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Septins are filamentous GTPases that associate with cell
membranes and the cytoskeleton and play essential roles in cell
division and cellular morphogenesis. Septins are implicated in
many human diseases including cancer and neuropathies. Small
molecules that reversibly perturb septin organization and func-
tion would be valuable tools for dissecting septin functions and
could be used for therapeutic treatment of septin-related dis-
eases. Forchlorfenuron (FCF) is a plant cytokinin previously
shown to disrupt septin localization in budding yeast. However,
it is unknown whether FCF directly targets septins and whether
it affects septin organization and functions in mammalian cells.
Here, we show that FCF alters septin assembly in vitro without
affecting either actin or tubulin polymerization. In livemamma-
lian cells, FCF dampens septin dynamics and induces the assem-
bly of abnormally large septin structures. FCF has a low level of
cytotoxicity, and these effects are reversed upon FCF washout.
Significantly, FCF treatment induces mitotic and cell migration
defects that phenocopy the effects of septin depletion by small
interfering RNA. We conclude that FCF is a promising tool to
study mammalian septin organization and functions.

Septins were originally identified in screens for genes that
regulate the cell cycle in budding yeast Saccharomyces cerevi-
siae (1). In this organism, septins function as scaffolds and dif-
fusion barriers to localize many proteins required for bud site
selection, cell cycle progression, and cell division (2–6). Septins
have since been identified in many other eukaryotes ranging
from fungi to animals (7, 8). In mammalian cells, septins regu-
late cytoskeleton organization (9–14) and membrane traffic
and fusion (15–17), and during mitosis, they are required for
proper chromosome alignment, segregation (18, 19), and cyto-
kinesis (13, 20, 21).
Septins are guanine nucleotide-binding proteins that form

filaments associated withmembranes and the cytoskeleton (22,
23). Mammalian septin filaments assemble from heteromeric

complexes, whose composition varies depending on cell type
and level of expression (22, 24). Mammalian septin complexes
have been purified frommouse brain and tissue culture cells (9,
16), and the ubiquitously expressed Septin 2 (SEPT2) has been
reconstituted in vitro into filamentous structures by itself and
in a complex with SEPT6 and SEPT7 (9, 25–27). Recently, x-ray
crystallography and electron microscopy revealed that SEPT2,
SEPT6, and SEPT7 assemble into filaments through their GTP
binding domains (27).
An increasing body of evidence implicates the mammalian

septin family in the pathogenesis of diverse disease states
including neoplasia, neurodegenerative conditions, and infec-
tions (28, 29). Many septin isoforms are abnormally expressed
in carcinomas (30–34), and altered levels of septin expression
strongly correlate with tumorigenic phenotypes such as
increased cell growth, motility and invasiveness, and resistance
tomicrotubule-disrupting reagents (35, 36). In neurodegenera-
tive disorders (e.g. Alzheimer disease), septins are present in
cytosplasmic inclusions and neurofibrillary tangles, and a sep-
tin isoform (SEPT4) was recently shown to suppress
�-synuclein neurotoxicity in Parkinson disease (37–39).
Finally, some septins have been identified as host proteins
involved in viral and bacterial infections (40, 41).
Various tools have been developed to study septin organiza-

tion and functions, including function-blocking antibodies and
RNA interference. However, these reagents are not readily
reversible, and we have, therefore, turned to small molecule
compounds, which could also be of therapeutic value in trans-
lational research. A recent study showed that the plant cytoki-
nin forchlorfenuron (FCF;2 1-(2-chloro-4-pyridyl)-3-phenylu-
rea, 4PU300) disrupted septin localization and caused
cytokinesis defects in budding yeast (42). However, it was
unclear whether FCF directly and specifically affected septins,
and if so, how FCF affected septin organization and functions.
Here, we analyzed the effects of FCF on mammalian septins
using recombinant SEPT2/6/7 as an in vitro septin assembly
system and mammalian cells to study effects in vivo. Our stud-
ies show that FCF directly alters septin assembly in vitro and
affects septin organization in mammalian cells by stabilizing
septin filaments; these effects of FCF in cells are reversible upon
FCF washout. Cells treated with FCF display mitosis defects
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and decreased cell migration that phenocopy the effects of sep-
tin knockdown by siRNAs.

