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Abstract Cabazitaxel is a novel taxane approved for treat-
ment of metastatic hormone-refractory prostate cancer in
patients pretreated with docetaxel. Cabazitaxel, docetaxel,
and paclitaxel bind specifically to tubulin in microtubules,
disrupting functions essential to tumor growth. High levels
of BIII-tubulin isotype expression are associated with tumor
aggressivity and drug resistance. To understand cabazi-
taxel’s increased efficacy, we examined binding of radio-
labeled cabazitaxel and docetaxel to microtubules and the
drugs’ suppression of microtubule dynamic instability
in vitro in microtubules assembled from purified bovine
brain tubulin containing or devoid of BIII-tubulin. We found
that cabazitaxel suppresses microtubule dynamic instability
significantly more potently in the presence of BIII-tubulin
than in its absence. In contrast, docetaxel showed no BIII-
tubulin-enhanced microtubule stabilization. We also asked
if the selective potency of cabazitaxel on PIII-tubulin-
containing purified microtubules in vitro extends to cabazi-
taxel’s effects in human tumor cells. Using MCF7 human
breast adenocarcinoma cells, we found that cabazitaxel
also suppressed microtubule shortening rates, shortening
lengths, and dynamicity significantly more strongly in cells
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with normal levels of BIII-tubulin than after 50% reduction
of BlII-tubulin expression by siRNA knockdown. Cabazi-
taxel also more strongly induced mitotic arrest in MCF7
cells with normal BIII-tubulin levels than after BIII-tubulin
reduction. In contrast, docetaxel had little or no PBIII-
tubulin-dependent selective effect on microtubule dynamics
or mitotic arrest. The selective potency of cabazitaxel on
purified BIII-tubulin-containing microtubules and in cells
expressing PIII-tubulin suggests that cabazitaxel may be
unusual among microtubule-targeted drugs in its superior
anti-tumor efficacy in tumors overexpressing PIII-tubulin.

Keywords Cabazitaxel - Docetaxel - Microtubule -
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Introduction

Cabazitaxel (Jevtana®) and docetaxel (Taxotere®) (Fig. 1a)
are semisynthetic analogs of paclitaxel that are effective
anticancer agents in the clinic. Cabazitaxel is a microtu-
bule-targeted cancer chemotherapeutic agent that has been
approved clinically for treatment of metastatic castration-
resistant prostate cancer after failure of docetaxel treatment
[1,2].

Microtubules are dynamic tubular cytoskeletal fila-
ments composed of tubulin, which is a heterodimer of o
and P tubulin monomers. Like other taxanes (paclitaxel
and docetaxel), cabazitaxel enhances microtubule assem-
bly, arrests cells in mitosis, and suppresses microtubule
dynamic instability, a behavior that involves frequent
transitions between slow growth and rapid shortening of
individual microtubules [3-5]. Suppression of microtu-
bule dynamic instability can prevent cells from complet-
ing mitosis, resulting in inhibition of cell proliferation
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Fig. 1 a Structures of cabazi-
taxel and docetaxel. b Binding
of cabazitaxel to unfraction-
ated or BIII-tubulin-depleted
microtubules. Tubulin was
incubated in the presence of
[*C]-cabazitaxel to form micro-
tubules, and binding affinity and
stoichiometry were determined.
Cabazitaxel bound to unfrac-
tionated (closed symbols, four
independent experiments) and
BIII-tubulin-depleted micro-
tubules (open symbols, two
independent experiments) with
a Ky of 7.4 £ 0.9 (SD) wmol/L
and 8.3 + 1.2 (SD) pwmol/L,
respectively. ¢ Binding of doc-
etaxel to unfractionated or BIII-
tubulin-depleted microtubules.
Tubulin was incubated in the
presence of [*C]-docetaxel to
form microtubules, and binding
affinity and stoichiometry were
determined. Docetaxel bound to
unfractionated (closed symbols,
four independent experiments)
and BIII-tubulin-depleted micro-
tubules (open symbols, two
independent experiments) with
a K of 6.8 £ 0.2 (SD) wmol/L
and 7.9 &+ 0.3(SD) wmol/L,
respectively

and ultimately in cell death. Suppression of dynamic
instability also impairs essential non-mitotic functions of
cancer cells including migration, signaling, intracellular
trafficking and secretion [6, 7].
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The seven identified isotypes of B-tubulin are expressed
differently in different cell types [8, 9]. The BIII-tubulin
isotype is predominantly expressed in neurons and Sertoli
cells of the testis. Its expression is often associated with
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drug-resistant and aggressive cancers [10—15]. The detailed
mechanistic effects of Ill-tubulin levels on cabazitaxel’s
and docetaxel’s actions in vitro and in cells have not been
examined.

We compared the binding of cabazitaxel and docetaxel
to microtubules and their interactions in vitro with purified
microtubules either containing or depleted of BIII-tubulin.
We found that in vitro both drugs bind to microtubules with
similar Kjy’s whether the microtubules contain pIII-tubulin
or are depleted of it. However, cabazitaxel’s suppressive
effects on microtubule dynamic instability were greater in
the presence of PIII-tubulin than in its absence whereas
the suppressive effects of docetaxel were independent of
the level of PIII-tubulin isotype. We examined the drugs’
effects in MCF7 cells before and after BIII-tubulin siRNA
knockdown and found that reduction of BIII-tubulin levels
significantly reduced mitotic arrest and reduced suppres-
sion of dynamic instability by cabazitaxel. In contrast, doc-
etaxel’s effects in cells were minimally altered by reduction
of BIII-tubulin. The results suggest that cabazitaxel’s supe-
rior efficacy in tumors resistant to other taxanes results, at
least in part, from its enhanced inhibition of the dynamic
instability of microtubules that contain high levels of
BIII-tubulin.

