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Background: Epothilones are a novel group of microtubule (mt) targeting cancer drugs that bind to the b-subunit of the
ab-tubulin dimer. Epothilones inhibit cell proliferation and induce cell death by interfering with the normal mt function. In this
study, we examined the consequences of altered expression of human b-tubulin isotypes in terms of the epothilone drug
response in human lung and breast cancer cell lines.

Methods: The b-tubulin isotypes TUBB2A–C, TUBB3 and TUBB were silenced or overexpressed in A549, A549EpoB40 and MCF7
cell lines in the presence or absence of epothilones. The drug effects on cell proliferation, mitosis and mt dynamics were
determined using live cell microscopy and immunofluorescence assays.

Results: Loss of TUBB3 enhanced the action of epothilones. TUBB3 knockdown increased the severity of drug-induced mitotic
defects and resulted in stabilisation of the mt dynamics in cells. Moreover, exogenous expression of TUBB3 in the epothilone
resistant cell line conferred the response to drug treatments. In contrast, reduced levels of TUBB2A–C or TUBB had not apparent
effect on the cells’ response to epothilones.

Conclusion: Our results show that the expression of TUBB3 contributes to the cellular response to epothilones, putatively by
having an impact on the mt dynamics.

Microtubule (mt) targeting drugs such as the taxanes (paclitaxel
and docetaxel) and vinca alkaloids (vinblastine and vincristine) are
widely recognised as one of the most important chemotherapeutics
in the treatment of different types of cancer (Jordan and Wilson,
2004). The family of mt drugs grows further as a new pharma-
cophore, the epothilones, is being transferred to clinical practise:
ixabepilone (Ixempra; Bristol-Myers Squibb, New York City, NY,
USA) is already available for the treatment of breast cancer while
sagopilone (Bayer HealthCare, Leverkusen, Germany) and epothilone
B (epoB, patupilone, Novartis, Basel, Switzerland) have advanced to
clinical trials. Epothilones, taxanes and vinca alkaloids function by
disturbing the normal dynamics of the mitotic spindle apparatus.
These drugs all bind to the b-subunit in the ab-tubulin dimer, but the
exact binding site on the filamentous mts varies between the
individual drugs (Downing, 2000). Even though the phenotype of
the drug effect, defective mitosis leading to the suppression of cell
proliferation, is well documented, the precise events activating the
molecular pathways leading to cell death have remained elusive.

The efficiency of the mt targeting chemotherapy is frequently
compromised by intrinsic or acquired drug resistance. First,
paclitaxel and docetaxel are substrates for the P-glycoprotein
(Pgp)-mediated drug efflux pump, which hampers the optimal
drug response in patients who overexpress the Pgp (Alvarez et al,
1995). Compared with the taxanes, the epothilones are much less
susceptible to efflux pumps (Wartmann and Altmann, 2002) and
thus are expected to assist in overcoming the Pgp-mediated drug
resistance. Second, the expression of various b-tubulin isotypes
differs considerably among tissues and cell types (Kilpinen et al,
2008). The patient’s individual b-tubulin isotype expression profile
has been shown to play an important role in determination of the
paclitaxel response. For example, breast and ovarian cancer
patients with high TUBB3 (class III b-tubulin, NM_006086)
expressions have increased paclitaxel resistance (Tommasi et al,
2007). Moreover, patients with lung cancer having low amounts of
TUBB3 are more sensitive to paclitaxel treatments (Seve et al,
2005). The same phenomenon has also been observed in several
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studies with cancer cell lines; high expression of TUBB3 has been
found to be associated with paclitaxel resistance in human lung
(Burkhart et al, 2001), ovarian (Kavallaris et al, 1997), prostate
(Ranganathan et al, 1998) and breast (Stengel et al, 2010) cancer
cells. In addition to frequently reported neuronal expression,
TUBB3 is expressed in various normal tissues as well as in
important groups of malignancies (Kilpinen et al, 2008).

TUBB (class I b-tubulin, also called TUBB5, NM_178014) is the
most commonly and constitutively expressed b-tubulin isotype
(Kilpinen et al, 2008). Mutations in the TUBB gene can interfere
with drug binding and cause resistance to mt stabilizing drugs,
including epothilones (Giannakakou et al, 1997; He et al, 2001;
Berrieman et al, 2004; Wiesen et al, 2007; Mozzetti et al, 2008).
TUBB2 subfamily consists of three distinct genes; TUBB2A (class
IIa b-tubulin, NM_001069), -2B (class II b-tubulin, NM_178012)
and -2C (class IVb b-tubulin, NM_006088). TUBB2A and -2B are
structurally similar except of one amino acid difference.

