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Abstract Taxol affects microtubule dynamics by promoting microtubule assembly. To obtain a better insight into
possible cross-talk between the microtubule- and actin-based cytoskeletons, we studied the short-term effects of Taxol
treatment on the expression of actin and the E-cadherin/catenin complex in the nasopharyngeal carcinoma cell line TW-039
using immunofluorescence, immunoprecipitation, and immunoblotting methods. Morphologic changes in actin filaments,
including ventral actin clumps and perijunctional actin blebs, were seen at Taxol concentrations $1 mM. Levels of
detergent-soluble E-cadherin fell to 53% or 58% compared to controls in cells treated, respectively, with 1 or 5 mM Taxol,
while levels of detergent-soluble b-catenin fell to 76% or 74%. Levels of the detergent-soluble pool of a- and g-catenin and
the detergent-insoluble pool of the E-cadherin/catenin complex were unchanged by Taxol treatment and no significant
difference was seen in the levels of adenomatous polyposis coli or glycogen synthase-3b or tyrosine phosphorylation
patterns. These results suggest that modulation of microtubule dynamics by Taxol may have effects on the expression of actin
and the cytosolic E-cadherin and b-catenin in nasopharyngeal carcinoma cells through pathways not involving the
phosphorylation of b-catenin. J. Cell. Biochem. 79:542–556, 2000. © 2000 Wiley-Liss, Inc.
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Microtubules and actin filaments are cy-
toskeleton proteins that play crucial roles in
cell growth and division, motility, signaling,
and the development and maintenance of cell
shape. These cytoskeletal proteins are the tar-
gets of a growing number of anti-cancer drugs
[reviewed in Jordan and Wilson, 1998]. Pacli-
taxel (formulated as Taxol) is extracted from
the bark of the Pacific yew tree, Taxus brevifo-
lia, and from the needles and stems of this, and
other, Taxus species [Schief et al., 1979]. The
mechanism of action of Taxol on microtubule

assembly/disassembly has been largely eluci-
dated by Manfredi and Horwitz [1984]. In
vitro, Taxol promotes microtubule assembly
and binds preferentially to microtubules rather
than to tubulin dimers. It reduces the critical
concentration of tubulin required for polymer-
ization. Taxol-treated microtubules are stable
and resistant to disassembly, even after treat-
ment with calcium or low temperatures, both of
which usually promote this process [Manfredi
and Horwitz, 1984]. Cells exposed to Taxol ex-
hibit two distinct patterns of cellular microtu-
bules, either abundant arrays of disorganized
microtubules arranged in parallel “bundles,” or
abnormal mitotic asters that do not require
centrioles to form [Garcia et al., 1994]. Disrup-
tion of microtubule function blocks cell-cycle
progression in many cells at the prometaphase/
metaphase to anaphase transition—the mitotic
checkpoint. Intact cells treated with Taxol ac-
cumulate in the G2 and M phases of the cell
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cycle, and the progression of mitotic cells to G1
phase is also inhibited after Taxol treatment
[Long and Fairchild, 1994]. Mitotic block per-
sists for varying lengths of time, depending on
the cell type, though most cells ultimately exit
mitosis and undergo apoptosis [Jordan et al.,
1996; Woods et al., 1995]. In addition, Taxol
appears to induce a temporary G1 block in
nontransformed cells, whereas transformed
cells are not blocked and undergo apoptosis
[Trielli et al., 1996].

E-cadherin is a Ca21-dependent transmem-
brane glycoprotein responsible for establishing
physical cell-cell associations and is important in
tissue morphogenesis, cell polarity, and tumor
invasiveness [Takeichi, 1991; Mareel et al.,
1997]. Through its association with the catenins,
E-cadherin is indirectly linked to the actin-
based cytoskeleton, and the linkage between
E-cadherin and actin filaments is required for
the functional integrity of E-cadherin [Tsukita et
al., 1992]. Among the catenins, b-catenin directly
binds to the cytoplasmic region of E-cadherin and
is responsible for homeostasis of the E-cadherin/
catenin complex. The activities of b-catenin are
controlled by three types of interactions: in the
adherens junction, where it binds to cadherins,
linking them to the actin cytoskeleton; in the
nucleus, where it binds to transcriptional factors
and stimulates gene expression; and in the cyto-
plasm, where free cytoplasmic b-catenin inter-
acts with axin and adenomatous polyposis coli
(APC) protein, which target it for degradation
[reviewed in Ben-Ze’ev and Geiger, 1998]. The
cellular levels of b-catenin are constitutively
down-regulated by a component of the Wnt sig-
naling pathway, glycogen synthase kinase (GSK)
3b. APC protein can form complexes with GSK,
b-catenin, and possibly other members of the
axin family. Nathke and colleagues [1996]
showed that APC protein is localized in punctate
clusters near the ends of microtubules that pro-
trude into actively migrating membrane struc-
tures. Phosphorylation of APC and b-catenin is
involved in their reciprocal interaction and in the
degradation of b-catenin [Rubinfeld et al., 1996].

