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Capping protein regulates actin dynamics during
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During cytokinesis, a cleavage furrow generated by actomyosin
ring contraction is restructured into the midbody, a platform for
the assembly of the abscission machinery that controls the final
separation of daughter cells. The polymerization state of F-actin is
important during assembly, ingression, disassembly, and closure
of the contractile ring and for the cytoskeletal remodeling that
accompanies midbody formation and progression to abscission.
Actin filaments must be cleared from the abscission sites before
the final cut can take place. Although many conserved proteins
interact with and influence the polymerization state of actin
filaments, it is poorly understood how they regulate cytokinesis
in higher eukaryotes. We report here that the actin capping
protein (CP), a barbed end actin binding protein, participates in
the control of actin polymerization during later stages of cytokinesis
in human cells. Cells depleted of CP furrow and form early
midbodies, but they fail cytokinesis. Appropriate recruitment of
the ESCRT-lIl abscission machinery to the midbody is impaired,
preventing the cell from progressing to the abscission stage. To
generate actin filaments of optimal length, different actin nucle-
ators, such as formins, balance CP’s activity. Loss of actin capping
activity leads to excessive accumulation of formin-based linear
actin filaments. Depletion of the formin FHOD1 results in partial
rescue of CP-induced cytokinesis failure, suggesting that it can
antagonize CP activity during midbody maturation. Our work sug-
gests that the actin cytoskeleton is remodeled in a stepwise man-
ner during cytokinesis, with different regulators at different
stages required for successful progression to abscission.

cytokinesis | capping protein | formins | midbody | F-actin

During cytokinesis, actomyosin ring contraction remodels the
cellular cortex to generate a cleavage furrow and then, the
midbody, a platform for the assembly of the abscission machinery
that controls the final separation of daughter cells (1, 2). Although
the overall progression of cytokinesis is well-documented, many
questions remain, especially at the molecular level (3), in part due
to the high spatial and temporal complexity of cytokinesis coupled
to the requirement for significant force generation during cleavage.
While the chromosomes separate during anaphase, a contractile
ring assembles that includes actin, myosin, and many other pro-
teins. The ring then ingresses, with actomyosin-based contraction
providing the required mechanical force (4). Contractile ring as-
sembly, ingression, and closure are regulated in part by Rho
GTPase signaling, which triggers the activation of myosin and the
formation of formin-based linear actin filaments (5, 6). As the ring
ingresses and its diameter decreases, actin filaments must disas-
semble to allow complete ingression and subsequent formation of
the midbody (7, 8). Much of our knowledge of the early steps of
actin dynamics during cytokinesis has come from studies in model
systems, such as fission yeast, because they are broadly conserved.
More recently, it has become clear that the polymerization state of
F-actin is also important postfurrowing, including during pro-
gression to abscission, events specific to higher eukaryotes. New
and unexpected roles have been suggested for actin remodeling in
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the intercellular bridge during the last steps of cytokinesis, just
before abscission (9-11).

The dynamic polymerization state of actin, regulated by many
conserved proteins, is key to its many cellular functions. Actin
nucleating proteins are required for actin filament assembly. For
example, Arp2/3 promotes actin nucleation and generates short
branched networks (6), but it does not seem to be a major reg-
ulator of metazoan cytokinesis. Formins nucleate and elongate
linear actin filaments (6), and the formins cdc12, Diaphanous,
and CYK-1 are important during contractile ring assembly in
fission yeast, flies, and worms, respectively (12-14). While it is
generally thought that formins are needed during mammalian
cytokinesis (5), it is less clear which individual formins are re-
quired. So far, only mDia2/Diaph3 in mouse cells has been
shown to be directly involved (15). To balance promotion of
actin polymerization, proteins that sever and turnover actin fil-
aments, such as ADF/Cofilin, also play important roles in cytokinesis
(2). We report here that the actin capping protein (CP), a barbed
end actin binding protein complex (16), is required to control actin
polymerization during later stages of cytokinesis in human cells.

