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ABSTRACT 

Antimicrotubule agents are commonly used chemotherapy drugs for the treatment of breast and 

other cancers.  However, these agents have variable activity due in part to microtubule regulatory 

proteins.  Stathmin, an 18 kDa phosphoprotein that promotes microtubule depolymerization, was 

found to be frequently overexpressed in breast cancer.  We previously identified stathmin-

mediated mechanisms of resistance to antimicrotubule agents, including altered drug binding and 

delayed transit from G2 into M phase where these agents are effective in disrupting microtubule 

dynamics.  We hypothesized that by reversing stathmin-mediated depolymerization of 

microtubules or by promoting entry into mitosis that this could increase sensitivity to 

antimicrotubule agents in human breast cancer cells overexpressing stathmin.  We found that 

targeting stathmin or wee-1 expression with RNA interference can induce microtubule 

polymerization and promote G2/M progression, respectively, and sensitize stathmin-

overexpressing breast cancer cells to paclitaxel and vinblastine.  Furthermore, targeting wee-1 

led to the phosphorylation of stathmin, which is known to attenuate its activity.  Therefore, these 

data suggest a novel approach to improving the efficacy of certain antimicrotubule agents against 

breast cancer by regulating the function of stathmin.  
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INTRODUCTION 

Antimicrotubule agents are among the most active drugs in the treatment of breast cancer.  

These drugs can be classified broadly into two groups based on their mechanism of action:  the 

microtubule stabilizers, e.g. taxanes, such as paclitaxel and docetaxel, and the microtubule 

destabilizers, e.g. the vinca alkaloids, such as vinblastine, vincristine, and vinorelbine.  

Microtubules are dynamic structures that fluctuate between microtubule polymer and tubulin 

heterodimers.  The stabilizers bind microtubule polymer, whereas the destabilizers bind tubulin.  

Regardless of drug target, both groups of antimicrotubule agents promote cell death by 

suppressing microtubule dynamics.  They are referred to as antimitotic agents because they are 

active during mitosis or M phase where the microtubules that comprise the mitotic spindle are up 

to 100 times more dynamic than interphase microtubules (Rusan et al., 2001; Zhai et al., 1996).   

Resistance to antimicrotubule agents is complex and includes non-specific mechanisms 

of drug resistance and those specific to these agents.  General, non-specific mechanisms include 

those mediated by the overexpression of drug efflux pumps (e.g., P-glycoprotein, multidrug 

resistance protein), whereas mechanisms specific to antimicrotubule agents include alterations in 

tubulin through mutation, differential expression of tubulin isotypes, post-translational tubulin 

modifications (Dumontet and Sikic, 1999; Jordan and Wilson, 2004), and altered expression of 

microtubule regulatory proteins (Alli et al., 2002; Balachandran et al., 2003; Martello et al., 

2003; Zhang et al., 1998).   

One such microtubule regulator is stathmin, an 18 kDa protein that destabilizes 

microtubules through catastrophe promotion (Belmont and Mitchison, 1996) and/or tubulin 

sequestration (Curmi et al., 1997).  Stathmin was originally identified as a phosphoprotein 

upregulated in leukemia (Hanash et al., 1988; Sobel and Tashjian, 1983).  Since then it has also 
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been reported to be overexpressed in solid tumors, including breast cancer (Bieche et al., 1998; 

Curmi et al., 2000).  

Stathmin is regulated through transcriptional and post-translational mechanisms.  

Expression of stathmin can be repressed by wild-type p53 following DNA damage (Ahn et al., 

1999; Alli et al., 2006; Murphy et al., 1999).  Phosphorylation of stathmin on up to four serine 

residues (S16, S25, S38, and S63) by various kinases (mitogen activated protein kinase, cyclin 

dependent kinase 1 (cdk1), cyclin-dependent kinase 2, calcium calmodulin-dependent protein 

kinase II, calcium calmodulin-dependent protein kinase IV, and protein kinase A) attenuates the 

microtubule destabilizing effects of the protein (Cassimeris, 2002).  At the G2/M transition, cdk1 

phosphorylates S25 and S38 of stathmin to generate a transient di-phosphoform that is rapidly 

phosphorylated on S16 followed by S63 to produce a completely inactive tetra-phosphoform of 

stathmin required for entry into M phase (Di Paolo et al., 1997; Larsson et al., 1995; Marklund et 

al., 1996).  Dephosphorylation of stathmin by phosphatases PP1, PP2a, and/or PP2b occurs as 

cells exit mitosis (Guy et al., 1992; Mistry and Atweh, 2001; Mistry et al., 1998; Tournebize et 

al., 1997).  These events, summarized in Figure 1, are believed to contribute to the formation and 

function of the mitotic spindle.   

