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A B S T R A C T

As cancer is becoming more and more a chronic disease, a large proportion of patients is confronted with
devastating side effects of certain anti-cancer drugs. The most common neurological complications are painful
peripheral neuropathies. Chemotherapeutics that interfere with microtubules, including plant-derived vinca-
alkaloids such as vincristine, can cause these chemotherapy-induced peripheral neuropathies (CIPN). Available
treatments focus on symptom alleviation and pain reduction rather than prevention of the neuropathy. The aim
of this study was to investigate the potential of specific histone deacetylase 6 (HDAC6) inhibitors as a preventive
therapy for CIPN using multiple rodent models for vincristine-induced peripheral neuropathies (VIPN). HDAC6
inhibition increased the levels of acetylated α-tubulin in tissues of rodents undergoing vincristine-based che-
motherapy, which correlates to a reduced severity of the neurological symptoms, both at the electrophysiological
and the behavioral level. Mechanistically, disturbances in axonal transport of mitochondria is considered as an
important contributing factor in the pathophysiology of VIPN. As vincristine interferes with the polymerization
of microtubules, we investigated whether disturbances in axonal transport could contribute to VIPN. We ob-
served that increasing α-tubulin acetylation through HDAC6 inhibition restores vincristine-induced defects of
axonal transport in cultured dorsal root ganglion neurons. Finally, we assured that HDAC6-inhibition offers
neuroprotection without interfering with the anti-cancer efficacy of vincristine using a mouse model for acute
lymphoblastic leukemia. Taken together, our results emphasize the therapeutic potential of HDAC6 inhibitors
with beneficial effects both on vincristine-induced neurotoxicity, as well as on tumor proliferation.

1. Introduction

Chemotherapy-induced peripheral neuropathies are the most
common neurological side effects of anti-cancer treatments with an
incidence of up to 80% (Cavaletti et al., 2011; Seretny et al., 2014).
Chemotherapeutics that interfere with microtubules, including the
plant-derived taxanes and vinca-alkaloids, cause these peripheral neu-
ropathies (Jaggi and Singh, 2012; Kannarkat et al., 2007). Vincristine is
such a chemotherapeutic drug that belongs to the family of vinca-

alkaloids and despite being the most neurotoxic drug of its class, vin-
cristine is remarkably effective and therefore still widely used to treat
hematological cancers (Gennery, 1985). Vincristine-induced neuro-
toxicity primarily affects large sensory nerves leading to dysesthesia
and paresthesia, reduced electrophysiological response of the sural
nerve and decreased intra-epidermal nerve fiber densities (Grisold
et al., 2012). In more severe forms, motor problems also arise (Baron,
2006; Park et al., 2013). Symptoms of vincristine-induced peripheral
neuropathies (VIPN) are dose dependent, arise progressively in a
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stocking-glove type distribution and persist even after the treatment has
been ceased (=coasting) (Schneider et al., 2015). Due to the enormous
impact on the quality of life, the threshold for clinical toxicity depends
on VIPN and could require excessive pain treatment or early cessation
of the anti-cancer therapy (Gennery, 1985). To date, little is known
about the pathophysiology of VIPN and no effective cure is available.
Instead, management is limited to pain relief with anti-epileptics, anti-
depressants and opioids, which can induce a myriad of side effects
(Zareba, 2009). Therefore, a high medical need for an effective treat-
ment for chemotherapy-induced peripheral neuropathies still exists
(Cavaletti and Marmiroli, 2010; Majithia et al., 2016).

Vincristine exerts its anti-cancer effect by inhibiting the assembly of
microtubules. These highly dynamic structures, composed of α- and β-
tubulin heterodimers, play an important role in multiple cellular pro-
cesses, including cytoskeleton homeostasis, mitosis, cell migration and
intracellular trafficking (Lawson and Carazo Salas, 2013). Microtubule
dynamics is also of pivotal importance in post-mitotic neurons (Conde
et al., 2009; Stanton et al., 2011). These polarized cells rely on intact
microtubules for neuronal architecture, but they also function as tracks
for axonal transport between the cell body and synapses. Moreover,
disturbances in axonal transport are a common hallmark in a variety of
neurodegenerative disorders and peripheral neuropathies (Cashman
and Höke, 2015; d'Ydewalle et al., 2011; De Vos and Hafezparast, 2017;
Holzbaur and Scherer, 2011; Prior et al., 2017). As vincristine alters
microtubule dynamics, axonal transport in neurons might also be af-
fected and could contribute to the neurotoxicity observed in patients.

One of the key mechanisms regulating axonal transport in neurons
are post-translational modifications of α- and β-tubulin. Especially
acetylation at the ε-amino group of lys-40 of α-tubulin influences ax-
onal transport (Dompierre et al., 2007). Increased levels of acetylation
functions as a recruitment cue and improves the docking of motor
proteins to microtubules (Reed et al., 2006). As such, α-tubulin acet-
ylation is tightly regulated by α-tubulin acetyltransferases (αTATs) and
histone deacetylase 6 (HDAC6), a member of the class IIb histone
deacetylases. Unlike conventional histone deacetylases, HDAC6 is
mostly localized in the cytoplasm, has a duplication of its catalytic
deacetylase domain and a poly-ubiquitin associated zinc finger domain
(Grozinger et al., 1999). These unique features allow HDAC6 to interact
with substrates other than histones, including α-tubulin (Hubbert et al.,
2002; Zhang et al., 2003). Although there is a correlation between
microtubule dynamics and acetylation of α-tubulin (Almeida-Souza
et al., 2011), it is still unclear how one impacts the other and how
HDAC6 is involved in this process.

