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ABSTRACT
Purpose Acquired β-tubulin alterations in human ovarian car-
cinoma 1A9 cells were previously shown to confer resistance to
the microtubule stabilizing agents peloruside A (PLA) and lauli-
malide (LAU). We examined the proteome of resistant cells to
see what other protein changes occurred as a result of the
acquired drug resistance.
Methods Two-dimensional differential in-gel electrophoresis was
performed to explore differentially expressed proteins in the resis-
tant 1A9-R1 (R1) and 1A9-L4 (L4) cells. The proteins on the gels
were identified byMALDI-TOFMS, and altered protein abundance
was confirmed by Western blotting and immunocytochemistry.
Vimentin expression was restored in vimentin-deficient L4 cells
by transfecting a full-length human vimentin cDNA, and sensitivity
to PLA and LAU were tested using an MTTcell proliferation assay.
Results Proteomic analysis identified several proteins that were
significantly altered in the resistant cells relative to the parental 1A9
cells. Using Western blotting and immunocytochemistry, a de-
creased vimentin abundance in the L4 cells was validated. Vimen-
tin levels were unchanged in PLA-resistant R1 cells and paclitaxel/
epothilone-resistant derivatives of 1A9 cells. Vimentin cDNA
transfection into L4 cells partially restored PLA and LAU sensitivity.
Conclusions Downregulation of vimentin contributes to the
resistance of 1A9 cells to the microtubule stabilizing agents, PLA
and LAU.
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ABBREVIATIONS
2D-DIGE two-dimensional differential in-gel

electrophoresis
BVA biological variation analysis
DAPI 4′,6-diamidino-2-phenylindole
DOX doxorubicin
IXA ixabepilone
LAU laulimalide
MALDI-TOF matrix assisted laser desorption/ionization

time of flight
P-gp P-glycoprotein
PLA peloruside A
PTX paclitaxel
VDP vimentin degradation products

INTRODUCTION

Vimentin is an abundantly expressed type III intermediate
filament protein. It is found primarily in cells of mesenchy-
mal origin such as endothelial cells, fibroblasts, and smooth
muscle cells and plays a major role in the epithelial-
mesenchymal transition (1). Vimentin is also expressed in
many cultured epithelial cells (2). It is typically expressed in
the cytoplasm and interacts with a multitude of cellular
proteins, including microtubules and actin microfilaments
(3,4). It plays a role in several key cellular functions such as
cell signaling, cell division, cell survival, apoptosis, migra-
tion, and in the regulation of intermediate filament structure
and dynamics (5). There is now clear evidence that vimentin
also has a role in cancer (5). For example, high abundance of
vimentin in cancer cells has been linked to their increased
invasiveness and metastasis, two properties crucially
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associated with drug resistance (6–8). Whether vimentin
directly plays a role in mediating the sensitivity of cancer
cells to anticancer drugs remains unclear.

Tubulin-binding agents are a successful class of drugs in
the treatment of cancer (9). The development of drug resis-
tance in cancer cells, however, often limits the clinical effi-
cacy of these agents. A number of resistance mechanisms,
such as overexpression of the P-glycoprotein (P-gp) drug
efflux pump (10), alterations in tubulin structure and isotype
expression (11), alterations in actin (12), and aberrant ex-
pression of microRNAs (13) have been reported previously;
yet, it is obvious that several of the factors that contribute to
survival of cancer cells when treated with diverse antimicro-
tubule agents are still to be elucidated.

Intermediate filaments are often disrupted by microtubule-
targeting agents (14,15), although no specific binding sites for
these agents have been identified on intermediate filaments.
Previous studies have demonstrated the involvement of inter-
mediate filaments, in particular cytokeratins, in acquired re-
sistance to tubulin-binding agents such as paclitaxel (16),
docetaxel (17), vincristine (18), and colcemid (18). Whether
aberrations in other members of the intermediate filament
proteins confer resistance to antimicrotubule agents is not
known. In consideration of the significant role of vimentin in
microtubule function (3), cell division (5), and cell signaling (5),
elucidation of the involvement of vimentin in cancer cell
resistance will be important for helping circumvent
microtubule-targeting drug resistance in chronic cancer
chemotherapy.