We previously found that overexpression of stathmin markedly affects the response to 

antimicrotubule agents through at least two possible mechanisms (Alli et al., 2002).  First, by 

promoting microtubule destabilization, overexpression of stathmin decreased the cellular binding 

of paclitaxel and increased the binding of vinblastine.  Second, stathmin overexpression delayed 

entry into M phase.  Together these mechanisms led to stathmin-mediated resistance to paclitaxel 

and to a lesser extent to vinblastine.  Therefore, we hypothesized that reversing stathmin-
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mediated destabilization of microtubules and/or promoting entry into mitosis should increase 

sensitivity to antimicrotubule agents in human breast cancer cells overexpressing stathmin.   
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MATERIALS AND METHODS 

Cell Lines and Culture Conditions.  The BT549 human breast epithelial cancer cell line was 

cultured in RPMI 1640 medium with 0.023 units/ml insulin.  V1 and S1 human breast cancer cell 

lines were derived from the BT20 human breast carcinoma cell line as previously described (Alli 

et al., 2002).  Briefly, BT20 cells were transfected with pcDNA3.1 vector or pcDNA3.1 vector 

containing stathmin, and isolated as single colony expansions to generate control (V1, formerly 

BT20V1) and stathmin-transfected (S1, formerly BT20ST1) stable cell lines, respectively.  V1 

and S1 cell lines were cultured in Minimum Essential Medium Eagle’s containing nonessential 

amino acids, 1mM sodium pyruvate, 2mM L-glutamine, 1.5g/L sodium bicarbonate, and 

200µg/mL geneticin.  All culture medium was supplemented with 10% fetal bovine serum and 

1% penicillin-streptomycin.  All cell lines were maintained at 37° with 5% CO2. 

 

Reverse Transcriptase- quantitative PCR (RT-qPCR).  Total RNA was extracted with 

Trizol® Reagent (Invitrogen; Carlsbad, CA) and purified by RNeasy MinElute Cleanup kit 

(Qiagen; Valencia, CA) according to the manufacturers’ instructions.  RT-qPCR was carried out 

using One-step RT-qPCR kit for SYBR® green I (Eurogentec; San Diego, CA) with 100ng RNA 

template per reaction.  Controls included reactions free of reverse transcriptase and RNA 

template.  Each reaction was carried out in quadruplicate.  Human acidic ribosomal protein PO 

was used as the normalization control.  The primers and cycling protocol were previously 

described (Bieche et al., 2003).  The comparative threshold (∆∆CT) method (Livak and 

Schmittgen, 2001) was used to determine relative RNA expression.   
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Western Blotting.  Whole cell lysates were resolved by SDS-PAGE, transferred to 

nitrocellulose membrane, blocked, and probed with the appropriate antibody.  Protein was 

detected by horseradish peroxidase-conjugated secondary antibody and ECL™ detection system 

(Amersham Biosciences; Piscataway, NJ).  Antibodies included:  anti-stathmin (Calbiochem; La 

Jolla, CA), anti-β-actin (Sigma-Aldrich; St. Louis, MO), anti-wee-1 (Cell Signaling Technology; 

Beverly, MA), anti-α-tubulin (clone B5-1-2; Sigma-Aldrich; St Louis, MO), anti-cdk1 

(Calbiochem; La Jolla, CA), anti-phospho-cdk1-Y15 (Santa Cruz Biotechnology, Inc.; Santa 

Cruz, CA), anti-MPM2 (Upstate; Lake Placid, NY), anti-phospho-stathmin-S16 (Santa Cruz 

Biotechnology, Inc.; Santa Cruz, CA), and anti-phospho-stathmin-S63 (Santa Cruz 

Biotechnology, Inc.; Santa Cruz, CA).  Where indicated, densitometry was carried out using 

Image J software (NIH; Bethesda, MD).   