We previously observed that inhibition of the deacetylating function
of HDAC6 rescues the phenotype of several mouse models for inherited
peripheral neuropathies (Benoy et al., 2016, 2015; d'Ydewalle et al.,
2011). HDAC6 inhibition effectively restored deficits in axonal trans-
port in dorsal root ganglion (DRG) neurons isolated from Charcot-
Marie-Tooth disease (CMT) type 2 mouse models (Benoy et al., 2016,
2015; d'Ydewalle et al., 2011; Shen et al., 2016). Due to the phenotypic
resemblance of patients diagnosed with CMT and those with VIPN, we
hypothesized that vincristine could induce axonal problems by inter-
fering with microtubule dynamics. Interestingly, mitochondrial dys-
function also contributes to cisplatin-induced peripheral neuropathy, a
different form of CIPN. Cisplatin treatment results in the depletion of
the mitochondrial GTPase mitofusin-2 (MFN2), a protein associated
with CMT2A (Bobylev et al., 2017; Züchner et al., 2004). The im-
portance of mitochondrial dysfunction in peripheral neuropathy was
further emphasized by the fact that cisplatin not only binds nuclear but
also mitochondrial DNA (mtDNA), resulting in mitotoxicity in neurons
(Podratz et al., 2017). In a recent study, mitochondrial bioenergetics,
their axonal transport and the cisplatin-induced phenotype was com-
pletely restored using ACY-1083, another HDAC6-specific inhibitor
(Krukowski et al., 2017). Therefore, the aim of this study was to in-
vestigate whether inhibition of HDAC6 could increase the acetylation of
α-tubulin, rescue axonal transport deficits and prevent the development

of VIPN.
The use of HDAC6 inhibitors is also a hot topic in cancer research.

Specific HDAC6 inhibitors have been developed for the treatment of
multiple myeloma and are currently tested in clinical trials (Santo et al.,
2012). Generally, most research focuses on neuroprotection regardless
of cancer, or on the anti-cancer efficacy, neglecting the neurotoxicity.
As HDAC6 has been implicated in neurodegeneration as well as in
cancer, we investigated both the neuroprotective effects and assured
the anti-cancer efficacy of vincristine in combination with HDAC6 in-
hibitors. We found that HDAC6 inhibition has beneficial effects on both
aspects.

2. Results

2.1. Pharmacological inhibition of HDAC6 protects against VIPN

Using a mouse model for VIPN, we observed that weekly adminis-
tration of vincristine (500 μg/kg, ip) resulted in a progressive sensory
peripheral neuropathy, characterized by decreased sensory nerve action
potential (SNAP) amplitudes of the caudal nerve that stabilized after
4 weeks of treatment (Supplemental Fig. S1A). Nerve conduction ve-
locities were unaffected, suggesting vincristine primarily affects the
axons of peripheral nerves (Supplemental Fig. S1B). On the behavioral
level, we used the Electronic Von Frey (EVF) test to determine the re-
sponse to mechanical stimuli. The electrophysiological changes corre-
lated with a hypersensitivity when applying pressure to the hind paw of
mice treated with vincristine (Supplemental Fig. S1C). Vincristine
toxicity was limited to the sensory nervous system as innervation of the
neuromuscular junctions at the gastrocnemius muscle was normal and
as no changes in rotarod performance, CMAP amplitudes or latencies
were observed during the treatment (Supplemental Fig. S1, D–H).

Next, we investigated whether HDAC6 inhibition had an effect on
the pathophysiology of VIPN using a small molecule, ACY-738, that
specifically inhibits the deacetylating function of HDAC6 (Jochems
et al., 2014). The severity of the sensory axonopathy was significantly
reduced in mice that were co-treated with vincristine and ACY-738.
Both the decrease in SNAP amplitudes and the mechanical hy-
persensitivity were significantly, although partially, restored (Fig. 1, A
and B). We validated these findings using a second HDAC6-specific
inhibitor, Tubastatin A (Butler et al., 2010), emphasizing the specific
contribution of HDAC6 to the assessment of VIPN (Fig. 1, A and B). Also
in a rat model for VIPN, we confirmed that inhibition of HDAC6 sig-
nificantly reduced the symptoms induced by vincristine, both at the
electrophysiological and at the behavioral level with 23.5% and 43.1%
respectively (Supplemental Fig. S2).

As VIPN is considered a “dying-back” neuropathy (Silva et al.,
2006), we evaluated the effect of HDAC6 inhibition on vincristine-in-
duced defects at the most distal part of the peripheral nervous system.
Analyzing skin biopsies of mice treated with vincristine alone or in
combination with a HDAC6 inhibitor for the presence of the pan-neu-
ronal marker, protein gene product 9.5 (PGP9.5), shows that HDAC6
inhibition restored PGP9.5 expression in the glabrous skin of the hind
paw (Fig. 1, C and D). Histological examination confirmed that HDAC6-
inhibition completely preserved the intra-epidermal nerve fiber density
in animals treated with vincristine (Fig. 1, E–I and Supplemental Mo-
vies S1–S4). All together, these results show that HDAC6 inhibitors can
reduce the severity of vincristine-induced neurotoxicity in vivo.