Cross-talk between the microtubule-based and
actin-based cytoskeletons is an interesting issue.
It was not until the last decade that it was clearly
shown that these two cytoskeletal systems are
closely associated. Yap and colleagues [1995]
demonstrated that the continuous staining pat-
terns of ZO-1 and E-cadherin in cell-cell junc-
tions are disrupted following administration of

the microtubule-depolymerizing agent, colchi-
cine, raising the possibility that modulation of
microtubules might have effects on the actin-
based cytoskeleton and junctional complexes. Be-
cause b-catenin is known to be a component of
both microtubule-based and actin-based com-
plexes and to be important in maintaining the
homeostasis of the E-cadherin/catenin/actin com-
plex, we postulated that modulation of microtu-
bules by Taxol might have effects on the
E-cadherin/catenin/actin complex. In the present
study, we used immunofluorescence microscopy,
immunoprecipitation, and immunoblot analyses
to examine the short-term effect of Taxol treat-
ment on the distribution and expression of the
E-cadherin/catenin/actin complex in a nasopha-
ryngeal carcinoma (NPC) cell line, TW-039 [Lou
et al., 2000]. The results show that, at high con-
centrations ($ 1 mM), Taxol reduces the
detergent-soluble pools of E-cadherin and
b-catenin. Morphologic changes in actin fila-
ments are also noted at these high concentra-
tions. In contrast, the detergent-insoluble pool of
the E-cadherin/catenin complex is unaffected by
Taxol treatment.

MATERIALS AND METHODS

Cell Culture

The NPC cell line, TW-039 [Lin et al., 1990],
was maintained at a low cell density and grown
in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1.8 mM Ca21 and 10% fe-
tal calf serum (FCS) (high calcium medium,
HCM) in a 5% CO2 incubator at 37°C. Cells at
confluent density (1 3 106 cells/cm2) were
plated on coverslips in 35-mm Petri dishes or
25-cm2 flasks (Costar, Corning, NY) and grown
in DMEM containing 5 mM Ca21 and 10% FCS
(low calcium medium, LCM) for the subsequent
Taxol treatment. Cells grown on coverslips
were processed for immunofluorescence mi-
croscopy, while those grown in flasks were used
in immunoprecipitation and immunoblotting
studies. All the data presented were obtained
from at least three independent experiments.

Antibodies

Mouse monoclonal antibodies against
E-cadherin (C20820) or b-catenin (C19220)
were purchased from Transduction Laborato-
ries (Lexington, KY). Rabbit anti-b-catenin
(C-2206) and anti-a-catenin (C-2801) antisera,
mouse monoclonal antibodies against plakoglo-
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bin (g-catenin; P-8087), phosphoserine
(P-3430), or phosphotyrosine (P-3300), and
TRITC-conjugated phalloidin were purchased
from Sigma (St. Louis, MO). Mouse monoclonal
antibodies against APC, GSK-3, or b-tubulin
were purchased, respectively, from Oncogene
(Cambridge, MA), Upstate Biotechnology
(Lake Placid, NY), and the Developmental
Studies Hybridoma Bank (Iowa City, IA).

Taxol Treatment of Cells

Cells to be treated with Taxol were cultured
in LCM for 24–36 h, then various concentra-
tions of Taxol [Sigma; 0.1–10 mM in dimethyl
sulfoxide (DMSO)] were added as a pretreat-
ment. After 30 min, the LCM was replaced
with HCM containing the same concentration
of Taxol as that used for pretreatment, and
incubation continued for another 2 h. The cells
were then harvested for testing. Control cells
were treated with DMSO and processed in the
same way as the Taxol-treated cells.

Cell Viability Assay

Triplicate cell cultures were grown on 96-well
plates (2,000 cells/well) in LCM for 24–36 h prior
to Taxol addition. The protocol for Taxol treat-
ment was the same as that described above. Af-
ter treatment, the Taxol-containing HCM was
completely removed by washing with DMEM.
Fifty microliters of 3-(4,5-dimethyltiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma),
dissolved in DMEM (2 mg/ml) and filter-
sterilized, was then added to each well [Twenty-
man and Luscombe, 1987; Carmichael et al.,
1987]. After a further 4 h incubation period, the
medium was aspirated as completely as possible
without disturbing the formazan crystals and
cells on the plastic surface. Then, 200 ml of
DMSO was added to each well and the plates
were shaken on a plate shaker for 5 min before
the optical density at 540 nm was read using a
scanning multiwell enzyme-linked immunosor-
bent assay reader (Microplate Autoreader
EL311, Bio-Tek Instruments Inc., Winooski, VT).