Materials and methods

Chemicals and other materials were purchased from
Sigma-Aldrich, LLC (St. Louis, MO, USA) unless other-
wise noted. Cabazitaxel and docetaxel were provided by
Sanofi-Oncology (Cambridge, MA, USA), dissolved in
vehicle dimethylsulfoxide (DMSO) (ATCC, Manassas, VA,
USA) and stored as 10 mmol/L aliquots at —20 °C.

Tubulin purification, SIII-tubulin depletion,
microtubule assembly and length determinations

Bovine brain tubulin was purified by cycles of tempera-
ture- and GTP-dependent polymerization and depolymeri-
zation followed by phosphocellulose chromatography and
depletion of PIII-tubulin in vitro [16]. Anti-BIII-tubulin
monoclonal antibodies were generated by growing TUJ1-
expressing human-mouse hybridoma cells (gift of Anthony
Frankfurter and Anthony J. Spano, University of Virginia).
Western blots using the TUJ1 antibody and the tubulin used
in these experiments are shown [17] and indicate complete
absence of BIII-tubulin. Microtubules were assembled, and
their lengths and concentrations in suspension were calcu-
lated from length distributions obtained by electron micros-
copy and polymer mass determinations [16].

Drug binding to microtubules composed
of unfractionated or BIII-depleted tubulin

Unfractionated or PIII-depleted tubulin (20 pmol/L) was
polymerized (60 min) in the presence of ['*C]-cabazitaxel
or ["*C]-docetaxel (5-40 umol/L; specific activity 85 mCi/
mmol). Microtubules were collected by centrifugation
through glycerol/DMSO cushions and bound ['*C]-drug
and binding stoichiometries determined [17]. Four and two
independent experiments were performed with unfraction-
ated and BIII-isotype-depleted tubulin, respectively.

Microtubule dynamic instability in vitro

Drug effects (100 nmol/L) on dynamic instability param-
eters at plus ends of steady-state microtubules assembled
with unfractionated or BIII-depleted tubulin were deter-
mined by differential interference contrast video micros-
copy [18]. Parameters included growth rates and lengths,
shortening rates and lengths, transition frequencies from
the growth or attenuated (paused) state to shortening
(termed catastrophe), transition frequencies from shorten-
ing to the growth or paused state (termed rescue), and the
overall dynamicity of the microtubules (the total visually
measurable growth and shortening of the microtubules per
unit time). Between 27 and 42 microtubules were analyzed
per condition in at least three independent experiments, and
data pooled for statistical analysis.

Statistical analysis was carried out in R [19-21] by
two-way ANOVA with or without transformation (Supple-
mentary Methods). Graphs were made in R using ggplot2
[22] and detailed in Adobe Illustrator. Significance nota-
tions indicate comparison to the appropriate vehicle control
unless otherwise noted. Data that were transformed prior
to analysis are presented in the original scale as the back-
transformed mean and 95% confidence levels. Raw data are
presented as mean and SEM in Table 1.

Cell culture

MCF7 human breast adenocarcinoma cells (ATCC, Manas-
sas, VA, USA) expressing green fluorescence EGFP-a-
tubulin were used due to their flatness which enables deter-
mination of dynamic instability in living cells [5]. The
EGFP-a-tubulin-expressing cells were indistinguishable
from unmodified cells except for their fluorescent micro-
tubules and their doubling time of 35 h, which was 20%
slower than unmodified MCF7 cells.

BIII-tubulin knockdown in MCF7 cells

Cells were transfected with a PII-tubulin siRNA pool
(50 umol/L) prepared from three individual siRNAs at a
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Table 1 Effects of cabazitaxel and docetaxel on dynamic instability of in vitro microtubules reassembled from unfractionated or BIII-tubulin

depleted bovine brain tubulin

Parameters Unfractionated microtubules BIII-Tubulin depleted microtubules
Control (veh) Cabazitaxel, 100 nM Docetaxel, 100 nM  Control (veh) Cabazitaxel, 100 nM Docetaxel, 100 nM
(% change from veh) (% change from veh) (% change from veh) (% change from veh)
Growth rate (um/ 2.0+0.1 1.71 £ 0.1 (—12) 1.73 £ 0.07 (—11) 1.9+0.1 1.8 £ 0.1 (—4) 1.6 £ 0.05 (—18)
min)
Shortening rate (um/ 29.3 + 1.4 15.0 £ 0.9 (—49) 15.1 £ 1.4 (—48) 284+ 1.8 19.7 £ 1.9 (-31) 7.6 £ 0.4 (—65)
min)
Growth length (um) 1.4 £ 0.1 1.4+ 0.1 (0) 1.2+£0.1 (—13) 1.5+0.1 1.6 £ 0.1 (4+6) 1.2+ 0.1 (-22)
Shortening length 6.1 £04 3.1 £0.2 (-50) 3.1£0.2(-49) 6.6 £0.5 5.1£0.2(-23) 334+ 0.1(-50)
(m)
Catastrophe fre- 0.24 0.18 (—27) 0.13 (—44) 0.25 0.17 (—32) 0.19 (—24)
quency (per min)
Rescue frequency 2.3 4.4 (490) 3.8 (+66) 1.7 2.9 (4+69) 3.3 (+93)
(per min)
Dynamicity (pm/ 24 1.2 (—49) 1.1 (—=56) 2.5 1.7 (=33) 1.3 (=50)
min)
Number of 33 36 27 42 34 35
microtubules
Time (min) 166 292 246 225 276 320

ratio of 1:1:1 according to the manufacturer’s guidelines
(Thermo Fisher Scientific, Waltham, MA, USA) or control
siRNA at a final concentration of 10 nmol/L [17]. Mock
transfection was performed with OPTI-MEM containing no
siRNA. Cells (100,000 cells/mL) were incubated 24 h with
transfection mixture (10 nmol/L control siRNA or BIII-
tubulin siRNA or mock transfection reagent). Media was
then replaced with fresh media containing 10% FBS. For
live cell imaging, control and BIII-tubulin siRNA-transfec-
tion mixtures included 10 nmol/L BLOCK-iT Alexa Fluor
Red Fluorescent Oligo (Invitrogen, Grand Island, NY,
USA) to distinguish siRNA-transfected cells.

