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We have used double-stranded RNA-mediated interference (RNAi) to study Drosophila cytokine-
sis. We show that double-stranded RNAs for anillin, acGAP, pavarotti, rho1, pebble, spaghetti squash,
syntaxin1A, and twinstar all disrupt cytokinesis in S2 tissue culture cells, causing gene-specific
phenotypes. Our phenotypic analyses identify genes required for different aspects of cytokinesis,
such as central spindle formation, actin accumulation at the cell equator, contractile ring assembly
or disassembly, and membrane behavior. Moreover, the cytological phenotypes elicited by RNAi
reveal simultaneous disruption of multiple aspects of cytokinesis. These phenotypes suggest
interactions between central spindle microtubules, the actin-based contractile ring, and the plasma
membrane, and lead us to propose that the central spindle and the contractile ring are interde-
pendent structures. Finally, our results indicate that RNAi in S2 cells is a highly efficient method
to detect cytokinetic genes, and predict that genome-wide studies using this method will permit
identification of the majority of genes involved in Drosophila mitotic cytokinesis.

INTRODUCTION

Cytokinesis is the complex process by which the daughter
cells separate at the end of cell division. In animal cells
cytokinesis involves at least four subprocesses that must be
tightly coordinated to ensure the fidelity of chromosome
segregation (reviewed by Glotzer, 1997; Straight and Field,
2000). First, interactions between the spindle and the cortex
determine the site of cleavage furrow formation. Second, an
actomyosin-based contractile ring assembles at this cortical
site. Third, the actomyosin ring constricts, leading to furrow
ingression. Fourth, during both furrow ingression and the
completion of cytokinesis new membrane is added to allow
separation of the daughter cells.

The spindle plays a crucial role in both the coordination
and execution of these subprocesses. In large cells such as
those in early marine invertebrate embryos the positioning
of the cleavage furrow seems to be determined by interac-
tions between the cortex and the spindle’s astral microtu-
bules (Rappaport, 1985). However, in smaller cells, such as
vertebrate and Drosophila cells, the site of cleavage furrow
formation is specified by the central spindle (Cao and Wang,

1996; Bonaccorsi et al., 1998; Giansanti et al., 2001), the bun-
dle of antiparallel, interdigitating microtubules that assem-
bles during ana-telophases between the daughter nuclei.
Moreover, in all the systems thus far analyzed the integrity
of the central spindle is an essential requirement for com-
pletion of cytokinesis (reviewed by Gatti et al., 2000).

Many proteins have been identified that are required for
central spindle formation and, thus, for the execution of cyto-
kinesis. These molecules include several plus-end directed ki-
nesin-like proteins that accumulate at the central spindle mid-
zone. Examples of these proteins are the orthologs mammalian
CHO1/MKLP1, Drosophila Pavarotti (Pav), and Caenorhabditis
elegans ZEN-4, as well as Drosophila Klp3A (Nislow et al., 1992;
Williams et al., 1995; Adams et al., 1998; Powers et al., 1998;
Raich et al., 1998). The activities of these kinesin-like proteins
are regulated by kinases of both the Polo and Aurora families.
For example, the Drosophila Polo kinase and its human ho-
molog Plk coimmunoprecipitate and phosphorylate Pav and
CHO1/MKLP1, respectively (Lee et al., 1995; Adams et al.,
1998), whereas the C. elegans Aurora B kinase (AIR-2) interacts
with ZEN-4 (Severson et al., 2000). Finally, studies on Drosophila
male meiosis have suggested that central spindle formation
depends on cooperative interactions between the central spin-
dle microtubules and elements of the actomyosin ring (Gian-
santi et al., 1998; Gatti et al., 2000).

The actomyosin-based contractile ring assembles at the
equatorial cortex during late anaphase and constricts while
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remaining anchored to the plasma membrane, until cytoki-
nesis is completed. Although many components of the con-
tractile ring machinery have been identified, its precise mo-
lecular composition and its regulation during cytokinesis are
still poorly understood (reviewed by Goldberg et al., 1998;
Robinson and Spudich, 2000). Contractile ring assembly and
function are regulated by the Rho GTPase and its upstream
activators and downstream effectors (reviewed by Prokope-
nko et al., 2000). These effectors include several cytokinesis-
specific kinases and the formin-homology proteins, such as
Drosophila Diaphanous, mouse p140Dia1, and C. elegans
CYK-1 (Swan et al., 1998; Wassermann, 1998; Prokopenko et
al., 2000). The formins bind and regulate profilin (Wasser-
mann, 1998), a small actin-binding protein that promotes
actin polymerization and is required for contractile ring
assembly (Giansanti et al., 1998).

The contractile ring interacts with a number of additional
proteins that play regulatory and structural roles. One of
these proteins is cofilin, a polypeptide with actin filament-
severing activity; Drosophila cofilin encoded by the tsr gene is
required for contractile ring disassembly at the end of cell
division (Gunsalus et al., 1995). Other contractile ring-asso-
ciated proteins are anillin and the septins. Anillin contains
an actin-binding domain and a pleckstrin homology (PH)
domain and may mediate the anchoring of the contractile
ring to the plasma membrane (Field and Alberts, 1995; Gi-
ansanti et al., 1999; Oegema et al., 2000). Septins are a group
of conserved proteins that interact with components of the
exocist complex and may be involved in membrane–con-
tractile ring interactions (reviewed by Field and Kellogg,
1999; Straight and Field, 2000).

The accomplishment of cytokinesis requires deposition of
new membrane at the ingressing furrow (reviewed by
Straight and Field, 2000). This new membrane is thought to
arise from Golgi-derived vesicles that are targeted to the
furrow through a microtubule-dependent transport. Once at
the furrow, these vesicles fuse with the invaginating plasma
membrane, thus creating new membrane surface for cleav-
age (Straight and Field, 2000; Skop et al. 2001). Membrane-
vesicle fusion may be mediated by syntaxin, a member of the
t-soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) family of proteins. t-SNAREs are
associated with the target membrane and interact with v-
SNAREs that reside on vesicles, mediating the process of mem-
brane fusion (Chen and Scheller, 2001). Studies in C. elegans
and Arabidopsis thaliana have shown that mutations in syntaxin-
encoding genes abrogate cytokinesis, strongly supporting a
role of this protein in membrane addition during cytokinesis
(Lauber et al., 1997; Jantsch-Plunger and Glotzer, 1999).

