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ABSTRACT

Targeting neural stem cells (NSCs) in the adult brain represents a promising approach for developing
new regenerative strategies, because these cells can proliferate, self-renew, and differentiate into new
neurons, astrocytes, and oligodendrocytes. Previous work showed that the NFL-TBS.40-63 peptide,
corresponding to thesequenceofa tubulin-binding siteonneurofilaments, can target glioblastomacells,
where it disrupts their microtubules and inhibits their proliferation. We show that this peptide targets
NSCs invitroand invivowhen injected intothecerebrospinal fluid.Althoughneurosphere formationwas
not altered by the peptide, the NSC self-renewal capacity and proliferation were reduced and were
associated with increased adhesion and differentiation. These results indicate that the NFL-TBS.40-63
peptide represents a newmolecular tool to targetNSCs todevelopnewstrategies for regenerativemed-
icine and the treatment of brain tumors. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:901–913

SIGNIFICANCE

In thepresent study, theNFL-TBS.40-63peptide targetedneural stemcells in vitrowhen isolated from
the subventricular zone and in vivo when injected into the cerebrospinal fluid present in the lateral
ventricle. The in vitro formation of neurospheres was not altered by the peptide; however, at a high
concentration of the peptide, the neural stem cell (NSC) self-renewal capacity and proliferation were
reduced and associated with increased adhesion and differentiation. These results indicate that the
NFL-TBS.40-63 peptide represents a newmolecular tool to target NSCs to develop new strategies for
regenerative medicine and the treatment of brain tumors.

INTRODUCTION

It is a major challenge to treat chronic diseases of
the central nervous system, because most active
drugs do not pass the blood-brain barrier efficiently
to allow sufficient bioavailability amounts in the
brain. Another important issue is to deliver the
highlybioactivemoleculesspecifically tothedesired
site of action to avoid secondary or toxic effects.
One promising strategy is to inject such molecules
in the cerebrospinal fluid to target neural stem cells
(NSCs). These cells are located in the neurogenic re-
gions of the adult brain (subventricular zone [SVZ],
dentate gyrus of the hippocampus) and along the
central canal of the spinal cord [1–8]. The SVZ rep-
resents the most important pool of endogenous
NSCs in the brain. They are characterized by their
capacity to self-renew, form neurospheres in cul-
ture, proliferate, and differentiate into neurons, as-
trocytes, and oligodendrocytes [9–11]. The use of
normal or genetically modified NSCs has been de-
scribed for the treatmentofneurodegenerativedis-
orders (Parkinson’s, Huntington’s, and Alzheimer’s
diseases, amyotrophic lateral sclerosis), spinal cord

lesions, and malignant glioma [12, 13]. Several
studies have also showed the recruitment of
endogenousNSCs inseveralbraindisorders. For in-
stance, in patients with multiple sclerosis, endog-
enous mobilization of NSCs from the SVZ to
striatal lesionswas observed [14]. Endogenousmi-
gration of NSCs to the glioma was also demon-
strated [15]. A recent review of clinical trials
reported the use of NSCs as a possible treatment
of neurodegenerative diseases, including amyo-
trophic lateral sclerosis, stroke, and spinal cord in-
jury [16]. Therefore, the capacity to target and
manipulate endogenous NSCs represents a promis-
ing avenue for regenerative-based therapies to in-
crease their mobilization, stimulate neurogenesis,
and avoid the occurrence of side effects [17].

A potential candidate to target NSCs is the
NFL-TBS.40-63 peptide, which corresponds to the
tubulin-binding site located on the light subunit
of neurofilaments [18]. The peptide alone, as well
as nanoparticles functionalized with the peptide,
can massively enter glioblastoma cells in vitro
and in vivo; however, the uptake is very low in
healthy cells (astrocytes and neurons) [19–21].
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Moreover, this peptide disrupts the microtubule network of glio-
blastoma cells and reduces the tumor volume in animals bearing
glioma but has no major toxicity on healthy cells. The peptide
did not damage the tissue when injected into healthy brain
[19–21]. Recentworks havealso shown that this peptide promotes
the differentiation and maturation of oligodendrocytes derived
from newborn rats in vitro [22, 23].