Cell proliferation

Transfected cells were seeded (100,000 cells/mL) in
96-well plates in triplicate (100 pL/well). At 48-, 96- or
144 h-post knockdown, cells were fixed with 10% (w/v)
trichloroacetic acid (TCA) (Thermo Fisher Scientific,
Waltham, MA, USA), stained with 0.4% (w/v) sulforho-
damine B (SRB) and absorbance read at 490 nm. Experi-
ments were repeated four times.

Effects of cabazitaxel or docetaxel on cell proliferation
were also measured by counting cells by hemocytometer.
Cells were transfected and seeded (100,000 cells/mL) in
12-well plates (500 pL/well) for 24 h to allow cell attach-
ment and recovery. Medium with drug (0.03-3 nmol/L)
was added for an additional 72 h, and cells were harvested
and counted. Results are means of 4-5 experiments.

@ Springer

Cell cycle determination by flow cytometry

Cell cycle analysis was determined 48 and 96 h after trans-
fection without the drugs. Cells were harvested (adherent
and suspended), fixed in 70% ethanol for 24 h at 4 °C,
stained with propidium iodide (EMD Millipore, Billerica,
MA, USA), analyzed using Guava EasyCyte flow cytom-
eter (Guava Technologies, Inc.) (2000 events per condition)
and ModFitLT software (Verity Software House Inc., Top-
sham, ME, USA).

Mitotic arrest

Following the 48-h PIII-tubulin knockdown, cells were
seeded at 100,000 cells/mL in 6-well plates for 24 h.
Cabazitaxel or docetaxel (3—100 nmol/L) was added for
an additional 20 h. Adherent and detached cells were har-
vested, fixed (3.7% formaldehyde), stained with Alexa
Fluor-594-conjugated anti-phosphohistone H3 antibody
(Cell Signaling Technology, Danvers, MA, USA), and
mounted onto glass with ProLong Gold DAPI (4/,6-diamid-
ino-2-phenylindole) antifade reagent (Invitrogen, Grand
Island, NY, USA). Percentages of mitotic cells were deter-
mined by counting cells containing condensed DNA that
were positive for phosphohistone H3 (a mitotic marker)
and dividing by total cell number. Five hundred cells were
counted per condition in each of 4 independent experi-
ments. ICs,’s for mitotic arrest were calculated and signifi-
cance determined using Student’s 7 test.
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Immunofluorescence microscopy

Cells were grown on poly-L-lysine-coated coverslips (48 h),
incubated with 10 nmol/L cabazitaxel or docetaxel (20 h),
and fixed in 3.7% formaldehyde (20 min, 37 °C) followed
by methanol (10 min, —20 °C) and stained [5] and imaged
using the same exposure for each sample with an Olympus
FLV1000S Spectral laser scanning confocal microscope
(Olympus America Inc., Central Valley, PA, USA).

Microtubule dynamic instability in cells

Control or BIII-knockdown MCF7 cells were seeded onto
glass coverslips pre-coated with 50 wg/mL poly-L-lysine,
10 pg/mL laminin, and 20 pg/mL fibronectin (2 h, 37 °C).
To enhance flattening, cells were incubated for 24 h with
1% FBS in DMEM. Forty-eight hours after transfection
cells were incubated with drug (10 nmol/L) for 20 h (the
time required for equivalent uptake of cabazitaxel and doc-
etaxel into cells [5]). Time-lapse images of microtubules
were acquired with a 100x objective on a Nikon Eclipse
E800 microscope with a Hamamatsu Orca II digital cam-
era (Hamamatsu, Japan), driven by Metamorph software
(Molecular Devices, Sunnyvale, CA, USA) [5, 17]. The
plus ends of microtubules were tracked, graphed as a func-
tion of time and analyzed in MT-LHAP v.3, r.1 (devel-
oped by Emin Oroudjev, http://www.igorexchange.com/
node/1767). Increase or decrease in length of >0.3 pm
between two points were considered growth or shortening
events. Changes in length of <0.3 pm were called periods
of “attenuated dynamics” or “pause”. Dynamicity is the

sum of total lengths grown and shortened divided by total
duration of imaging a microtubule. Results are from >50
individual microtubules from >10 or more cells for each
condition, and from at least three experiments for each con-
dition. Data were pooled prior to statistical analysis, as for
in vitro data (see above and Supplementary Methods). Raw
mean and SEM are shown in Table 2.

Results
In vitro

Binding of cabazitaxel to microtubules assembled
from unfractionated tubulin or from BIII-depleted tubulin

Cabazitaxel and docetaxel (Fig. la) are microtubule sta-
bilizing drugs that at relatively high concentrations
induce microtubule polymerization [5]. To test drug bind-
ing to microtubules assembled from unfractionated and
pIll-depleted tubulin, we purified tubulin from bovine
brain (which contains 25% PIII-tubulin) and depleted
the PII-tubulin to undetectable levels by immunoaffin-
ity chromatography; the absence of BIII-tubulin is shown
in Lopus et al. [17], which shows western blots of the
isotype content in the same tubulin preparation. We then
determined the binding affinity and stoichiometry of
['4C]-cabazitaxel to microtubules assembled in vitro from
tubulin in the presence or absence of the BIII-tubulin iso-
type. ['4C]-cabazitaxel bound to the microtubules in a con-
centration-dependent manner (Fig. 1b). At low cabazitaxel

Table 2 Effects of cabazitaxel and docetaxel on microtubule dynamic instability in MCF7 cells after BIII-tubulin knockdown

Parameters Control-transfected BIII-Tubulin Knockdown
Control (veh) Cabazitaxel, 10 nM  Docetaxel, 10 nM Control (veh) Cabazitaxel, 10 nM  Docetaxel, 10 nM (%
(% change from veh) (% change from (% change from veh) change from veh)
veh)