Immunocytochemistry

Immunofluorescence staining was performed
as described previously [Lou et al., 2000], with
slight modification. All antibody reactions were
at 37°C, while all other manipulations were at
room temperature. Cells grown on coverslips
were washed briefly in phosphate-buffered sa-

line (PBS), then fixed in methanol or 10% for-
malin. After a PBS wash, the cells were incu-
bated for 2 h with primary antibodies. After
thorough washing, bound primary antibodies
were visualized by incubation for 1 h at 37°C
with species-specific FITC- or Texas red-
conjugated secondary antibodies (Vector, Bur-
lingame, CA). The cells were then extensively
washed, mounted on a slide using PBS contain-
ing 2% n-propyl gallate and 60% glycerol,
pH 8.0, sealed with nail polish, viewed using a
Zeiss Axiophot microscope (Carl Zeiss, Oberko-
cheu, Germany) equipped with epifluorescence,
and photographed using Kodak T-Max 400 film.

Detergent Extraction of Cells

Cells plated on 25-cm2 flasks were processed
for Taxol treatment as above. They were then
washed three times with ice-cold CSK buffer
(50 mM NaCl, 10 mM Pipes, 3 mM MgCl2,
300 mM sucrose, 1.2 mM PMSF, 10 mg/ml of
leupeptin, pH 6.8), transferred into an Eppendorf
microtube by scraping with a cell scraper, then
centrifuged at 14,000g for 5 min. The superna-
tant was discarded and 100 ml of 0.5% Triton
X-100 (TX-100) in CSK buffer was added to the
pellet, then the samples were incubated for
10 min with gentle pipetting before being centri-
fuged at 14,000g for 30 min. Sample buffer (2X
Laemmli) was added to the supernatant to a
total volume of 250 ml; this was then used as the
detergent-soluble fraction, and the pellet was dis-
solved in 250 ml of 1X Laemmli sample buffer
and used as the detergent-insoluble fraction [Lou
et al., 2000; Pasdar and Nelson, 1988]. Both frac-
tions were then subjected to 10% sodium
dodecylsulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and processed for immuno-
blotting.

Immunoprecipitation

Immunoprecipitation was performed as de-
scribed previously [Lou et al., 2000]. Control
and Taxol-treated cells in 25-cm2 flasks were
washed three times with ice-cold PBS, then
each flask was extracted for 30 min at 0°C with
1 ml of detergent solution (10 mM Tris-HCl,
pH 7.5, 0.5% NP-40, 1 mM EDTA, and 1 mM
PMSF). Insoluble material was removed by
centrifugation at 12,000g for 10 min. The su-
pernatant was transferred to a new microtube
and mixed with 2 mg of monoclonal anti-b-
catenin or anti-APC antibody at 4°C. After 1 h,
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100 ml of protein G-sepharose bead slurry
(50 ml of packed beads; Pharmacia, Uppsala,
Sweden) was added and mixing continued for a
further 30 min at 4°C, then the sepharose-
bound immune complexes were collected by
centrifugation at 14,000g for 1 min at 4°C. The
beads were then washed five times with deter-
gent solution, the pellets boiled in Laemmli
sample buffer for 5 min at 95°C, and the super-
natant collected and processed for SDS-PAGE.

Immunoblotting

Proteins from cell extracts or immunopre-
cipitates were separated on SDS-PAGE and
transferred electrophoretically to PROTRANE
BA85 nitrocellulose membranes (Schleicher &
Schuell Inc., Keene, NH). The membranes were
blocked with 5% skimmed milk and the pro-
teins of interest detected using specific mono-
clonal or polyclonal antibodies as indicated, fol-
lowed by alkaline phosphatase-conjugated goat
anti-rabbit or anti-mouse IgG (Promega, Mad-
ison, WI), as appropriate. Immunoreactive
bands were visualized by substrate develop-
ment using nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate. Quanti-
fication of staining was by densitometry (IS-
1000 Digital Imaging System).

RESULTS

TW-039 cells were rendered contact naı̈ve by
consecutive platings at low density (Fig. 1A).
The cells were then plated at confluent density
in LCM for 24–36 h and incubated in the pres-
ence of various concentrations of Taxol for a
further 30 min as a pretreatment. Cell-cell con-
tacts were then synchronously induced by
switching the medium to Taxol-containing
HCM for 2 h, after which the cells were har-
vested for testing.

MTT Colorimetric Cell Viability Assay

To evaluate the short-term effects of Taxol
treatment on the expression of the E-cadherin/
catenin/actin complex, it was important to de-
termine an optimal concentration of Taxol that
would not affect the viability of TW-039 cells
using the present experiment protocol. We
therefore used the MTT colorimetric cell viabil-
ity assay, a valid and simple method of assess-
ing chemosensitivity in established cell lines
[Carmichael et al., 1987], to assess the viability
of TW-039 cells treated with different concen-

trations of Taxol. As shown in Figure 1B, cell
viability was not affected by concentrations of
Taxol #5 mM. Concentrations of 0.1, 1, and
5 mM were selected for further experiments.