2.2. HDAC6 inhibition increases acetylated α-tubulin in vivo

Next, we determined the level of acetylated α-tubulin, the major
substrate for HDAC6 (Hubbert et al., 2002; Zhang et al., 2003), in tis-
sues isolated from mice that underwent chemotherapy with vincristine
alone or in combination with ACY-738. Vincristine slightly reduced α-
tubulin acetylation exclusively in sensory tissues (saphenous nerve and
DRGs), but not in the sciatic nerve or spinal cord (Fig. 2). These findings
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are in line with the pure sensory phenotype that we observe in these
animals. Inhibition of HDAC6 in vincristine-treated mice significantly
increased the levels of acetylated α-tubulin in the affected tissues,
without modifying the expression of total α-tubulin (Fig. 2 and Sup-
plemental Fig. S3). We obtained comparable results in tissues isolated
from rats treated with vehicle, vincristine alone, or in combination with
ACY-738 (Supplemental Figs. S4 and S5).

2.3. HDAC6 inhibition increases acetylated α-tubulin and preserves
mitochondrial transport in DRG neurons treated with vincristine

In order to get mechanistic insights, we analyzed whether the in-
creased levels of acetylated α-tubulin by HDAC6 inhibition could im-
prove axonal transport in an in vitro system. We observed that HDAC6

inhibition increased the level of acetylated α-tubulin in neurites of
cultured DRG neurons (Fig. 3). In contrast to our in vivo data, we could
not detect a reduction in the α-tubulin acetylation level in cultured DRG
neurons after treatment with vincristine alone (Fig. 3 and Supplemental
Fig. S6). In order to test the effect on axonal transport of increasing
acetylated α-tubulin through HDAC6 inhibition, we performed live cell
imaging of mitochondrial transport in neurites of cultured DRG neu-
rons. Viable mitochondria were fluorescently labelled after overnight
exposure to vincristine alone (0.1 nM) or in the presence of either ACY-
738 (1 nM) or Tubastatin A (1 μM). Vincristine significantly decreased
the number of moving mitochondria along the neurites (−60.4%),
without affecting the number of stationary mitochondria (Fig. 4). In the
presence of either one of the HDAC6 inhibitors, movement of mi-
tochondria along DRG neurites was completely retained (Fig. 4). These

Fig. 1. HDAC6-inhibition protects against vincristine-induced sensory neurotoxicity in mice. (A) Characterization of the SNAP amplitude in the caudal nerve of mice treated with vehicle,
vincristine alone, or in combination with an HDAC6 inhibitor (100mpk ACY-738 or 25 mg/kg/day Tubastatin A). (B) Assessment of the mechanical hypersensitivity by measuring the
force required to provoke a reaction of the hind paw after 4 weeks of treatment. N = 15–29 animals per group. (C) Representative western blot of the pan-neuronal marker, protein gene
product 9.5 (PGP9.5), in the skin isolated from animals after 4 weeks of treatment. N = 9 pooled from 3 experimental replicates. (D) Corresponding quantification of PGP9.5 protein
expression. (E-H) Confocal images of PGP9.5 immunoreactive fibers in skin biopsies from mice after 4 weeks of treatment. Scale bar = 20 μm. (I) Quantification of the number of
PGP9.5+ fibers show that HDAC6 inhibition effectively preserves the innervation of the skin. A total of 30 sections, originating from 3 animals per treatment group, were used for
quantification. Bars represent average ± SEM. Asterisk show significant differences with vehicle (above bar) or between vincristine-treated mice and the other groups. Two-Way ANOVA
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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results emphasize the importance of acetylated α-tubulin in cellular
trafficking, and suggest that HDAC6-inhibition could restore vincris-
tine-induced defects in axonal transport by increasing α-tubulin acet-
ylation.

2.4. HDAC6 inhibition reduces tumor progression and prevents VIPN in a
mouse model for acute lymphoblastic leukemia

In order to translate our findings into a clinically relevant applica-
tion, the anti-cancer efficacy of vincristine should not be affected by the
inhibition of HDAC6. Theoretically, it is possible that the positive effect
of HDAC6 inhibition is due to a decrease of the efficacy of vincristine as
both drugs interfere with microtubule dynamics. To investigate this, we
used a humanized mouse model for T-cell acute lymphoblastic leukemia
(ALL), a form of cancer commonly treated with vincristine (Soosay Raj
et al., 2013). Male non-obese diabetic/severe combined im-
munodeficient gamma (NSG) mice were injected intravenously with
acute lymphoblastic T-cells, isolated from a 4-year old patient. Tumor
progression was analyzed through blood sampling and FACS sorting for
human CD4-expressing tumor cells. In line with what was previously
published, vincristine had a high efficacy against the expansion of
human T-ALL cells (Douer, 2016). Moreover, tumor progression was
almost completely repressed in animals co-treated with ACY-738 or
with Tubastatin A (Fig. 5, A and D). This confirms previous reports that
HDAC6 inhibition has a suppressive effect on tumor growth (Jones,
2013; Mishima et al., 2015; Santo et al., 2012; Vogl et al., 2015; Yee
et al., 2016, 2014). Furthermore, vincristine-induced neurotoxicity was
completely absent in animals co-treated with an HDAC6 inhibitor in

comparison to animals receiving only vincristine, while the presence of
ALL per se induced no neurological complications (Fig. 5, B and C and
Supplemental Fig. S7). In contrast to what we observed before in wild
type mice or rats, these immune-compromised animals presented with a
more severe form of VIPN that was not limited to the sensory nerves,
but also affected nerve conduction in the sciatic nerve. This was shown
by the fact that CMAP amplitudes measured at the gastrocnemius
muscle were also reduced after vincristine treatment (Fig. 5C). Inhibi-
tion of HDAC6 during chemotherapy completely prevented vincristine
neurotoxicity, both in the sensory and motor nerves (Fig. 5, B and C).
Taken together, our results strongly emphasize the potential of HDAC6
inhibitors as a therapy to treat VIPN as they do not only offer protection
against neurotoxicity, but also exert additional benefits as an anti-
cancer drug compared to vincristine alone.

