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Olesoxime prevents microtubule-targeting drug neurotoxicity: Selective
preservation of EB comets in differentiated neuronal cells
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A B S T R A C T

Microtubule-targeting agents (MTAs), anticancer drugs widely used in the clinic, often induce peripheral

neuropathy, a main dose-limiting side effect. The mechanism for this neurotoxicity remains poorly

understood and there are still no approved therapies for neuropathies triggered by MTAs. Olesoxime

(cholest-4-en-3-one, oxime; TRO19622) has shown marked neuroprotective properties in animals

treated with paclitaxel and vincristine. The purpose of this study was to investigate its mechanism of

neuroprotection against MTA neurotoxicity by using rat and human differentiated neuronal cells. We first

showed that olesoxime prevented neurite shrinkage induced by MTAs in differentiated PC-12 and SK-N-

SH neuroblastoma cell lines by up to 90%. This neuroprotective effect was correlated with enhanced EB1

accumulation at microtubule plus-ends, increased growth cone microtubule growing rate (20%) and

decreased microtubule attenuation duration (54%). The effects of olesoxime on EB comets were specific

for differentiated neuronal cells and were not seen either in proliferating neuroblastoma cells,

glioblastoma cells or primary endothelial cells. Importantly, olesoxime did not alter MTA cytotoxic

properties in a wide range of MTA-sensitive tumor cells, a prerequisite for future clinical application.

Finally, olesoxime also counteracted MTA inhibition of microtubule-dependent mitochondria trafficking.

These results provide additional insight into the neuroprotective properties of olesoxime, highlighting a

role for microtubule dynamics in preservation of neurite architecture and axoplasmic transport, which

are both disturbed by MTAs. The neuron-specific protective properties of olesoxime support its further

development to treat MTA-induced neuropathy.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is the
main dose-limiting side effect of commonly used microtubule-
targeting agents (MTAs), including taxanes and Vinca alkaloids, but
also newer agents such as epothilones [1–3]. Typically, the clinical
presentation reflects an axonal peripheral neuropathy with glove-
and-stocking distribution sensory loss, combined with features
suggestive of nerve hyperexcitability including paresthesia,
dysesthesia, and pain. Most of the time, peripheral neuropathy
reverses if the treatment is stopped; however, in some cases,
recovery from symptoms is incomplete and a long period of
regeneration is required to restore function [4]. Although several
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neuroprotective agents have been proposed (recently reviewed in
[5]), to date, there are no approved therapies for prevention or
treatment of neuropathies triggered by MTA chemotherapy [2,3,6].

Mechanisms underlying MTA-induced neurotoxicity are still
poorly understood. Using rat models, it was demonstrated that
whereas low doses of paclitaxel does not lead to massive axonal
degeneration [7,8] as initially thought, it causes partial terminal
arbor degeneration of myelinated and unmyelinated nerve fibers
in the epidermis [9]. In neuronal cultures, paclitaxel significantly
reduced dendritic branching and length of neurites [10,11]. This
suggests that paclitaxel may disrupt specific microtubule function
in nerve processes. Microtubule dynamics, which is the switch
between phases of growth and shortening, is of particular
importance for the development and maintenance of nerve
processes [12]. It is highly controlled by microtubule plus-end
tracking proteins (+TIPs), an evolutionary conserved family of
proteins that specifically form comet-like accumulation at the ends
of growing microtubules. End binding protein-1 (EB1) and -3 (EB3),
two major members of the +TIPs family, are particularly involved
in axonal growth and elongation, as well as in neurotransmitter
receptor positioning in terminally differentiated neurons [13–15].
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Paclitaxel treatment decreased the number of detectable EB3-GFP
comet tails in cultured Aplysia neurons, altering the dynamic
properties of neuronal microtubules as demonstrated by impaired
vesicles and mitochondrial transport [16]. Taken together, these
results led to the emerging hypothesis that defects in microtubule
dynamics and malfunction of +TIPs are closely related to the onset
of CIPN and possibly other neurological disorders [17].

Olesoxime (cholest-4-en-3-one, oxime; TRO19622) is a small
cholesterol-like compound with marked neuroprotective and
neuroregenerative properties. In vitro, olesoxime favors neurite
outgrowth and branching of spinal motor neurons, and maintains
their survival as efficiently as a cocktail of three neurotrophic
factors [18]. In vivo, olesoxime significantly reduced axonal
degeneration and accelerated recovery of motor nerve conduction
in a model of peripheral neuropathy induced by crushing the
sciatic nerve [19]. Similarly, daily oral administration of olesoxime
improved motor nerve conduction impaired in streptozotocin-
induced diabetic rats, reversing neuropathic pain behavior [19].
Olesoxime also reversed tactile allodynia in vincristine-induced
CIPN while it had no analgesic activity per se [20]. In paclitaxel-
treated rats, olesoxime was recently shown to not only reverse
mechano-allodynia and mechano-hyperalgesia in both preventive
and prophylactic treatment paradigms but also to significantly
reduce paclitaxel-induced sensory terminal arbor degeneration
[20]. Altogether these results suggest that, beyond its acute
antinociceptive effects, olesoxime displayed neuroprotective and/
or regenerative properties that could counteract MTA-induced
neurotoxicity.

