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apoptosis via the tubulin polymerization–independent
activation of the nuclear factor-KB/IKB kinase
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salicylic acid or transiently transfected with mutant IKKA
and B. Moreover, epothilone B and D increased the
expressions of NF-KB – dependent apoptotic cell death
regulatory genes, i.e., Bax, p53, and the active form of
caspase-3, but reduced Bcl-2 expression, and these
actions were partially reversed by salicylic acid. In addition,
caspase-3 inhibitor reduced epothilone B – induced cell
death and NF-KB activation. These findings suggest that
the activation of NF-KB/IKK signals plays an important role
in the epothilone-induced apoptotic cell death of SW620
colon cancer cells in a tubulin polymerization – independent
manner. [Mol Cancer Ther 2007;6(10):2786 – 97]

Abstract

Introduction

Molecular mechanisms underlying epothilone-induced
apoptotic cell death were investigated in SW620 human
colon cancer cells. Treatment with epothilone B and D at
different concentrations (1–100 nmol/L) dose-dependently
inhibited cell growth and caused cell cycle arrest at G2-M,
which was followed by apoptosis. Consistent with this
induction of apoptotic cell death, epothilone B and D
enhanced the constitutional activation of nuclear factorKB (NF-KB) via IKB degradation through IKB kinase (IKKA
and IKKB) activation, and this resulted in p50 and p65
translocation to the nucleus. Moreover, cells treated with
sodium salicylic acid, an IKK inhibitor, or transiently
transfected with mutant IKKA and B did not show
epothilone-induced cell growth inhibition or p50 translocation, although p65 was still translocated to the
nucleus. Treatment with epothilone B and D also
enhanced B-tubulin polymerization and the formation of
p50/B-tubulin complex. However, B-tubulin polymerization was not inhibited in the cells treated by sodium

Drugs that target microtubules are the most commonly
prescribed anticancer drugs (1). A macrocyclic polyketide
class of compounds known as the epothilones has
generated substantial interest over the last few years in
the areas of chemistry, biology, and medicine due to the
strong inhibitory effect shown by family members on the
growths of numerous cancer cells (2, 3).
Epothilones are novel nontaxane microtubule-targeting
agents that induce microtubulin polymerization and
stabilization and are produced by the myxobacteria
Sorangium cellulosum. Epothilones have been reported to
trigger apoptotic cell death in several cancer cell lines
in vitro and to inhibit tumor cell growth in vivo (2, 3). Like
paclitaxel (Taxol), epothilones have been reported to block
the cell cycle at G2-M and to subsequently induce
apoptotic cell death in several cancer cells (2, 4). However,
the biochemical mechanisms that underlie epothiloneinduced cancer cell growth inhibition are not well
understood.
Microtubules, the cytoskeletal structures formed by the
polymerization of tubulin heterodimers, play a crucial role
in many biological processes, including mitosis, cell-cell
communication, intracellular transport, cell growth, and
apoptotic cell death (5, 6). Moreover, it has been reported
that microtubule disruption by colchicines, Vinca alkaloids,
or nocodazole (depolymerization agents), or by paclitaxel,
epothilone, or laulimalide (stabilization agents) modulate
several gene expressions and the activities of protein
kinases involved in cell cycle arrest and apoptosis (7, 8).
These protein kinases include Bcl-2, Cdc25C, survivin, myc,
caspase, p34cdc2 , Ras/Raf, protein kinase C/protein kinase
A, and c-Jun NH2-terminal kinase in addition to nuclear
factor-nB (NF-nB) (9, 10).
Accumulating evidence indicates that the activation of
NF-nB plays an important role in coordinating the control
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of apoptosis (11, 12). Although NF-nB activation generally
inhibits apoptosis, it has been reported that microtubuledisrupting agents induce cancer cell apoptosis by activating NF-nB (13 – 16). In a series of studies on paclitaxel, it
was found that paclitaxel significantly down-regulates
InBa?, and that this in turn promotes NF-nB nuclear
translocation of its DNA-binding activity, which eventually results in a marked increase in sensitivity to
paclitaxel-induced apoptotic cell death (14 – 16). In contrast, glucocorticoids were found to antagonize paclitaxelmediated NF-nB nuclear translocation and activation via
InBa protein synthesis (13). Furthermore, it has been
reported that paclitaxel and Vinca alkaloid activate InB
kinase (IKK) activity during cancer cell apoptosis (17),
which suggests that the activation of the NF-nB/IKKs
signal may contribute to the microtubule-disrupting
agent – induced apoptosis of solid tumor cells. Rearrangement of the h-tubulin cytoskeleton by microtubuledisrupting agents has been suggested as a mechanism
underlying the nuclear translocation and activation of
NF-nB (9, 10, 18). However, it is not clear whether NF-nB
activation is a prerequisite for the induction of apoptosis;
nor is it clear whether there is a relationship between
microtubule polymerization disruption and NF-nB activation during microtubule-disrupting agent – induced cancer
cell apoptosis.
In this study, we investigated whether epothilones
activate NF-nB and IKKs during epothilone-induced

apoptotic cell death and attempted to clarify the relationship between microtubule polymerization by epothilone
and the activation of NF-nB/IKKs in SW620 human colon
cancer cells.