Although molecular genetic analyses in model systems
have led to the discovery of many gene products involved in
cytokinesis, it is clear that the inventory of cytokinetic pro-
teins is still largely incomplete. Herein, we have used dou-
ble-stranded RNA-mediated interference (RNAi) to ablate
genes required for cytokinesis in Drosophila S2 tissue culture
cells. Our phenotypic analyses of RNAi cells define the
functions of several cytokinetic proteins and provide new
insight into the interplay among microtubules, microfila-
ments, and membranes during the assembly and function-
ing of the cytokinetic machinery.

MATERIALS AND METHODS

Cell Cultures and RNAi Treatments
S2 cells were cultured at 25°C in Shields and Sang M3 medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-inac-
tivated fetal bovine serum (Sigma-Aldrich). RNAi treatments were
carried out according to Clemens et al. (2000). Cells were suspended
in serum-free Shields and Sang medium at a concentration of 1 �
106 cells/ml, and plated, 1 ml/well, in a six-well culture dish (Nalge
Nunc, Naperville, IL). To perform RNAi, each culture was inocu-
lated with 15 �g of double-stranded (ds)RNA. After 1-h incubation
at 25°C, 2 ml of medium supplemented with 15% fetal bovine serum
was added to each culture. Control cultures were prepared in the
same way but without addition of dsRNA. Both RNA-treated and
control cells were grown for 72 h at 25°C and then processed for
either fluorescence-activated cell sorting (FACS), biochemical, or
cytological analysis.

dsRNA Production
Individual gene sequences were amplified by polymerase chain
reaction (PCR) from a pool of cDNAs obtained from five different
libraries: four embryonic libraries from 0–4-, 4–8-, 8–12-, and 12–
24-h embryos and one imaginal disc library, all kindly provided by
N. Brown (Brown and Kafatos, 1988). The primers used in the PCR
reactions were 35 nucleotides long and contained a 5� T7 RNA
polymerase-binding site (5�-TAATACGACTCACTATAGGGAGG-
3�) flanked by a gene-specific sequence. The GenBank accession
number (an), the sense and antisense gene-specific sequences, and the
position (pos.) of their 5� nucleotide were as follows: acGAP, an
AJ251502, sense AACCACACCTTC pos. 1110, antisense TGCATAT-
AGCGA pos. 1961; ani, an X89858, sense GCTCGAGAAGGC pos. 249,
antisense AGCTTCATCCGC pos. 1270; chic, an M84529, sense TA-
AAGCAACAGC pos. 139, antisense TTCGCTCTTATC pos. 704; fwd,
an AE003467, sense TCGGTAGTCGCG pos. 289291, antisense ATC-
CTCCGGGTC pos. 288198; klp3A, an AF132186, sense AGCTG-
GAAATGC pos. 2642, antisense TCTGGGGCTCGT pos. 3595; pav, an
AF005853, sense TCAAAATCCGCG pos. 1151, antisense CACTCCA-
CATCG pos. 2081; pnut, an U08103, sense CGCCTCCAACGG pos. 337,
antisense TCCTGAAGGTGC pos. 1266; pbl, an AF136492, sense AG-
GCCTGAAGG pos. 2127, antisense CAGGTGTTAGAG pos. 2834;
rho1, an AF177871, sense CGCCATAAGAAT pos. 75, antisense TTGT-
TCAGCTCG pos. 821; sqh, an M67494, sense CATTCGGCAGCT pos.
250, antisense CAGCTGGCTAGT pos. 1890; syx1A, an L37732, sense
TGGCCGTCAATG pos. 358, antisense CAGATCAGTATC pos. 1114;
and tsr, an U24490, sense TTGTTCGTGAAA pos. 13, antisense AT-
ACGTGTTTCC pos. 629.

The PCR products were purified by using the Microcon kit (Mil-
lipore, Bedford, MA) and used as templates to produce dsRNA with
the Megascript transcription kit (Ambion, Austin, TX). The RNA
products were treated with DNase I (Ambion) to digest template
DNA, extracted with phenol/chloroform, ethanol-precipitated, and
resuspended in water. To ensure that most of the RNA products
were in a double-stranded form, the RNA solutions were heated at
65°C for 30 min and then slowly cooled to room temperature. The
quality and concentration of dsRNAs were checked by 1% agarose
gel electrophoresis. dsRNAs were stored at �20°C before use.

Immunoblotting
Cells were harvested by centrifugation at 800 � g for 5 min. Pellets
were lysed in 50 �l of Laemmli buffer. Lysate (20 �l) was electro-
phoresed on a 10% SDS-polyacrylamide gel and transferred to an
Immobilion membrane (Millipore) by using a semidry transfer ap-
paratus (Bio-Rad, Hercules, CA). The membrane was blocked for 1 h
in a 5% dry milk in TBS-T (20 mM Tris-HCl, 150 mM NaCl, and 0.1%
Tween 20, pH 7.4) and then incubated overnight with any of the
following primary antibodies diluted in TBS-T: anti-anillin raised in
rabbit against amino acids 401–828 (1:1000; Field and Alberts, 1995);
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anti-Chic monoclonal from cell line 6F (1:10; Verheyen and Cooley,
1994); anti-Klp3A rabbit antibody (1:1000; Williams et al., 1995);
anti-Pav rabbit antibody (1:1000; Adams et al., 1998); and anti-Pnut
monoclonal (1:40; Neufeld and Rubin, 1994). To check for loading
each membrane was also incubated with the C1A9 monoclonal
antibody to heterocromatin protein 1 (HP1; 1:500; James et al., 1989).
Membranes were washed in TBS-T, incubated for 1 h with either
anti-mouse or both anti-mouse and anti-rabbit horseradish peroxi-
dase-conjugated secondary antibodies (Amersham Biosciences, Pis-
cataway, NJ), and then washed again in TBS-T. Signals were de-
tected using the ECL kit (Amersham Biosciences) following the
manufacturer’s protocol.

FACS Analysis
To perform FACS analysis 1 ml of 72-h cultures was centrifuged at
800 � g for 5 min. The pelleted cells were washed in 10 ml of
phosphate-buffered saline (PBS) and resuspended in 500 �l of PBT
(PBS with 0.1% Triton-X) containing 25 �g/ml propidium iodide.
FACS was performed on an FACStar Plus machine (BD Biosciences,
San Jose, CA).