Growth rate (um/ 7.5+0.2 534+0.2(-29) 6.0 + 0.3 (—20) 72+02 5.6 £ 0.1 (—23) 59+0.1(—19)
min)

Shortening rate (um/ 20.5 +0.9 7.1+ 0.3 (—66) 7.7+ 0.3 (—62) 21.6 £0.9 9.2+ 0.4 (-58) 7.6 £ 0.4 (—65)
min)

Growth length (um) 1.9 0.1 0.65 £ 0.1 (—66) 0.8 £ 0.01 (—59) 1.8 £ 0.1 0.67 £0.03 (—63)  0.68 = 0.05 (—62)

Shortening length 3.14+£03 0.55+0.04(-82) 0.63+0.06(=79) 25+£02 0.76 £ 0.05 (=70)  0.69 &+ 0.05 (—73)
(m)

Catastrophe fre- 1.2+ 0.1 0.9 + 0.06 (—24) 1.03£0.07(—13) 1.2+0.1 1.1 £0.1 (—15) 1.0 £ 0.1 (-22)
quency (per min)

Rescue frequency 8.9+0.5 13.9 + 0.4 (+55) 13.2 + 0.4 (+47) 10.5+ 0.5 12.8 £ 0.5 (+22) 12.7 £ 0.5 (+21)
(per min)

Dynamicity (im/ 62104 1.0 £ 0.2 (—85) 1.4+£02(-78) 5.8+0.3 1.5£0.1(=74) 1.3+£0.1 (—=74)
min)

Number of cells 18 15 18 24 16 18

Number of 81 47 79 96 67 79
microtubules
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concentrations (<10 pmol/L) binding to microtubules
assembled from unfractionated or PIII-depleted tubu-
lin was similar. At 20 wmol/L cabazitaxel, 1 molecule of
cabazitaxel bound per molecule of tubulin in microtubules
composed of unfractionated tubulin, and 1.25 molecules
of cabazitaxel bound per tubulin molecule in microtu-
bules composed of BII-tubulin-depleted tubulin (not a
statistically significant difference). Kjs were calculated as
the ICs, for binding at the lowest and highest cabazitaxel
concentrations tested with unfractionated or BIII-depleted
microtubules. Cabazitaxel is bound to unfractionated
microtubules with K, 7.4 £ 0.9 (SD) umol/L and to BIII-
depleted microtubules with K 8.3 £ 1.2 (SD) umol/L, pre-
sumably at the taxane binding site. The 1.1-fold difference
in Kpps was not statistically significant. Polymer mass levels
were approximately the same with either unfractionated or
pIlI-depleted tubulin at all drug concentrations (data not
shown). In conclusion, the binding of cabazitaxel to tubulin
was independent of BIII-tubulin content (Fig. 1b).

Binding of docetaxel to microtubules assembled
from unfractionated or BlIII-depleted tubulin

Experiments to determine [4C]-docetaxel binding were
performed concurrently with those for ['*C]-cabazitaxel
binding. ['“C]-docetaxel bound to microtubules in a con-
centration-dependent manner similar to [*C]-cabazitaxel
(Fig. 1c). The Kps for ['*C]-docetaxel’s binding to unfrac-
tionated and PIII-depleted microtubules were 6.8 £+ 0.2
(SD) pmol/L and 7.9 £ 0.3 (SD) umol/L, respectively.
The 1.2-fold difference between the Kps was not sta-
tistically significant. At one of the highest concentra-
tions tested (20 umol/L), approximately one molecule of
[**C]-docetaxel bound per molecule of tubulin dimer in
microtubules assembled from either unfractionated or BIII-
depleted tubulin. Thus, microtubule binding of docetaxel is
independent of BIII-tubulin content.

Comparison of BllI-tubulin effects on dynamic instability
suppression in vitro by cabazitaxel and docetaxel

Microtubules assembled from purified tubulin display peri-
ods of relatively slow growth and fast shortening, with
infrequent switching between growth and shortening.
Microtubules spend an appreciable amount of time neither
growing nor shortening detectably (called “attenuation” or
“pause”). This GTP-dependent nonequilibrium behavior
is called dynamic instability [3]. We examined the in vitro
effects of cabazitaxel and docetaxel on dynamic instability
parameters of microtubules containing or depleted of BIII-
tubulin (Table 1).

In the present study, in the absence of drug, removal
of BIII-tubulin had no detectable effects on the dynamic
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instability parameters in vitro of the remaining mixture
of isotypes. Microtubules made from unfractionated and
pIlI-depleted tubulin microtubules grew at indistinguish-
able rates (2.0 £ 0.1 and 1.9 &+ 0.1 pwm/min, respectively),
shortened at similar rates (29.3 + 1.4 and 28.4 & 1.8 pm/
min, respectively), and had overall dynamicities of 2.4 and
2.5 pm/min for unfractionated and BIII-depleted microtu-
bules, respectively (Table 1). These results may seem sur-
prising because when previously analyzed separately [23]
microtubules composed solely of purified BIII-tubulin
were approximately two-fold more dynamic than micro-
tubules made from either the purified pll-isotype or the
pIV-isotype; thus one might expect that depletion of BIII-
tubulin should slow the dynamics of the remaining mixture.
However, we found that microtubules made from a 50:50
mixture of BIII- and BII-tubulin did not exhibit dynamics
in between the two isotypes, but rather, the microtubules
made from 50% purified BII-tubulin and 50% purified BIII-
tubulin exhibited dynamics that were similar to those of
100% BII tubulin. Moreover, a mixture of 20% BIII-tubulin
and 80% PII-tubulin exhibited dynamics that were slower
than microtubules made from 100% BII-tubulin. Thus,
changing the ratios of the various p-tubulin isotypes results
in unpredictable effects on dynamics of the resulting mix-
ture (discussed in [23]).