Results

CP Is Required for Cytokinesis in Human Cultured Cells. Knockdown
of CP, a heteromeric protein complex consisting of o (CAPZA)
and p (CAPZB) subunits (16), resulted in the formation of bi-
nucleated cells, a hallmark of failed cytokinesis (Fig. 1 A-C and
Fig. S1 A-C). Failure could be rescued by stable expression of
RNAi-resistant GFP-CAPZB (GFP-CAPZBR) (Fig. S1 D-G) in
two human cell lines representative of normal [human corneal
epithelial (HCE) (17)] and cancerous (HeLa) tissues. Notably,
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Actin dynamics drive many steps of cell division. Here, we show
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Fig. 1. CP is required for cytokinesis in human cells. (A) Representative epi-
fluorescence images of Hela cells fixed and stained with TRITC-phalloidin (green)
and DAPI (red) to visualize F-actin and DNA, respectively, 72 h after siRNA
transfection with either nontargeting control siRNA or two independent siRNA
oligos for CAPZB (oligos 1 and 2). *Bi- or multinucleated cells. (Scale bar: 20 pm.)
(B) Quantification of A. Data are presented as mean + SD (n = 3); >300 cells were
scored per experiment. **P < 0.01; ***P < 0.001. (C) Immunoblot showing
protein levels of CAPZA, CAPZB, and tubulin for cells from B. Note the expected
destabilization of CAPZA in CAPZB-depleted cells. (D) Representative images
from confocal sections of cytokinetic HeLa cells expressing GFP-CAPZB. Cells were
fixed and stained with TRITC-phalloidin to visualize F-actin (red), anti-GFP
(green), and anti-Anillin (blue). (Scale bar: 10 pm.)

GFP-CAPZBR restored normal levels of CAPZA, indicating that
it forms a functional dimer with the o subunit (Fig. S1 F and G).
Codepletion of both o isoforms also resulted in a significant
increase in multinucleated cells (Fig. S1 H and /), indicating that
the entire CP complex is essential for cytokinesis.

CP Localizes to Cortical F-Actin Structures Throughout the Cell Cycle.
During interphase, GFP-CAPZB localizes to cytoplasmic puncta
and colocalizes with F-actin at the cortex and in lamellipodia-like
structures (Fig. S1J) (18). Cytochalasin D treatment disrupted
localization of GFP-CAPZB to both cortical actin structures and
cytoplasmic puncta (Fig. S1J), indicating that its localization is
dependent on a functional actin cytoskeleton. In dividing cells,
GFP-CAPZB colocalized with F-actin at the cell cortex, the
cleavage furrow, and the ingressed furrow surrounding the mid-
body (Fig. 1D and Fig. S1K), suggesting that it may function in
control of cytoskeletal remodeling during division.

CP-Depleted Cells Complete Furrowing with Slow Kinetics. Using
fluorescence time-lapse microscopy of dividing cells starting at
48 h post-RNAi, when CP is mostly depleted (Fig. S2 A-D and
Movies S1 and S2), we found that CP-depleted cells placed their
cleavage furrows correctly after progressing through mitosis
(nuclear envelope breakdown to anaphase onset) with a delay
(19) (Fig. 24 and Fig. S2E). We measured furrow ingression
kinetics using GFP-tubulin, as interzonal microtubules are just
below the contractile ring and are compacted to form the in-
tercellular bridge. We compared control cells, CP-depleted cells,
and cells where actin filaments were stabilized using a low dose
(100 nM) of the actin-stabilizing compound jasplakinolide
(higher doses prevent contractile ring formation). After ana-
phase onset, initial ingression was rapid in all three conditions
(Fig. 2B), with the diameter of microtubule structures decreasing
by around one-half to 11 pm within 8 min for control, 11 min for
jasplakinolide-treated, and 12 min for CP-depleted cells (Fig.
2B). Control cells and jasplakinolide-treated cells then continued
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to ingress with similarly shaped ingression curves, although
slower for jasplakinolide-treated cells, and slowed after reaching
a diameter of around 4 pm, after which they further compacted
their microtubules and formed midbodies. In contrast, CP-
depleted cells slowed substantially after the halfway point
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Fig. 2. CP-depleted cells fail cytokinesis postfurrowing. (A) Still images from
confocal time-lapse movies of siRNA-transfected HeLa cells stably expressing
GFP-tubulin (gray) and Histone2B-mCherry (red) shown as merged or phase
contrast images. Time between frames is indicated in minutes, and timings
are normalized to anaphase onset. White arrow indicates point of abscission.
(Scale bar: 10 um.) (B) Quantification of furrowing kinetics obtained by
measuring furrow diameter at anaphase onset t = 0 using GFP-tubulin signal
against time in minutes for cells treated with control siRNA (n = 20 cells) or
CP siRNA (n = 16 cells) or treated before anaphase onset with 100 nM jas-
plakinolide (n = 10 cells). Data are from three independent experiments, and
lines represent mean average. Error bars = SEM (Movies S1 and S2).
(C) Quantification of percentage of Hela cells failing cytokinesis after 50 h
CP siRNA; 56% of cells fail postfurrowing vs. 0% for control. Control (n = 90)
and CP siRNA (n = 102 cells) from three independent experiments are shown.
(D) Scatterplot of time in minutes taken to progress from after furrow in-
gression to abscission of indicated siRNA treatments. Red bars represent
medians and upper and lower quartiles (Movies S3 and S4). n.s., not signif-
icant (P > 0.05). ***P < 0.001.
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(Fig. 2B). The differences in ingression kinetics of CP-depleted
and jasplakinolide-treated cells suggest that the phenotype in-
duced by CP depletion is not due to generic stabilization of actin
filaments and may stem from an inability to properly regulate
filament length within the forming midbody.