Cytological Procedures
Cells from 3-ml cultures were harvested by centrifugation at 800 �
g for 5 min and washed in 10 ml of PBS. The pelleted cells were
resuspended in 3 ml of 3.7% formaldehyde in PBS and fixed for 5
min. Cells were then spin down by centrifugation, resuspended in
500 �l of PBS, and cytocentrifuged using a cytocentrifuge (Shandon
Scientific, Cheshire, England) at 900 rpm for 4 min. The slides were
immersed in liquid nitrogen for at least 5 min, transferred to PBT for

15 min, and then to PBT containing 3% bovine serum albumin for 20
min. These preparations were stained for tubulin and either anillin,
Pav, or actin. For tubulin plus anillin or tubulin plus Pav staining,
slides were incubated overnight with both an anti-tubulin mAb
(1:50; Amersham Biosciences) and either an anti-anillin (1:100) or an
anti-Pav (1:100) antibody (see above), all diluted in PBS. These
primary antibodies were detected by incubation for 1 h with both
fluorescein isothiocyanate-conjugated anti-mouse IgG (Jackson Lab-
oratories, Bar Harbor, ME) and Cy3-conjugated anti-rabbit IgG
(Jackson Laboratories). For tubulin plus F actin staining slides were
first immunostained for tubulin and then with rhoda-
mine-phalloidin as described previously (Giansanti et al., 1999). All
slides were mounted in Vectashield with 4,6-diamidino-2-phenylin-
dole (Vector Laboratories, Burlingame, CA) to stain DNA and re-
duce fluorescence fading.

Immunostained preparations were examined with an Axioplan
fluorescence microscope (Carl Zeiss, Oberkochen, Germany)
equipped with a cooled charge-coupled device (Photometrics, Tuc-
son, AZ) as described previously (Giansanti et al., 1999). Gray scale
digital images were collected using the IPLab Spectrum software,
converted to Photoshop 3.0 (Adobe Systems, Mountain View, CA)
and merged in pseudocolors.

RESULTS

Disruption of Cytokinesis by RNAi
We treated Drosophila S2 tissue culture cells with dsRNA for
12 genes implicated in cytokinesis. Nine of these genes
(chickadee [chic], four wheel drive [fwd], klp3A, pebble [pbl], rho1,

Table 1. Genes required for cytokinesis in D. melanogaster

Gene name
Protein
encoded

Protein
localization

Required for cytokinesis in

Phenotype of
mutant References

Embryonic
cellsa

Larval brain
cells

Male
meiosis

chickadee (chic) Profilin Cortex and c.f. nd nob yes Absence of both c.s.
and c.r.

Cooley et al., 1992;
Giansanti et al., 1998

four wheel drive
(fwd)

Phospholipid kinase nd no no yes Abnormal c.r.
morphology

Brill et al., 2000

klp3A Kinesin-like c.s. midzone nd no yes Absence of both c.s.
and c.r.

Giansanti et al., 1998;
Williams et al., 1995

pebble (pbl) Rho GEF c.f. yes nd nd Absence of both c.s.
and c.r.

Prokopenko et al., 1999

rho1 GTPase nd yes nd nd ndc Prokopenko et al., 1999
pavarotti (pav) Kinesin-like c.s. midzone yes nd nd Absence of both c.s.

and c.r.
Adams et al., 1998

peanut (pnut) Septin c.f. nd yes nod nde Neufeld and Rubin, 1994
spaghetti squash

(sqh)
Regulatory light chain

of myosin II
c.f.f nd yes nd nd Karess et al., 1991

twinstar (tsr) Cofilin nd nd yes yes Failure of c.r.
disassembly

Gunsalus et al., 1995

nd, not determined; c.f., cleavage furrow; c.s., central spindle; c.r., contractile ring.
a Embryonic cells of cycles 14–16.
b chic lethal mutants are severely defective in meiotic cytokinesis of Drosophila males but not in cytokinesis of larval brain cells, suggesting
that chic is not essential for cytokinesis of somatic cells (Giansanti, Bonaccorsi, Gatti, unpublished data).
c rho1 has been shown to be involved in cytokinesis of embryonic cells but the primary defect leading to the failure of cytokinesis has not been
determined (Prokopenko et al., 1999).
d In testes of larvae homozygous for pnut null mutations, meiotic cytokinesis is normal (Bonaccorsi, Giansanti, Gatti, unpublished data).
e The primary defect that causes cytokinesis failures in larval brain cells of pnut mutants has not been defined (Neufeld and Rubin, 1994).
f It has recently been shown that Sqh-GFP accumulates in the cleavage furrow (Karess, personal communication).
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pavarotti [pav], peanut [pnut], spaghetti squash [sqh], and twin-
star [tsr]) are identified by Drosophila mutations that have
been shown to disrupt cytokinesis in either somatic cells, or
male meiotic cells, or both (Table 1). For the other three
genes (anillin [ani], acGAP, and syntaxin1A [syx1A]) an in-
volvement in Drosophila cytokinesis has never been demon-
strated by mutational/phenotypical analysis.

We prepared dsRNA for each of the 12 genes described
above. These RNAs, which ranged in size from 610 to 1020
base pairs, were added to the medium of fresh S2 cultures at
a final concentration of �5 �g/ml. After 72 h of dsRNA
treatment cells were harvested by centrifugation and sub-
jected to two different analyses. The cells of one of the
treated cultures and those of a parallel control were stained
with propidium iodide and analyzed with a FACS. The cells
of another dsRNA-treated culture and its control were
stained for DNA, tubulin, and F-actin and examined under
a fluorescence microscope. For some of the dsRNAs tested
(chic, klp3A, pav, pnut, and ani) we used additional treated
and control cultures for Western blotting analysis.

The overall results of our experiments are reported in Fig-
ures 1 and 2. Western blotting analysis of cells treated with
either ani, chic, klp3A, pav, or pnut dsRNA shows that each of
these dsRNAs caused a dramatic depletion of the correspond-
ing gene product (Figure 1A). We could not obtain comparable
results for the other six genes studied due to the unavailability
of specific antibodies. However, the strong phenotypical effects
observed after treatments with acGAP, pbl, rho1, sqh, syx1A, and
tsr dsRNAs (see below) strongly suggest that these genes were
also silenced by RNAi.

