ORIGINAL ARTICLE

Journal of

Neurochemistry

@ JOURNAL OF NEUROCHEMISTRY | 2016 | 136 | 48-62

doi: 10.1111/jnc.13383

Vinorelbine and epirubicin share common features
with polysialic acid and modulate neuronal and
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Abstract

Polysialic acid (PSA), a large, linear glycan composed of 8 to
over 100 o2,8-linked sialic acid residues, modulates develop-
ment of the nervous system by enhancing cell migration, axon
pathfinding, and synaptic targeting and by regulating differen-
tiation of progenitor cells. PSA also functions in developing
and adult immune systems and is a signature of many
cancers. In this study we identified vinorelbine, a semi-
synthetic third generation vinca alkaloid, and epirubicin, an
anthracycline and 4’-epimer of doxorubicin, as PSA mimetics.
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Similar to PSA, vinorelbine and epirubicin bind to the
PSA-specific monoclonal antibody 735 and compete with the
bacterial analog of PSA, colominic acid in binding to mono-
clonal antibody 735. Vinorelbine and epirubicin stimulate
neurite outgrowth of cerebellar neurons via the neural cell
adhesion molecule, via myristoylated alanine-rich C kinase
substrate, and via fibroblast growth factor receptor, signaling
through Erk pathways. Furthermore, the two compounds
enhance process formation of Schwann cells and migration
of cerebellar neurons in culture, and reduce migration of

Epirubicin, (85,105)-10-[(3-amino-2,3,6-trideoxy-o-L-arabino-hexopyr-
anosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-
1-methoxy-5,12-naphthacenedione hydrochloride; Erk, extracellular
regulated kinase; FGFR, fibroblast growth factor receptor; HRP, horse
radish peroxidase; MARCKS, myristoylated alanine-rich C kinase
substrate; NCAM, neural cell adhesion molecule; Nitrendipine, 5-O-
ethyl-3-O-methyl-2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,
S-dicarboxylate; Nocodazole, [5-(2-thienylcarbonyl)-1H-benzimidazol-
2-yl]carbonic acid methyl ester; PBS, phosphate-buffered saline solution;
PBST, phosphate-buffered saline solution with 0.01% Tween-20; PSA,
polysialic acid; TBS, Tris-buffered saline solution; TBST, Tris-buffered
saline solution with 0.1% Tween-20; Vinorelbine, (2,3B,
48,50, 12R, 1901)-4-(acetyloxy)-6,7-didehydro-15-[(2R,6R,8S5)-4-ethyl-1,3
,6,7,8,9-hexahydro-8-(methoxycarbonyl)-2,6-methano-2H-azecino[4,3-b]
indol-8-yl]-3-hydroxy- 16-methoxy- 1 -methylaspidospermidine-3-carboxy
lic acid methyl ester.
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astrocytes after injury. These novel results show that the
structure and function of PSA can be mimicked by the small
organic compounds vinorelbine and epirubicin, thus raising the
possibility to re-target drugs used in treatment of cancers to
nervous system repair.

Polysialic acid (PSA) is a negatively charged carbohydrate
polymer consisting of o2,8-linked N-acetylneuraminic acid
units with a large hydration volume and it is important for
neural cell migration, axon pathfinding, and synaptic target-
ing during development of the nervous system (Rutishauser
2008; Hildebrandt and Dityatev 2015). In the adult nervous
system, the expression of PSA becomes restricted to regions
of neuronal and glial plasticity where it enables synaptic
plasticity (Rutishauser 2008; Bonfanti and Theodosis 2009;
Senkov et al. 2012). The major carrier of PSA in the nervous
system is the neural cell adhesion molecule NCAM and less
prominent carriers of PSA are SynCAM-1, the polysialyl-
transferase ST8Siall, neuropilin-2, and the scavenger recep-
tor CD36 (Hildebrandt and Dityatev 2015; Miihlenhoff ez al.
2013). A transient re-expression of PSA in neurons and glial
cells was detected in different lesion models using adult
animals (Brezun and Daszuta 2000; Bonfanti 2006). When
PSA was re-introduced into the adult nervous system by
implanting PSA over-expressing Schwann cells into the
spinal cord after injury, these cells exhibited improved
migration and promoted axonal regeneration, remyelination,
and functional recovery (Lavdas et al. 2006; Luo et al. 2011;
Ghosh et al. 2012). In mice expressing one of the polysia-
lyltransferases responsible for generation of PSA under
control of a glial-specific promoter, the proportion of
successfully mono-(re)innervated motor endplates in the foot
pad muscle was significantly increased (Jungnickel et al.
2012).