 

Immunofluorescent Staining of Microtubules.  Cells grown in tissue culture chamber slides 

were transfected with 100nM small interfering RNA (siRNA), fixed with methanol, blocked with 

3% bovine serum albumin, and stained with α-tubulin (clone DM1A; Sigma-Aldrich; St. Louis, 

MO) using a FITC-conjugated secondary antibody (Sigma-Aldrich; St. Louis, MO).  Slides were 

mounted with ProLong Antifade Mounting Media containing DAPI (Molecular Probes; 

Eugene, OR) according to the manufacturer’s instruction.  Slides were then analyzed under 40X 

oil immersion using a Zeiss HBO 100 W/2 Axioskop fluorescent microscope (Thornwood, NY) 

and ScionImage software (Scion Corporation; Frederick, MD). 

 

Determination of Microtubule Polymer: Soluble Tubulin Ratio.  Separation of microtubule 

polymer from soluble tubulin was done as previously described (Galmarini et al., 2003).  Briefly, 
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cells were lysed in buffer (20mM Tris-HCl pH 6.8, 1mM MgCl2, 2mM EGTA) for 5 minutes in 

the dark and centrifuged at 14,000rpm.  The supernatant (soluble tubulin) was stored on ice, and 

the pellet (polymerized microtubules) was resuspended in Ling’s Buffer (10mM Tris-HCl pH 

7.5, 1.5mM MgCl2, 10mM KCl) in a volume equivalent to that of the supernatant fraction.  

Equal amounts of each fraction were subjected to Western blot analysis for tubulin using a pan-

specific antibody (Clone T2.1; Cytoskeleton, Denver, CO).  Polymerized and soluble tubulin for 

each sample was quantified by Image J software (NIH; Bethesda, MD), and expressed as a ratio 

of polymerized microtubules to soluble tubulin (Galmarini et al., 2003).  

 

Cell-Cycle Analysis.  Cells were collected by centrifugation, washed with phosphate-buffered 

saline (PBS), and fixed with ice-cold 70% ethanol.  Cells were then washed with PBS and 

incubated with RNase A/propidium iodide in PBS for 30 minutes at room temperature in the 

dark.  Flow cytometric analysis was carried out on a Beckman Coulter Cytomics™ FC flow 

cytometer (Beckman Coulter; Miami, FL). 

 

siRNA and Transfection.  siRNA sequences, empirically designed based on the 

recommendations of Dharmacon (www.dharmacon.com) and Tuschl 

(http://www.rockefeller.edu/labheads/tuschl/sirna.html), included stathmin sequence 5’-

CUCCAGGGAAAGAUCCUUCdTdT, and scrambled control sequence 5’-

CUCAAGCGACGAUAGCUUCdTdT.  The sequence of wee-1 siRNA was previously described 

(Yuan et al., 2004), and its control siRNA refers to Non-Targeting Control Sequence XI 

available through Dharmacon (Lafayette, CO).  All siRNAs were chemically synthesized as 

double stranded RNA (Dharmacon; Lafayette, CO) and introduced into cell lines with liposome 
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based-transfection reagent.  Transfection was carried out with Oligofectamine™ Reagent 

(Invitrogen; Carlsbad, CA) according to the manufacturer’s instructions. 

 

Combination Treatment with Stathmin siRNA.  Scrambled control or stathmin siRNA was 

transfected into cells as described above.  After 48 hours, cells were treated with vehicle or 

increasing concentrations of the appropriate drug for 72 hours.  Drugs included paclitaxel 

(Sigma-Aldrich; St. Louis, MO), vinblastine (Sigma-Aldrich; St. Louis, MO), doxorubicin 

(Sigma-Aldrich; St. Louis, MO), cisplatin (Sigma-Aldrich; St. Louis, MO), or etoposide (Sigma-

Aldrich; St. Louis, MO).   

 

Combination Treatment with Wee-1 siRNA.  Non-targeting control or wee-1 siRNA was 

transfected into cells as described above.  After 12 hours, cells were treated with vehicle or 

increasing concentrations of paclitaxel, vinblastine, cisplatin, or doxorubicin for six days (~2 

doubling times).  

