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Abstract

The A549 Taxol-resistant cell lines, A549-T12 and A549-T24, were
isolated in our laboratory, and are dependent on Taxol for normal growth.
The microtubules in these cells displayed increased dynamicity in the
absence of Taxol. In the present study, a heterozygous point mutation in
K�1-tubulin was discovered at �379 (Ser to Ser/Arg). Although Taxol
binds to �-tubulin in the microtubule, sequencing of �-tubulin class I did
not reveal any mutations. The expression of the �-tubulin mutation was
demonstrated using high-resolution isoelectric focusing and two-dimen-
sional gel analysis. Both the wild-type and mutant tubulin were expressed
in the Taxol-resistant cell lines. The region of �-tubulin that encompasses
�379 is near the COOH terminus that has been proposed as a site of
interaction with microtubule-associated protein (MAP) 4 and stathmin, a
tubulin-interacting protein. In the Taxol-resistant cells, the active non-
phosphorylated form of stathmin was increased �2-fold, whereas the
inactive phosphorylated forms were barely detected. The inactive phos-
phorylated forms of MAP4 were increased in the A549-T12 and A549-T24
cell lines. We hypothesize that these changes in tubulin/MAPs that result
in increased microtubule instability may be related to the �-tubulin
mutation and are compensated for by the stabilizing properties of Taxol.

Introduction

The development of clinical drug resistance poses a major obstacle
for the survival of cancer patients. Despite promising initial responses
to chemotherapy, many patients experience recurrence of the primary
tumor and/or metastases. The mechanisms of resistance to Taxol and
other microtubule-stabilizing agents that have been characterized pre-
viously in human cell lines include expression of the drug efflux
pump, P-glycoprotein (1), and mutations in the cellular target of
Taxol, �-tubulin (2–4). In addition, Taxol-resistant cell lines have
demonstrated alterations in their �-tubulin isotype levels (5–9). The
role of these various forms of Taxol resistance, particularly their
contribution to resistance in the cancer patient, is not clear.

Prior studies have examined Taxol resistance and dependence of
the human non-small cell lung carcinoma cell lines, A549-T12 and
A549-T24 (8, 10, 11). The A549-T12 cell line is 9-fold resistant to
Taxol and does not express P-glycoprotein. The A549-T24 cell line is
17-fold resistant to Taxol and does express low levels of P-glycopro-
tein. The accumulation of [3H]Taxol has been measured in A549-T24
cells, and no significant differences have been observed between the

parental and Taxol-resistant cell lines, suggesting that P-glycoprotein
does not play a major role in Taxol resistance in these cells.5 The
Taxol-resistant cell lines have demonstrated differences in mRNA
expression levels of the �-tubulin isotypes. In addition, an increase of
�-tubulin class III protein expression was measured in the A549-T24
cell line (8). These results suggested that increased expression of
specific �-tubulin isotypes might be associated with Taxol resistance.
Furthermore, a second study demonstrated that decreased expression
of �-tubulin class III by antisense treatment in A549-T24 cells re-
sulted in a modest increase in sensitivity to Taxol (12). The altered
expression of �-tubulin isotypes in these cells may influence micro-
tubule dynamics as has been shown to be true under in vitro condi-
tions (13), especially with regard to �-tubulin class III (14–16).

In addition to the above changes, the A549-T12 and A549-T24 cell
lines are dependent on Taxol for normal growth. When Taxol is
removed, the cells displayed a diminished microtubule cytoskeleton
and a block in the mitotic phase of the cell cycle that was reversed by
the addition of 2 nM Taxol (10). In the absence of Taxol, analysis of
the microtubule dynamics in the A549 Taxol-resistant cell lines dem-
onstrated an increase in dynamicity when compared with the A549
Taxol-sensitive cells (11). This may be related to alterations in the
expression of microtubule regulatory proteins such as stathmin and
MAP4,6 and of tubulin isotypes and/or mutations. In this paper the
mutational status of �- and �-tubulin was evaluated, together with the
expression of tubulin/microtubule-interacting proteins that are in-
volved in microtubule stability.

Materials and Methods

Materials. Taxol was obtained from the Drug Development Branch of the
National Cancer Institute (Bethesda, MD), and dissolved in sterile DMSO and
stored at �20°C. All of the other chemicals were obtained from Sigma (St.
Louis, MO) except where noted.

Cell Culture. A549, A549-T12 (grown in 12 nM Taxol) and A549-T24
(grown in 24 nM Taxol) were maintained as described previously (8). The
minimum requirement of drug for normal growth of A549-T12 was 2 nM, and
for A549-T24, 4 nM.

Tubulin Polymerization Assay. The ratio of soluble and polymerized
tubulin in A549 cell lines was determined using an assay described previously
(17). Before the experiment, A549-T12 and A549-T24 cells were maintained
for 1 week in 2 and 4 nM Taxol, respectively. The polymerized (P) and soluble
(S) tubulin fractions were subjected to 12% SDS-PAGE, transferred to nitro-
cellulose, and probed with a monoclonal antibody to �-tubulin (1:1000; Sigma;
clone DM1A) and a goat antimouse HRP-linked IgG secondary antibody
(1:2000; Transduction Laboratories, San Jose, CA). All of the blots were
visualized using enhanced chemiluminescence and quantitated by densitome-
try (Amersham Biosciences, Piscataway, NJ).
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Sequencing of �-Tubulin Class I Isotype. For RT-PCR and sequencing of
the �I isotype in A549 cell lines, four overlapping sets of primers were
designed based on the published sequence (GenBank accession no. AF070561)
and previously published primer sequences (2). Total RNA was isolated using
Total RNA isolation reagent (ABgene, Rochester, NY) and contaminating
DNA removed with RNase-free DNase I treatment (Boehringer Mannheim,
Indianapolis, IN) for 30 min at 37°C. Total RNA (1 �g) was reverse tran-
scribed and the cDNA used for RT-PCR. PCR-amplified products were puri-
fied using the QIAquick gel extraction kit (Qiagen, Valencia, CA). The amount
of cDNA was quantified, and �200 ng of cDNA, with 6 pmol of either primer,
forward or reverse, was sequenced using an automated DNA sequencing
system (ABI Prism).