Peloruside A (PLA) and laulimalide (LAU) are two effec-
tive marine sponge-derived stabilizers of microtubules that
inhibit cancer cell proliferation at low nanomolar concen-
trations (19,20). Although their mode of action is similar to
that of the clinically useful anticancer drugs, paclitaxel
(PTX) and the epothilones, PLA and LAU differ from them
in terms of their binding site on β-tubulin, thus representing
the only known class of non-taxoid site microtubule stabiliz-
ing agents (21–23). PLA and LAU retain their bioactivity in
PTX- and epothilone-resistant cancer cells in which the
taxoid site is mutated (22,23). Another advantage of PLA
and LAU is that they show low susceptibility to the P-gp
drug efflux pump compared to PTX and vinblastine (22,23).

Two drug-resistant human ovarian cancer cell lines are
available in our lab for studying mechanisms of resistance to
PLA and LAU, 1A9-R1 (R1) and 1A9-L4 (L4) cells derived
from the parental 1A9 cell line (21). The R1 cells are 6-fold
resistant to PLA but remain sensitive to LAU; whereas, the
L4 cells are 39-fold resistant to both PLA and LAU. Impor-
tantly, the R1 and L4 cells remain sensitive to drugs that
bind to the taxoid, vinca or colchicine sites on β-tubulin.
Both resistant cell lines exhibit different single point-
mutations in their βI-tubulin gene, and the L4 cells also
have a high abundance of βII- and βIII-tubulin isotypes

(21). The isotype alterations, however, play only a partial
role in the resistance phenotype of L4 cells (24). The aim of
the present study was to examine the proteome of the
resistant cells using two-dimensional differential in-gel elec-
trophoresis (2D-DIGE) to determine what other protein
changes exist that might contribute to the resistance pheno-
type of the R1 and L4 cells.

MATERIALS AND METHODS

Cell Culture and Drugs

The 1A9 human ovarian carcinoma cell line and its drug-
resistant sublines R1 (PLA-resistant), L4 (PLA/LAU-resis-
tant), PTX-10 (PTX/epothilone-resistant) and 1A9-A8 (A8)
(PTX/epothilone-resistant) were used in this study
(21,25,26). Neither cell line was directly authenticated in
our laboratory, but the cells retained their epithelial pheno-
type throughout the study. Cells were cultured in RPMI-
1640 medium (Invitrogen, New Zealand) supplemented
with 10% fetal calf serum (Invitrogen), 0.25 units/mL insu-
lin (Sigma-Aldrich, New Zealand), 100 units/mL pencillin
and 100 units/mL streptomycin (Invitrogen). The cells were
maintained in a humidified incubator in a 5% CO2-air
atmosphere at 37°C.

PLA and LAU were isolated respectively from the marine
sponges Mycale hentscheli (New Zealand) and Cacospongia
mycofijiense (Tonga) (21), and stored as 1 mM stock solu-
tions in absolute ethanol at −80°C. PTX was purchased
from Sigma Chemical Company (New Zealand). Ixabepi-
lone (IXA) was purchased from Bristol-Myers Squibb
(Australia), and doxorubicin (DOX) was purchased from
LC laboratories (Woburn, MA).