EXPERIMENTAL PROCEDURES

Cell Culture, Cell Synchronization, and siRNA Transfections—
Madin-Darby canine kidney (MDCK) clone II and HeLa
(ATCC CCL-2) cells were maintained as described previously
(18). HeLa S3 cells were maintained in high glucose DMEM
supplemented with 10% fetal bovine serum (FBS). MDCK-
SEPT2-YFP (18), MDCK-actin-GFP (43), and HeLa-�-tubulin-
GFP (a gift fromL.Wordeman, University ofWashington) cells
were maintained in DMEM (Sigma-Aldrich) supplemented
with 10%FBS and 0.5mg/mlG418.HeLa S3 cells were synchro-
nized in mitosis by blocking with 2 mM thymidine (Sigma) for
18 h followed by a 4-h release into regular media, and a 12-h
incubation with nocodazole (Sigma; 40 ng/ml). HeLa cells were
transfectedwith siCONTROLnon-targeting siRNAandSEPT2
siRNAs as described previously (18).
Assembly of Recombinant SEPT2/6/7 inVitro—Recombinant

His-SEPT2/6/7 was purified from insect cells and assembled
into filamentous structures as described previously (9). Briefly,
His-SEPT2/6/7 was clarified by centrifugation at 100,000 � g,
diluted to �0.2 mg/ml, and dialyzed against low salt buffer (5
mMpotassiumphosphate buffer (pH 7.2), 50mMKCl, 10% glyc-
erol, 2 mM MgCl2, and 1 mM dithiothreitol) in the presence of
FCF (Sigma) or DMSO (Sigma) at 4 °C. Assembly of higher-
order SEPT2/6/7 filaments was reversed by dialysis in high salt
buffer (5mMpotassiumphosphate buffer (pH7.2), 1MKCl, 10%
glycerol, 2 mMMgCl2, and 1 mM dithiothreitol) for 12 h. Septin
structures were transferred to poly-L-lysine-coated glass cover-
slips and fixed with 3% paraformaldehyde (EM Sciences) in
phosphate-buffered saline for 10 min, blocked with 2% bovine
serum albumin, and stained with anti-SEPT2 (N5N; rabbit
polyclonal antibody). The surface area of septin structures was
quantified using the ImageJ software. Negative stain electron
microscopy was performed by adsorbing His-SEPT2/6/7 com-
plexes onto glow-discharged carbon-coated copper grids (200
mesh copper hexagonal) for 2 min. Samples were washed twice
with water and stained with 1% uranyl acetate for 2 min. Fol-
lowing staining, samples were dried and examined with a
CM-12 Philips transmission electron microscope. In pelleting
assays of recombinant septin assembly, higher-ordered fila-
mentous structures were centrifuged at 16,000 � g for 10 min.
Supernatants and pellets were then analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining.
Actin andMicrotubule Polymerization Assays—Pyrene actin

(Cytoskeleton, Inc.) polymerization assay was performed
according to the manufacturer’s instructions in the presence of
different concentrations of FCF or DMSO. Fluorescence inten-
sity was measured using a fluorescence plate reader (Tecan
Group Ltd.; excitation 360 nm, emission 405 nm). A bovine
tubulin (Cytoskeleton, Inc.) polymerization assay was per-
formed according to the manufacturer’s instructions in the
presence of various concentrations of FCF orDMSO. Turbidity
was measured at 340 nm using a plate reader (Tecan Group
Ltd.).
Immunofluorescence Microscopy—Subconfluent cells were

fixed with warm PHEM (60 mM Pipes-KOH, pH 6.9, 25 mM

Hepes, 10 mM EGTA, and 1 mM MgCl2) containing 3%
paraformaldehyde (EM Sciences) and 0.1% Triton X-100 and
stained with antisera to SEPT2 (N5N; rabbit polyclonal anti-
body), SEPT7 (anti-SEPT7; rabbit polyclonal antibody), �-
tubulin (DM1�; Sigma-Aldrich), and secondary fluorescein
isothiocyanate- or rhodamine red X-conjugated F(ab�)2 goat
anti-mouse or anti-rabbit IgGs (Jackson ImmunoResearch Lab-
oratories). Microfilaments were stained with Alexa Fluor-355-
conjugated phalloidin (Invitrogen). Samples were mounted in
VECTASHIELD mounting medium (Vector Laboratories) and
imagedwith an inverted Zeissmicroscope (Axiovert 200) or the
Marianas system (Intelligent Imaging Innovations). Cell mor-
phology (axis length ratio) was quantified using the Statistics
module in the Slidebook 4.2 software. Staining of MDCK cells
for centromere-associated protein E (CENP-E) and CREST
serumwas performed as described previously (18). Imageswere
captured and deconvolved with an Applied Precision Delta
Visionwide field deconvolution system (�63 oil objective;�1.5
optovar). Quantification of CENP-E-containing kinetochores
(n � �100 per cell) was performed in every fourth optical sec-
tion from a deconvolved z-stack.
Cytotoxicity Assays—HeLa or MDCK cells were plated over-

