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During early development in Drosophila, pseudocleavage furrows in the syncytial embryo prevent contact between
neighboring spindles, thereby ensuring proper chromosome segregation. Here we demonstrate that the GTPase Ran
regulates pseudocleavage furrow organization. Ran can exert control on pseudocleavage furrows independently of its role
in regulating the microtubule cytoskeleton. Disruption of the Ran pathway prevented pseudocleavage furrow formation
and restricted the depth and duration of furrow ingression of those pseudocleavage furrows that did form. We found that
Ran was required for the localization of the septin Peanut to the pseudocleavage furrow, but not anillin or actin.
Biochemical assays revealed that the direct binding of the nuclear transport receptors importin o and f to anillin
prevented the binding of Peanut to anillin. Furthermore, RanGTP reversed the inhibitory action of importin @ and 8. On
expression of a mutant form of anillin that lacked an importin « and f binding site, inhibition of Ran no longer restricted
the depth and duration of furrow ingression in those pseudocleavage furrows that formed. These data suggest that anillin
and Peanut are involved in pseudocleavage furrow ingression in syncytial embryos and that this process is regulated by

Ran.

INTRODUCTION

During cytokinesis, the ingressing plasma membrane phys-
ically divides the mother cell into two daughter cells
(Glotzer, 2001). Membrane ingression during cell division is
both temporally and spatially regulated, ensuring that mem-
brane scission occurs 1) only after the chromosomes have
fully segregated and 2) between the two chromosomal
masses. The signals within the cell that determine cytoki-
netic furrow positioning are complex, reflecting the strict
control needed to ensure that cytokinesis is successful. Sig-
nals from astral microtubules (D’Avino et al., 2005), the
spindle midbody (D’Avino et al., 2005), the nucleus (Rappa-
port, 1991), and the membrane itself (Janetopoulos and Dev-
reotes, 2006) direct the assembly of the contractile ring to the
equatorial cortex of the plasma membrane (Glotzer, 2001;
Eggert et al., 2006). The contractile ring is an actomyosin-
based structure that constricts and generates the force
needed to drive membrane ingression. As the membrane
ingresses, it is remodeled and stabilized (Albertson et al.,
2005).

Other membrane ingression events share many of the
same features and involve many of the same proteins as
cytokinetic furrows. In the syncytial Drosophila embryo be-
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fore cellularization, up to 6000 closely packed nuclei exist in
a common cytosol close to the cortex. To ensure faithful
chromosome segregation during the rapid nuclear divisions,
nuclei are isolated from one another to prevent neighboring
spindles from contacting and fusing (Sullivan et al., 1990). To
achieve this, plasma membrane ingressions form transiently
between nuclei during the rapid nuclear cycles before cellu-
larization (Warn et al., 1984). These membrane ingressions,
termed pseudocleavage or metaphase furrows, are orga-
nized by the actin cytoskeleton (Callaini et al., 1992) and bear
a close resemblance to cytokinetic cleavage furrows (Ma-
zumdar and Mazumdar, 2002). First actin caps form at the
plasma membrane above each nucleus. Then during inter-
phase, as the centrosomes migrate to either side of the nucleus,
the actin caps expand correspondingly. In prophase the cap
reorganizes to drive membrane ingression into the embryo
such that nuclei and newly forming spindles are separated
from one another (Warn et al., 1984). Toward the end of
metaphase, the furrows begin to retract and dissipate by
anaphase. This process is repeated from the tenth through
the thirteenth nuclear cycles. During the fourteenth nu-
clear cycle, the syncytial embryo cellularizes to form 6000
columnar epithelial cells. In this instance the cleavage
furrows extend down into the embryo, before growing
transversally and fusing to form a single layer of nucle-
ated cells (Foe and Alberts, 1983).

Most components required for furrow ingression are con-
served between cytokinetic furrows and pseudocleavage
furrows (Mazumdar and Mazumdar, 2002). However, there
are some differences. Notably pseudocleavage furrows are
membrane ingressions that do not meet and therefore do not
lead to membrane fusion. Instead they extend into the em-
bryo, perpendicular to the cortex, and then retract back
toward the embryo cortex after the chromosomes have be-
gun to segregate. In addition, there is a difference in the
stage of the cell cycle when the furrow components assem-
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ble. Although the cytokinetic furrow begins to assemble
during anaphase and is required to divide a cell in two, the
syncytial embryo pseudocleavage furrows begin to assemble
in prophase and serve to prevent neighboring spindles from
contacting one another (Sullivan ef al., 1990).

A key protein involved in cytokinetic furrow function is
anillin, which has multiple domains allowing it to bind and
bundle actin filaments (Field and Alberts, 1995), target sep-
tins to the plasma membrane (Oegema et al., 2000; Kinoshita
et al., 2002), and interact with components of the microtu-
bule-bound centralspindilin complex (Gregory et al., 2008).
Consequently anillin is thought to act as a scaffold for the
correct assembly of the contractile ring (Piekny and Glotzer,
2007). It is not fully understood how the role of anillin in
cytokinesis is regulated. However, its role in remodeling the
actomyosin contractile ring in somatic cells is in part regu-
lated by its differential spatial positioning in the cell during
the cell cycle. In interphase anillin localizes to the nucleus
where it cannot interact with actin and myosin at the plasma
membrane. However, in mitosis upon nuclear envelope
breakdown, anillin is released from the nucleus and is tar-
geted to the cortex of the plasma membrane and later to the
equatorial cortex of the plasma membrane in a RhoGTP-
dependent manner (Oegema et al., 2000; Piekny and Glotzer,
2007; Hickson and O’Farrell, 2008). The spatial regulation of
anillin during the cell cycle contributes to the restriction of
its function to mitosis. However, in Drosophila syncytial
embryos anillin is cytosolic, localizing to pseudocleavage
furrows throughout the nuclear cycle, suggesting that it may
be regulated by other mechanisms.