2D-DIGE

Cell lysate preparation and protein quantification were per-
formed as previously described (21). The lysis buffer con-
sisted of 30 mmol/L Tris–HCl (pH 8.8), 7 mol/L urea,
2 mol/L thiourea, and 4% (w/v) CHAPS, pH 8.5. As this
buffer was hypotonic and would inhibit protease activity, no
protease inhibitors were included in the buffer. Three inde-
pendent lysates were prepared from each cell line. The pH
of the cell lysates was checked by spotting 3 μL lysate on a
pH indicator strip, adjusted to pH 8.5 by adding 1.5 M Tris,
pH 8.8, before labeling with Cy Dyes. Cy Dyes (GE Health-
care, Bucks, UK) were prepared to a working stock of
200 pmol/μL with high grade N,N-dimethylformamide
(Sigma Chemical Co., Australia). For CyDye labeling,
10 μg protein was incubated with 80 pmol of CyDye for
30 min at room temperature. The reaction was stopped by
adding 10 mM lysine (1 μL), then incubating for 10 min on
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ice in the dark. The samples were randomly labeled with
Cy3 or Cy5 to minimize potential dye artifacts (Table I).
Additionally, an internal standard was generated by pooling
equal amounts of proteins from every sample used in the
experiment and labeling with Cy2 to provide a quantitative
comparison between gels and to limit technical variation
(Table I). The CyDye labeled proteins were mixed with
rehydration buffer to give a total volume of 125 μL, and
the IPG strips (pI 3–5.6; length: 7 cm) were rehydrated with
sample overnight in 3 mL of PlusOne dry strip cover fluid
(GE Healthcare, New Zealand). Isoelectric focusing was
conducted in an Ettan IPGphor Isoelectric Focusing Unit
(GE Healthcare) with the following settings: (i) step and hold
300 V for 30 min; (ii) gradient 1,000 V for 30 min; (iii)
gradient 5,000 V for 90 min; and (iv) step and hold 5,000 V
for 25 min. After the isoelectric focusing, the strips were
equilibrated in equilibration buffer (50 mmol/L Tris,
6 mol/L urea, 30% glycerol, and 2% SDS) containing 1%
DTT for 10 min, then in equilibration buffer containing
2.5% iodoacetamide for 10 min. The second dimension was
conducted on a 4% to 12% gradient NuPage Bis-Tris gel
(Invitrogen) for 55 min at 200 V. The gels were scanned in a
Fujifilm FLA-5100 imaging system (Fuji Photo Film Co.,
Ltd, Tokyo, Japan) using a 473 nm laser and a BPB1/
530DF20 emission filter for Cy2, a 532 nm laser and a
PBG/570DF20 emission filter for Cy3, and a 635 nm laser
and a DBR1/R665 emission filter for Cy5 labelled proteins.

Analysis of Protein Expression

To analyse the expression profile of proteins in the 2D-DIGE
gels, DeCyder™ 2D 6.5 software (GE Healthcare) was used.
The biological variation analysis (BVA) module was used to
match spots and calculate spot volumes. A master gel was
created to automatically match and compare major spots
between the gels based on the internal standards. Tests for
significance were performed using the Student’st-test in the
BVAmodule, and P-values≤0.05 were considered significant.

MALDI-TOF Mass Spectrometry

To prepare selected protein spots for subsequent identifica-
tion by MALDI-TOF mass spectrometry, a sample containing

80 μg of protein was separated by two-dimensional elec-
trophoresis as described in the 2D-DIGE protocol, and
the gels were fixed in 2% phosphoric acid/50% ethanol
(v/v) overnight and washed 3 times (each wash of 30 min)
in double-distilled water (ddH2O). The gel was incubated
with staining solution (34% methanol, 17% ammonium
sulfate, 3% phosphoric acid) for 1 h before adding 0.06%
Coomassie® Brilliant blue G-250 (Biorad Laboratories,
New Zealand) to the solution, and incubated for at least
2 days at room temperature with rocking. After washing
the gels 3 times in ddH2O, the spots were picked manu-
ally and subjected to an Ettan Automatic Digester (GE
Healthcare) for tryptic digestion of the proteins. The
digested peptides were recovered and spotted onto a MALDI
plate and allowed to air dry overnight. MALDI-TOF analysis
was performed using a Voyager-DE PRO mass spectrometer
(Applied Biosystems, Foster City, CA). The peptide masses
were calibrated using internal trypsin peaks, and the peptide
mass maps were searched against the human NCBInr data-
base (v.7 November 2007; 5,614,267 sequences) using Pro-
Found version 2002.03.01 online software provided by
Rockefeller University, New York.

Western Blotting

The abundance of vimentin in the parental and the resistant
cells was determined by Western blotting as described previ-
ously (21). A rabbit polyclonal primary antibody to vimentin
(1:1000, ab45939, Abcam) and a Cy5-conjugated anti-rabbit
secondary antibody (1:2500, PA45012V, GE Healthcare) were
used to examine vimentin. A mouse monoclonal β-actin
antibody (1:3,000, A2228, Sigma) was used as a loading control
using a Cy5-congugated anti-mouse secondary antibody
(1:2,500; PA45010V, GEHealthcare). Band density was deter-
mined using ImageJ software from NIH. Vimentin abundance
was presented as a percentage of the actin loading control.

Immunocytochemistry

Immunocytochemistry and confocal microscopy of the cells
were performed as described previously (24). A rabbit poly-
clonal primary antibody to vimentin (1:1000, ab45939,
Abcam) and an Alexa Fluor 488-conjugated antirabbit sec-
ondary antibody (1:1000, A11008, Invitrogen) were used.