night on collagen-coated 35-mm tissue culture dishes and then
treated with DMSO or FCF for 4 h. Cells were trypsinized,
resuspended in DMEM supplemented with 10% FBS, and
mixed in a 1:1 ratio with trypan blue (Invitrogen) at room tem-
perature for 1 min. Blue and non-blue cells were counted using
a hemocytometer. For alamarBlue assays, HeLa cells (1 � 104/
well) were plated onto a 96-well plate (Costar) and cultured
overnight. Cells were then treated with FCF or DMSO, and 50
�l ofmediumwas removed andmixedwith 5.5�l of alamarBlue
reagent (AbD Serotec) for 2 h. Fluorescence intensities were
measured using a plate reader (Tecan Group Ltd.; excitation
560 nm, emission 590 nm). Each measurement was performed
in quadruplicates.
Live Cell Imaging and FRAP—Cells were grown on collagen-

coated coverslips for 24 h at subconfluent density and imaged in
phenol red-free DMEM supplemented with 10% FBS, 25 mM
Hepes (Invitrogen) using the Marianas system (Intelligent
Imaging Innovations) equipped with the MicroPoint fluores-
cence recovery after photobleaching (FRAP) laser system (Pho-
tonic Instruments). Photobleaching experiments were carried
out using the FRAPmodule of theMarianas system. Equivalent
laser intensity, repetition, and exposure time were used for
FRAP measurements in FCF- or DMSO-treated samples.
Bleached areas were accurately positioned along septin fila-
ments, actin stress fibers, or microtubule bundles. Images were
taken 5 s before photobleaching and 5min after photobleaching
at a rate of one frame per second. Fluorescence intensities were
quantified after background subtraction and normalization
against unbleached areas using the Slidebook 4.2 software as
described previously (43). Fluorescence intensities (FI) were
plotted against time (t) and fitted to an exponential recovery
curve: FI� FIst� (FIst� FIblch)exp(�In2 � T/t1⁄2) inwhich FIblch is
the fluorescence intensity at the time of bleaching, and FIst is
the fluorescence intensity at the final steady status. From this
equation, half-times of fluorescence recovery (t1⁄2) were derived.
The koff was calculated as In2/t1⁄2, and recovery percentage was
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calculated as: ((FIst � FIblch)/(FIprebleach � FIblch)) � 100 in
which FIprebleach is the fluorescence intensity before photo-
bleaching (44, 45). Plots and curve fittings were performedwith
the Origin 6.1 software.
Cell Motility and Wound-healing Assays—A modified cell

motility assay was used (46). Fluorescent beads (1 �m Fluo-
Spheres; Invitrogen) were vortexed, sonicated, and plated onto
18-mm coverslips precoated with collagen and incubated at
4 °C overnight. Excess beads were washed off, and HeLa cells
(3 � 103) were plated for 16 h at 37 °C in DMEM and 10% FBS.
Cells were fixed, random images were taken, and the surface
areas covered by single cells were quantified using the ImageJ
software. For wound-healing assays, HeLa cells (2 � 106) were
grown on 35-mm dishes overnight in DMEM and 10% FBS.
MDCK cells were first plated in low calcium DMEM (5 �M
Ca2�) and 10% dialyzed FBS for 75 min, and then the medium
was exchanged for DMEM with 10% FBS. Confluent monolay-
ers were scratched with a pipette tip. HeLa and MDCK cells

were imaged for 8 and 14 h, respectively. Displacement surface
areas (�Area) were calculated as Si � St in which Si is the initial
wounded surface area and St is the wounded surface area at
time point t. The surface areas were quantified using ImageJ.