Depletion of BIII-tubulin reduces the effects of cabazitaxel,
but not docetaxel, on microtubule dynamics in vitro

Cabazitaxel suppressed microtubule dynamic instability
more when BIII-tubulin levels were high (i.e., “unfraction-
ated” tubulin) (Table 1). Specifically, 100 nmol/L cabazi-
taxel suppressed shortening rates of unfractionated micro-
tubules and BIII-depleted microtubules, by 49 and 31%,
respectively, shortening length by 50 and 23%, respec-
tively, and overall dynamicity by 49 and 33%, respectively.
Cabazitaxel increased rescue frequency by 90 and 69%,
respectively. In contrast, docetaxel suppressed dynamic
instability independent of the microtubule content of BIII-
tubulin. Specifically, 100 nmol/L docetaxel suppressed
shortening rates of unfractionated microtubules and BIII-
depleted microtubules, by 48 and 65%, respectively, short-
ening length by 49 and 50%, respectively, and overall
dynamicity by 56 and 50%, respectively.

To determine whether or not these differences observed
in the presence and absence of PIII-tubulin were statisti-
cally significant, we performed a two-way ANOVA (see
Methods). Data were transformed prior to analysis to meet
the assumptions of the ANOVA, and are presented as the
back-transformed means in the original scale with error
bars showing 95% confidence levels (Fig. 2 and Sup-
plementary Fig. 1; raw data are in Table 1). For shorten-
ing length (Fig. 2a), the ANOVA indicated a significant
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Fig.2 Bar graphs showing effects of vehicle (veh, clear bars), »

100 nmol/L docetaxel (doc, light gray bars) and 100 nmol/L cabazi-
taxel (cbz, dark gray bars) on major parameters of dynamic instabil-
ity in microtubules assembled in vitro with unfractionated bovine
brain tubulin (“Unfractionated”) or with bovine brain tubulin depleted
of BIlI-tubulin (“BIII-depleted”). a—c¢ Show shortening length, short-
ening rate, and dynamicity, respectively. Data were transformed to
meet the assumptions of two-way ANOVA, and all statistical analy-
ses were carried out on the transformed scale. Graphs show means
and 95% confidence levels back-transformed to the original scale. In
cases where the two-way ANOVA indicated a significant interaction
between drug (veh, doc, cbz) and tubulin type, subsequent pairwise
comparisons were carried out using Tukey’s correction for multiple
comparisons. Bars are arranged side-by-side to allow comparison of
unfractionated and BIII-depleted tubulin. Asterisks indicate statistical
significance of difference at *p < 0.05, **p < 0.01, ***p < 0.001 lev-
els, respectively, relative to the appropriate vehicle control or as indi-
cated by lines

interaction (p < 0.01) between drug treatment (vehicle
control, docetaxel, cabazitaxel) and PIII-tubulin content
(unfractionated vs. BIII-depleted). Specifically, cabazitaxel
suppressed shortening length significantly less potently in
BIII-depleted microtubules than in unfractionated microtu-
bules (p < 0.001). No such differences were observed for
docetaxel or the vehicle controls. Furthermore, while doc-
etaxel and cabazitaxel were similarly potent at suppressing
shortening length in unfractionated microtubules, cabazi-
taxel was significantly less potent than docetaxel in BIII-
depleted microtubules (p < 0.001).

Shortening rate (Fig. 2b) followed the same pattern,
although the ANOVA did not reach the significant cutoff of
p < 0.05 (p = 0.054). As with shortening length, cabazi-
taxel was less potent in BIII-depleted microtubules than in
unfractionated microtubules. Furthermore, cabazitaxel and
docetaxel suppressed shortening rate with similar potency
in unfractionated microtubules, whereas in BIII-depleted
microtubules the effects of cabazitaxel were less potent than
docetaxel. Overall dynamicity (Fig. 2c) also followed the
same pattern (ANOVA p < 0.05). The difference between
cabazitaxel in unfractionated vs. III-depleted microtubules
did not reach significance. However, while the drugs were
similarly potent in unfractionated microtubules, in the case
of pIII-depleted microtubules, cabazitaxel was significantly
less potent than docetaxel (p < 0.01). Taken together, these
results support the conclusion that the presence of the BIII-
tubulin isotype in microtubules enhances the suppressive
effects of cabazitaxel on dynamic instability.

In cells

Comparison of cabazitaxel and docetaxel effects in cells
with and without BIII-tubulin isotype knockdown

BIII-tubulin levels are important in tumor aggressivity and
drug resistance [14, 15]; thus we extended our observations
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to the effects of altering cellular levels of BIII-tubulin. BIII-
tubulin expression was reduced in MCF7 human breast
cancer cells with BIII-tubulin siRNA as determined by
Western blotting [17], and the drug effects were compared
with effects in cells with unaltered BIII-tubulin expression
transfected with either control siRNA or mock-transfected
(“Materials and Methods”). MCF7 cells were among the four
highest BIII-tubulin expressors in a comparison of 12 human
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cell lines [24]. As we reported previously [17], 48 and 96 h
after knockdown, BIII-tubulin expression in MCF7 cells was
reduced by 45 and 60%, respectively, from 3 to 5% to ~2%
of total tubulin. When BIII-tubulin expression was reduced
below 2%, the cells invariably died (data not shown).
Forty-eight and 96-h post-transfection, cells with
reduced BIII-tubulin expression and no drug proliferated
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at the same rate as control-transfected cells. However,
>96 h after transfection, proliferation of the BIII-tubulin
knockdown cells markedly slowed (Fig. 3a). At 48 and
96 h control and BIII-tubulin knockdown cells had simi-
lar proportions of cells in Gy/G,;, S and G,/M phases
(Fig. 3b). Thus, we confined our experiments to the first
96 h after BIII-tubulin knockdown.
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«Fig. 3 a Effects of BIII-tubulin siRNA knockdown on MCF7 cell
proliferation in the absence of drug measured by sulforhodamine B
assay. Cell proliferation was not significantly affected by BIII-tubulin
knockdown for the first 96 h after transfection. After the 96-h pro-
liferation was significantly reduced by PlII-tubulin knockdown
(open squares), in contrast to mock transfection (open diamonds),
and control transfection (filled squares), thus limiting the duration of
experiments. b Cell cycle distribution after 48 h (fop row of panels)
and 96 h (bottom row of panels) of BlllI-tubulin knockdown as deter-
mined by flow cytometry. Control siRNA-transfected cells are shown
in the panels on the left and results of PIII-tubulin knockdown are
shown in the panels on the right. Each figure shows the mean per-
centages of cells in sub-G1, G1/G0, S and G2/M phases, = SEM of
three experiments. For 96 h, BIII-tubulin knockdown had no effects
on cell cycle transit, but after 96-h cell cycle transit was inhibited
(data not shown); thus experiments on microtubule behavior were
confined to the first 96 h after knockdown. ¢, d In the presence of
normal levels of BIII-tubulin, mitotic arrest by cabazitaxel (c) was
significantly greater in control-transfected cells (filled squares) than
after BIlI-tubulin knockdown (open squares). As shown in d, BIII-
tubulin knockdown had no statistically significant effect on doc-
etaxel-induced mitotic arrest. Each data point is the average of four
independent assays. e Cabazitaxel inhibited cell proliferation 10 times
more potently than docetaxel, but there was no effect of BIlI-tubulin
knockdown on inhibition of proliferation by either drug. 24 h after
knockdown cells were incubated with drug for 72 h and cell number
was determined by counting by hemocytometer