Sequencing of �-Tubulin K�1 Isotype. For RT-PCR and sequencing of
the K�1 isotype in A549 cell lines, four overlapping sets of primers were
designed using the Oligo program (Molecular Biology Insights, Inc., Cascade,
CO), based on the published sequence (GenBank accession no. K00558). In
addition, a second forward primer was designed to confirm the presence of the
K�1 tubulin mutation (Table 1). The method described above for �-tubulin
was performed.

High-Resolution IEF and Two-Dimensional Gel Analysis. Cells were
grown to subconfluency in eight 100-mm dishes, washed once with PBS, and
then scraped using 1 ml of PBS. The cells were pelleted, yielding 0.3–0.4-ml
packed cells. The cell pellet was resuspended in 1.5 volume of MME buffer
{0.1 M 2-[N-morpholino] ethane sulfonic acid (pH 6.9), 1 mM MgCl2, and 1
mM EGTA} and frozen in liquid nitrogen. At the time of use, cell suspensions
were rapidly thawed and kept on ice. One-tenth volume of a 10-fold stock
solution of a protease inhibitor mixture (tablets; Boehringer Mannheim) in
MME buffer and 1 mM DTT were added. Cells were disrupted by sonication
7 � 30 s each with a 30-s rest interval on ice between sonications. The lysates
were centrifuged at 120,000 � g (Beckman TLA100.3 rotor) for 1 h at 4°C.
The supernatant (cytosolic extract) was transferred to a new tube, and the pellet
was discarded.

Taxol-stabilized microtubule pellets were isolated after the method of
Vallee (18). In brief, the supernatant was incubated for 20 min at 37°C in the
presence of 10 �M Taxol and 1 mM GTP. Reaction mixtures were transferred
to new tubes containing 0.1 ml of a 5% sucrose MME cushion containing 10
�M Taxol and 1 mM GTP. Samples were centrifuged at 80,000 � g for 30 min
at 37°C. The microtubule pellets were washed and resuspended in MME buffer
containing 0.35 M NaCl and 10 �M Taxol. Microtubules were centrifuged at
80,000 � g for 30 min at 37°C, and the pellets were frozen on dry ice and kept
at �70°C until use.

Microtubule pellets (containing approximately 100–200 �g protein) were
resuspended in 350 �l of solubilization buffer {7 M urea, 2 M thiourea, 4%
3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate, 0.5% Triton
X-100, 0.5% ampholyte-containing buffer (pH 4.5–5.5), 20 mM DTT, and
bromphenol blue} and loaded onto IPG 18 cm (pH 4.5–5.5) strips (Amersham
Biosciences), and run in an IPGphor IEF system. IPG strips were stored at
�20°C, stained with acid violet 17 (19), or equilibrated for 2D or electrotrans-
fer onto nitrocellulose. Before running the 2D, the strips were incubated in
equilibration buffer [50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2%
SDS, and bromphenol blue] for at least 30 min. The proteins on the IPG strips
were resolved on 10% SDS-polyacrylamide gels and transferred to nitrocel-
lulose. The blots were probed with �-tubulin (1:1000; Sigma; clone DM1A).

For the electrotransfer method, strips were incubated twice in equilibration
buffer [125 mM Tris-HCl (pH 6.8), 5% �-mercaptoethanol, and 1% SDS] for
20 min, then incubated in strip transfer buffer [25 mM Tris-HCl (pH 8.3) and
192 mM glycine] for 20 min. The strips were electrotransferred (�20 h) onto
nitrocellulose and probed with a rabbit anti-K�1-tubulin polyclonal antibody
(SRa1) or a rabbit anti-�6-tubulin polyclonal antibody (SRa6). The antibodies
SRa1 and SRa6 were prepared using chemically synthesized �-tubulin COOH
terminus peptides, GVDSVEGEGEE and GADSADGEDEG, respectively. A
Cys residue was added at the NH2 terminus of these peptides for their
conjugation to maleimide-activated keyhole limpet hemocyanin. Rabbit bleeds
were analyzed in our laboratory by ELISA, using the same K�1- and �6-
tubulin COOH-termini peptides conjugated to maleimide-activated BSA.

Stathmin and MAP4 Protein Analysis. Cell lysates were prepared for
determination of total stathmin as described above except that PEM buffer
[100 mM PIPES (pH 6.8), 2 mM EGTA, and 2 mM MgCl2] was used. The
protein content was quantified using the Bio-Rad protein assay (Hercules, CA)
and the samples subjected to 15% SDS-PAGE. Before the gels were trans-
ferred, the blots were probed with antistathmin and antiactin (polyclonal
stathmin 1:2500; Calbiochem, San Diego, CA; monoclonal actin 1:1000;
Sigma; clone AC-40) and either a donkey antirabbit HRP-linked IgG second-
ary antibody (for stathmin, 1:2000; Amersham Biosciences) or a goat anti-
mouse HRP-linked IgG secondary antibody (for actin, 1:2000; Transduction
Laboratories). The blots were scanned and then analyzed with ImageQuant
software (Amersham Biosciences) to quantitate the protein levels.

Phosphorylated forms of stathmin were analyzed using a modified method
for enrichment of stathmin (20). The modifications were as follows: cell pellets
(after treatment with or without Taxol for 16.5 h) were resuspended in lysis
buffer [10 mM Tris-HCl (pH 7.4) , 150 mM NaCl, 1 mM EDTA, 1 mM

phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 25 �g/ml aprotinin, 10
�g/ml pepstatin A, 10 mM NaF, and 0.5 �M okadaic acid] and sonicated twice
for 30 s at 4°C. The lysates then were boiled for 10 min and centrifuged at
20,000 � g for 10 min. The supernatant was treated with DEAE cellulose for
30 min at 4°C, leaving the partially purified stathmin in the supernatant. This
supernatant was diluted with loading buffer [40 mM Tris-glycine (pH 8.8) and
10% sucrose]. The samples were run at 40 V on a 3–9% nondenaturing
polyacrylamide gel [upper buffer: 50 mM Tris-glycine (pH 8.9); lower buffer:
63 mM Tris and 50 mM HCl (pH 7.5)], transferred to nitrocellulose, and probed
with antistathmin (polyclonal stathmin 1:500; generously provided by Dr.
Ulrich Schubart, Albert Einstein College of Medicine, Bronx, NY) and a
donkey antirabbit HRP-linked IgG secondary antibody (1:2000; Amersham
Biosciences).

