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Abstract. Microtubule plus-end-binding protein (+tiP) eB1 
has been shown to be upregulated in breast cancer cells and 
promote breast tumor growth in vivo. However, its effect on 
the cellular actions of microtubule-targeted drugs in breast 
cancer cells has remained poorly understood. By using 
cellular and biochemical assays, we demonstrate that eB1 
plays a critical role in regulating the sensitivity of breast 
cancer cells to anti-microtubule drug, paclitaxel (PtX). cell 
viability assays revealed that eB1 expression in the breast 
cancer cell lines correlated with the reduction of their sensi-
tivity to PtX. Knockdown of eB1 by enzymatically-prepared 
sirna pools (esirnas) increased PtX-induced cytotoxicity 
and sensitized cells to PtX-induced apoptosis in three breast 
cancer cell lines, Mcf-7, MDa MB-231 and t47D. apoptosis 
was associated with activation of caspase-9 and an increase 
in the cleavage of poly(aDP-ribose) polymerase (ParP). p53 
and Bax were upregulated and Bcl2 was downregulated in 
the eB1-depleted PtX-treated Mcf-7 cells, indicating that 
the apoptosis occurs via a p53-dependent pathway. following 
its upregulation, the nuclear accumulation of p53 and its 
association with cellular microtubules were increased. eB1 
depletion increased PtX-induced microtubule bundling in the 
interphase cells and induced formation of multiple spindle foci 
with abnormally elongated spindles in the mitotic Mcf-7 cells, 
indicating that loss of eB1 promotes PtX-induced stabiliza-
tion of microtubules. eB1 inhibited PtX-induced microtubule 
polymerization and diminished PtX binding to microtu-
bules in vitro, suggesting that it modulates the binding sites 
of PtX at the growing microtubule ends. results demonstrate 
that eB1 downregulates inhibition of PtX-induced prolifera-
tion and apoptosis in breast cancer cells through a mechanism 

in which it impairs PtX-mediated stabilization of microtubule 
polymerization and inhibits PtX binding on microtubules.

Introduction

Breast cancer is among the leading causes of cancer mortality 
and accounts for more than 400,000 deaths annually world-
wide (1). the introduction of new chemotherapeutic regimens 
in recent years has modestly improved the survival rate of 
patients, but there are still major obstacles that must be over-
come before this disease can be successfully treated (2,3). 
one of the major clinical issues is the development of drug 
resistance, which accounts for a poor response and reduces the 
overall survival rate in patients (4,5). among the drugs used for 
treating breast cancer, the ones most commonly used belong to 
the taxane group of agents, which kill tumor cells by targeting 
cellular microtubules (6,7). Similar to other classes of agents, 
however, a major drawback of taxane chemotherapy is that 
tumor cells can develop resistance to these drugs (5,8-10).

Paclitaxel (PtX) is a prototype of microtubule-stabilizing 
agents that disrupt cellular microtubule function by stabi-
lizing the microtubule assembly dynamics (6). Specifically, 
it suppresses the growth and shortening dynamics of 
microtubules through its interaction with the plus-end of the 
microtubule (11). as a result, it disrupts the normal spindle 
architecture of the cell, which leads to chromosome segrega-
tion defects, mitotic arrest and eventually apoptosis (12,13). 
earlier studies have demonstrated that there is a close relation-
ship between microtubule dynamics and PtX resistance in 
cancer cells (14-20).

Microtubules associate with a specialized class of proteins, 
known as the plus-end-binding proteins (+tiPs), that localize 
to the growing plus-ends of microtubules and regulate 
numerous plus-end-mediated processes. recent studies have 
emphasized the central role of end-binding (eB) family 
proteins among the +tiPs (21-25). Mammals contain three 
eBs, eB1, eB2, and eB3 with ~57-66% sequence identity and 
are encoded by separate genes (26). eBs play critical roles 
in the regulation of microtubule dynamics (27-30). recently, 
analysis using reconstituted microtubules showed that eBs 
can modulate the dynamics of PtX-treated microtubules. 
Specifically, EB3 has been shown to stimulate catastrophe 
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events and to rescue growth of PtX-treated microtubules, 
indicating that it suppresses PtX's ability to stabilize microtu-
bule dynamics (31). among the eB family proteins, eB1 was 
focused on previously as it is highly conserved compared to 
other eB members and is ubiquitously expressed in all cell 
types (26). High resolution structural analysis showed that eB1 
alters the structure of microtubule plus-ends (32). consistent 
with its ability to modulate structure-function of microtubules, 
eB1 plays essential roles in mitosis (33-36). recently, overex-
pression of eB1 has been shown to stimulate cell growth in 
cultured human breast cancer cells, indicating that it plays an 
important role in stimulation of cell proliferation (37,38).

in addition to its microtubule regulatory roles, eB1 has 
been strongly linked to tumorigenesis. it binds to adenoma‑
tous polyposis coli (aPc), a major tumor suppressor in colon. 
Mutations in the eB1-binding region of aPc are commonly 
found in colon cancer cells (39). recent proteomic and 
biochemical analyses have shown that there is a high eB1 
expression level in various human carcinomas and breast 
cancer cells (38,40,41). consistent with a higher expression 
level in breast cancer cells, eB1 has also been shown to be 
upregulated in breast cancer patients (38). Specifically, its 
expression level appears to be correlated with the clinicopatho-
logical signature of the tumor malignancy in patients (38). this 
study has also shown that eB1 enhances breast tumor growth 
in nude mice (38).

Because of the close relationship between the regula-
tion of microtubule dynamics by eB1 and PtX, and the 
correlation between eB1 expression and breast cancer, we 
speculated that eB1 could regulate PtX-induced cytotoxicity 
and PtX-mediated microtubule stabilization in breast cancer 
cells. in the present study, we investigated the role of eB1 in 
regulating PtX-induced cytotoxicity and microtubule stabi-
lization in breast cancer cells. our results demonstrate that 
suppression of eB1 sensitizes cells to PtX-induced cytotox-
icity and apoptosis. additional results revealed details of the 
underlying mechanism associated with the regulation of PtX 
sensitivity by eB1.