RESULTS

FCF Alters SEPT2/6/7 Assembly in Vitro—To determine
whether FCF (Fig. 1A) has a direct effect on mammalian septin
assembly, we used recombinant SEPT2/6/7 complex purified
from insect cells (9). SEPT2/6/7 complexes were dialyzed in the
presence of FCF or DMSO (the vehicle for FCF) in low salt
buffer to induce septin self-assembly into higher-order struc-
tures, which were analyzed by immunofluorescence micros-
copy (Fig. 1B) or transmission electron microscopy (Fig. 1F).
Under control conditions (DMSO), SEPT2/6/7 complexes
assembled into filamentous structures as reported previously
(9). In the presence of 20 �M FCF, SEPT2/6/7 complexes
formed structures that were larger and denser than those

FIGURE 1. FCF alters SEPT2/6/7 assembly in vitro. A, the chemical structure of FCF. B, SEPT2/6/7 complexes (0.2 �g/�l) were dialyzed for 2 h in low salt buffer
containing FCF (20 �M) or DMSO to induce septin filament assembly. Immunofluorescence images show filamentous structures stained for SEPT2. Insets show
magnified images of selected regions; scale bars, 2 �m. C, the bar graph shows the surface areas (mean � S.E.) of septin filaments after dialysis in DMSO (red,
n � 132) or FCF (green, n � 129); ****, p 	 0.0001. D, the surface area histogram of septin filaments formed in DMSO (red) or FCF (green). E, the bar graph shows
the surface areas (mean � S.E.) of septin filaments after 1 h dialysis of SEPT2/6/7 (0.1 �g/�l) in low salt buffer containing various concentrations of DMSO (red)
or FCF (green, 1 �M; blue, 5 �M; cyan, 20 �M); ****, p 	 0.0001. F, representative images of negative stained septin filaments after dialysis in DMSO (left panel) or
20 �M FCF (right panel). G, septin filaments formed in DMSO or FCF were spun at 16,000 � g. Supernatant (Sup) and pellet (Pellet) fractions were resuspended
in SDS-sample buffer, analyzed by SDS-PAGE, and stained with Coomassie Blue. H and I, pyrene actin (H) and tubulin (I) polymerization assays in the presence
of FCF or DMSO.
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formed in DMSO (Fig. 1B). These structures were highly inter-
twined (Fig. 1B, see inset) and had significantly larger surface
area than control filaments (Fig. 1, C and D), giving rise to a
higher percentage (30.2% versus 6.2%) of structures with a sur-
face area greater than 500 �m2 (Fig. 1D). The effect of FCF on
SEPT2/6/7 assembly was concentration-dependent, with a sig-
nificant effect at a concentration as low as 5 �M (Fig. 1E), and
was reversible upondialysis of filaments in high salt bufferwith-
out FCF (supplemental Fig. 1).
The ultrastructure of septin filaments assembled in vitro in

the presence or absence of FCF was examined by transmission
electron microscopy. In DMSO, SEPT2/6/7 formed extended
fibers with an average diameter of 10.9 � 0.3 nm (n � 40) that
appeared to be composed of two parallel filaments (Fig. 1F, left
panel, see inset). The morphology of these septin structures is

similar to that formed by recombinant septins and septin com-
plexes purified from mammalian cells (9, 25, 26). In FCF,
SEPT2/6/7 formed much thicker filaments with an average
diameter of 21.0 � 1.1 nm (n � 40) that appear to comprise
many parallel filaments (Fig. 1F, right panel, see inset). This
change in septin assembly was confirmed by analyzing the ratio
of septins in the supernatant and pellet after centrifugation at
16,000 � g. After dialysis in the presence of FCF, more SEPT2/
6/7 was pelleted (�90% versus �50%) (Fig. 1G).
We also examined whether FCF has similar effects on the

assemblyof other filamentous cytoskeletonpolymers suchas actin
and tubulin. In vitro actin and tubulin polymerization assays were
performed in the presence of a range of FCForDMSOconcentra-
tions. FCFdid not affect the rate or steady state amount of actin or
tubulin polymerization (Fig. 1,H and I).