 

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) Assay.  MTT (Sigma-

Aldrich; St. Louis, MO) was added to each well and incubated for 3-4 hours at 37° and 5% CO2; 

formazan crystals were made soluble with DMSO.  Optical density was determined at 570 nm 

using a Dynatech MR5000 plate reader (MTX Lab Systems, Inc.; Vienna, VA).  Viability was 

expressed as a percentage of control treated cells by dividing the optical density of each treated 

well by the mean of the control wells.  Viability was determined in quadruplicate.  
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RESULTS 

Effect of silencing stathmin on microtubule polymerization.  Stathmin destabilizes 

microtubules and promotes depolymerization.  Therefore, to reverse the destabilizing effect of 

stathmin on microtubules, we tested the ability of RNA interference to knock-down stathmin 

expression and induce microtubule polymerization.  The BT549 human breast cancer cell line 

expresses 11-fold more stathmin protein than normal cells (Alli et al., 2002) and has a high 

transfection efficiency.  These cells were transfected with 100nM stathmin siRNA (non-toxic 

concentration), scrambled-control siRNA, and/or transfection reagent alone, and assayed for 

stathmin expression and microtubule polymerization.  Knock-down of stathmin expression was 

observed by RT-qPCR (Fig. 2A) and by Western blot (Fig. 2B).  Following transfection with 

stathmin siRNA, stathmin mRNA expression decreased to 29 + 2 % of control (Fig. 2A), and 

stathmin protein expression markedly decreased compared to controls (Fig. 2B). 

We examined the effect of stathmin siRNA on microtubules by immunofluorescent 

staining of the microtubule network and by quantifying the ratio of polymerized to soluble 

tubulin (Fig. 2C,D).  To analyze the microtubule network, transfected cells were fixed and 

permeabilized to allow free tubulin to diffuse from the cell, and stained with anti-α-tubulin and 

FITC-conjugated secondary antibody to visualize tubulin polymer.  Cells transfected with 

stathmin siRNA showed long and bundled microtubule polymers, whereas cells transfected with 

scrambled-control siRNA showed short and diffuse microtubule polymers (Fig. 2C).  To quantify 

the ratio of polymerized to soluble tubulin, transfected-cells were lysed and separated into 

insoluble and soluble fractions.  Equal amounts of each fraction were probed for tubulin by 

Western blot, and tubulin content was quantified by densitometry.  The ratio of microtubule 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 1, 2007 as DOI: 10.1124/mol.106.029702

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#29702 

12 

polymer to soluble tubulin (P:S) was approximately three-times greater for cells transfected with 

stathmin siRNA (P:S = 9.3) compared to control siRNA (P:S = 3.7) (Fig. 2D). 

 

Effect of silencing stathmin on drug sensitivity.  We previously found that decreased 

microtubule polymerization by stathmin overexpression led to paclitaxel resistance, and that 

decreased mitotic accumulation by stathmin overexpression led to paclitaxel and vinblastine 

resistance (Alli et al., 2002).  Due to the effects of silencing stathmin on microtubule 

polymerization described above, and our previous finding that silencing stathmin induces mitotic 

accumulation (Alli et al., 2006), we asked whether or not silencing stathmin could increase 

sensitivity to antimicrotubule agents.  BT549 cells were transfected with 100nM stathmin siRNA 

or scrambled-control siRNA, and analyzed for sensitivity to paclitaxel and vinblastine by MTT 

assay.  BT549 cells transfected with stathmin siRNA were ~10-fold more sensitive to paclitaxel 

(IC50=~0.1nM vs. ~1nM) than cells transfected with scrambled-control siRNA  (Fig. 3A), and 

~2-fold more sensitive to vinblastine (IC50=~0.5nM vs. ~0.9nM) (Fig. 3B).   

We also tested the effect of stathmin siRNA on sensitivity to drugs that do not affect 

microtubule dynamics.  As shown in Figure 3C, silencing stathmin had no effect on the 

sensitivity to doxorubicin, cisplatin, and etoposide. 