3. Discussion

The development of a painful peripheral neuropathy is the dose-
limiting side effect of a variety of anti-cancer therapies and a growing
problem since cancer is becoming more and more a chronic disease
(Cavaletti and Marmiroli, 2010; Phillips and Currow, 2010). Especially
microtubule-interfering agents are well known to be neurotoxic and
drastically affect the patients' quality of life (Gennery, 1985; LaPointe
et al., 2013; Quasthoff and Hartung, 2002; Verstappen et al., 2003).
Despite the fact that the mechanisms by which these drugs target cancer
cells are well explored, the pathways causing the neuropathy remain
incompletely understood. Here, we used rodent models to study the
pathophysiology of chemotherapy-related neurotoxicity. Treatment

Fig. 2. HDAC6-inhibition restores the levels of acetylated α-tubulin in mice treated with vincristine. (A–D) Representative western blots from the saphenous nerve, sciatic nerve, DRGs
and spinal cord, isolated from mice treated with vehicle, vincristine alone, or in combination with the HDAC6 inhibitor ACY-738 during a period of 4 weeks. (E–H) Quantification of the
protein levels of acetylated α-tubulin in the saphenous nerve, DRGs, sciatic nerve and spinal cord. Calnexin was used to correct for unequal loading. Bars represent mean ± SEM. N = 9
animals per group pooled from 3 technical replicates. Two-way ANOVA revealed significant changes in α-tubulin acetylation where indicated with asterisks. *p < 0.05, **p < 0.01,
***p < 0.001.
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with vincristine resulted in a sensory axonopathy, comparable to the
phenotype reported in humans (Boehmerle et al., 2014; Gennery, 1985;
Grisold et al., 2012).

In contrast to hereditary diseases of the peripheral nervous system,
the onset of neurotoxicity in CIPN only develops after the start of the
anti-cancer treatment. This offers a major advantage and allows for
early therapeutic intervention or even preventive treatments.
Nevertheless, available strategies are primarily intended to alleviate the
symptoms rather than to prevent the neuropathy from developing. This
is at least in part due to a lack of mechanistic insights into CIPN. Our
data suggest that disturbances in axonal transport could contribute to
VIPN and we highlight the potential of HDAC6 inhibition as a ther-
apeutic strategy to prevent vincristine-induced neurotoxicity. Indeed,
co-treatment of rodents with HDAC6 inhibitors significantly reduced
the severity of VIPN, both at the electrophysiological and at the beha-
vioral level. We demonstrate that fast axonal transport of mitochondria
was blocked by vincristine. Recently, Krukowski and colleagues sug-
gested that mitochondrial dysfunction also contributes to cisplatin-in-
duced peripheral neuropathy, a different form of CIPN (Krukowski
et al., 2017). Using ACY-1083, another HDAC6-specific inhibitor, they
were able to restore mitochondrial bioenergetics, mitochondrial axonal
transport and the cisplatin-induced phenotype (Krukowski et al., 2017).
Taken into account that vincristine inhibits the incorporation of αβ-
tubulin heterodimers into microtubules (Jordan and Wilson, 2004;
Jordanova et al., 2003), disturbances in microtubule dynamics could
underlie the defects in axonal transport.

Tubulin is highly decorated with post-translational modifications to

regulate microtubule dynamics. In a cell, there is a complex hetero-
geneity in microtubule function, each requiring a different degree of
dynamicity. In order to organize the microtubule network, multiple
combinations of post-translational modification form the so called ‘tu-
bulin code’ (Janke and Chloë Bulinski, 2011). In the axon, microtubules
are highly acetylated on lys-40 residues of α-tubulin, which has been
shown to facilitate the docking of motor proteins (Reed et al., 2006)
and to promote axonal transport (Dompierre et al., 2007). We did not
observe a strong reduction in α-tubulin acetylation in cultured DRGs.
However, it remains possible that vincristine alters the axonal tubulin
code in DRG neurons by reducing acetylation only in the distal part of
the axon. Indeed, vincristine inhibits the distal polymerization of mi-
crotubules, which is necessary for α-tubulin acetylation (Chakraborti
et al., 2016; Janke and Chloë Bulinski, 2011). This points, together with
the stocking-glove distribution observed in patients, towards VIPN as a
form of “dying-back” neuropathy (Ravula et al., 2007), but needs to be
further characterized. Inhibition of HDAC6 prevents deacetylation of
microtubules, which keeps them in a polymerized state and therefore
could have a protective effect against vincristine-induced alterations of
the tubulin code. These preserved microtubules can keep serving as
tracks for intracellular trafficking along the axon, counteracting the
dying-back neuropathy.

In vivo, the degree of α-tubulin acetylation was mildly reduced after
vincristine treatment exclusively in sensory tissues, such as the saphe-
nous nerve and DRGs, but not in sciatic nerve or spinal cord. This
correlates with the pure sensory phenotype observed in rodent models
for VIPN (our data and (Boehmerle et al., 2014)). Inhibition of HDAC6