Bll-tubulin knockdown had no significant effect on mitotic
arrest by docetaxel, but significantly reduced mitotic arrest
by cabazitaxel

Forty-eight hours after PIII-tubulin knockdown (when
BIII-tubulin expression was reduced by 45% [17]), control-
transfected and PIII-tubulin knockdown cells were incu-
bated with a range of drug concentrations for an additional
20 h. Cabazitaxel (Fig. 3c) and docetaxel (Fig. 3d) arrested
both control and BIII-tubulin knockdown cells in mitosis.
Mitotic arrest ICs, for cabazitaxel was significantly more
potent in control-transfected cells (8 nmol/L + 2.1 SEM)
than in cells with reduced BIII-tubulin (18 nmol/L £ 1.7
SEM, a 2.3-fold difference, Fig. 3c, p < 0.01). In contrast,
the difference was not statistically significant for docetaxel
(ICsy = SEM, 7.8 nmol/L &+ 2.2 for control-transfected
cells and 10 nmol/L + 1.4, respectively, Fig. 3d).

The antiproliferative potencies of cabazitaxel
and docetaxel in MCF7 cells were not detectably altered
by BIII-tubulin reduction

The effects of cabazitaxel and docetaxel on proliferation
of MCF7 cells were determined after a 72 h drug incuba-
tion following a 48 h BIII-tubulin knockdown (Fig. 3e).
Inhibition of proliferation by cabazitaxel was similar
with or without BIII-tubulin knockdown (ICs, 4+ SEM:
0.09 £ 0.01, and 0.18 £ 0.09 nmol/L, respectively). In
agreement with the results of Azarenko et al. [5] inhibi-
tion of proliferation by docetaxel was tenfold less potent

than with cabazitaxel (Fig. 3e), but it was similarly unal-
tered by BIII-tubulin reduction (IC5, & SEM: 1.2 £ 0.2 and
1.1 & 0.2 nmol/L).

Cabazitaxel and docetaxel-induced similar changes
in microtubule organization regardless of BIII-tubulin
content

MCF7 cells were transfected with siRNA (either control
or BIII-tubulin knockdown), incubated with 10 nmol/L
cabazitaxel or docetaxel for 20 h, then fixed and stained to
examine microtubule organization by immunofluorescence
microscopy (Fig. 4). In the absence of drug, cells with
reduced BIII-tubulin levels had similar morphology to those
of control-transfected cells, both in mitosis and in inter-
phase (Fig. 4, top row). The presence of BIII-tubulin is indi-
cated by the red stain in the left two columns. The red stain
is reduced or absent after BIII-tubulin knockdown (two col-
umns on right). In the absence of drug (top row), both with
and without BIII-tubulin knockdown, mitotic cells appeared
normal with condensed chromosomes in compact bipo-
lar spindles. Mitotically arrested cells induced with either
10 nmol/L cabazitaxel or 10 nmol/L docetaxel (20 h) con-
tained spindles typical of cells treated with microtubule-
targeted drugs, both after control siRNA-transfection and
after PIII-tubulin knockdown; cabazitaxel and docetaxel-
induced spindles with uncongressed chromosomes and
were monopolar and ball-shaped or multiastral or bipolar.
Both drugs induced microtubule bundles typical of taxane
treatment in interphase of both control-transfected cells and
after BIII-tubulin knockdown.

Cabazitaxel, but not docetaxel, inhibited microtubule
dynamic instability significantly more potently in MCF7
cells when BIII-tubulin was present at normal levels
than after its reduction

We examined the effects of PIII-tubulin knockdown on
suppression of microtubule dynamic instability param-
eters by cabazitaxel and docetaxel in living MCF7 cells in
interphase (Table 2). In the absence of cabazitaxel or doc-
etaxel, reduction of PIII-tubulin had no significant effect
on dynamic instability. After siRNA knockdown of BIII-
tubulin, cells were incubated with either 10 nmol/L cabazi-
taxel or 10 nmol/L docetaxel for 20 h. A 20-h drug incu-
bation period was necessary to insure similar intracellular
levels of both drugs since docetaxel is taken up into cells
considerably more slowly than cabazitaxel [5]. As shown
in Table 2, cabazitaxel more strongly suppressed dynamic
instability in control-transfected cells than after BIII-tubulin
knockdown. Specifically, after reduction of PIII-tubulin,
cabazitaxel inhibited the growing rate by 23% as com-
pared with 29% in control-transfected cells, inhibited the
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Fig. 4 Immunofluorescence microscopy of MCF7 cells in inter-
phase and mitosis showing the effects of cabazitaxel and docetaxel on
microtubule organization after control transfection (left two columns)
and after BIII-tubulin knockdown (right two columns). All interphase
cell images were taken at one exposure and all mitotic cell images
were taken at one exposure. There were no major differences in the

shortening rate by 58 vs. 66%, the shortening length by 70
vs. 82%, and the overall dynamicity by 74% as compared
with 85%. In contrast, docetaxel’s suppression of dynamic
instability was affected much less by PIII-tubulin knock-
down (Table 2). For example, docetaxel’s suppression of
the overall dynamicity was similar with or without BIII-
tubulin reduction (78% compared with 74%).