Altered PSA levels were found to be associated with
various neuropathological conditions (El Maarouf et al.
2005), including chronic stress (Senkov et al. 2006),
Alzheimer’s disease (Mikkonen et al. 1999; Strekalova et al.
2006), schizophrenia (Barbeau er al. 1995; Gilabert-Juan
et al. 2012), and temporal lobe epilepsy (Mikkonen et al.
1998; Pekcec et al. 2007). In the context of cancer, PSA is
aberrantly re-expressed on many tumors (Falconer et al.
2012) and may promote invasion (Suzuki et al. 2005).
Additionally, PSA was suggested to be useful to extend
circulation time and improve therapeutic efficacy when used
as the basis of drug carrier systems (Gregoriadis et al. 2001;
Bader et al. 2011). Micelles of PSA grafted with polycapro-
lactone and filled with cyclosporine A, a therapeutic used in
the treatment of rheumatoid arthritis, were shown to be taken
up by synovial fibroblasts through a non-receptor mediated
form of endocytosis and partitioning of cyclosporine A into
the membrane (Wilson et al. 2014).
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To exploit the beneficial functions of PSA for nervous
system repair we searched for small organic compounds that
mimic PSA structurally and functionally. Several studies
have been reported that use a polysialylation-based approach
to increase the pharmacokinetic stability of peptides and
proteins in biological fluids (Byrne er al. 2007), but high
expression of sialidases like Neu4 or Neul in the central
nervous system (Takahashi ef al. 2012; Sumida ez al. 2015)
make PSA vulnerable to cleavage and degradation. These
enzymes are not only present intracellularly, but were also
shown to be secreted via exosomes in the brain, to be present
at the cell surface, and to be active not only at pH 4.5 but also
at pH 7.2, the pH of the extracellular environment (Nan et al.
2007; Sumida et al. 2015). The small PSA-mimicking
organic compounds with considerable half-life in the blood
and no cleavage site for sialidases may thus prove to be
superior over native PSA. In the last years molecular
mimetics have been shown to display superior affinity and
metabolic stability in comparison to natural compounds
(Magnani and Ernst 2009). PSA-mimicking peptides, which
were developed by screening of phage display libraries with
PSA-specific monoclonal antibodies (Torregrossa et al.
2004; Mehanna et al. 2009), were shown to promote
functional recovery and plasticity after nervous system
injury (Marino et al. 2009; Mehanna et al. 2009, 2010). In
the present study, we have identified novel roles of
vinorelbine, a semi-synthetic vinca alkaloid, commercially
available as Navelbine® (Pierre Fabre Médicament, Bou-
logne, France) to treat several forms of cancer, and
epirubicin, an anthracycline and 4’-epimer of doxorubicin,
commercially available as Ellence® (Pfizer Pharmaceuticals,
New York, USA) to treat breast cancer, as PSA mimetics and
tested their functionality in vitro using neuronal and glial
cultures. Our results show that vinorelbine and epirubicin
influence the behavior of neuronal and glial cells in a manner
similar to colominic acid and PSA.

Materials and methods

Animals

C57BL/6] mice of either sex were used as wild-type mice and
obtained from the central breeding facility of the University Hospital
Hamburg-Eppendorf. NCAM-deficient (—/—) mice (Cremer et al.
1994) on the C57BL/6J background and their wild-type littermates
were used for cell culture experiments. Mice were kept under
standard laboratory conditions with food and water supply ad libitum
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and with an artificial 12-h light/dark cycle. All experiments were
conducted in accordance with the ‘Principles of laboratory animal
care’ (NIH publication No. 85-23, revised in 1985), the German and
European Community laws on protection of experimental animals,
and all procedures used were approved by the responsible commit-
tee of the State of Hamburg (permission number ORG 679). Two-
day-old Wistar rats were used for primary cortical cell culture.
Animal care and procedures were followed in accordance with the
guidelines of the Animal Ethical Committee, Guru Nanak Dev
University, Amritsar, India (permission number 226/CPCSEA).

The paper was written in compliance with the ARRIVE
guidelines for reports on animal research.

Antibodies and chemicals

In the following, purchased reagents are indicated with their
companies in brackets: colominic acid, catalase, and Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO, USA); the
PSA-mimicking peptide (NTHTDPYIYPID) with and without biotin
label (Mehanna et al. 2009), the myristoylated alanine-rich C kinase
substrate (MARCKS)-effector domain (ED) peptide (KKKKKRF
SFKKSFKLSGFSFKKNKK), and the MARCKS-ED control
peptide (KKKKKRASAKKSAKLSGASAKKNKK) (Theis et al.
2013) (Schafer-N, Copenhagen, Denmark); vinorelbine ditartrate
((2B,3B.4B,50,12R,19a1)-4-(acetyloxy)-6,7-didehydro-15-[(2R,6R,8S)
-4-ethyl-1,3,6,7,8,9-hexahydro-8-(methoxycarbonyl)-2,6-methano-
2H-azecino[4,3-b]indol-8-yl]-3-hydroxy-16-methoxy-1-methylas-
pidospermidine-3-carboxylic acid methyl ester; vinorelbine),
epirubicin hydrochloride ((8S,10S5)-10-[(3-amino-2,3,6-trideoxy-o-
L-arabino-hexopyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,1 1-trihydroxy-
8-(2-hydroxyacetyl)-1-methoxy-5,12-naphthacenedione hydrochloride;
epirubicin), nocodazole ([5-(2-thienylcarbonyl)-1H-benzimidazol-2-
yl]Jcarbonic acid methyl ester), and nitrendipine (5-O-ethyl-3-O-
methyl-2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicar-
boxylate) (Tocris Bioscience, Bristol, UK); PD166866 (1-(2-Amino-6-
(3,5-dimethoxyphenyl)pyrido [2,3-d]pyrimidin-7-yl)-3-tert-butyl urea;
fibroblast growth factor receptor tyrosine kinase inhibitor, CAS
192705-79-6) and FR180204 (extracellular regulated kinase Erk
inhibitor II, CAS 865362-74-9) (Millipore, Schwalbach, Germany);
O-phenylenediamine dihydrochloride, m-maleimido-benzoyl-N-
hydroxysuccinimidylester, stable peroxidase buffer (Thermo Scien-
tific, Dreieich, Germany); Alexa- or Cy-coupled secondary antibodies
(Jackson ImmunoResearch, Newmarket, UK or Life Technologies,
Darmstadt, Germany); horse radish peroxidase coupled secondary
antibodies for western blots (Jackson Immunoresearch or GeNei);
PSA-specific monoclonal antibody 735 and endoneuraminidase N
(EndoN) (kind gifts of R. Gerardy-Schahn, Department of Biochem-
istry, Institute for Cellular Chemistry, Hannover Medical School,
Hannover, Germany); 2B2 anti-NCAM antibody (Kleene et al.
2010), anti-PSA antibody (Millipore), and anti-NCAM antibody
(Sigma-Aldrich).