One function of anillin is to target septins to the contractile
ring (Oegema et al., 2000). Septins are a family of GTP-
binding proteins that can assemble into filaments (Field et
al., 1996). Septins have been attributed multiple roles: as
membrane diffusion barriers (Takizawa et al., 2000), as sta-
bilizers of the furrow (Field et al., 2005), in membrane traf-
ficking (Albertson et al., 2005), and as a scaffold (Joo et al.,
2007). In Drosophila there are five septins: Peanut, Sep1, Sep2,
Sep4, and Sep5 (Neufeld and Rubin, 1994; Fares et al., 1995;
Field et al., 1996; Adam et al., 2000). Peanut, Sep1l and Sep2
have been isolated as a stoichiometric complex that in vitro
can polymerize into filaments (Field et al., 1996). In contrast,
Xenopus laevis Sept2 can self assemble into filaments (Men-
doza et al., 2002), suggesting that septins may function in-
dependently.

The GTPase Ran is a key positive regulator of mitosis
(Ciciarello ef al., 2007). RanGTP regulates a number of mi-
totic factors that are sequestered in the nucleus by nuclear
transport receptors during interphase. In mitosis RanGTP
antagonizes the binding of nuclear transport receptors to
these proteins and thereby promotes their activity (Trie-
selmann et al., 2003; Ems-McClung et al., 2004). RanGTP is at
its highest concentration around the chromosomes (Li and
Zheng, 2004; Caudron et al., 2005; Kalab et al., 2006), where
RCC1 the nucleotide exchange factor for Ran is localized.
Consequently, RanGTP has been proposed to act as a spatial
cue by only activating these mitotic proteins close to the
chromosomes (Caudron et al., 2005; Kalab et al., 2006). In so
doing RanGTP is thought to specify where certain mitotic
processes occur in the cell. For example, it could specify that
spindle assembly only occurs around chromosomes. The full
extent to which this mechanism regulates the mitotic cell is
not known and continues to expand.

In this study we demonstrate a new role for Ran in regu-
lating pseudocleavage furrow ingression, a membrane in-
vagination process in early Drosophila embryos. We find that

3736

the Ran pathway regulates the interaction between anillin
and the septin Peanut, thereby regulating furrow stability.

MATERIALS AND METHODS
Fly Stocks and Construction of Transgenic Flies

Drosophila melanogaster lines used were wild-type w!!!8 and lines expressing
green fluorescent protein (GFP) fused to the actin-binding domain of moesin
(Kiehart et al., 2000), to myosin regulatory light chain (Royou et al., 2002), and
to a-tubulin (Grieder et al., 2000).

The Sep2-GFP genomic transgene construct was generated through three
sequential ligation steps. First, the Sep2 coding region and intron plus ~540
upstream base pairs (up to the beginning of the adjacent gene’s coding
sequence) were amplified from wild-type genomic DNA and cloned into
pCaSpeR4 (Thummel and Pirrotta, 1992) to generate pKHI18A. Second, the
Sep2 3'UTR plus ~220 downstream base pairs were amplified and cloned into
pKH18A to make pKH18B. Finally, the enhanced GFP (EGFP) cDNA was
cloned into pKH18B to generate a Sep2 genomic region with the EGFP coding
region inserted just before the Sep2 stop codon. Transgenic flies were gener-
ated using standard methods (Rubin and Spradling, 1982).

The GFP-anillin transgene was constructed by using PCR to amplify the
anillin cDNA and the product cloned into the gateway TOPO cloning vector,
pCR8/GW/TOPO (Invitrogen, Carlsbad, CA). The cDNA was then recom-
bined into the pUASP-adapted vector in frame with GFP (T. Murphy, Car-
negie Institute of Washington). Transgenic flies were then generated using
standard methods (Rubin and Spradling, 1982). To make the GFP-3A-anillin
transgenic flies, lysines 997-999 were mutated to alanine in the GFP-anillin
gene fusion in the plasmid pCR8/GW/TOPO using the QuickChange II
site-directed mutagenesis kit (Stratagene, La Jolla, CA).

Protein Expression, Labeling, and Purification

Tubulin was purified from bovine brains and labeled with rhodamine as
previously described (Hyman, 1991). Recombinant alleles of Ran and Ran
pathway components fused to glutathione-S-transferase (GST) or a 6xHis-tag
were expressed in BL21 Escherichia coli and purified as previously described
(Trieselmann et al., 2003). The activity of injected proteins was tested by
assessing their ability to support in vitro nuclear transport in semipermeabi-
lized HeLa cells as described previously (Brownawell et al., 2002; Trieselmann
and Wilde, 2002). The C-terminal domain of anillin, amino acids 815-1201
(anillin-CT), was amplified by PCR from expressed sequence tag (EST) clone
LD 27393 and cloned into pGEX6P2. The GST-C terminal anillin fusion
protein was expressed and purified as described previously (Trieselmann et
al., 2003). Lysines 997-999 were mutated as described above.

Embryo Microinjection

Embryos were collected and injected at the anterior pole of the embryo as
described previously (Silverman-Gavrila and Wilde, 2006) except that in this
study embryos were injected in interphase as outlined in Figure 1. The initial
concentrations of the injected proteins were as follows: 16 mg/ml GST-
RanT24N, 14 mg/ml importin «, and 10 mg/ml rhodamine-labeled tubulin.

Staining of Microinjected Embryos

Microinjected embryos were prepared for staining as described previously
(Silverman-Gavrila and Wilde, 2006). The primary antibodies used were as
follows: DM1A anti-a-tubulin (Sigma, Oakville, Ontario, Canada), anti-pea-
nut (Developmental Studies Hybridoma Bank, Iowa City, IA), anti-anillin
(Field and Alberts, 1995), anti-diaphanous (Afshar et al., 2000), anti-cofilin
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Figure 1. Schematic outlining the microinjection strategy used in
this study. Embryos were injected during interphase and immedi-
ately imaged by time-lapse confocal microscopy.

