b) or a zen-4–GFP background (c, d) to
reveal the microtubule cytoskeleton and the spindle midzone, respectively.
Unsevered control cells are shown in a and c, severed spindles in b and d.
e–g, Generation of two furrows after ASS shown in DIC microscopy image
series (compare Supplementary Videos 1–5). Time shown in minutes
following ASS procedure. e, Wild-type embryo. f, Separation of the anterior
aster. g, Separation of the posterior aster. The irradiated region is indicated
by a black bar. The posterior nucleus lies outside the focal plane in one image
(position indicated by a black circle). Furrows often were unilateral after
ASS. The asters seem to be attached to the ingressing furrow, which may
cause the midzone to move off axis (see f). First furrows are indicated in
green, second furrows in red. The difference in furrowing after posterior and
anterior ASS is probably due to the geometry of the cell. After anterior ASS,
the midzone moves closer to the cortex compared with posterior ASS. In
general, cytokinesis takes longer after ASS (roughly double the time
compared to control). Posterior is to the right in a–g. Scale bars, 10 mm.

Figure 2 | Microtubule asters position the first cytokinesis furrow. The
spindlemidzone positions the second cytokinesis furrow. a–c, Spinning-disk
microscopy images after posterior ASS (P-ASS) with (c) and without (b)
subsequent aster ablation, observed by YFP–a-tubulin fluorescence.
a, Unsevered control. Embryos in the top panels are shown at the point at
which the first furrow (green arrowheads) ingresses. Comparedwith a and b,
the furrow in c is set up further away from the remaining aster. Embryos in
the bottom panels are shown at the point at which the second furrow
ingresses. The second furrow (red arrowheads in b and c) always aims at the
spindle midzone. Posterior is on the right. Scale bar, 10 mm. Compare
Supplementary Videos 6 and 7 showing aster ablation in DIC microscopy.
d, Quantification of spindle dimensions and furrow positions in unsevered
embryos and embyros after anterior (A) and posterior (P) ASS, and P-ASS
plus aster ablation. The position of the aster centres (green squares) and the
nuclei (red dots) at the time the first furrow ingresses are indicated. The
positions of the first (green), second (red) and final (grey) furrow are shown
as histograms. Error bars are s.e.m.
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Both the spindle poles and the spindle midzone contribute to cleavage furrow
positioning

ASS: asymmetric spindle severing



The spindle has a crucial function in furrow positioning: the central spindle
stimulates RhoA accumulation at the medial cortex, while astral microtubules 

inhibit RhoA accumulation at the cell poles

by its PH domain and basic regions in the carboxyl terminus [20].
Membrane recruitment of Cyk4 involves both its C1 andGAP do-
mains and its ability to bind to MKLP1 [61]. The involvement of
the GAP domain suggests that active RhoA could contribute to
centralspindlin recruitment to the membrane and thus Ect2 acti-
vation, perhaps enabling positive feedback [61]. The Cyk4 GAP
domain also appears to allosterically activate Ect2; this activa-
tion involves RhoA binding, potentially inducing a second means
of positive feedback. These reactions also depend on central-
spindlin oligomerization which requires antagonism of 14-3-3
by the CPC [24]. The oligomeric state of the complex may permit
a division of labor — some GAP domains in the complex may
directly engage Ect2, whereas others may contribute to mem-
brane localization.

While individual interactions between domains have been
established in vitro, activation of RhoGEF activity of Ect2 by
centralspindlin has not yet been demonstrated. Because low
levels of membrane-bound Ect2 are sufficient for furrow forma-
tion in vivo, and due to the relatively modest activity of Ect2
in vitro, it is likely that the stimulation by centralspindlin will be
significant. Amajor challenge for the future is biochemical recon-
stitution of Ect2 activation. It is important to emphasize that not
every interactionmentioned above is necessarily required during
cytokinesis of every cell.

