
Vol.:(0123456789)1 3

Cancer Chemotherapy and Pharmacology (2018) 81:1095–1103 
https://doi.org/10.1007/s00280-018-3572-1

ORIGINAL ARTICLE

Cabazitaxel is more active than first-generation taxanes in ABCB1(+) 
cell lines due to its reduced affinity for P-glycoprotein

George E. Duran1 · Volker Derdau2 · Dietmar Weitz2 · Nicolas Philippe3 · Jörg Blankenstein3 · Jens Atzrodt2 · 
Dorothée Sémiond4 · Diego A. Gianolio4 · Sandrine Macé3 · Branimir I. Sikic1

Received: 16 February 2018 / Accepted: 26 March 2018 / Published online: 19 April 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose The primary aim of this study was to determine cabazitaxel’s affinity for the ABCB1/P-glycoprotein (P-gp) trans-
porter compared to first-generation taxanes.
Methods We determined the kinetics of drug accumulation and retention using  [14C]-labeled taxanes in multidrug-resistant 
(MDR) cells. In addition, membrane-enriched fractions isolated from doxorubicin-selected MES-SA/Dx5 cells were used 
to determine sodium orthovanadate-sensitive ATPase stimulation after exposure to taxanes. Custom  [3H]-azido-taxane 
analogues were synthesized for the photoaffinity labeling of P-gp.
Results The maximum intracellular drug concentration was achieved faster with  [14C]-cabazitaxel (5  min) than 
 [14C]-docetaxel (15–30 min). MDR cells accumulated twice as much cabazitaxel than docetaxel, and these levels could be 
restored to parental levels in the presence of the P-gp inhibitor PSC-833 (valspodar). Efflux in drug-free medium confirmed 
that MDR cells retained twice as much cabazitaxel than docetaxel. There was a strong association (r2 = 0.91) between the 
degree of taxane resistance conferred by P-gp expression and the accumulation differences observed with the two taxanes. 
One cell model expressing low levels of P-gp was not cross-resistant to cabazitaxel while demonstrating modest resistance 
to docetaxel. Furthermore, there was a 1.9 × reduction in sodium orthovanadate-sensitive ATPase stimulation resulting 
from treatment with cabazitaxel compared to docetaxel. We calculated a dissociation constant (Kd) value of 1.7 µM for 
 [3H]-azido-docetaxel and ~ 7.5 µM for  [3H]-azido-cabazitaxel resulting in a 4.4 × difference in P-gp labeling, and cold doc-
etaxel was a more effective competitor than cabazitaxel.
Conclusion Our studies confirm that cabazitaxel is more active in ABCB1(+) cell models due to its reduced affinity for P-gp 
compared to docetaxel.
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Introduction

Intrinsic or acquired drug resistance limits the clinical effi-
cacy of the microtubule-stabilizing agents, paclitaxel and 
docetaxel. Resistance mechanisms include alterations in 
drug targets such as mutations in β-tubulin [1], epithelial 
to mesenchymal transition [2–5], the expression of cell 
cycle regulators [5–11], and defects in apoptotic pathways 
[12–14]. However, a major mechanism of resistance result-
ing from long-term drug selection with taxanes in cell 
lines is the activation of ABCB1/P-gp [15–18], a 170-kDa 
transmembrane ATP-binding cassette (ABC) transporter 
which confers high levels of resistance to a wide range of 
structurally unrelated substrates. This resistance can be 
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modulated in the presence of known MDR reversal agents 
that inhibit transport.

Cabazitaxel  (Jevtana®), the dimethoxy derivative of 
docetaxel, was developed based on its superior activ-
ity compared to first-generation taxanes in a number of 
taxane-resistant tumor models, including the melanoma 
model B16/TXT with acquired resistance to docetaxel 
[19], as well as its ability to bypass efflux transporters 
expressed in the blood–brain barrier [20]. This current 
study assessed cabazitaxel activity in MDR models and we 
confirmed that it is more active than paclitaxel and doc-
etaxel. We investigated cabazitaxel’s affinity for P-gp using 
accumulation and retention studies, ATPase stimulation, 
and direct photolabeling of P-gp using novel azido-taxanes 
to further understand its improved activity in ABCB1(+) 
models of taxane resistance.