Fig. 3. The effects of vincristine and HDAC6-inhibition on acetylated α-tubulin in neurites of cultured DRG neurons. (A) Confocal images of DRG neurons stained for acetylated α-tubulin
(green) and treated over night with different doses of vincristine in the absence or presence of the specific HDAC6 inhibitors Tubastatin A or ACY-738. Scare bar = 20 μm. (B–C)
Quantification of the levels of acetylated α-tubulin along the neurites of DRG neurons treated with vincristine alone or in combination with the HDAC6 inhibitor, ACY-738 (1 nM) (B) or
Tubastatin A (1 μM) (C). Two-way ANOVA reveals significant differences in acetylated α-tubulin levels compared to vehicle treated neurons (white asterisk). Additionally, inhibition of
HDAC6 significantly increased the acetylation of α-tubulin compared to the vincristine-treated condition (black asterisk). Bars represent the average ± SEM of 3 technical replicates. A
total of 90–180 neurites were analyzed per condition. **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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potently increased acetylated α-tubulin in vitro and in the affected
sensory tissues from animals treated with vincristine. This could pre-
vent the alterations in the dynamics of microtubules and could retain
normal axonal transport along the sensory nerves. In turn, proper ax-
onal transport ensures neuronal integrity and function, which could
explain the positive effect on the SNAP amplitudes. In general, the
amplitude is correlated with the number of functional axons within a
nerve bundle (Van Asseldonk et al., 2003). As a consequence, a pre-
ventive treatment with HDAC6 inhibitors could preserve the intra-epi-
dermal nerve fiber density, averting the symptoms of vincristine neu-
rotoxicity during chemotherapy. Moreover, HDAC6 inhibition has also
been shown to be effective in reversing neurotoxicity of cisplatin, an-
other commonly used chemotherapeutic (Krukowski et al., 2017). Al-
together, this implies that HDAC6 inhibition could be an efficient
treatment strategy, applicable to multiple forms of CIPN.

Intensive research has been done either on the anti-cancer efficacy
or on the neurological effects of vincristine, but little information is
available on the combination of both disease aspects. This is crucial in
order to translate any finding into a clinically relevant application, as
neurological treatments should not interfere with the anti-cancer effi-
cacy of chemotherapeutics. Therefore, it was essential to confirm that
HDAC6-inhibition did not neutralize the positive effects of vincristine
on tumor cells. To address this, we used a well-established cancer model
for ALL (Agliano et al., 2008). The neurological phenotype induced by
vincristine in these mice (NSG background) was more severe and not
limited to sensory neurons, in contrast with immunocompetent mice on
a C57BL6/J background. In general, sensory axons appear to be more
vulnerable in comparison to motor axons. Although the mechanisms are
largely unknown, differences in excitability, transcriptional profiles and
axonal support have been suggested to underlie the diverse sensitivity
of neuronal subtypes to stress situations (Brockington et al., 2013; Han
and Smith, 2013; Hofmeijer et al., 2013). This could also explain the

involvement of the motor axons in NSG mice, which were unaffected in
immunocompetent rodents. In fact, Höke and Ray attribute the large
variation between rodent models for CIPN to factors such as age and
gender, as well as to the genetic background of different strains (Höke
and Ray, 2014). In line with multiple studies that identified anti-pro-
liferative effects of specific HDAC6 inhibitors towards cancer cellss
(Huang et al., 2016; Jones, 2013; Mishima et al., 2015; North et al.,
2017; Santo et al., 2012; Vogl et al., 2015; Yang et al., 2013; Yee et al.,
2016, 2014), we observed that combining HDAC6 inhibitors with vin-
cristine had an additive positive effect on tumor proliferation. This
suggests that HDAC6 inhibition has its effect through a different me-
chanism compared to the vincristine effect on the reduction of tumor
proliferation. Mounting evidence indicates that HDAC6 inhibitors are
potent tumor suppressors through their effects on cell motility, onco-
genic cell transformation, cellular stress response and/or tumorigenesis
(reviewed in (Sakamoto and Aldana-Masangkay, 2011)). Furthermore,
HDAC6 expression correlates with a poor prognosis in multiple forms of
cancer (Hance et al., 2005; Manne et al., 2014; Park et al., 2015; Zhang
et al., 2017). As such, the structurally related HDAC6 inhibitors Rico-
linostat (ACY-1215) and Citarinostat (ACY-241) are currently being
tested in Phase 2 clinical trials for the treatment of multiple myeloma
(Santo et al., 2012; Yee et al., 2016, 2014). Taken together, HDAC6 is
accepted as an anti-cancer target itself, though via its actions on other
substrates than α-tubulin. These could include HSP90, cortactin, per-
oxiredoxins as well as a more general effect on inflammation, the
protein-stress response and the ubiquitin-proteasome pathway
(Sakamoto and Aldana-Masangkay, 2011; Van Helleputte et al., 2014).
Therefore, the importance of HDAC6 inhibition as an add-on therapy to
existing chemotherapies could by far exceed vincristine-based treat-
ments alone.

In conclusion, we provide evidence that HDAC6 inhibitors, such as
ACY-738 and Tubastatin A, are promising drugs for the treatment of

Fig. 4. HDAC6-inhibition rescues defects in axonal transport of mitochondria in DRG neurons treated with vincristine. (A–D) Representative images of DRG neurons in culture treated
with vehicle, vincristine alone (0.1 nM) or in combination with an HDAC6 inhibitor (ACY-738, 1 nM or Tubastatin A, 1 μM). Viable mitochondria are labelled with MitoTracker-RED.
Scale bars are 20 μm. (E–H) Corresponding kymographs, reconstituted from a live cell video of mitochondria within a single neurite, shown in the inserts of panel A–D. Stationary
mitochondria are depicted as vertical lines, whereas moving mitochondria are illustrated by a skewed line. (I, J) Quantification of stationary and moving mitochondria along the neurite
of a DRG neuron. Bars represent mean ± SEM of 6 experiments. A total of ≥30 DRG neurons per group were analyzed. Significant differences are indicated with asterisks. Two-Way
ANOVA *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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VIPN. On one hand, suppression of HDAC6 has beneficial effects on the
painful peripheral neuropathy in rodent models for VIPN, both on the
electrophysiological and on the behavioral level. These effects correlate
with a conservation of axonal transport, most likely mediated via an
increase in α-tubulin acetylation, which could counteract the neuro-
pathy and preserve the normal innervation of the skin. On the other
hand, supplementing HDAC6 inhibitors to vincristine-based che-
motherapy additionally reduced the proliferation of lymphoblastic T-
cells, without affecting the positive protective effect against vincristine
neurotoxicity. As a consequence, HDAC6 inhibitors in combination with
classical chemotherapeutics could offer major advantages for the
treatment of various types of cancers.