Screening of a compound library and identification of PSA
mimetics by ELISA

To identify PSA-mimicking compounds, the NIH Clinical Collection
1 Library (446 small molecules with a history of application in human
clinical trials) was screened as described previously (Loers et al.
2014). Colominic acid (CA) was coupled to catalase by reductive
amination, and peptides were coupled to catalase via their terminal

cysteine using the cross-linker m-maleimido-benzoyl-N-hydroxysuc-
cinimidylester (Wang et al. 2011). The number of coupled glycans
and peptides per catalase molecule were determined by ELISA and
western blotting and showed, in average, 2.3 coupled glycan chains or
peptides per catalase molecule. In brief, PSA-mimicking peptide or
CA coupled to catalase (3 pg/mL; 25 pL/well) were incubated with
antibody 735 (0.1 pg/mL; 25 pl/well) with phosphate-buffered
saline solution (PBS), PBS containing 1% dimethyl sulfoxide as
solvent control, or PBS containing 1% dimethyl sulfoxide with
10 uM of compounds from the library. As a positive control, antibody
735 was incubated with the PSA-mimicking peptide NTHTDPYIY-
PID; 10 uM). After incubation with secondary antibody, binding of
735 antibody was quantified using an ELISA reader (EnVision with
Plateworks software, Perkin Elmer, Waltham, MA, USA). Experi-
ments were repeated three times to reliably identify the hit
compounds.

Neurite outgrowth, neuronal migration, and process formation of
Schwann cells

Primary cultures of cerebellar neurons, cerebellar explants, dorsal
root ganglion (DRG) neurons, or Schwann cells were prepared from
cerebella, dorsal root ganglia, or sciatic nerves of 7-day-old C57BL/
6J or NCAM-deficient mice (Loers er al. 2005; Jakovcevski er al.
2009; Lieberoth et al. 2009; Mehanna et al. 2009); motoneurons
were prepared from spinal cords of E14 mice (Simova et al. 2006);
cortical neurons were prepared from cortices of 16-day-old mouse
embryos (Jara et al. 2006); hippocampal neurons and astrocytes were
prepared from early neonatal mice (Wang et al. 2011); and neurons
from cortices of rats were prepared as described previously (Alho
et al. 1988; Favaron et al. 1988). Staining of neuronal cultures
against BIII tubulin and glial fibrillary acidic protein verified that
more than 98% of the isolated hippocampal and cerebellar cells were
neurons. Schwann cells and DRG neurons were identified by their
characteristic spindle-shaped form (Schwann cells) or by their size
and dendritic tree morphology (DRG neurons). Primary cells were
treated with compounds at the indicated concentrations 1 h after
seeding. In experiments with the MARCKS-ED peptide, control
peptide, Erk inhibitor, fibroblast growth factor receptor (FGFR),
tyrosine kinase inhibitor, EndoN, peptides (20 pg/mL), enzymes
(2.5 pg/mL), or inhibitors (1 pM for Erk inhibitor 100 nM for FGFR
inhibitor) were added to the cultures 2 h before application of
colominic acid or compounds and were kept in the medium during
the experimental time period, with exception of stimulation with
colominic acid where fresh medium was added together with the
glycan. Neurite or process lengths and migration of cerebellar
neurons were quantified as described previously (Loers et al. 2005;
Jakovcevski ef al. 2009; Mehanna et al. 2009). Schwann cell
processes and neurites with lengths of at least one cell body
diameter were evaluated and total neurite or process lengths per cell
were determined from 50 cells in each of two wells per experiment.
At least three independent experiments were performed per condi-
tion. Explants were prepared from cerebella of 6-day-old C57BL/6J
mice as described previously (Jakovcevski et al. 2009) and treated
with compounds at the indicated concentrations 16 h after isolation.

Scratch injury assay, immunocytofluorescence staining, western
blot analysis, and competition ELISA
For procedures see supplementary materials and methods.
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Molecular modeling of PSA, vinorelbine, and epirubicin

A model of PSA bound to the surface of antibody 735 was
constructed using the information provided by Evans et al. (1995)
and the eight residue segment PSA docked into antibody 735 was
constructed and manipulated as described previously (Bushman
et al. 2014; Loers et al. 2014). We carried out two complementary
modeling approaches to characterize the similarity between the
putative PSA mimetics and PSA. First, in order to model the
structural and chemical ‘shape’ similarity, we compared vinorelbine
and epirubicin to a pre-existing 8mer helical model of PSA, based
on evidence that the longer helical structure of PSA is functionally
significant. Second, we carried out modeling vinorelbine and
epirubicin directly onto the structure of monoclonal antibody 735.
We used the older Evans model (Evans et al. 1995) rather than the
newer Nagae model (Nagae ef al. 2013) to be consistent with
previous docking experiments (Bushman er al. 2014; Loers et al.
2014) and because the antibody structure in both models is close to
identical (Nagae et al. 2013).

The 2D structures of vinorelbine and epirubicin from PubChem
and OpenEye OMEGA (http://www.eyesopen.com/omega) were
used to enumerate all possible low-energy 3D conformations for this
compound. OpenEye ROCS (http://www.eyesopen.com/rocs) was
used to carry out shape- and chemistry-based matching of each
conformation with the PSA template to identify the 3D conforma-
tion for vinorelbine and epirubicin that most closely matched PSA.
Vinorelbine and epirubicin were also docked to the variable region
of the antibody 735 structure using Schrodinger Glide in XP mode
(Friesner et al. 2006) to identify putative interactions with antibody
735.

Statistical analysis

The significance of values was determined by one-way analysis of
variance (ANovA) with Dunnett’s post hoc test or two-way repeated
measures ANovA followed by Tukey’s post hoc test were appropri-
ate. One-way aNova with Holm—Sidak post hoc test was used for
immunofluorescence and immunoblot intensity analyses using
SigmaStat for Windows (version 3.5, Systat Software, Inc, San
Jose, CA, USA). Values are expressed as means = SEM from at
least three independent experiments and differences were considered
significant at p < 0.05.