MAP4 was analyzed in cell lysates isolated by the procedure described
above (IEF/2D gels). The samples were run on both 9% SDS-polyacrylamide
gels and 5% polyacrylamide/2 M urea gels, and transferred to polyvinylidene
fluoride membranes. The blots were probed with a polyclonal antibody to
MAP4 (1:1000; generously provided by Dr. Jeannette C. Bulinski, Columbia
University, New York, NY) and a donkey antirabbit HRP-linked IgG second-
ary antibody (1:2000; Amersham Biosciences). The blots were scanned to
quantitate the protein levels and then analyzed with Quantity One software
(Bio-Rad).

Modeling of the �-Tubulin Mutation. Molecular modeling studies were
performed using the Insight II software (Accelrys, San Diego, CA). The
�-tubulin structure was taken from Nogales et al. (PDB code: 1TUB; Ref. 21).

Results

Tubulin Mutation Analysis of the Taxol-resistant Cell Lines
Revealed an �-Tubulin Mutation. �-Tubulin gene expression in the
Taxol-resistant cell lines was analyzed by RT-PCR amplification and
subsequent sequencing of �-tubulin class I, the predominant �-tubulin
isotype in the A549 cell lines (22). A comparison of the �-tubulin in
A549 parental and Taxol-resistant cell lines did not reveal any differ-
ences in their nucleotide sequence compared with the published
sequence (data not shown). To rule out the possibility of a mutation in
�-tubulin, primers were designed for the K�1 isotype (Table 1), the
ubiquitously expressed �-tubulin isotype in A549 cell lines (22).
Sequencing of A549-T12 cells revealed a heterozygous point muta-
tion at nucleotide 1204 (AGC3AGC/A) that was not present in A549

Table 1 �-Tubulin primers for RT-PCR and sequencing of K�1-tubulin

Primer Sequence

Set 1 Set 1
Forward (�45 to �25) CCGTGCTCTGCTCCTGTCGCC
Reverse (352–372) GTGTTGGACCGAATTCGCAAG

Set 2 Set 2
Forward (278–298) TCACAGGCAAGGAAGATGCTG
Reverse (691–711) ATTAGCCAGATTGTGTCCTCC

Set 3 Set 3
Forward (600–620) TGCCTTCATGGTAGACAATGA
Reverse (1027–1047) TTTGTGGATTGGTGCCCCACT

Set 4 Set 4
Forward (969–989) GGTTCCCAAAGATGTCAATGC
Reverse (1364–1384)a TTCCTTTTGGCCCTGCAGCAT
Forward2 (805–825) AGCCCTGAATGTTGACCTGAC

a The coding sequence for the reverse primer ends at nucleotide 1356.
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parental cells (Fig. 1A). The A549-T24 cell line displayed the same
mutation (data not shown).

The K�1-tubulin protein sequence obtained from sequencing the
A549 parental cell line is shown in Fig. 1B. If the �-tubulin mutation
were expressed at the protein level, then an amino acid substitution
(Ser to Arg) would occur at position 379. This Ser residue, indicated
in yellow, is located at the end of �-sheet 10.

The Mutant K�1 Tubulin Is Expressed in the Taxol-resistant
Cell Lines. Because the point mutation observed in the Taxol-resist-
ant cell lines was heterozygous, it was necessary to demonstrate the
presence of the mutant tubulin at the protein level. The use of
high-resolution IPG strips, with a pH range of 4.5–5.5, allowed the
determination of the �-tubulin isotypes expressed in the A549 cell
lines (Fig. 2A). The A549 parental and Taxol-resistant cell lines
exhibited two �-tubulin bands, corresponding to K�1- and �6-tubulin,
based on the predicted pI for K�1- (4.94) and �6-tubulin (4.96; Fig.
2A, strips 1 and 2). Moreover, the SRa6 antibody directed against the
COOH terminus of �� (22) labeled a single band at the exact position
of �6 on the IPG strip blot (Fig. 2A, strips 3 and 5). The sequence of
human �6-tubulin was entered recently in the National Center for
Biotechnology Information protein database (accession no. Q9BQE3),
and the COOH terminus sequence of �6-tubulin is identical to the
COOH terminus of ��-tubulin; therefore, we suggest that ��-tubulin
is human �6-tubulin. The third �-tubulin band observed in the A549-

T12 Taxol-resistant cell line matches the pI value of 4.98 for the
mutant K�1-tubulin (Ser379Arg; Fig. 2A, strip 2). The A549-T24 cell
line displayed the same three �-tubulin bands (data not shown). All
three of the �-tubulins were labeled with the SRa1 antibody directed
against the K�1-tubulin COOH terminus on the IPG strip blot (Fig.
2A, strips 4 and 6). The 2D blots of the A549 cell lines demonstrated
spots at the expected molecular weight of Mr 50,000 (Fig. 2B). An
additional spot (Fig. 2A, strip 6, arrowhead; pI � 4.91), which
corresponds to monoglutamylated K�1-tubulin (22), was detected on
the electrotransferred strips. Quantitation of the different �-tubulin
species (Fig. 2C) on acid violet 17 stained strips did not demonstrate
any significant differences in expression of �6-tubulin in A549 and
A549-T12 cell lines (� 30% of total �-tubulin). The decrease in the
K�1-tubulin level in A549-T12 (� 30%) corresponded to the expres-
sion of the mutant K�1-tubulin.

Normal in Vitro Tubulin Polymerization in the Presence of
Taxol Is Observed in the A549 Cell Lines. The ability of tubulin
from Taxol-resistant cell lines to polymerize in the presence of drug
was assayed. This method had been used to study two Taxol-resistant
cell lines with mutant �-tubulins that exhibited impaired tubulin
polymerization in the presence of increasing concentrations of Taxol
(2). In the A549-T12 and A549-T24 cells, there was no significant
change in the ability of tubulin to assemble in the presence of Taxol
(data not shown).