Centralspindlin-Independent RhoA Activation
Although in most cells Ect2 activation during cytokinesis
requires centralspindlin, in C. elegans embryos, centralspindlin
is partially redundant with a protein called NOP-1. NOP-1 is a
non-essential nematode-specific protein that functions as a
global activator of Ect2 during polarization and early embryonic
development [75]. C. elegans embryos in which centralspindlin
function is disrupted can form cytokinetic furrows that ultimately

regress. However, simultaneous loss of NOP-1 and centralspin-
dlin abolishes furrow induction and active RhoA does not accu-
mulate on the membrane (Figure 3) [75]. The mechanism by
which NOP-1 activates Ect2 is currently unknown — the protein
contains low-complexity regions, but lacks other recognizable
domains. However, elimination of this pathway provides a
straightforward means to study the role of centralspindlin in
furrow formation in this system. Thus far, compelling evidence
for parallel activators of Ect2 during cytokinesis in other organ-
isms is lacking.

Spatial Control of RhoA Activation
Spindle Midzone
In light of our current understanding of the mechanism by which
centralspindlin promotes RhoA activation (Figure 3), how is this
activity spatially regulated by the spindle? Overlapping plus
ends of microtubules in the spindle midzone are bundled by,
among other factors, the coordinated activity of centralspindlin
oligomers, the microtubule associated protein (MAP) PRC1,
and Kif4, a kinesin motor protein that functions in association
with PRC1 [76,77]. The bundling reaction results in stabilization
of these midzone microtubules and stable accumulation of cen-
tralspindlin, and in some cell types, centralspindlin recruits Ect2
to the midzone [44].
Centralspindlin accumulation at the spindle midzone positions

it in the presumptive plane of cell division. However, prominent
accumulation at this site is not essential for initiation of a furrow,
as cells can furrow in a centralspindlin-dependent manner
without significant centralspindlin concentrating on the spindle
midzone, as in PRC1-depleted cells [23,78,79]. Furthermore,
centralspindlin accumulation at the midzone is not always suffi-
cient for furrowing, as observed in C. elegans embryos express-
ing a Cyk4 DC1 variant (Figure 4) [24]. While the spindle-bound
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Figure 4. Spatial control of RhoA activity by
the mitotic spindle.
Furrow induction involves centralspindlin-depen-
dent RhoA activation at the equatorial plasma
membrane and astral inhibition at the poles (red).
Centralspindlin (green) also strongly accumulates
at midzone microtubules, but this location can be
too distant from the membrane to directly induce
RhoA activation. (A) In small cells, or those in
which the spindle extends towards the membrane
(top), centralspindlin can concentrate near the
plasma membrane; in such cells, the Cyk4 C1
domain is not required to generate a furrow. In cell
types where the central spindle is far away from
the plasma membrane (bottom), the membrane-
binding C1 domain of Cyk4 is critical in localizing
centralspindlin and thereby activating RhoA at the
equator to generate a furrow. Equatorial accu-
mulation of membrane-bound centralspindlin is
likely induced by a combination of spindle mid-
zone accumulation, local CPC activity, and
directed microtubule-based transport.
(B) Astral microtubules negatively regulate RhoA
activity at the poles. In cells where the central-
spindlin complex is globally activated (in the
absence of 14-3-3 proteins), asters can still restrict
furrow formation to the equatorial region (top). In
the absence of RhoA activators (such as a cyk-4;
nop-1 double mutant C. elegans embryo), cytoki-
netic furrows do not form (bottom).
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How do eukaryotic cells avoid that cytokinesis occurs before
chromosome segregation? 



CyclinB/Cdk
activity

Chromosome condensation

Spindle formation

Nuclear envelope breakdown

Chromosome decondensation

Spindle breakdown

Nuclear envelope reformation

Cytokinesis

Mitotic events controlled by CyclinB/Cdk activity



abscission but rather functions as a negative regulator (Capalbo
et al., 2012; Carlton et al., 2012). CHMP4C is phosphorylated by
Aurora B, and this is required to delay abscission (Carlton et al.,
2012), indicating that CHMP4C functions in Aurora B-mediated
abscission timing control. CHMP4C initially accumulates at
lateral midbody regions but then relocates to the central mid-
body at the time when other ESCRT-III subunits begin to accu-
mulate at the intercellular bridge (Carlton et al., 2012). It has
therefore been hypothesized that during early stages of abscis-
sion, Aurora B-phosphorylated CHMP4Cmay outcompete other
ESCRT-III subunits in binding to their targeting factors, such as
ALIX (Agromayor and Martin-Serrano, 2013). It should be noted
that the Aurora B phosphorylation site in human CHMP4C is

not conserved in Drosophila. However, both human and
Drosophila CHMP4C physically interact with borealin, a subunit
of the chromosomal passenger complex that also contains
Aurora B (Capalbo et al., 2012; Carlton et al., 2012). Borealin
binds to several other ESCRT-III components, including
CHMP2A, CHMP4A, CHMP4B, and CHMP6 (Capalbo et al.,
2012; Carlton et al., 2012), which raises the question of whether
borealin and Aurora B control ESCRT-III core subunits through
additional yet unidentified mechanisms.
Aurora B further controls the ESCRT-III pathway through the