An examination of the FACS profiles shown in Figure 1B
reveals that control cells are distributed into two main peaks
corresponding to cells containing 2C and 4C DNA, and in a
very small peak of 8C cells. FACS profiles of cells treated
with either chic, fwd, klp3A, or pnut dsRNA did not exhibit
appreciable differences from controls. However, in samples
treated with either acGAP, ani, pav, pbl, rho1, sqh, syx1A, or tsr

dsRNA there is a clear increase of the 8C peak at the expense
of the 2C and 4C peaks, suggesting that a substantial fraction
of the cells have become polyploid. To estimate the levels of
cell death caused by the dsRNA treatments, we also deter-
mined the frequencies of hypodiploid cells showing a side
scatter higher than G1 cells; cells displaying these features
are considered to be apoptopic (Darzynkiewicz et al., 1997).
In most treated samples these frequencies were comparable
with those of the corresponding control. We observed slight
increases of apoptotic cells only in cultures treated with
acGAP, pav, or tsr dsRNA (our unpublished data).

The observed increases in 8C cells (Figure 1) could result
from either metaphase arrest or a failure in cytokinesis.
RNAi treatments causing metaphase arrest, followed by re-
version to interphase and DNA duplication, should give rise
to 8C mononucleated tetraploid cells. In contrast, treatments
that suppress cytokinesis should produce G1 binucleated 4C
cells that, upon completing DNA synthesis, will become 8C
binucleated tetraploid. Thus, an increase of binucleated cells
in RNAi-treated cultures is diagnostic of errors in cytokine-
sis. Our examination of fixed cells stained for DNA, tubulin,
and actin revealed that binucleated cells are indeed very
frequent in all RNAi-treated cells that display major 8C
peaks (Figure 2). Thus, our combined FACS and cytological
analyses indicate that RNAi for either acGAP, ani, pav, pbl,
rho1, sqh, syx1A, or tsr causes frequent failures of cytokinesis
in S2 cells, whereas treatment with dsRNA of either chic, fwd,
klp3A, or pnut does not impair the cytokinetic process.

To determine the fate of the 8C cells produced by failures in
cytokinesis, we examined metaphase spreads from cultures
treated for 110 h with pav dsRNA. In these (RNAi) cultures the
frequencies of octoploid (�40 chromosomes) and highly
polyploid (�60 chromosomes) cells were 40 and 50% (n � 186),
respectively. These results indicate that S2 cells do not possess
a stringent checkpoint that prevents progression through the
cell cycle of cells that have failed to undergo cytokinesis.

Figure 1. Effects of RNAi with Drosophila genes
involved in cytokinesis. (A) Western blots from cells
grown for 72 h in the presence of mock (plasmid)
RNA (lane 1) or incubated for either 24 h (lane 2) or
72 h (lane 3) with the dsRNA for the protein indi-
cated. The HP1 protein was used as a loading con-
trol in all cases. Note that 72-h treatments cause a
dramatic depletion of all gene products. (B) FACS
profiles of cells treated for 72 h with dsRNA; ab-
scissa, DNA content; ordinate, cell number. Note
that the control profile exhibits two main peaks of
2C and 4C cells and a very small peak of 8C cells.
FACS profiles of chic (profilin), fwd (phospholipid
kinase), klp3A (kinesin-like), and pnut (septin)
(RNAi) cells do not differ from control, whereas the
profiles of acGAP (rhoGAP), ani (anillin), pav (kine-
sin-like), pbl (rhoGEF), rho1, sqh (myosin II regula-
tory light chain), syx1A (t-SNARE), and tsr (cofilin)
(RNAi) cells display a decrease of the 2C peak (G1
diploid cells) and a relative increase of both the 4C
(G2-M diploid cells and G1 tetraploid cells) and the
8C peak (G2-M tetraploid cells and G1 octoploid
cells).
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Cytological Phenotypes of RNAi-induced
Cytokinesis Mutants
S2 cells are a highly suitable material for the cytological
analysis of cytokinesis. These cells can be successfully
stained for several proteins involved in cytokinesis such as
actin, anillin, and Pav that can be used to track critical
cytokinetic structures (Figure 3). At metaphase the Pav ki-
nesin is diffused throughout the cytoplasm but during an-
aphase and telophase it concentrates at the plus ends of
central spindle microtubules (Figure 3, A–C). Anillin and
actin are not associated with central spindle microtubules
and instead exhibit a similar localization that marks the
equatorial region of the cortex (Figure 3, D–I). At metaphase
both proteins display a rather diffuse cortical localization.
During anaphase both anillin and actin accumulate at the
cell equator, forming wide cortical bands. As cells proceed
through telophase the anillin and actin bands narrow down,
and the two proteins fully colocalize in the contractile ring.

It is worth noting that the behavior of anillin and actin in
S2 cells is rather different from that described previously in
meiotic cells of Drosophila males. In metaphase and anaphase
A, anillin and actin do not exhibit any detectable cortical

accumulations in spermatocytes. During anaphase B, anillin
abruptly concentrates in a narrow equatorial band before the
assembly of the actin-based contractile ring. In late an-
aphase, spermatocytes assemble a narrow actomyosin ring
that precisely colocalizes with the anillin band throughout
meiotic division (Giansanti et al., 1999). In contrast, the two
proteins arrive at the equatorial cortex simultaneously in S2
cells, forming wide bands. The reasons why spermatocytes and
S2 cells concentrate anillin and actin in the cleavage furrow
with different dynamics are not understood. However, the
pattern of anillin and actin accumulation seen in S2 cells seems
to be typical of mitotic cells, because it has been observed also
in dividing larval neuroblasts (Giansanti et al., 2001).

With these cytological techniques in hand, we examined cell
division in cultures treated for 72 h with dsRNA. Cells col-
lected from these cultures were fixed and stained for both
DNA and tubulin, and for either Pav, F-actin, or anillin. The
analysis of these preparations revealed that (RNAi) cells dis-
play gene-specific cytological phenotypes and allowed defini-
tion of the primary defects that cause cytokinesis failures.