To characterise the roles of b-tubulin isotypes TUBB2A–C,
TUBB3 and TUBB in the cellular response to epothilones, we
performed silencing and overexpression studies in human lung
A549 and breast MCF7 cancer cells. The cell lines were chosen to
represent the cancer types against which the epothilones are used
in the clinics. We show that the RNAi-mediated silencing of
TUBB3-sensitised cells to sagopilone, epothilone B and ixabepilone
treatments. The TUBB3 deficient drug-treated cells exhibited
significantly more multipolar mitotic spindles and showed
decreased cell growth (EC50) compared with the drug-treated cells
with intact TUBB3 expression. Furthermore, loss of TUBB3 in
non-drug-treated cells resulted in stabilisation of the mt dynamics.
To investigate the role of TUBB3 in the drug response we utilised
A549EpoB40 cell line which is an epothilone/taxane resistant
variant of A549 that carries a mutation at b292 from Gln to Glu
(He et al, 2001). TUBB3 was able to mediate drug response in the
epothilone resistant cell line. These results support the notion that
determination of the b-tubulin isotype expression profiles of
tumours can possess diagnostic value and predict cancer cell
response to epothilones.

MATERIALS AND METHODS

Cells and drugs. A549 non-small cell lung cancer cells and MCF7
breast cancer cells were from ATCC (Manasses, VA, USA). The
drug resistant A549 variant A549EpoB40 was a kind gift from
Susan Horwitz (Yang et al, 2005). The anti-mt drugs paclitaxel
(Sigma, Poole, UK), epothilone B (Patupilone, Tocris Bioscience,
Bristol, UK), ixabepilone (Bristol-Myers Squibb) and sagopilone
(Bayer HealthCare AG) were dissolved to cell culture medium to
obtain the desired drug concentration.

Antibodies and primers. The validated antibodies used in the
study were tubulin isotype specific monoclonal antibodies TUJ-1
(Covance, Princeton, NJ, USA MMS-435 P) for TUBB3, 7B9
(Abcam, Cambridge, MA, USA, ab28035) for TUBB2, SAP.4G5
(Sigma, T7816) for TUBB, YL1/2 (Abcam, ab6160) for TUBA, a
mouse anti-GAPDH (Advanced ImmunoChemical Inc., Long
Beach, CA, USA) and the rabbit polyclonal anti-pericentrin
antibody (Abcam, ab4448). Primers used in Taqman quantitative
real-time PCR were for TUBB3 GCAACTACGTGGGCGACT and
CGAGGCACGTACTTGTGAGA used together with Universal
probe library (Roche, Basel, Switzerland) probe #78, for TUBB
ctgccacatcagtgtttgagtc and aaaaagatggaggagggttcc together with
probe #82, for TUBB2A gacgaacaaggggagttcg and ggatgcacgatt-
gatctgag with probe #63, for TUBB2B aggacggacagacccagac and
ctgatgacctcccaaaacttg with probe #79, for TUBB2C ctgctgctgttt
gtctacttcc and gctgatcacctcccaaaact with probe #38.

Gene silencing experiments. The siRNA oligos used in the study
were Thermo scientific (Walthamn, MA, USA) L-010325-00-0005
for TUBB, Qiagen (Hilden, Germany) 1846768, Dharmacon
(Walthamn, MA, USA) L-020099-00-0005 and Ambion (Carlsbad,
CA, USA) s20296 for TUBB3, Dharmacon L-008260-00-0005 for
TUBB2A, Dharmacon L-017790-01-0005 for TUBB2B and Dhar-
macon L-008265-00-0005 for TUBB2C. 40 000 cells (A549 and
A549EpoB40) were plated per well in a 24-well plate. The next day,
transient transfection was performed using SiLentFect (Bio-Rad,
Hercules, CA, USA) transfection reagent according to the manu-
facturer’s instructions using 20 nM of siRNA. For MCF7 cells,
transient reverse transfection protocol with SiLentFect reagent,
30 nM siRNA and 60 000 cells per well was used according to the
manufacturer’s instructions. Drug treatments (20 h) of the cells
were started 48 h after the transfection.