4. Material and methods

4.1. Animals and treatment strategies

Three to six month old male C57Bl6/J mice or six to eight week old
male Sprague-Dawley (SD) rats were provided by the KU Leuven animal
house or purchased from Envigo (Cambridgeshire, UK). All animals
were housed according to the guidelines of the KU Leuven.
Temperature (20–21 °C) and humidity (50–60%) were controlled and
animals were kept on a 12 h light – 12 h dark cycle.

Vincristine sulfate (Tocris Bioscience, Bristol, UK) was dissolved in
0.9% NaCl and administered once a week via intraperitoneal (ip) in-
jections for 3–4 consecutive weeks at a final dose of either 500 μg/kg or

Fig. 5. HDAC6-inhibition inhibits tumor progression and prevents vincristine-induced neurotoxicity in a mouse model for T-cell ALL. (A) Quantification of tumor progression over time in
sub-lethally irradiated mice injected with human CD4 expressing T-ALL cells. Animals were treated with weekly intraperitoneal (ip) injections of vehicle, vincristine alone, or in
combination with an HDAC6 inhibitor (either ACY-738 or Tubastatin A) for a period of 4 weeks. (D) Representative plots obtained after FACS analysis of blood samples. (B, C)
Determination of the neurological phenotype in mice 4 weeks after injection with human cancer cells. The sensory and motor phenotype was analyzed by determination of SNAP
amplitude (B) and CMAP amplitude (C), respectively. Graphs and bars represent mean values ± SEM. N = 5 per group and significance is indicated with asterisks. Two-Way ANOVA
*p < 0.05, **p < 0.01, ****p < 0.0001.
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300 μg/kg for mice and rats respectively. For oral delivery of ACY-738
(Acetylon Pharmaceuticals, Boston, USA), Teklad LM-485 (7912) ster-
ilizable rodent diet (Envigo) containing 100 mg/kg ACY-738 was pro-
vided ad libitum. Tubastatin A (Asclepia, Destelbergen, Belgium) was
dissolved at a concentration 50 mg/ml in DMSO and stored at −20 °C.
Aliquots were diluted in saline and administered daily ip at a dose of
25 mg/kg.

4.2. Electrophysiology

Motor and sensory nerve conduction studies were performed as
described previously with some minor changes (d'Ydewalle et al.,
2011). Rodents were anaesthetized under a 2.5 l/min oxygen flow
containing 1.5–2% isoflurane and placed on a heating pad during the
measurements in order to maintain the thermoregulation
(37 ± 0.5 °C). Nerve conduction studies were performed using pla-
tinum coated sub-dermal needle electrodes (Technomed Europe,
Maastricht, The Netherlands) and a Natus UltraPro S100 (Natus Med-
ical Incorporated, Pleasanton, USA). Compound muscle action poten-
tials (CMAPs) were determined by measuring the electrical response of
the neuromuscular unit at the gastrocnemius muscle after stimulation
of the sciatic nerve. An anode and cathode sub-dermal electrode were
positioned proximal of the sciatic notch, 0.5 cm apart from each other,
while the recording electrode was situated at the location where the
gastrocnemius muscle reached its maximal diameter. A reference elec-
trode was placed at the ankle of the animal. Sensory nerve action po-
tentials (SNAPs) were recorded along the dorsal caudal nerve. The
stimulating anode and cathode were placed at the tip of the tail, se-
parated by 0.5 cm. The recording electrode measured the response 3 cm
more proximally. The reference electrode was again positioned 0.5 cm
proximal from the recording electrode. Grounding electrodes were
positioned between the cathode and the recording electrode.

4.3. Mechanical sensitivity assay and Rotarod

Mice were placed in a 1000 cm3, and rats in a 2000 cm3 box with a
mesh floor and were allowed to acclimatize for 20–30 min. In order to
test the mechanical sensitivity, an electronic Von Frey anesthesiometer
(IITC Life Science, Woodland Hills, USA) was used. In brief, a blunt
probe with 0.8 mm tip diameter was placed on a spring that recorded
the applied pressure in an automated manner. The investigator was
trained to apply the Von Frey probe perpendicular to the middle of the
hind paw while gradually increasing the applied pressure. As the spring
was compressed, the maximal pressure to incite a reaction in the animal
was recorded. A positive reaction could be the abrupt moving, flick-
ering or licking of the paw. A total of 5 trials on the left and right hind
paw was averaged to obtain the final threshold value for each animal.
Motor coordination was analyzed with running wheel rotarod (Ugo
Basile, Monvalle, Italy). Running velocity was gradually increased from
4 to 40 rotations per minute over a timespan of 300 s. Three con-
secutive trials, separated by one minute resting, were averaged per
measurement.