Materials and methods

Reagents and antibodies. PtX, vinblastine (Vin), cispl-
atin, propidium iodide (Pi), DaPi, gtP, PiPeS, egta, 
reagents for the methylthiotetrazol (Mtt) assay and the 
annexin V apoptosis detection kit were obtained from 
Sigma (St. louis, Mo, uSa). Dulbecco's modified eagle's 
medium (DMeM), leibovitz (l-15) medium, rPMi-1640 
medium, DMeM-f12 (1:1) medium supplemented with 
HePeS and fetal bovine serum (fBS) were purchased from 
HiMedia laboratories (Mumbai, india). rhodamine labeled 
tubulin was obtained from cytoskeleton, inc. (Denver, co, 
uSa), and oregon green 488-labeled PtX (ore-PtX) was 
obtained from invitrogen life technologies (carlsbad, ca, 
uSa). Monoclonal antibodies against eB1, actin and Bubr1 
were obtained from BD Biosciences (San jose, ca, uSa). 
Mouse monoclonal antibodies against α-tubulin and p53 and 
the rabbit polyclonal anti-eB1 were obtained from Sigma. 
Mouse monoclonal anti-Bax, rat monoclonal anti-α-tubulin 
and rabbit polyclonal anti-Bcl2, anti-caspase-9 and anti-ParP 
were obtained from abcam (cambridge, Ma, uSa). rabbit 

polyclonal p21 antibody was obtained from cell Signaling 
technology, inc. (Danvers, Ma, uSa). fitc, tritc and 
peroxidase conjugated secondary antibodies were obtained 
from jackson immunoresearch (west grove, Pa, uSa).

Cell culture, transfection with ribonu clease Ⅲ‑prepared 
siRNA pools (esiRNA). Mcf-7, MDa MB-231 and t47D cells 
originally obtained from atcc (Manassas, Va, uSa) were 
cultured in DMeM, l-15, and rPMi-1640 media, respectively, 
which were supplemented with 10% fBS, 2 mM l-glutamine, 
1.5 mg/ml sodium bicarbonate, 100 µg/ml penicillin and 
100 µg/ml streptomycin. Mcf-10 a cells were grown as a 
monolayer culture in DMeM-f12 medium supplemented 
with 5% donor horse serum (invitrogen life technologies), 
20 ng/ml epidermal growth factor (egf), 10 µg/ml insulin, 
0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin (all from 
Sigma), 100 µg/ml penicillin and 100 µg/ml streptomycin (42).

to downregulate protein expression, we used ribonu-
clease Ⅲ‑prepared small interfering RNA pools, which ensure 
the efficient knockdown of proteins with mini mum off-target 
effects compared with single sirnas (43,44). esirna consists 
of enzymatically-prepared sirna pools comprised of a hetero-
geneous mixture of sirnas which target the same mrna 
sequence of the gene (43). Cells at ~50% confluence were trans-
fected with either eB1 esirna (cat. no. eHu045671; Sigma) 
against the 331-807 nucleotide region of eB1 (nM_012325.2) 
or luciferase control esirna (cat. no. eHufluc; Sigma) using 
either oligofectamine (for Mcf-7 cells) or lipofectamine (for 
t47D and MDa MB-231 cells) as the vehicle.

Plasmids and proteins. pegfP-eB1 was used as the template 
for PCR amplification of the complete coding sequence of the 
human EB1 (NM_012325.2) gene. The amplified product was 
ligated into the pet-28a (novagen, inc., Madison, wi, uSa) 
expression vector and transformed into Bl21-(De3) cells. the 
6-His-tagged eB1 was expressed under 1 mM iPtg and then 
purified through Nickel‑NTA (28). Tubulin was purified from 
goat brains by repetitive cycles of polymerization and depoly-
merization (45). Protein concentrations were estimated by the 
Bradford method using BSa as the standard (46).

Cell proliferation and apoptosis assays. the effect of PtX 
on cell viability was measured by Mtt assay as previously 
described (47). the cells at ~60% confluence were treated 
with gradients of PtX concentrations (1-200 nM), and allowed 
to grow for the next 48 h prior to measuring cell viability 
using Mtt assay in the Multi-Mode Microplate reader, 
SpectraMax 5 (Molecular Devices, Sunnyvale, ca, uSa). the 
percentage of viable cells as a function of drug concentration was 
plotted to determine the drug concentration needed to inhibit 
cell viability by 50%, half inhibitory concentrations (ic50). for 
determination of ic50 values in the esirna-treated cells, the 
cells after 24 h of transfection with esirna were treated with 
gradients of PtX concentrations (5-200 nM) and then incu-
bated for another 48 h prior to measuring cell viability using the 
Mtt assay. for the apoptosis assay, after 24 h of transfection 
with esirna, the cells were treated with PtX (10 nM) for the 
next 48 h. apoptosis was measured using the annexin V-fitc 
apoptosis assay kit followed by flow cytometric analysis using 
the FACSAria Ⅲ (BD Biosciences). the quadrants of the 
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raw sample data were determined by comparing the data of 
unstained cells. Data were analyzed using flowjo software. 
Percentages of apoptosis were quantified from the sum of 
first (Q1) and second (Q2) quadrant. total cell death was 
quantified from the sum of Q1, Q2 and the third quadrant (Q3). 
Apoptosis was also detected using immunofluorescence‑based 
imaging. the cells were grown on coverslips, washed with PBS 
and then treated with binding buffer containing annexin V 
fitc and Pi for 10 min (48). the relative levels of annexin V 
and Pi staining were determined using confocal microscopy.

Microtubule pull‑down assay from cell lysate. Mcf-7 cells 
were lysed in BrB80 buffer, pH 6.8 supplemented with a 
1X protease inhibitor cocktail and 0.1% triton X-100 and then 
centrifuged at 15,000 rpm for 15 min at 4˚C. Exogenously 
purified bovine tubulin (2 µM) and 1 mM GTP were then 
added to the cell lysates, and the reaction mixture was polyme-
rized at 37˚C for 15 min (49). Microtubules were pelleted at 
100,000 x g for 40 min at 35˚C and washed with warm BRB80 
buffer. the pellet was treated with 4X SDS sample buffer, and 
proteins were detected by western blot analysis.

Western blot analysis. Protein samples and cell lysates were 
run on SDS-Page, and the protein bands were transferred 
onto polyvinylidene fluoride (PVDf) membranes. target 
proteins were detected by incubating the membranes in the 
appropriate primary antibodies and then incubating them 
in the appropriate HrP-conjugated secondary antibodies. 
Densitometric analyses of the blots were performed using the 
Quantity one software (Bio-rad, Hercules, ca, uSa).