PtdIns3P-binding protein ANCHR (abscission/NoCut check-
point regulator) (Thoresen et al., 2014). Similar to CHMP4C,
ANCHR functions as a negative regulator of abscission timing,
relevant to suppress furrow regression in the presence of chro-
mosome bridges. ANCHR physically interacts with CHMP4C
and VPS4, and the three proteins colocalize at the central
midbody ring in cells containing chromosome bridges, but not
in normally segregating cells, where VPS4 localized to regions
adjacent to the midbody. This led to the proposal that Aurora B
may inhibit the ESCRT-III pathway through sequestering VPS4
at the midbody ring, away from the sites of abscission lateral
to the midbody. To what extent the complex formation with
ANCHR and CHMP4C limits the pool of free VPS4 available in
the cytoplasm, however, has not yet been tested.
How Aurora B responds to unsegregated chromosomes at the

abscission site is poorly understood. In budding yeast, Aurora B
localizes to the spindle midzone, which forms inside the nucleus.
Tethering of Aurora B to chromatin led to NoCut activation inde-
pendent of chromosome segregation defects, suggesting that
proximity of Aurora B to chromatin provides the trigger (Mendoza
et al., 2009). In vertebrate cells, Aurora B predominantly localizes
to a ring around the chromosome bridge and is therefore
separated from chromatin by the nuclear envelope. Cytoplasmic
Aurora B may access chromatin within chromosome bridges
through nucleocytoplasmic shuttling (Steigemann et al., 2009),
yet how an Aurora B-activating signal is specifically generated
by chromosomes residing in the intercellular bridge is not known.
The Aurora B-dependent abscission delay is also triggered

through experimentally perturbed nuclear pore assembly, inde-
pendently of the presence of chromatin in the cleavage plane
(Carlton et al., 2012; Mackay et al., 2010; Thoresen et al.,
2014). The cellular defects that would trigger such a response
under physiological conditions, however, are not known.
One major question emerging from these studies is to what

extent an Aurora B-mediated abscission delay contributes to
genome protection. Experimentally induced lagging or bridged
chromosomes acquire substantial DNA damage during cytoki-
nesis both in budding yeast (Cuylen et al., 2013) and in human
cells (Gascoigne and Cheeseman, 2013; Janssen et al., 2011),
even when NoCut/Aurora B-mediated abscission control is
expected to suppress abscission. Furthermore, the induction
of chromosome missegregation by condensin depletion did
not suppress the completion of cytokinesis (Cuylen et al.,
2013). It is unclear how these experimentally induced chromo-
some bridges relate to missegregating chromosomes that occur
spontaneously under physiological conditions in tissues. Chro-
mosome bridges resulting from dicentric attachment to the spin-
dle are unlikely to resolve without major genome damage, but
when chromosome bridges result from slow decatenation during
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Figure 6. Aurora B-Mediated Abscission Delay
The presence of a chromosome bridge in the intercellular bridge sustains
Aurora B activity to stabilize the ingressed cleavage furrow and to delay
abscission.
(A) During telophase, active Aurora B localizes adjacent to the midbody, as
in normally segregating cells.
(B) Midbody-associated microtubules disassemble at a time similar to
normally segregating cells, resulting in Aurora B relocalization to the central
midbody (Steigemann et al., 2009).
(C) Accumulation of large F-actin patches on both sides of the intercellular
bridge and phosphorylation of MKLP1 may contribute to the maintenance of
an ingressed cleavage furrow in cells with persistent chromosome bridges
(Steigemann et al., 2009).
(D) Aurora B regulates the abscission machinery by phosphorylating ESCRT-III
subunit CHMP4C (Capalbo et al., 2012; Carlton et al., 2012). A protein complex
formed between ANCHR, CHMP4C, and VPS4 at the central midbody inhibits
ESCRT-III and VPS4 (Thoresen et al., 2014).
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abscission but rather functions as a negative regulator (Capalbo
et al., 2012; Carlton et al., 2012). CHMP4C is phosphorylated by
Aurora B, and this is required to delay abscission (Carlton et al.,
2012), indicating that CHMP4C functions in Aurora B-mediated
abscission timing control. CHMP4C initially accumulates at
lateral midbody regions but then relocates to the central mid-
body at the time when other ESCRT-III subunits begin to accu-
mulate at the intercellular bridge (Carlton et al., 2012). It has
therefore been hypothesized that during early stages of abscis-
sion, Aurora B-phosphorylated CHMP4Cmay outcompete other
ESCRT-III subunits in binding to their targeting factors, such as
ALIX (Agromayor and Martin-Serrano, 2013). It should be noted
that the Aurora B phosphorylation site in human CHMP4C is