CP-Depleted Cells Fail Cytokinesis After Furrowing. While cells
lacking CP ingress more slowly, they eventually complete furrowing.
Time-lapse analysis revealed that cytokinesis predominantly fails
postfurrowing (Fig. 2 C and D and Movies S1 and S2). CP-depleted
HeLa cells undergo cleavage furrow regression within a median of
147 min (median to completion in control cells = 73.5 min). Cells
depleted of CIT-K, a kinase necessary for midbody maturation (20),
fail cytokinesis with similar kinetics to CP with a median of 147 min
(Fig. 2D, Fig. S2 F and G, and Movies S3 and S4). In contrast,
depletion of the ESCRT-III component IST1 (21, 22) results in
cytokinesis failure after prolonged abscission arrest, with a median
of 477 min (Fig. 2D, Fig. S2 F and G, and Movie S4). Consistent
with this, while CP depletion induced cytokinesis failure, we failed
to observe an accumulation of cells with visible intercellular bridges
(Fig. S2H), suggesting that cytokinesis failure occurs before abscis-
sion. These data suggest that CP, like CIT-K, functions in midbody
maturation rather than abscission.

CP-Depleted Cells Organize a Functional Midzone and Form a Midbody.
Consistent with our live imaging results showing that CP-depleted
cells fail cytokinesis after furrow ingression, anaphase midzones in
CP-depleted cells appeared normal (Fig. S34). CIT-K was prop-
erly recruited to the cleavage furrow and midbody (Fig. S3B).
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Similarly, depleted cells could recruit the centralspindlin complex
(RacGAP1 and MKLP1) to the midbody ring and the Aurora B
kinase to midbody flanking microtubules (Fig. S3B); thus, cytoki-
nesis failure does not result from a failure to recruit these proteins.

CP-Dependent Control of F-Actin Levels Is Required for Its Role in
Cytokinesis. Measuring global F-actin levels by flow cytometry
in asynchronous populations of cells revealed that CP-depleted
cells have 1.8-fold more F-actin than control cells (Fig. S4 4 and B).
A similar 1.8-fold increase relative to control in CP-depleted
interphase HeLa cells (Fig. 34 and Fig. S4 C-G) increased to
2.4-fold in cytokinetic cells and 4.2-fold at the cleavage furrow
(Fig. 3B and Fig. S4 F and G). Superresolution microscopy
showed that the actin ultrastructure in early bridges differs be-
tween CP-depleted and control cells, with denser and more
compacted actin structures in CP-depleted cells (Fig. 3C and
Movies S5 and S6). These data suggest that excessive actin po-
lymerization in the absence of CP interferes with proper com-
pletion of cytokinesis.

As CP may be involved in mitosis independent of its capping
function (19), we tested if its role in cytokinesis was related to its
ability to influence actin polymerization. We generated stable
cell lines expressing GFP-CAPZB® or GFP-CAPZB® 1.262S
mutant, which cannot bind the barbed end of growing actin fila-
ments (23). The mutant protein could form a functional dimer as
seen by the restoration of levels of CAPZA (Fig. S54). However,
in the absence of endogenous CAPZB, the L.262S mutant failed to
support cytokinesis (Fig. 3 D and E), showing that CP-dependent
regulation of F-actin capping is necessary for cytokinesis.