Vimentin cDNA Transfection

Human transfection-ready vimentin cDNA (NM_003380)
was purchased from Origene (Rockville, MD). The L4 cells
were transfected with the vimentin cDNA using Lipofect-
amine 2000 reagent (Invitrogen) following the manufacturer’s
instructions. Briefly, the cells were seeded into wells of a 12-
well cell culture plate and allowed to attach for 24 h, then

Table I Randomised CyDye Labeling Design for DIGE Experiments

Gel number Cy3 Cy5 Cy2 (internal standard)

1 1A9 (lysate 1) R1 (lysate 1) Pool of all 9 samples

2 1A9 (lysate 2) L4 (lysate 1) Pool of all 9 samples

3 R1 (lysate 2) 1A9 (lysate 3) Pool of all 9 samples

4 L4 (lysate 2) R1 (lysate 3) Pool of all 9 samples

5 L4 (lysate 3) – Pool of all 9 samples
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transfected with vimentin cDNA for 12 h. The medium in the
plates was replaced with complete cell culture medium, and
the plate was incubated for an additional 36 h before being
processed for protein quantification. The optimal cDNA con-
centration that gave high vimentin expression, but caused
minimal cytotoxicity, was selected by transfecting L4 cells with
varying concentrations (2 μg/well, 4 μg/well or 6 μg/well) of
the cDNA. A Lipofectamine-only control (mock control) was
also paired with each transfection experiment.

Cell Proliferation Assay

After 24 h cDNA transfection, the L4 cells were harvested
and transferred to a 96-well culture plate (10,000 cells/well)
and cultured for 24 h. The cells were then treated with PLA
or LAU for 72 h, and cell proliferation was measured by
MTT (3-(4,5-dmethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. The IC50 values of the drugs were obtained
from a graph of percentage cell survival versus drug concen-
tration using Sigma Plot software version 8 (Systat Software
Inc., Point Richmond, CA).

Drug-Induced Vimentin Degradation

1A9 cells (5×105) were seeded into a 24-well plate and
allowed to attach for 24 h. The cells were then treated with
either 5 nM or 50 nM microtubule stabilizing or DNA dam-
aging agents for 24 h and processed for Western blotting to
determine the drug-induced degradation of vimentin protein.

RESULTS

Differential Protein Expression Profiles in PLA-
and LAU-Resistant Cells

Intermediate filament proteins have been subdivided into
several groups based on their homology; however, there is
only a slight variation in their pI values, ranging from pI 4.5
to 5.6. In the present study, we performed 2D-DIGE to
compare differentially expressed proteins in the pI range of
3 to 5.6, primarily to focus on the abundance of intermedi-
ate filament proteins in the PLA- and LAU-resistant R1 and
L4 cells compared to parental 1A9 cells. A mixed internal
standard enabled us to normalize spot volumes from each
sample to perform gel-to-gel comparisons and to recognize
statistically significant inter-spot variations. On each 2D gel,
approximately 100 spots corresponding to proteins with a pI
between 3 and 5.6 and a molecular weight between 10 and
250 kDa were detected and matched across 5 gels. Only a
total of 8 spots showed statistically significant differences (P-
value≤0.05, Student’s t-test) in protein abundance between
the parental and the resistant cell lines (Fig. 1), and these spots

were selected for MALDI identification. Six spots were down-
regulated in L4 cells, and two spots were upregulated com-
pared to both the parental 1A9 and the resistant R1 cells. In
the R1 cell line, among the 8 spots identified byMALDI, only
two proteins showed a statistically significant change in abun-
dance from the parental cells, one being upregulated and the
other downregulated. The characteristics of each of the 8 dif-
ferent proteins are presented in Tables II and III.

Downregulation of Vimentin in PLA- and LAU-
Resistant Cells

In order to further validate the vimentin changes that were
identified by 2D-DIGE and MALDI-TOF, Western blotting
and immunocytochemistry were performed. The 2D-DIGE
protein profile of vimentin revealed a 1- and 13-fold decrease
in its abundance in R1 and L4 cells, respectively, compared to
the parental 1A9 cells (Fig. 1; Table III). Validation of vimentin
expression by Western blotting confirmed that the protein was
significantly downregulated in L4 cells (Fig. 2a and b). Howev-
er, no significant change in the expression of vimentin in PLA-
resistant R1 or PTX/epothilone-resistant PTX-10 or A8 cells
was observed compared to 1A9 cells (Fig. 2a and b). Immuno-
cytochemistry gave similar results with almost no vimentin
fluorescent staining in the majority of the L4 cells; however, a
small population of L4 cells was positive for vimentin expres-
sion, but the intensity of expression was much reduced com-
pared with 1A9 and the other resistant cells (Fig. 2c).