 

Effect of silencing wee-1 on M phase accumulation.  Overexpression of stathmin delays 

transition of breast cancer cells from G2 into M phase (Alli et al., 2002).  Cdk1 phosphorylates 

stathmin at the G2/M transition and promotes entry into mitosis (Di Paolo et al., 1997; Larsson et 

al., 1995; Marklund et al., 1996).  Wee-1 protein kinase phosphorylates cdk1 at tyrosine 15 

(Y15), which renders cdk1 inactive (Berry and Gould, 1996; Porter and Donoghue, 2003) and 
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sustains G2/M arrest.  Therefore, we tested whether or not silencing wee-1 expression could 

promote entry into mitosis.  S1 stathmin-overexpressing cells (previously described as BT20ST1 

in (Alli et al., 2002)) were transfected with 50nM or 100nM wee-1 siRNA or non-targeting 

control siRNA and examined by Western blotting for expression and activity of wee-1 and for 

cellular accumulation in mitosis (Figure 4).  Wee-1 siRNA silenced wee-1 expression in a dose-

dependent manner compared to non-targeting control siRNA (Fig. 4A).  To measure the activity 

of silencing wee-1 expression, we used a phosphorylation-specific antibody to Y15 of cdk1 to 

detect the presence of the inactive form, and found that wee-1 siRNA decreased phosphorylation 

of cdk1 on Y15 (Fig. 4B).  To determine the effect of silencing wee-1 on mitotic accumulation, 

we first analyzed the cell-cycle by flow cytometry, which revealed a small but statistically 

insignificant decrease in the G2/M population following transfection with wee-1 siRNA 

compared to control (data not shown).  Given that flow cytometry does not distinguish between 

G2 and M phases of the cell-cycle, we focused on the accumulation of cells in mitosis by 

analyzing MPM2, a marker phosphoproteins specific to mitosis.  Phosphoproteins recognized by 

MPM2 antibody (molecular weight = ~220kDa, ~130kDa, and ~85kDa) increased in a dose-

dependent manner following transfection with wee-1 siRNA compared to control (Fig. 4C).  We 

next analyzed the effects of wee-1 siRNA on stathmin.  S1 cells were transfected with 50nM or 

100nM wee-1 siRNA or non-targeting control siRNA, and analyzed for stathmin expression and 

phosphorylation by Western blot.  Phosphorylation of stathmin was detected using 

phosphorylation-specific antibodies to S16 and S63 of stathmin.  Wee-1 siRNA did not alter 

protein expression of stathmin, but increased phosphorylation of stathmin on S16 and S63 in a 

dose-response manner (Fig. 4D).  Thus, knock-down of wee-1 increased phosphorylation of 

stathmin and promoted entry and cell accumulation in mitosis.   
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Effect of silencing wee-1 on drug sensitivity.  We next studied whether the increased mitotic 

population of cells produced by silencing of wee-1 expression altered the sensitivity to 

antimicrotubule agents.  In these experiments, S1 cells transfected with 100nM wee-1 or non-

targeting control siRNA were treated with increasing concentrations of paclitaxel or vinblastine 

and analyzed for cell viability by MTT.  S1 cells transfected with wee-1 siRNA were 

significantly more sensitive to paclitaxel and vinblastine than cells treated with non-targeting 

control siRNA (Fig. 5B,C).   

To compare the effect of wee-1 siRNA on antimicrotubule drug sensitivity in stathmin-

overexpressing cells to that of non-overexpressing cells, we treated the V1 control cell line in an 

identical manner as described above for the S1 cell line.  The S1 cell line expresses ~8-fold more 

stathmin than the isogenic V1 cell line (vector control previously described as BT20V1 in (Alli 

et al., 2002)) (Fig. 5A).  Wee-1 siRNA had little effect on the sensitivity to paclitaxel and 

vinblastine in V1 cells (Fig. 5B,C). 

We also tested the effect of wee-1 siRNA on drug sensitivity to non-antimicrotubule 

agents in both stathmin overexpressing and non-overexpressing cells.  S1 and V1 cells 

transfected with wee-1 siRNA showed similar sensitivity to cisplatin and doxorubicin compared 

to cells treated with non-targeting control siRNA (Fig. 5D).  
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DISCUSSION 

Stathmin, a microtubule destabilizing protein often overexpressed in breast cancer, was 

previously reported by our laboratory to decrease sensitivity to paclitaxel and vinblastine through 

altered drug-target interaction and cell-cycle regulation (Alli et al., 2002).  Overexpression of 

stathmin favored microtubule destabilization, decreased cellular binding of paclitaxel and 

delayed cellular transit from G2 into M phase.  In the current studies, we attempted to reverse 

stathmin-mediated mechanisms of resistance to antimicrotubule agents and found that targeting 

stathmin or wee-1 expression can induce microtubule polymerization and G2->M progression, 

respectively, and sensitize stathmin-overexpressing breast cancer cells to paclitaxel and 

vinblastine.  