4.4. Histological examination of neuromuscular junctions

Mice were euthanized with CO2 followed by cervical dislocation.
Gastrocnemius muscles were dissected, snap-frozen in liquid nitrogen-
cooled isopentane and stored at −80 °C. Twenty micron thick cryo-
sections were fixed with 4% paraformaldehyde for 15 min and rinsed
with PBS. Aspecific reactivity was blocked using 5% normal donkey
serum (Sigma-Aldrich) in PBS-0.1% Triton X-100. Nerve axons were
visualized after overnight incubation (4 °C) with antibodies directed
against the pan-neuronal marker neurofilament light-chain conjugated
to Alexa-488 (Cell Signaling Technologies; 1:500) and the presynaptic
marker synaptophysin (Cell Signaling Technologies; 1:500). Next, sec-
tions were incubated with secondary antibody (anti-rabbit Alexa-488,

1:1000, Life Technologies) and simultaneously, the neuromuscular
endplate was labelled with α-bungarotoxin conjugated to Alexa-555
(Life technologies; 1:500, 2 h at room temperature). At least 100 neu-
romuscular junctions were analyzed for innervation, as determined by
colocalization of the neurofilaments light-chain/synaptophysin and the
α-bungarotoxin labelling, on a Zeiss Axio Imager M1 microscope (Carl
Zeiss) equipped with an AxioCam MRm3 camera (Carl Zeiss,
Oberkochen, Germany).

4.5. Histological examination of skin biopsies

Skin biopsies were isolated from euthanized mice and post-fixed in
4% paraformaldehyde (Sigma-Aldrich) over night at 4 °C. Next, samples
were immersed in decalcifying solution containing 15% Sucrose
(Sigma-Aldrich), 10% ethylenediaminetetraacetic acid (E26282, Sigma-
Aldrich) and 0.07% Glycerol (Sigma-Aldrich) in PBS and gently shaken
over night at 4 °C. Skin Biopsies were cryoprotected over night in 20%
sucrose in PBS and imbedded in O.C.T. compound (VWR). Fourteen
micron thick sections were washed and permeabilized with PBS-0.3%
Triton X-100. Aspecific binding was blocked with 5% bovine serum
albumin (Sigma-Aldrich) for 1 h at room temperature. Polyclonal rabbit
anti-human PGP9.5 (CL7756AP-S, Cederlane, Burlington, Canada) was
used at a dilution of 1:800 to visualize nerve endings in skin biopsies
(over night, 4 °C). Next, sections were incubated with secondary anti-
body (anti-rabbit Alexa-488, 1:1000, Life Technologies) and auto-
fluorescence was reduced after a 3 min incubation with 1% Sudan Black
B (Sigma-Aldrich) in 70% EtOH. Representative Confocal images were
obtained on a Leica TCS SP8 confocal laser scanning microscope (Leica
Microsystems, Wetzlar, Germany). A minimum of 10 sections was
quantified per biopsy and samples of n= 3 mice were used per treat-
ment condition. Three-dimensional representations were generated
using the Leica Application Suite × software (LAS × 3.3.0, Leica
Microsystems) from 50 plane Z-stacks through a 14 μm thick section.
Scale bar = 50 μm.

4.6. DRG cultures

Mice were euthanized with CO2 and dorsal root ganglia were iso-
lated and kept in B27/Hibernate A medium (Gibco Life Technologies,
Carlsbad, USA) supplemented with 0.5 mM L-glutamine (Gibco) and
kept at 4 °C during the dissection. DRGs were transferred to B27/
Hibernate A medium and heated to 37 °C before replacing the medium
with B27/Hibernate A containing 2 mg/ml papain (Worthington
Biochemical Corporation, Lakewood, NJ) activated with 0.5 mM EDTA
and 1 mM L-cysteine (Thermo Fisher, Waltham, USA), for dissociation
of the DRGs at 37 °C for 45 min. Next, the dissociation-medium was
replaced with B27/Hibernate A medium and DRGs were thoroughly
resuspended by pipetting up and down. DRG neurons were purified on a
density gradient, consisting of 4 layers of 35%, 25%, 20% and 15%
OptiPrep (Sigma-Aldrich), centrifuged for 15 min at 800 g without ap-
plying a centrifuge brake. Next, the upper 3 ml was discarded while the
rest of the fractions were diluted in 5 ml B27/Hibernate A medium and
the pellet was discarded. In a next step the cell-suspension was cen-
trifuged at 500g for 4 min after which the supernatant was again cen-
trifuged at a higher speed (3000g) for 4 min. Both cell pellets were
combined and diluted in B27/Neurobasal A (Gibco) containing 10 ng/
ml nerve growth factor 2.5 s (Millipore, Billerica, USA) and Pen/Strep
(50 U/ml). Cells were seeded and allowed to attach for 1 h at 37 °C in a
5% CO2 incubator. Next, B27/Neurobasal A growth medium was added
and DRG neurons were allowed to grow overnight at 37 °C in 5% CO2.

4.7. Axonal transport

Fast axonal transport was measured based on the trafficking of
mitochondria along the axons of cultured DRG neurons as previously
described (d'Ydewalle et al., 2011). In brief, viable mitochondria within
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the DRG neurons were visualized using Mitotracker-RED (Life Tech-
nologies, Carlsbad, USA). DRG neuronal cultures were incubated with
50 nM Mitotracker-RED for 15 min at 37 °C in a 5% CO2 incubator.
After the medium was replaced, Mitotracker-RED was excited at
540 nm using a TILL Poly V light source (Till Photonics, Graefelfing,
Germany) and image sequences were recorded (200 images at 1 Hz)
onto a cooled CCD camera (PCO sensicam-QE) using TillVisION soft-
ware. A heated gravity-fed perfusion system with HEPES buffer, con-
taining 148 mM NaCl, 5 mM KCl, 0.1 mM MgCl2·1.6 H2O, 10 mM glu-
cose, 10 mM HEPES and 2 mM CaCl2·2.2 H2O, was used to control the
temperature (37 °C) during the experiment. Image analyses were per-
formed with Igor Pro (Wavemetrics, Portland, USA) using custom-
written routines as described before (Vanden Berghe et al., 2004). This
software generates spatio-temporal maps, or kymographs, where sta-
tionary mitochondria appear as straight lines and moving mitochondria
generate tilted lines. The numbers of stationary and moving mi-
tochondria were calculated from these maps in a semi-automated
manner by distinguishing straight and tilted lines on the kymographs.
An average of at least 10 DRG neurons per condition was obtained and
repeated for 3 experiments.