FIGURE 2. FCF reversibly alters septin organization in HeLa and MDCK cells. A, immunofluorescence images of HeLa cells stained for SEPT2 after treatment
with 5, 25, or 50 �M FCF or DMSO for 2 h; scale bars, 10 �m. Lower panels show the boxed regions at higher magnification; scale bar, 2 �m. B, MDCK and HeLa
cells were treated with DMSO for 4 h or FCF for 1, 2, or 4 h and stained for SEPT2; scale bars, 10 �m. C, immunofluorescence images of HeLa cells stained for SEPT2
(green), �-tubulin (red), and F-actin (blue) after treatment with DMSO for 4 h (top panel) or 50 �M FCF for 4 h (middle panel) followed by a 2-h washout with regular
cell medium (bottom panel); scale bars, 10 �m. D, the bar graph (left panel) shows ratios (mean � S.E.) of lengths of major cell axes to lengths of minor cell axes
for MDCK cells treated with DMSO (red) or 50 �M FCF for 1 (green), 2 (blue), and 4 h (cyan); ***, p � 0.0049; ****, p 	 0.0001. The histogram (right panel) shows
the distribution of axis ratio values after DMSO and FCF treatments. E, differential interference contrast images from time-lapse microscopy (supplemental
movies 1 and 2) of HeLa cells. FCF was added at 0 h and washed out at 2.5 h. Arrows point to a cell region that becomes elongated during FCF treatment and
retracts upon FCF washout. F, a trypan blue cytotoxicity assay of HeLa or MDCK cells treated with various concentrations of DMSO or FCF (6.25–500 �M) for 4 h.
Trypsinized cells were stained with trypan blue reagent and counted as the percentage of total cells (n � �200). G, an alamarBlue cytotoxicity assay of HeLa
cells treated with various concentrations of DMSO (red circles) or FCF (1.25 �M–1 mM; black squares) for 24 h. Cell medium was incubated with alamarBlue
reagent, and fluorescence intensities (mean � S.E.) were plotted as a function of time. All measurements were performed in quadruplicates.
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Taken together, these results show that FCF alters SEPT2/
6/7assemblyandformationofhigher-orderstructures inadose-
dependent manner. FCF did not affect actin or tubulin polym-
erization in vitro under the same conditions.
FCF Alters Septin Organization in HeLa and MDCK Cells

Reversibly—We next tested whether FCF affected septin orga-
nization in mammalian cells. HeLa cells were treated with
increasing concentrations of FCF for 2 h and stained for SEPT2
(Fig. 2A). SEPT2 organization changed from thin, short fibrillar
structures (Fig. 2A, arrow, see magnified image of the boxed
region in the lower panel) to thick, long filamentous structures
localized at the cell periphery (Fig. 2A, arrowhead, see magni-
fied image of the boxed region in the lower panel). These effects
were dose-dependent and pronounced at 50 �M FCF (Fig. 2A).
To examine the time course of FCF effects, HeLa and MDCK
cells were treated with 50 �M FCF and fixed after 1, 2, or 4 h.
FCF began to induce the reorganization of septins after 1 h of

treatment (Fig. 2B) with a concomitant increase in SEPT2 fila-
ment length and width (supplemental Fig. 2, A and B). Signifi-
cantly, FCF-induced changes in septin organization were
reversed upon FCF washout (2 h; Fig. 2C), demonstrating that
the effects of FCF were not permanent and that septins were
dynamic and could reorganize within 2 h. We also examined
whether septins other than SEPT2 were affected by FCF and
found that organization of SEPT7 was also affected during FCF
treatment similar to that of SEPT2 (supplemental Fig. 2C).
We observed that FCF-treated cells had elongated morphol-

ogy (Fig. 2, A–C). We used the axis-length ratio (major axis
length/minor axis length) to measure cell morphology (Fig.
2D). Quantification of the axis-length ratio of MDCK cells
treated with FCF or DMSO revealed a time-dependent effect of
FCFon cellmorphology (Fig. 2D); this time course of changes in
cell shape paralleled changes in septin organization observed by
immunofluorescence microscopy (Fig. 2B). Live cell imaging of

HeLa cells treated with FCF also
showed gradual changes in cellmor-
phology, which were reversed upon
FCF washout (Fig. 2E, arrows, and
see supplemental movies 1 and 2).
Although the effects of FCF were

reversible, indicating that cells were
viable, we evaluated the cytotoxicity
of FCF using trypan blue and
alamarBlue assays. The trypan blue
assay shows that the viability of
HeLa and MDCK cells was unaf-
fected even at FCF concentrations
as high as 500 �M for 4 h (Fig. 2F).
The alamarBlue assay indicates that
after 24 h of treatment, FCF-treated
HeLa cells were as viable as DMSO-
treated cells at a concentration of
FCF � 62.5 �M. However, HeLa
cells began to show decreasing via-
bility at higher FCF concentra-
tions (Fig. 2G). The results show
that FCF is not toxic over short
time periods even at high con-
centrations, and for long treat-
ments, FCF is not toxic at a con-
centration of FCF � 62.5 �M.
FCF Dampens SEPT2 Dynamics—