Results

Vinorelbine and epirubicin bind to anti-PSA antibody 735
To identify novel PSA mimetics, the NIH Clinical Collec-
tion 1 Library was screened for compounds that inhibit
binding of the PSA-mimicking peptide to the PSA receptor
site of antibody 735. Vinorelbine ditartrate,
synthetic third generation vinca alkaloid, and epirubicin
hydrochloride, an anthracycline and 4’-epimer of doxoru-
bicin, were identified via this screen as a potential PSA
mimetics (Fig. 1a).

Since PSA is a very large negatively charged molecule, we
were further interested to elucidate how the small organic
molecules can mimic this glycan. The structures of vinorel-
bine and epirubicin were therefore compared with the
predicted helical conformation of the PSA 8mer (Evans

a semi-
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et al. 1995) (Fig. 1b) by a rapid overlay of chemical
structures (ROCS). The comparison revealed a conformation
of epirubicin that matched the PSA shape obtained from the
structural model of antibody 735 (Evans ef al. 1995). The
overall similarity score obtained for epirubicin was 0.49 on a
scale of 0—2. This indicates that although epirubicin does not
contain a high degree of similarity with PSA it can adopt a
shape compatible with the van der Waals volume of the PSA
binding conformation within antibody 735. However, for
vinorelbine no conformation matching the PSA shape could
be found.

We then generated putative vinorelbine antibody 735 and
epirubicin antibody 735 model structures using the docking
software Glide (Friesner er al. 2006). The structure of the
free Fab fragment of antibody 735 predicted by Evans et al.
(1995) used for the comparisons is almost identical to a more
recently determined structure of the antigen-bound single
chain fragment variable of antibody 735 determined by
Nagae et al. (2013), leading to the expectation that modeling
by docking either structure would produce very similar
results. A comparison of the models of the PSA/antibody 735
and vinorelbine antibody 735 or epirubicin antibody 735
complexes (Fig. 1c) suggests that vinorelbine and epirubicin
bind in vicinity of the region of antibody 735 that contains
numerous hydrophobic residues that are critical for interac-
tion with PSA.

To confirm the results from the initial screen, a compe-
tition ELISA was performed with different concentrations of
vinorelbine and epirubicin and nitrendipine as negative
control. Vinorelbine and epirubicin inhibited binding of
antibody 735 to catalase carrying PSA-mimicking peptide
(data not shown) and colominic acid. This inhibition was
concentration dependent. Maximal inhibition was obtained at
approximately 80 uM (Fig. 2). At all tested concentrations,
nitrendipine was not able to impede binding of antibody 735
to colominic acid or the PSA peptide (Fig. 2a). When
cerebellar neurons were stained with PSA antibody 735 in
the absence or presence of vinorelbine, epirubicin, or PSA-
mimicking peptide, binding of the PSA antibody was
markedly reduced by vinorelbine and PSA-mimicking pep-
tide (31% of control and 12.8% of control, respectively),
decreased in the presence of epirubicin (83% of control), and
unchanged in the presence of control compound nocodazole,
showing that vinorelbine, epirubicin, and PSA-mimicking
peptide bind to PSA antibody 735 and thereby reduce PSA
antibody binding to native PSA at the cell surface (Fig. 2b
and c).

Vinorelbine and epirubicin induce neurite outgrowth and
Schwann cell process formation

To investigate if vinorelbine and epirubicin are able to func-
tionally mimic PSA, we determined the process outgrowth of
PSA-responsive neurons and glial cells. Application of
0.001-100 nM vinorelbine and epirubicin to wild-type
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Vinorelbine (score -3.58)

cerebellar granule neurons led to a concentration-dependent
increase in neurite length from 16% (epirubicin) or 36%
(vinorelbine) at 0.01 nM compound concentration to 48% or
65% (1 nM) of the neurite length of control cells only treated
with vehicle control or control compound nocodazole, which
is also a cell cycle inhibitor acting on tubulin and
microtubules similar to vinorelbine and epirubicin (Fig. 3a).
Interestingly, vinorelbine and epirubicin failed to induce
neuritogenesis in NCAM-deficient cerebellar neurons
(Fig. 3a). At all tested compound concentrations (0.001—
100 nM) no alteration in the outgrowth of NCAM-deficient
cerebellar neurons were detected (1 nM: Fig. 3a; all other
concentrations: data not shown). We hence conclude that the
PSA mimetics might act via NCAM at the neuronal cell
surface.

Comparison of the neuritogenic effects of vinorelbine,
epirubicin, and the PSA analog colominic acid revealed that
the stimulatory effects of vinorelbine and colominic acid
were similar, reaching 1.8-fold of control value with
colominic acid and 1.6-fold of control value with vinorelbine
(Fig. 3b). Epirubicin was slightly less potent with maximally

Epirubicin

Fig. 1 Structure models of polysialic acid
(PSA) and vinorelbine and epirubicin. (a)
Chemical structures of vinorelbine and
epirubicin.  (b) Configuration of PSA,
shown as a surface, superimposed with
the 3D structure of epirubicin (right) showing
that epirubicin can adopt a conformation
compatible with that of PSA when bound to
antibbody 735. No significant structural
similarity with vinorelbine is observed. (c)
Structure models of complexes between
antibody 735 and vinorelbine (left) or
epirubicin (right) suggest that the two
compounds bind to a hydrophobic region
that appears critical for interactions with

Epirubicin (score -4.49) PSA.