Immunofluorescence microscopy and image analysis. cells 
fixed in either methanol at ‑20˚C or 3.7% paraformaldehyde 
were washed with PBS containing 2% bovine serum albumin 
and 0.5% triton X-100. the cells were then incubated in 
primary antibody for 1 h and then incubated in secondary anti-
body and DaPi for 45 and 1 min, respectively. coverslips were 
mounted using Prolong gold (invitrogen life technologies), 
and the images (63X) were captured using a leica SP5 laser 
confocal microscope. the intensity measurements were taken 
using the system run software provided by leica. Briefly, 
intensity per pixel was quantified by selecting regions of 
interest (roi) of equal size in all the images for comparison.

Microtubule polymerization and PTX microtubu le‑binding 
assay. reaction mixtures containing tubulin (15 µM) and the 
desired concentration of eB1 were polyme rized in BrB80 
buffer (80 mM PiPeS, 2 mM egta and 1 mM Mgcl2), pH 6.8, 
containing 1 mM gtP and 0.1 µM PtX. Polymerization was 
monitored by measuring the turbidity of the reaction mixtures 
at 360 nm. for the quantitative estimation of microtubules, the 
reaction mixtures were passed through a 15% glycerol cushion 
by centrifugation at 100,000 g after 30 min of polymerization. 
the pellets were resuspended in cold buffer, and the proteins 
were run on 10% SDS-Page and then subjected to coomassie 
staining. for the quantitative analysis of PtX binding to 
microtubules, tubulin (10 µM) was polymerized into micro-
tubules in vitro in BrB80 buffer containing 10% glycerol and 
1 mM GTP for 15 min at 37˚C. Next, Ore‑PTX (20 nM) was 
added either to the control microtubules or the microtubules 

pre-incubated with eB1 (20-200 nM) for 15 min. the reac-
tion mixtures were incubated for another 15 min prior to 
centrifugation through a 15% sucrose cushion at 100,000 g. 
the microtubule pellets were resuspended in ice-cold 
BrB80 buffer. the binding of ore-PtX to the microtubules 
was determined by measuring the fluorescence intensity of 
ore-PtX present in the microtubule solutions. fluorescence 
measurements were taken using a fluorescence spectropho-
tometer (Horiba fluorolog-3) with an excitation at 488 nm 
and an emission in the 500-560 nm range. the percentage of 
ore-PtX binding on microtubules inhibited by eB1 was esti-
mated by comparing the fluorescence values at 525 nm of the 
eB1 containing ore-PtX-treated samples with the ore-PtX 
only treated control sample. All fluorescence measurements 
were taken using a 1-cm path length cuvette. the pelleted 
microtubule solutions were also run through 10% SDS-Page.

Statistical analysis. results are presented as the mean ± stan-
dard error (Se). Statistical significance was set at p<0.05. 
one-way analysis of variance (anoVa) was used for statistical 
analysis on eB1 expression levels and ic50 values in different 
cell lines. the comparison of differences between control and 
the treated groups was performed using a two-tailed Student's 
t-test. the data were plotted using origin 8.

Results

EB1 expression negatively correlates with PTX sensitivity 
in breast cancer cell lines. we examined the expression of 
eB1 by immunoblotting in three breast cancer cell lines, the 
human breast adenocarcinoma cells Mcf-7, the metastatic 
human breast adenocarcinoma MDa MB-231cells, and 
the human ductal breast epithelial tumor t47D cells. two 
non-tumorigenic cell lines, mammary Mcf-10 a and the 
kidney epithelial HEK‑293 were used as control. A signifi-
cantly high eB1 expression level was observed in all three 
breast cancer cell lines compared with the normal Mcf-10 a 
and HeK-293 cells (fig. 1a and B). eB1 expressions in the 
breast cancer cell lines were several folds higher as compared 
with the Mcf-10 a and HeK-293 cells. Statistical analyses 
were performed based on the results of two independent 
western blot analysis images, as described in Materials and 
methods. these results were in good agreement with previ-
ously published results on eB1 expression in breast cancer 
cells (38). we then examined if the eB1 expression level corre-
lates with the sensitivity of these cells to PtX. to determine 
the sensitivity of these cells to PtX, we performed in vitro 
cell viability assays. cells treated with gradients of PtX 
concentrations (1-200 nM) were analyzed for cell viability 
by the Mtt assay. the ic50 values of PtX, which stand for 
the concentration of PtX needed to suppress cell viability by 
50%, in the cell lines were then determined. Strikingly, we 
noted that Mcf-7, MDa MB-231 and t47D cells had much 
higher ic50 values than the control Mcf-10 a cells (fig. 1c). 
consistent with the previously published data (50), Mcf-10 a 
cells exhibited a very low ic50 of ~6 nM. However, the 
ic50 values for Mcf-7, MDa MB-231 and t47D cells were 
increased to 40, 28 and 62 nM, respectively with a range of 
5-10-fold increase compared to Mcf-10 a. thus, the expres-
sion levels of eB1 correlated with the ic50 values of PtX. 
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figure 2. eB1 knockdown (eB1-KD) increased the ability of paclitaxel (PtX) to inhibit cell viability in breast cancer cells. (a) expressions of eB1 after 
72 h of eB1 esirna (enzymatically-prepared sirna pools) or luciferase esirna treatment to Mcf-7, MDa MB-231 and t47D cells are shown by western 
blot analysis. (B) Plot shows the half inhibitory concentration (ic50) values of PtX in the luciferase esirna treated vs. eB1-KD Mcf-7, MDa MB-231 and 
t47D cells. ic50 values were determined from the plot of percent cell viability in each cell line as a function of PtX concentrations, as described in Materials 
and methods. Data are average of three independent experiments [mean ± standard error (Se)]. P-values were determined by Student's t-test. (c) Percent cell 
viability of control luciferase esirna-treated Mcf-7 cells and the Mcf-7 cells treated with eB1 esirna for 48 and 72 h, respectively, are plotted.

figure 1. correlation between paclitaxel (PtX) sensitivity and eB1 expression level in breast cancer cell lines. (a) eB1 expression in the breast cancer cell lines 
Mcf-7, MDa MB-231 and t47D were assessed by western blot analysis. imagesof western blot analysis of two independent experiments are shown (expt 1 
and 2). Expression in non‑tumorigenic MCF‑10 A and HEK‑293 cells are shown as control. (B) The bar plot shows quantification of EB1 expression in the cell 
lines from two independent experiments. Data are mean ± standard error (Se). (c) Plot shows half inhibitory concentration (ic50) values of PtX in prolifera-
tion inhibition in the cell lines shown in (a). Data are mean ± Se (three experiments). Statistical analyses were performed using analysis of variance (anoVa).
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Unlike PTX, we did not observe any significant correlation 
between eB1 expression level in the cell lines and the cyto-
toxicity of Vin, a microtubule destabilizing agent (not shown).