4.8. Immunofluorescence of DRG cultures

Cultured DRG neurons were fixed in 4% paraformaldehyde (Sigma-
Aldrich) for 15 min before blocking with 5% normal donkey serum
(Sigma-Aldrich) in PBS-0.1% Triton X-100 (Sigma-Aldrich). Primary
antibodies were directed against acetylated α-tubulin (Sigma-Aldrich;
1:10,000) and the neuron-specific βIII-tubulin for counterstaining
(Abcam; 1:10,000). Secondary antibodies were conjugated with Alexa-
488 and Alexa-555, respectively (Life Technologies; 1:10,000). DRG
neuronal cultures were incubated with the antibodies for 1 h at room
temperature. Fluorescent images were obtained using an AxioVision
(version 4.8, Carl Zeiss) and analysis was performed using FIJI (NIH)
with the Bioformats plugin. An average was taken of 3 repeated ex-
periments with 30–60 pictures analyzed per condition and per experi-
ment. Representative images were acquired on a Leica TCS SP8 con-
focal laser scanning microscope (Leica Microsystems).

4.9. Western blot

Tissues were homogenized in RIPA buffer complemented with a
protease inhibitor cocktail (Roche, Bazel, Switzerland) using Lysing
Matrix D beads (MP Biomedicals, Illkirch Cedex, France) and a MagNA
Lyser instrument (Roche). The following primary antibodies were di-
luted in 5% blocking buffer: rabbit anti-HDAC6 (Cell Signaling
Technologies; 1:250, overnight, RT), rabbit anti-PGP9.5 (Millipore;
1:1000, overnight, 4 °C), mouse anti-alpha-tubulin (Sigma-Aldrich;
1:10,000, overnight, 4 °C), mouse anti-acetylated alpha-tubulin (Cell
Signaling Technologies; 1:5000, overnight, 4 °C) and rabbit anti-cal-
nexin (Enzo Life Sciences; 1:2000, 1 h, RT). Secondary antibodies
conjugated with horseradish peroxidase (Dako; 1:5000, 1 h, RT) were
used prior to detection with ECL substrate (Life Technologies) with a
LAS 4000 Image Analyser (GE Healthcare, Little Chalfont, UK).
Luminescent signals were analyzed with ImageQuant TL software (GE
Healthcare). Signals were normalized to calnexin to correct for unequal
loading.

4.10. Xenograft model and flow cytometry

Human acute lymphoblastic T-cells (CCRF-CEM, ATCC®-CCL-119™)
were purchased from American Type Culture Collection (ATCC,
University Boulevard Manassas, USA) and cultured in RPMI-1640
medium (Gibco) supplemented with 10% fetal bovine serum (Gibco).
Five hundred thousand cells were resuspended in PBS and injected in-
travenously in 8–12 week old NOD.Cg-PrkdcscidIl2tm1Wjl/Szj (NSG)
mice (bred in house from stocks originally purchased from The Jackson

Laboratories Bar Harbor, USA) 24 h after sublethal irradiation (2.5 Gy
to the whole body). These animals received the same treatment with
vincristine and/or Tubastatin A as described above for the VIPN mouse
model. For practical reasons, we opted for daily ip injections with ACY-
738 (Acetylon Pharmaceuticals) instead of oral delivery. ACY-738 was
dissolved in DMSO at a stock concentration of 6 mg/ml. Stock solutions
were diluted in 5% dextrose (Sigma-Aldrich, St. Louis, USA) to reach a
final dose of 25 mg/kg. Peripheral blood was collected via sub-
mandibular bleeding. Following red blood cell lysis (0.83% NH4Cl in
0.01 M Tris-HCl, pH 7.2), cells were stained with conjugated antibodies
directed against the following markers (eBioscience, Buckinghamshire,
UK): human CD3 (clone SK7), human CD4 (clone RPA-T4) and mouse
CD4 (clone RM4-5). The number of human CD4+ cells within the cell
population gated as lymphocytes (based on the forward and side scatter
values) were determined by flow cytometry using a BD FACSCanto II
(BD Bioscience, Buckinghamshire, UK). Data were analyzed using the
FlowJo V10.1 software (Tree Star Inc., Oregon, USA). Human CD4+

cells were plotted on the x-axis versus the mouse CD4+ cells on the y-
axis. Tumor cells are represented by the humanCD4+/mouseCD4−

population, denoted in Q3.

4.11. Statistics

All statistics were performed using GraphPad Prism 7.02 (GraphPad
Software Inc., San Diego, USA). Unless otherwise specified, statistical
significance was analyzed via 2-way ANOVA grouped test. The
Bonferroni test was applied to correct for multiple testing. As appro-
priate, p < 0.05 was set as significance level.

4.12. Study approval

All procedures were conducted in accordance to the ethical stan-
dards for experiments on animals established and approved by the
Animal Ethics Committee of the KU Leuven. Experiments were con-
ducted under the ethical committee documents P182-2012 and P029-
2014.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2017.11.011.
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