Tubulin

Aurora B Merge DAPI

siRNA_ Control siRNA CP siRNA Control siRNA

CP

Fig. 3. CP-dependent control of F-actin levels is required for cytokinesis. (A) Representative confocal images of cytokinetic HelLa cells. Unlabeled cells were
treated with control siRNA and mixed with H2B-mCherry-labeled cells transfected with CAPZB siRNA. Cells were fixed 72 h after RNAi transfection (Fig. S4).
Merged images of cells stained with FITC-phalloidin to visualize F-actin (green), H2B-mCherry (red), and DAPI (blue) are shown. Dashed yellow and cyan lines mark
outlines of CAPZB-depleted and control-treated cells, respectively. Imnmunostaining with Aurora B (gray; Lower) was used to define comparable stages of cy-
tokinesis. FITC-phalloidin (gray; Upper) was used for total and furrow F-actin quantifications shown in B. Yellow and pink outlines in Upper Right represent
regions of interest. Lower is the intensity of F-actin in pseudocolor. (Scale bar: 10 um.) (B) Graph showing ratio of furrow F-actin vs. total F-actin for cytokinetic
control or CAPZB siRNA-transfected cells (n = 20 cells per condition) collected from two independent experiments. Red bars represent medians and upper and
lower quartiles; the numbers discussed in the text are medians. **P < 0.001. (C) Representative 3D SIM reconstructions of cytokinetic cells of siRNA-transfected
cells stained with FITC-phalloidin to visualize F-actin (green), tubulin (magenta), Aurora B or RacGAP1 (red), and DAPI (blue). Images are presented as maximum
intensity projections of 1- to 0.5-um z sections (representative of 10 images per siRNA treatment). Note that SIM does not report on intensity. Movies S5 and S6
show full reconstructions of z series. (Scale bar: 2 pm.) (D) Representative confocal images of siRNA-transfected HCE cells expressing GFP-CAPZB, GFP-CAPZBR, and
GFP-CAPZBR 12625 immunostained with anti-GFP (green), TRITC-phalloidin (red) to visualize F-actin, and DAPI (blue). *Multinucleated cells. (Scale bar: 20 pm.) (E)
Graph showing level of multinucleation in HCE cells transfected with control or CP siRNA and stably expressing GFP-CAPZB, GFP-CAPZBR, or GFP-CAPZBR L2625.
Data are presented as mean + SD (n = 3) from n > 200 cells per experiment. n.s., not significant (P > 0.05). **P < 0.001.
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CP-Depleted Cells Form Midbodies with Incorrectly Recruited ESCRT-III.
The midbody acts as a platform for the recruitment of the ab-
scission machinery, where CEPS5 at the midbody ring forms a
scaffold for the recruitment of ESCRT proteins (24, 25). In fixed
cells, midbody-flanking microtubules in CP-depleted cells were
thicker than in control (Fig. 4 A and B). To determine if thicker
intercellular bridges were due to a failure to fully compact or due
to complete ingression followed by relaxation, we used live im-
aging in CEP55-GFP cells treated with SiR-tubulin, a microtubule
dye. With measurement beginning 1 h before abscission or failure,
we found that midbody rings in CP-depleted cells never reached
full compaction and that CP-depleted cells that failed cytokinesis
had thicker CEP55-positive midbody rings than cells that even-
tually divided (Fig. 4 C and D and Movie S7). These data suggest
that capping of actin filaments is necessary for normal thinning of
the midbody, an important prerequisite for abscission.

After the microtubules of the intercellular bridge have com-
pacted sufficiently and the midbody has begun to assemble
(“early midbody”), ESCRT-III subunits are recruited to two
rings adjacent to the midbody ring (“maturing midbody”) (Fig. 4
E-G and Movies S8 and S9) (26, 27). Immediately before ab-
scission, a pool of ESCRT-III relocates to secondary ingression
sites further along the intercellular bridge, where cleavage occurs
(10, 27, 28). Formation of this secondary ingression is dependent
on remodeling of the actin cytoskeleton in the midbody (10, 11).
Interestingly, ESCRT-III was still recruited to midbodies in
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CP-depleted and control cells (Fig. 3B). However, ESCRT-III
localization patterns were perturbed (Fig. 4 E-G). We staged
ESCRT-III localization according to the work by Caballe et al.
(29) and found that the absence of CP prevented proper for-
mation of ESCRT-III assemblies at the two-ring stage, with
a large proportion of cells displaying fragmented ESCRT-
IIT structures instead (Fig. 4 E-G). These data suggest that, as
well as regulating midbody dimensions/size, the correct poly-
merization state of actin is necessary for proper assembly of the
abscission machinery.