not conserved in Drosophila. However, both human and
Drosophila CHMP4C physically interact with borealin, a subunit
of the chromosomal passenger complex that also contains
Aurora B (Capalbo et al., 2012; Carlton et al., 2012). Borealin
binds to several other ESCRT-III components, including
CHMP2A, CHMP4A, CHMP4B, and CHMP6 (Capalbo et al.,
2012; Carlton et al., 2012), which raises the question of whether
borealin and Aurora B control ESCRT-III core subunits through
additional yet unidentified mechanisms.
Aurora B further controls the ESCRT-III pathway through the

PtdIns3P-binding protein ANCHR (abscission/NoCut check-
point regulator) (Thoresen et al., 2014). Similar to CHMP4C,
ANCHR functions as a negative regulator of abscission timing,
relevant to suppress furrow regression in the presence of chro-
mosome bridges. ANCHR physically interacts with CHMP4C
and VPS4, and the three proteins colocalize at the central
midbody ring in cells containing chromosome bridges, but not
in normally segregating cells, where VPS4 localized to regions
adjacent to the midbody. This led to the proposal that Aurora B
may inhibit the ESCRT-III pathway through sequestering VPS4
at the midbody ring, away from the sites of abscission lateral
to the midbody. To what extent the complex formation with
ANCHR and CHMP4C limits the pool of free VPS4 available in
the cytoplasm, however, has not yet been tested.
How Aurora B responds to unsegregated chromosomes at the

abscission site is poorly understood. In budding yeast, Aurora B
localizes to the spindle midzone, which forms inside the nucleus.
Tethering of Aurora B to chromatin led to NoCut activation inde-
pendent of chromosome segregation defects, suggesting that
proximity of Aurora B to chromatin provides the trigger (Mendoza
et al., 2009). In vertebrate cells, Aurora B predominantly localizes
to a ring around the chromosome bridge and is therefore
separated from chromatin by the nuclear envelope. Cytoplasmic
Aurora B may access chromatin within chromosome bridges
through nucleocytoplasmic shuttling (Steigemann et al., 2009),
yet how an Aurora B-activating signal is specifically generated
by chromosomes residing in the intercellular bridge is not known.
The Aurora B-dependent abscission delay is also triggered

through experimentally perturbed nuclear pore assembly, inde-
pendently of the presence of chromatin in the cleavage plane
(Carlton et al., 2012; Mackay et al., 2010; Thoresen et al.,
2014). The cellular defects that would trigger such a response
under physiological conditions, however, are not known.
One major question emerging from these studies is to what