TUBB isotype constructs and transfection. Overexpression of
TUBB3 and TUBB was induced by transfecting C-terminal
Myc-tag containing expression vectors (Origene, Rockville, MD,
USA RC200755 and RC203629, respectively) to the A549 or
A549EpoB40 cells. A549 cells stably expressing a-tubulin–eGFP
(BD Biosciences Clontech, Franklin Lakes, NJ, USA #632349) or
H2B–GFP (Kanda et al, 1998) were created. Transfections were
performed using Lipofectamin 2000 (Invitrogen, Carlsbad, CA,
USA) transfection reagents according to the manufacturer’s
instructions. Stable cell lines were created by selecting with G418
(Sigma). The drug treatments and subsequent sample preparation
for immunofluorescence were performed as described above.

Western blotting. Cells were harvested by trypsinisation, washed
in phosphate-buffered saline (PBS) (pH 7.2). Cell pellets were
diluted in sample buffer (5ml I M Tris-HCl pH 6.8, 8ml 20% SDS,
2ml glycerol, 0.308 g DTT, 0.002 g bromophenol blue) and heated
901 10min. Proteins were separated by SDS–PAGE with 4–20%
gradient gel (Bio-Rad) and transferred onto nitrocellulose
membrane. Membranes were blocked in 10mM Tris-HCl (pH
8.0), 150mM NaCl (TBS) containing 5% non-fat dry milk. The
membranes were incubated with antibodies. After washing three
times with TBS supplemented with 0.1% Tween, the membranes
were incubated in IRDye Conjugated 680 Goat Anti-Mouse ab.
The Odyssey Infrared Imaging System (LI-COR Biotechnology,
Lincoln, NE, USA) was used for the detection of proteins.

Immunofluorescence. The cell specimens were fixed with 4%
paraformaldehyde containing 0.05% glutaraldehyde for 7min and
blocked with 1% BSA containing 0.5% Triton X-100. The fixed
cells were stained with primary antibodies (1:500 in PBS) and
secondary antibodies (1:500 in PBS). DAPI staining was used to
visualise DNA. Coverslips were mounted on Vectashield mounting
medium (Vector labs, Burlingame, CA, USA).

Microscopy and image analysis. The stained specimens were
analysed using Zeiss (Oberkochen, Germany) Axiovert 200 M

microscope equipped with Yokogawa (Tokyo, Japan) CSU22
confocal scanner unit and Intelligent Imaging Innovations
(Intelligent Imaging Innovations, Inc., Denver, CO, USA) laser
unit microscope using 63� oil objective. The confocal microscope
software (SlideBook 4.2, Intelligent Imaging Innovations, Inc.) was
used to analyse the data. In the analysis of mitotic spindle
morphology a minimum of 50 mitotic cells were analysed in each
specimen and the mitotic cells were classified to bipolar or
multipolar cells according to the spindle morphology. Condensed
chromosomes were considered as a specification of a mitotic cell.
Any mitotic cell having more than two mt nucleating foci was
considered multipolar despite of the mitotic phase of the cell. The
silencing efficacy was determined using image based analysis as
follows. Silenced and non-silenced cell populations were labelled
with isotype specific anti-tubulin antibodies. Through cell image
stacks were recorded with 0.5 mm step size. Integrated signal
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intensity of anti-tubulin antibody labelled individual cells was
measured from 25 cells in silenced and control cell populations in
three independent assays.

Determination of mt dynamics. The mt dynamics was measured
in live A549 cells stably expressing a-tubulin–eGFP using a
spinning disk confocal microscope with 100� oil objective. Stacks
of eight focus levels in 0.26 mm step size were recorded every 10 s
during a filming session of 250 s. The plus ends of mts were
digitally marked in the recorded time-lapse movies to allow
measurement of the mt dynamicity. Dynamicity refers here to the
growth and shrinkage velocities of the mts, which were determined
as a measurement of the distance that the mt plus-end travelled in
a specific period of time. Approximately 10 mts per cell and a
minimum of five silenced cells per sample were analysed. The plate
position coordinates of each TUBB3 silenced cell used in the live
cell analysis of mt dynamics was recorded which allowed
identification of the same cells after fixation and anti-tubulin
immunofluorescence to confirm the TUBB3 silencing at single cell
level. Only those cells in which TUBB3 signal intensity after
immunofluorescence was below the level of visual detection were
included to the analysis.

Measuring cell proliferation. EC50 values were determined as
follows. Cells were transfected with TUBB3, TUBB or negative control
siRNAs and plated on 384-well plates 24h after transfection. The
drugs were added on the cells as concentration series (0.033–100nM)
and the samples were incubated for 48h. Cell Titer Blue reagent
(Promega, Fitchburg, WI, USA) was added to the samples and the
fluorescence at 560/590nm was measured in each well. Correspond-
ing EC50 values for each drug and/or gene silencing combination were
determined based on the fluorescence measurements.