Phenotypes of acGAP, pav, pbl, rho1, and
sqh Mutants
In cells treated with dsRNA for either acGAP (rhoGAP), pav
(kinesin-like), pbl (rhoGEF), rho1, or sqh (myosin II regula-
tory light chain) the metaphase and anaphase figures are
morphologically normal and the frequencies of anaphases
relative to metaphases are comparable with those of un-
treated controls. However, in all these RNAi-induced mu-
tants, telophases are severely affected (Table 2 and Figure 4).
In addition to a very few, morphologically normal telo-
phases with a fully developed central spindle (henceforth
defined as “long” telophases; Figure 3, C, F, and I), these
mutants display many characteristic telophases shorter in
length than normal counterparts (henceforth defined as
“short” telophases; Figure 4). These peculiar mitotic figures
can be easily distinguished from anaphases because they
exhibit typical telophase nuclei with fully decondensed
chromosomes. Yet, they are very different from regular te-
lophases, because they lack the central spindle and are sub-
stantially shorter than normal telophases. In control S2 cells
undergoing anaphase A, the pole-to-pole distance is 17.6 �m
(n � 42). This distance increases during anaphase B, so that
telophase figures are 23.7 �m (n � 110) long. The short
telophases observed in acGAP, pav, pbl, rho1, and sqh RNAi-
induced mutants have pole-to-pole lengths ranging from
18.9 to 19.9 �m (Table 2), and are thus only slightly longer
than control anaphase A figures.

Staining for either anillin, actin, or Pav revealed that the
few normal, long telophases observed in acGAP, pbl, rho1,
and sqh (RNAi) cells exhibit normal accumulations of these
proteins in the cleavage furrow. However, in the short telo-
phases of all these (RNAi) cultures the localization of actin,
anillin, and Pav is disrupted. Immunostaining with anti-Pav
antibody did not detect any signal in the short telophases of
both acGAP and pav RNAi-induced mutants. In the short
telophases of all the other mutants, Pav staining is either
absent or associated with small irregular bundles of micro-
tubules laying between the two daughter nuclei (Figure 4).
Staining with rhodamine-phalloidin showed that the short
telophases of all mutants lack a regular actin-enriched con-
tractile ring. In rho1 short telophases actin is enriched at the

Figure 2. Binucleated cells in cultures treated with dsRNA of
genes involved in cytokinesis. (A and B) Control cells (A) and cells
treated for 72 h with pav dsRNA (B) stained for tubulin (green) and
DNA (with 4,6-diamidino-2-phenylindole, red). (C) Frequencies of
binucleated cells after 72-h treatments with dsRNAs. Bar, 10 �m.
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Figure 3. Localization of Pav (A–C), actin
(D–F), and anillin (G–I) during mitotic di-
vision of S2 cells. (A, D, and G) Metaphases.
(B, E, and H) Anaphases. (C, F, and I) Te-
lophases. In the merged figures Pav, actin,
and anillin are colored in red, tubulin in
green, and DNA in blue. Bar, 10 �m.
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polar cortex but is excluded from the equatorial region
(Figure 4B). In pbl aberrant telophases F actin exhibits a
uniform cortical localization. A uniform F actin distribution
is also observed in 20–30% of acGAP, pav, and sqh short
telophases, whereas in the remaining aberrant telophases
seen in these (RNAi) cells F actin concentrates in a wide
equatorial cortical band (Figure 4, E and G). In the aberrant
telophases of all these RNAi cells the pattern of anillin
localization resembles that of F actin (Figure 4).

We would like to point out that in acGAP, pav, pbl, rho1,
and sqh (RNAi) cells we never observed telophase figures
with a normal central spindle and a poorly organized con-
tractile ring, or with a normal actin ring and a defective
central spindle. Moreover, in these (RNAi) cultures morpho-
logically normal telophases either occur at very low frequen-
cies (acGAP and sqh) or are virtually absent (pav, pbl, and
rho1) (Table 2). Taken together, these observations strongly
suggest that the short telophases do not arise from regular
telophases that have failed to maintain their cytokinetic
structures. Rather, it is likely that these aberrant telophases
result from anaphases that have failed to form both the
central spindle and the contractile ring and to undergo
normal spindle elongation.

To summarize, our results show that in acGAP, pav, pbl,
rho1, and sqh (RNAi) cultures most telophases are poorly
elongated and lack both the central spindle and the actin-
based contractile ring. In addition, anillin fails to concentrate
properly in the contractile ring of all these aberrant short
telophases. Due to the absence of a contractile apparatus
these mutants telophases fail to undergo cytokinesis, giving
rise to binucleated cells.

Phenotypes of syx1A, tsr, and ani Mutants
In cells treated with dsRNA for the syx1A gene (encoding
a t-SNARE) the anaphase/metaphase ratio is comparable
with that of controls (Table 2). However, the telophase/
metaphase ratio in these cultures is higher than in un-

treated cells (Table 2), suggesting that depletion of Syx1A
increases the duration of telophase. About half of the
telophases observed in syx1A mutants are morphologi-
cally normal and exhibit normal accumulations of actin,
anillin, and Pav. The other half of syx1A mutant telo-
phases are shorter than their normal counterparts (21.2
�m [n � 95] vs. 23.7 �m [n � 110]) and exhibit poorly
organized central spindles that contain fewer microtu-
bules than those of normal telophases (Figure 5, A–C).
The abnormality of these central spindles is underlined by
the irregular distribution of the Pav protein, which, in-
stead of accumulating in the midzone, concentrates in a
few patches associated with regions of higher microtubule
density (Figure 5A). The short syx1A telophases always
display actin and anillin in wide equatorial bands similar
to those present in late anaphases of control cells (Figure
5, B and C). Thus, in syx1A mutants a substantial fraction
of telophases fail to assemble a normal central spindle and
to undergo full elongation. Although these cells accumu-
late both actin and anillin in the equatorial region, they
fail to form a morphologically normal contractile appara-
tus and cannot undergo the cytokinetic process.

Cells treated with dsRNA for the tsr gene have regular
frequencies of anaphases and telophases (Table 2). tsr
mutant ana-telophases display regular central spindles
and normal accumulations of Pav and anillin, but they
exhibit an excess of F-actin with respect to normal cells
(Figure 6). The actin excess is particularly evident in late
telophases, which often contain very prominent and mis-
shaped actin rings (Figure 6B). These abnormal accumu-
lations of F actin persist even in the terminal stages of cell
division when the two daughter cells are connected only
by a very thin intercellular bridge (Figure 6C). A very
similar phenotype has been observed in late meiotic telo-
phases of tsr mutant males, where the contractile ring
overgrows and fails to disassemble (Gunsalus et al., 1995;
Giansanti et al., 1999). tsr encodes a polypeptide homolo-

Table 2. Relative frequencies of mitotic figures in RNAi-induced cytokinesis mutants
Only diploid cells have been scored. To calculate the relative frequencies of anaphases, long telophases and short telophases, the observed

number of each class of mitotic figures has been divided by the total number of prometaphases plus metaphases.