Materials and Methods
Chemicals
Epothilones (Fig. 1) were synthesized as previously
described (19) and were dissolved in DMSO. DMEM,
penicillin, streptomycin, and fetal bovine serum (FBS) were
purchased from Life Technologies. Taxol and pifithrin-a,
a p53 inhibitor, were purchased from Sigma Aldrich.
Caspase-3 inhibitor II (z-DEVD-fmk) and caspase-9 inhibitor I (z-LEHD-fmk) were from Calbiochem-Novabiochem,
Inc. Membrane-permeable Bax inhibitor peptide P5 (ProMet-Leu-Lys-Glu) and negative control (IIe-Pro-Met-IIe-Lys)
were from Tocris.
Cell Culture
SW620 human colon cells were obtained from the
American Type Culture Collection (Cryosite) and were
grown in RPMI 1640 containing 10% FBS, 100 units/mL
penicillin, and 100 Ag/mL streptomycin at 37jC in 5% CO2
humidified air.
Cell Viability Assay
Cytotoxic effects were evaluated in the cells cultured for
12, 24, 36, 48, and 72 h using Dojindo’s tetrazolium salt,
WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) cell

Figure 1. Structures of epothilones and cell viabilities of SW620 human colon cancer cells after epothilone treatment. SW620 cells were treated with
epothilone B or D at concentrations ranging from 0 to 1000 nmol/L for up to 72 h. Cell viabilities were determined by direct cell number counting (A and B)
as described in Materials and Methods. Points, means of three experiments done in triplicate; bars, SD.
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counting kits (Dojindo Laboratory). Briefly, cells were
plated on 96-well plates at 5  103 cells per well. The cells
were then incubated at 37jC in 5% CO2 for 6 h and then
treated with epothilone B or D (0, 10, 100, or 1000 nmol/L).
After incubation for 12, 24, 36, 48, or 72 h, 10 AL per well of
the cell proliferation reagent WST-8 was added to each
well. Cells were then incubated for an additional 4 h in a
humidified atmosphere. Metabolic activity was quantified
by measuring absorbance at 450 nm using a microplate
reader.
Western Blot Analysis
Western blot analysis was done as described previously
(20). The protein-transferred membranes were incubated
for 5 h at room temperature with specific antibodies: rabbit
polyclonal antibodies against p65 (1:500) and goat polyclonal antibody for p50 (1:500) or mouse monoclonal IKKa
and h antibody (1:500; Santa Cruz Biotechnology Inc.). The
blot was then incubated with corresponding conjugated
anti-rabbit immunoglobulin G (IgG) – horseradish peroxidases (1: 1,000; Santa Cruz Biotechnology Inc.). Immunoreactive proteins were detected using the ECL Western
blotting detection system. The relative densities of protein
bands were determined by densitometry using MyImage
(SLB) and quantified using Labworks 4.0 (UVP Inc.).
Gel Electromobility Shift Assay
The DNA binding activity of NF-nB was determined
using an electrophoretic mobility shift assay (EMSA) done
according to the manufacturer’s recommendations (Promega). In short, SW620 cells were cultured on 100-mm
culture dishes. After treatment with epothilone B and D
(0, 10, 100, and 1000 nmol/L) or vehicle for 24 h, the cells
were washed twice with PBS, followed by the addition of
1 mL of PBS, and the cells were scraped into a cold
Eppendorf tube. Nuclear extracts were prepared and
processed for EMSA as previously described (20). The
relative densities of the DNA-protein binding bands were
scanned by densitometry using MyImage (SLB), and
quantified by Labworks 4.0 software (UVP Inc.).
In vitro Kinase Assays
SW620 cells grown in 100-mm plates were treated with
various concentration of epothilone B and D. Cell lysates
for in vitro assays of IKKa and IKKh kinase activities were
prepared as described in Western blot analysis. In vitro
kinase assays were done using immune complexes and
bacterially synthesized glutathione S-transferase (GST)InBa or h proteins (2 Ag) in 15 mL of kinase buffer
containing 20 mmol/L HEPES (pH, 7.7), 2 mmol/L MgCl2,
2 mmol/L MnCl, 10 Amol/L ATP, 5 ACi of [g-32P]ATP,
10 mmol/L h-glycerophosphate, 10 mmol/L NaF, 300 Amol/L
Na3VO4, 1 mmol/L benzamidine, 2 Amol/L phenylmethylsulfonyl fluoride, 10 Ag/mL aprotinin, 1 Ag/mL leupeptin,
1 Ag/mL pepstatin, and 1 mmol/L DTT at 30jC for
30 – 60 min. Phosphorylated GST-InBa and GST-InBh were
separated by 12% SDS-PAGE, scraped into 96-well plates,
and 100 AL cocktail was added to each well. IKKa and
IKKh kinase activities were quantified using a Liquid
Scintillation Counter (Beckman-LS 6500, Beckman Instrument Inc.). Lysate samples were also separated on SDS/