EB1 depletion increased PTX's ability to inhibit cell viability 
in breast cancer cells. next, we investigated the effect of 
eB1 depletion on PtX-induced cytotoxicity in the breast 
cancer cells. For efficient knockdown of EB1, we used ribonu-
clease Ⅲ‑prepared pool of siRNAs, as described in Materials 
and methods. cells after treatment with eB1 esirna or control 
luciferase esirna for 24 h, were incubated with gradients 
of PtX concentrations (5-200 nM) for another 48 h prior to 

measuring cell viability. eB1 was effectively depleted (90±6%) 
in all three breast cancer cell lines during this period (fig. 2a). 
the ability of PTX to inhibit cell viability increased signifi-
cantly in the eB1 knockdown (eB1-KD) cells compared with 
the control cells. we observed that the ic50 of PtX in all three 
breast cancer cell lines were significantly reduced (Fig. 2B). 
the ic50 values for the Mcf-7, MDa MB-231 and t47D 
control cells were 38, 28 and 59 nM, respectively, and the ic50 
values for the eB1-KD Mcf-7, MDa MB-231 and t47D cells 
were 23, 11 and 43 nM, respectively. these results indicate a 
40, 60 and 28% reduction in the ic50 in the eB1-KD Mcf-7, 
MDa MB-231 and t47D cells, respectively, compared with 

figure 3. eB1 knockdown (eB1-KD) sensitizes breast cancer cells to paclitaxel (PtX) induced apoptosis. (a) Mcf-7, MDa MB-231 and t47D cells, after 
treatment with eB1 esirna (sirna pools) or luciferase esirna for 24 h followed by PtX (10 nM) treatment for the next 48 h, were analysed for apoptosis by 
annexin V-propidium iodide (Pi) assay. flow cytometer data of Pi vs. annexin V-fitc are shown in the plots. (B) Percentages of apoptotic cells [sum of the 
first (Q1) and second (Q2) quadrant] are plotted. Data are average of three independent experiments [mean ± standard error (SE)]. P‑values were determined 
by Student's t-test. (c) fluorescence images of annexin V-fitc (green) and Pi (red) in eB1-KD vs. luciferase esirna-treated Mcf-7 cells in the presence or 
absence of PtX (10 nM) are shown. Scale bar, 10 µm. 
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the control cells. eB1-KD alone, in the absence of PtX, 
did not significantly inhibit cell viability. After 72 h of EB1 
depletion, the percentage of viable cells was reduced only 
by 17% (fig. 2c). additionally, we also examined the effect 
of eB1-KD on cytotoxic effects of Vin and the microtubule 
unrelated drug cisplatin in Mcf-7 cells. eB1-KD did not have 
any effect on either Vin- or cisplatin-induced effects on cell 
viability in Mcf-7 cells (data not shown). we also found that 
EB1‑KD did not significantly enhance PTX sensitivity in the 
control Mcf-10 a and HeK-293 cells (data not shown), indi-
cating that the effect was specific to the breast cancer cells.

EB1 depletion sensitizes breast cancer cells to PTX‑induced 
apoptosis via activation of p53 and its downstream apoptosis 
regulators. next, we investigated the effect of eB1 depletion on 
PtX-induced apoptosis in the breast cancer cell lines. after a 
24-h esirna transfection, the eB1-KD and control cells were 
treated with a low dose of PtX (10 nM, ~1/4th of ic50 of PtX 
in control Mcf-7 cells) for the next 48 h prior to measuring 
apoptosis using the annexin V assay. in all three breast cancer 
cell lines, there was a significant amount of apoptosis induced 
in the eB1-depleted cells under PtX treatment (fig. 3a). 
while the PtX treatment in the control Mcf-7, MDa MB-231 

figure 4. eB1 knockdown (eB1-KD) stimulates activation of p53 and its downstream apoptosis regulators in the paclitaxel (PtX)-treated Mcf-7 cells. 
(a) immunoblot of Mcf-7 cell extracts after luciferase or eB1 esirna (sirna pools) (24 h) treatment followed by the treatment with PtX (10 nM) during 
the time periods as specified. The levels of cleaved poly(ADP‑ribose) polymerase (PARP), caspase‑9, p53, Bax, and p21 in the luciferase esiRNA‑treated and 
eB1-KD cells are shown. β‑actin was probed as control. The bar graphs show the densitometric quantification of caspase‑9, Bax, cleaved PARP and p53 expres-
sion as compared to actin upon PTX treatment during the specified time periods in EB1‑KD vs. control luciferase esiRNA‑treated cells. Data [mean ± standard 
error (Se)] presented are the mean intensity/mm2 based on three independent experiments. P-values were determined by Student's t-test. (B) immunoblot 
showing the levels of Bcl2 in luciferase esirna and eB1-KD Mcf-7 cells in the presence or absence of PtX (10 nM). (c) immunoblot of cleaved ParP, 
caspase‑9, p53, Bax, and p21 in MCF‑7 cell extracts after EB1 esiRNA treatments for specified time periods. No PTX was added to these cells.
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and t47D cells induced apoptosis in ~21, 18 and 14% cells, 
respectively, PtX treatment in the eB1-KD Mcf-7, MDa 
MB-231 and t47D cells induced apoptosis in ~30, 30 and 22% 
cells, respectively (fig. 3B). these results were equivalent to 
a 1.4-, 1.6- and 1.5-fold increase in apoptosis in the Mcf-7, 
MDa MB-231 and t47D cells, respectively. the total cell 
death increased from 26, 26 and 16% in the PtX-treated 
control Mcf-7, MDa MB-231 and t47D cells, respectively, 
to 43, 37 and 31% in the PtX-treated eB1-KD Mcf-7, MDa 
MB-231 and t47D cells, respectively (fig. 3a), as described 
in Materials and methods. furthermore, eB1-KD alone, in 
the absence of PTX, did not significantly induce apoptosis 
in any of the three cell lines as compared with control cells 
not treated with PtX (fig. 3a and B). these results were 
confirmed by the annexin V and Pi immunofluorescence 
staining results (fig. 3c).