Statistical analysis. Statistical analysis was performed with Stu-
dent’s t-test using Microsoft Excel or Graph Pad Prism 4 (GraphPad
Software, Inc, La Jolla, CA, USA). Analysis of mt dynamics was
made using SlideBook 4.2 software and the EC50 value determina-
tion with Graph Pad Prism 4. All errors shown are the mean±s.e.m.

RESULTS

Altered expression of individual b-tubulin isotypes does not
induce morphological changes in otherwise non-perturbed
cells. To clarify the role of b-tubulin isotypes in mitosis, we
studied how changes in their expression affect cell morphology and
mitotic progression. For that purpose, we suppressed the expres-
sion of TUBB2A, TUBB2B, TUBB2C, TUBB3 and TUBB in A549
and MCF7 cells using one-to-three individual siRNAs per each
tubulin isotype. To analyse the silencing efficacy, we first
performed qPCR that indicated significant downregulation of the
target gene mRNA at 48 h after the introduction of the b-tubulin
isotype specific siRNAs into the cells (Figure 1A). Depletion of one
b-tubulin isotype induced some variation in the expression of the
other b-tubulin isotypes (Figure 1A). Next, we determined
the silencing efficacy at the protein level 48 h post-transfection
using immunofluorescence with monoclonal anti-TUBB2A/B,
anti-TUBB3 and anti-TUBB antibodies (Figure 1B). The analysis
indicated significant downregulation of protein levels of all tubulin
isotypes targeted with RNAi (reduction by 92–97%) based on the
quantification of the signal intensities after immunofluorescence.
In addition, the depletion of the TUBB and TUBB3 was confirmed
at the cell population level using western blotting (Figure 1C).
Despite the significant downregulation of the individual b-tubulin
isotypes we did not observe any notable morphological changes in
the interphase or mitotic cells; the mt networks of interphase cells
were intact and the architecture of spindle apparatus in the
M-phase cells was indistinguishable from the controls.

To further analyse the effects of altered b-tubulin isotype
expression on cell morphology, we made overexpression studies
with Myc-tagged TUBB3 and TUBB isotypes in A549 cells. Anti-
Myc antibody staining showed that the Myc-tagged tubulins were
incorporated into mt filaments in both interphase and mitotic cells
(Supplementary Figure S1). At the population level, the increase in
the TUBB or TUBB3 expression was modest (Figure 1C).
Importantly, only the bright myc-positive cells were used in the
analysis of drug responses. The morphology of the mitotic spindles
in the TUBB3 or TUBB overexpressing cells was comparable with
the spindles in cells expressing the negative control vector
(Supplementary Figure S1).

Loss of TUBB3 leads to stabilisation of mts. In parallel with the
analysis of cellular morphology, we studied the effect of TUBB3
silencing on the mt dynamics using live cell imaging of A549 cells
stably expressing GFP–a-tubulin. TUBB3 siRNA or control siRNA
was introduced into the cells and the dynamicity (total growth or
shrinkage of mt plus ends) of individual mts was determined at 10
second intervals in groups of live cells in both cell populations 48 h
post-transfection (Figure 2A and B). The location of the analysed
live cells on the cover slips were recorded that allowed
confirmation of the TUBB3 silencing level in the same cells after
fixation and immunofluorescence with an anti-TUBB3 antibody.
TUBB3 silencing resulted in reduction in the mt growth/shrinkage
rates despite no cell cycle or cell morphology defects were observed
in the TUBB3-depleted cells (Figure 2B and C). The mean mt
growth/shrinkage rate of TUBB3 silenced cells was
0.052±0.009 mms� 1, which is significantly different from the
0.080±0.008 mms� 1 of control cells (P¼ 0.0124). We conclude
that loss of TUBB3 leads to increased mt stabilisation in cells.

The effects of epothilones on the morphology of mitotic spindle
and mt dynamics. To determine the effects of epothilones on the
mitotic spindle apparatus, we treated A549 and MCF7 cells with
sagopilone, epothilone B, ixabepilone or drug-free medium for 20 h
before fixation and immunofluorescence (Figure 3A–E). The cells
were stained with anti-pericentrin and anti-a-tubulin antibodies to
visualise the location and count the number of mt nucleating
centres in groups of at least 50 mitotic cells per each sample.
Treatment of cells with 1.0 nM sagopilone, epothilone B or 3.0 nM
ixabepilone resulted in the formation of abnormal multipolar
mitotic spindles and multinuclear interphase cell morphology
(Figure 3A and B). Even subnanomolar concentrations of
sagopilone were able to induce multipolarity. However, in most
of the mitotic cells having multiple mt nucleating foci only two
pericentrin positive centres were observed (Figure 3A). Some
variation in the sensitivity of the cell lines to the drugs was
observed. MCF7 cells exhibited more multipolar spindles after
treatment with 0.5 or 1.0 nM concentrations of sagopilone in
comparison to the A549 cells (Figure 3B and E).