12%-polyacrylamide gel and then transferred to nitrocellulose. Membranes were probed with appropriate antibodies
to detect IKKa and IKKh as described for Western blot
analysis above.
Transfection and Luciferase Activity Assays
The expression plasmids encoding IKKa (C178A)-Flag
and IKKh (C179A)-Flag were obtained from Dr. DaeMyung Jue (Catholic University, Seoul, Korea; ref. 21).
SW620 human colon cells (2.5  105 cells per well) were
plated in 24-well plates and transiently transfected with
IKK mutant plasmids using a mixture of plasmid and
LipofectAMINE plus in OPTI-MEM according to the
manufacturer’s specifications (Invitrogen). Cell viabilities
were determined, and confocal analysis of NF-nB (p50)
translocation was done after treating transfected cells with
epothilone B or D for designated times.
Tubulin Polymerization Assays
The polymerization of purified tubulin was monitored
using CytoDYNAMIX Screen (Cytoskeleton). Tubulin
polymerization was monitored spectrophotometrically at
340 nm. Absorbance was measured at 5-min intervals for
60 min using a Magellan microplate reader (TECAN
Austria GmbH).
Immunofluorescent Labeling and Scanning-Laser
Confocal Microscopy
SW620 cancer cells were cultured for 24 h on chamber
slides (Lab-Tak II chamber slider system, Nunc Int.), fixed
in 4% paraformaldehyde, membrane-permeabilized by
exposure to 0.1% Triton X-100 in PBS for 30 min, and then
placed in blocking serum (5% bovine serum albumin in
PBS) at room temperature. Cells were then exposed to
primary goat polyclonal antibody for p50 and p65 (1:100
dilution) or monoclonal anti – h-tubulin antibody (1:100)
overnight at 4jC. After three washes with ice-cold PBS,
cells were exposed to an anti-mouse IgG conjugated to
AlexaR 488 (p65) or 594 (p50) anti-goat biotinylated
secondary antibody (Molecular Probes) for 1 h at room
temperature. Immunofluorescence images were acquired
using a confocal laser-scanning microscope (TCS SP2, Leica
Microsystems AG) at 630 magnification.
Terminal Nucleotidyl Transferase ^ Mediated Nick End
Labeling Assay
To determine whether epothilone B and D induced cell
death apoptosis, terminal nucleotidyl transferase – mediated nick end labeling (TUNEL) and 4¶,6-diamidino-2phenylindole (DAPI) staining were done. Briefly, SW620
human colon cancer cells were cultured on chamber slides.
After treatment with epothilone B and D for 72 h, cells
were washed twice with PBS and fixed in 4% paraformaldehyde in PBS for 1 h at room temperature. TUNEL assays
were done using in situ cell death detection kits (Roche
Diagnostics GmbH) according to the manufacturer’s
instructions. For DAPI staining, slides were incubated for
30 min at room temperature in the dark with mounting
medium to measure DAPI fluorescence (Vector Laboratories Inc.). Cells were then observed under a fluorescence
microscope (Zeiss). Total cell numbers in a given area was
determined by DAPI nuclear staining. TUNEL-positive
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Figure 2. Cell cycle analysis, morphologic changes, and apoptotic cell death of SW620 cells treated with epothilones. SW620 cells were treated with
100 nmol/L of epothilone B or D for 72 h. DNA contents were analyzed by flow cytometry as described in Materials and Methods. Each panel is
representative of three similar experiments done in triplicate. A, cell cycle arrest pattern analyzed by flow cytometry. B, percentage of cell distribution in
the cell cycle. C, cell morphologic changes were observed under a microscope (C, top, magnification, 200), and apoptotic cells were examined by
fluorescence microscopy after TUNEL staining (C, bottom ). Total cell numbers were determined by DAPI nuclear staining (C, middle). D, apoptotic index
was defined as the number of TUNEL-positive stained cells divided by the number of DAPI-stained cells (fluorescence microscopy magnification, 100).
Columns, means of three experiments done in triplicate; bars, SD. *, P < 0.05, significantly different from the untreated group.
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DAPI-stained cells were counted to quantify apoptosis.
Percentages of apoptotic cells were expressed as ratios of
TUNEL-positive cell numbers to DAPI-stained cell numbers.
Flow Cytometry Analysis
The effects of epothilone B and D on cell cycle
distributions were determined by the flow cytometry of
the nuclear DNA contents of cells after propidium iodide
(PI) staining. Cells were treated with epothilone B and D
(100 nmol/L) and incubated for different times (0 – 72 h).
Cells were then harvested by trypsinization, washed twice
with PBS, fixed in 1% formaldehyde, and dehydrated in
70% ethanol diluted with PBS. Cells were then incubated in
PBS containing 100 Ag/mL RNase and 40 Ag/mL PI at 37jC

for 1 h before flow cytometry. Cell distribution was determined using a Coulter Epics XL Flow Cytometer (Beckman
Coulter).
Statistical Analysis
Data were analyzed by one-way ANOVA followed by
Dunnet’s test as a post hoc test. Differences were
considered significant at the P < 0.05 level.