To explore how FCF acts on septins,
we measured septin filament
dynamics using FRAP in MDCK

FIGURE 3. FCF dampens SEPT2 dynamics in MDCK cells. A, normalized FRAP curves for SEPT2-YFP in MDCK
cells treated with DMSO (n � 10; supplemental movie 3) or 50 �M FCF (n � 15; supplemental movie 4). AU,
arbitrary units. B, the plot shows half-times of SEPT2-YFP fluorescence recovery (mean � S.E.; y axis) and the
percentage of SEPT2-YFP mobile fraction (mean � S.E.; x axis) in MDCK cells treated with DMSO (n � 10; black
squares) or 50 �M FCF (n � 15; gray circles). C, normalized FRAP curves for actin-GFP in MDCK cells treated with
DMSO (n � 13) or FCF 50 �M (n � 15). D, normalized FRAP curves for �-tubulin-GFP in HeLa cells treated with
DMSO (n � 14) or FCF 50 �M (n � 14). All error bars represent S.E.

TABLE 1
Half time of recovery (t1⁄2) and percentage recovery of SEPT2 filaments, actin microfilaments, and microtubules
All values for t1⁄2 and % recovery represent mean � S.E.

Subject Treatment t1⁄2 Recovery Number p value
s %

SEPT2-YFP filaments DMSO 38.9 � 4.0 66.6 � 3.5 10 t1⁄2 	 0.001
FCF 50 �M 73.5 � 4.5 53.7 � 5.1 15 Recovery 0.0268

Actin-GFP bundles DMSO 20.1 � 1.9 59.3 � 3.0 13 t1⁄2 0.8112
FCF 50 �M 20.6 � 1.1 56.5 � 2.9 15 Recovery 0.5060

�-tubulin-GFP microtubules DMSO 13.5 � 2.0 54.6 � 4.6 14 t1⁄2 0.5477
FCF 50 �M 15.1 � 1.7 51.4 � 3.0 14 Recovery 0.5651

FCF Targets Mammalian Septins

OCTOBER 24, 2008 • VOLUME 283 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29567

https://doi.org/10.1074/jbc.M804962200
https://doi.org/10.1074/jbc.M804962200
https://doi.org/10.1074/jbc.M804962200
https://doi.org/10.1074/jbc.M804962200
https://doi.org/10.1074/jbc.M804962200


cells stably expressing SEPT2-YFP
(18). From the profile of fluores-
cence recovery, we calculated the
mobile fraction and half-time of flu-
orescence recovery (t1⁄2) of SEPT2-
YFP (see “Experimental Proce-
dures”). The mobile fraction of
SEPT2-YFP filaments was 66.6 �
3.5% in the presence ofDMSOwhen
compared with 53.7 � 5.1% in the
presence of FCF (Fig. 3,A andB, and
Table 1). The difference in the
mobile fraction indicates that FCF
increased the stable, immobile frac-
tion of septin filaments. FCF treat-
ment also resulted in a doubling of
the half-time of fluorescence recov-
ery (73.5 � 4.5 s versus 38.9 � 4.0 s,
Fig. 3, A and B, Table 1, and supple-
mental movies 3 and 4). Since
SEPT2-YFP dynamics reflect
mainly the association and dissocia-
tion of septin complexes into fila-
mentous structures (the recovery is
much slower than free cytoplasmic
diffusion), we derived the dissocia-
tion rate constant koff (koff � In2/t1⁄2)
of SEPT2-YFP as described previ-
ously for FRAP analysis of cytoskel-
eton-binding proteins (44, 45).
SEPT2-YFP in FCF-treated cells
had a koff of 9.8 � 0.6 � 10�3 s�1

when compared with 14.8 � 1.1 �
10�3 s�1 in DMSO-treated cells.
This further suggests that FCF sta-
bilizes septin complexes into high-
er-order, less dynamic filamentous
structures.
To test the specificity of FCF on

septins, similar experiments were
performed in cells stably express-
ing actin-GFP �r �-tubulin-GFP.
FCF had no effect on actin micro-
filament or microtubule dynamics
whencomparedwith theDMSOcon-
trol (Fig. 3,C andD, and Table 1).
These FRAP studies on septin