Materials and methods

Drugs and reagents

Docetaxel (XRP6976,  Taxotere®) and cabazitaxel 
(XRP6258,  Jevtana®) were kindly provided by Sanofi 
Oncology (Vitry-sur-Seine, France). Novartis Pharma-
ceuticals (East Hanover, NJ) supplied the P-gp inhibitor 
PSC-833 (valspodar). Other chemotherapeutic drugs used 
in this study were obtained from the drug repository of 
the U.S. National Cancer Institute (Bethesda, MD). Drugs 
were prepared in 100% ethanol as 1 mmol/L stock solu-
tions and stored at − 20 °C.

Chemical synthesis of radio- and azido-taxanes

The [propionyl-3-14C]-taxanes (docetaxel: 2.58  MBq/
mg; cabazitaxel: 2.50 MBq/mg, Supplementary Figure 
S1) used for drug accumulation and retention studies 
were provided by the Isotope Chemistry and Metabolite 
Synthesis (ICMS) department of Sanofi (Frankfurt, Ger-
many). The same group synthesized novel azido-taxane 
analogues used in the photoaffinity labeling of P-gp. 
Briefly, the azido function was incorporated via a com-
mon oxazolidine intermediate by regioselective iodination 
of the aromatic para-position applying iodine and phe-
nyliodine bis(trifluoroacetate) (PIFA), and a subsequent 
copper-catalyzed, electrophilic substitution with sodium 
azide (Web Supplement: Chemical synthesis of tritium 
and azido-labeled taxanes). Final [phenyl-3,5-3H2]-azido 
taxanes (Supplementary Figure S2) had a specific activity 
of 2.08 and 2.15 GBq/mg for docetaxel and cabazitaxel, 
respectively.

Cell culture and establishment of MDR variants

The MCF-7 human breast adenocarcinoma and the 
OVCAR-3 human ovarian adenocarcinoma cell lines were 
purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, purchased 6/1999). In addition, 
several MCF-7 variants were used in this study includ-
ing MCF-7/TxT50 and MCF-7/CTAX selected by us with 
docetaxel or cabazitaxel alone. These variants are positive 
for P-gp/ABCB1 and demonstrate a typical MDR pheno-
type [5]. ABCB1/P-gp is expressed at high levels in the 
long-term, stepwise doxorubicin-selected human uterine 
sarcoma MDR variant MES-SA/Dx5 cells (authenticated 
and submitted to the ATCC as CRL-1977, Supplemental 
Figure S3A, 21), and is the predominant mechanism of 
resistance in these cells, with minimal expression of other 
ABC transporters as determined by microarray analysis 
(Supplemental Figure S3B). The variant cell line MES-
SA/Dx0.5 expresses low levels of drug resistance and low 
levels of P-gp. MES-SA cells were continuously exposed 
to paclitaxel alone in a step-wise manner to a final con-
centration of 30 nmol/L to establish the ABCB1(+) MDR 
model, MES-SA/T30 [21]. Finally, the daunorubicin-
selected human erythroleukemic MDR variant, K562/R7 
(Cellosaurus: Accession CVCL-D573), also expresses 
high levels of P-gp as its major mechanism of resistance 
[22–24]. All MDR variants were exposed to the selecting 
agent for at least three passages, followed by two drug-free 
passages prior to use.

Cells were grown in McCoy 5A medium supplemented 
with 10% (v/v) fetal bovine serum, 100 U of penicillin/mL, 
and 100 µg of streptomycin/mL (all Corning Mediatech, 
Manassas, VA) at 37 °C in a humidified atmosphere con-
taining 5%  CO2. Cells were routinely screened to rule out 
mycoplasma infection.