High Concentrations of Taxol Induce Rounding-
Up of TW-039 Cells

In living cells, cytoskeleton proteins are im-
portant in maintaining cell shape. To investi-
gate the influence of microtubule modulation
on the actin-based cytoskeleton complex, we
examined the effect of Taxol on epithelial mor-
phology and actin expression in confluent TW-
039 monolayers. No significant morphologic
difference was found between control cells and
cells treated with a low concentration (0.1 mM)
of Taxol (Fig. 2A–2D). In contrast, exposure to
high concentrations (1 and 5 mM) of Taxol in-
duced striking morphologic changes in mono-

Fig. 1. Dose-dependent effects of Taxol on viability of naso-
pharyngeal carcinoma cell line TW-039. TW-039 cells were
rendered contact naı̈ve by consecutive platings at low density.
The cells were plated at confluent density in low calcium
medium for 24–36 h, incubated with different concentrations
of Taxol for 30 min as a pretreatment, then placed in a Taxol-
containing high calcium medium for another 2 h as outlined in
the schematic time line (A). B: Viability of TW-039 cells after
treatment with different concentrations of Taxol. The error bars
represent the coefficient of variation for results obtained from
triplicate wells. The x axis represents the Taxol concentrations.
The y axis represents the surviving fraction of TW-039 cells as
determined by MTT assay.
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Fig. 2. Phase contrast microscopy showing Taxol-induced morphologic changes in TW-039 cells. TW-039 cells
were plated at confluent density in low calcium medium for 24–36 h (A) as outlined in Fig. 1A and were then
incubated with different concentrations of Taxol for 30 min as a pretreatment. C, E, and G represent cells treated with
0.1, 1, or 5 mM Taxol, respectively, after the pretreatment. B, D, F, and H represent cells treated with 0, 0.1, 1, and
5 mM of Taxol, respectively, 2 h after calcium elevation. Bar 5 50 mm.
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layer organization (Fig. 2E–2H). Reduction of
the cell areas was seen in cells treated with
1 mM Taxol (Fig. 2E and 2F) and further
rounding-up of cells is seen with 5 mM Taxol
(Fig. 2G and 2H).

Effect of Taxol on Microtubule Architecture and
APC Distribution

Previous studies have demonstrated that dif-
ferent microtubular arrangements are seen in
different cell lines following treatment with tax-
oids: microtubular bundles being seen in inter-
phase cells and asters in mitotic cells [Garcia et
al., 1994]. In the present study, control cells ex-
hibited delicate arrays of microtubules through-
out the cytoplasm (Fig. 3A). When cells were
cultured in the presence of Taxol, the microtu-
bules became markedly disrupted (Fig. 3C, 3E,
3G). Taxol at both low (0.1 mM) and high (1 mM)
concentrations induced the formation of large mi-
crotubule bundles (Fig. 3C, 3E). At an even
higher concentration (5 mM), Taxol disrupted the
microtubular networks, resulting in discrete fil-
amentous segments (Fig. 3G). However, using
the present experimental protocol, the microtu-
bular asters noted in other studies were not seen.
In TW-039 cells, the APC protein exhibited a
diffuse cytosolic punctuate staining that did not
show marked changes after Taxol treatment
(Fig. 3B, 3D, 3F, 3H).

Effect of Taxol on the Distribution of Actin
Filaments

Because high concentrations (1 and 5 mM) of
Taxol induced rounding-up of TW-039 cells, it
was important to check the effect of Taxol on
the distribution of actin, a major cytoskeleton
protein involved in maintaining cell shape. In
control (Fig. 4A) and 0.1 mM Taxol-treated
(Fig. 4C) cells, actin bundles formed stress fi-
bers that traversed the ventral cell-substratum
interfaces. In the focal plane of the cell-cell
contacts, cortical actin was seen to be concen-
trated at perijunctional areas, exhibiting a typ-
ical honeycomb pattern in both control (Fig.
4B) and 0.1 mM Taxol-treated (Fig. 4D) cells. In
marked contrast, when the Taxol concentra-
tion was increased to 1 mM, the ventral stress
fibers were disrupted into large aggregates of
actin clumps (Fig. 4E), and intercellular space
widening and perijunctional actin blebs were
also noted (Fig. 4F). At an even higher concen-
tration (5 mM) of Taxol, the actin clumps be-

came smaller and more dispersed (Fig. 4G); the
cortical actin still encircled the cells, although
the cell areas were clearly reduced (Fig. 4H).

Immunocytochemical Staining of the E-cadherin,
a-, b-, and g-Catenin Complex in Taxol-Treated

TW-039 Cells

Isolated epithelial cells commonly contain
large intracellular pools of E-cadherin and
catenins that appear to be recruited to the cell
surface following cell-cell contact. Madin-
Darby canine kidney (MDCK) cells do not form
cell-cell contacts in growth media containing
low calcium (5 mM) because the calcium-
dependent cadherin molecule is inactivated
[Pasdar and Nelson, 1988]. Similar results
were seen in TW-039 cells in the present study.
After 24-h incubation in LCM, the distribution
of E-cadherin remained cytosolic and no junc-
tional staining was seen (Fig. 5). Two hours
after transfer to HCM, both E-cadherin and the
catenins were recruited to cell-cell contact
sites, while still maintaining a cytosolic distri-
bution (Fig. 6A, 6E, 6I, 6M). These calcium-
induced cell-cell contacts were not affected by
treatment with a low concentration of Taxol
(Fig. 6B, 6F, 6J, 6N). However, when the Taxol
concentration was increased, the cells
rounded-up and became separated from one
another (Fig. 6C, 6D, 6G, 6H, 6K, 6L, 6O, 6P),
and E-cadherin (Fig. 6C, 6D) and the catenins
(Fig. 6G, 6H, 6K, 6L, 6O, 6P) became concen-
trated at the cell-membrane and cell-cell con-
tact sites.