The aim of this study was to further decipher olesoxime’s
mechanism of neuroprotection in cellular models of chemothera-
py-induced neurotoxicity. Here, we show that olesoxime potently
protected both rat and human neuron-like cells against MTA-
induced neurite shrinkage. These neuroprotective properties were
correlated with prevention of EB1 and EB3 delocalization from
microtubule plus-ends and with inhibition of microtubule-
governed mitochondria trafficking alteration induced by MTAs,
suggestive of a preserved microtubule dynamics. Importantly,
olesoxime counteracted MTA activity only in differentiated
neuronal cells, since it maintained the anticancer efficacy of MTAs
in proliferating human tumor cells, including neuroblastoma cells.
Olesoxime selectivity could be related to its ability to increase EB1
comet length and microtubule dynamics only in differentiated
neuronal cells. These results identify maintenance of neuronal
microtubule dynamics and organelle trafficking as relevant
endpoints for evaluating new neuroprotective therapeutics.

2. Material and methods

2.1. Cell culture and differentiation

Human umbilical vein endothelial cells (HUVEC) were obtained
from the Cell Culture Laboratory in the Hôpital de la Conception
(Assistance Publique, Hôpitaux de Marseille, Marseille, France);
human lung carcinoma (A549), breast adenocarcinoma (MCF-7),
neuroblastoma (SHEP and SK-N-SH) and glioblastoma (U87) were
purchased at the ATCC. These proliferating cells were routinely
maintained as we previously described [21,22]. Rat pheochromo-
cytoma PC-12 cells were grown in RPMI-1640 medium supple-
mented by 5% fetal bovine serum, 10% horse serum, 1%
L-glutamine, 1% penicillin and streptomycin (BioWhittaker,
Verviers, Belgium).

For differentiation, SK-N-SH cells were seeded at 7000 cells/cm2

on type I collagen coated plates and exposed to 6 mg/mL all-trans
retinoic acid (ATRA; Sigma) for 96 h in complete RPMI medium. To
be differentiated, PC-12 cells were seeded at 3000 cells/cm2 on
type I collagen (30 mg/mL; Sigma) coated plates and incubated for
96 h with 50 ng/mL b-nerve growth factor (NGF; Sigma) in
complete RPMI medium containing 1% horse serum.

2.2. Drugs

Stock solution of paclitaxel (Alexis, Lausen, Switzerland) was
prepared in DMSO while vincristine (Lilly, Strasbourg, France) and
vinorelbine (Sigma) were prepared in aqueous solutions; the three
MTAs were conserved at �20 8C. Stock solution of olesoxime in
DMSO (Trophos SA, Marseille, France) was conserved at 4 8C.
Because 10 mM olesoxime was toxic to neuronal cells in culture
(personal data), 3 mM was considered the optimal concentration to
combine to MTAs, in agreement with previous results obtained in
vitro with rat motor neurons [18]. For experiments in living cells,
drugs were freshly diluted in culture medium. Final concentration
of DMSO in culture medium (drug-treated cells or vehicle
conditions) was limited to 0.2%.

2.3. Neurite length measurement

PC-12 and SK-N-SH cells were seeded in 12-well plates to be
differentiated during 96 h. Then, cells were exposed to MTAs alone
or combined with olesoxime. After a 24-h treatment, cells were fixed
with 3.7% formaldehyde for 10 min at 37 8C. Images were acquired
with a Leica DM-IRBE microscope coupled with a digital camera
(CCD camera cool snapFX), and neurite length was measured by
using Metamorph1 software (Princeton Instrument). At least three
independent experiments were performed, and up to 1500 cells
were analysed per condition. Data were expressed as mean � SEM
and statistical analysis was performed using Student’s t-test. Signifi-
cant difference between two conditions was retained for p < 0.05.

2.4. Cytotoxicity tests

Human tumor cells were seeded in 96-well plates to be treated
during 72 h with MTAs alone or combined with olesoxime. Cell
death was measured by using the colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Sigma), as we described [23]. Absorbance was measured
at 450 nm with a Multiskan (Ascent) plate reader. The computer
program Calcusyn software (Biosoft) was used to draw median
effect plots, i.e. log (dose) vs log (fraction of cells affected/fraction
not affected), according to the Chou and Talalay’s method and as
we previously described [24]. X-intercept of these lines corre-
sponds to log (IC50). The same procedure was used to evaluate
death of differentiated neuronal cells treated for 24 h with drugs.
Three independent experiments were performed in quadruplicates
and data were expressed as mean � SEM.

For apoptosis detection, DNA was stained with 0.25 mg/mL 40,6-
diamidino-2-phenylindole (DAPI; Sigma), and the percentages of
cells in interphase, mitosis and apoptosis were quantified.
Apoptotic cells were defined by the condensation of nuclear
chromatin and nuclear fragmentation [24].