Growth inhibition assays

The in vitro activity of various anticancer drugs was tested 
using a modified sulforhodamine B (SRB) assay [25] for 
adherent cells, or 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay [17] for suspen-
sion cells following a 72-h drug incubation representing 
approximately three cell divisions. Drug effects were 
calculated as a percentage relative to untreated control 
survival, and response versus drug concentration was cal-
culated using the Hill equation in KaleidaGraph software 
(Synergy Software, Reading, PA). Each drug concentration 
was tested in quadruplicate measurements per experiment, 
and data presented are the average of three independent 
experiments ± standard deviations.
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Western blotting

The expression of proteins was determined by Western blot-
ting using the following antibodies: anti-P-gp (clone C219, 
Signet Laboratories, Dedham, MA), anti-α-tubulin (clone 
DM1A, Sigma-Aldrich, St. Louis, MO), and anti-GAPDH 
(clone D16H11, Cell Signaling Technology, Danvers, MA). 
These primary antibodies were recognized by species-appro-
priate horseradish peroxidase-conjugated secondary antibod-
ies, and detected using the Clarity Western ECL substrate on 
a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).

Microarray analysis of ABC transporters

mRNA from MES-SA/Dx5 cells was isolated using the Fast-
Track kit (Invitrogen Life Technologies, Carlsbad, CA) and 
hybridized to GeneChip Human Genome U133 Plus 2.0 
Array (Affymetrix, Santa Clara, CA).

Tubulin polymerization assay

Soluble and polymerized tubulin fractions were separated 
by centrifugation (20,000×g) following a 5 min incubation 
in hypotonic buffer with and without drug at 37 °C [1, 5, 
26]. The soluble tubulin fractions were transferred to fresh 
microcentrifuge tubes and stored on ice, while fractions con-
taining polymerized tubulin were sonicated for 10 s on ice 
prior to adding 4 × Laemmli sample buffer (Bio-Rad). Equal 
volumes of soluble and polymerized fractions were resolved 
on gradient polyacrylamide gels, transferred to nitrocellu-
lose, and probed with a pan α-tubulin antibody.

Functional assays for transporter activity

Taxane accumulation patterns were studied using 
 [14C]-radiolabeled docetaxel and cabazitaxel over a time 
course up to 1 h. Time points were collected and spun 
(10,000×g, 1 min) through Nyosil M20 oil (New Bedford, 
MA) thereby terminating uptake, cell pellets were lysed with 
2% (w/v) SDS. Counts were determined using EcoLite scin-
tillation cocktail (MP Biomedicals, Solon, OH), and normal-
ized to protein content. Efflux in drug-free medium followed 
collecting time points for up to 1 h.

Drug‑stimulated ATPase activity

ATPase stimulation was measured as a function of the 
release of inorganic phosphates from ATP hydrolysis fol-
lowing drug treatment using the Corning Gentest ATPase 
assay (BD Biosciences, Woburn, MA). Membranes were 
isolated from MES-SA/Dx5 cells using a published proto-
col [27], and results confirmed using membranes isolated 
from insect cells infected with human ABCB1 cDNA using 

a baculovirus expression system (BD Biosciences) compared 
to membranes isolated from insect cells infected with wild-
type virus. Membranes were incubated with drug for 5 min 
at 37 °C in the presence and absence of ATP, followed by 
additional 30 min incubation prior to the addition of a color-
imetric reagent according to the manufacturer’s protocol. All 
conditions were run with and without sodium orthovanadate, 
and microtiter plates were read at 800 nm on a SpectraMax 
Paradigm (Molecular Devices, Sunnyvale, CA).