Fig. 1. Heterozygous point mutation in K�1-tubulin of the
A549-T12 cell line. A, A549 cell lines were grown to subcon-
fluency, RNA isolated, cDNA prepared by RT-PCR, and se-
quenced. The sequence of �-tubulin was obtained using both the
forward (left panels) and reverse (right panels) primers, and
the portion corresponding to nucleotides 1197–1211 is shown.
The arrows point to the nucleotide position that is different
between the A549 (C) and A549-T12 (C/A) cell lines. B, the
linear protein sequence obtained from the A549 cell line is
shown. The �-helices (1–12) and �-sheets (1–10) are high-
lighted in red and blue, respectively. The Ser residue affected
by the point mutation is indicated in yellow. The predicted
stathmin (�-helices 10, 11) and MAP4 (�-helices 11, 12, and
COOH terminus) interaction domains are underlined in black.
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Stathmin and MAP4 Protein Expression Is Altered in the
Taxol-resistant Cell Lines. The protein levels of stathmin, a tubulin-
interacting protein, were determined in the A549 cell lines and an
increase of �2-fold was found in the Taxol-resistant cell lines com-
pared with the A549 parental cells (Fig. 3A). In addition to total
stathmin levels, its phosphorylation status was analyzed. Stathmin is
a phosphoprotein of which the microtubule-destabilizing activity is
controlled by phosphorylation (23, 24). When stathmin is hyperphos-
phorylated, the protein cannot bind to tubulin and perform its normal
destabilizing function. A549 cells exposed to increasing concentra-
tions of Taxol exhibited a shift in expression from the unphosphoryl-
ated form of stathmin (P0) to the fully phosphorylated form (P4), thus
resulting in inactivation of stathmin (Fig. 3B). In contrast, A549-T12
or A549-T24 cells, in the presence of increasing concentrations of
Taxol, demonstrated little change in the phosphorylation status of
stathmin.

The protein expression of MAP4, a MAP that stabilizes microtu-
bules, was determined in the A549 cell lines (Fig. 4). When MAP4 is
phosphorylated, the protein does not bind to microtubules nor promote
stabilization of the microtubule network (25, 26). In the Taxol-
resistant cell lines, changes were observed in MAP4 compared with
the A549 parental cells. In 9% SDS gels, three bands were detected,

the lowest molecular weight corresponding to nonphosphorylated
MAP4 and the two upshifted bands corresponding to phosphoiso-
forms (Fig. 4A). Increased resolution of MAP4 isoforms on 5% urea
gels confirmed that the lowest band represented nonphosphorylated
MAP4 with a molecular weight of Mr �200,000 (Fig. 4B). The
unmodified form of MAP4 was decreased in the Taxol-resistant cell
lines, as revealed by the change in percentage intensity of band 1 as
compared with the A549 parental cells. The data demonstrate that
there is a progressive shift to expression of the hyperphosphorylated
forms of MAP4 as the level of resistance increases.

Discussion

Both of the A549 Taxol-resistant cell lines, A549-T12 and A549-
T24, are dependent on low concentrations of Taxol for normal growth
(8, 10). In an attempt to uncover the molecular basis of this combined
phenotype, the dynamicity of individual microtubules was measured
in the absence of Taxol. A549-T24 cells displayed the most dramatic
increase in microtubule dynamicity, and A549-T12 cells exhibited
increased microtubule dynamicity but to a lesser degree, when both
were compared with the A549 parental cells (11). These studies
emphasized the importance of a narrow range of microtubule dynam-
ics for normal cell proliferation and suggested that the possible
mechanism for Taxol resistance/dependence involved an alteration in
microtubule dynamicity. Such alterations could include mutations in
�-tubulin or �-tubulin affecting lateral/longitudinal interactions in the
microtubule lattice and/or the binding of regulatory proteins that could
result in more dynamic microtubules. These microtubules would
require Taxol to restore their normal dynamicity and cellular function,
thus helping to explain the drug dependency of the cells.

In the present study, we did not find a mutation in the major
�-tubulin isotype, �I-tubulin, which is expressed in the A549 cell
lines. Furthermore, tubulin from the Taxol-resistant cell lines exhib-
ited normal Taxol-dependent polymerization, indicating that the bind-

Fig. 2. Expression of both the wild-type and mutant K�1-tubulin at the protein level in
A549-T12 cells. Tubulin from A549 parental and A549-T12 Taxol-resistant cell lysates
was isolated by Taxol-induced tubulin polymerization. The microtubule pellets were
analyzed by IEF, 2D SDS-PAGE, and Western blotting. Only the �-tubulins are shown.
A, microtubule proteins were run on 18 cm IPG strips (pH 4.5–5.5) and stained with acid
violet 17 (strips 1 and 2). Equilibrated IPG strips were directly electroblotted on nitro-
cellulose membranes and probed with rabbit polyclonal antibodies raised against either the
COOH terminus peptide of �6 (strips 3 and 5) or K�1-tubulin (strips 4 and 6). The
arrowhead indicates a low abundant form of �-tubulin with a pI corresponding to
monoglutamylated K�1. B, Western blot of a 2D 10% SDS-polyacrylamide gel probed
with a pan �-tubulin antibody (1 � �6, 2 � K�1, 3 � mutant K�1). C, percentages of
each of the �-tubulin isotypes present in the total �-tubulin of the A549 (�) and
A549-T12 (f) cells (obtained by scanning acid violet 17-stained IPG strips); bars, �SD.

Fig. 3. Differences in the level and phosphorylation status of stathmin in the A549-
resistant cell lines. A, cell lysates were prepared from the A549 cell lines and samples (50
�g) subjected to 15% SDS-PAGE. The gels were transferred to nitrocellulose, and probed
with antibodies to stathmin and actin. The blots were scanned and the bands quantitated
using ImageQuant. Representative blots and the quantitation results (stathmin was nor-
malized to actin) are shown. B, cell pellets were prepared from untreated and Taxol-
treated cells, partial purification of stathmin was performed, and the samples were run on
a 3–9% nondenaturing polyacrylamide gel to separate the stathmin phosphoisomers. A
representative blot for each cell line is shown.
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ing of Taxol to the microtubule was not significantly compromised.
One of the possible mechanisms of resistance to Taxol that has not
been explored in great detail is a mutation in �-tubulin. A heterozy-
gous mutation in the major �-tubulin isotype, K�1, was identified in
these cell lines. The protein expression of this mutation, which is
located at the end of �-sheet 10, was demonstrated (Fig. 1B and Fig.
5). Although electrophoretic mobility shifts in �-tubulin have been
reported in Taxol-resistant cells (27, 28), these �-tubulin isoforms
were not additionally characterized. In plants, studies have demon-
strated �-tubulin mutations that conferred resistance to herbicides
(29–31), and a recent abstract has suggested that a mutation in
�-tubulin is a factor in resistance to a hemiasterlin analogue, a
microtubule depolymerizing agent (32).