Vimentin Transfection Sensitizes L4 Cells to PLA
and LAU

To determine the role of vimentin in the sensitivity of L4
cells to PLA and LAU, L4 cells that express vimentin were
generated by transiently transfecting a human vimentin
cDNA into the cells. A final concentration of 2 μg/well,
which gave ∼60% of the 1A9 vimentin protein expression
level, was used for all transfections (Fig. 3). Although higher
cDNA concentrations (4 μg/well and 6 μg/well) were also
tested, no further increase in vimentin expression was seen
beyond 60% (Fig. 3). Moreover, there was no significant
change in the expression level over 5 days (120 h) of trans-
fection. To assess whether acquisition of vimentin expression
influences the sensitivity of L4 cells to PLA and LAU, the
ability of the drugs to inhibit proliferation of the transfected
cells was tested using an MTT assay. The IC50 values
determined from the concentration-response curves showed
that the cells transfected with vimentin cDNA were signifi-
cantly more sensitive compared to the mock control-
transfected L4 cells (Table IV). PLA sensitivity was in-
creased by 21% (P<0.001, n04) following vimentin
transfection and LAU sensitivity was increased by 17%
(P<0.01, n03).
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Chemotherapeutic Drugs Induce Vimentin
Degradation

To determine whether PLA, LAU, and other chemothera-
peutic drugs have any effect on either the expression or

metabolism of vimentin intermediate filament protein, pa-
rental 1A9 cells were treated with various concentrations of
the drugs for 24 h, and vimentin was examined by Western
blotting. As shown in Fig. 4a, treatment with microtubule
stabilizing agents as well as a DNA damaging agent resulted

Table II Differentially Expressed Proteins Identified by MALDI-TOF

Spot No.a Protein nameb NCBI accession no. Mol mass/pI Theoretical Profound expectation Sequence coverage (%)

1 Heat shock 70 kDa protein 9 precursor gi|24234688 73.95/5.9 8.9×10−6 22

2 Vimentin gi|55977767 53.69/5.1 3.1×10−3 46

3 α-Tubulin gi|57013276 50.82/4.9 0.029 29

4 Vimentin (fragment) gi|55977767 53.69/5.1 0.083 46

5 Vimentin (fragment) gi|55977767 53.69/5.1 4.4×10−8 63

6 Glyoxalase I chain A gi|2392338 20.86/5.1 0.035 24

7 Creatine kinase M (fragment) gi|180576 43.26/6.6 0.043 20

8 Elongin B isoform A gi|6005890 13.23/4.7 0.017 20

a Spot number represents the number given in the squares in Fig. 1
b Proteins were identified by MALDI-TOF from selected spots of Coomassie blue-stained gels. Peptide mass fingerprinting for protein identification was
performed using Profound’s (v.2002.03.01) NCBInr human database (v.7 November 2007; 5614267)

Fig. 1 2D-DIGE of 1A9, R1 and L4 cells. Differentially expressed proteins in the resistant R1 and L4 cells compared to parental 1A9 cells are circled. Each
spot is numbered (squares) to match the data in Table II. Each image is representative of three independent preparations.
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in the degradation of parental vimentin (Mr 58 kDa) into
fragments of lower molecular weight. No vimentin degra-
dation products (VDP) were seen in untreated 1A9 cells.
Importantly, the different compounds had a different
concentration-dependent effect on vimentin degradation,

with 5 nM drug giving strong, intense VDP bands for PLA,
LAU, and DOX and less dense bands for PTX and IXA;
whereas, 50 nM drug reduced the intensity of the VDP bands
relative to 5 nMdrug for PLA, LAU, andDOX, but increased
the intensity for PTX and IXA (Fig. 4a and b).