Gene/mutant
No. of prometaphases plus

metaphases

Frequencies relative to metaphases (�100)
Average length of short

telophasesAnaphases Long telophases Short telophasesa

control 648 25 65 0
acGAP 381 22 12 20 19, 6
ani 201 21 72b 0
pbl 164 22 4 20 19, 9
pav 297 26 1 30 19, 9
rho1 229 24 2 18 19, 7
sqh 266 26 14 25 19, 0
syx1A 319 22 47 40 21, 2
tsr 256 29 52 0

a In counting the short telophases in acGAP, pav, pbl, rho1, and sqh (RNAi) cells we only recorded those cells where the remnants of the spindle
and/or the actin staining clearly identified them as aberrant telophase figures. We did not score cells that had the same shape and nuclear
morphology of the short telophases but cannot be unambiguously distinguished from binucleated interphase cells. Most likely this
conservative criterion led to an underestimation of the actual number of short telophases.
b Seventy-one percent of the 145 telophases scored showed large membrane bulges at the cell equator.
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gous to cofilins (Gunsalus et al., 1995), a family of low
molecular mass actin-binding proteins that can severe and
depolymerize actin filaments in vitro (Moon and Drubin,
1995). This suggest that in Tsr-depleted cells the actin
filaments of the contractile ring are not properly de-

graded, leading to the formation of large and persistent
F-actin aggregates that are likely to create a physical
obstruction to the completion of cytokinesis.

Cells treated with ani dsRNA also exhibit normal fre-
quencies of anaphases and telophases (Table 2). Both

Figure 4. Examples of aberrant (short) te-
lophases observed in pav (kinesin-like),
rho1, and sqh (myosinII regulatory light
chain) (RNAi) cells. Cells were stained for
tubulin (green), DNA (blue), and either
Pav, actin, or anillin (red). (A–C) rho1
(RNAi) telophases. (D–F) sqh (RNAi) telo-
phases. (G and H) pav (RNAi) telophases.
(A and D) Pav immunostaining. (B, E, and
G) Actin immunostaining. (C, F, and H)
Anillin staining. Note that all these aberrant
telophases exhibit severe defects in the cen-
tral spindle, which is either absent or very
poorly organized. In addition, in all telo-
phases actin does not form a contractile
ring but displays characteristic cortical lo-
calizations (see text). Pav localization is also
severely disrupted; Pav staining never
traverses the cells as occurs in controls but
it is either absent or associated with the
small and irregular microtubules bundles
that occasionally form between the two
daughter nuclei. Bar, 10 �m.
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types of mitotic figures have completely normal spindles
and normally concentrate the Pav protein in the central
spindle midzone (Figure 7). Anillin-depleted late an-
aphases and early telophases also assemble a morpholog-
ically normal contractile ring (Figure 7). However, mutant
late telophases display severe disruptions of both the
contractile ring and membrane organization in the cleav-
age area. Approximately 70% of these cells contain prom-
inent, aberrant membrane bulges at the cell equator (Fig-
ure 7). In telophases with membrane protrusions the actin
ring displays an aberrant morphology and F-actin diffuses

along the irregular membrane bulges (Figure 7). The ab-
sence of anillin thus seems to disrupt the membrane–
contractile ring interactions that mediate completion of
cytokinesis.

DISCUSSION

Efficiency of RNAi in Detecting Genes Involved
in Cytokinesis
Our data show that treatment with dsRNA for either acGAP,
ani, pav, pbl, rho1, sqh, syx1A, or tsr disrupts cytokinesis in S2
tissue culture cells. Mutations in pav, pbl, rho1, sqh, and tsr
have been reported to disrupt Drosophila mitotic cytokinesis
(Table 1). Herein, we show for the first time that the acGAP,
ani, and syx1A genes are also required for cytokinesis in flies.
Our experiments indicate that the penetrance of the RNAi
effect is very high; in cultures exposed for 72 h to either ani,
pav, pbl, rho1, sqh, or tsr dsRNA �70% of the telophases are
affected, whereas RNAi of acGAP and syx1A produces 46
and 63% abnormal telophases, respectively.

The finding that chic, fwd, and klp3A are not required for
cytokinesis in S2 cells is not surprising, because previous
studies pointed toward a specific involvement of these genes
in meiotic cytokinesis of males. Null mutations in klp3A, a
gene encoding a kinesin-like protein expressed both in testes
and somatic tissues, disrupt meiotic cytokinesis but have no
effect on larval neuroblast division (Williams et al., 1995).
Similarly, flies homozygous for null mutations in fwd, which
encodes a phosphatidyl-inositol kinase, are viable but male
sterile, and are specifically defective in male meiotic cytoki-
nesis (Brill et al., 2000). In contrast with fwd and klp3A that
are not required for viability, chic is an essential gene that
specifies a Drosophila homolog of profilin (Cooley et al.,
1992). However, both male sterile chic mutants and heteroal-
lelic chic combinations resulting in lethality, display severe
disruptions in meiotic cytokinesis but have no defects in

Figure 5. Abnormal telophases observed
in syx1A (RNAi) cells. Cells were stained
for tubulin (green), DNA (blue), and either
Pav (A, red), actin (B, red), or anillin (C,
red). Note the defective central spindle and
contractile ring, and the abnormal distribu-
tion of Pav. Bar, 10 �m.

Figure 6. Excessive actin accumulation in the contractile apparatus
of tsr (RNAi) cells. Cells were stained for tubulin (green), DNA
(blue), and actin (red). (A) Late anaphase/early telophase. (B and C)
Late telophases. Bar, 10 �m.
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neuroblast cytokinesis (Giansanti et al., 1998; Giansanti,
Bonaccorsi, and Gatti, unpublished data).