Photoaffinity labeling of P‑gp

Isolated membranes of MES-SA/Dx5 cells were incu-
bated with  [3H]-azido-taxanes at 25 °C for 1 h, and irra-
diated on ice for 30 min with a UV lamp (366 nm) at a 
distance of 8  cm. Photolabeled membranes were ana-
lyzed by SDS-polyacrylamide gel electrophoresis, fixed in 
isopropanol:water:acetic acid solution (25:65:10) for 30 min, 
soaked in Amplify Fluorographic Reagent (GE Healthcare 
Life Sciences, Pittsburgh, PA), and dried prior to exposing 
to film.

Results

Cabazitaxel is more active than first‑generation 
taxanes in P‑gp(+) cell models

Taxane sensitivity was tested in MDR models that express 
low (MES-SA/Dx0.5), moderate (MCF-7/CTAX), and high 
levels of P-gp (MES-SA/Dx5, MES-SA/T30, K562/R7, 
and MCF-7/TxT50), and the cell models with the highest 
expression of P-gp were the most resistant to docetaxel and 
paclitaxel (Table 1). Although the taxane-resistant variants 
were cross-resistant to cabazitaxel, the drug was 1.8–17-fold 
more active than first-generation compounds under identical 
experimental conditions. Sensitivity was restored to parental 
levels by including the P-gp inhibitor PSC-833 (2 µmol/L).

P‑gp cell models accumulate and retain more 
cabazitaxel than docetaxel

[14C]-labeled taxanes with equivalent-specific activities were 
synthesized and used to determine the drug accumulation 
patterns in MES-SA/Dx5 compared to parental MES-SA 
cells over a time course up to 1 h. We observed a differ-
ence in the kinetics of the accumulation between the two 
taxanes, with the maximum intracellular drug concentration 
achieved much faster with cabazitaxel (5 min) than docetaxel 
(15–30 min, Fig. 1a). MES-SA/Dx5 cells accumulated less 
taxane compared to parental cells, and these levels could be 
restored in the presence of 2 µmol/L PSC-833. Although the 
steady-state concentrations for both taxanes were equivalent 
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in parental MES-SA cells, MES-SA/Dx5 accumulated 2.1-
fold more cabazitaxel than docetaxel (64–30% of MES-SA 
levels, p = 0.0004). Following the 1 h drug accumulation, 
taxane efflux was measured in drug-free medium at 37 °C 
for an additional hour. MES-SA/Dx5 cells retained 3.6-fold 
more cabazitaxel than docetaxel (p < 0.0001, Supplementary 
Figure S4).

These data were substantiated in other P-gp cell mod-
els including a less resistant variant of MES-SA (MES-SA/
Dx0.5), several docetaxel- and paclitaxel-selected human 
ovarian cancer cell lines, and the human erythroleukemic 
MDR variant K562/R7. Cabazitaxel levels were 89% of 
parental K562 levels versus 50% in cells exposed to doc-
etaxel (1.8-fold difference, p < 0.0001, Fig. 1b), and co-incu-
bation with PSC-833 completely inhibited P-gp function and 
restored drug to parental levels.

The accumulation patterns of both docetaxel and cabazi-
taxel revealed a strong association with the degree of taxane 
resistance conferred by P-gp. These accumulation profiles 
correlated with the degree of resistance observed to each 
taxane in cytotoxicity assays (n = 28, r2 = 0.91, Fig. 1c), 
confirming that P-gp transported and conferred more resist-
ance to docetaxel than to cabazitaxel in each MDR cell 
model tested. Included in this analysis is the low ABCB1/P-
gp(+) MES-SA/Dx0.5 cell model which was not resistant to 
cabazitaxel while demonstrating modest resistance to doc-
etaxel and paclitaxel.