We performed two-way ANOVAs to determine whether
or not the differences observed between control-transfected
and BIII-tubulin-knockdown cells were statistically signifi-
cant. Data were transformed prior to analysis to meet the
assumptions of the ANOVA, and are presented as the back-
transformed means in the original scale with error bars
showing 95% confidence levels (Fig. 5 and Supplemen-
tary Fig. 2; raw data are in Table 2). The results indicated
a significant interaction (p < 0.01) between drug treatment
(vehicle control, docetaxel, cabazitaxel) and BIII-tubulin
content (control-transfected vs. PIII-tubulin-knockdown)
for shortening length, shortening rate, and overall dyna-
micity (Fig. 5a—c). For each of these three parameters,
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morphology of control-transfected and III-tubulin knockdown cells
in the absence of drug in mitosis or interphase. Both cabazitaxel and
docetaxel disrupted mitotic spindles and induced microtubule bun-
dling in interphase. a-Tubulin green, BIII-tubulin red, DNA blue.
Scale bars are 5 pm (large) and 10 pm (small)

cabazitaxel was significantly less potent in PIII-tubulin-
knockdown cells than in control-transfected cells (p < 0.05
for shortening length and rate, and p < 0.01 for overall
dynamicity). No such differences were observed for vehicle
control or for docetaxel. Collectively, the results indicate
that cabazitaxel inhibits dynamic instability in cells more
potently when BIII-tubulin is expressed at the normal levels
for these cells (~3-5% of total tubulin) than after its reduc-
tion by 45%.

Discussion

The plIl-isotype of tubulin is unusual [9, 25]. It is predomi-
nantly expressed in neurons and in Sertoli cells of the testis
and in only small amounts in normal tissues. Of potential
clinical significance [15, 26-29], it is expressed to vary-
ing levels in some cancer cells and is highly expressed in
aggressive and drug-resistant tumors. The BIII-tubulin iso-
type has no more than 92% similarity to other B-tubulin
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Fig.5 Bar graphs show effects of 10 nmol/L cabazitaxel and »

10 nmol/L docetaxel on major parameters of microtubule dynamic
instability in MCF7 control-transfected cells and after BIII-tubulin
knockdown. a—c Show that cabazitaxel’s effects on shortening length,
shortening rate, and dynamicity, respectively, are dependent on the
status of BIII-tubulin. In contrast, no such differences are observed for
vehicle or docetaxel. Data were transformed to meet the assumptions
of two-way ANOVA, and all statistical analyses were carried out on
the transformed scale. Graphs show mean and 95% confidence lev-
els back-transformed to the original scale. In cases where the two-
way ANOVA indicated a significant interaction between drug (veh,
cbz, doc) and tubulin type, this is indicated by the p value given at
the top of each panel. When a significant interaction was indicated,
subsequent pairwise comparisons were carried out using Tukey’s cor-
rection for multiple comparisons. Asterisks indicate statistical signifi-
cance at *p < 0.05, **p < 0.01, ***p < 0.001 levels relative to the
appropriate vehicle control, or between conditions as indicated

isotypes [25]. It contains an unusual distribution of
cysteines, can be phosphorylated at a serine near the C-ter-
minus, and, except for the BVI-tubulin isotype, is the only
vertebrate B-tubulin isotype that can be phosphorylated in
this region [30]. Thus, we investigated its properties and
interactions with cabazitaxel, a taxane approved for clinical
use [1]. We examined its actions both in vitro with purified
bovine brain microtubules containing approximately 25%
BIII-tubulin or depleted of BIII-tubulin and in cells with and
without a 45% reduction of BIII-tubulin by siRNA.

Examination of the binding of cabazitaxel and doc-
etaxel to purified bovine brain microtubules + BIII-tubulin
(Fig. 1b, c¢) indicated that the presence or absence of BIII-
tubulin made no significant difference in the binding of
either drug at concentrations ranging between 0.5 and
40 nmol/L. Cabazitaxel bound to unfractionated micro-
tubules with a K, of 7.4 = 0.9 (SD) umol/L and to BIII-
depleted microtubules with a K, of 8.3 £ 1.2 (SD) pmol/L;
docetaxel’s binding was similar, 6.8 + 0.2 (SD) umol/L
and 7.9 £ 0.3 (SD) umol/L, respectively. However, when
we examined the effects of 100 nmol/L of each drug on
dynamic instability in vitro using microtubules assembled
from tubulin containing or devoid of BIII-tubulin and in cells
with 10 nmol/L drug after BIII-tubulin knockdown, cabazi-
taxel clearly inhibited shortening rates, shortening lengths,
and overall dynamicity more strongly when BIII-tubulin was
present at normal levels than when it was reduced (Tables 1,
2; Figs. 2, 5). In contrast, docetaxel had almost no detect-
able isotype-dependent effect on these parameters in vitro or
in cells (Tables 1, 2; Figs. 2, 5, discussed below).