Results
Epothilone B and D Inhibited SW620 Colon Cancer
Cell Growth
To determine the effects of epothilone B and D on cancer
cell growth, SW620 human colon cancer cells were treated

Figure 3. Effects of epothilone B or D on NF-nB activation in SW620 cells. A, the activation of NF-nB was determined by EMSA as described in Materials
and Methods. Nuclear extracts of SW620 cells treated with epothilone B or D (10, 100, and 1000 nmol/L) for 1 h were incubated with 32P – end-labeled
oligonucleotide containing the nB sequence. NF-nB DNA binding activity was determined by EMSA. Densities of NF-nB DNA binding were calculated;
columns, means of three independent experiments done in triplicate; bars, SD. *, P < 0.05, significantly different from the untreated group. B, effect of
epothilone B or D on p50, p65, and phosphorylated InB-a levels as assessed by Western blotting. Cells were treated with different concentrations of
epothilone B and D (10, 100, and 1000 nmol/L) at 37jC for 1 h. Nuclear (for p50 and p65, NE ), or cytosolic (for phosphorylated InB, CE ) proteins (50 Ag)
extracted after treatment were subjected to 12% SDS-PAGE. The expressions of p50, p65, InB-a, h-actin, and histone H1 proteins were detected by
Western blotting using specific antibodies. h-Actin and histone H1 proteins were used as internal controls. The panels shown are representative of three
similar experiments done in triplicate. C and D, SW620 cells were treated with epothilone B or D at 37jC for 1 h. Cells were then washed and fixed, and the
intracellular locations of p50 and p65 were determined by immunofluorescence using anti-p50 or -p65 antibodies followed by anti-mouse IgG secondary
antibody conjugated with Alexa 488 for p65 or 594 for p50 as described in Materials and Methods. Pictures were taken using a confocal scanning
microscope (original magnification, 630). Double staining (Merge) with p50 or p65 and DAPI showed the localizations of p50 and p65 in the nucleus.
E, SW620 cells were treated with epothilones for 1 h to determine IKK activity. IKKs were immunoprecipitated from treated cell lysates using anti-IKKa or
anti-IKKh antibodies and used for in vitro kinase reactions with GST-InBa, GST-InBh, and [g-32P]ATP. GST-InBa and GST-InBh phosphorylated by IKKs
were determined by radioactivity counting (CPM ) as IKKa and IKKh activities (E, bottom ) or visualized by SDS-PAGE followed by Western blotting
(E, top ). Columns, means of three independent experiments done in triplicate; bars, SD. *, P < 0.05, significantly different from the untreated group.
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with increasing concentrations of epothilone B and D for
up to 72 h, and cell survival was assessed by directly
counting cells using the trypan blue dye exclusion method.
As shown in Fig. 1A and B, treatment with epothilone B
and D (0.1 – 1000 nmol/L) resulted in concentration- and
time-dependent inhibitions in cell growth. Cell growth
inhibitions by epothilone B and D were confirmed using
WST-8 assays (data not shown).
Epothilone B and D Arrested SW620 Cells in G2-M
Phase
Given the potent inhibition of cell growth by epothilones,
the effects of epothilone B or D on cell cycle distribution
were examined to gain an insight into the inhibitory
mechanism involved. As shown in Fig. 2, SW620 cells
treated with epothilone B and D for 72 h were evaluated
by PI staining – based fluorescence-activated cell sorting
analysis to determine the effects of these agents. Epothilone
B and D caused the rapid accumulation of cells in G2-M at
12 h after treatment. Epothilone B caused early accumulation in the G2-M phase at 12 h (80% of cell number were
accumulated, Fig. 2A), whereas epothilone D caused
accumulation at 36 h (when 75% of cells were involved,
Fig. 2B). Accumulation of cells in G2-M was accompanied
by a reduction of cells in G0-G1. The percentage of cells
in G2-M was about 10 – 15% in untreated cells, but this
gradually increased to about 70 – 80% after treatment with
epothilones (Fig. 2B).
Epothilone B and D Induced Apoptotic Cell Death
To determine whether the inhibition of cell growth and
cell arrest by these two epothilones were followed by the
induction of apoptosis, we evaluated cell death by detecting changes in the chromatin morphology of cells using
DAPI. To further characterize apoptosis by epothilone B or
D, we did TUNEL staining assays and analyzed DAPIpositive TUNEL-labeled cells by fluorescence microscopy.
Epothilone B and D – treated cells labeled by TUNEL
showed increased fluorescence intensity (Fig. 2C). Apoptotic cells number (DAPI-positive TUNEL-stained cells)
increased to 29%, 38%, and 49% after treatment with
epothilone B at 10, 100, and 1,000 nmol/L, respectively
(Fig. 2D). Percentages for epothilone D were 32%, 34%, and
39% at 10, 100, and 1000 nmol/L, respectively, whereas
Taxol (5 Amol/L) induced about 25 – 32% apoptotic cell
death (Fig. 2D).
Epothilone B or D Induced NF-KB Activation
NF-nB is known to regulate the apoptosis of several
cancer cell lines, and tubulin-disrupting anticancer drugs,
such as nocodazole, vincristine, vinblastine, and paclitaxel,
activate intracellular signaling pathways involved in the
activation of transcription factor NF-nB. To determine
whether the activation of NF-nB is also involved in
epothilone-induced apoptotic cell death, we determined
the DNA binding activities of NF-nB using electrophoretic
gel mobility shift assays. It was found that NF-nB had DNA
binding activity in untreated SW620 cells, and that
treatment with epothilone B or D increased this DNA
binding activity in a dose-dependent manner (Fig. 3A).
Tumor necrosis factor-a (TNF-a) and 12-O-tetradecanoyl-