Reduced ATPase stimulation following treatment 
with cabazitaxel than docetaxel

As an indirect measure of P-gp activity, we determined 
the degree of ATPase stimulation resulting from exposure 

to each taxane over a dose range (1 nmol/L to 5 µmol/L) 
using membranes isolated from MES-SA/Dx5 (Fig. 2a). 
The peak vanadate-sensitive ATPase activity was achieved 
at 500 nmol/L for cabazitaxel and 1 µmol/L for docetaxel, 
with 1.9-fold more ATPase stimulation observed with doc-
etaxel than with cabazitaxel at 1 µmol/L (37 vs. 18 nmol/mg/
min, p = 0.0002). Km values were comparable for both doc-
etaxel and cabazitaxel (65 nmol/L), but the Vmax value for 
docetaxel was twice that of cabazitaxel, resulting in a 2-fold 
higher efflux clearance  (CLEfflux = Vmax/Km) for docetaxel 
compared to cabazitaxel. The P-gp inhibitor verapamil was 
included as a positive control for ATPase stimulation, and 
a peak of 13 nmol/mg/min was obtained at 1 µM under the 
same experimental conditions.

Results were confirmed using membranes isolated from 
High Five (BTI-TN5B1-4) insect cells infected with human 
ABCB1 cDNA using a baculovirus expression system (BD 
Biosciences, Fig. 2b). Vanadate-sensitive ATPase activity 
was measured following exposure to docetaxel or cabazi-
taxel (both at 1 µmol/L), and verapamil (5 µmol/L) was used 
as a positive control. We observed 1.5-fold higher ATPase 
activity in the conditions containing docetaxel compared 
to cabazitaxel (p = 0.0058). No vanadate-sensitive ATPase 
activity was observed following exposure to either taxanes 
or verapamil in membranes isolated from High Five cells 
infected with control baculovirus (data not shown).

Reduced photoaffinity labeling of P‑gp 
with cabazitaxel than docetaxel

Taxanes modified with photoreactive azido moieties 
have been used to probe the paclitaxel binding site on 
microtubules and P-gp [28–31]. In this new synthesis 

Table 1  Cabazitaxel activity 
compared to other P-gp 
substrates in three MDR 
models: the doxorubicin-
selected MES-SA/Dx5, the 
paclitaxel-selected MES-SA/
T30, and the daunorubicin-
selected K562/R7

SRB or MTT assays were run following 72-h drug incubations with and without PSC-833 (2 µmol/L). Data 
are expressed as the mean of three independent determinations ± standard deviations. Sensitivity data in the 
remaining MDR models included in this study were previously published [5]
a The relative resistance was calculated by dividing the  IC50 value of the variant by the  IC50 of the wild-type 
cell line
b Relative resistance following co-incubation with the P-gp inhibitor PSC-833 at 2 µmol/L

Relative  resistancea (modulation by PSC-833)b

MES-SA/Dx5 MES-SA/T30 K562/R7

Docetaxel 1200 ± 95 (1.5 ± 0.52) 60 ± 5.6 (1.0 ± 0.13) 80 ± 7.3 (1.9 ± 0.38)
Paclitaxel 1400 ± 70 (1.0 ± 0.16) 56 ± 6.2 (1.2 ± 0.11) 78 ± 2.6 (3.0 ± 0.34)
Cabazitaxel 210 ± 13 (1.3 ± 0.13) 11 ± 1.8 (1.1 ± 0.22) 4.7 ± 0.45 (0.93 ± 0.09)
Vinblastine 1500 ± 85 (1.5 ± 0.18) 66 ± 9.8 (1.0 ± 0.15) 95 ± 8.5 (2.3 ± 0.44)
Vincristine 1500 ± 160 (1.3 ± 0.25) 59 ± 8.3 (1.2 ± 0.13) 97 ± 9.3 (1.5 ± 0.19)
Colchicine 1700 ± 250 (1.8 ± 0.35) 40 ± 6.5 (1.0 ± 0.17) 94 ± 8.2 (1.2 ± 0.18)
Daunorubicin 75 ± 9.8 (1.5 ± 0.19) 13 ± 1.8 (1.2 ± 0.10) 12 ± 2.7 (1.9 ± 0.91)
Doxorubicin 70 ± 5.9 (1.8 ± 0.33) 15 ± 2.2 (1.5 ± 0.24) 10 ± 1.8 (1.5 ± 0.28)
Cisplatin 2.2 ± 0.51 (1.5 ± 0.30) 1.3 ± 0.16 (1.2 ± 0.21) 1.1 ± 0.05 (1.7 ± 0.27)
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Fig. 1  The kinetics of taxane accumulation in MDR models was 
assessed using 1 µmol/L  [14C]-labeled docetaxel or cabazitaxel over 
a time course (5–60 min). Separate experimental conditions included 
the P-gp inhibitor PSC-833 (PSC, 2  µmol/L). Samples contain-
ing 1.5 × 106 MES-SA/Dx5 (a) or K562/R7 (b) cells were collected 
and centrifuged through Nyosil M20 oil (10,000×g, 1  min) to ter-
minate drug accumulation at the appropriate time point. Medium 
and oil were aspirated, cell pellets lysed in a 2% (w/v) SDS solu-
tion, and counts determined by liquid scintillation. Measurements 