1.5-fold of control value. To determine if similar effects of
vinorelbine and epirubicin are observed with other PSA-
responsive neurons, motor neurons and dorsal root ganglion
neurons were cultured in the presence of colominic acid,
vinorelbine, epirubicin, and nocodazole (Fig. 3b). Colominic
acid and vinorelbine stimulated neuritogenesis of motor
neurons by 1.8-fold, epirubicin stimulated neuritogenesis by
1.5-fold, whereas the nocodazole control had no effect
(Fig. 3b). Interestingly, colominic acid stimulated neuritoge-
nesis of dorsal root ganglion neurons by 1.9-fold, but
vinorelbine and epirubicin failed to induce neuritogenesis at
nM compound concentrations and even lead to a reduction in
neurite elongation (Fig. 3b).

Similar to cerebellar neurons, process formation of Sch-
wann cells was increased by vinorelbine and epirubicin in a
concentration-dependent manner with maximal stimulation
(1.4-fold of control) at 10 nM concentration, whereas
nocodazole used as negative control was ineffective (Fig. 4).
These results show that the tested PSA mimetics stimulate
neurite outgrowth of cerebellar neurons and motor neurons
as well as process formation of Schwann cells. Using

© 2015 International Society for Neurochemistry, J. Neurochem. (2016) 136, 48-62



Vinorelbine and epirubicin mimic PSA | 53

(a) 100 “k

5 04| ——2 ==
P
=
§ 80 1\~ * * o
R e Wy ]
. * % i * %
& 60 A & " R
£ - = == Control
%‘ 50 1 Vinorelbine
E 40 == Epirubicin
£ 30 1
e
& 2
w

10 A

0 T T T T !

0 20 40 60 80 100

Compound concentration [pM]

(b)

Fig. 2 Vinorelbine and epirubicin compete
with colominic acid for binding to the
polysialic acid (PSA)-specific antibody 735.
(a) Colominic acid coupled to catalase was
immobilized in 384-wells and incubated with
antibody 735 in the presence of vinorelbine
(light gray line) or epirubicin (dark gray line)
at 100 nM-100 uM concentrations
(means + SEM). The signal from antibody
binding to colominic acid was set to 100%.
Vinorelbine and epirubicin compete with
colominic acid for binding to antibody 735

735 alone

735 + PSA peptide

735 + vinorelbine 735 + epirubicin

735 + nocodazole

in a concentration-dependent manner (c) 1204

reaching a maximal effect at 40-80 pM 3

concentrations. *p < 0.05, **p < 0.005; .E 100 A

two-way analysis of variance (anova) 9

followed by Tukey’s post hoc testing. (b) 5 801

Representative  images of cerebellar a2

neurons stained with PSA antibody mAb i 60 A

735 (Cy3; red) alone or in the presence of =

vinorelbine or epirubicin, PSA peptide 5 40 b

(positive control) or nocodazole (negative E

control). Nuclei are shown in blue. Scale T 50 *E

bar: 50 um. (c) Histogram showing the 09" i

quantification of immunostainings from 50 04 : : - -

cells (means + SEM). *p < 0.05, 735 alone 735+ 735+ 735 + PSA 735+
#%p < 0.005 (ONe-way ANOVA). vinorelbine epirubicin peptide nocodazole
NCAM-deficient neurons revealed that neuritogenesis (MARCKS-ED) abolished PSA-induced enhancement of

appears to be mediated via NCAM present at the cell surface
of wild-type cells.

Vinorelbine and epirubicin stimulate neurite outgrowth via
myristoylated alanine-rich C kinase substrate

Theis et al. (2013) demonstrated that disruption of the
interaction of PSA with MARCKS by addition of a
peptide comprising the effector domain of MARCKS

neurite outgrowth. To investigate whether vinorelbine- and
epirubicin-mediated neurite outgrowth also depend on
MARCKS, we performed neurite outgrowth experiments
using the MARCKS-ED peptide. In the presence of the
MARCKS-ED peptide, but not the control peptide, colo-
minic acid, epirubicin, and vinorelbine did not stimulate
neurite outgrowth (Fig. 5a). To get further insights into
interaction of the compounds with the PSA-binding partner
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Fig. 3 Vinorelbine and epirubicin stimulate neurite outgrowth from
wild-type neurons. (a) Vinorelbine and epirubicin but not nocodazole
stimulate concentration-dependent neurite outgrowth from wild-type
cerebellar neurons (left). Neurite outgrowth from neural cell
adhesion molecule (NCAM)-deficient cerebellar neurons in the
absence (poly-L-lysine; PLL) or presence of colominic acid (CA),
vinorelbine, epirubicin, and nocodazole (small organic compounds at
1 nM concentration, CA at 30 pg/mL; right). (b) Representative
images of cerebellar neurons, motor neurons, and dorsal root
ganglion (DRG) neurons grown in the absence (untr) or presence

MARCKS, we treated cerebellar explants with compounds
and the MARCKS-ED peptide. Explants treated with
vinorelbine or epirubicin and the MARCKS-ED peptide
showed reduced surface expression of PSA as compared to
the control groups treated with MARCKS scrambled
peptide (Fig. S1).

of vinorelbine (vino). Scale bars: 20 um. The bar diagram shows the
comparison of neurite lengths of cerebellar, motor, and dorsal root
ganglion (DRG) neurons in the absence (poly-L-lysine; PLL) or
presence of colominic acid (CA), vinorelbine, epirubicin, and noco-
dazole (small organic compounds at 1 nM concentration, CA at
30 pg/mL). (a and b) Data represent means of neurite lengths per cell
+ SEM as compared with PLL from three independent experiments.
Asterisks denote significant differences from control. **p < 0.001;
one-way or two-way (3a left panel) anova followed by Tukey’s post
hoc testing.

To investigate if the compounds directly bind to the
effector domain of MARCKS as shown for colominic acid
(Theis et al. 2013), we performed ELISA experiments and
show that the compounds compete with the PSA-mimicking
peptide for binding to the effector domain of MARCKS
(Fig. 5b), indicating that the compounds directly bind to
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MARCKS. No binding to the control peptide was observed
(data not shown).