Molecular Biology of the Cell



(Niwa et al., 2002), anti-Sep 2 (Adam et al., 2000), and an anti-GFP (Roche,
Indianapolis, IN). The secondary antibodies conjugated to Alexa488 or Al-
exa568 were from Molecular Probes (Eugene, OR). Actin was stained with 2
uM rhodamine phalloidin (Molecular Probes). DNA was visualized by incu-
bating embryos with TOTO-3 iodide (Molecular Probes). The embryos were
incubated with antibodies or rhodamine phalloidin overnight then washed
three times for 15 min with PBS buffer containing 0.1% Triton X-100 and 0.5%
BSA. Subsequently embryos were incubated with secondary antibody for 1 h
and washed as described above before mounting. Each staining was per-
formed at least three times.

Depolymerization of Embryonic Microtubules

Embryos expressing GFP-tubulin were collected and prepared as described
above before injection with different concentrations of colcemid to determine
the minimum concentration of colcemid required to depolymerize all micro-
tubules. At 150 pg/ml colcemid, no microtubules were observed, and we
used this concentration for subsequent experiments.

Confocal Microscopy and Time-Lapse Imaging

Images were captured with a Nikon Eclipse TE2000-E inverted microscope
(Melville, NY) equipped with a spinning disk confocal (Perkin Elmer-Cetus
Life Sciences, Boston, MA) and a Hamamatsu Orca-ER camera (Bridgewater,
NJ) driven by MetaMorph software (Universal Imaging, Downingtown, PA).
Images were acquired using a Plan Apochromat 40 X 1.5/NA1.0 oil immer-
sion lens at 2—-4 min after injection, in the median part of the embryo or the
lateral edge of the embryo, away from the site of injection. Images were
collected as a Z series of 3-5 images (40-um steps) every 8-10 s.

Nuclear Trafficking Kinetics

Embryos were collected, injected with 12 mg/ml GST-GFP-NLS and then ~10
min later were injected again with either RanT24N or buffer. Images were
collected by time-lapse confocal microscopy as described above. The fluores-
cence intensity of GST-GFP-NLS in each nuclei in each frame of the time-lapse
series of images was then determined using the region measurement feature
of MetaMorph, and the background cytosolic fluorescence intensity was
subtracted. The fluorescence intensity of the nuclei was then plotted over
time.

Binding Assays

Recombinant protein-binding assays were performed essentially as described
previously (Trieselmann et al., 2003). Briefly, in 200 ul of 50 mM HEPES, pH
8.0, 1 mM EGTA, 1 mM CaCl,, 100 mM NaCl, different combinations of 1 ug
of each protein (GST-anillin-CT, GST-3A-anillin-CT, 6xHis-RanQ69LRan,
6xHis-importin «, or 6xHis-importin ) were incubated in the presence of
glutathione agarose beads (Sigma) for 1 h at 4°C. Beads were reisolated by
centrifugation, washed three times with 500 ul of 50 mM HEPES, pH 8.0, 1
mM EGTA, 1 mM CaCl,, and 100 mM NaCl, and the pellets and supernatants
were analyzed by SDS-PAGE and immunoblotting with an anti-His tag
mouse mAb or a mouse monoclonal anti-GST antibody (Cell Signaling Tech-
nology, Beverly, MA).

Anillin-septin binding assays were carried out in a similar manner except
different combinations of recombinant proteins were added to 200 ul of 0-3
h Drosophila embryo extract (Nelson ef al., 2004) in the presence of glutathione
agarose beads (Sigma) for 1 h at 4°C. The beads were then collected and
washed three times as described above. The pellets and supernatants were
analyzed by SDS-PAGE and immunoblotted with a mouse monoclonal anti-
GST antibody, or mouse monoclonal anti-peanut antibody, or an anti-Sep2
antibody.

Data Analysis

To assess the effect of injections on furrow formation, we visualized furrows
with an apical view of the embryo. We analyzed all furrows in the field of
view in the medial region of the embryo, away from the site of injection to
avoid events resulting from mechanical disruption of the embryo. Because
furrows form a hexagonal array with a nucleus at the center, we defined a
single furrow as that occurring between each of the vertices of the hexagon.
In this context we could predict the number of furrows expected to form in
the embryo based on the number of observed nuclei. To quantitate the effect
of injection on furrow formation, we compared the number of furrows we
observed to the number of furrows we predicted.

Furrow ingression dynamics were measured from micrographs of movies
in which the lateral edges of the embryos were visualized by time-lapse
spinning disk confocal microscopy. Furrow ingression dynamics were ob-
tained by measuring the distance between the edge of the actin cap and the
leading edge of the ingressing furrow at 10-s intervals. Measurements were
made with the region measurement feature of MetaMorph. Furrow area was
measured using Area measurement feature of MetaMorph. Statistical analysis
was done with Microsoft Excel (Redmond, WA).
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RESULTS

The Ran Pathway Regulates Furrow Assembly and
Stability

We previously carried out a cytological screen to identify
mitotic processes regulated by the Ran pathway (Silverman-
Gavrila and Wilde, 2006). We injected inhibitors of the Ran
pathway into GFP-a-tubulin—expressing embryos just be-
fore mitotic entry and then monitored microtubule organi-
zation by time-lapse microscopy (Silverman-Gavrila and
Wilde, 2006). One phenotype, the fusion of neighboring
spindles, occurred more frequently upon the injection of
inhibitors of the Ran pathway compared with control injec-
tions. In control injected embryos 0.2% of observed spindles
fused to a neighboring spindle. In contrast, inhibition of the
Ran pathway by injecting either the dominant negative allele
of Ran, RanT24N (Kornbluth et al., 1994), or importin «
resulted in 8.4 and 7.8% of observed spindles fusing to
neighboring spindles, respectively (Silverman-Gavrila and
Wilde, 2006).