Table III Fold Change of Differentially Expressed Proteins Between 1A9, R1, and L4 Cells

Spot No. Protein name Fold change
(1A9 vs R1)b

P-valuea Fold change
(1A9 vs L4)b

P-value Fold change
(R1 vs L4)b

P-value

1 Heat shock 70 kDa protein 9 precursor −1.15 0.21 −1.68 0.001 −1.46 0.038

2 Vimentin −1.05 0.94 −13.66 0.001 −12.95 0.0002

3 α-Tubulin 1.02 0.78 −1.94 0.025 −1.98 0.023

4 Vimentin (fragment) −1.19 0.64 −7.23 0.002 −6.08 0.002

5 Vimentin (fragment) −1.32 0.35 −7.17 0.013 −5.45 0.019

6 Glyoxalase I chain A −1.94 0.01 2.51 0.083 4.89 0.017

7 Creatine kinase M (fragment) 2.05 0.04 −8.24 0.007 −2.71 0.0008

8 Elongin B isoform A 1.1 0.3 2.08 0.014 2.35 0.019

a Statistical analysis was carried out using the Student’st-test in the BVA (Biological Variation Analysis) module (n03). P≤0.05 was taken as significant
b Negative values represent downregulation in R1 or L4 cells compared to parental 1A9 cells. In the comparison between R1 and L4, negative values
represent downregulation in L4 cells
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Fig. 2 Western blot and immunocytochemical analysis of vimentin in drug-resistant cells. (a) Cell lysates were prepared and subjected to electrophoresis
and Western blotting. Actin was used as a loading control. A representative Western blot image is shown from 4 independent experiments. (b) Summary of
vimentin protein abundance. Quantitation of immunoblot density was determined as % of actin loading control. Data are the mean ± SEM of 4
independent experiments. *P<0.0001, Student’st-test. (c) Immunocytochemistry of parental and the resistant cells. The cells were visualized by confocal
microscopy using either 20x (top panel; scale bar0100 μm) or 60x (bottom panel; scale bar020 μm) objectives. Only L4 cells show low vimentin
abundance, supporting the Western blot results.
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DISCUSSION

The present study using 2D-DIGE showed that two proteins
(glyoxalase I and creatine kinase M) in R1 cells and five
proteins (vimentin plus two vimentin fragments, heat shock
protein 70, α-tubulin, creatine kinase M, and elongin B
isoform A) in L4 cells were significantly altered relative to
the parental 1A9 cells. Although the narrow pI range used
in this study is a major limitation to drawing a general
conclusion about the global-scale proteomics of the cells,
many of the proteins identified here have not previously
been shown to play a role in drug resistance. Therefore, this
study introduces potential new mechanisms by which cancer
cells may become resistant to antimicrotubule agents. The
abundance of α-tubulin in the parental and the resistant
cells was validated by Western blotting in a previous study
(21). There was no significant alteration in the expression
level of α-tubulin between parental 1A9 and the resistant R1
and L4 cells (21). This was anticipated since only a minor
decrease (1.9-fold) in the protein level was identified by 2D-
DIGE in the L4 cells compared to 1A9 cells. Proteins that
showed less than a 2-fold alteration in their abundance by
DIGE were not validated in the present study, including the
creatine kinase M spot, which was only a fragment of the
total protein. Vimentin abundance decreased 13-fold in L4

cells, and this significant downregulation was confirmed by
Western blotting and immunocytochemistry. The observed
vimentin alteration was unique to PLA/LAU-resistant L4
cells, and was not seen in R1 cells. Neither of the two taxoid
drug-resistant cells had changes in their vimentin abun-
dance either (Fig. 2). The functional significance of vimentin
downregulation in the PLA and LAU sensitivity was, there-
fore, directly tested by transfecting a vimentin cDNA into
L4 cells to restore a more normal vimentin abundance level.
The acquisition of vimentin expression in L4 cells significantly
restored some of their sensitivity to PLA and LAU by 1.2-fold
compared to the vimentin-deficient mock control- or non-
transfected cells (Table IV). It is believed that several mecha-
nisms act together in drug resistance and each of these has a
different effect on the resistance phenotype. Possible resistance
mechanisms due to vimentin changes are discussed below.
Given that L4 cells also have structural alterations in the
primary drug target, βI-tubulin (21), it is likely that the ma-
jority of the resistance is a result of these changes in β-tubulin.