to elucidate the molecular mechanism underlying apop-
tosis induced in cells depleted of eB1 and treated with PtX, we 
analyzed the expression patterns of various apoptosis-associated 
proteins. the PtX-treated eB1-KD Mcf-7 cells demonstrated 
a time-dependent increase in the caspase-9 expression level and 
poly(aDP-ribose) polymerase (ParP) cleavage compared with 
the PtX-treated control cells (fig. 4a). in addition, the p53 
and Bax expression levels were remarkably higher (fig. 4a), 
and the Bcl2 expression level was reduced in the PtX-treated 
EB1 deficient cells compared with the PTX‑treated control 
cells (fig. 4B). the p21 expression level, however, appeared 
similar under both of these conditions (fig. 4a). furthermore, 
there was no significant change in the expression levels of p53, 
Bax, caspase-9 and ParP in the control eB1-KD cells in the 
absence of PtX, but the level of p21 was slightly increased in 
these cells (fig. 4c).

EB1 depletion induced nuclear accumulation of p53 and 
increased p53 association with cellular microtubules in 
PTX‑treated MCF‑7 cells. next, we examined the cellular 
localization of p53 in eB1-KD vs. control cells. consistent 
with the increase in p53 expression, the amount of p53 that 
accumulated in the nucleus was significantly higher in the 
PtX-treated eB1-KD Mcf-7 cells (fig. 5a). furthermore, 
we also observed an increase in the number of multinucle-
ated cells in PtX-treated eB1-KD cells. approximately 56% 
interphase cells were multinucleated, containing two or more 
nuclei (bar graph, fig. 5a). Multinucleated cells were also 
observed in the PtX-treated control cells; however, they were 
less abundant (31%). the majority of the multinucleated cells 
in eB1-KD condition demonstrated a higher accumulation of 
p53 in their nuclei, whereas the PtX-treated control cells did 
not demonstrate a higher nuclear accumulation of p53 (bar 
graph, fig. 5a).

next, we investigated whether the association between p53 
and the cellular microtubules was altered in the PtX-treated 
eB1-KD cells. the cellular microtubules were assembled in 
microtubule-stabilizing buffer and then centrifuged. finally, 
the amount of p53 associated with the microtubules was 
determined using a biochemical analysis, as described in 
Materials and methods. as expected and consistent with 
previous studies (51), the PtX-treated control cells demon-
strated a moderate increase in the amount of p53 associated 
with microtubules compared with the cells not treated with 

PtX (fig. 5B). However, when compared with PtX-treated 
eB1-KD cells, we observed a robust increase (~3-fold) in the 
amount of p53 associated with the cellular microtubules in 
the eB1-KD cells (fig. 5B). unlike the PtX-treated cells, the 
eB1-KD control cells did not exhibit any noticeable increase in 
the amount of p53 associated with the microtubules (fig. 5B). 
consistent with the biochemical analysis results, the immuno-
fluorescence images also showed an increase in the amount 
of p53 localized to the microtubules in the eB1-depleted 
PtX-treated cells compared with the PtX-treated control 
and eB1-depleted control cells (fig. 5c). the co-localization 
of p53 and the microtubules was evident from the increase in 
co-staining (yellow) of α-tubulin and p53 on microtubules in 
the merged images (enlarged images, fig. 5c).

EB1 depletion induced formation of multiple spindle foci 
in PTX‑treated mitotic MCF‑7 cells. we investigated the 
effect of eB1 depletion on the effects of PtX in mitotic cells. 
first, we determined how the eB1-KD expression affects the 
levels of the spindle assembly checkpoint (Sac) proteins in 
Mcf-7 cells. there was a higher Bubr1 level in the control 
eB1-KD cells, which was stable and persistent, even after 
72 h of esirna treatment (fig. 6a). a similar change was 
observed in the Mad2 expression level (fig. 6a). in contrast, 
the eB1-KD and control cells demonstrated time-dependent 
decreases in the Bubr1 expression level, albeit at different 
rates, when treated with PtX (fig. 6B). while the Bubr1 level 
quickly decreased soon after 12 h of PtX treatment in the 
control cells, the rate of Bubr1 loss was relatively slower in 
the eB1-KD cells (fig. 6B).

next, we examined the cellular phenotypes induced under 
these different conditions. Mcf-7 cells were immunostained 
to visualize the chromosomes and spindle microtubules. eB1 
depletion alone induced chromosome congressional defects 
in the metaphase cells (fig. 6c). the chromosomes appeared 
to be unorganized and poorly aligned along the metaphase 
plate. although the spindle poles appeared to be intact, their 
positions along the spindle pole axis were disrupted. in the 
majority of these cells, the poles were displaced from the axis, 
which resulted in a loss of spindle symmetry. These findings 
are consistent with previous findings in other cell lines (33,34). 
we then investigated whether PtX treatment in the eB1-KD 
cells intensifies the EB1 depletion‑induced mitotic defects. 
PtX treatment in the eB1-KD cells induced multiple spindle 
foci formation with severe defects in the spindle organization 
and chromosome congression (fig. 6c). the chromosomes 
appeared to be scattered around the spindle foci. the bipolar 
arrangement of the spindle microtubules was lost. the 
spindles appeared to be unusually long and curvy (fig. 6c). 
about 60% mitotic cells had multiple spindle foci in the eB1 
deficient PTX‑treated condition (Fig. 6D). There was a strong 
correlation between these defects and the level of eB1 deple-
tion in the cells. in contrast to the phenotypes observed in 
the eB1-depleted cells, the PtX-treated control Mcf-7 cells 
appeared to be predominantly bipolar (fig. 6c).