Because the fusion of neighboring spindles can reflect
defects in pseudocleavage furrow organization (Sullivan et
al., 1990), we directly assessed whether perturbation of the
Ran pathway affected pseudocleavage furrow organization.
The actin cytoskeleton is essential for pseudocleavage fur-
row formation and can be used as a marker to define the
pseudocleavage furrows (Callaini ef al., 1992). Therefore to
analyze pseudocleavage furrow organization, we observed
actin cytoskeleton dynamics in nuclear cycle 11 by time-
lapse confocal microscopy of transgenic flies expressing GFP
fused to the actin-binding domain of moesin (Kiehart et al.,
2000). Embryos were observed from the apical, top view of
the embryo and injected during interphase when
pseudocleavage furrows begin to form (Figure 1, Video 1).
In control injected and uninjected embryos a hexagonal ar-
ray of furrows forms around each nucleus (Figure 2A, Video
1). In contrast, upon perturbation of the Ran pathway by
injection of either RanT24N or importin « into embryos,
pseudocleavage furrows between nuclei frequently did not
form and resulted in fusion of neighboring spindles (Figure
2B). To quantitate this, we compared the number of furrows
we observed to the number of furrows we expected based on
the assumption of a hexagonal array of pseudocleavage
furrows around each nucleus. In control embryos 99.3% of
the expected pseudocleavage furrows were observed (Fig-
ure 2C). In contrast, upon perturbation of the Ran pathway
by injection of importin « or RanT24N only 75.4 or 81.5% of
expected furrows were observed, respectively (Figure 2C).

In wild-type embryos, pseudocleavage furrows in nuclear
cycle 11 encompassed an average area of 95.3 £ 9.7 um? (n =
379) of cytoplasm around each nucleus. In contrast, the
average area encompassed by pseudocleavage furrows was
larger upon injection of RanT24N (109.9 = 9.3 um?, n = 470,
p < 0.0001) or importin « (105.8 * 44.4 um? n = 393, p <
0.0007). These differences were made clearer when the dis-
tribution of furrow areas was analyzed. Although control
embryos had an area distribution with a single maxima,
embryos injected with importin o or RanT24N had multiple
maxima of furrow areas corresponding to furrows sur-
rounding 1, 2, or 3 nuclei (Figure 2D). These data further
confirm that furrows between nuclei were not forming.

To analyze changes in the dynamics of pseudocleavage
furrow ingression into the embryo, which occurs perpendic-
ular to the cortex, we used a focal plane deeper in the
embryo (Figure 3). This analysis was performed in nuclear
cycle 11, when complete ingression of individual furrows
can be visualized in a single plane without interference from
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neighboring furrows. Pseudocleavage furrows have four
phases of dynamic organization (Figure 3A). In phase I,
pseudocleavage furrows ingress at a constant rate for ~4
min to a depth of 10.2 * 145 pum. The pseudocleavage
furrows then remain stationary for 1 min (phase II) before
regressing for 4 min (phase III). Finally, the actin cytoskele-
ton dissipates (phase IV; Figure 3A, Video 2). The simulta-
neous visualization of pseudocleavage furrows and micro-
tubules showed that phase I occurred during prophase,
whereas the end of phase I, phase II, and the beginning of
phase Il occurred during prometaphase. During metaphase,
the pseudocleavage furrow continued to retract (phase III),
and by anaphase the furrow was dissipating (phase IV).
Perturbation of the Ran pathway reduced the maximum
depth of pseudocleavage furrow ingression from 10.2 * 1.45
um (n = 69) in control embryos to 7.12 = 1.79 um (n = 42, p =
0.0001) in importin a—injected embryos (Figure 3A). In addi-
tion, perturbation of the Ran pathway disrupted the dynamics
of pseudocleavage furrow ingression (Figure 3A). The rate for
pseudocleavage furrow ingression during phase I was slower,
although it lasted for the same time. Phase II was longer but

3738

Merged

Figure 2. The Ran pathway is required for pseudocleav-
age furrow organization. (A) Micrographs from single
time-lapse series showing the organization of the actin and
microtubule cytoskeletons in prophase, before nuclear en-
velope breakdown and metaphase (apical view). Drosoph-
ila embryos expressing the actin-binding domain of moe-
sin fused to GFP were injected with rhodamine-labeled
tubulin then either buffer (A) or importin « (B). The actin
and microtubule cytoskeletons were followed by time-
lapse spinning disk confocal microscopy. (B) Furrows fail
to form completely around nuclei leading to the fusion of
neighboring spindles (arrows). Arrowhead points to a fur-
row that surrounds three nuclei. Bars, 10 um. (C) Quanti-
tation of the failure in pseudocleavage furrow formation.
The number of pseudocleavage furrows observed ex-
pressed as a percentage (shown above the column) of the
number of furrows expected. Buffer injection, 1203 ob-
served furrows in 20 embryos; Imp « (importin «) injec-
tion, 1042 furrows observed in 18 embryos; and RanT24N
injection, 856 furrows observed in 15 embryos. (D) Distri-
bution of the area of cytoplasm encompassed by furrows
around nuclei in cycle 11 embryos. Wild-type embryos
(blue), importin a—injected embryos (green), and RanT24N-
injected embryos (red). (I) small furrows; (II) normal
furrows; (III) furrows that surround two nuclei; (IV)
furrows that surround three nuclei.

phase III was shorter, which led to phase IV, dissipation, oc-
curring earlier. As a result pseudocleavage furrows in Ran
pathway perturbed embryos had a reduced lifetime. These
data suggest that the pseudocleavage furrows that form are
disrupted when the Ran pathway is perturbed.