Chemical Inhibition of Actin Polymerization Relieves the CP Depletion-
Induced Cytokinesis Defect. If defective capping results in inappro-
priately elongated actin filaments responsible for cytokinesis failure,
we wondered if normal division could be restored by artificially
shortening actin filaments. Gross inhibition of actin polymeri-
zation using 500 nM Latrunculin B and Cytochalasin D resulted
in robust cytokinesis failure (Fig. S6 4 and B) (30). However,
treatment with these compounds at concentrations that minimally
disrupt cytokinesis (75 nM for Latrunculin B and 7.5 nM for Cy-
tochalasin D) (Fig. 54) relieved CP depletion-mediated cytokinesis
failure, indicating that cytokinesis failure in CP-depleted cells occurs
due to unchecked actin polymerization.

Actin polymerization is driven by different factors, including
Arp2/3, which balances CP function in other cytoskeletal processes
(6, 16). Consistent with a reported lack of Arp2/3 involvement in

Fig.4. CP-depleted cells display defects in midbody maturation. (A) Representative images of siRNA-transfected HeLa cells stained with tubulin (green), CHMP2A
(red), and DAPI (blue). Insets show zoomed-in views of midbodies. (Scale bar: 10 um.) (Magnification: Insets, 3.5x.) (B) Quantification of images from A; 288 cells
were imaged from three independent experiments. Average midbody diameter: control siRNA, 0.78 + 0.05 pm; CP siRNA, 1.04 + 0.01 pm; mean + SEM (n = 3). No
significant difference in the percentage of midbodies that were CHMP2A-positive (P = 0.87). **P = 0.03 (two-tailed t test). (C) Zoomed-in views of still images of
midbodies from time-lapse movies of siRNA-transfected HeLa cells line stably expressing GFP-CEP55 (green/gray) and treated with SiR-tubulin (magenta) (Movie
S7). Time in minutes is shown on the left adjusted to 57 min before abscission; d with the yellow bar indicates midbody ring diameter. (Scale bar: 2 ym.) (D)
Quantification of images from Cshowing the diameter of GFP-CEP55 midbody ring signal prior to abscission or cytokinesis failure (t = 0). Control siRNA (n = 10), CP
siRNA complete (n = 8), CP siRNA fail (n = 6). Bars represent mean + SEM (n = 2). (E) Representative confocal images of midbodies from Hela cells stained with
tubulin (red) and CHMP2A (green). Shown are different categories of CHMP2A localization found in control and CP-depleted cells. (Scale bar: 2 um.) (F)
Quantification of E showing percentages of midbodies displaying different localization categories of CHMP2A recruitment. Bars represent means, and error bars =
SD (n = 3) counting >200 midbodies per experiment. **P = 0.007 (two-tailed t test); ***P = 0.0004 (two-tailed t test). (G) 3D and maximum intensity projections of
the 3D SIM-reconstructed 4-pm z series showing tubulin (gray) and CHMP2A (red). Control image represents the two-ring stage, and CP image represents the
fragmented phenotype, representative of 10 images per siRNA treatment. (Scale bar: 1 pm.) Movies S8 and S9 show the full 3D reconstructions. MB, midbody.
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Fig. 5. Chemical inhibition of actin polymerization and RNAi depletion
of individual formins potentiate CP depletion-induced cytokinesis failure.
(A) Graph showing level of multinucleation in HeLa and HCE cells transfected
with control or CP siRNA after treatment with control DMSO, pan formin in-
hibitor SMIFH2, Arp2/3 inhibitor CK666, or actin depolymerizing compounds
Latrunculin B (Lat B) or Cytochalasin D (Cyto D). Data are presented as mean +
SD (n = 3) from n > 200 cells per experiment. n.s., not significant (P > 0.05)
compared with CP DMSO treatment using one-way ANOVA using uncorrected
Fisher’s LSD test compared with CP siRNA. **P < 0.001; ***P < 0.0001. (B) Graph
showing percentage of multinucleated Hela cells after transfection with con-
trol nontargeting siRNA, CP siRNA, and siRNA pools targeting the 12 formin
proteins known to be expressed in HelLa cells. Percentage of multinucleated
cells transfected with control nontargeting, CP or single formin siRNA (black
bars) or formin siRNA pools + CP siRNA (red bars). Data are presented as
mean + SD (n = 2); n > 300 cells per treatment. Black asterisks indicate signif-
icance compared with control siRNA using one-way ANOVA using uncorrected
Fisher’s LSD test (*P < 0.01; ***P < 0.0001). Red asterisks indicate significance
compared with control + CP siRNA using one-way ANOVA using uncorrected
Fisher’s LSD test (*P < 0.01; **P < 0.001). LSD, least significant difference.