Taxol Reduces the Detergent-Soluble Pools of
E-Cadherin and b-Catenin

To further investigate the quantitative
changes in the E-cadherin/catenin complex, we
performed immunoblot and subsequent densi-
tometric analyses. Equivalent aliquots of pro-
teins from whole cell lysates of TW-039 cells
were separated on polyacrylamide gels, trans-
blotted, and probed with antibodies specific for
E-cadherin or a-, b-, or g-catenin. In cells
treated with high concentrations (1 or 5 mM) of
Taxol, there was reduced expression of
E-cadherin and b-catenin, but no change in the
expression of a- and g-catenin (data not
shown). It is well documented that, in living
cells, E-cadherin and the catenins are present
in two separate pools, with the cytoskeleton-
bound cadherin/catenin complex being resis-
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Fig. 3. Immunofluorescence staining for b-tubulin and adenomatous polyposis coli (APC) protein in control and
Taxol-treated TW-039 cells. TW-039 cells were treated with 0 (A, B), 0.1 (C, D), 1 (E, F), or 5 (G, H) mM Taxol and
were then fixed and immunolabeled with anti-b-tubulin (A, C, E, G) or anti-APC protein (B, D, F, H) antibodies 2 h
after calcium elevation. Taxol induced bundling of the filamentous microtubules (arrows in C and E) and these
bundles were disrupted into discrete segments (arrows in G) at a Taxol concentration of 5 mM. Bar 5 10 mm.
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Fig. 4. Distribution of actin filaments in control and Taxol-treated TW-039 cells. TW-039 cells were treated with
0 (A, B), 0.1 (C, D), 1 (E, F), or 5 (G, H) mM of Taxol, fixed with 10% formalin, and labeled with TRITC-conjugated
phalloidin 2 h after calcium elevation. Images were focused on the ventral surfaces (A, C, E, G) and the cell-cell
contact sites (B, D, F, H) of confluent cells. The large arrows in A, C, E, and G indicate ventral actin filaments, and
the large arrows in B, D, F, and H indicate perijunctional actin. The arrowheads in E and G indicate actin clumps.
Membrane blebbing (small arrows in F) and intercellular space widening (arrowheads in F) were noted when the
Taxol concentration was 1 mM. Bar 5 10 mm.
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tant to TX-100 extraction, whereas the free
cytosolic cadherins and catenins are TX-100
soluble [Pasdar and Nelson, 1988; McNeill et
al., 1993]. To study quantitative changes in
E-cadherin and b-catenin in these two different
pools, we performed TX-100 extraction on con-
trol and Taxol-treated cells, followed by immu-
noblotting experiments (Fig. 7). Densitometric
analysis of the TX-100-soluble pools demon-
strated levels of E-cadherin and b-catenin to
be, respectively, 110% and 94% of control levels
in cells treated with 0.1 mM Taxol (Fig. 7A). In
contrast, in cells treated with 1 or 5 mM Taxol,
the level of E-cadherin fell to 53% (Bonferroni
t-test, n 5 3, P , 0.01) or 58% (P , 0.01),
respectively, whereas the level of b-catenin fell
to 76% (P , 0.05) or 74% (P , 0.05) (Fig. 7A).
TX-100-soluble pools of a- and g-catenin (Fig.
7A) and TX-100-insoluble pools of E-cadherin
and catenins (Fig. 7B) were unchanged.

APC and GSK-3b Expression and Tyrosine
Phosphorylation of b-Catenin are Unchanged

After Taxol Treatment

The tumor suppressor protein, APC, is
microtubule-bound and is involved in the degra-
dation of free cytoplasmic b-catenin [Ben-Ze’ev
and Geiger, 1998]. An immunoprecipitation
study was therefore carried out to evaluate the
association of microtubules, APC, and b-catenin.
Immunoblot/densitometric analyses of b-tubulin
coimmunoprecipitated with APC showed
b-tubulin levels of 103%, 14% (P , 0.01), or 13%
(P , 0.01), respectively, in cells treated with
0.1, 1, or 5mM Taxol. Similar tests using anti-

b-catenin antibodies gave corresponding val-
ues of 101%, 9% (P , 0.01), or 9% (P , 0.01)
(Fig. 8A). No E-cadherin immunoreactivity was
found in APC immunoprecipitates in either
control or Taxol-treated cells (data not shown).
The level of APC protein was unchanged after
Taxol treatment (Fig. 8B). Free cytoplasmic
b-catenins can be degraded both by tyrosine or
serine phosphorylation through GSK-3b [Ben-
Ze’ev and Geiger, 1998]. Taxol treatment had
no apparent effect on the tyrosine (arrow, Fig.
9) and serine (data not shown) phosphorylation
pattern of b-catenin in TW-039 cells. Immuno-
precipitation of b-catenin and subsequent
probing with anti-phosphotyrosine antibodies
also failed to detect tyrosine-phosphorylated
b-catenin in either control or Taxol-treated
cells (data not shown). GSK-3b expression was
also unchanged following Taxol treatment
(Fig. 9).