filaments, actin, and microtubule
filaments demonstrate that FCF
stabilizes septin filaments by
decreasing the mobile fraction and
koff of septins and that neither
actin microfilament nor microtu-
bule dynamics is affected by FCF.
This result is consistent with our
observations that FCF caused
increased assembly of septin com-
plexes into large filamentous
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structures in vitro but had little effect on either actin or
tubulin polymerization (Fig. 1).
FCF Causes Mitotic Defects—Given that septins have impor-

tant functions in mitosis (13, 18, 19) and FCF is able to change
septin organization and dynamics, we sought to examine
whether FCF caused mitotic defects. FCF treatment of MDCK
and HeLa cells for 8 h caused an increase in the percentage of
mitotic cells (Fig. 4, A and D). These cells appeared to be
delayed in prophase/prometaphase (Fig. 4, B and E). Time-
lapse microscopy of HeLa cells expressing histone 2B-GFP
revealed an increase in the average duration of mitosis in FCF-
treated cells (125 � 8.7 min; n � 70) when compared with
DMSO-treated cells (81.7 � 3.9 min; n � 70). In these movies,
histone 2B-GFP labeled chromosomes of the cells treated with
FCF failed to properly congress and align at themetaphase plate
(supplemental movies 5–7). Similar failure in chromosome
congression and alignment was observed in FCF-treated
MDCK cells (Fig. 4C, arrows). These data resemble the effects
of SEPT2 and SEPT7 depletion in chromosome alignment (18,
19), which are caused by mislocalization of CENP-E, a mitotic
motor that is required for proper kinetochore-microtubule
attachment. To examine whether the localization of CENP-E is
disrupted upon FCF treatment, mitotic MDCK cells were
stained for CENP-E and the kinetochore marker protein
CREST (Fig. 4C). Quantitative analysis of these images revealed
a reduction in the percentage of kinetochores that contained
CENP-E (20.8� 0.7% in FCF-treated cells versus 40.6� 1.9% in
DMSO-treated cells; n � 10). In addition, CENP-E was often
observed to mislocalize outside the kinetochore regions of
mitotic chromosomes (Fig. 4C, arrowheads).

Since previous studies have shown that septin disruption
results in cytokinesis defects (20, 21), we tested whether FCF
has similar effects downstreamof chromosome alignment. Syn-
chronized HeLa cells were arrested in prophase/prometaphase
and treated with FCF at various time points after release into
mitosis (Fig. 4F). Although early FCF treatments delayed the
transition from prophase/prometaphase to metaphase, FCF
treatments after a 2.5-h release into mitosis delayed the transi-
tion from telophase/cytokinesis to interphase. These data are
consistent with a septin function in cytokinesis (13, 20, 21). In
summary, our results indicate that FCF may cause mitotic
defects by disrupting septin organization and dynamics during
cell division.
FCF Impairs Cell Migration—Having investigated the spe-

cific effects of FCF on septin organization and dynamics, we
examined whether FCF affects cell migration, which has been
previously shown to be disrupted by septin mutants (47). We
used a single cell motility assay (Fig. 5, A and B) and a “wound-

healing” assay (Fig. 5,C andD) to evaluate the effects of FCF on
cell migration. In the single cell motility assay, HeLa cells were
plated on fluorescent beads and treated with 50 �M FCF or
DMSO for 16 h; as the cells migrate during this time, they
remove beads by endocytosis, leaving behind a cleared area
devoid of beads that is a direct measure of the area covered by
the cell (Fig. 5A, areas outlined by the red lines). Quantification
of the surface areas covered by HeLa cells clearly indicates that
FCF inhibited cell migration (Fig. 5B). In the wound-healing
assay, cell monolayers were scratched to remove a line of cells,
which were then filled in by cells migrating in from the edges of
the monolayer. This assay also reveals that FCF decreased the
rate of MDCK and HeLa cell migration (Fig. 5, C and D, and
supplemental movies 8 and 9).
To test directly whether septins are involved in cell migra-

tion, we knocked down SEPT2 in HeLa cells and performed the
single cell motility assay. We found that upon SEPT2 knock-
down, the average surface area traveled by knockdown cells was
reduced by �50% when compared with control cells (supple-
mental Fig. 3). These data are consistent with previous studies
showing cell motility defects upon exogenous expression of
septin mutants (47). Taken together, these results show that
disruption of septin organization and dynamics by FCF treat-
ment results in defects in cell migration that phenocopy the
effects of septin depletion by siRNA.