phorbol-13-acetate (TPA) treatment as positive controls
also increased NF-nB activity (data not shown). To further
investigate the mechanism of NF-nB activation by these
epothilones, we analyzed the effects of epothilone B and D
on the nuclear translocations of p50 and p65 and on InBa
protein degradation by Western blotting and confocal
microscopy. As shown in Fig. 3B, epothilone B and D
promoted nuclear translocations of p50 and p65 into the
nucleus. The effects of epothilone B or D on the translocations of p50 and p65 were also confirmed by confocal
microscopy. Significant increased merged fluorescence
image of p65 (Green, Alexa Fluor 594 dye stained) or p50
(Red, Alexa Fluor 488 dye stained) with nucleus (DAPI
staining, Blue) was observed (Fig. 3C and D). Concomitant
with the nuclear translocations of p50 and p65, levels of
phosphorylated InB were found to be increased in the
cytosol. These results indicate that epothilone B and D
both promote the nuclear translocations of p50 and p65 by
inducing InB phosphorylation; paclitaxel (Taxol, 5 Amol/L)
was found to have a similar effect. Moreover, TNF-a –
induced NF-nB was also significantly inhibited by epothilone B and D (data not shown).
The IKK complex (IKKa/IKKh) is responsible for the
phosphorylation and degradation of InB, which is required
for the activation of NF-nB. To determine whether epothiloneinduced NF-nB activity is due to InB up-regulation via IKK
activation, we determined IKK activities in cells treated
with epothilones using the same conditions used for NF-nB
activation. Epothilone B and D increased IKKa and h
activities dose dependently (Fig. 3E), which was consistent
NF-nB activation and InB release. To confirm that epothilone-increased IKK activities are required for epothiloneinduced apoptosis, cell growth inhibitions were evaluated
in the presence of sodium salicylic acid (an IKK inhibitor).
Treatment with sodium salicylic acid ameliorated epothilone B – induced cell growth inhibition dose dependently
and also reduced epothilone D – induced cell growth,
although not dose dependently (Fig. 4A and B). It has been
reported that the cysteine residues of IKKs are important
for activity, and that many agents that inhibit the activity
of IKKs modify their cysteine residues (17, 21). Thus, we
expressed wild-type and mutant forms of IKKa (C178A)
and IKKh (C179A), in which cysteine residues were
replaced with alanine, in SW620 cells, and then determined
the effects of epothilone B or D on p50 translocation to the
nucleus and on cell viability. As shown in Fig. 4C, epothilone B did not inhibit cell growth in these IKKa and
IKKh mutant transfected cells. In addition, we did not
observe merged fluorescence images of p50, suggesting that
epothilone B or D did not translocate p50 in IKKa (Fig. 4D)
or IKKh (data not shown) mutant transfected cells. These
results suggest that the activation of IKKs plays a critical
role in the epothilone-induced apoptosis of SW620 cells.
Effect of Epothilones on Cellular Microtubule
Polymerization
Because epothilone treatment markedly blocked the cell
cycle at G2-M, we examined whether the epothilone-induced
disruption of tubulin polymerization could directly affect
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SW620 apoptosis. To test this hypothesis, we studied
tubulin polymerization in vitro at room temperature in a
reaction mixture containing purified tubulin and GTP in
the presence or absence of epothilone B. The results,
presented in Fig. 5A, show that epothilone B significantly
promoted tubulin polymerization in a concentrationdependent manner. Moreover, because strong paclitaxellike tubulin-stabilizing activity was found in vitro, we
investigated whether epothilone treatment affected the
cellular microtubule network. Cells were treated with
100 nmol/L of epothilone B and D for 24 h, and then
microtubule networks were visualized immunocytochemically. Microtubule networks in control cells exhibited
normal arrangements and organization, whereas treatment
with epothilones resulted in microtubule polymerization
with an increase in the density of cellular microtubules and
the formation of long thick microtubule bundles surrounding the nucleus (Fig. 5B), and paclitaxel produced similar
effects. It has been reported that tubulin polymerization can

cause apoptosis by causing NF-nB translocation to the
nucleus, where tubulin and NF-nB form a complex known
to regulate apoptosis. To study this possibility, tubulin
polymerization was tested in the presence of sodium
salicylic acid. However, this IKK inhibitor did not change
epothilone B – induced tubulin polymerization. We also
examined whether epothilone-induced tubulin polymerization and NF-nB (p50) translocation co-occurred in the
nucleus. To this end, we examined the colocalizations of
p50 and tubulin. In SW620 cells treated with epothilone B
for 24 h, tubulin polymerization was evident, and translocated p50 was observed in the nucleus (Fig. 5B).
Consistent with the observed cell growth inhibition,
p50 and polymerized tubulin colocalization was present
in the nucleus after epothilone B and D treatments. However, in the presence of sodium salicylic acid, epothiloneinduced p50 was absent, although tubulin polymerization
was observed (Fig. 5Ca). In addition, epothilone B – or D –
induced p50 translocation was inhibited in mutant IKK