are expressed as the mean of triplicate samples normalized to pro-
tein content ± standard deviations. There was a strong correlation 
between the difference in taxane accumulation between the MDR 
models tested and their parental controls in our uptake assays and the 
degree of taxane resistance conferred by P-gp. A total of 28 samples 
were included in this analysis including conditions run with PSC-833 
(r2 = 0.91, c). Two populations are highlighted: results with docetaxel 
alone and cabazitaxel alone, both in MES-SA/Dx5 cells
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of azido-docetaxel and cabazitaxel analogues, modifica-
tions of the taxane ring were excluded to avoid changes 
in P-gp binding affinity. This was confirmed by accu-
mulation assays with these novel  [3H]-azido-taxanes in 
MES-SA/Dx5 that resulted in similar uptake profiles after 
60  min as previously reported with the  [14C]-taxanes 
(Fig. 3a).  [3H]-azido-cabazitaxel levels were higher than 
 [3H]-azido-docetaxel in MES-SA/Dx5 (52 vs. 30% of 
MES-SA levels, p = 0.024), and these levels were restored 
to parental levels in the presence of 2 µmol/L PSC-833.

The ability of these azido-taxanes to bind to tubulin 
polymer and to stabilize microtubules was also tested in a 
non-MDR cell line. Immunoblotting with a pan α-tubulin 
monoclonal antibody revealed increased tubulin polymer in 
OVCAR-3 cells exposed to 100 nmol/L  [3H]-azido-taxanes 
relative to untreated controls (Fig. 3b), and there was no 
significant difference in microtubule-stabilizing activity 
between the two azido-taxanes. Furthermore, a clear signal 
was observed in the tubulin polymer fraction following 
fluorography in  [3H]-azido-taxane-labeled proteins.

Membrane fractions (100 µg) isolated from MES-SA/
Dx5 cells were exposed to  [3H]-azido-taxanes (100 nmol/L 
to 25 µmol/L) and UV irradiated for 30 min at 366 nm. 
A dose-dependent signal was detected following fluorog-
raphy for each azido-taxane with a Bmax achieved at 
5 µmol/L azido-docetaxel (Fig. 3c). A Bmax for azido-
cabazitaxel was not achieved and higher concentrations 
of the drug could not be tested due to the ethanol content 
in the stock. We calculated a Kd value of 1.7 µmol/L for 
docetaxel and approximately 7.5 µmol/L for cabazitaxel, 
representing a 4.4-fold difference in binding to P-gp pre-
sent in MES-SA/Dx5 (Fig. 3d).