Alanine-scanning mutagenesis of yeast �-tubulin revealed regions
that affected the sensitivity of yeast to benomyl, an antifungal agent
that like Taxol has a binding site on �-tubulin (33). The study
demonstrated that mutations in �-tubulin could modulate sensitivity to
a drug that interacted with �-tubulin. Mutagenesis at positions �373
and 374 resulted in mutant yeast supersensitive to benomyl, whereas
mutations at positions �387 to 391 yielded benomyl-resistant yeast. In
the A549-T12 cells, the mutation identified at Ser 379 corresponds to
yeast �-tubulin Ser 380, and is positioned between the sensitive and
resistant loci in yeast. Richards et al. (33) speculated that mutations in
yeast �-tubulin could be altering the binding of regulatory proteins,
thereby affecting microtubule stability and benomyl sensitivity.

In the �-tubulin structure, the mutation at �379 in the Taxol-
resistant cells is situated between helix 10, which has been shown to
interact with stathmin (34, 35), and helix 11, which is part of the
putative domain interacting with MAPs (Fig. 1B and Fig. 5; Ref. 21).
Therefore, a mutation at �379 may affect the binding of stathmin
and/or MAP4 to tubulin/microtubules, and, thus, alter the stability of
the microtubule network. For this reason, we examined the expression
of these two well-characterized microtubule assembly regulatory pro-
teins, stathmin, a microtubule destabilizer, and MAP4, a microtubule
stabilizer. Stathmin is up-regulated in breast carcinoma cells from
patients with more aggressive disease (36), similar to the increase we
observed in the Taxol-resistant cell lines. Therefore, one hypothesis is

that the �-tubulin mutation may result in altered binding of stathmin
to �-tubulin, and combined with the increased protein expression of
stathmin, could lead to hypostable microtubules because of the role of
stathmin in sequestering tubulin dimers (37). The Taxol-resistant cells
would be less affected by the hyperstabilizing activity of Taxol
because of the combined effects of the �-tubulin mutation and the
stathmin changes.

Stathmin is a phosphoprotein of which the activity is controlled by
distinct sites of phosphorylation (23, 24). In A549 parental cells,
stathmin is phosphorylated in the presence of increasing concentra-
tions of Taxol, whereas the phosphorylation status of stathmin in
A549-T12 and A549-T24 cells is relatively unaffected by exposure to
Taxol. Two pairs of serine residues are differentially phosphorylated
in stathmin by distinct kinases during the cell cycle. Serine 25 and 38
appear to be targeted by cdc2 kinase, and their phosphorylation seems
to be a prerequisite for the phosphorylation of Ser 16 and 63 by a
still-unknown phosphorylation process (38). Phosphorylation of Ser
16 and 63 inhibit the microtubule destabilizing activity of stathmin.
The monophosphorylated form (P1) of stathmin has been reported to
be present in interphase HeLa cells and to be mainly composed of
stathmin with phosphorylated Ser 38 (38). We observed the P1 form
of stathmin in A549-T12 and A549-T24 cells under normal cell
culture conditions, i.e., in the presence of 12 nM and 24 nM Taxol,
respectively (Fig. 3B). In this environment, A549-T12 and A549-T24
cells showed no difference in their DNA content (i.e., normal cell
cycle profile) when compared with untreated A549 cells as analyzed
by flow cytometry,7 indicating that most of the resistant cells were in
interphase. This suggests that the P1 form of stathmin is present
throughout the cell cycle and results from phosphorylation of stathmin
by cdc2 associated with cyclins A and/or E during interphase. When
A549 cells were treated with increasing concentrations of Taxol, they
accumulated in the mitotic phase with a concomitant increase in

7 L. A. Martello, unpublished observations.

Fig. 4. Modified forms of MAP4 in the Taxol-resistant cell lines. Cell lysates were
prepared from the A549 cell lines and subjected to either A, 9% SDS-PAGE or B, 5%
urea-PAGE. The gels were transferred and probed with a rabbit polyclonal antibody
directed against MAP4. The nonphosphorylated (bottom arrow) and phosphorylated
(middle and top arrows) forms of MAP4 expressed in the A549 cell lines are shown. In
B, bands 1–3 were quantitated and expressed as a percentage of the total intensity for the
3 bands combined.

Fig. 5. The heterozygous point mutation identified in the Taxol-resistant cell lines
(Ser379Arg) within the three-dimensional structure of �-tubulin. The �-tubulin three-
dimensional structure is shown. The regions before [stabilizing loop (red) and �-sheet 10
(orange)] and after [�-helix 11 (purple)] the Ser379 residue (pink) are highlighted. A
molecule of GTP is shown bound to �-tubulin.
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highly phosphorylated forms of stathmin (P3 and P4). In both Taxol-
resistant cell lines, 50% of the cells were blocked in mitosis when
treated with 100 nM Taxol for 48 h.7 Although P3 and P4 inactive
forms of stathmin were present, they represented only minor species
compared with P0 and P1. These results suggested that the kinases
and/or phosphatases, such as PP2A, involved in stathmin phosphoryl-
ation or dephosphorylation may be altered in Taxol-resistant cell lines
compared with Taxol-sensitive A549 cells. Consequently, the 2-fold
increase in stathmin expression that was observed in A549-resistant
cell lines (Fig. 3A) represented an increase in the active microtubule-
destabilizing form of stathmin.