DISCUSSION

Taxol is an important chemotherapeutic
agent used in the treatment of many types of
cancers. By modulating microtubule dynamics,
Taxol blocks cell-cycle progression and induces
apoptosis. Because the doubling time of TW-
039 cells is relatively short (about 10.5 h) [Lin
et al., 1990], we focused on the short-term ef-
fects of Taxol on the E-cadherin/catenin/actin
complex when the cells were not undergoing
mitosis. Previous immunofluorescence micros-
copy studies have demonstrated that the most
visible effect of Taxol on cells is the formation
of microtubule bundles in interphase cells and

Fig. 5. Distribution of E-cadherin and actin filaments in TW-039 cells in low calcium medium (LCM). TW-039 cells
were incubated in LCM for 24 h, fixed with 10% formalin, and immunolabeled with a mouse anti-E-cadherin (A)
antibody and an FITC-conjugated goat anti-mouse IgG secondary antibody and double-labeled with TRITC-
conjugated phalloidin (B). No junctional staining of E-cadherin was observed. Bar 5 20 mm.
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Fig. 6. Immunofluorescence staining for E-cadherin and a-, b-, or g-catenin in control and Taxol-treated TW-039
cells. TW-039 cells were treated with 0 (A, E, I, M), 0.1 (B, F, J, N), 1 (C, G, K, O), and 5 (D, H, L, P) mM Taxol, fixed,
and immunolabeled with anti-E-cadherin (A–D), anti-a-catenin (E–H), anti-b-catenin (I–L), or anti-g-catenin (M–P)
antibodies 2 h after calcium elevation. The arrows show examples of membrane staining for E-cadherin (C, D),
a-catenin (G, H), b-catenin (K, L), and g-catenin (O, P), respectively, in nonjunctional areas (not cell-cell contact
sites). Bar 5 20 mm.
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spindle asters during mitosis [Manfredi and
Horwitz, 1984; Garcia et al., 1994; Long and
Fairchild, 1994]. In the present study, large
microtubule bundles formed following treat-
ment with either low (0.1 mM) or high (1 mM)
concentrations of Taxol. Furthermore, no spin-
dle asters were found in control or Taxol-
treated TW-039 cells, confirming that, using
the present experimental protocol, the cells
were not entering M phase. Although the effect
of Taxol on the reorganization of microtubules
is both concentration- and time-dependent

[Manfredi and Horwitz, 1984; Garcia et al.,
1994], the mechanism by which Taxol induces
microtubular bundle formation has not been
fully established. The formation of microtubule
bundles seen in this study in TW-039 cells
treated with either low (0.1 mM) or high (1 mM)
concentrations of Taxol is in good agreement
with the results of previous studies [Manfredi
and Horwitz, 1984; Garcia et al., 1994]. How-
ever, when an even higher concentration
(5 mM) of Taxol was used, discrete segments of
microtubule were observed instead of large mi-
crotubule bundles. The dramatic morphologic
changes in the cells induced by the high con-
centration of Taxol (Fig. 2G, 2H) may be attrib-
uted to microtubule fragmentation and con-
comitant changes in actin filaments (Fig.
4G, 4H).

The integrity of the microtubule cytoskeleton
is known to be involved in the generation of cell
polarity and in membrane vesicle targeting
[Grindstaff et al., 1998; Gilbert et al., 1991;
Matter et al., 1990]. Many previous studies
have shown microtubular involvement in pro-
tein targeting to the apical plasma membrane
[Grindstaff et al., 1998; Gilbert et al., 1991;

Fig. 7. Immunoblot analysis of detergent-soluble and
detergent-insoluble pools of the E-cadherin/catenin complex in
control and Taxol-treated TW-039 cells. TW-039 cells were
treated with 0 (lane a), 0.1 (lane b), 1 (lane c), and 5 (lane d) mM
Taxol and subjected to TX-100 extraction, yielding detergent-
soluble (A) and detergent-insoluble (B) pools of proteins. Equiv-
alent aliquots of each fraction were separated on gels, trans-
blotted, and probed with antibodies specific for E-cadherin, a-,
b-, or g-catenin, as indicated.