cytokinesis, inhibition of Arp2/3 function by treatment with the
small molecule inhibitor CK666 (31) or Arp3 siRNA did not
rescue CP-dependent cytokinesis failure (Fig. 54 and Fig. S6 C-F),
although the overall actin cytoskeleton changed as expected (Fig.
S6C). Formins elongate linear actin filaments and are important
during contractile ring assembly in model organisms (6, 12-14).
CP and formins both bind to the barbed end and have opposing
roles in actin polymerization in vitro (32) and in Schizosacchar-
omyces pombe (33). However, due to functional redundancy of
formins in mammalian cells, no specific formin has been impli-
cated in human cytokinesis. We, therefore, used the pan formin
inhibitor SMIFH2 to inhibit formin activity (34, 35) and found
that 5 pM SMIFH2 partially rescues cytokinesis failure in CP-
depleted cells (Fig. 54 and Fig. S6 G-I). Taken together, these
data suggest an essential functional requirement of CP during
cytokinesis to negatively regulate cortical F-actin polymerization
by counteracting formin activity.

RNAi Depletion of Individual Formins Potentiates CP Depletion-
Induced Cytokinesis Failure. We next determined if any specific
formins might balance actin capping during cytokinesis; 12 of 15
human formins with partly overlapping functions are reportedly

2142 ' | www.pnas.org/cgi/doi/10.1073/pnas.1722281115

expressed in HeLa (36, 37). We screened a small RNAI library
with these 12 formins for cytokinesis failure in the presence and
absence of CP depletion. Consistent with the literature, depletion
of none of the formins alone resulted in strong cytokinesis failure
(Fig. 5B and Fig. S7). Depletion of the diaphanous formins
(DIAPH1-3) (Fig. S7 A and C), thought to be the main actin
nucleators in the contractile ring, partly rescued CP depletion.
Intriguingly, depletion of the midbody-localized formin FHOD1
(38), however, rescued CP depletion more robustly (Fig. 5B and
Fig. S7 B and C). It is possible that FHOD1, in conjunction with
CP, is involved in creating actin filaments that are required to
progress to midbody maturation.

Discussion

Cells accomplish different actin-dependent processes by using a
variety of proteins, such as CP and formins, to regulate the po-
lymerization state and architecture of the actin cytoskeleton. For
example, a recent report analyzed the regulation of cell surface
tension during mitosis (39). Cortical tension was reduced both in
cells with shorter and thinner actin filaments (due to depletion of
the formin DIAPH1) and in cells with longer and thicker fila-
ments (due to CP depletion), suggesting that correct filament
size is essential. Indeed, the interactions between formins and
CP are variably regulated to achieve correct filament lengths
(40). Individually, formins and CP bind to mutually exclusive
binding sites at the barbed end, although ternary complexes have
been reported where CP inhibits DIAPH1 and FMNL2 (40). We
show here that CP, balanced by formins, is involved in cytoki-
nesis in human cells. Our data hint at a carefully regulated
network during cytokinesis that requires the right balance be-
tween actin polymerization and capping to achieve optimal
filament length.

To ensure faithful maintenance of genetic and other cellular
materials, dividing cells must precisely regulate a series of steps
culminating in abscission. Although actin is a key participant in
nearly all steps of cytokinesis, the detailed orientation of actin
filaments in the ingressing furrow has only very recently been
visualized (4). As the contractile ring ingresses rapidly, the di-
ameter of the actin ring does not increase substantially, sug-
gesting that actin is removed. Shortening of actin filaments (7,
41) as well as filament ejection due to changes in tension forces
have been implicated in the disassembly during ingression (8),
but molecular details have been elusive (3).