In the present study, we investigated the targeting capacity and
potential effectsof thispeptideonNSCs.Weshowthat thepeptide is
able to target NSCs isolated fromnewborn and adult animals in vitro
and in vivo after its injection into the lateral ventricle of adult rats.
Although the peptide showed a cytotoxic effect on the glioblastoma
cells, it has no major effect on NSCs at concentrations less than
10 mmol/l. At higher concentrations, the peptide affects their self-
renewalandproliferationabilityand increases theiradhesionanddif-
ferentiation. Together, these results indicate that theNFL-TBS.40-63
peptide represents a promising tool for targeting the delivery of bi-
ologically active proteins into NSCs and/or manipulating these cells.

MATERIALS AND METHODS

Cell Culture and Materials

Primary cultures of NSCs were derived from the SVZ of newborn
(1–5 days) and adult (,4 months) Wistar rats, as previously de-
scribed [24]. The dissociated cells were grown in minimal essential
medium-a (Thermo Fisher Scientific Life Sciences, Waltham, MA,
http://www.thermofisher.com) supplemented with 25 mmol/l
D-glucose (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com), 1 mmol/l sodium pyruvate, 15 mmol/l HEPES, 5% penicillin/
streptomycin, 1% B27 (Thermo Fisher Scientific Life Sciences), and
20 ng/ml epidermal growth factor (EGF; Promega, Madison, WI,
http://www.promega.com). After 5–7 days, the stem cells formed
floating neurospheres.

The NFL-TBS.40-63 peptide (YSSYSAPVSSSLSVRRSYSSSSGS) is
biotinylated or coupled to 5-carboxyfluorescein (5-FAM) andwas
synthesized byMillegen (Toulouse, France), Eurogentec (Seraing,
Belgium, http://www.eurogentec.com), or GeneCust (Dudelange,
Luxembourg, http://www.genecust.com). Thepeptides from these
three companies showed similar results. A scrambledpeptide (NFL-
SCR:SLGSPSSSVRASYSSSRSYVYSSS)coupledto5-FAMwasusedasa
control peptide. The composition of the NFL-SCR peptide is the
same as the NFL-TBS.40-63 peptide but the sequence is in disorder
(GeneCust). Thesepeptidesweredissolved in sterilewaterat a con-
centration of 1 mmol/l as stock solutions.

Chlorpromazinehydrochloride(50mmol/l),phorbol12-myristate
13-acetate (PMA; 10 g/ml), and 5-(N,N-dimethyl) amiloride hydro-
chloride (DAM; 1 mmol/l; Sigma-Aldrich) were used to inhibit endo-
cytosis. Wortmannin (100 nmol/l), U0126 (40 mmol/l), sunitinib
(1mmol/l; Sigma-Aldrich), genistein (400mmol/l;Merck, Kenilworth,
NJ,http://www.merck.com),andgefitinib (50mmol/l; SantaCruzBio-
technology, Santa Cruz, CA, http://www.scbt.com) were used to
inhibit the signaling pathway implicated in the endocytic machin-
ery. These reagents do not induce major toxicity in cells at these
concentrations.

Analysis of Neurosphere Formation and Self-Renewal

The neurosphere-forming properties were analyzed according to a
previouslydescribedprotocol [25] toquantify thenumberofprimary
and secondary neurospheres formed in culture. In brief, 53103 SVZ
cells were seeded per well in a 24-well plate in media containing

20 ng/ml EGF. The cells were incubated in the absence or presence
of increasing concentrations of biotinylated NFL-TBS.40-63 peptide
or with 1mg/ml colchicine (Sigma-Aldrich). After 5–7 days, the total
number of primary neurospheres and the percentage of adherent
primary neurospheres were determined in each condition usingmi-
croscope analysis. For the self-renewal assay, primary neurospheres
were collected in each condition, dissociated into single cells, and
seeded in media containing 20 ng/ml EGF. After 5 days, the total
number of secondary neurospheres was counted in each condition
usingmicroscopeanalysis.Themorphologyofprimaryneurospheres
was observed with an inverted microscope (Leica DMI6000; Leica
Biosystems, Nussloch, Germany, http://www.leicabiosystems.com)
equipped with a CoolSNAP-HQ2 camera and analyzed using
MetaMorph, version 7.1.7.0, software (Molecular Devices,
Sunnyvale, CA, http://www.moleculardevices.com). They were
also observed using scanning electron microscopy.