Fig. 8. Immunoblot analysis of the b-catenin/adenomatous
polyposis coli (APC)/microtubule complex in control and
Taxol-treated TW-039 cells. TW-039 cells were treated with 0
(lane a), 0.1 (lane b), 1 (lane c), and 5 (lane d) mM Taxol and
immunoprecipitated (IP) with antibodies specific for APC (A).
Equivalent aliquots of each fraction were separated on 10%
SDS-PAGE, transblotted, and probed with antibodies specific
for b-tubulin (b-tub) or b-catenin (b-cat) as indicated. B: Equiv-
alent aliquots of total proteins of TW-039 cells were separated
on 5% SDS-PAGE, transblotted, and probed with anti-APC
protein antibodies.

552 Lou et al.



Sauders and Limbird, 1997]. However, there is
debate regarding microtubular involvement in
protein delivery to the basolateral plasma
membrane, the domain containing the adher-
ens junction in epithelial cells. In MDCK cells,
microtubule disruption by low temperature
and nocodazole results in a '30% reduction in
the amount of newly synthesized E-cadherin
delivered to the basolateral plasma membrane
[Grindstaff et al., 1998]. In cultured thymo-
cytes, microtubule depolymerization by colchi-
cine causes disruption of tight junctions and
adherens junctions, and results in discontinu-
ous staining for ZO-1 and E-cadherin [Yap et
al., 1995]. However, other studies found micro-
tubule disruption to have no effect on basolat-
eral plasma membrane protein delivery [Gil-
bert et al., 1991; Sauders and Limbird, 1997].
Our immunofluorescence microscopy study
showed that although Taxol (1 or 5 mM) in-
duced TW-039 cells to separate from one an-
other, circular staining for E-cadherin and
catenins was still seen at the cell membrane.
This staining pattern coincided with the actin
staining pattern in Taxol-treated cells (Fig. 4F,
4H). In individual motile cells, actin filaments
are continually polymerized at the free cell

edge of the cell lamellae and depolymerized in
a transition zone between the cell body and
lamellae [Adams et al., 1998]. This transition
zone is characterized by a conspicuous contin-
uous ring of actin, called the circumferential
actin cable, which is associated with the adhe-
rens junction of polarized epithelial cells
[Hirano et al., 1987; Adams et al., 1998]. Be-
cause E-cadherin and the catenins are linked
to the actin-based cytoskeleton [Tsukita et al.,
1992], the circular staining pattern of
E-cadherin and the catenins seen in the
present study may represent the complex
formed between these intercellular junctional
proteins and the circumferential actin cables.
Taken together, these results suggest that the
modulation of microtubule dynamics by Taxol
did not affect the formation of the E-cadherin/
catenin/actin complex at the adherens junction
of TW-039 cells.

The cadherin/catenin/actin complex at the cell-
cell junction is resistant to TX-100 extraction,
whereas the free cytosolic cadherin and catenins
are TX-100 soluble [Pasdar and Nelson, 1988;
McNeill et al., 1993]. In the present study,
immunoblot/densitometric analyses showed that
levels of the TX-100-insoluble pools of E-cadherin
and the catenins were unchanged following
Taxol treatment, supporting the immunostain-
ing findings that the formation of the E-cadherin/
catenin/actin complex is unaffected by Taxol us-
ing the present experimental protocol. In
contrast, following treatment with Taxol at con-
centrations of 1 or 5 mM, levels of the TX-100-
soluble pools of E-cadherin and b-catenin were,
respectively, reduced by 47% and 24% in cells
treated with 1 mM Taxol, and by 42% and 26% in
cells treated with 5 mM Taxol. These results in-
dicate that, at high concentrations (1 or 5 mM),
Taxol causes '45% reduction in cytosolic
E-cadherin and 25% reduction in cytosolic
b-catenin, an E-cadherin/b-catenin reduction ra-
tio of about 1.8:1. This agrees with the results of
a previous study by Hinck and colleagues [1994]
on the stoichiometry of the cadherin/catenin com-
plex that demonstrated the molecular ratio of
E-cadherin:b-catenin in the TX-100-soluble frac-
tion, with or without chemical cross-linking, to be
1:0.5. The question then arises why levels of a-
and g-catenin are not affected by Taxol. In the
same study, Hinck and colleagues [1994] showed
that, immediately after synthesis, the cadherin/
b-catenin and cadherin/g-catenin complexes are
found in the TX-100-soluble fraction. In contrast,

Fig. 9. Immunoblot analysis of phosphotyrosine and glycogen
synthase kinase (GSK) in control and Taxol-treated TW-039
cells. TW-039 cells were treated with 0 (lane a), 0.1 (lane b), 1
(lane c), and 5 (lane d) mM Taxol. Equivalent aliquots of each
fraction were separated on 10% SDS-PAGE and transblotted.
The nitrocellulose membrane was cut into two pieces and the
upper half probed with antibodies specific for phosphotyrosine
(P’tyr) and the lower half with antibodies specific for GSK-3.
The numbers on the left indicate the positions of molecular
mass markers in kilodaltons. The arrow indicates the position of
b-catenin.
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a-catenin does not associate with the E-cadherin/
b-catenin until the complex reaches the cell
membrane, and so is found in the TX-100-
insoluble fraction [Hinck et al., 1994]. If the effect
of Taxol is on the assembly or degradation of
the cadherin/catenin complex in the cytosol,
a-catenin may therefore not be affected, since it
is not part of the cytosolic cadherin/catenin com-
plex. In addition, because only a small proportion
of the g-catenin is associated with E-cadherin in
the TX-100-soluble fraction [Hinck et al., 1994],
any effects of Taxol on the cytosolic cadherin/
catenin complex may be too small to influence
the level of g-catenin. However, we cannot ex-
clude the possibility that the expression of
E-cadherin and b-catenin may be selectively reg-
ulated at high Taxol concentrations.