Tubulin-Targeted Drug Resistance due to Vimentin
Alterations

There is no evidence to date of a direct involvement of
vimentin in contributing to the resistance to antimicrotubule
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Fig. 3 Vimentin protein
abundance in vimentin cDNA-
transfected L4 cells. L4 cells were
transfected with three vimentin
cDNA concentrations or Lipo-
fectamine on its own (mock con-
trol), and the protein abundance
was determined by Western blot
after 48 h and 120 h transfection.
A representative blot from 3 in-
dependent experiments is shown
in (a). Actin was used as a loading
control. (b) A summary of the
results is given in (b). Vimentin
band densities are presented as
% of actin loading control. The
expression of vimentin-
transfected cells is compared with
the mock control-transfected
cells. Data are the mean ± SEM.
*P<0.0001, One-way ANOVA
with Bonferroni multiple com-
parison test, n03 experiments.

Vimentin Role in Resistance



agents, despite the aforementioned associations between
microtubules and vimentin. Previous studies, however, have
reported that vimentin-negative cells increase their expres-
sion of vimentin after selection for resistance to tubulin-

binding agents. For example, human cancer cells selected
for resistance to PTX and docetaxel show increased abun-
dance of vimentin compared to the non-resistant cells
(27,28). This is the exact opposite to the resistant L4 cells
in the present study that showed a large decrease in vimen-
tin relative to the sensitive 1A9 cells. Since the actual mech-
anism by which vimentin confers drug resistance to cancer
cells has not yet been elucidated, the significance of these
vimentin alterations is unknown, but it has been postulated
that vimentin may have effects due to its close association
with microtubules (3,29). This is further supported by the
fact that the phosphorylation status and distribution of
vimentin is altered by PTX-treatment in normal and cancer
cells (15,16,30).

A number of other studies have provided evidence for a
role of vimentin in several cell signaling networks (5).
Vimentin contains multiple phosphorylation sites and is an
important substrate for a number of kinases, including Rho
kinase, protein kinase C, cGMP kinase, Yes kinase, Raf-1
kinase, PAK kinase, and Aurora B kinase that are involved
in a variety of key cellular functions, including signal trans-
duction, cell division, and apoptosis (5,31–33). Recently, the

Table IV IC50 Values for PLA and LAU in Vimentin-Transfected L4 Cells

Drugs L4 (IC50 nmol/L)a

Non-transfected control Mock control Vimentin-transfected cells

PLA 326.0±3.4 331.8±6.6 261.5±6.3**

(0.98-fold)b (1.26-fold)c

LAU 262.8±4.4 258.2±6.5 215.6±6.0*

(1.01-fold)b (1.19-fold)c

a The IC50 values of PLA and LAU in vimentin cDNA-transfected L4 and
control cells were determined by MTT assay. Data are presented as the
mean ± SEM of 3–4 independent experiments. *P<0.01, **P<0.001,
Student’st-test
b The fold changes in resistance in mock-transfected cells to non-
transfected cells
c The fold changes in resistance in vimentin-transfected cells compared to
mock-transfected cells. A value of 1 indicates no change, and a value of
>1.0 indicates an increased sensitivity to the drug
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Fig. 4 Drug-induced vimentin
degradation in 1A9 cells. (a)
Treatment with 5 and 50 nM
PLA, LAU, PTX, IXA, or DOX,
individually, for 24 h led to
vimentin degradation. For better
visualization of vimentin
degradation products (VDP), the
transfer membrane is shown
before staining for the actin
loading control (top panel). The
bottom panel shows the same
transfer membrane with actin
staining included. The image is
representative of 3 independent
experiments. (b) Summary of %
VDP in drug-treated 1A9 cells
compared to non-degraded pa-
rental vimentin (n03 indepen-
dent experiments). The VDP
abundances for all the drug-
treated cells were significantly
higher than that of untreated 1A9
cells (P<0.001, One-way
ANOVA with Bonferroni’s multi-
ple comparison test). For LAU
and PTX only, the % VDP of
5 nM versus 50 nM was also sig-
nificant (P<0.05). Data are the
mean ± SEM.