2.5. Determination of intracellular vincristine concentration

Differentiated SK-N-SH neuronal cells were incubated with
100 nM vincristine alone or combined with 3 mM olesoxime for
24 h. Then, cells were sonicated in PBS and, after centrifugation
[25], vincristine concentration in supernatants has been measured
by LC/MS/MS as described in Guilhaumou et al. [26].

2.6. Immunofluorescence staining and comet length measurement

Human cancer cells were grown on Labtek chamber slides
(Nunc, Roskilde, Denmark) and incubated with drugs for 24 h.
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Then, cells were fixed and permeabilized as we previously
described [24], and incubated with FITC-conjugated a-tubulin
antibodies (clone DM1A; Sigma). Differentiated neuronal cells
were incubated with drugs for 6–24 h, before being incubated with
antibodies directed against EB1 (clone 5; BD Transduction
Laboratories, Franklin Lakes, NJ) [27] and with TRITC-conjugated
secondary antibodies (Jackson Immunosearch, West Grove, PA).
Cells were observed using a Leica DM-IRBE microscope coupled
with a digital camera driven by Metamorph1 software (Princeton
Instrument). EB comet length was measured by using Meta-
morph1 software. At least three independent experiments were
performed, and up to 180 comets were analyzed per condition.
Data were expressed as mean � SEM and statistical analysis was
performed using Student’s t-test. Significant difference between two
conditions was retained for p < 0.05.

2.7. Western blotting

The protein content from whole cell lysates was determined
according to the Bradford method, using Bio-Rad Protein Assay dye
reagent (Bio-Rad Laboratories, France). Equal amounts of proteins
(62.5 mM Tris pH 6.8, 0.5% SDS, 5% mercapto-ethanol, 10% glycerol)
were separated by SDS-PAGE and electrotransferred onto a
nitrocellulose membrane. Primary antibodies used were directed
against EB1 (Cell signaling, Beverly, MA), a-tubulin (Sigma) and NSE
(Zymed, San Francisco, CA). Peroxydase-conjugated goat anti-mouse
antibodies were used as secondary antibodies (Jackson Immunor-
esearch, Baltimore, MD), and visualization was finally accomplished
using a chemiluminescence detection kit (Millipore).

2.8. Time-lapse microscopy of microtubule plus-ends

To analyze microtubule plus-end dynamics, PC-12 cells were
transfected with a plasmid coding for green fluorescent protein
EB1-GFP [28]. Briefly, PC-12 cells (2 � 106) were resuspended in
100 mL of the specific electroporation V buffer (Amaxa, Walkers-
ville, MD), and 4 mg of plasmid DNA were added to the cell
suspension. The mixture was subjected to nucleofection (Nucleo-
fector, Amaxa) and cells were immediately seeded on type I
collagen coated glass coverslips in 6-well plates for differentiation.
Then, cells were incubated for 24 h with 100 nM vincristine, 3 mM
olesoxime, or both. To measure microtubule dynamics, cells were
placed in a double coverslip chamber maintained at 37 8C, in RPMI
culture medium supplemented with 0.1 mg/mL ascorbic acid
(Aguettant, Lyon, France) as we previously described [29]. Time-
lapse acquisitions were done on a Nikon TE 2000 fluorescence
microscope. 31 images per cell were acquired at 2-s intervals using
a digital camera (Ropper Scientific CoolSnap HQ). Positions of EB1
comets with time were then tracked by using Metamorph1

software. Changes in length �0.2 mm were considered as growth
events, while changes in length <0.2 mm were considered to be
phases of attenuated dynamics or pause. Three independent
experiments were performed, and more than 110 microtubules
were analyzed for each experimental condition. Data were
expressed as mean � SEM. Statistical analysis was performed using
Student’s t-test; significant difference between two conditions was
retained for p < 0.05. Kymographs were also built using Metamorph1

software and, for quantitative analysis, the slope of the line was used
to calculate the velocity of EB1 comets.

2.9. Time-lapse microscopy of mitochondria

SK-N-SH cells were seeded on type I collagen coated glass
coverslips in 6-well plates to be differentiated and incubated for 24 h
with 100 nM vincristine, 3 mM olesoxime, or both. To measure
mitochondria velocity, cells were incubated with 25 mg/mL
MitoTracker Red CMX-Ros (Molecular Probes) at 37 8C during
20 min. Then, videomicroscopy was performed as described for
microtubule dynamics measurement. Three independent experi-
ments were performed and at least 30 mitochondria were analyzed
for each experimental condition. Data were expressed as mean
� SEM. Statistical analysis was performed using Student’s t-test;
significantdifference between twoconditionswasretained forp < 0.05.