The mitotic phenotype was further studied in live cells using
GFP–H2B expressing A549 cells treated with various concentra-
tions of sagopilone. As expected, continued presence of 10 nM
sagopilone in the culture medium for 20 h caused accumulation of
cells to M phase (mitotic index 90.6%±1.4%). In contrast, the
multipolar cells induced by lower concentrations of sagopilone
(1.0 nM) did not cause M phase delay or arrest (mitotic index
2.8%±0.3% compared with control 2.7%±0.2%) but rather the
cells entered into anaphase, decondensed chromosomes and exited
mitosis (Supplementary Figure S2). In these cells, the cytokinesis
occasionally failed leading to formation of polyploid multinuclear
progeny cells. The polyploid multinuclear phenotype was also
frequently observed after treatment of A549 GFP–H2B cells with
low concentrations of epothilone B and ixabepilone (data not
shown).

Next, we verified the mt stabilising effects of epothilones in live
A549 GFP–a-tubulin cells by measurements of mt dynamics.
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Treatment of cells with 2.0 nM sagopilone resulted in a complete
loss of mt dynamics (Figure 2B). In further studies, we used 1.0 nM
drug concentration that still was sufficient to stabilise the mts
(Figure 2C). Treatment with 1.0 nM sagopilone significantly
reduced the average mt growth/shrinkage speed to
0.056±0.009 mms� 1 compared with control 0.080±0.008 mms� 1

(P¼ 0.0256). Sagopilone treatment (1.0 nM) did not further
stabilise the mts in the TUBB3 silenced cells; the mt growth/
shrinkage speed of sagopilone treated TUBB3 silenced cells was
0.047±0.007 mms� 1 compared 0.050±0.007 mms� 1 of non-
drug-treated TUBB3 silenced cells (Figure 2C).

b-Tubulin expression profile affects the epothilone response.
Recent evidence suggests that TUBB3 expression is one of the
determinants of cell response to paclitaxel (Kavallaris, 2010). Here,
we studied if the epothilone drug response changes in cells with

modified b-tubulin isotype levels. We compared the drug
responses in TUBB3, TUBB and TUBB2A–C silenced A549 and
MCF7 cells and in A549 cells overexpressing Myc-tagged TUBB3
and TUBB to control cells. The cells with manipulated b-tubulin
isotype levels were treated with various concentrations of mt drugs
for 20 h before analysis of the cellular phenotype. Treatment of
TUBB3 silenced A549 cell populations with sagopilone, epothilone
B or ixabepilone induced significantly more multipolar mitotic
spindles in comparison to drug-treated control cells transfected
with a scrambled siRNA (Figure 3B and D). The percentage of
TUBB3 silenced mitotic cells having multipolar mitotic spindles
after 1.0 nM sagopilone treatment was 77.0%±9.5% compared with
43.0%±16.5% in control cells (P¼ 0.023), after 1.0 nM epothilone
treatment 82.0%±9.7% vs 40.0%±10.6% in controls (P¼ 0.0002)
and after 1.0 nM ixabepilone treatment 39.0%±16.2% vs
3.0%±1.0% in controls (P¼ 0.025), respectively (Figure 3B). The
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result was confirmed using three independent TUBB3 targeting
siRNA oligos (Figure 3D). A similar drug sensitisation effect was
observed in TUBB3 silenced MCF7 cells exposed to sagopilone
(P¼ 0.0038) (Figure 3E). Overexpression of TUBB3-Myc in A549
cells did not rescue the epothilone induced multipolarity
(Figure 3C). We conclude that loss of TUBB3 isotype modulates
the epothilone drug response by enhancing the sensitivity of cells
to the drug effects. In contrast to knockdown of TUBB3, silencing
or overexpression of TUBB in A549 or MCF7 cells did not induce
significant changes to the spindle morphology in the sagopilone,

epothilone B or ixabepilone-treated cells when compared with the
drug-treated control cells transfected with a scrambled siRNA
(Figure 3B–E). Similarly, loss of TUBB2A–C by RNAi did not
significantly alter the mitotic spindle architecture in the presence of
the tested mt drugs in A549 cells (P40.05, data not shown).