Figure 4. Effect of IKK inhibitor (sodium salicylic acid, SA ) and mutant IKKs on epothilone-induced cell growth inhibition and NF-nB (p50) translocation.
A and B, SW620 human colon cancer cells were treated with epothilone B or D (100 nmol/L) for 72 h and assayed for cell growth. Cells were then
pretreated with salicylic acid (1, 5, 10 mmol/L) for 1 h before epothilone treatments. Columns, means of three experiments done in triplicate; bars, SD. *,
P < 0.05, significantly different from the epothilone (Epo )-treated group. C, SW620 cells were transiently transfected with wild or mutant IKKs for
24 h and then treated with epothilone B or D for 72 h to determine cell growth inhibitions. Columns, means of three independent experiments done in
triplicate; bars, SD. *, P < 0.05, significantly different from the wild-type untreated control group. D, SW620 cells were transiently transfected with wild
or mutant IKKs for 24 h and then treated with epothilone B or D for 1 h to follow p50 translocation. Cells were washed and fixed, and the intracellular
locations of p50 were determined by immunofluorescence using an anti-p50 antibody followed by an anti-mouse IgG secondary antibody conjugated with
Alexa 594 as described in Materials and Methods. Pictures were taken using a confocal scanning microscope (original magnification, 630). Double
staining (Merge ) for p50 and DAPI showed the nuclear localization of p50. Panels are representative of at least three experiments.
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Figure 5. Effect of epothilone B or D on tubulin polymerization and the colocalization of h-tubulin and p50. A, tubulin in reaction buffer was incubated
at 37jC in the presence of vehicle (DMSO ) or epothilone B and D, and microtubule assembly was then measured spectrophotometrically as described in
Materials and Methods. Values are of three independent experiments done in triplicate. B, to determine the colocalization of tubulin and p50, cells treated
with epothilone B or D for 24 h were fixed in 4% paraformaldehyde, membrane-permeabilized with 0.2% Triton X-100 for 5 min in PBS, and placed in
blocking serum containing 5% horse or goat serum in PBS. Cells were then stained with monoclonal anti-tubulin/Alexa 488 – conjugated anti-mouse IgG
and with monoclonal antibody against p50 followed by anti-mouse IgG Alexa 594. Immunofluorescence images were acquired using a confocal laser
scanning microscope (dual wavelength scan) with a 360 oil immersion objective. The confocal laser scanning micrograph shows a merged image
double-labeled with tubulin and p50 antibodies. Triple staining (Merge ) for tubulin or p50 and DAPI demonstrating the nuclear colocalization of tubulinp50 complex. Panels are representative of three different experiments. Ca, effect of sodium salicylic acid on the epothilone-induced colocalization of
tubulin and p50. SW620 cells were pretreated with salicylic acid (5 mmol/L) for 1 h before adding epothilones and then further cultured for 24 h with
epothilone B or D (100 nmol/L). Cb and Cc, SW620 cells were transiently transfected with wild or mutant types of IKKa (Cb) and h (Cc) for 24 h, and
then cells were treated with epothilone B or D for 24 h to determine the colocalization of tubulin and p50. Panels are representative of three different
experiments.

(C178A or C179A) transfected SW620 cells, whereas tubulin
polymerization was not inhibited (Fig. 5Cb and c).
However, epothilone increased tubulin polymerization
and p50 translocation into the nucleus in the cells transfected wild-type IKKs, which showed the combined yellow
color images, meaning the two proteins are merged. These
results suggest that epothilone-induced cell growth inhibition (or apoptotic cell death) is not related to tubulin
polymerization.
Epothilone B and D Induced the Expression of
Apoptotic Cell Death Regulatory Proteins
It has been shown that NF-nB plays an important role in
coordinating the control of apoptotic cell death (11, 12).

Several apoptosis-associated genes or regulatory proteins,
such as, p53, Bax, Bcl-2, and caspase-3, have been reported
to be activated or down-regulated by NF-nB in various
tumor cells. To determine whether any of these proteins
are regulated by NF-nB induced by epothilones and
whether they are involved in the mediation of epothilone-induced apoptosis, we evaluated their gene expressions in SW620 cells treated with the epothilone B or D and
then examined whether changes in their protein expressions were altered by sodium salicylic acid. The expressions of the proapoptotic proteins, Bax, p53, and the active
form of caspase-3 were increased, but the expression of
antiapoptotic Bcl-2 was decreased after epothilone B or D
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treatment in a dose-dependent manner (Fig. 6A). Moreover,
these increased protein expressions were decreased in cells
cotreated with sodium salicylic acid, whereas Bcl-2 expression was increased (Fig. 6B). In addition, it was also found
that sodium salicylic acid reduced epothilone-induced
NF-nB activity (Fig. 6C). These results suggest that the
expression of apoptosis-related proteins by epothilones is
regulated via IKK-dependent NF-nB activation. To further
investigate which cell death regulatory protein is predominantly involved in epothilone-induced apoptosis and
NF-nB activation, we cotreated with SW620 cells with
epothilone B (100 nmol/L) and p53 inhibitor or caspase-3
inhibitor or Bax inhibitor for 72 h to assess cell death or for

1 h to assess NF-nB activity. It was found that caspase-3
inhibitor prevented most the epothilone-induced cell death
(Fig. 6Da) and NF-nB activity (Fig. 6Db), suggesting that
NF-nB/IKK–dependent caspase-3 pathway is most involved
in epothilone-induced apoptosis.