These results suggest that vinorelbine and epirubicin
interact with the PSA-binding partner MARCKS and that
this interaction is necessary to enhance the surface expression
of PSA.

Vinorelbine and epirubicin induce neurite outgrowth via
extracellular regulated kinase and the fibroblast growth
factor receptor

Homophilic NCAM-binding was shown to induce neurite
outgrowth through pathways involving activation of FGFR
and Erk (Ditlevsen et al. 2003, 2008). To investigate whether
vinorelbine- and epirubicin-mediated neurite outgrowth does
not only depend on the presence of NCAM at the cell surface
but also on activation of the FGFR and Erk, we performed
neurite outgrowth experiments using the Erk inhibitor
FR180204 (CAS 865362-74-9) and the FGFR receptor
tyrosine kinase inhibitor PD166866 (CAS 192705-79-6). In
the presence of the FGFR and Erk inhibitors, the stimulatory
effect of colominic acid, vinorelbine, and epirubicin on neurite
outgrowth was strongly reduced, but still higher than control
values (Fig. 6). These results show that vinorelbine and
epirubicin at least partially activate the FGF receptor and Erk
pathways to enhance neurite outgrowth.

Vinorelbine and epirubicin increase migration of cerebellar

neurons and decrease migration of astrocytes

Since ectopic expression or over-expression of PSA by
Schwann cells leads to enhanced migration (Bachelin et al.
2010; Luo et al. 2011; Ghosh et al. 2012) and removal of PSA
by endoneuraminidase N impairs migration of neural progen-
itor cells (Burgess et al. 2008) as well as neuronal migration in
the embryonic cerebellum (Rieger er al. 2008), we examined if
vinorelbine and epirubicin affect migration of cells out of
cerebellar explants and migration of cultured astrocytes after
scratch injury (Fig. 7). As seen for colominic acid, low
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concentrations of vinorelbine (up to 1 nM) enhanced migra-
tion of neurons out of cerebellar explants, but higher concen-
trations (100 nM) inhibited migration (Fig. 7a). Furthermore,
most concentrations of epirubicin reduced migration of
neurons out of cerebellar explants with exception of a 1 nM
concentration, showing that vinorelbine and epirubicin are less
effective than colominic acid in this parameter. Interestingly,
10 nM epirubicin did not enhance the migration of cortical
neurons after scratch injury. Although the values were not
statistically significantly different from control values, a 1.5-
fold increase in migration of cortical neurons was observed
after treatment with vinorelbine (Fig. 7d and e). Since
vinorelbine is known to stimulate microtubule depolymeriza-
tion and to block mitotic progression at G2-M cell cycle and
epirubicin intercalates with the DNA and generates oxygen
radicals, it is likely that their PSA-mimicking effect and
stimulatory action on migrating neurons is over-ridden by
these known inhibitory effects in several of the investigated
cell types. This assumption is supported by the observed
inhibitory effect of nocodazole, a microtubule inhibitor, which
was used as control (Fig. 7a and b).

Vinorelbine and epirubicin slowed down the migration of
astrocytes after scratch injury like application of colominic acid
does. The control compound nocodazole also slowed down the
migration of astrocytes after injury although less than the
colominic acid and the PSA mimetics (Fig. 7¢). Nitrendipine,
which was used as second control compound, did not reduce or
slow down the migration of astrocytes after injury. These results
show that vinorelbine and epirubicin inhibit migration of
astrocytes after injury in a similar extent as colominic acid and
that they partially stimulate migration of neurons.

Vinorelbine and epirubicin enhance endogenous PSA
expression on cultured neurons, but removal of PSA does
not impede neurite outgrowth

In a previous study on the PSA mimetic 5-nonyloxytrypta-
mine, we showed that treatment of neurons with this
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Fig. 5 Vinorelbine and epirubicin bind with and stimulate neurite
outgrowth via myristoylated alanine-rich C kinase substrate
(MARCKS). (a) Neurite lengths of cerebellar neurons in the presence
of 1 nM vinorelbine, 1 nM epirubicin, and 30 pug/mL colominic acid,
and the MARCKS-ED and control peptides (20 pg/mL). Data represent
mean values of neurite lengths per cell + SEM as compared with PLL
from three independent experiments. Asterisks denote significant
differences from control, *p < 0.001; one-way analysis of variance
(anova). Hatches denote differences within a group, *p < 0.001. (b)
MARCKS-ED was incubated with phosphate-buffered saline solution
(PBS) (without competitor), colominic acid (CA), vinorelbine, or
epirubicin followed by addition of polysialic acid (PSA)-mimicking
peptide coupled to biotin. Binding of PSA-mimicking peptide was
detected with Streptavidin horse radish peroxidase (HRP). Data
represent means + SD from ftriplicates and three independent exper-
iments. *p < 0.05.

compound also enhanced expression of PSA and NCAM on
neurons (Loers et al. 2014). Therefore, we investigated if
vinorelbine and epirubicin also alter the expression of PSA
and its major carrier NCAM on cerebellar neurons. Levels of
endogenous PSA were enhanced after treatment with 10 nM
vinorelbine and epirubicin, but no changes in levels of
endogenous NCAM were observed (Fig. S2). In addition,
treatment of astrocytes with vinorelbine and epirubicin did
not change the levels of PSA, and treatment with vinorelbine
reduced NCAM expression by 36%. Epirubicin treatment
also reduced levels of PSA, although not significantly by
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Fig. 6 Vinorelbine and epirubicin stimulate neurite outgrowth via FGF
receptor and Erk signaling pathways. Neurite length of cerebellar
neurons grown in the presence of 1 nM vinorelbine, 1 nM epirubicin,
and colominic acid (CA at 30 ug/mL) and in the presence of the Erk
inhibitor FR180204 (CAS 865362-74-9) (1 uM) and the fibroblast
growth factor receptor (FGFR) receptor tyrosine kinase inhibitor CAS
192705-79-6 (100 nM). Data represent means of neurite lengths per
cell + SEM as compared with PLL from three independent experi-
ments. Asterisks denote significant differences from control,
*p < 0.001; one-way aNovAa. Hatches denote differences within a
group, *p < 0.001.

only 12% (Fig. S3). On astrocytes, nocodazole only slightly
enhanced PSA expression and did not change expression of
NCAM.