EB1 depletion potentiates PTX‑induced microtubule stabi‑
lization and stabilizes PTX localization in MCF‑7 cells. to 
investigate whether eB1-KD affects the ability of PtX to 
induce microtubule stabilization in cells, we assessed the 
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stabilization of microtubules in PtX-treated control and 
eB1-KD cells. we used microtubule bundling (lateral asso-
ciation of microtubules) in an immunofluorescence assay to 
determine the PtX-induced stabilization of microtubules 
because microtubule bundle formation is the result of 
PtX-mediated microtubule polymer stabilization and there-
fore, represents the cellular activity of taxanes (15) (shown by 

arrows, fig. 7a). consistent with the previous studies (15), we 
observed formation of microtubule bundles in Mcf-7 cells 
upon PtX treatment (fig. 7a). However, the relative size and 
the number density of the bundles were significantly increased 
in the eB1-KD cells compared with the PtX-treated control 
cells (fig. 7a). Based on an analysis of a large population of 
cells, it was found that the average microtubule intensity within 

figure 5. eB1 knockdown (eB1-KD) induces nuclear accumulation of p53 and increases association of p53 onto cellular microtubules in the pacli-
taxel (PtX)-treated Mcf-7 cells. (a) immunolocalization of p53 in the control, control treated with PtX (10 nM), eB1-KD alone, and eB1-KD Mcf-7 cells 
treated with PtX (10 nM). p53 (green) and Dna (blue, DaPi) was shown. Scale bar, 10 µm. Bar graphs for the percentages of multinucleated cells and cells 
with nuclear accumulation of p53 in PtX control cells vs. PtX-treated eB1-KD cells are shown. P-values were determined by Student's t-test. about 500 cells 
were counted in each case. (B) eB1-KD and luciferase esirna-treated Mcf-7 cells in the presence (48 h) or absence of PtX (10 nM) were lysed, subjected 
to microtubule pull-down assay, as described in Materials and methods and analysed by western blot analysis to assess the amount of p53 associated with 
microtubules. Mouse monoclonal antibodies against α‑tubulin, p53 and EB1 were used for immunoblot. (C) Immunofluorescence images of p53 (green) loca‑
lized onto the microtubules (red) in eB1-KD vs. control luciferase esirna-treated cells in the presence (48 h) or absence of PtX (10 nM). Mouse monoclonal 
p53 (green) and rat α-tubulin (red) antibodies were used for immunostaining. nuclei were stained with DaPi. Scale bar, 10 µm. Box areas are shown by 
enlarged images.
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the bundles was ~40% higher in the PtX-treated eB1-KD 
cells compared with the PtX-treated control cells (fig. 7B). 
we also found that the average intensity of microtubules 
that are not associated with the bundles was similar in the 
control vs. the eB1-KD cells (not shown). to determine if this 
increase in microtubule bundling is the result of an increase 
in PtX localization in cells, we treated eB1-KD and control 
esirna-treated cells with fluorescent ore-PtX and then 
determined the intracellular level of fluorescent PTX in the 
MCF‑7 cells by live imaging. The level of intracellular fluores-
cent PtX was visibly higher in the PtX-treated eB1-KD cells 
compared with the PtX-treated control cells (fig. 7c).

EB1 inhibited PTX‑induced microtubule polymerization 
and PTX binding on microtubules. next, we investigated 

whether eB1 regulates PtX-induced microtubule poly-
merization. PtX-induced microtubule polymerization 
was carried out in vitro by adding 0.1 µM PTX to purified 
tubulin. the turbidity curve indicates that 0.1 µM PtX 
was very efficient in inducing microtubule polymeriza-
tion (square, fig. 8a). Polymerization was attenuated when 
PtX was added to the pre-incubated mixture of tubulin and 
eB1. it was reduced by ~40% with only 0.1 µM eB1 (1:1 
molar ratio of eB1 and PtX) (lower triangle, fig. 8a). a 
2-fold molar excess of eB1 over PtX further suppressed 
the polymerization by ~60% (circle, fig. 8a). By using an 
unrelated histidine‑tagged protein, we also confirmed that the 
inhibition of polymerization was not due to any non‑specific 
effect of the 6-His tag attached to eB1 (data not shown). the 
inhibition of polymerization by EB1 was further confirmed 

figure 6. eB1 knockdown (eB1-KD) induces formation of multiple spindle foci in the paclitaxel (PtX)-treated mitotic Mcf-7 cells. (a) immunoblot showing 
the expression of Mad2 and BubR1 in MCF‑7 cells treated with EB1 esiRNA for the specified time periods. (B) Immunoblot showing the expression of BubR1 
in control vs. EB1‑KD MCF‑7 cells after treatment with PTX (10 nM) for the specified time periods. Plot shows the densitometric analysis of BubR1 at 
diffe rent time periods [three independent experiments, mean ± standard error (Se)]. P-values were determined by Student's t-test. (c) confocal micrographs 
of cells showing the microtubules (green), eB1 (red) and Dna (blue) in eB1-KD vs. control Mcf-7 cells after PtX treatment (48 h). Scale bar, 10 µm. the 
cells were stained with mouse monoclonal anti-α-tubulin and rabbit polyclonal anti-eB1. Dna was stained with DaPi. (D) Percentages of cells with bipolar 
spindles and multiple spindle foci under similar conditions as of (c) are plotted. Data are mean ± Se (three independent experiments). about 100-125 mitotic 
cells were counted for each experiment.
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by an SDS-Page analysis of the PtX-assembled microtu-
bules after separating the polyme rized proteins from the 
unpolymerized fractions through glycerol cushion followed 
by centrifugation (inset, fig. 8a), as described in Materials 
and methods. the SDS-Page data also showed that the 
association between eB1 and the microtubules increased in 
a concentration-dependent manner (fig. 8a). we also found 
that eB1 did not inhibit microtubule polymerization when the 
microtubules were polymerized from tubulin using DMSo as 
inducer (not shown), indicating that the inhibitory effect of 
EB1 is very much specific to the PTX‑induced microtubule 
polymerization.