MAP4 is the predominant non-neuronal MAP (39), and the micro-
tubule-stabilizing function of MAP4 also is regulated by phosphoryl-
ation (25). The decrease in expression of the microtubule-stabilizing
form of MAP4, in addition to the increased levels of active stathmin,
may cause additional destabilization of the microtubule network in the
Taxol-resistant cell lines by affecting microtubule dynamics, as sug-
gested by Chang et al. (26). The appearance of phosphorylated forms
of MAP4 in A549-T12 and A549-T24 cell lines are independent of
mitotic arrest as noted above. MAP4 can be phosphorylated by cdc2
during interphase at Ser 696 and at Ser 787 during mitosis (40). Other
kinases phosphorylate MAP4 at different sites that also are involved
in the binding of MAP4 to microtubules (41, 42). The continuous
presence of Taxol in the cell culture medium of the A549-resistant cell
lines may activate pathways involving these kinases independently of
mitotic arrest. The increase in phosphorylated MAP4 species in A549-
T12 and A549-T24 cells correlates with an increase in dynamicity of
microtubules and resistance to Taxol (11). Interestingly, Ookata et al.
(43) described an interaction of cdc2 kinase with MAP4 that could
target cdc2 to microtubules, and Kuntziger et al. (44) described a
microtubule-dependent phosphorylation of stathmin at Ser 16. These
findings may provide an integrative mechanism to explain the differ-
ences in phosphorylation status between stathmin and MAP4 that
were observed in the Taxol-resistant A549 cell lines. A decrease in
affinity of MAP4 for microtubules could decrease the cdc2-dependent
inactivation of stathmin. Additional studies have demonstrated the
regulation of Tau phosphorylation by PP2A and thereby binding of
Tau to microtubules (45, 46). It is possible that MAP4 phosphoryla-
tion also may be regulated by PP2A.

Yet another factor to be considered is the role of p53 in stathmin
and MAP4 expression. Both stathmin and MAP4 appear to be nega-
tively regulated by wild-type p53, and when induced by DNA dam-
aging agents, the mRNA and protein levels of stathmin (47, 48) and
MAP4 (49) are decreased. Furthermore, the activation of p53 also
leads to differential sensitivity to microtubule-binding agents, such as
sensitivity to vinblastine and resistance to Taxol (50). The reverse
effects by Taxol and vinblastine are observed when p53 is mutated
(51). A recent study involving breast cancer patients determined the
activation of p53, as well as the expression of MAP4 after DNA
damage and treatment with antimitotic agents (52). The data demon-
strated that in most patients with active wild-type p53, MAP4 expres-
sion was repressed. The sequential administration of a DNA-damag-
ing agent and then of an antimicrotubule drug, such as vinorelbine,
resulted in enhanced sensitivity to the treatment as had been shown in
previous in vitro studies (50).

This report documents, in mammalian cells, the importance of
investigating mutations in �-tubulin for modulating sensitivity of
microtubules to Taxol. We postulate that this occurs through a com-
bination of events, one of which, the binding of regulatory proteins to
tubulin/microtubules, could be modulated by a tubulin mutation. In
addition, alterations in the phosphorylation of MAP4 and stathmin
also are likely to affect the dynamics of microtubules. All of these
findings point to the extreme complexity of Taxol-dependent/resistant

cells and, in turn, highlight additional targets that need to be examined
in patients treated with antimicrotubule agents.

Acknowledgments

This paper is dedicated to the memory of Dr. Heng-Jia Shen. We thank Dr.
Srinivasa Rao for generating the SRa1 and SRa2 antibodies, Ken Wiesen for
providing the sequences for the �-tubulin primers, Linda Siconolfi-Baez for
assistance with the IEF procedure, and Dr. Ulrich Schubart for helpful discus-
sions.

References

1. Gottesman, M. M., and Pastan, I. Biochemistry of multidrug resistance mediated by
the multidrug transporter. Annu. Rev. Biochem., 62: 385–427, 1993.

2. Giannakakou, P., Sackett, D. L., Kang, Y. K., Zhan, Z., Buters, J. T., Fojo, T., and
Poruchynsky, M. S. Paclitaxel-resistant human ovarian cancer cells have mutant
�-tubulins that exhibit impaired paclitaxel-driven polymerization. J. Biol. Chem.,
272: 17118–17125, 1997.

3. Gonzalez-Garay, M. L., Chang, L., Blade, K., Menick, D. R., and Cabral, F. A
�-tubulin leucine cluster involved in microtubule assembly and paclitaxel resistance.
J. Biol. Chem., 274: 23875–23882, 1999.

4. He, L., Yang, C-P. H., and Horwitz, S. B. Mutations in �-tubulin map to domains
involved in regulation of microtubule stability in epothilone-resistant cell lines. Mol.
Cancer Ther., 1: 3–10, 2001.

5. Jaffrezou, J. P., Dumontet, C., Derry, W. B., Duran, G., Chen, G., Tsuchiya, E.,
Wilson, L., Jordan, M. A., and Sikic, B. I. Novel mechanism of resistance to
paclitaxel (Taxol) in human K562 leukemia cells by combined selection with PSC
833. Oncol. Res., 7: 517–527, 1995.

6. Haber, M., Burkhart, C. A., Regl, D. L., Madafiglio, J., Norris, M. D., and Horwitz,
S. B. Altered expression of M�2, the class II �-tubulin isotype, in a murine J774.2
cell line with a high level of taxol resistance. J. Biol. Chem., 270: 31269–31275,
1995.

7. Dumontet, C., Duran, G. E., Steger, K. A., Beketic-Oreskovic, L., and Sikic, B. I.
Resistance mechanisms in human sarcoma mutants derived by single-step exposure to
paclitaxel (Taxol). Cancer Res., 56: 1091–1097, 1996.

8. Kavallaris, M., Kuo, D. Y., Burkhart, C. A., Regl, D. L., Norris, M. D., Haber, M.,
and Horwitz, S. B. Taxol-resistant epithelial ovarian tumors are associated with
altered expression of specific �-tubulin isotypes. J. Clin. Investig., 100: 1282–1293,
1997.

9. Ranganathan, S., Benetatos, C. A., Colarusso, P. J., Dexter, D. W., and Hudes, G. R.
Altered �-tubulin isotype expression in paclitaxel-resistant human prostate carcinoma
cells. Br. J. Cancer, 77: 562–566, 1998.