To compare the epothilone results to earlier reports implicating
TUBB3 in paclitaxel response (Kavallaris et al, 1997; Stengel et al,
2010), we treated the TUBB3 or TUBB silenced A549 and MCF7
cells with paclitaxel before analysis of the mitotic spindle
morphology. Similarly to the cells treated with epothilones,
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exposure of TUBB3 silenced cells to 4.0 nM paclitaxel for 20 h
enhanced the induction of mitotic spindle anomalies compared
with control cells. TUBB3 silencing in MCF7 cells elevated the
number of cells with multipolar spindles to 22.8%±0.2% from
the control level of 9.9%±4.1% (P¼ 0.044) after paclitaxel
treatment, while TUBB silenced paclitaxel treated MCF7 cells
had only 1.0%±1.0% multipolarity (P¼ 0.085).

TUBB3 removal enhances the inhibition of cell proliferation by
epothilones. To analyse if the observed effects of altered b-tubulin
isotype expression on mitotic spindle architecture in the presence
of mt drugs influence the cell proliferation, we determined the
EC50 values after various drug treatments in TUBB3 and TUBB

silenced cells. Parental A549 cells, mt drug resistant A549EpoB40
cells and MCF7 breast cancer cells were transiently transfected
with TUBB3, TUBB or scrambled control siRNA. At 24 h post-
transfection, the cells were exposed to various concentrations of
sagopilone, epothilone B or paclitaxel for 48 h. Cell growth was
determined using Cell Titer Blue reagent. Loss of TUBB3 enhanced
the response of parental A549 cells and MCF7 cells to sagopilone,
epothilone B and paclitaxel indicated by the 2–7 fold increase in
the EC50 values as compared with the control siRNA (Table 1).
TUBB silencing had only a minor sensitising effect in the parental
A549 cells to sagopilone and epothilone B (Table 1). In contrast,
MCF7 cells were more resistant to epothilones after TUBB removal
indicated by the 6- to 10-fold increase in the EC50 values (Table 1).
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Figure 3. Effects of epothilones on the morphology of the mitotic spindle in TUBB and TUBB3 silenced cells. (A) Multipolarity induced by
sagopilone (0.5 nM for 20 h) in A549 cells. Green: anti-a-tubulin, red: anti-pericentrin, blue: DAPI. Scale bar equals 10mm. The diagrams show the
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experiments. (D) Silencing of TUBB3 with three different targeting siRNAs increases the multipolarity in the presence of sagopilone in comparison
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20h). The asterisks point to statistical differences (*Po0.05).
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A549EpoB40 cells carry a mutation in the TUBB gene and show
resistance against epothilones and paclitaxel (He et al, 2001).
TUBB silencing in A549EpoB40 cells resulted in inhibition of cell
proliferation at two- to four-fold lower concentrations of
sagopilone, epothilone B and paclitaxel as compared with the
controls (Table 1). In contrast, TUBB3 silencing did not alter the
cell proliferation response of A549epoB40 cells to the tested drugs
(Table 1).

TUBB3 contributes to the epothilone effects on the mitotic
spindle. Next, we wanted to clarify the roles of TUBB3 and TUBB
as mediators of the drug effect on the mitotic spindle. We studied
the effects of both silencing and overexpression of the two tubulin
isotypes on the architecture of mitotic spindles in the drug resistant
A549EpoB40 cell line. Contrary to the parental A549 cells
(Figure 3B), loss of TUBB in A549EpoB40 cells led to an increase
of multipolar cells even in the absence of mt drugs while loss of
TUBB3 did not cause any notable spindle abnormalities
(Figure 4A). We next studied the epothilone effects in the

A549EpoB40 cells with altered TUBB3 or TUBB expressions.
Treatment of TUBB silenced A549EpoB40 cells with sagopilone,
epothilone B or ixabepilone increased the number of multipolar
mitotic spindles significantly more than in the scrambled siRNA
transfected control cells (Figure 4A). Similarly, overexpression of
the wild-type TUBB in A549EpoB40 cells increased the epothilone
induced multipolar mitotic spindles (Figure 4B). Loss of TUBB3 by
RNAi did not sensitise A549EpoB40 cells to any of the tested drugs
(Figure 4A). Interestingly, in A549EpoB40 cells ectopically over-
expressing TUBB3 the proportion of multipolar mitotic spindles in
response to drug treatments was significantly greater in compar-
ison to the controls treated with any of the drugs. It is however
important to note that the effective concentrations of epothilones
in TUBB3 overexpressing A549EpoB40 cells are still much higher
than in the parental A549 cells. Therefore, this result cannot be
correlated with the effects of TUBB3 overexpression in drug-
treated parental cells in which no change in drug response was
observed. In summary, the results suggest that the mutated TUBB,
which contributes to the mt drug resistance in the A549EpoB40
cells, can be functionally partly compensated by exogenous
expression of either TUBB3 or TUBB. This phenomenon under-
lines the importance of both of these tubulin isotypes in the
epothilone response as well as in the process contributing to the
development of drug resistance.