Kanakkanthara, Rawson, Northcote and Miller



PI3K/Akt cell survival pathway has been shown to mediate
vimentin expression (34). Vimentin also regulates 14-3-3
proteins, which play a vital role in cell signaling and cell
cycle processes (35). In one study on resistant human colon
cancer cells, overexpression of vimentin reduced the anti-
apoptotic effect of Bcl-2, causing an increase in apoptosis
induced by methotrexate; whereas, downregulation of
vimentin caused a decrease in apoptosis (36). Protection
from apoptosis is a well known way for cells to display
resistance to drugs (37). In another study in c-erbB-2 onco-
gene overexpressing breast cancer tumors that are known to
be refractory to diverse chemotherapies, underexpression of
vimentin was identified (38). Our study shows that vimentin
is downregulated in a cell line (L4) that is highly resistant to
PLA and LAU. Considering the involvement of vimentin in
various cell signaling processes that interact with a large
number of cellular proteins, it is possible that decreased
vimentin abundance in L4 cells may lead to alterations in
signaling pathways that regulate cell survival or apoptosis,
thereby conferring resistance to PLA and LAU, both of
which are known to cause apoptosis (19,39).

Drug-Induced Vimentin Cleavage and Apoptosis

Cytoskeletal reorganization is a characteristic feature of
apoptosis induced by diverse cytotoxic drugs (14). A study
by Grzanka et al. (15) using fluorescence microscopy showed
that treatment with PTX, etoposide, or DOX resulted in
accumulation of vimentin at the site of apoptotic bodies in
human leukemic K-562 and HL-60 cells. In these cells,
PTX-treatment caused the expected effects on microtubules
but also induced significant changes in the distribution of
vimentin, with a thin network of vimentin dispersed
throughout the cells and nucleus or aggregated in apoptotic
bodies (15). Using an in vitromodel system of human prostate
epithelial cells, Prasad et al. (40) demonstrated that proteol-
ysis of vimentin is associated with the execution phase of
apoptosis induced by ionizing radiation. Caspases play a
vital role in the execution of apoptosis by cleaving or acti-
vating diverse intracellular proteins. A caspase-mediated
cleavage of vimentin is a major event during apoptosis and
contributes to the morphological changes that characterize
apoptotic cells (41). Moreover, the degradation of vimentin
by caspases promotes apoptosis by disrupting intermediate
filaments and amplifying the cell death signal through a pro-
apoptotic N-terminal cleavage product (42). Withaferin-A, a
naturally derived bioactive compound, is believed to target
vimentin, since withaferin-A cleaves vimentin and causes
marked apoptosis in vimentin-expressing tumor cells but
leads to significantly less apoptotic damage in vimentin-
deficient tumor cells (43). Knockdown of vimentin expres-
sion or inhibition of caspase-induced vimentin degradation
abrogated apoptosis in these cells. In our study, both

microtubule stabilizing agents and a DNA-damaging agent
that are known to induce apoptosis caused vimentin degra-
dation in vimentin-expressing 1A9 cells (Fig. 4). Although
PTX and DOX have already been shown by others to
disrupt the vimentin network, this is the first study demon-
strating degradation of vimentin in mammalian cells in
response to PLA, LAU and IXA. It is unclear why a major
downregulation of vimentin does not affect sensitivity of L4
cells to PTX, IXA, and DOX, in addition to PLA and LAU.
A number of cellular processes are affected by microtubule-
targeting agents as a result of their molecular interaction
with microtubules and also their interaction with several
other secondary targets, which may or may not be similar
between different tubulin-binding agents. Supporting this
fact, PLA and PTX have previously been shown to affect
different apoptotic proteins in human HL-60 promyeloid
leukemic cells (44). Given the role played by vimentin in
apoptosis in other cells (40–43), our results suggest that drug
interactions with vimentin or vimentin cleavage to VDP
might be vital for regulating the apoptotic signaling path-
ways specifically activated by PLA and LAU. This might in
part explain the specific resistance of L4 cells to PLA and
LAU, but not to other tubulin-binding agents (21). Howev-
er, further investigations are necessary to better understand
the role of vimentin in cell survival pathways and in medi-
ating the sensitivity to tubulin-binding antimitotic agents.

CONCLUSION

We have identified a novel mechanism of resistance to PLA
and LAU that involves the downregulation of vimentin.
Since, there is little detailed information available on the
link between antitubulin drug resistance and vimentin abun-
dance in cancer cells, the information provided here may
offer some reasonable insights on vimentin-mediated resis-
tance mechanisms in cancer cells with regard to antimicro-
tubule agents like the microtubule stabilizing drugs. The
finding that decreased vimentin expression in L4 cells is
associated with resistance to non-taxoid, non-vinca, and
non-colchicine site directed microtubule-targeting agents
indicates that the role of vimentin in acquisition of resistance
is complex, and that this effect may be linked to the mode of
induction of cell-death by these agents.
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