Discussion
In this study, it was found that epothilone B or D induced
cell growth arrest followed by apoptotic cell death in
SW620 colon cancer cells, and that this apoptotic cell death
is associated with NF-nB activation via the release of InB
through the activation of IKKs. These epothilones also
induced several NF-nB – dependent apoptotic regulatory

Figure 6. Effects of epothilone B or D, IKK inhibitor, and cell death regulatory protein inhibitor on the expressions of apoptosis regulatory proteins (A and
B), NF-nB activation (C and Db), and on cell death (Da). A, cells were treated with different concentrations (0, 10, 100, and 1000 nmol/L) of epothilone B
and D at 37jC for 24 h. Equal amounts of total proteins (50 Ag per lane) were subjected to 12% SDS-PAGE. The expressions of Bcl-2, Bax, p53, caspase-3,
caspase-9, and h-actin were detected by Western blotting using specific antibodies. h-Actin protein was used as an internal control. B and C, effect of IKK
inhibitor (sodium salicylic acid) on the expressions of apoptosis-regulating proteins (B) and on NF-nB activation (C). SW620 cells were pretreated with
sodium salicylic acid (1, 5, 10 mmol/L) for 1 h before adding epothilone B or D (100 nmol/L). D, effect of cell death regulatory protein inhibitors on
epothilone B – induced cell death (Da) and on the activation of NF-nB (Db). SW620 cells were pretreated with several inhibitors [50 Amol/L z-DEVD-FMK
(a specific caspase-3 inhibitor), 50 Amol/L pifithrin-a (a specific p53 inhibitor), or 50 Amol/L peptide P5 (Pro-Met-Leu-Lys-Glu; a specific Bax inhibitor)] of
cell death regulatory proteins 1 h before epothilone B or D treatment (100 nmol/L). Cell death was determined 72 h later. NF-nB activation was determined
1 h after adding the epothilones. Panels are representative of three similar experiments done in triplicate.
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genes, i.e., p53, caspase-3, and Bax, but attenuated Bcl-2
expression. In addition, the expressions of these apoptotic
cell death regulatory genes were prevented in cells treated
with sodium salicylic acid (an IKK inhibitor) and in cells
expressing mutant IKKs without affecting epothiloneinduced tubulin polymerization. Moreover, the caspase-3
inhibitor most effectively reversed epothilone B – induced
cell death and NF-nB activity. These results show that
epothilone-induced SW620 colon cancer cell apoptosis
may be due to the activation of NF-nB/IKK – dependent
caspase-3 apoptotic cell death signals without affecting
tubulin polymerization.
Epothilone B or D caused an accumulation of SW620
colon cancer cells in the G2-M phase. Epothilone B rapidly
caused cell arrest after 12 h of treatment, whereas
epothilone D caused an accumulation of cells in the G2-M
phase at 36 h. Although times required to cause cell arrest
differed for epothilone B and D, cell growth arrest
continued after both for 72 h, and this was followed by
apoptotic induction at 72 h.
The tubulin polymerization is required for division,
but increase of the tubulin polymerization (hyperpolymerization) prevents cell division that could cause cell
arrest followed by cell death. It is the main rationality that
anticancer drugs such as paclitaxel and docetaxel and other
tubulin stabilizers could prevent cell growth via the
interference of cell division in the rapidly replicated cells
(cancer cells). It is possible that cell growth inhibition by
epothilone resulted in the induction of apoptosis because
epothilone significantly arrested cell cycle in G2-M phase,
which could be followed by the induction of apoptosis. The
data also further confirmed that the cell growth inhibition
by epothilones is about 60 – 70%, which is almost according
to the similar portion with apoptotic cell death by
epothilones.
Evidence now available indicates that the activation of
NF-nB plays an important role in coordinating apoptotic
cell death (11, 12). However, it has been reported that
NF-nB activation can promote or prevent apoptosis, and
that this depends on the stimulus and cell type (22 – 25).
Moreover, although it has been reported that rearrangement of the h-tubulin cytoskeleton by microtubule-disrupting
agents is necessary for the nuclear translocation of NF-nB
(10), it is unclear whether NF-nB activation is critical for
microtubulin-disrupting agents – induced cell death. To
determine whether NF-nB activation is associated with
epothilone-induced apoptotic cell death, we first examined
the DNA binding activity of NF-nB and its translocation. As
was expected, both were significantly increased in parallel
with an increase in phosphorylated InB in cytosol after
treatment with both epothilones. Recently, several studies
have shown that IKKs (IKKa and IKKh) play a key role in
the phosphorylation and degradation of InBs (26, 27).
Therefore, we examined the effects of epothilones on IKK
activity. In vitro InB kinase assays showed that IKK were
significantly activated by epothilones, and in another
study, treatment with sodium salicylic acid (an IKK
inhibitor) prevented epothilone-induced InBa release,