extent an Aurora B-mediated abscission delay contributes to
genome protection. Experimentally induced lagging or bridged
chromosomes acquire substantial DNA damage during cytoki-
nesis both in budding yeast (Cuylen et al., 2013) and in human
cells (Gascoigne and Cheeseman, 2013; Janssen et al., 2011),
even when NoCut/Aurora B-mediated abscission control is
expected to suppress abscission. Furthermore, the induction
of chromosome missegregation by condensin depletion did
not suppress the completion of cytokinesis (Cuylen et al.,
2013). It is unclear how these experimentally induced chromo-
some bridges relate to missegregating chromosomes that occur
spontaneously under physiological conditions in tissues. Chro-
mosome bridges resulting from dicentric attachment to the spin-
dle are unlikely to resolve without major genome damage, but
when chromosome bridges result from slow decatenation during
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Figure 6. Aurora B-Mediated Abscission Delay
The presence of a chromosome bridge in the intercellular bridge sustains
Aurora B activity to stabilize the ingressed cleavage furrow and to delay
abscission.
(A) During telophase, active Aurora B localizes adjacent to the midbody, as
in normally segregating cells.
(B) Midbody-associated microtubules disassemble at a time similar to
normally segregating cells, resulting in Aurora B relocalization to the central
midbody (Steigemann et al., 2009).
(C) Accumulation of large F-actin patches on both sides of the intercellular
bridge and phosphorylation of MKLP1 may contribute to the maintenance of
an ingressed cleavage furrow in cells with persistent chromosome bridges
(Steigemann et al., 2009).
(D) Aurora B regulates the abscission machinery by phosphorylating ESCRT-III
subunit CHMP4C (Capalbo et al., 2012; Carlton et al., 2012). A protein complex
formed between ANCHR, CHMP4C, and VPS4 at the central midbody inhibits
ESCRT-III and VPS4 (Thoresen et al., 2014).
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The presence of chromatin in the intercellular bridge prevents abscission 
through a checkpoint that depends on the Aurora B kinase

From Mierzwa and Gerlich, 2014, Dev. Cell 31:525





Septin dynamics during budding yeast cell division



Septin domain organisation

From Mostowy and Cossart, 2012



Structure of septin complexes

Adapted from Weireich et al., 2008

From McMurray and Thorner., 2008
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Septin filaments assemble by self-annealing of septin rods

Bridges et al., 2014 PNAS

?



Distribution of septin rings

From Barral, 2010



Unc59

Septins often localize at the cell division site
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The need for septins during cytokinesis is variable

From Menon and Gaestel, 2015, J. Cell Sci. 128:1877SOP: sensory organ precursor



A septin ring at the bud neck recruits AMR components and is essential for 

cytokinesis in budding yeast
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Septin ring splitting in live cells



From Weirich et al., 2008

The hourglass to double ring transition involves a drastic remodelling
of septins at the division site



From Bhavsar-Jog and Bi, 2017

The collar to split-rings transition likely implicates partial disassembly and 

re-assembly of septin filaments



What is the functional relevance of septin
ring splitting?



Septin ring splitting and AMR contraction are spatially and temporally distinct

processes
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The Mitotic Exit Network promotes mitotic exit and cytokinesis
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Lippincott et al., J. Cell Sci. 2001
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Is septin ring splitting important for cytokinesis?

Davide
Tamborrini



Is MEN involved in septin ring splitting independently of mitotic exit?
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The hyperactive CDC14TAB6-1 allele allows mitotic exit upon MEN inactivation
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MEN promotes septin ring splitting and AMR contraction independently of 
mitotic exit 



Overexpression of the E3 ligase DMA2 delays septin ring splitting and 
inhibits cytokinesis

Merlini et al., 2012
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DMA2 overexpression inhibits septin ring splitting and AMR contraction
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Septin destabilization with the cdc12-1 allele is sufficient to allow AMR 

contraction in DMA2-overexpressing cells

septin
AMR

Septin displacement/clearance from the division site is a prerequisite for AMR contraction!
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How does Dma2 prevent septin ring 

splitting?



Dma2 promotes the ubiquitination of the MEN scaffold at SPBs Nud1
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Recruitment of Cdc14 to SPB is impaired upon Dma2 overexpression



Artificial recruitment of Cdc14 to SPB restores septin displacement and 
cytokinesis in DMA2-overexpressing cells
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Conclusions

Septin splitting

AMR contraction

CYTOKINESIS1. Septin reorganisation in yeast is
necessary for AMR contraction
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3.   Dma2 dampens MEN signalling at
SPBs through Nud1 ubiquitination
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2. A subset of MEN factors promote
both events independently of mitotic
exit
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Tamborrini et al., 2018, Nature Comm. 9:4308



Regulation of cytokinesis by a scaffold protein at centrosomes/SPBs is conserved

From Johnson et al., Cytoskeleton 2012
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