we then investigated whether eB1 affects PtX binding 
on microtubules. For this, we performed a quantitative fluo-
rescence‑based assay. The fluorescent Ore‑PTX was allowed 
to bind to pre-polymerized steady-state microtubules in vitro 
in the absence or presence of increasing concentrations of 
eB1. the amount of PtX bound to the microtubules was 
determined by measuring the fluorescence intensity of the 

ore-PtX associated with the microtubules, as described 
in Materials and methods. the ore-PtX fluorescence in 
the microtubule solutions was reduced in the presence of 
eB1 indicating that eB1 inhibited the association between 
ore-PtX and the microtubules in a dose-dependent 
manner (fig. 8B). at 100 nM eB1 which corresponds to the 
molar ratio of PtX:eB1 as 1:5, the ore-PtX binding was 
inhibited by ~30%. the inhibition was further increased 
to ~40% at 200 nM eB1 (fig. 8B and c). increase of eB1 
>200 nM did not show any additional increase in the inhi-
bition of PtX binding beyond 40%. we also confirmed 
by SDS-Page analysis that eB1 did not significantly 
alter the total microtubule polymer mass in the range of 
concentrations (20-200 nM) used in the PtX-binding 
experiment (inset, Fig. 8B) (28). This result confirms that the 
reduction of PtX binding to the microtubules in the presence 
of eB1 was not due to any decrease in the total microtubule 
polymer mass, but rather it was due to inhibition of PtX 
binding by eB1 to the microtubules. altogether, these results 

Figure 7. EB1 depletion enhances paclitaxel (PTX)‑induced cellular microtubule bundling. (A) Immunofluorescence images showing the bundling of microtu-
bules after treatment with 1 µM PtX for 24 h in eB1 knockdown (eB1-KD) vs. luciferase esirna-treated Mcf-7 cells. Scale bar, 10 µm. Microtubules were 
stained with mouse monoclonal α-tubulin antibody. (B) average microtubule intensities per pixel within the microtubule bundles in the control vs. eB1-KD 
cells upon treatment with 1 µM PtX for 24 h were plotted. n refers to the number of cells analysed. (c) images showing the localization of oregon 
green 488-labeled PtX (ore-PtX) (10 nM) in the control vs. eB1-KD cells. Mcf-7 cells treated with eB1 esirna or luciferase esirna for 24 h were 
incubated with ore-PtX (10 nM) for the next 24 h prior to capture the images of the live cells. Scale bar, 10 µm.



international journal of oncology  46:  133-146,  2015 143

indicate that eB1 inhibits PtX-mediated microtubule poly-
merization by preventing PtX binding to the microtubules.

Discussion

eB1 is a major +tiP and has previously been shown to promote 
proliferation of breast cancer cells (22,38). However, its effects 
on the sensitivity of breast cancer cells to microtubule-targeted 
drugs have not been clearly understood. in the present study, 
we demonstrate that eB1 plays an important role in regulating 
the sensitivity of breast cancer cells to microtubule-stabilizing 
drug, PtX. we show that PtX sensitivity correlates negatively 
with the eB1 expression level in breast cancer cell lines (fig. 1). 
the eB1-KD increases PtX sensitivity in breast cancer cells 

by stimulating PtX-induced apoptosis and inhibition of 
cell viability (Figs. 2‑4). Our findings support a mechanism 
in which eB1 downregulates PtX sensitivity by impairing 
PtX-induced stabilization of microtubule polymerization 
and inhibiting PtX binding to the microtubules (figs. 6-8). 
During the preparation of this manuscript, we found a related 
report published by luo et al (52), in which they investigated 
the role of eB1 on PtX sensitivity in breast cancer cells. 
However, it did not provide a clear conclusion due to a number 
of reasons. first, eB1 depletion was not significant in the 
study. furthermore, gfP-fused eB1 was used to examine the 
effect of eB1 overexpression on PtX sensitivity. fusion of 
gfP either to the n- or the c-terminus of eB1 has previously 
been shown to inhibit eB1's ability to bind to the microtubules 

figure 8. eB1 inhibits paclitaxel (PtX)-induced microtubule polymerization and PtX binding on microtubules. (a) tubulin (15 µM) was pre-incubated with 
0 µM (■), 0.1 µM (▼), 1 µM (●) and 5 µM (▲) human recombinant eB1, respectively and then polymerized with 0.1 µM PtX. Microtubule polymerization was 
monitored by measuring the turbidity at 360 nm with time. inset: after completion of polymerization, the microtubules were pelleted, re-dissolved in cold 
buffer, and were run through 12% SDS-Page followed by staining with coomassie blue. (B) oregon green 488-labeled PtX (ore-PtX) (20 nM) was added 
either to the polymerized control microtubules or to the microtubules pre‑incubated with EB1 (ranging from 20 to 200 nM), incubated for 15 min at 35˚C prior 
to centrifugation through 15% glycerol cushion, as described in Materials and methods. The fluorescence of Ore‑PTX bound to the microtubules was recorded 
at an excitation of 488 nm. the inset shows 10% SDS-Page followed by coomassie blue staining of the pelleted microtubules at different concentrations 
of eB1. (c) the bar graph shows the percent inhibition of ore-PtX binding on microtubules in the presence of eB1. Percent inhibition for the control in the 
absence of EB1 was considered as zero. The maximum fluorescence value in each curve shown in (B) was used for the calculation of percent inhibition.
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and to other +tiPs (53). the results of luo et al (52) also could 
not clearly address the effect of eB1 on PtX-induced micro-
tubule polymerization as the eB1 protein used in their assay 
was tagged with glutathione S-transferase (gSt). Since gSt 
is a bulky molecule and it itself exerts an effect on microtubule 
polymerization (52), the results could not clearly describe the 
exclusive role of eB1 in PtX-induced microtubule polyme-
rization. in this study, we used esirnas, which ensured >90% 
suppression of eB1 expression in all the breast cancer cell lines 
used in this study (fig. 2a). in the biochemical assays, we used 
purified recombinant human EB1, which clearly describes the 
exclusive effect of eB1 on PtX-induced microtubule poly-
merization (fig. 8).