DISCUSSION

The factors contributing on cellular response to epothilones have
remained poorly characterised. In this study we explored the roles
of three b-tubulin isotypes on epothilone-induced cell responses by
changing the expression levels of TUBB2, TUBB3 and TUBB in
human cancer cells. Our study reveals that reduction of TUBB3,
but not TUBB2 or TUBB, enhances the cells’ response to
sagopilone, epothilone B and ixabepilone providing insights how
variations in the tubulin isotype expression may influence the
patients’ therapy outcome.

Table 1. Sagopilone, epothilone B and paclitaxel EC50 values (nM) in
TUBB3 or TUBB silenced A549, A549EpoB40 and MCF7 cells

Cell line siRNA Sagopilone EpothiloneB Paclitaxel

A549 CTRL 1.9±0.5 2.7±0.2 5.1±0.3

TUBB3 0.6±0.1 0.6±0.1 3.0±0.3

TUBB5 1.1±0.1 1.6±0.2 6.8±0.7

A549EpoB40 CTRL 10.8±0.4 20.8±0.7 44.3±4.6

TUBB3 11.5±0.4 25.0±0.7 41.2±2.1

TUBB5 2.9±0.3 6.6±0.3 18.9±1.4

MCF7 CTRL 0.4±0.03 0.3±0.01 4.1±1.3

TUBB3 0.1±0.1 0.1±0.01 0.6±0.1

TUBB5 2.6±0.3 3.5±0.8 3.1±0.3

Data show mean±s.e.m. from six parallel assays.
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We analysed the mitotic spindle architecture in epothilone
treated and tubulin isotype silenced cells in order to better
understand the drug actions in relation to the cells’ mt constituents
and the cellular mechanisms inhibiting cell proliferation. Earlier
studies have indicated that low taxol concentrations disrupt the
normal mt cytoskeleton and cell cycle without affecting the total
tubulin mass (Torres and Horwitz, 1998). Moreover, the
penetrance of mt drugs inside the tumour in vivo may often be
suboptimal lowering the intracellular drug concentrations after
chemotherapy. For these reasons we used in our study the lowest
drug concentrations that produced a clear mitotic response.
Importantly, the low epothilone concentrations we used in the
study did not induce dramatic cell-cycle effects but were sufficient
to cause anomalies in the mt dynamics resulting in multipolar
mitosis, perturbation of cytokinesis and multinucleation, which all
are defects that likely contribute to the drug-induced cell death.

The increased sensitivity of TUBB3 silenced cells to mt binding
drugs could be partly explained by the observed decrease in the mt
dynamics. Suppressed mt growth or shrinkage rates in TUBB3
silenced cells did not cause major mitotic defects, but are probably
sufficient to enhance the effects of epothilones on the overall mt
dynamics. In a recent publication by Gan et al (2011), the authors
did not observe significant changes in the mt dynamic instability
caused by lack of TUBB3 in non-small cell lung cancer cells. In our
analysis we detected considerable variation in the mt dynamics
between individual cells in the TUBB3 siRNA treated population.
We believe that a technical difference in the analysis of the mt
dynamics between the two studies provides an explanation to the
discrepancy in the results. To avoid potential phenotype masking
effects caused by partially silenced cells, we confirmed in our study
by anti-TUBB3 immunofluorescence that the intensity of TUBB3
staining was below the level of detection in each cell we used for
the determination of mt dynamics in the TUBB3 silenced cell
population. In other words, our study focused only to cells in
which the silencing efficacy was the highest possible. It is also
possible that the different cell models used in the two studies have
an impact on the results.