Homeostasis between the E-cadherin/catenin/
actin and b-catenin/APC/GSK-3b complexes is
the key regulator of cellular levels of E-cadherin
and b-catenin [Ilyas and Tomlinson, 1997; Ben-
Ze’ev and Geiger, 1998]. Formation of the
b-catenin/APC/GSK-3b complex results in the
subsequent proteolytic degradation of b-catenin.
Because APC protein is closely associated with
the microtubules, and because Taxol modulates
the dynamics of, and results in dramatic morpho-
logical changes in, microtubules, it is reasonable
to speculate that the expression of APC protein
or its binding to b-catenin may also be affected.
Immunofluorescence microscopy and immuno-
blot analyses showed that neither the staining
pattern (Fig. 3B, 3D, 3F, 3H) nor the expression
levels of APC (Fig. 8B) were altered following
Taxol treatment. If the observed reduction in cy-
tosolic b-catenin occurs through association with
APC protein and subsequent degradation, one
would anticipate an increased binding of APC
protein and b-catenin at high concentrations of
Taxol. However, immunoprecipitation and im-
munoblot analyses showed that the binding of
APC protein to both b-tubulin and b-catenin was
decreased by treatment with high concentrations
of Taxol (Fig. 8A). It has also been reported that
activation of GSK-3b may phosphorylate APC
protein, thus enhancing its efficiency for degrad-
ing b-catenin [Rubinfeld et al., 1996; Ilyas and
Tomlinson, 1997]. In the present study, levels of
GSK-3b (Fig. 9, lower panel) and its phosphory-
lation pattern (data not shown) were both un-
changed in TW-039 cells. The serine phosphory-
lation pattern of b-catenin was also unchanged
(data not shown). In addition to phosphorylation
at serine or threonine residues, phosphorylation

of b-catenin at tyrosine residues can also regu-
late the expression and function of the cadherin/
catenin complex [reviewed in Daniel and Reyn-
olds, 1997]. However, in the present study, the
tyrosine phosphorylation pattern of cells was
also unchanged following Taxol treatment (Fig.
9, upper panel). Our results imply that, in TW-
039 cells, modulation of microtubule dynamics by
Taxol reduces the cytosolic E-cadherin and
b-catenin through pathways not involving
b-catenin phosphorylation.

The mechanism by which Taxol induces mor-
phologic changes in the actin cytoskeleton is
also intriguing. Historically, actin filaments
and microtubule arrays have been viewed as
constituting separate cytoskeletal systems.
However, a growing number of observations
show that these two filament systems may be
closely associated. For example, the identifica-
tion of microtubule actin cross-linking factors
[Leung et al., 1999] and microtubule-bound
small G-proteins [Hotta et al., 1996; Tian et al.,
2000; Best et al., 1996] may provide a func-
tional link between these two filament sys-
tems. Ren and colleagues [1998] have reported
that GEF-H1, a member of the Dbl family,
colocalizes with microtubules through the
carboxyl-terminal coiled-coil domain and that
overexpression of GEF-H1 in COS-7 cells re-
sults in Rac activation and subsequent reorga-
nization of the actin filaments. Another study
on the Dbl-related protein, Lfc, by Glaven and
colleagues [1999] showed that the pleckstrin
homology domain-mediated localization of Lfc
to microtubules enables the recruitment of Rac
to its signaling targets, resulting in c-Jun ki-
nase activation and actin cytoskeletal changes.
Based on these observations, a possible mech-
anism for the morphologic changes in the actin
cytoskeleton seen in the present study may be
through the effects of Taxol on the cross-
linking factors and/or these small G-proteins.
Further studies are needed to examine this
question.

In this study, we have shown that high con-
centrations of Taxol affect the actin cytoskele-
ton and reduce levels of cytosolic E-cadherin
and b-catenin in TW-039 cells. In contrast, the
formation of the E-cadherin/catenin/actin com-
plex at the adherens junction in these cells is
not affected by Taxol. Although the effects of
Taxol on cells are not fully understood, our
study demonstrated a cross-talk between the
microtubule- and actin-based cytoskeletal com-
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partments. The mechanism by which Taxol in-
duces morphologic changes in actin filaments
is still unclear and further studies on Taxol-
related effects on microtubule-actin cross-
linking proteins and small G-proteins will be
key steps in elucidating this point.
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