10. Martello, L. A., McDaid, H. M., Regl, D. L., Yang, C. P., Meng, D., Pettus, T. R.,
Kaufman, M. D., Arimoto, H., Danishefsky, S. J., Smith, A. B., III, and Horwitz, S. B.
Taxol and discodermolide represent a synergistic drug combination in human carci-
noma cell lines. Clin. Cancer Res., 6: 1978–1987, 2000.

11. Goncalves, A., Braguer, D., Kamath, K., Martello, L., Briand, C., Horwitz, S.,
Wilson, L., and Jordan, M. A. Resistance to Taxol in lung cancer cells associated with
increased microtubule dynamics. Proc. Natl. Acad. Sci. USA, 98: 11737–11742,
2001.

12. Kavallaris, M., Burkhart, C. A., and Horwitz, S. B. Antisense oligonucleotides to
class III �-tubulin sensitize drug-resistant cells to Taxol. Br. J. Cancer, 80: 1020–
1025, 1999.

13. Panda, D., Miller, H. P., Banerjee, A., Ludueña, R. F., and Wilson, L. Microtubule
dynamics in vitro are regulated by the tubulin isotype composition. Proc. Natl. Acad.
Sci. USA, 91: 11358–11362, 1994.

14. Banerjee, A., Roach, M. C., Trcka, P., and Ludueña, R. F. Increased microtubule
assembly in bovine brain tubulin lacking the type III isotype of �-tubulin. J. Biol.
Chem., 265: 1794–1799, 1990.

15. Lu, Q., and Ludueña, R. F. Removal of �III isotype enhances taxol induced micro-
tubule assembly. Cell Struct. Funct., 18: 173–182, 1993.

16. Derry, W. B., Wilson, L., Khan, I. A., Ludueña, R. F., and Jordan, M. A. Taxol
differentially modulates the dynamics of microtubules assembled from unfractionated
and purified �-tubulin isotypes. Biochemistry, 36: 3554–3562, 1997.

17. Kavallaris, M., Tait, A. S., Walsh, B. J., He, L., Horwitz, S. B., Norris, M. D., and
Haber, M. Multiple microtubule alterations are associated with Vinca alkaloid resist-
ance in human leukemia cells. Cancer Res., 61: 5803–5809, 2001.

18. Vallee, R. B. A taxol-dependent procedure for the isolation of microtubules and
microtubule-associated proteins (MAPs). J. Cell Biol., 92: 435–442, 1982.

19. Patestos, N. P., Fauth, M., and Radola, B. J. Fast and sensitive protein staining with
colloidal acid violet 17 following isoelectric focusing in carrier ampholyte generated
and immobilized pH gradients. Electrophoresis, 9: 488–496, 1988.

20. Brattsand, G., Friedrich, B., and Gullberg, M. A rapid separation procedure to analyse
phosphorylation of two putative protein kinase C substrates in intact lymphocytes.
Scand. J. Immunol., 30: 233–240, 1989.

21. Nogales, E., Wolf, S. G., and Downing, K. H. Structure of the �� tubulin dimer by
electron crystallography. Nature (Lond.), 391: 199–203, 1998.

22. Rao, S., Aberg, F., Nieves, E., Horwitz, S. B., and Orr, G. A. Identification by mass
spectrometry of a new �-tubulin isotype expressed in human breast and lung carci-
noma cell lines. Biochemistry, 40: 2096–2103, 2001.

23. Marklund, U., Larsson, N., Gradin, H. M., Brattsand, G., and Gullberg, M. Onco-
protein 18 is a phosphorylation-responsive regulator of microtubule dynamics.
EMBO J., 15: 5290–5298, 1996.

1212

�-TUBULIN MUTATION IN A HUMAN TAXOL-RESISTANT CELL LINE
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2512960/ch0603001207.pdf by guest on 19 M
ay 2023



24. Horwitz, S. B., Shen, H. J., He, L., Dittmar, P., Neef, R., Chen, J., and Schubart, U. K.
The microtubule-destabilizing activity of metablastin (p19) is controlled by phospho-
rylation. J. Biol. Chem., 272: 8129–8132, 1997.

25. Drewes, G., Ebneth, A., and Mandelkow, E. M. MAPs. MARKs and microtubule
dynamics. Trends Biochem. Sci., 23: 307–311, 1998.

26. Chang, W., Gruber, D., Chari, S., Kitazawa, H., Hamazumi, Y., Hisanaga, S., and
Bulinski, J. C. Phosphorylation of MAP4 affects microtubule properties and cell cycle
progression. J. Cell Sci., 114: 2879–2887, 2001.

27. Cabral, F., Abraham, I., and Gottesman, M. M. Isolation of a taxol-resistant Chinese
hamster ovary cell mutant that has an alteration in �-tubulin. Proc. Natl. Acad. Sci.
USA, 78: 4388–4391, 1981.

28. Schibler, M. J., and Cabral, F. Taxol-dependent mutants of Chinese hamster ovary
cells with alterations in �- and �-tubulin. J. Cell Biol., 102: 1522–1531, 1986.

29. James, S. W., Silflow, C. D., Stroom, P., and Lefebvre, P. A. A mutation in the
�1-tubulin gene of Chlamydomonas reinhardtii confers resistance to anti-microtubule
herbicides. J. Cell Sci., 106: 209–218, 1993.

30. Yamamoto, E., Zeng, L., and Baird, W. V. �-Tubulin missense mutations correlate
with antimicrotubule drug resistance in Eleusine indica. Plant Cell, 10: 297–308,
1998.

31. Anthony, R. G., Waldin, T. R., Ray, J. A., Bright, S. W., and Hussey, P. J. Herbicide
resistance caused by spontaneous mutation of the cytoskeletal protein tubulin. Nature
(Lond.), 393: 260–263, 1998.

32. Poruchynsky, M. S., Annable, T., Kim, J., Fojo, T., Loganzo, F., and Greenberger, L.
Tumor cells resistant to tubulin-depolymerizing hemiasterlin analog, WAY-174286,
display different resistance mechanisms, including mutations in �- or �-tubulin. Clin.
Cancer Res., 7(Suppl.): 3810S, 2001.