In MCF7 cells cabazitaxel suppressed dynamic insta-
bility more strongly and induced greater levels of mitotic
arrest when BIII-tubulin was present at normal levels than
after its reduction by siRNA. The differences were mod-
est, but the lack of greater differences may be ascribed to
the low quantity of PIII-tubulin in MCF7 cells [31] and
to the modest BIII-tubulin knockdown; the level in cells
was changed from 3 to 6% BIIl-tubulin isotype to 2%
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BIII-tubulin isotype after knockdown [5]. It is likely that in
tumors containing higher levels of BIII-tubulin, as is often
the case in drug-resistant aggressive tumors, the enhanced
potency of cabazitaxel on PIII-tubulin-rich microtubules
may be a significant factor in its efficacy.
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These findings raise a puzzling question. If at saturat-
ing concentrations the two taxane-based drugs bind with
similar affinity to microtubules (Fig. 1b, ¢) independent of
whether BIII-tubulin is present or not, why do they affect
microtubule dynamic instability differently in the presence
or absence of BlIII-tubulin? Molecular dynamics simula-
tions of the binding of paclitaxel, docetaxel, and cabazi-
taxel to tubulin indicate that cabazitaxel binds substantially
differently to tubulin than does either of the other two
taxanes, paclitaxel and docetaxel [32]. Therefore, effects
of the three drugs on the conformation of the a-f tubulin
dimer, its interactions with adjacent tubulin molecules, the
stiffness of the protofilaments, and the numbers of micro-
tubule protofilaments vary among the three taxane drugs
[32]. Specifically, simulations indicate that upon binding
to tubulin cabazitaxel adopts a “collapsed” structure dis-
tinctly unlike that of the “T-taxol conformation” adopted
upon binding of paclitaxel or docetaxel. Simulations also
indicate that cabazitaxel binding to tubulin involves weaker
pi-pi interactions, weaker hydrogen bonding, and overall
weaker binding than paclitaxel and docetaxel, respectively
[32]. Thus, the microtubule binding affinity of various
taxanes does not necessarily correlate with their effects on
dynamic instability. Discovery of a second taxane binding
site within microtubule nanopores also suggests the possi-
bility of yet additional variations between taxanes in their
effects on dynamic instability [33].

Another potential source of the differential drug effects
we observed with non-saturating taxane concentrations
(100 nmol/L in vitro and 10 nmol/L in cells) is provided
by the drug binding results (Fig. 1b, c), which indicate that
approximately 1 drug molecule (either cabazitaxel or doc-
etaxel) was bound for every 20 tubulin molecules in micro-
tubules at saturating concentrations. Thus, at the sub-satu-
rating concentrations, drug molecules likely bind randomly
along a microtubule and would not be crowded or affected
by high levels of other drug molecules binding to adjacent
tubulin molecules as they are in the saturating conditions
used to determine binding affinity. At sub-saturating drug
concentrations, the conformational effects of cabazitaxel
or docetaxel on adjacent or nearby tubulin molecules may
differ depending on the isotype identity of adjacent tubu-
lin molecules, on the random clustering of bound drug,
or on isotype-induced altered configurations of adjacent
tubulin molecules, thus leading to the possibility of greater
suppression of dynamic instability in the presence of BIII-
tubulin. Thus, at lower drug concentrations, the stabiliz-
ing effects of cabazitaxel or docetaxel on tubulin—tubulin
interactions may be affected differently by adjacent tubulin
dimers when the microtubule is not saturated with drug.

The principal PIII-tubulin isotype-dependent suppres-
sion of microtubule dynamic instability parameters by
cabazitaxel was similar both in cells and with purified
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microtubules. In both, shortening rates, shortening lengths
and dynamicity were suppressed less potently by cabazi-
taxel after PIII-tubulin knockdown (in cells) and after its
immunodepletion (in vitro with purified tubulin); compare
Table 1 and Fig. 2 (in vitro) with Table 2 and Fig. 5 (in
cells). Thus, cabazitaxel suppressed dynamic instability
more when BIII-tubulin expression was high (in unfraction-
ated tubulin and in control-transfected cells). In contrast
with docetaxel, removal of BIIl-tubulin in vitro (Table 1;
Fig. 2) or its knockdown in cells (Table 2; Fig. 5) had
no appreciable effect on docetaxel suppression of these
dynamic instability parameters.

After BIII-tubulin expression siRNA silencing in MCF7
cells, Duran et al, [34] found reduced survival in the pres-
ence of cabazitaxel, suggesting that the presence of the
pIII-tubulin enhanced resistance to cabazitaxel. However,
one issue to be considered in their study is that the degree
of knockdown was determined only 2 days after siRNA
treatment, whereas survival in the presence of cabazitaxel
was tested 14 days after BIII-tubulin knockdown; thus it is
not clear what the BIII-tubulin status of the cells was at the
time of cell survival determination.

Many studies have examined the effects of BIII-tubulin
levels on microtubule-targeted drug actions. It is curious
that cabazitaxel appears to be the first example of a taxane-
site binding drug that suppresses microtubule dynamics
more potently in the presence of BIII-tubulin than after its
depletion or reduction. Prior to the observations reported
here with cabazitaxel, in general for drugs that bind to
tubulin in the paclitaxel binding site (and also in the nearby
vinca alkaloid binding site), reduction of BIII-tubulin lev-
els increased drug potency by enhancing suppression of
microtubule dynamic instability, whereas increased BIII-
tubulin levels were associated with decreased potency and
less dynamic instability suppression. Examples include the
actions of paclitaxel, estramustine, epothilone B, eribu-
lin, vincristine, and ixabepilone with in vitro polymerized
microtubules and in tumor cells [17, 35-40]. We note that
antagonistic interactions between PBIlI-tubulin and drug
molecules that bind in or near the taxane or vinca sites do
not appear to extend to drugs that bind to other sites on
tubulin such as peloruside A and laulimalide [41]. Thus,
cabazitaxel may be unique among microtubule-targeted
drugs identified to date in that it suppresses microtubule
dynamic instability more in the presence of BIII-tubulin
than after its reduction, a finding that could conceivably
lead to development of other drugs with preferred activ-
ity on aggressive or drug-resistant cancers associated with
expression of high levels of BIII-tubulin.
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