We were initially surprised to find that RNAi depletion of
the Pnut protein, which shares homology with the yeast
septins, did not markedly affect cytokinesis in S2 cells. This
protein concentrates in the cleavage furrow of several Dro-
sophila cell types; null pnut mutants die at the larval/pupal
boundary and exhibit polyploid cells in their brains, consis-
tent with a defect in cytokinesis (Neufeld and Rubin, 1994).
It is possible that the lack of an effect in pnut (RNAi) cells
reflects a small amount of residual Pnut protein in these
cells, as seen in Figure 1A. However, we instead believe that
Pnut’s role in cytokinesis is not fundamental to the process.
We have reexamined the larval brains of null pnut mutants
and have confirmed the presence of polyploid cells. How-
ever, we found that polyploid cells represent only 10.5% of
the mitotic figures (n � 1558), indicating that most neuro-
blasts can undergo cytokinesis even in the absence of Pnut
(Bonaccorsi, Giansanti, and Gatti, unpublished data). In ad-
dition, Pnut is not required for cytokinesis during either
male meiosis (Bonaccorsi, Giansanti, and Gatti, unpublished

data) or the cystoblast divisions in the female germline
(Adam et al., 2000). Taken together, these findings indicate
that the Pnut function is either partially or totally dispens-
able for cytokinesis in Drosophila.

In summary, our data indicate that S2 cells are a highly
suitable model system for molecular dissection of cytokine-
sis by RNAi. We have shown that treatments of S2 cells with
dsRNA for eight different genes implicated in cytokinesis
result in severe disruptions of the process. Moreover, it has
been recently reported that RNAi experiments with either
aurora B or INCENP dsRNA cause frequent failures of S2 cell
cytokinesis (Adams et al., 2001; Giet and Glover, 2001). In
contrast, S2 cells do not respond to the ablation of genes that
are either specifically involved in meiotic cytokinesis of
males (chic, fwd, and klp3A) or that play only a peripheral
role during Drosophila cytokinesis (pnut). Taken together,
these results predict that genome-wide studies using RNAi
in S2 cells will permit identification of the majority of genes
that govern cytokinesis in Drosophila mitotic cells.

Phenotypes of acGAP, pav, pbl, rho1, and sqh RNAi
Cells Suggest Microtubule–Contractile
Ring Interactions
Our phenotypical analyses of RNAi-induced mutants in the
acGAP, rho1, and sqh genes provide the first description of
the cytological defects that lead to cytokinesis failures when
the function of these genes is ablated. Previous studies have
shown that mutations in rho1 and sqh disrupt mitotic cyto-
kinesis but have not defined the cytological phenotypes
elicited by these mutations (Karess et al., 1991; Prokopenko et
al., 1999). In addition, we have characterized pav and pbl
(RNAi) cells; the phenotypes of these (RNAi) cells are con-
sistent with those previously observed in animals homozy-
gous for mutations in these genes (Lehner, 1992; Adams et
al., 1998; Prokopenko et al., 1999).

Cells in which the acGAP, pav, pbl, rho1, and sqh genes are
ablated by RNAi normally undergo anaphase A, but they
then fail to elongate and to undergo anaphase B. After
anaphase A, mutant cells proceed toward telophase and
decondense their chromosomes, forming typical telophase
nuclei. However, these cells fail to develop a central spindle,
to assemble an actomyosin contractile ring and to concen-
trate anillin in the cleavage furrow. This results in the for-
mation of short, aberrant telophases that are unable to un-
dergo cytokinesis and will thus give rise to binucleated cells.

We emphasize that the functional ablation of genes influ-
encing either the actin or the microtubule cytoskeleton have
similar effects on cytokinesis. The genes pbl, rho1, and sqh
likely play primary roles in controlling the actin cytoskele-
ton. The sqh gene encodes a regulatory light chain of myosin
II (Karess et al., 1991). Rho1 is a member of the Rho family
GTPases that cycle from an inactive GDP-bound state to an
active GTP-bound state under the regulation of guanine
nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs) (reviewed by Prokopenko et al., 2000). GEFs
enhance the exchange of bound GDP for GTP, whereas
GAPs increase the GTPase activity of Rho (Prokopenko et al.,
2000). Rho proteins (Mabuchi et al., 1993; Drechsel et al.,
1997, Nishimura et al., 1998) and Rho GEFs, such as Drosoph-
ila Pbl (Prokopenko et al., 1999) and human ECT2 (Tat-
sumoto et al., 1999), localize to the cleavage furrow and are

Figure 7. Abnormal membrane behavior during late telophase of
ani (RNAi) cells. Cells were stained for tubulin (green), DNA (blue),
and actin (red). (A and B) Anaphase (A) and early telophase (B)
figures with normal actin accumulations. (C–E) Late telophases
showing large membrane bulges in the cleavage area. The actin-
associated fluorescence of these cells has been artificially enhanced
to visualize the membrane bulges; these aberrant telophases do not
seem to contain more actin than their control counterparts. Bar, 10 �m.
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required for contractile ring assembly. In contrast, the activ-
ities of acGAP and pav are likely to primarily influence the
function of the central spindle. The Pav kinesin-like protein,
a homolog of the C. elegans ZEN-4, is localized in the central
spindle, and is thought to mediate microtubule cross-linking
at the central spindle midzone (Adams et al., 1998). The
acGAP gene encodes a Rho GAP, and it is orthologous to the
cyk-4 gene of C. elegans. CYK-4 interacts with ZEN-4, and the
two proteins are mutually dependent for their localization to
the central spindle (Jantsch-Plunger et al., 2000). The com-
plete absence of Pav immunostaining in acGAP (RNAi) te-
lophases suggests a similar interaction between AcGAP and
Pav, pointing to a role of AcGAP in central spindle assem-
bly. In summary, the cytological phenotypes of pbl, rho1, and
sqh (RNAi) cells indicate that a primary defect in acto-
myosin ring formation results in a secondary defect in cen-
tral spindle assembly. The phenotypes of AcGAP- and Pav-
depleted cells suggest the converse: that a primary defect in
the central spindle can secondarily disrupt contractile ring
formation. Thus, taken together, these data indicate that the
central spindle and the actomyosin ring are interrelated
structures. Although we do not currently understand the
molecular mechanisms underlying the cross talk between
these structures, we can envisage two possibilities. The for-
mation and maintenance of both the central spindle and the
actomyosin ring could be mediated by physical interactions
between interzonal microtubules and components of the
contractile ring. Alternatively, the central spindle and the
contractile ring could be coupled by a checkpoint-like reg-
ulatory mechanism, which would inhibit the formation of
either of these structures when the other is not properly
assembled.