3. Results

3.1. Olesoxime inhibited MTA-induced neurite shrinkage in human

and rat neuron-like cell lines

Because the neuroprotective effects of olesoxime have been
demonstrated in vitro using primary rat motor neurons and in vivo
in rats treated with MTAs, studies were performed using rat
differentiated PC-12 cells and then extended to human differenti-
ated SK-N-SH cells. Cell differentiation was confirmed by cellular
quiescence and formation of long neurite outgrowths and further
assayed in PC-12 cells by the expression of neuron-specific enolase
(NSE) (Supplementary Fig. 1A and B). We first verified, by DAPI
staining, that olesoxime (1–3 mM) did not display any cytotoxic
effect in differentiated neuronal cells (Supplementary Fig. 2). Then,
neurotoxicity of MTAs (24-h exposure) was characterized by
measuring neurite length in the two cell lines. In differentiated PC-
12 cells, vincristine induced a concentration-dependent decrease
in mean neurite length from 19 � 2% to 79 � 3% with concentrations
ranging from 20 to 100 nM (p < 0.01). Similarly, vincristine decreased
neurite outgrowth in differentiated SK-N-SH cells up to 63 � 3% at
200 nM (p < 0.01; Fig. 1A). Sensitivity of both neuronal cell lines to
MTAs was confirmed with paclitaxel. Indeed, neurite length
decreased 37 � 7% and 78 � 7% in differentiated SK-N-SH and PC-
12 cells, with concentrations of 50 nM or 20 nM paclitaxel
respectively (Fig. 1B and C). The effects of vincristine and paclitaxel
on neurite outgrowth were not associated with apoptosis triggering
(Supplementary Fig. 2), indicating that MTA-induced neurotoxicity is
characterized by a loss of neuronal phenotype without cell death.

When simultaneously combined with vincristine (100 and
200 nM), olesoxime prevented neurite shrinkage in differentiated
SK-N-SH cells in a concentration-dependent manner (Fig. 1B).
While 1 mM olesoxime was not significantly effective, 2 mM was
able to partially maintain neurite length in vincristine-treated cells
(p < 0.05). Neurite rescue reached 60% with 3 mM olesoxime
(Fig. 1B). 3 mM olesoxime also reduced neurite loss induced by
50 nM paclitaxel in differentiated SK-N-SH cells from 56 � 2% to
44 � 4% (p < 0.05; Fig. 1B). The neuroprotective potential of 3 mM
olesoxime was confirmed in differentiated rat PC-12 cells where it
rescued neurite length up to 90% when combined with either 50 nM
vincristine (p < 0.05) or 20 nM paclitaxel (p < 0.01; Fig. 1C). By
contrast, in the absence of MTAs, 24 hr treatment of differentiated PC-
12 or SK-N-SH cells with olesoxime (1–3 mM) had no measurable
effect on neurites (Fig. 1B and C). Interestingly, it is noteworthy that
the intracellular concentration of vincristine in differentiated
neuronal cells (580 � 61 nM) was not decreased by its combination
with olesoxime (700 � 5 nM). Thus, the neuroprotective properties of
olesoxime were not due to a decrease in vincristine accumulation.

3.2. Olesoxime did not interfere with MTA efficacy in tumor cells

To ensure that olesoxime does not preclude MTA cytotoxic
properties, 3 mM olesoxime was evaluated in combination with
paclitaxel or Vinca alkaloids in different human cancer cell lines, in
agreement with their clinical use (Fig. 2). First, we ensured that
olesoxime (1–3 mM) was not cytotoxic in lung cancer A549, breast
cancer MCF-7 and neuroblastoma SHEP cells, as shown by MTT
assay (Supplementary Table 1) and DAPI staining (Supplementary



Fig. 1. Olesoxime prevented MTA-induced neurite shrinkage in differentiated neuronal cell lines. (A) Neurite length measurements after a 24-h treatment with increasing

concentrations of vincristine (VCR) in differentiated SK-N-SH (SK-N-SH-ATRA) or PC-12 (PC-12-NGF) cells. (B) Neurite length measurements in differentiated SK-N-SH cells

exposed for 24 hr to increasing concentrations of olesoxime, 100 and 200 nM vincristine, 50 nM paclitaxel (PTX) and their combination. (C) Same analysis in differentiated PC-

12 cells treated with 3 mM olesoxime, 50 nM vincristine or 20 nM paclitaxel, and their combination (*p < 0.05; **p < 0.01; Student’s t-test).

A. Rovini et al. / Biochemical Pharmacology 80 (2010) 884–894 887
Fig. 3A). Similarly, we verified that olesoxime did neither modify
mitosis progression nor survival in non-malignant cells, i.e. human
epithelial HaCaT and endothelial HUVEC cells (Supplementary Fig.
3B and C, supplementary Tables 2 and 3).

Then, in A549 cells treated with vinorelbine or paclitaxel, SHEP
and SK-N-SH cells treated with paclitaxel or vincristine, and MCF-7
cells treated with paclitaxel, we showed that there was no
significant difference in the cytotoxic efficacy of any of these MTAs
in the presence or absence of olesoxime (Fig. 2A–C and data not
shown) (p > 0.05). The similar x-intercept of median effect plots,
and their general overlapping, also confirmed that MTA cytotoxic
activity was not disturbed by olesoxime (Fig. 2A–C). Accordingly,
quantification of mitotic nuclei by immunofluorescence showed
that 3 mM olesoxime did not modify the mitotic block induced by
paclitaxel (Table 1) or vinorelbine (data not shown) in A549, MCF-7
and SHEP cancer cells (p > 0.05). Altogether, our results indicate
that olesoxime leads to a significant decrease in the neurotoxic
effects of both taxanes and Vinca alkaloids without affecting their
cytotoxic properties in human tumor cells, including proliferating
neuroblastoma cells.