Ran Can Regulate Pseudocleavage Furrow Formation
Independently of Microtubules

The Ran pathway is required for organizing the mitotic micro-
tubule cytoskeleton (Ciciarello et al., 2007). In turn these micro-
tubules are required for cytokinetic furrow ingression in so-
matic cells. However, in Drosophila embryos pseudocleavage
furrow ingression only requires an intact microtubule cytoskel-
eton during the anaphase immediately before the ingression of
the furrow (Riggs et al., 2007). In contrast, pseudocleavage
furrow formation still occurs upon depolymerization of the
microtubule cytoskeleton in the telophase immediately before
pseudocleavage furrow ingression. Likewise depolymerization
of the microtubule cytoskeleton in the interphase during the
initial stages of furrow ingression does not disrupt
pseudocleavage furrow ingression (Riggs et al., 2007). Because
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Figure 3. Perturbation of the Ran pathway reduces the depth of
furrow ingression and reduces the stability of the furrow. (A) Graph
of furrow dynamics (in wm) over time (in seconds) in control
embryos (solid line; n = 61 furrows) and embryos injected with
importin « (dashed line; n = 42 furrows). The individual curves
were averaged, and the averaged plot shows four phases of furrow
dynamics: (I) ingression, (II) stable, (III) regression, and (IV) dissi-
pation. (B) Micrographs taken from a time-lapse series of Drosophila
embryos expressing the actin-binding domain of moesin fused to
GFP wild type or injected with importin « (lateral view). Time in
minutes: seconds. Bars, 5 um.

we have not observed any defects in interphase microtubule
organization upon perturbing the Ran pathway (Figure SI)
and because our experimental strategy was to perturb the
embryo during interphase (Figure 1), we do not believe that the
pseudocleavage furrow defects we observed are due to Ran’s
disruption of the microtubule cytoskeleton.

To further assess this, we depolymerized microtubules dur-
ing interphase and observed the subsequent pseudocleavage
furrow formation. Embryos expressing GFP fused to the actin-
binding domain of moesin were injected during interphase of
nuclear cycle 10 with rhodamine-labeled tubulin. Then during
interphase of nuclear cycle 11 the embryos were injected with
colcemid and pseudocleavage furrow, and microtubule cy-
toskeleton organization were simultaneously monitored by
time-lapse microscopy (Figure 4A). We found that colcemid
did not disrupt pseudocleavage furrow formation, because we
observed 99.4% of the expected pseudocleavage furrows (Fig-
ure 4B), consistent with a previous study (Riggs et al., 2007).
However, like the previous study (Riggs et al., 2007), we did see
an increase in nuclei surrounded by furrows that encompassed
a small area of cytosol (0.8% of nuclei in control embryos
compared with 3.2% of nuclei in colcemid injected embryos).
We observed a similar increase in this phenotype upon injec-
tion of RanT24N (5% of nuclei) and importin « (6.8% of nuclei).
This could reflect that this phenotype is due to disruption of
the microtubule cytoskeleton, whereas the failure to form a
pseudocleavage furrow is not.

Comparing furrow organization in the absence of micro-
tubules (colcemid injection) with furrow organization in the

Vol. 19, September 2008

Ran Regulates Pseudocleavage Furrows

A Rhodamine-labeled
tubulin

GFP-actin binding
domain of moesin

control
coloemid &%
150 pg/ml
B 100+ 99.3%  99.4%
804 815% 83.7%
% of expected ¢ |
furrows

observed 40 4

20 4
0
Buffer colcemid Ran Ran
T24N  T24N
+
colcemid

Figure 4. Disruption of microtubules during interphase does not
disrupt pseudocleavage furrow organization. (A) Embryos express-
ing GFP fused to the actin-binding domain of moesin were sequen-
tially injected with rhodamine-labeled tubulin in nuclear cycle 10
and then 150 pg/ml colcemid in interphase of nuclear cycle 11 to
depolymerize microtubules. (B) Quantitation of furrow formation in
the presence or absence of colcemid and RanT24N. Buffer injection,
1203 observed furrows in 20 embryos; RanT24N injection, 856 fur-
rows observed in 15 embryos; colcemid injection, 452 furrows ob-
served in seven embryos; and RanT24N plus colcemid injection, 320
furrows observed in seven embryos.

presence of disrupted microtubules (Ran pathway inhibi-
tion) may not be optimal, because a misassembled spindle
may have stronger negative effects than the lack of a spindle.
Therefore we coinjected colcemid with recombinant
RanT24N. No increase in the degree of furrow disruption
was observed upon the combined injection of RanT24N and
colcemid compared with RanT24N alone (Figure 4B). These
data suggest that Ran can regulate pseudocleavage furrow
formation independently of its role in regulating the mitotic
microtubule network.

The Ran Pathway Regulates the Recruitment of Peanut to
Pseudocleavage Furrows

To determine how the Ran pathway regulates pseudocleav-
age furrow ingression, we analyzed the localization of dif-
ferent pseudocleavage furrow components in the presence
and absence of Ran pathway inhibitors. Embryos were in-
jected with buffer, RanT24N, or importin « and then fixed
and the localization of pseudocleavage furrow components
determined by immunofluorescence. All pseudocleavage
furrow components tested (diaphanous, cofillin, and myosin
regulatory light chain; data not shown) localized to nascent
pseudocleavage furrows in embryos injected with importin
a or RanT24N, including actin and anillin (Figure 5, A and
B). In contrast, the septin Peanut failed to localize to 90% of
the nascent pseudocleavage furrows observed (n = 198 fur-
rows in seven embryos) compared with extensive colocal-
ization with actin (data not shown) and anillin in control-
injected embryos (Figure 5C). Instead, Peanut had a diffuse
localization throughout embryos injected with Ran pathway
inhibitors (Figure 5C).
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Tubulin DNA

control

importin o

Figure 5. Perturbing the Ran pathway prevents the recruitment of
Peanut to nascent pseudocleavage furrows. (A) Micrographs of
Drosophila wild-type embryos or embryos injected with importin «
and then fixed and stained with an anti-anillin antibody (green) and
rhodamine-labeled phalloidin (red) to detect actin. Colocalization is
shown in yellow. (B) Micrographs of Drosophila wild-type embryos
or embryos injected with importin « and then fixed and stained with
an anti-anillin antibody (red), anti-tubulin antibody (green), and
DAPI to detect DNA (blue). (C) Micrographs of Drosophila embryos
wild-type and injected with importin « and then fixed and stained
with an anti-anillin antibody (red) and an anti-Peanut antibody
(green). Colocalization is shown in yellow. Bars, 10 um.