33. Richards, K. L., Anders, K. R., Nogales, E., Schwartz, K., Downing, K. H., and
Botstein, D. Structure-function relationships in yeast tubulins. Mol. Biol. Cell, 11:
1887–1903, 2000.

34. Muller, D. R., Schindler, P., Towbin, H., Wirth, U., Voshol, H., Hoving, S., and
Steinmetz, M. O. Isotope-tagged cross-linking reagents. A new tool in mass spectro-
metric protein interaction analysis. Anal. Chem., 73: 1927–1934, 2001.

35. Wallon, G., Rappsilber, J., Mann, M., and Serrano, L. Model for stathmin/OP18
binding to tubulin. EMBO J., 19: 213–222, 2000.

36. Curmi, P. A., Nogues, C., Lachkar, S., Carelle, N., Gonthier, M. P., Sobel, A.,
Lidereau, R., and Bieche, I. Overexpression of stathmin in breast carcinomas points
out to highly proliferative tumours. Br. J. Cancer, 82: 142–150, 2000.

37. Jourdain, L., Curmi, P., Sobel, A., Pantaloni, D., and Carlier, M. F. Stathmin: a
tubulin-sequestering protein which forms a ternary T2S complex with two tubulin
molecules. Biochemistry, 36: 10817–10821, 1997.

38. Larsson, N., Melander, H., Marklund, U., Osterman, O., and Gullberg, M. G2/M
transition requires multisite phosphorylation of oncoprotein 18 by two distinct protein
kinase systems. J. Biol. Chem., 270: 14175–14183, 1995.

39. Bulinski, J. C. MAP4. In: J. S. Hyams and C. W. Lloyd (eds.), Microtubules, pp.
167–182. New York: Wiley-Liss, Inc., 1994.

40. Ookata, K., Hisanaga, S., Sugita, M., Okuyama, A., Murofushi, H., Kitazawa, H.,
Chari, S., Bulinski, J. C., and Kishimoto, T. MAP4 is the in vivo substrate for CDC2

kinase in HeLa cells: identification of an M-phase specific and a cell cycle-indepen-
dent phosphorylation site in MAP4. Biochemistry, 36: 15873–15883, 1997.

41. Mori, A., Aizawa, H., Saido, T. C., Kawasaki, H., Mizuno, K., Murofushi, H., Suzuki,
K., and Sakai, H. Site-specific phosphorylation by protein kinase C inhibits assembly-
promoting activity of microtubule-associated protein 4. Biochemistry, 30: 9341–
9346, 1991.

42. Ebneth, A., Drewes, G., and Mandelkow, E. Phosphorylation of MAP2c and MAP4
by MARK kinases leads to the destabilization of microtubules in cells. Cell Motil.
Cytoskelet., 44: 209–224, 1999.

43. Ookata, K., Hisanaga, S., Bulinski, J. C., Murofushi, H., Aizawa, H., Itoh, T. J.,
Hotani, H., Okumura, E., Tachibana, K., and Kishimoto, T. Cyclin B interaction with
microtubule-associated protein 4 (MAP4) targets p34cdc2 kinase to microtubules and
is a potential regulator of M-phase microtubule dynamics. J. Cell Biol., 128: 849–
862, 1995.

44. Kuntziger, T., Gavet, O., Manceau, V., Sobel, A., and Bornens, M. Stathmin/Op18
phosphorylation is regulated by microtubule assembly. Mol. Biol. Cell, 12: 437–448,
2001.

45. Sontag, E., Nunbhakdi-Craig, V., Lee, G., Brandt, R., Kamibayashi, C., Kuret, J.,
White, C. L., III, Mumby, M. C., and Bloom, G. S. Molecular interactions among
protein phosphatase 2A, tau, and microtubules. Implications for the regulation of tau
phosphorylation and the development of tauopathies. J. Biol. Chem., 274: 25490–
25498, 1999.

46. Sontag, E., Nunbhakdi-Craig, V., Lee, G., Bloom, G. S., and Mumby, M. C.
Regulation of the phosphorylation state and microtubule-binding activity of Tau by
protein phosphatase 2A. Neuron, 17: 1201–1207, 1996.

47. Ahn, J., Murphy, M., Kratowicz, S., Wang, A., Levine, A. J., and George, D. L.
Down-regulation of the stathmin/Op18 and FKBP25 genes following p53 induction.
Oncogene, 18: 5954–5958, 1999.

48. Johnsen, J. I., Aurelio, O. N., Kwaja, Z., Jorgensen, G. E., Pellegata, N. S., Plattner,
R., Stanbridge, E. J., and Cajot, J. F. p53-mediated negative regulation of stathmin/
Op18 expression is associated with G(2)/M cell-cycle arrest. Int. J. Cancer, 88:
685–691, 2000.

49. Murphy, M., Hinman, A., and Levine, A. J. Wild-type p53 negatively regulates the
expression of a microtubule- associated protein. Genes Dev., 10: 2971–2980, 1996.

50. Zhang, C. C., Yang, J. M., Bash-Babula, J., White, E., Murphy, M., Levine, A. J., and
Hait, W. N. DNA damage increases sensitivity to vinca alkaloids and decreases
sensitivity to taxanes through p53-dependent repression of microtubule- associated
protein 4. Cancer Res., 59: 3663–3670, 1999.

51. Zhang, C. C., Yang, J. M., White, E., Murphy, M., Levine, A., and Hait, W. N. The
role of MAP4 expression in the sensitivity to paclitaxel and resistance to vinca
alkaloids in p53 mutant cells. Oncogene, 16: 1617–1624, 1998.

52. Bash-Babula, J., Toppmeyer, D., Labassi, M., Reidy, J., Orlick, M., Senzon, R., Alli,
E., Kearney, T., August, D., Shih, W., Yang, J. M., and Hait, W. N. A Phase I/pilot
study of sequential doxorubicin/vinorelbine: effects on p53 and microtubule-associ-
ated protein 4. Clin. Cancer Res., 8: 1057–1064, 2002.

1213

�-TUBULIN MUTATION IN A HUMAN TAXOL-RESISTANT CELL LINE
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2512960/ch0603001207.pdf by guest on 19 M
ay 2023