Silencing stathmin induces microtubule polymerization and sensitizes stathmin-

overexpressing breast cancer cells to antimicrotubule agents.  Decreased expression of stathmin 

by siRNA (Fig. 2A, B) favored elongated, bundled microtubules (Fig. 2C) and an increased ratio 

of polymerized to soluble tubulin (Fig. 2D).  These data are consistent with the known functions 

of stathmin as well as previous attempts to target stathmin using antibodies or antisense (Howell 

et al., 1999).  The shift toward polymerized microtubule dynamics produced by stathmin siRNA 

predicts that silencing stathmin would increase sensitivity to paclitaxel (microtubule stabilizing 

agent) and decrease sensitivity to vinblastine (microtubule destabilizing agent).  However, we 

recently reported that silencing stathmin induces mitotic accumulation (Alli et al., 2006), which 

led to the hypothesis that silencing stathmin can increase susceptibility to both classes of 

antimicrotubule agents.  We consistently observed that silencing stathmin increases sensitivity to 

both paclitaxel and vinblastine, although the magnitude of change was greater for paclitaxel (Fig. 

3A,B).  The greater effect of stathmin siRNA on paclitaxel sensitivity is consistent with our 
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previous data showing that overexpression of stathmin created far greater paclitaxel resistance 

than vinblastine resistance (Alli et al., 2002). This is consistent with the interpretation that the 

effect of silencing stathmin on taxane sensitivity was due to both increased target for the drug as 

well as favorable cell-cycle kinetics.  In contrast, the effect of silencing stathmin on vinblastine 

sensitivity was likely due only to favorable cell-cycle kinetics. These data are also supported by 

those of Iancu et al., who showed that stathmin antisense RNA sensitized K562 leukemia cells to 

paclitaxel (Iancu et al., 2000).  Furthermore, Balchandran et al. (2003) and Martello et al. (2003) 

found that stathmin is overexpressed in paclitaxel-resistant ovarian cancer and human non-small 

cell lung carcinoma cell lines, respectively.  Although this study is limited to paclitaxel and 

vinblastine, there is reason to suspect that stathmin may also influence the effect of other 

microtubule stabilizers such as the epothilones and destabilizers such as halichondrin B.  Work 

on these drugs is in progress. Knock-down of stathmin had no effect on doxorubicin, cisplatin, or 

etoposide (i.e. drugs that target DNA and topoisomerase) (Fig. 3C), suggesting that the effect of 

silencing stathmin on drug sensitivity is specific to antimicrotubule agents.   

Wee-1 inactivates cdk1 by phosphorylating cdk1 at Y15 and prevents the G2/M 

transition.  Silencing wee-1 activates cdk1, induces stathmin phosphorylation, and promotes 

cellular accumulation in mitosis. We found that silencing wee-1 by siRNA (Fig. 4A) decreases 

phospho-cdk1 at Y15 (Fig. 4B), increases phospho-stathmin on S16 and S63 (Fig. 4D), and 

increases mitotic progression as measured by increased MPM2 expression (Fig. 4C) in stathmin-

overexpressing cells, which were previously found to arrest at G2 (Alli et al., 2002).  These 

results are consistent with the findings of Yuan et al. who showed that silencing wee-1 overcame 

the G2 arrest induced by HIV protein Vpr (Yuan et al., 2004), and Tominaga et al. who showed 

that wee-1 knockout MEFs exhibit increased cdk1 activity, a defective G2/M checkpoint, and 
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premature mitotic entry upon DNA damage (Tominaga et al., 2006).  Similarly, Larrson et al. 

showed that  phosphorylation of stathmin by cdk1 on S25 and S38 precedes phosphorylation of 

stathmin by unknown kinase(s) on S16 and S63, which leads to the inactive phosphoform of 

stathmin and subsequent entry into mitosis (Di Paolo et al., 1997; Larsson et al., 1995; Marklund 

et al., 1996).  At the G2/M transition, interphase microtubules are depolymerized and then 

repolymerized into the mitotic spindle, suggesting that phosphorylation of stathmin functions in 

the assembly of the mitotic spindle (Figure 1).  Thus, we propose that decreasing wee-1 

expression activates cdk1, which phosphorylates and inhibits stathmin, thereby promoting 

formation of the mitotic spindle.  