To investigate if the presence and up-regulation of PSA is
necessary for vinorelbine and epirubicin to stimulate neurite
outgrowth, we removed endogenous PSA by EndoN treat-
ment before addition of compounds and colominic acid and
determined neurite outgrowth (Fig. S4). In the experiments
with compounds EndoN was also present during the entire
culture period, so as to counteract the up-regulation of
endogenous PSA by compound addition. Pre-treatment of
cerebellar neurons with EndoN and presence of EndoN
during compound stimulation only led to a 4.1%, 8.8%, or
9.1% reduction in neurite lengths, when compared to values
obtained with vinorelbine, epirubicin, and colominic acid
without treatment with EndoN (Fig. S4).

These results show that the microtubule inhibitors vinorel-
bine and nocodazole as well as the topoisomerase inhibitor
epirubicin alter the expression of PSA at the surface of these
cells, but this up-regulation of PSA and the presence of PSA
at the cell surface are not necessary for stimulation of neurite
outgrowth by colominic acid as well as vinorelbine and
epirubicin.

Discussion

In the current study, we analyzed the PSA-mimicking
potential of epirubicin and vinorelbine (Table S1) which
are FDA (U.S. Food and Drug Administration)-approved
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Fig. 7 Vinorelbine and epirubicin increase migration of neurons out of
cerebellar explants and of cortical neurons, and inhibit migration of
astrocytes. (a and b) Migration of cells out of cerebellar explants was
determined 32 h after compound application [0.1-100 nM concentra-
tions (a), 1 nM (b)] and the total number of migrating cells was
determined. (c) Confluent monolayers of wild-type astrocytes were
scratched resulting in a gap of approximately 800 um (gap width was set
to 100%). Closure of the gap was measured by inverted phase contrast
microscopy from 0 to 48 h. Histograms show data representing mean

drugs for the treatment of cancers. Vinorelbine, a semi-
synthetic third generation vinca alkaloid, stimulates micro-
tubule depolymerization and mitotic spindle destruction at
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values + SEM from three independent experiments. Asterisks denote
significant differences from control. *p < 0.01; one-way AnovA. (d and e)
Monolayers of cortical neurons were injured by applying a scratch and
treated with 10 nM vinorelbine, 10 nM epirubicin, and the control
compounds 10 nM nocodazole and nitrendipine or vehicle control
(control). Phase contrast images are shown for 0 and 24 h after
scratching. Scale bar = 200 pm. Histograms represent the gap widths
in percent of the original gap width (gap size at 0 h was set to 100%)

(means + SEM, from three independent experiments).

high concentration, whereas at lower concentrations, it is
able to block mitotic progression at G2-M phase. Its main
targets are tubulin and microtubules, but it was also shown to
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inhibit the stability of the lipid bilayer membranes (Moudi
et al. 2013). Mechanism of action of the amphiphilic
anthracycline epirubicin, the 4’-epimer of doxorubicin, is
through intercalation of DNA, DNA strand breakage,
inhibition of topoisomerase II activity by stabilizing the
DNA-topoisomerase II complex, generation of oxygen and
other free radicals, resulting in interference with DNA, RNA,
and protein synthesis, and its cytocidal activity (Khasraw
et al. 2012). In agreement with the results on PSA,
epirubicin and vinorelbine bind to the PSA-specific mono-
clonal antibody 735 and compete with the PSA mimetic
peptide or colominic acid for binding to this antibody. These
small organic compounds can adopt a conformation that is
compatible with the structure of PSA, as shown by modeling
of PSA and epirubicin or vinorelbine into the antigen-binding
pocket of antibody 735. That PSA, vinorelbine, and epiru-
bicin can adopt similar conformations and thus may bind to
the same cellular receptors is strengthened by the fact that all
bind to histones: PSA binds to extracellularly localized
histone H1 (Mishra er al. 2010), vinorelbine binds to several
histones (Rabbani-Chadegani et al. 2009), and epirubicin
binds to histone H3 (Khan et al. 2012). Furthermore,
vinorelbine and epirubicin induce similar cellular responses
as colominic acid in cell culture. When applied at concen-
trations in the picomolar to low nanomolar range, vinorelbine
and epirubicin stimulate neuritogenesis of cerebellar neurons
and motor neurons as well as process formation of Schwann
cells to a similar extent as colominic acid. Interestingly, in
contrast to cerebellar neurons, outgrowth from DRG neurons
was reduced in the presence of vinorelbine and epirubicin,
but enhanced in the presence of colominic acid. Different
responses of sensory neurons to additives have been
previously observed: CD24, a highly glycosylated protein,
stimulates outgrowth from cerebellar neurons, and inhibits
outgrowth from DRG neurons. This difference was induced
by interaction of CD24 with different co-receptors of the cell
adhesion molecule L1 (Lieberoth er al. 2009). These results
suggest that different neuronal cell types express different
PSA receptors and that co-signaling pathways differ between
these cells. The different response of DRG neurons to
colominic acid versus vinorelbine and epirubicin may be due
to the fact that apart from influencing the NCAM-mediated
homophilic and heterophilic interactions, PSA also regulates
the local concentration of neurotrophins (Durbec and Cremer
2001; Ono et al. 2012) which is likely not achieved with the
compounds that are not cell surface bound. Interaction of
PSA with soluble factors depends on its degree of polymer-
ization (Kanato er al. 2008; Ono et al. 2012) and colominic
acid like PSA consists of a large number of repetitive units of
sialic acid. In contrast, the PSA mimetics are small
hydrophobic compounds which do not contain any repetitive
units and may therefore not be able to provide suitable steric
constraints which are required to interact with neurotrophins
and cell surface receptors other than NCAM.