Nuclear Transport Receptors Inhibit Peanut Binding to
Anillin

Peanut is recruited to ingressing furrows by anillin (Field et
al., 2005), a multifunctional protein required for cytokinesis
that interacts with myosin II, actin, and septins. Septins bind
to the carboxy-terminus of anillin, which includes a pleck-
strin homology (PH) domain (Oegema et al., 2000; Kinoshita
et al., 2002). Drosophila anillin has three potential nuclear
localization signals (NLS) that could bind to the nuclear
transport receptors importin a and 8. Two of the NLS motifs
are located in or directly adjacent to the PH domain
(Oegema et al., 2000; Figure 6A).

To determine if the carboxy-terminus of anillin could bind
to importin « and B, we constructed a fusion between GST
and the carboxy-terminus of anillin (amino acids 815-1201,
anillin-CT, Figure 6A) and analyzed its ability to bind to
recombinant importin o and B. Both importin o and 8 bound
to anillin-CT, and this binding was reversed in the presence
of RanQ69L, a point mutant of Ran locked in the GTP-bound
state (Klebe et al., 1995; Figure 6B). Of the two potential NLS
motifs, the one located between amino acid residues 989 and
999, bore the closest resemblance to an archetypal bipartite
NLS (Christophe et al., 2000) and is found in the same region
of human anillin (amino acids 887-898). Mutation of lysines
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Figure 6. Anillin has an importin-binding site adjacent to its PH
domain. (A) Diagram outlining the different domains of anillin and
the importin-binding site. (B) The carboxy-terminal domain of an-
illin (amino acids 815-1201, anillin-CT) fused to GST binds to re-
combinant 6-histidine-tagged importin « and 8. Recombinant pro-
teins were mixed and incubated with glutathione agarose beads and
then the beads were reisolated. Factors that copurified with the
glutathione beads were analyzed by SDS-PAGE and immunoblot-
ted with anti-His tag and anti-GST antibodies. (C) The experiment
in B was repeated with a mutated version of the carboxy-terminal
domain of anillin where lysines 997-999 were mutated to alanines
(3A-anillin-CT).

997-999 to alanine (3A-anillin-CT) abrogated both importin
a and B binding to this region of anillin (Figure 6C), sug-
gesting that amino acids 989-999 constitute a nuclear trans-
port receptor—binding site.

We next asked if the anillin-CT could interact with Peanut.
GST-anillin-CT was incubated with 0-3-h Drosophila em-
bryo extract and then isolated using glutathione agarose
beads. Anillin-CT copurified with Peanut and another sep-
tin, Sep2 (Figure 7). However, the addition of exogenous
importin « and importin 8 inhibited the binding of Peanut to
anillin-CT in a concentration- and NLS-dependent manner
(Figure 7, B and C). This inhibition was specific to Peanut,
because Sep2 binding to anillin-CT was not inhibited by
importins (Figure 7A).
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Figure 7. Importins inhibit Peanut but not Sep2 binding to anillin and
recruitment to pseudocleavage furrows. (A) The carboxy-terminal domain
of anillin (amino acids 815-1201, anillin-CT) fused to GST was incubated
with Drosophila embryo extract in the presence or absence of importin «
and B and then reisolated using glutathione agarose beads. Copurifying
factors were analyzed by SDS-PAGE and Western blotting using antibod-
ies that recognize Peanut and Sep2 and an anti-GST antibody to detect the
anillin-CT. (B) GST-anillin-CT was incubated with Drosophila embryo ex-
tract and increasing amounts of importin « and B. GST-anillin-CT was
reisolated using glutathione agarose beads, and copurifying factors were
analyzed by SDS-PAGE and Western blotting to detect Peanut. (C) GST-
3A-anillin-CT (GST-anillin-CT with lysine residues 997-999 mutated to
alanines) was incubated with Drosophila embryo extract in the presence or
absence of nuclear transport receptors importin o and 8 and then reiso-
lated using glutathione agarose beads. Copurifying factors were analyzed
by SDS-PAGE and Western blotting using antibodies that specifically
recognize Peanut and an anti-GST antibody to detect the anillin carboxy-
terminal domain. (D) Single time-point micrographs taken from a time-
lapse series of GFP-Sep2—expressing embryos that were injected with
importin «. (E) Micrograph of a wild-type Drosophila embryo and one
injected with importin « and then fixed and stained with antibodies that
recognize Peanut (green) and Sep2 (red). Colocalization in yellow. Bars, 10
pm.
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To determine if the in vivo targeting of Peanut and Sep2 to
the pseudocleavage furrows was differentially regulated,
importin o was injected into syncytial embryos and GFP-
Sep2 localization was determined by time-lapse microscopy.
Consistent with our in vitro results, GFP-Sep2 localization
was not perturbed upon interfering with the Ran pathway
(Figure 7D). Furthermore, in fixed GFP-Sep2-expressing
embryos in which the Ran pathway had been perturbed,
Peanut failed to localize to nascent furrows, whereas GFP-
Sep2 did localize to nascent furrows (Figure 7D). These data
suggest that Peanut and Sep?2 are differentially regulated by
Ran and that Sep2 can localize to pseudocleavage furrows
independently of Peanut.