Silencing wee-1 restores sensitivity to antimicrotubule agents in stathmin-overexpressing 

cells (Fig. 5).  As previously reported, stathmin-overexpressing S1 cells are relatively resistant to 

paclitaxel and vinblastine compared to empty-vector control cells (V1).  Silencing wee-1 by 

siRNA sensitizes S1 cells to paclitaxel and vinblastine, and the sensitivity of the combined 

treatment approaches that of V1 cells treated with either of these agents alone (Fig. 5B, C).  

Furthermore, unlike results obtained with silencing stathmin, silencing wee-1 in S1 cells 

increases the sensitivity to vinblastine to a greater extent than to paclitaxel (Fig. 5B, C).  This 

result is consistent with our previous finding that stathmin-induced resistance to vinca alkaloids 

was due primarily to a delay in G2 to M transition, whereas resistance to paclitaxel due to 

stathmin overexpression was associated with a dramatic decrease in drug binding (Alli et al., 

2002).  Therefore, by silencing wee-1, we anticipated a greater effect on vinblastine sensitivity 

than on paclitaxel sensitivity.  The microtubule composition of the mitotic spindle, the dynamics 

of mitotic microtubules, and the metaphase-anaphase block induced by antimicrotubule drugs 

supports the importance of cellular progression into mitosis in determining sensitivity to these 
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drugs (Jordan and Wilson, 2004; Zhou and Giannakakou, 2005).  Furthermore, Skladanowski et 

al. (2005) recently showed that prolonged G2 and early M phases increased resistance to 

vincristine in leukemic cells.  We found that okadaic acid, a PP1 and PP2a inhibitor known to be 

associated with G2/M abrogation (Tournebize et al., 1997) and phosphorylation of stathmin (Guy 

et al., 1992; Mistry and Atweh, 2001; Mistry et al., 1998; Tournebize et al., 1997), sensitized S1 

but not V1 cells to paclitaxel and vinblastine (data not shown).  These data support the 

importance of stathmin inactivation in producing sensitivity to antimicrotubule agents.  Finally, 

silencing wee-1 had no effect on sensitivity to cisplatin or doxorubicin in stathmin 

overexpressing or non-overexpressing cells (Fig. 5D), suggesting that the enhanced sensitivity by 

silencing of wee-1 is specific to antimicrotubule agents. 

In summary, we found that decreasing stathmin expression by siRNA can diminish 

stathmin-mediated mechanisms of resistance to paclitaxel and vinblastine, and sensitize 

stathmin-overexpressing breast cancer cells to these drugs.  In addition, we demonstrated for the 

first time that by targeting wee-1, it is possible to increase sensitivity to antimicrotubule agents, 

at least in part due to inactivation of stathmin.  These results suggest that developing a means to 

target stathmin directly or indirectly via wee-1 might lead to increased sensitivity to microtubule-

stabilizing agents or increased sensitivity to microtubule-stabilizing and -destabilizing agents, 

respectively.  With the recent detailed analysis of the interaction of three stathmin-like domains 

with tubulin (Jourdain et al., 2004), small molecules might also be designed to prevent the 

stathmin-tubulin interaction.  Our laboratory previously found that stathmin is overexpressed in 

human breast cancer cell lines harboring mutant p53 (Alli et al., 2002). Furthermore, stathmin 

tends to be overexpressed in leukemia (Hanash et al., 1988; Sobel and Tashjian, 1983), ovarian 

cancer (Alaiya et al., 1997; Price et al., 2000), and prostate cancer (Friedrich et al., 1995), 
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suggesting applicability to cancers other than those of breast origin.  Overall, our studies 

contribute to an understanding of the complexities of drug resistant mechanisms present in 

human cancers, and suggest new approaches for a more effective use of certain antimicrotubule 

agents.   
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LEGENDS FOR FIGURES 

Figure 1.  Regulation of stathmin phosphorylation through the cell-cycle.  Stathmin harbors 

four phosphorylation sites (S16, S25, S38, and S63).  During interphase (G1/S/G2), stathmin 

remains unphosphorylated.  At the G2/M transition, cdk1 initiates the phosphorylation of 

stathmin at S25 and S38 to generate the di-phosphoform of the protein, which is rapidly 

phosphorylated at S16 and S63.  The fully phosphorylated form of stathmin is inactive, and 

allows transition from G2 into M phase.  Phosphorylation of stathmin presumably facilitates 

formation of the mitotic spindle.  Upon completion of M phase, stathmin is dephosphorylated by 

phospatases PP1, PP2a, and P2b. 