3.3. Olesoxime increased EB1 comet length and microtubule dynamics

in neuronal cells

To further explore the mechanism of action to maintain neurite
outgrowth, we evaluated the effects of olesoxime on microtubule
dynamics in neuronal cells in the absence or presence of MTAs.
Prior to these experiments, we confirmed that olesoxime had no
effect on global microtubule cytoskeleton architecture (data not
shown). Then, we examined the intracellular localization of EB1, a
+TIP that ensures microtubule growth. In control differentiated
SK-N-SH cells, EB1 displayed the expected comet-like distribution
(Fig. 3A), with a mean length of 0.64 � 0.02 mm (Table 2).
Interestingly, a 6-h treatment with 3 mM olesoxime significantly
increased comet length up to 0.85 � 0.02 mm (p < 0.01), indicating
that olesoxime is able to enhance EB1 accumulation at microtubule
plus-ends in differentiated neuronal cells. In sharp contrast, EB1
comet length was not increased by olesoxime treatment in
proliferating neuroblastoma SK-N-SH cells (p > 0.05; Table 2).
Olesoxime selective triggering of EB1 accumulation in differentiated
neuronal cells was further supported by its lack of effect on EB1 comet
length in human glioblastoma U87 cells or primary human
endothelial HUVECs (Table 2).

To evaluate whether the effect of olesoxime on EB1 comet
length affected microtubule dynamics, we used live imaging
fluorescence microscopy in differentiated PC-12 cells transfected
with EB1-GFP to track microtubule plus-ends position in growth
cones (see movie 1). Treatment for 24 h with 3 mM olesoxime
promoted microtubule growing events (Table 3). Indeed, we
determined that olesoxime increased by 24% the number of
dynamic microtubules that spent all their time growing. Quanti-
tative analysis of EB1 comet tracks showed that olesoxime



Fig. 2. Olesoxime did not reduce MTA cytotoxicity for proliferating cancer cells. Cytotoxicity of vinorelbine (VRL), paclitaxel (PTX) and vincristine (VCR) alone or in

combination with 3 mM olesoxime, for 72 h, in (A) human lung cancer A549 cells, (B) human neuroblastoma SHEP cells and (C) human neuroblastoma SK-N-SH cells. Left

graphs are dose-effect curves, and right graphs are median effect plots where Fa is the fraction of cells affected (cell death) and Fu the fraction not affected (cell survival).
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increased microtubule growth rate by 20% (p < 0.05; Table 3). This
effect has been confirmed by analysing kymographs, which
revealed a 28% increase in EB1 comet velocity in olesoxime-
treated neuronal cells, as illustrated in Fig. 3B. In parallel,
olesoxime increased microtubule time growing by 4% (p < 0.01)
and decreased by 54% their time pausing (p < 0.01; Table 3). These
results showed that olesoxime increased microtubule dynamics in
neurite outgrowths, which is likely related to its ability to enhance
EB proteins localization at growing ends of microtubules in
differentiated neuronal cells.

3.4. Olesoxime protected differentiated neuronal cells from MTA-

induced EB comet disruption

We then studied the effect of MTAs on EB protein localization in
differentiated neuronal SK-N-SH cells. Both paclitaxel (50 nM) and
vincristine (100 nM) had a common profound effect on EB1 and
Table 1
Olesoxime did not modify the mitotic block induced by MTAs. Percentage in

mitosis� SEM in A549, MCF-7 and SHEP cancer cells exposed for 24 h to paclitaxel

4 nM alone and combined with olesoxime 3 mM.

A549 MCF-7 SHEP

PTX 4 nM 24�7 31�7 14�3

PTX 4 nM + olesoxime 3 mM 23�6 NS 28�4 NS 12�3 NS

NS, p>0.05.
EB3 distribution. Instead of its usual punctuate comet-like
appearance, EB1 was displaced from microtubules to the cytosol,
as indicated by the diffuse fluorescent signal observed after a short
exposure (6 h) to MTAs (Fig. 4A). Similar results were also observed
after a 24-h treatment (Supplementary Fig. 3). Furthermore, we
found that EB3, another member of the EB family required for
neuritogenesis, was also displaced from microtubules to cytosol by
MTAs in differentiated SK-N-SH cells (data not shown). Thus, EB
comet disruption, generally associated with microtubule dynamics
perturbation, is a key event in both vincristine- and paclitaxel-
induced neurotoxicity.