Keeping the azido-taxane concentration constant at 
25 µmol/L, we varied the membrane concentration from 
0.78 to 100 µg. There was a 5-fold difference in P-gp labe-
ling with more azido-docetaxel signal present than azido-
cabazitaxel (Fig. 4a, b). Finally, in a separate experiment, 
we added cold docetaxel and cabazitaxel (1–25 µmol/L) 
to conditions which included  [3H]-azido-taxanes at 
25 µmol/L. Cold taxanes competed with the azido-taxanes 
for P-gp labeling, but cold docetaxel was more competitive 
than cabazitaxel at the same concentrations (Fig. 4c). No 
signal was present in each of the cold docetaxel condi-
tions, while a faint signal was present with cold cabazi-
taxel at 1 and 5 µmol/L.

Several other ABC transporters have been found to be 
associated with taxane resistance including ABCC1/MRP1, 
ABCC2/MRP2, and ABCG2/BCRP [32]. Following the same 
photoaffinity labeling protocol, we did not observe bands at 
the appropriate molecular weight using commercially avail-
able membrane preparations isolated from High Five insect 
cells expressing human ABCC1, ABCC2 or ABCG2 (data 
not shown).

Fig. 2  An ATPase assay was used to determine P-gp activity fol-
lowing taxane treatment. Membranes isolated from the MDR model 
MES-SA/Dx5 (5  mg/mL) were preincubated with either docetaxel 
or cabazitaxel over a dose range (1  nmol/L to 5  µmol/L) for 5  min 
at 37 °C, followed by the addition of ATP and an additional 30 min 
incubation at 37  °C. A stop solution was added to each well along 
with a colorimetric reagent supplied by the manufacturer (Corn-
ing Gentest). The plate was read on a multiwell spectrophotometer 
at 800  nm. Conditions were run with and without sodium orthova-
nadate, and the P-gp inhibitor verapamil was included as a positive 
control for ATPase stimulation. All data are expressed as the average 
stimulated ATPase activity for each substrate ± standard deviation, 
with significance determined between the readings following doc-
etaxel or cabazitaxel exposure per concentration tested (unpaired t 
test, *p < 0.05, **p < 0.01, ***p < 0.001, a). Results were confirmed 
using membranes isolated from High Five (BTI-TN5B1-4) insect 
cells infected with baculovirus containing human ABCB1 cDNA. 
Vanadate-sensitive ATPase activity was measured following expo-
sure to docetaxel or cabazitaxel (both at 1  µmol/L), and verapamil 
(5 µmol/L) was used as a positive control for ATPase activity. Data 
are presented as a mean of triplicate measurements ± standard devia-
tion (p = 0.0058, b)
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Discussion

Cabazitaxel was identified and subsequently selected for 
clinical development due to its activity in cancer models that 
were resistant to paclitaxel and docetaxel [19]. Our study 
confirms that cabazitaxel is more active than paclitaxel and 
docetaxel in cells that express the ABCB1/P-gp transporter. 
Although our cell models were cross-resistant to cabazi-
taxel, the resistance observed was lower than the resistance 
observed to either paclitaxel or docetaxel. The resistance to 
all taxanes was sensitive to modulation by P-gp inhibitors, 
resulting in complete sensitization to parental levels with 

2 µmol/L PSC-833. Moreover, cells with low levels of P-gp 
were not cross-resistant to cabazitaxel while demonstrating 
resistance to other taxanes.

To better understand cabazitaxel’s improved activity, we 
determined taxane accumulation and retention profiles in 
several MDR models and found that higher levels of cabazi-
taxel were achieved relative to docetaxel. The accumulation 
differences observed between the MDR variants and their 
respective parental controls were highly associated with the 
degree of taxane resistance observed in our colorimetric cell 
sensitivity assays, indicating that P-gp transport was respon-
sible for the differences in activity between the two taxanes 