Ran Regulates Pseudocleavage Furrow Stability through
Anillin and Peanut

Because anillin and Peanut are required for the stability of
the cellularization furrow in Drosophila embryos (Field et al.,
2005), we sought to determine if Ran regulated pseudocleav-
age furrow stability by regulating the recruitment of Peanut
to pseudocleavage furrows. We generated transgenic Dro-
sophila expressing either wild-type GFP-anillin or a mutant
anillin, GFP-3A-anillin in which the carboxy-terminal im-
portin binding site we identified had been removed. We
hypothesized that by removing the importin binding site
from anillin, we should observe a suppression of
pseudocleavage furrow defects. Both GFP-tagged anillin
constructs localized to furrows as previously observed for
wild-type protein (Figures 5 and 8). On injection of recom-
binant importin « into GFP-anillin expressing embryos, Pea-
nut failed to localize to pseudocleavage furrows (Figure 8A).
Similar results were seen upon injection of RanT24N (data
not shown). In contrast, injection of importin « into embryos
expressing GFP-3A-anillin did not block Peanut recruitment
to pseudocleavage furrows. These in vivo findings are con-
sistent with our in vitro data showing that 3A-anillin can
still interact with Peanut even in the presence of exog-
enously added importins.

To address whether Ran-mediated regulation of anillin
had a role in pseudocleavage furrow formation and ingres-
sion, we also analyzed the effect of inhibiting the Ran path-
way in GFP-3A-anillin embryos. First we analyzed the effect
of importin « injection on furrow formation in both GFP-
anillin and GFP-3A-anillin embryos. We observed 82.5% of
the expected pseudocleavage furrows in GFP-anillin em-
bryos where the Ran pathway was perturbed by the injec-
tion of importin « (Figure 8B). In contrast, we observed
88.8% of expected pseudocleavage furrows in GFP-3A-anil-
lin embryos. These data suggest that the mutant form of
anillin that lacks an importin-binding site cannot fully sup-
press the furrow formation phenotype, suggesting that Ran
may regulate additional factors involved in furrow forma-
tion.

Next we analyzed pseudocleavage furrow ingression dy-
namics upon perturbation of the Ran pathway in both GFP-
anillin and GFP-3A-anillin embryos. In embryos expressing
GFP-anillin where the Ran pathway was perturbed by injec-
tion of importin «, pseudocleavage furrows did not ingress
as deeply into the embryo (8.14 = 0.47 um, p = 0.0084) as
did unperturbed embryos (9.7 = 0.63 um). In addition,
furrows began to regress earlier in Ran pathway-perturbed
embryos (Figure 8C). In contrast, in GFP-3A-anillin embryos
perturbation of the Ran pathway by injection of importin o
did not disrupt the depth of pseudocleavage furrow ingres-
sion into the embryo nor the dynamics of pseudocleavage
furrow ingression (Figure 8C). These data suggest that
Ran through importins regulates Peanut recruitment to
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Figure 8. Expression of an anillin mutant, 3A-anillin, which lacks
an importin-binding site, reverses importin a-mediated inhibition
of Peanut recruitment to furrows and importin o induced mis-
regulation of furrow dynamics. (A) GFP-wild-type anillin and GFP-
3A-anillin-expressing embryos (both green in the merge panel)
were injected with recombinant importin « and then fixed and
immunostained to visualize the localization of the septins Peanut
(blue in merge) and Sep2 (red in merge). Colocalization of GFP
signal and Sep2 is seen as yellow, and colocalization of all three
markers appears as white. (B) Quantitation of the failure in
pseudocleavage furrow formation. The number of pseudocleavage
furrows observed expressed as a percentage (shown above each
column) of the number of pseudocleavage furrows expected to
form. Buffer injection in GFP-anillin-expressing embryos, 693 fur-
rows observed in seven embryos; importin « injection into GFP-
anillin—expressing embryos, 280 furrows observed in five embryos;
buffer injection into GFP-3A-anillin—expressing embryos 480 fur-
rows observed in six embryos; and importin a injection into GFP-
3A-anillin-expressing embryos, 430 furrows observed in seven em-
bryos. (C) Drosophila embryos expressing GFP-wild-type anillin or
GFP-3A-anillin were injected with recombinant importin «, and
then furrow dynamics were observed.

pseudocleavage furrows and that Peanut recruitment to
pseudocleavage furrows promotes furrow stability and in-
gression to the correct depth in the embryo.

DISCUSSION

We have identified RanGTP as a regulator of the interaction
between Peanut and anillin. This mechanism operates di-
rectly and independently of Ran’s well-characterized role in
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regulating the mitotic microtubule cytoskeleton (Ciciarello et
al., 2007).

Regulation of Septin-Anillin Interaction

Studies suggest that anillin is required for the recruitment of
septins to the furrow (Oegema et al., 2000; Kinoshita et al.,
2002; Field et al., 2005). By perturbing the Ran pathway, we
demonstrate that the recruitment of the septins Peanut and
Sep2 is differentially regulated, consistent with previous
observations that Sepl recruitment to furrows was depen-
dent on Peanut but Sep2 was not (Adam et al., 2000). Anillin
lacking the importin binding site between residues 997 and
999 can bind to Peanut in the presence of importins, sug-
gesting that importins directly block the anillin-Peanut in-
teraction rather than disrupting the Peanut, Sep1, and Sep2
complex (Field et al., 1996). These data suggest that although
Peanut, Sep1, and Sep2 can exist in a single complex (Field
et al., 1996), they may be able to function independently of
one another as has been demonstrated in vitro for a Xenopus
septin (Mendoza ef al., 2002).