 

Figure 2.  Silencing of stathmin expression induces microtubule polymerization.  BT549 

cells were treated with transfection reagent alone (OFA), 100nM scrambled-control siRNA 

(SCR), or 100nM stathmin siRNA (ST).  Knock-down of stathmin mRNA expression was 

determined by RT-qPCR (A).  Each value represents a normalized average of quadruplicate 

readings determined by the comparative threshold (∆∆CT) method.  These data are representative 

of three independent experiments.  Knock-down of stathmin protein expression was determined 

by Western blot for stathmin (B).  β-actin was used as a loading control.  Images are 

representative of three independent experiments.  Microtubule polymer was visualized by 

fluorescent microscopy (C).  Cells were fixed and permeabilized with methanol, stained for α-

tubulin using FITC-conjugated secondary antibody (green), and visualized by fluorescent 

microscopy with a 40X oil immersion lens.  Nuclei were counterstained with DAPI (blue).  

Images are representative of two independent experiments.  Microtubule polymerization was 

determined from the ratio of microtubule polymer to soluble tubulin (D).  Transfected cells were 
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lysed and collected into an insoluble and soluble protein fraction.  Equal amounts of each 

fraction were subjected to Western blot with a pan-specific tubulin antibody.  The ratio of 

polymerized microtubules to soluble tubulin (P:S) was measured by densitometry.  Data are 

representative of two independent experiments.   

 

Figure 3.  Silencing of stathmin expression sensitizes stathmin-overexpressing cells to 

antimicrotubule agents, but not to non-antimicrotubule agents.  BT549 cells transfected with 

100nM scrambled-control (SCR) or stathmin (ST) siRNA were treated with paclitaxel (A), 

vinblastine (B), doxorubicin (C, left), cisplatin (C, middle), or etoposide (C, right) for 72 hours.  

Drug sensitivity was determined by MTT assay.  Each point represents the mean + SD from 

quadruplicate determinations obtained from at least two independent experiments.  

 

Figure 4.  Silencing of wee-1 expression induces M phase accumulation and stathmin 

phosphorylation.  S1 cells were treated with 50nM or 100nM control (ctrl) or wee-1 siRNA for 

96 hours.  Whole cell  lysates were collected and subjected to Western blot.  Expression of wee-1 

protein was determined (A); α-tubulin was used as a loading control.  Activity of wee-1 was 

determined by cdk1 phosphorylation using a phosphorylation-specific antibody for cdk1 at Y15 

(B); total cdk1 expression was used as a control.  M phase accumulation was determined by 

Western blot for mitotic phosphoproteins using MPM2 antibody (D); β-actin was used as a 

loading control.  Expression and phosphorylation of stathmin were determined (C).  

Phosphorylation was determined using phosphorylation-specific antibodies for stathmin at S16 

and S63.  β-actin was used as a loading control.  Images are representative of at least two 

independent experiments.  Expression was normalized to the appropriate loading control by 
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densitometry.  Relative expression (R.E.) was calculated as the ratio of normalized expression 

relative to that of the control siRNA.  Images are representative of at least two independent 

experiments. 

 

Figure 5.  Silencing of wee-1 expression selectively sensitizes stathmin-overexpressing cells 

to antimicrotubule agents.  Stathmin expression for S1, V1, and parental (BT20) cells growing 

in log phase was determined by Western blot (A).  β-actin was used as a loading control.  

Stathmin expression was normalized to β-actin by densitometry.  Fold expression was calculated 

as the ratio of normalized stathmin relative to the parental line.  Sensitivity to paclitaxel (B) 

vinblastine (C), cisplatin (D, left), or doxorubicin (D, right) was determined for S1 and V1 cells 

treated with wee-1 siRNA.  Cells were transfected with 100 nM control or wee-1 siRNA, 

exposed to antimicrotubule agent, 100µM cisplatin, or 10nM doxorubicin for 6 days, and 

analyzed for drug sensitivity by MTT assay.  Each point represents the mean + SD from 

quadruplicate determinations obtained from at least two independent experiments.  *, p<0.05; **, 

p<0.01. 
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