We then evaluated the impact of olesoxime on EB1 distribution
in differentiated SK-N-SH cells treated with MTAs. Interestingly,
3 mM olesoxime prevented both vincristine- and paclitaxel-
induced EB1 delocalization measured after 6 h (Fig. 4B), and this
effect was maintained for up to 24 h (Supplementary Fig. 3). In
addition, 2 mM olesoxime – which also displayed neuroprotective
properties against MTA-induced neurite shrinkage – was able to
maintain EB1 localization under MTA treatment, while 1 mM
olesoxime – which did not prevent MTA-induced neurite shrinkage
– did not counteract MTA effects on microtubule plus-ends
(Supplementary Fig. 4). It is noteworthy that EB1 expression level
was not modified either by MTAs or olesoxime treatment (Fig. 4C),
confirming that major modifications in EB1 staining resulted from
its spatial rearrangement. Moreover, as for EB1, EB3 localization at
microtubule plus-ends was preserved when cells were simulta-
neously exposed to MTAs and olesoxime (data not shown),



Fig. 3. Olesoxime enhanced EB1 accumulation and microtubule plus-ends dynamics in neuronal cells. (A) EB1 staining in differentiated SK-N-SH cells exposed for 6 h to

vehicle or 3 mM olesoxime. Left photos show EB1 staining (scale bars: 20 mm), while the right ones are magnifications showing EB1 (red) and microtubule (green) co-staining

(scale bars: 5 mm). (B) Visualization of EB1-GFP comet dynamics by kymographs in vehicle (left) and 3 mM olesoxime-treated (right) differentiated PC-12 cells. Comet

velocity at plus-ends of growing microtubules was obtained by determining the slope of the line. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)
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confirming that neuroprotection was correlated with maintenance
of microtubule plus-ends proteins.

3.5. Olesoxime did not prevent MTA-induced EB comet disruption in

proliferating tumor and endothelial cells

Previous observations strongly suggest that the protective
effects of olesoxime against MTA toxicity are specific to
differentiated neuronal cells. To better assess this hypothesis,
Table 2
Olesoxime selectively increased the mean EB1 comet length (mm) in differentiated

neuronal cells.

Cell lines Vehicle Olesoxime 3 mM

Differentiated SK-N-SH 0.64� 0.02 0.85�0.02**

SK-N-SH 0.86� 0.04 0.82�0.03 NS

U 87 1.01� 0.03 0.95�0.03 NS

HUVEC 1.54� 0.04 1.52�0.03 NS

NS, p>0.05 (Student’s t-test).

**p<0.01 (Student’s t-test).
we examined the effects of MTAs combined with olesoxime on
EB1 localization in proliferating SK-N-SH cells. In these cancer
cells, 50 nM vincristine and 50 nM paclitaxel also triggered EB1
delocalization from microtubule plus-ends to cytosol after 6 h of
treatment (Fig. 5A). In sharp contrast with results in differentiated
SK-N-SH cells, concomitant treatment with olesoxime in prolif-
erating SK-N-SH cells did not reverse the effects of MTAs on EB1
comet-like accumulation, since the fluorescence staining
Table 3
Olesoxime increased microtubule dynamics in growth cones of differentiated

neuronal cells. Measurement of microtubule dynamics parameters by videomicro-

scopy of EB1-GFP at microtubule plus-ends in differentiated PC-12 cells exposed to

vehicle or 3 mM olesoxime for 24 h.

Variables Vehicle Olesoxime

3 mM

Olesoxime

vs vehicle

Growth rate (mm/min) 13.9�0.7 16.6�0.8* +20%

% of time growing 92.3�0.5 96.4�1.9** +4%

% of time pausing 7.7�0.5 3.6�1.9** �54%

* p<0.05 (Student’s t-test).
** p<0.001 (Student’s t-test).



Fig. 4. Preservation of EB1 comets at microtubule plus-ends was associated with neuroprotection. EB1 staining in differentiated SK-N-SH cells exposed for 6 h to (A) vehicle,

100 nM vincristine (VCR), 50 nM paclitaxel (PTX), (B) 3 mM olesoxime alone or in combination with MTAs. Left photos show EB1 staining (scale bars: 20 mm), while the right

ones are magnifications of EB1 (red)/microtubule (green) co-staining (scale bars: 5 mm). (C) Western blot analysis of EB1 expression in differentiated SK-N-SH cells treated

with vehicle, 3 mM olesoxime, 100 nM vincristine treated or the combination of olesoxime and vincristine. Western blot analysis of total a-tubulin in each sample was used as

a loading control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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remained diffuse (Fig. 5A). Similarly, alteration of EB1 comet
distribution in primary human endothelial cells treated for 24 h
with 5 nM vincristine was not inhibited by olesoxime (Fig. 5B).
Thus, olesoxime’s ability to maintain microtubule plus-ends
localization of EB1 was only observed in differentiated neuron-
like cells.