Our data show that the exogenously expressed Myc-tagged
TUBB3 and TUBB incorporate into the mt filaments, but they
cause only minor effects on the drug response in the A549 cells.
Due to the endogenous expression of tubulin isotypes it is possible
that the change in the isotype composition in the mt lattice as a
consequence of exogenous expression of TUBB3 or TUBB is not as
dramatic as the depletion of individual tubulin isotypes. In the
A549 and MCF7 cells, the endogenous expression levels of the
TUBB3 and TUBB are intermediate in the affymetrix data set from
81 human cell lines analysed (unpublished data). In previous
publications there has been increased paclitaxel resistance follow-
ing exogenous human TUBB3 in Chinese hamster ovarian cells,
but these cells do not express endogenous TUBB3 at all (Hari et al,
2003). Also, we cannot exclude the possibility that additional
mechanisms would exist to control the tubulin isotype constitutes
in the various types of mts of interphase and mitotic cells.
However, the overexpression of TUBB3 in the TUBB mutated
A549EpoB40 cell line slightly reversed the epothilone resistant
phenotype, suggesting that the increased TUBB3 proportion in the
mt filaments can functionally compensate the mutated TUBB.
Indirectly this proposes that epothilones can interact with the
TUBB3 isotype and mediate mt stabilisation through a TUBB3-a-
tubulin dimer.

Epothilone B and its synthetic derivatives ixabepilone and
sagopilone are reported to bind in the paclitaxel binding site of
b-tubulins but the exact interaction footprint of these drugs is
slightly different (Giannakakou et al, 2000). The binding mechan-
isms and affinities vary also between epothilones (Khrapunovich-
Baine et al, 2011). Thus, we investigated if the cellular effects
caused by altered b-tubulin isotype expression are similar between

epothilone B, sagopilone, ixabepilone and earlier reported
paclitaxel responses. For the first time, a significant correlation
was found between TUBB3 levels and drug response with all the
tested epothilones. A recent publication reported increased cell
death in TUBB3 silenced cells after epothilone B treatment which
is in line with our results (Gan et al, 2011). Additionally, a HeLa
cell line constitutively overexpressing TUBB3 has been shown to be
less sensitive to epothilone B (Risinger et al, 2008). On the other
hand, it has been shown that TUBB3 levels do not increase after
Epothilone B treatment, which has been reported to occur after
paclitaxel treatment (Mozzetti et al, 2008). In another report, the
authors found that uterine and ovarian cell lines are equally
responsive to paclitaxel, but uterine cell lines were more sensitive
to epothilone B. Also, they found higher TUBB3 expression in
uterine vs ovarian samples (Carrara et al, 2012). The controversy
between different studies underlines the need for further studies to
reveal the detailed mechanisms of TUBB3 effects.

Analysis of the epothilone binding sites in human b-tubulin
isotypes has indicated that differences exists in the residues
constituting the epothilone binding footprint between TUBB3 and
other b-tubulin isotypes (Huzil et al, 2006; Magnani et al, 2006). This
variation in the drug binging can affect the mt stabilisation by
epothilones. However, TUBB3 silencing is also shown to increase cell
death in response to vincristine, which binds b-tubulin closer to the
inter-dimer interphase of mts (Huzil et al, 2006). We speculate that
the impact of TUBB3 on the epothilone response is mainly mediated
through suppressed mt dynamics and/or conformational changes in
the mt filaments rather than via differences in the direct drug binding
affinity between the epothilones and b-tubulin isotypes. Interestingly,
TUBB3 expression has been reported to also affect doxorubicin and
cisplatin responses, which suggests that additional indirect mechan-
isms may contribute to the role of TUBB3 in drug response
(Gan et al, 2007; Galmarini et al, 2008). For example, very recently
two GTPases were reported to interact with TUBB3, one of which is
implicated in the regulation of the prosurvival factor PIM1
(De Donato et al, 2012).

Sagopilone is in active development phase and ixapebilone is
accepted for clinical use in the treatment of breast cancer, and is
also being clinically evaluated in the treatment of non-small cell
lung cancer and prostate cancer (Liu et al, 2012; Smith, 2012). The
b-tubulin isotype composition that varies in mt lattice between
cells, tissues and individuals (Seve et al, 2005; Kilpinen et al, 2008)
is most likely an important post-translational control mechanism
of mt function and now shown here as one determinant of the
epothilone response. Our results demonstrating the effects of
altered b-tubulin isotype expression on the cells’ mt dynamics and
epothilone response have implications for design of targeted
therapies where the b-tubulin expression spectrum of individual
patient malignancies can reflect the tumours cells’ response to mt
binding drugs. In future, analysis of the patients’ tumour cells’
b-tubulin isotype expression pattern may assist in making
personalised therapy decisions in certain cancer types.
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