it has been previously reported that an increase in the nuclear 
translocation of p53 in cancer cells occurs in response to treat-
ment with microtubule-targeting drugs, including PtX (51,56). 
it is generally accepted that the drug-induced stabilization of 
microtubules is the primary mechanism responsible for the 
increase in the p53 association with microtubules and its nuclear 
export (51,54,55). consistently, we found that the association 
between p53 and cellular microtubules increased in response 
to PtX treatment in the control cells (51) (fig. 5B and c). 
However, the association between p53 and cellular micro-
tubules was further increased in the PtX-treated eB1-KD 
cells (fig. 5B and c). the increased p53-microtubule asso-
ciation in PtX-treated eB1-KD cells could be the result of an 
increase in the stabilization of microtubules in the PtX-treated 
eB1-KD cells compared with the PtX-treated control cells. 
in support of this mechanism, we showed that microtubule 
bundling was greater in the PTX‑treated EB1 deficient inter-
phase cells compared with the PtX-treated control interphase 
cells (fig. 7a). consistently, we also observed an increase in 
the abundance of multiple spindle foci with abnormally long 
spindles in the PtX-treated eB1-KD mitotic cells (fig. 6D). 
we also found that the level of intracellular PtX was higher 
in the EB1 deficient cells, which suggests that the association 
between PtX and the cellular microtubules is increased in the 
absence of eB1 (fig. 7B). altogether, these results support a 
mechanism in which eB1 inhibits the microtubule-stabilizing 
function of PtX. the results also support the previously 
proposed hypothesis that microtubule stabilization and p53 
activation are closely linked (51,56).

eB1 mediates several key interactions that are essential for 
stabilizing spindle-chromosome attachment and activation of 
the Sac. for example, it has been shown that the disruption 
of its interaction with the plus-end protein tiP150 activates 
the Sac in Hela cells (35). consistently, we found that the 
eB1-KD resulted in a prolonged and stable accumulation of 
Bubr1 and Mad2 in the control cells (fig. 6a). it suggests that 
the EB1‑deficient control cells undergo a stable mitotic arrest. 
On the contrary, EB1‑deficient cells treated with PTX exhibited 
a time-dependent decrease in the Bubr1 level, which indicates 
that the Sac became less effective or was suppressed by PtX 
treatment (fig. 6B). it has been shown previously that mitotic 
cells with weak Sac activation may undergo apoptosis through 
either of these mechanisms: apoptosis may be triggered at the 
mitotically arrested stage, or the cells may exit mitosis as 
viable cells but then die at a multinucleated g1-stage (57). our 
findings that PTX treatment increased apoptosis (Fig. 4A) and 
induced multinucleation with increased nuclear accumulation 

of p53 in the eB1-KD cells (fig. 5a), suggest that apoptosis 
was triggered at the multinucleated stage after exiting mitosis 
rather than at the mitosis. we also found that the loss of Bubr1 
occurred relatively more rapidly in the PtX-treated control 
cells than in the PtX-treated eB1-KD cells (fig. 6B). this 
indicates that the Sac activation was relatively weaker and 
transient in the PtX-treated control cells than the PtX-treated 
eB1-KD cells. as the PtX-treated control cells did not 
exhibit significant apoptosis like the PTX‑treated EB1‑KD 
cells (fig. 3), a likely possibility is that these cells proceeded 
to the next round of division. in support of this possibility, 
we found that PtX-treated control cells displayed higher 
cell viability (higher ic50 of PtX) as compared with the 
PtX-treated eB1-KD cells (fig. 2).

recent high resolution electron microscopy analysis of 
interaction between the Schizosaccharomyces pombe eB1 
homolog Mal3p and microtubules showed that eB1 binds 
between the microtubule protofilaments at and near the 
plus-ends (58,59). combination of in vitro reconstitution and 
the sub‑pixel level fluorescence analysis with human recom-
binant eB1 further revealed that eB1 binding accelerates the 
conformational maturation of microtubules at the polyme-
rizing ends (32). Because eB1 is involved in conformational 
maturation of the ends, it may affect the assembly of proto-
filaments during PTX‑mediated microtubule polymerization. 
consistent with this mechanism, we found that PtX-induced 
microtubule polymerization was inhibited by eB1 (fig. 8). 
although eB1 effectively inhibited microtubule polyme-
rization induced by PtX, it did not inhibit DMSo-induced 
microtubule polymerization (not shown), or it did not 
depolymerize the pre-polymerized steady-state microtu-
bules in vitro (Fig. 8B) (28). These findings suggest that EB1 
specifically inhibits the action of PTX on the microtubules, 
presumably by preventing PtX to bind to the tubulin subunits 
on the microtubules and to induce the assembly of the protofi‑
laments.

How could eB1 being a +tiP inhibit the anti-mitotic 
action of PtX, which is known to bind all along the micro-
tubule protofilament? It has been demonstrated previously 
that PtX exerts its anti-mitotic action in cancer cells at a 
very sub-stoichiometric level, the concentrations at which it 
does not significantly affect microtubule polymer mass, but 
suppresses microtubule dynamics very efficiently (11,12). 
this suggested that the anti-mitotic action of PtX is predom-
inantly attributed to its binding at the microtubule plus-ends 
rather than its binding along the microtubule surface (6). 
thus, the increased accumulation of eB1 on plus-ends of 
microtubules could specifically inhibit binding of PTX to 
the ends, but PtX binding along the surface of microtubule 
may not be affected under such condition. consistent with 
this possibility, we observed that eB1 inhibited binding of 
PtX on the microtubules to a maximum extent of 40%, and 
the remaining 60% PtX was still bound to the microtu-
bules (fig. 8B). the inhibitory effect of eB1 on PtX-induced 
microtubule polymerization is also in good support with the 
effects of the eB proteins on the dynamics of PtX-treated 
microtubules shown by Mohan et al (31) in which they 
showed that the overall dynamicity of PtX-treated micro-
tubules is increased in the presence of eB proteins in vitro. 
Specifically, the eB proteins increased the frequencies 
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of growth (rescue) and shortening (catastrophe) of the 
PTX‑treated microtubules (31). Similar to these findings, 
study by Pagano et al, showed that at low PtX concentration, 
microtubule dynamics is increased instead of suppressed in 
the presence of eB protein, eB3 (60).

in summary, we show from our cellular and biochemical 
results that inhibition of eB1 expression sensitizes breast 
cancer cells to PtX-induced cytotoxicity and apoptosis. the 
ability of eB1 to inhibit PtX-induced microtubule poly-
merization and PtX binding to the microtubules suggests 
that eB1 confers resistance against the microtubule-stabi-
lizing activity of PtX. the results support the hypothesis 
that eB1 downregulates PtX sensitivity through a mecha-
nism in which it inhibits PtX binding to the microtubules 
and suppresses PtX-induced stabilization of microtubule 
polymerization.
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