Fig. 3  Accumulation profiles of  [3H]-azido-taxane analogues 
were assessed in MES-SA/Dx5 cells following a 1  h exposure at 
37  °C. Data are expressed as the percentage of parental MES-SA 
cells ± standard deviation (n = 3 per condition), with significance 
determined between  [3H]-azido-docetaxel and  [3H]-azido-cabazitaxel 
without PSC-833 (unpaired t test, *p < 0.05, a). Tubulin polymer 
was separated from soluble tubulin by centrifugation (20,000×g) fol-
lowing 5 min incubation in hypotonic buffer with and without drug 
(azido-taxanes, 1  µmol/L) at 37  °C in the dark, and fractions were 
resolved on 4–20% gradient polyacrylamide gels and transferred to 
nitrocellulose. Immunoblotting with a pan β-tubulin antibody (clone 
DM1A, Sigma-Aldrich) isolated the tubulin fractions in the human 
ovarian cancer cell line, OVCAR-3 (b). In a separate experiment, 

crude tubulin preparations were exposed to azido-taxanes (1 µmol/L) 
in the dark, UV-irradiated at 366  nm (30  min on ice), exposed to 
Amplify Fluorographic Reagent (GE Healthcare Life Sciences), gels 
dried, and exposed to film. Membrane-enriched fractions (100  µg) 
isolated from the MDR model MES-SA/Dx5 were labeled with 
 [3H]-azido-taxanes (100  nmol/L to 25  µmol/L) following 1  h expo-
sure in the dark (c). Following UV irradiation at 366 nm (30 min on 
ice), samples were electrophoresed on 4–20% SDS-polyacrylamide 
gels and visualized by fluorography. Bands were quantitated on a Gel 
Doc XR+ imaging system (Bio-Rad, Hercules, CA) and dissociation 
constant (Kd) values were calculated from semi-logarithmic curves 
(d)
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in our cell models. We also found that docetaxel stimulated 
twice as much vanadate-sensitive ATPase and had a 2-fold 
higher  CLEfflux compared to cabazitaxel in P-gp-enriched 
membranes isolated from MES-SA/Dx5 cells.

Direct photolabeling of P-gp with novel photoreactive 
radiolabeled azido-taxanes confirmed a 4.4-fold lower Kd 
for docetaxel than cabazitaxel using membranes isolated 
from MES-SA/Dx5 cells. Several other ABC transporters are 
associated with taxane resistance including ABCC1/MRP1, 
ABCC2/MRP2, and ABCG2/BCRP. However, no bands were 
observed at the appropriate molecular weight following pho-
toaffinity labeling with azido-taxanes (25 µmol/L) in mem-
branes containing these transporters, and other targets may 
be explored in future studies.

Although cabazitaxel is more active in MDR models, 
we previously reported that long-term drug selection with 
cabazitaxel alone resulted in ABCB1 activation in a human 
breast cancer variant, MCF-7/CTAX [5]. We screened 
this variant for other ABC transporters but did not detect 
ABCC1, ABCC2, ABCG2, or ABCC10 transcripts by 
qPCR. The taxane resistance observed in MCF-7/CTAX 
was multifactorial with mechanisms of resistance also 
observed in non-MDR variants resulting from counter 
selection with P-gp inhibitors. Following modulation 

with PSC-833, 3-fold residual resistance to cabazitaxel 
remained in MCF-7/CTAX that was associated with ele-
vated class III β-tubulin (TUBB3), alterations in cell cycle 
regulators, and the induction of EMT [5].

We found that cabazitaxel’s greater activity in 
ABCB1(+) models was due to its lower affinity for P-gp 
compared to the first-generation taxanes, docetaxel and 
paclitaxel. However, substantial cross-resistance to cabazi-
taxel was observed in the MDR models tested.
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Fig. 4  A range of membrane fraction concentrations (0.78–100  µg) 
from the MDR model MES-SA/Dx5 were labeled with 25  µmol/L 
 [3H]-azido-taxanes and visualized by fluorography (a). Densi-

tometry is presented in b. Membranes (100  µg) from MES-SA/
Dx5 were exposed to cold taxanes (either docetaxel or cabazitaxel, 
1–25 µmol/L) prior to labeling with 25 µmol/L  [3H]-azido-taxanes (c)
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