DISCUSSION

Septins comprise a filamentous system with regulatory and
structural properties for diverse cellular functions. Function-
blocking antibodies and siRNAs have been used to study septin
functions, but these reagents are not readily reversible, and the
time scale of their use leads to cumulative effects. Therefore,
small molecules that perturb septin organization quickly and
reversibly would be powerful tools to dissect septin organiza-
tion and functions.
An earlier study showed that the small molecule compound

FCF disrupted septin organization and caused cytokinesis
defects in budding yeast (42). However, that study did not show
whether FCF acted directly and specifically on septins, and if so,
how FCF acted on septins and whether FCF could be used as a
tool to study mammalian septin organization and functions.
Our results show that FCF specifically altered septin assembly
in vitrobut did not affect actin or tubulin polymerization. These
observations are in agreement with our studies in mammalian
cells showing that FCF induced changes in septin organization
from short, thin fibrilla to long, thick bundle-like filaments.
These effects of FCF in cells were reversible. In summary, FCF
targets the filamentous assembly of divergent septin isoforms

FIGURE 4. FCF causes mitotic defects. A, the bar graph shows the mitotic index (mean � S.E.) of MDCK cells after treatment with DMSO or 50 �M FCF for 8 h.
Mitotic cells were identified by staining with DAPI and anti-�-tubulin and calculated as the percentage of total MDCK cells (n � �1800; three independent
experiments). B, the bar graph shows the percentage (mean � S.E.) of DMSO- (n � �100) and FCF-treated (n � �150) mitotic cells in prophase/prometaphase
(pro/prometa), metaphase (meta), and anaphase/telophase (ana/telo). Results are representative of three independent experiments. C, maximum intensity
projections of deconvolved optical sections from FCF- and DMSO-treated (50 �M; 8 h) MDCK cells stained for CENP-E, CREST and DNA (DAPI). Arrows point to
misaligned chromosomes; arrowheads point to CENP-E accumulations outside the kinetochore regions. Scale bars, 5 �m. D, the bar graph shows the mitotic
index (mean � S.E.) of HeLa cells after treatment with DMSO (n � �800) or 50 �M FCF (n � �500) for 8 h. Results are representative of three independent
experiments. E, the bar graph shows the percentage (mean � S.E.) of DMSO- (n � �150) and FCF-treated (n � �150) mitotic cells in prophase/pro-metaphase,
metaphase, and anaphase/telophase. Results are representative of three independent experiments. F, after a thymidine-nocodazole block, HeLa S3 cells were
released into mitosis for 1 (TN1), 2 (TN2), and 3 (TN3) h. For each time point, FCF (50 �M) or DMSO was added in the medium 30 min prior to fixation and staining
with DAPI. The stack bar graphs show the percentage of HeLa cells (n � �400) in interphase and each phase of mitosis.
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(e.g. Cdc3/10/11/12 (42), SEPT2, SEPT7) reversibly and across
species.
To elucidate how FCF acts on septins, we examined SEPT2

dynamics in vivo using FRAP. The results reveal that FCF
increased both the half-time of recovery and the immobile frac-
tion, indicating an increase in the stability of septin filaments.
This is consistentwith the FCF-induced changes in septin orga-
nization observed both in vitro (Fig. 1) and in cells (Fig. 2).
Moreover, our FRAP data indicate that the thick bundle-like
septin filaments induced by FCF arise from a decrease in the koff
of septin assembly (lower dissociation rate), which progres-
sively results in accumulation of abnormally large filamentous
structures.
FCF-induced changes in septin dynamics and organization

resulted in cell morphology changes, mitotic defects, and
decreased cell migration. These phenotypes are similar to those
reported from septin depletion and overexpression studies (13,
18, 21, 47). We suggest that stabilization of septin filaments by
FCF reduces the turnover rate of septin filaments and therefore
the relative abundance of cytoplasmic and filamentous septins,
which is critical for their function. These results are in accord-
ance with the effects of septin depletion or overexpression,
which alter overall septin organization and function.
FCF provides a high degree of temporal control over septin

function, acting within 1 h (Fig. 2B), and is reversible (Fig. 2C);
therefore, it may prove more useful than siRNA as a probe for
septin functions. Taken together, our results show that FCF

alters mammalian septin assembly in vitro and alters septin
organization and dynamics in cells by stabilizing septin fila-
ments. These results suggest that FCF will be useful as a tool to
study septin biology. With low levels of cytotoxicity, anti-mi-
totic, and anti-migratory efficacies, FCF could be considered as
a septin-based anti-tumorigenic agent.
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