3.6. Olesoxime restored mitochondrial motility in MTA-treated

neuron-like cells

Since microtubules are structural tracks for the anchoring and
transport of mitochondria, we studied modifications in mito-
chondrial movements in neurotoxic and neuroprotective condi-
tions as a marker of microtubule functions (Fig. 6A; movies 2 and
3). By live imaging fluorescence microscopy of differentiated SK-
N-SH cells, we showed that mitochondria mean velocity
significantly decreased from 0.073 � 0.006 mm/s in control cells
to 0.018 � 0.003 mm/s in cells treated with 100 nM vincristine
(�75%) (Fig. 6B). Co-treatment with 3 mM olesoxime protected cells
from vincristine-induced mitochondrial transport suppression,
since organelle velocity was restored by 64% and reached
0.050 � 0.006 mm/s (p < 0.05). Thus, olesoxime is likely to prevent
MTA-mediated disturbance in microtubule dynamics and functions,
including perturbation of the mitochondrial trafficking in neuronal
cells.
4. Discussion

Prevention or even treatment of neuropathies associated with
the clinical use of MTAs is a major medical need. Here, we
evaluated olesoxime’s neuroprotective properties in rat differen-
tiated PC-12 cells, a widely used model to investigate CIPN [30], as
well as in human differentiated SK-N-SH cells, a model biochemi-
cally, ultrastructurally and electrophysiologically comparable to
human sympathetic neurons [31]. We showed that olesoxime was
highly effective in preventing both paclitaxel- and vincristine-
induced neurotoxicity in these two neuronal cell lines, in
agreement with its previously reported beneficial effects in animal
models of MTA-induced peripheral neuropathy [19,20]. Impor-
tantly neuroprotective activities of olesoxime correlated with the
enrichment of microtubule plus-ends with EB proteins and the
promotion of microtubule dynamics in neuronal cells. In addition,
we demonstrated that olesoxime did not interfere with the anti-
mitotic and the cytotoxic activity of either taxanes or Vinca
alkaloids for several human tumor cell lines (i.e. neuroblastoma,
lung and breast cancers). Altogether, our data strongly support the
potential benefit of olesoxime to be used in combination with
MTAs to prevent CIPN a significant unmet medical need.

While usually divided into two distinct classes, either as
stabilizing or depolymerizing microtubule agents respectively,
taxanes and Vinca alkaloids were shown to modulate dynamics of



Fig. 5. Olesoxime did not prevent EB1 comet disruption in proliferating neuroblastoma or endothelial cells. (A) EB1 staining in undifferentiated proliferating SK-N-SH tumor

cells exposed for 6 h to 50 nM vincristine (VCR), 50 nM paclitaxel (PTX), 3 mM olesoxime or olesoxime in combination with MTAs (scale bars 15 mm). (B) EB1 staining in

HUVEC exposed for 24 h to 5 nM vincristine, 3 mM olesoxime or their combination (scale bars 25 mm).
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microtubule plus-ends [32,33] and disrupt EB protein distribution
in tumor cells [28,29,34,35]. Only recently, it was suggested that
their neurotoxicity could arise from impaired microtubule
dynamics, affecting neurite outgrowth. Indeed, neurotoxic con-
centrations of paclitaxel were associated with a decreased number
and length of EB3 comet tails in neurons, suggestive of an
association between the loss of EB proteins and reduced rate of
microtubule growth or shortening [16]. The results presented here
further support this hypothesis as the neurotoxic side-effects of
both paclitaxel and vincristine were correlated with the suppres-
sion of EB1 and EB3 comet accumulation at microtubule plus-ends
in differentiated neuronal cells. Thus, restoring EB protein
localization using olesoxime might prevent MTA-induced neurite
retraction. To our knowledge, olesoxime is the first described
molecule that promotes EB protein accumulation at microtubule
plus-ends. Previous studies of MTA-induced neuropathy in rats
suggested that mitochondrial toxicity plays a role in CIPN and that
drugs that improve mitochondrial dysfunction such as acetyl-L-
carnitine (ALC) or olesoxime may be beneficial [8,10,18,19].
Interestingly, although reducing paclitaxel-induced pain and nerve
fiber hyperexcitability, ALC did not prevent intraepidermal nerve
fiber degeneration in paclitaxel-treated rats [36] while olesoxime
does [20]. This suggests that olesoxime may have additional effects
pertinent to MTA-induced CIPN and identifies EB proteins as new
potential target(s) for neuroprotection. Accordingly, ALC was not
able to restore EB1 at microtubule plus-ends in MTA-treated
neuron-like cells (unpublished personal data), in sharp contrast
with olesoxime.