Although acGAP, pav, pbl, rho1, and sqh (RNAi) cells dis-
play similar terminal phenotypes, the aberrant telophases
observed in these cultures differ in both actin and anillin
distribution. In rho1 telophases these proteins are excluded
from the cell equator, in pbl they are uniformly distributed,
and in acGAP, pav, and sqh they concentrate in a wide
equatorial band. This suggests that rho1 and pbl are required
for actin and anillin accumulation in the equatorial region of
the dividing cell. In contrast acGAP, pav, and sqh seem to be
required for the assembly of the contractile machinery from
proteins already concentrated at the cell equator. In sqh
(RNAi) cells the failure to assemble an actomyosin ring is
likely to be a direct consequence of the depletion of an
essential component of the ring. In acGAP and pav cells this
failure is instead likely to be a secondary effect of problems
in central spindle assembly.

An interplay between the central spindle and the contrac-
tile ring was previously suggested by studies on Drosophila
male meiosis. Mutant spermatocytes in the chic, and dia loci,
which encode products thought to be involved in contractile
ring formation, and mutants in the kinesin-encoding gene
klp3A, all display severe defects in both structures (Giansanti
et al., 1998; Gatti et al. 2000). Although all the extant results
on Drosophila cells strongly suggest an interdependence of
the central spindle and the contractile ring, it is currently
unclear whether this is true in all animal cells. Studies on
mammalian cells have shown that central spindle plays an
essential role during cytokinesis (Wheatley and Wang, 1996;
Eckley et al., 1997). However, these experiments have pro-
vided limited information on whether perturbations in the

actomyosin ring assembly disrupt the central spindle (re-
viewed by Gatti et al., 2000). The best evidence of an inter-
play between the central spindle and the contractile ring has
been provided by Cao and Wang (1996) in rat kidney cells.
By puncturing these cells with a blunt needle they created a
physical barrier between the central spindle and the equa-
torial cortex. This barrier not only abrogated actomyosin
ring assembly on the side of perforation facing the cortex,
but also disrupted the organization of central spindle micro-
tubules on the opposite side.

In contrast, studies on C. elegans embryos indicate that, at
least in the early stages of cytokinesis, the actomyosin ring
and the central spindle can assemble independently (Powers
et al., 1998; Raich et al., 1998; Jantsch-Plunger et al., 2000).
Why do Drosophila, and possibly mammalian cells, differ
from C. elegans in the interactions between the central spin-
dle and the contractile ring? We believe that the answer to
this question reflects differences in the distance between the
central spindle and the equatorial cortex. In Drosophila and
mammalian cells during central spindle assembly the equa-
torial cortex is very close to the interzonal microtubules. In
contrast, in C. elegans embryos the central spindle assembles
in the center of the cell when the cleavage furrow has just
began to ingress, so that during their assembly the actomy-
osin ring and the central spindle lie a considerable distance
apart. Only later in cell division, after substantial furrow
ingression, can the actomyosin ring and the central spindle
come into contact. We thus hypothesize that in embryonic
cells of C. elegans the cytokinetic process consists of two
steps: an early step, where the central spindle and the con-
tractile ring assemble independently in distant cellular re-
gions, and a late step that begins when the central spindle
and the contractile ring have come into contact. The early
stage might be mediated by interactions between astral
(rather than central spindle) microtubules and the contrac-
tile ring. The late step of C. elegans cytokinesis may then
require that the contractile ring and the central spindle in-
teract cooperatively to complete cytokinesis successfully.
This two-step hypothesis also applies to other large cells,
such as echinoderm eggs, where the central spindle and the
cortex are separated by large masses of cytoplasmic material
and seem to assemble independently (Rappaport, 1985)

Phenotypes of syx1A and ani (RNAi) Cells Reveal
Membrane–Contractile Ring Interactions
The syx1A gene, which encodes a t-SNARE, plays an essen-
tial role in embryonic cellularization (Burgess et al., 1997),
but its direct role in cytokinesis has not been demonstrated.
In syx1A (RNAi) cells approximately half of the telophases
are shorter that those of control cells and display severe
defects in both the central spindle and the contractile ring.
These findings are rather surprising, because there is abun-
dant evidence that syntaxins are specifically involved in
membrane fusion processes (reviewed by Chen and Scheller,
2001). Thus, our observations on syx1A (RNAi) cells raise the
question of how a defect in membrane formation can affect
both the central spindle and contractile ring assembly. Stud-
ies of C. elegans embryos depleted of the cytokinesis-specific
Syntaxin-4 protein by RNAi have shown that in some of
these embryos there is a complete failure of cleavage furrow
ingression, suggesting an underlying defect in the contrac-
tile ring machinery. It has been thus proposed that forma-
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tion of new membrane may positively regulate contractile
ring assembly (Jantsch-Plunger and Glotzer, 1999). In agree-
ment with this hypothesis, we suggest that RNAi-induced
Syx1A depletion in S2 cells disrupts membrane formation at
the site of cleavage furrow, causing a secondary defect in
contractile ring formation and thus also in central spindle
assembly.

Although anillin localizes in the cleavage furrow of a
variety of Drosophila cell types its involvement in Drosophila
cytokinesis has never been demonstrated (Field and Alberts,
1995; Giansanti et al., 1999). The human homolog of anillin is
required for cytokinesis but its role in the process is unclear
(Oegema et al., 2000). In ani (RNAi) late anaphases and early
telophases the central spindle and the contractile ring are
both morphologically normal. However, in many late telo-
phases the cleavage area displays large membrane protru-
sions and an aberrant morphology of the actin-based ring.
Anillin is thus not required for the initial formation and
contraction of the actomyosin ring. Rather, it seems that this
protein plays an essential role in regulating membrane be-
havior during the late steps of cytokinesis. Anillin contains
an actin-binding domain and a PH domain (Field and Al-
berts, 1995; Oegema et al., 2000); PH domains are found in
many membrane-associated proteins and have been impli-
cated in protein–protein and protein–phospholipid interac-
tions (reviewed by Rebecchi and Scarlata, 1998). Based on
these biochemical properties, we suggest that anillin inter-
acts with both the plasma membrane and the actin-based
contractile apparatus, regulating the membrane-contractile
ring interactions that mediate completion of cytokinesis.
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