NF-nB (p50) translocation, and apoptosis. By transfecting
mutant InBa and h containing a vector in which cysteine
residues of IKKa (C179A) and IKKh (C178A) were replaced
with alanine into SW620 colon cancer cells, we also found
that transfectants were insensitive to epothilone-induced
IKK-mediated NF-nB (p50) translocation and apoptosis.
Moreover, substitution of these residues with other amino
acids has been reported to prevent the signal-induced
phosphorylation of InBa, thereby inhibiting NF-nB activation (17, 21). These findings further indicate that epothilone-stimulated IKK activation is critical for NF-nB (p50)
translocation and the consequent regulation of apoptotic
cell death.
How epothilone B and D react with IKKs remains unclear,
but it is noteworthy that a number of other reactive
compounds, e.g., the sesquiterpene lactones (parthenolide,
helenalin, and 4h,15-epoxy-miller-9E-enolide; refs. 26 – 29),
cyclopentenone prostaglandins (prostaglandin A1 and
15-deoxy-D12,14-prostaglandin J2, kamebakaurin), arsenite,
and the gold-containing compound auranofin (17, 21,
30 – 32), react with cysteine to inhibit NF-nB/IKK activity.
Natural products containing epoxides or a,h-unsaturated
ketones are known to react with nucleophilic functionalities
like thiols that are present in biomolecules (20, 33 – 35).
However, it is not clear how epothilones modify single
protein targets; thus, the identification of the complete
range of epothilone molecular targets would probably shed
light on its molecular mechanism(s). In agreement with our
findings, several recent studies have suggested that NF-nB
activation is critical for the cancer cell death caused by
tubulin polymerization agents (14 – 16, 18). Huang and Fan
reported that tumor cells transfected with antisense InBa
showed enhanced sensitivity to paclitaxel-induced apoptotic cell death, which suggests that paclitaxel-activated
NF-nB is important for the apoptosis of solid tumor cells
by paclitaxel (14). Huang et al. (18) also found that Vinca
alkaloid induced human tumor cell death through the
NF-nB pathway activation. These results suggest that NF-nB
and IKKs activation may be important for epothiloneinduced colon cancer cell death, and that the proteolytic
degradation of InBa via IKK activation might be an
important step in the activation of NF-nB.
Disruption of the dynamic reorganization of the microtubule network microtubulin-disrupting agents results in
aberrant mitotic formation and prevents cells transversing
from metaphase to anaphase, and ultimately, the prolonged
mitotic arrest of many tumor cell types leads to apoptosis.
These results thus suggest that tubulin polymerization
may be a prerequisite of epothilone-induced apoptotic cell
death. In this study, although epothilone B and D both
induced tubulin polymerization, cells treated with sodium
salicylic acid or transfected with mutant IKKs were
unaffected by epothilone-induced NF-nB activity and did
not undergo apoptosis; however, tubulin polymerization
was unchanged, which suggests that epothilone-induced
apoptotic cell death may occur via a mitotic arrest –
independent NF-nB pathway. Mitotic arrest – independent
apoptotic pathways induced by anti-microtubule agents
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like paclitaxel, Vinca alkaloids, docetaxel, and nocodazole
have been previously described (14 – 16, 18). However,
based on these observations, the identities of the possible
primary molecular targets of epothilones that mediate the
activation of the NF-nB signaling cascade remain unclear
if the epothilone-induced activation of NF-nB is independent of microtubule polymerization. Several studies have
shown that cell cycle arrest followed by apoptotic cell death
as induced by anti-microtubule drugs is associated with a
number of signaling pathways, which include the phosphorylation of Bcl-2 and Cdc25C, the expression of survivin
and cell death regulatory genes (e.g., Bax and p53) and of
caspase cascades, and activation of several kinase pathways
(protein kinase A and C and c-Jun NH2-terminal kinase;
refs. 36 – 38). Recently, it has been revealed that many these
potential target genes can be induced by NF-nB activation
during the apoptosis of cancer cells (22, 26, 39). In the
present study, we also found that epothilones up-regulated
the expressions of caspase-3, p53, and Bax, but downregulated Bcl-2, and sodium salicylic acid was found to
interfere with these effects of epothilones on p53, caspase,
Bax, and Bcl-2 in parallel with inactivating NF-nB. These
findings suggest that epothilones might induce apoptotic
cell death by activating NF-nB and IKK-mediated apoptotic
signals. Therefore, it is possible that NF-nB/IKK is a
primary target during apoptotic gene induction by epothilone. We also showed that the caspase-3 – specific inhibitor
most effectively reversed epothilone B – induced apoptotic
cell death and NF-nB activation in SW620 cells, which
suggests that the activation of NF-nB/IKK – dependent
caspase-3 could represent a significant signal during
epothilone-induced apoptosis. In agreement with this
finding, the significance of caspase activity during microtubulin-disrupting agent – induced apoptosis has been
reported during the nocodazole-induced apoptosis of
lymphocytic leukemia cells (40).
Summarizing, epothilone treatment seems to lead to IKK
activity enhancement, which causes InB degradation.
Released cytoplasmic NF-nB (p50) then translocates to the
nucleus, where it functions as an important transcription
factor and regulates cell death genes. These results suggest
that epothilones induce apoptosis via the activation of
NF-nB/IKK signaling pathway in a tubulin polymerization–
independent manner.
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