To understand by which mechanisms the PSA mimetics
may exert their function, several pathways stimulated by
NCAM or PSA were analyzed. NCAM-deficient cerebellar
neurons were not affected by the PSA-mimicking com-
pounds, suggesting that these compounds act on cerebellar
neurons specifically through an NCAM-dependent pathway.
The observed effects of colominic acid on NCAM-deficient
cerebellar neurons is likely due to the high degree of
polymerization of colominic acid which may allow it to
interact with and mediate neurite outgrowth additionally
through soluble factors and cell surface receptors other than
NCAM. Similar results were obtained in previous experi-
ments: the PSA mimetic, 5-nonyloxytryptamine, stimulated
neurite outgrowth of NCAM-deficient hippocampal neurons,
but not of motor neurons, and the PSA mimetic, tegaserod,
enhanced outgrowth of motor neurons and cerebellar neurons
by 2-fold, whereas stimulation of DRG neurons was only
1.5-fold (Bushman ef al. 2014; Loers et al. 2014). In
agreement with the observation that PSA interacts with the
effector domain of MARCKS at and/or within the plane of
the membrane and addition of a peptide containing the
effector domain of MARCKS abolished the PSA-mediated
neurite outgrowth of hippocampal neurons (Theis et al.
2013), we here show that vinorelbine and epirubicin compete
with PSA-mimicking peptide for binding to the MARCKS-
ED peptide and that application of MARCKS-ED peptide
abolishes vinorelbine- and epirubicin-mediated neurite out-
growth and reduces surface expression of PSA in cerebellar
explants. These results show that the PSA-mimicking
compounds not only depend on the presence of NCAM at
the cell surface, but also on the interaction with MARCKS.
Removal of endogenous PSA by digestion with endoneu-
raminidase N reduces vinorelbine- and epirubicin-stimulated
neurite outgrowth only by 5-10%, suggesting that com-
pounds do not rely on the presence of PSA on the cell
surface. Furthermore, stimulation of neurite outgrowth by
colominic acid as well as the PSA mimetics was reduced in
the presence of an FGF receptor tyrosine kinase inhibitor and
an Erk inhibitor. Similar results were obtained using NIH-
3T3 cells (Li et al. 2011). PSA-stimulated migration was
paralleled by activation of the FGFR and its downstream
signaling components, phospholipase C, focal adhesion
kinase, and Erk1/2, again confirming that the PSA mimetics
depend on co-stimulation of the FGFR and Erk kinase
pathways to enhance neurite outgrowth as had been shown
for NCAM and PSA-NCAM.

Recently, several carbohydrate and glycomimetic-based
approaches have emerged in search of potential candidates to
stimulate neural repair. With PSA being involved in multiple
clinical conditions ranging from influenza virus infections
(Rameix-Welti et al. 2009), cancer (Falconer et al. 2012) to
nervous system disorders (Mikkonen et al. 1999; Atz et al.
2007; Varea et al. 2007, 2012; Tsoory et al. 2008; Brenna-
man and Maness 2010; Gilabert-Juan et al. 2012), it is a
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possible neuroprotective compound. Also, since PSA is
important for migration of cells and pathfinding by axons,
neuron—glia plasticity, and spatial learning and memory, it is
a potential candidate for regulating not only development,
but also neuroprotection in acute and chronic neurological
conditions (Parkash and Kaur 2005; Bonfanti 2000;
Rutishauser 2008; Franceschini et al. 2010; Kumar et al.
2012).

As PSA promotes dynamic cell interactions, which are
essential for plasticity of axons and their associated glia and
is essential for the induction and reversal of changes in
axonal as well as glial morphology (Monlezun et al. 2005),
we studied the effect of the PSA-mimicking compounds on
Schwann cells and astrocytes. Vinorelbine and epirubicin
enhance process formation of Schwann cells and may thus
serve for repair after peripheral nerve injury. That PSA is
beneficial for regeneration is underscored by the findings that
PSA over-expressing Schwann cells are more motile and
improve regeneration after spinal cord injury (Lavdas et al.
2006; Luo et al. 2011; Ghosh et al. 2012). Ectopic expres-
sion of polysialylated NCAM promotes adult macaque
Schwann cell migration and improves their integration into
cultured astrocytes. When transplanted into mice with focally
induced demyelination, these cells showed accelerated
recruitment to the lesion site and not only enhanced
interaction with reactive astrocytes when exiting the graft,
but also enhanced ‘chain-like’ migration along the dorsal
midline (Bachelin et al. 2010). Proliferation and migration of
reactive astrocytes is implicated in formation of the glial scar
which may inhibit or support regeneration (Sofroniew and
Vinters 2010). Therefore, the ability of epirubicin and
vinorelbine to reduce migration of astrocytes after scar
injury indicates their potential application to enhance regen-
eration after injury in the central nervous system. Further-
more, we were interested to know whether the observed
effects of the test compounds were because of their PSA-
mimicking property or their ability to enhance the expression
of endogenous PSA. The test compounds enhanced the
expression of endogenous PSA levels on cerebellar neurons,
but did not change the expression of NCAM by these cells.
The stimulation of neurite outgrowth via MARCKS and the
FGF receptor which acts via Erk signaling pathways also
strengthen the evidence that vinorelbine and epirubicin act as
PSA mimetics.
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