As the ring closes, the midbody is formed, with key proteins
arriving sequentially and localizing to different areas within the
intercellular bridge (42), followed by formation of abscission sites
next to the midbody ring (Fig. 3E). Both actin and microtubule
cytoskeletons have to be remodeled substantially and must be
cleared from the secondary ingression sites to allow cleavage. It is
largely unknown how the actin cytoskeleton is remodeled post-
ingression, except for the very last step: different pathways medi-
ated by Rab35 and FIP3 bring in factors that suppress actin
polymerization (9, 10). In addition, MICALL actively induces actin
depolymerization (11). When these late actin remodeling factors
are perturbed, the ESCRT-III complex localizes correctly at the
midbody but not at the secondary abscission sites, and cytokinesis
is delayed for many hours. Interestingly, distinct but nonredundant
pathways are needed for preabscission actin clearance, highlight-
ing the importance of the correct execution of this step. For ex-
ample, depletion of MICALI1 resulted in cytokinesis delays in a
high percentage of cells, but only 4.1% fail outright (11). CP de-
pletion causes 56% of actively dividing cells to fail postfurrowing,
and many more are slowed but still eventually divide, suggesting
that perhaps another redundant pathway also regulates this step of
actin remodeling.

Our work identifies factors that regulate the polymerization
state of actin before the formation of abscission sites. The re-
quirement for further actin restructuring after the actin-rich ring
has ingressed is conceptually straightforward and should logically
be distinct from actomyosin disassembly during ingression, since
the mechanical and regulatory environments that drive actin
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turnover during ingression are no longer present. However, no
such proteins had been identified. Given the complexity of dis-
assembling and removing a structure as large and dense as the
ingressed contractile ring, it would be plausible for the cell to do
this in a stepwise manner. This could include a first step of shifting
from DIAPH nucleated filaments to filaments regulated by CP
and FHODI1 in early and maturing midbodies. While no func-
tional analysis has been reported, FHOD1 was identified as a
cytokinesis-specific Aurora B kinase interactor and was shown to
localize to the midzone and midbody (38). It has been proposed
that actin turnover in the constricting ring is due to shortening
filaments (7, 41). One could speculate that CP/FHOD1 filaments
are again shorter, which is supported by a recent report that
FHODL1 is an unusual formin that prefers shorter filaments in
some circumstances and does not act as a nucleator at all in others
(43). Our superresolution images showing differences in the actin
ultrastructure in early midbodies in CP vs. control cells (Fig. 3C
and Movies S5 and S6) also tentatively support this model. Fur-
ther remodeling culminating in complete clearance of actin from
the abscission sites could then be initiated.

CP is connected to many different actin structures in cells, yet
we show that CP-regulated filaments, likely balanced by FHOD1,
are particularly important during postingression, preabscission
cytokinesis. Our data also hint that CP may balance DIAPH
formins during cytokinesis, although this seems less essential.
The dynamic actin cytoskeleton is multifaceted and has been
challenging to study in complex processes, such as cytokinesis,
due to its ubiquity and involvement in many distinct yet over-
lapping steps. CP-dependent actin filaments illustrate this point;
the overall F-actin in cells changes on CP depletion, and pro-
cesses, such as contractile ring ingression, are moderately
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affected. However, the predominant phenotype in CP-depleted
cells is postingression, raising the intriguing possibility that dif-
ferent networks of actin filaments with unique polymerization
characteristics are required during different steps of cell division.
This provides an intuitive explanation for how the same protein
network can carry out a myriad of functions. Our data show that
CP is a critical regulator of actin polymerization during midbody
maturation. If actin is not in the correct polymerization state at
this crucial stage, then cells cannot form mature midbodies and
cannot divide.

Materials and Methods

For RNAIi experiments, Hela cells were transfected with siGENOME siRNAs
(Dharmacon; GE Healthcare) using Interferin transfection reagent (Polyplus-
Transfection Inc.). Samples for immunofluorescence and immunoblots were
collected and processed 72 h after transfection, and for live cell imaging, they
were collected and processed 50-72 h after transfection. For counts of
multinucleated cells, mean and one SD from the mean were calculated for
n > 3 independent experiments unless otherwise stated (typically >200 cells
were counted for each data point experiment). A full list of siRNAs, anti-
bodies, and reagents and detailed methods are described in S/ Materials
and Methods.
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