Perturbing the Ran pathway destabilized pseudocleavage
furrows. One mechanism for this is through the regulation
of the anillin-Peanut interaction. In embryos that expressed
an anillin mutant lacking the importin-binding site, Peanut
recruitment to pseudocleavage furrows occurred even in the
presence of exogenous importins, and furrows demon-
strated wild-type dynamics. These data suggest that Peanut
is required for pseudocleavage furrow stability. This role for
anillin and Peanut is consistent with the observed role for
these proteins in stabilizing the cellularization furrow later
in Drosophila development (Adam et al., 2000; Field et al.,
2005). Our findings may at first appear to contradict those
studies in which embryos lacking Peanut protein progressed
through the syncytial nuclear divisions only showing the
first defects during cellularization (Adam et al., 2000). How-
ever, these studies only analyzed syncytial furrows from the
top, apical view and not from the lateral view to observe
ingression dynamics. Therefore, these studies would not
have detected changes in furrow ingression dynamics that
we observed upon inhibition of Ran, which correlated with
a failure to recruit Peanut to the furrow.

The Ran pathway regulates pseudocleavage furrow in-
gression directly by regulating importin binding to anillin.
We have previously shown that in Drosophila syncytial em-
bryos the importin 8, whose injection causes similar effects
as importin « (Silverman-Gavrila and Wilde, 2006), is re-
leased from the nucleus upon nuclear envelope breakdown
and becomes diffuse throughout the cytosol during the rest
of mitosis (Trieselmann and Wilde, 2002). During this period
pseudocleavage furrows begin to retract. Therefore, as im-
portin B is cytosolic during metaphase and anaphase it
could act to prevent the interaction of Peanut and anillin. In
turn this would lead to furrow instability and retraction.

We cannot unequivocally rule out that some of the defects
caused by perturbing the Ran pathway are due to a disrup-
tion of microtubule cytoskeleton. Indeed we observed one
microtubule-dependent furrow phenotype, the formation of
pseudocleavage furrows that encompassed a small area of
cytosol around a nucleus. This phenotype was also seen in
another study upon depolymerization of microtubules in
embryos (Riggs et al., 2007). However, microtubule depoly-
merization when instigated in interphase does not cause a
failure in pseudocleavage furrow formation, a finding con-
sistent with a previous study (Riggs et al., 2007).

Another mechanism through which Ran could affect
pseudocleavage furrows is by disrupting nuclear trafficking.
Indeed we observe that nuclear trafficking can be reduced by
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up to 50% upon disruption of the Ran pathway (Figure S2).
However, it seems unlikely that the changes in nuclear
import kinetics in our experiments disrupted the function of
anillin because anillin is a cytosolic protein in the syncytial
embryo and localizes to the leading edge of the ingressing
furrow during interphase. It is not understood how anillin is
retained in the cytoplasm of syncytial embryos because it is
imported into nuclei in other developmental stages. How-
ever, this phenomenon is not unique to anillin and is also
exhibited by the kinesin Pavarotti, another protein involved
in pseudocleavage furrow organization (Minestrini et al.,
2003).

Implications for Cytokinesis

Our studies suggest that Ran regulates multiple factors in-
volved in pseudocleavage furrow ingression, because em-
bryos expressing the mutant anillin still exhibit a failure to
form all the expected pseudocleavage furrows. Failure to
fully suppress the phenotype could be due to the continued
presence of endogenous anillin or reflect that other Ran
pathway-sensitive factors are involved in pseudocleavage
furrow formation. Regulation through the Ran pathway
could define a spatial cue concentrated around chromo-
somes and extending to the cortex. Such a spatiotemporal
regulatory mechanism could be involved in promoting cy-
tokinetic furrows in other cells. A recent study in oocytes
finds that Ran regulates myosin II (Deng et al., 2007), whose
activity is required for cytokinetic cleavage furrows. In ad-
dition importin « is required for ring canal organization
during oogenesis (Gorjanacz et al., 2002). Ring canals form as
a result of incomplete cytokinesis, and many proteins in-
volved in cytokinesis both localize to and are required for
their formation, including anillin and septins (Hime ef al.,
1996).

Our data suggest that the anillin-Peanut interaction,
which is inhibited by importins must occur in regions of the
cell where there are low levels of importins or high levels of
RanGTP. Recent studies have visualized a RanGTP-importin
B gradient and found that it persists from the chromosomes
to the centrosomes (Kalab et al., 2006), a distance similar to
that between the metaphase plate and the cortex. Thus,
RanGTP could play an important role in positioning the
plane of cleavage by defining on the cell cortex where fur-
row proteins interact.

Although there are clear differences between cytokinetic
and pseudocleavage furrows, anillin and septins are in-
volved in both. Therefore, our study suggests that Ran could
also have a role in regulating cytokinetic furrows. Whether
chromosomes play a significant role in cytokinesis remains
controversial (Rappaport and Rappaport, 1974; Rappaport,
1991; Zhang and Nicklas, 1996; Baruni et al., 2008). However,
studies where nuclei or chromosomes were asymmetrically
positioned within a cell showed that furrow ingression co-
incided with the region of the cell that contained the chro-
mosomes, suggesting that signals from the nucleus and in
particular the chromosomes had a role in specifying furrow
ingression (Rappaport, 1991; Canman et al., 2003). Similarly,
enucleated sea urchin eggs are able to duplicate their cen-
trosomes and generate astral arrays of microtubules, but
failed to form stable cleavage furrows (Sluder et al., 1986).
Our study proposes a molecular mechanism to explain, at
least in part, these observations, suggesting that RanGTP
generated around the chromosomes is a diffusible signal that
facilitates multiple processes required for furrow formation.
Whether RanGTP is required early in cytokinesis to “prime”
the cortex for a future ingression or acts directly later during
the ingression process is unclear. Testing these hypotheses is
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not straightforward, as Ran is also required for organizing
the mitotic microtubule cytoskeleton, which is required for
cytokinesis. Taken together these findings suggest an addi-
tional mechanism involved in regulating cytokinesis that is
dependent on signals from chromosomes in addition to
those stemming from the different organizational states of
the mitotic microtubule cytoskeleton.
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