Recent in vitro studies have allowed the understanding of the
molecular mechanism of +TIPs localization at microtubule plus-
ends based on a structural difference between the microtubule
plus-end and the lattice [13,37]. However, very little is known
about MTA action on +TIPs. Tubulin and microtubule conforma-
tional changes induced by taxanes and Vinca alkaloids may alter



Fig. 6. Olesoxime prevented MTA-suppressed mitochondria motility. (A) Examples of mitochondria position tracks; arrow heads show two different movements of tubular

(upper panel) or individual (lower panel) mitochondria. (B) Mitochondrial motility measurement in differentiated SK-N-SH cells exposed for 24 h to 3 mM olesoxime, 100 nM

vincristine (VCR) and their combination (**p < 0.01; Student’s t-test).
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+TIPs-tubulin interaction or decrease the available EB binding sites
at microtubule plus-ends. In support of this hypothesis, in vitro
studies have shown that nocodazole modifies microtubule plus-
end conformation [38]. In contrast, olesoxime may induce changes
in the conformation of microtubule plus-ends in a manner that
increases the number of binding sites available for EB proteins.
Alternatively, MTAs could regulate EB-microtubule interaction via
specific changes on EB protein phosphorylation [13], which could
be prevented by olesoxime. Whatever the molecular mechanism(s)
involved, MTAs by depleting EB proteins from microtubules are
likely to result in loss of their anti-catastrophe activity and
subsequent microtubule shortening. Reversion of this process
might be thus responsible for olesoxime protection of both neurite
shrinkage in vitro and loss of nerve endings in vivo. In addition, we
showed that microtubule-governed mitochondria motility was
blocked by MTAs and restored when combined with olesoxime.
Since MTAs are able to directly target mitochondria [39–42],
whether their effects on microtubule and mitochondria networks
are separate or dependent is still an unsolved issue. Similarly,
olesoxime binds to the mitochondrial proteins TSPO and VDAC
[18]. Since tubulin associates with VDAC in the mitochondrial
outer membrane [43,44], we can speculate that olesoxime may
also counteract MTA-induced mitochondrial dysfunction by
inhibiting their binding to the tubulin-VDAC complex.

The neuronal-specific mechanism of action of olesoxime is of
major interest for a potential therapeutic to treat cancer patients.
Indeed, olesoxime had no effect on MTA-disrupted EB1 binding to
microtubule plus-ends in proliferating neuroblastoma cells,
consistent with its lack of effect on MTA anticancer efficacy for
a range of human tumor cell types. Similarly, olesoxime did not
protect endothelial cells from EB1 comet displacement induced by
MTAs, suggesting that MTA anti-angiogenic activity might also be
preserved. We cannot exclude that olesoxime’s neuronal selective
effects on EB-microtubule interaction may be due to particular
features of the neuronal microtubule network itself, such as
neuron-specific tubulin isotypes or post-translational modifica-
tions [45,46]. Olesoxime may also modify microtubule assembly,
via an effect on microtubule-associated proteins. Indeed, olesox-
ime is a cholesterol-like molecule [18], and cholesterol deficiency
was shown to induce selective inhibition of MAP2 phosphorylation
during neurite retraction [47]. In addition, cholesterol-like
molecules such as neurosteroids bind to MAP2 and stimulate
the polymerization of microtubules, preventing nocodazole-
induced retraction of neurites in cultures [47,48]. Importantly,
MAP2 is implicated in regulating microtubule organization and
dynamics during neuronal polarization [45]. Involvement of such a
microtubule-associated protein, neuron-specific tubulin isoforms
or post-translational modifications in olesoxime’s mechanism of
action requires further investigation but could, at least in part,
explain its selective neuronal activity.

In addition to its ability to prevent MTA-induced neurodegen-
eration [18,19], olesoxime promotes neurite outgrowth in primary
motor neuron cultures and increases nerve regeneration after
peripheral nerve lesion [19]. These results suggested that, beyond
its neuroprotective properties, olesoxime displayed regenerative
activities making this drug an ideal candidate for treatment of
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neurodegenerative diseases, for example motor neuron disorders.
Here, we demonstrate that olesoxime enhances EB protein
accumulation at microtubule plus-ends in differentiated neuronal
cells and increases microtubule growing events in growth cones.
Such effects could explain how olesoxime promotes neurite
outgrowth in primary neuronal cultures though this remains to
be further explored. Interestingly, olesoxime’s neuroprotective
effects were associated with restored mitochondrial transport.
Axonal and especially mitochondrial transport defects are
common features of many neurodegenerative disorders, including
amyotrophic lateral sclerosis, Huntington’s disease or Alzheimer’s
disease (recently reviewed in [49,50]). In many of these diseases,
disruption of axonal transport is an early event leading to altered
functions of cargoes. Inversely, mitochondrial dysfunction is likely
to affect axonal transport by a decrease in ATP supply to molecular
motors. Results presented here reinforce the idea that olesoxime
may be of interest for treatment of such defects, restoring
microtubule dynamics and active mitochondrial axonal transport.

To conclude, we demonstrated here that the common
neurotoxicity of taxanes and Vinca alkaloids correlates with the
disturbance of both microtubule dynamics and microtubule-
governed mitochondria trafficking in neuronal cells. By contrast,
olesoxime’s actions to preserve functions of the cytoskeleton and
the mitochondrial network may contribute to its ability to prevent
MTA-induced neurotoxicity. Olesoxime thus appears to be a
promising drug candidate to treat CIPN but also other neurode-
generative disorders where microtubule-associated axonal trans-
port is defective.
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crucial help in fluorescence microscopy. This work was partly
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