Flow Cytometry (Fluorescence-Activated Cell Sorting)

The uptake of 5-FAM-labeled NFL-TBS.40-63 and NFL-SCR pep-
tideswasquantified inNSCsderived fromnewbornandadult rats.
A total of 200–300 neurospheres were seeded in 35-mm dishes
and cultured for 30 minutes at 37°C in media containing 5-FAM-
labeled peptides. To quench the extracellular signal of the 5-FAM-
labeled peptides, 0.4% trypan blue (Sigma-Aldrich) was added
before analysis. To investigate the uptake molecular mechanism,
neurospheres were preincubated at 4°C for 30 minutes or with
10mmol/lsodiumazideinthepresenceof6mmol/l2-deoxy-D-glucose
to deplete cellular ATP or with different endocytosis and signaling
pathway inhibitors for 30 minutes at 37°C, as previously described
[21]. Next, 20 mmol/l 5-FAM-labeled NFL-TBS.40-63 peptide was
added to the cells for 30 minutes at 37C°. Subsequently, after centri-
fugation (5 minutes at 42g), the cells were dissociated mechanically
andwashed twicewith PBS and then resuspended in 50mg/ml propi-
dium iodide (PI; Sigma-Aldrich). The fluorescent-positive viable cells
that incorporated the 5-FAM-labeled peptide were analyzed by flow
cytometry (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ, http://
www.bd.com). The gating schemes for the flow cytometry analysis
of each sample were included in supplemental online Figure 1.

Thecell cycleofNSCswasanalyzedafter incubation for48hours
with thebiotinylatedNFL-TBS.40-63peptideorwithcolchicine, and
the DNA content was evaluated by flow cytometry. In brief,
200–300 neurospheres were seeded in 35-mm dishes and then
treated with increasing concentrations of biotinylated peptide or
with 1 mg/ml colchicine for 48 hours at 37°C. The neurospheres
were then collected in amicrocentrifuge tube. After centrifugation
(5minutesat 42g), the cellswere dissociatedmechanically andper-
meabilized with PBS-Tween 0.5% and fixed with ethanol 70%
before adding 1 mg/ml RNase (Thermo Fisher Scientific Life Sci-
ences) for 30 minutes at 37°C. The cell suspension was diluted in
10 mg/ml PI before DNA content analysis by flow cytometry to
quantify the cells in theG1, S, andG2/Mphases. Thegating schemes
for the flow cytometry analysis of each sample are shown in
supplemental online Figure 2.

The expressionof specificmarkerswas evaluated after treating
NSCs with the biotinylated NFL-TBS.40-63 peptide for 7 days. Typ-
ically, 200–300 neurospheres were seeded in 35-mm dishes and
cultured for 7daysat37°C inmedia containingbiotinylatedpeptide
at increasing concentrations or containing 1% newborn calf serum
(NBCS). After dissociation, the cells were incubated with the anti-
polysialylated-neural cell adhesion molecule (PSA-NCAM), the
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anti-A2B5 antibodies conjugated to R-phycoerythrin (Miltenyi Bio-
tech, Bergisch Gladbach, Germany, http://www.miltenyibiotech.
com), or the anti-CD90.1-PerCP-Cy5.5 (Molecular Probes; Thermo
Fisher Scientific Life Sciences) for 10 minutes at 4°C, washed, and
resuspended in 50 mg/ml PI or with calcein violet AM (Thermo
Fisher Scientific Life Sciences). The fluorescent-positive viable cells
that expressed the marker were analyzed by flow cytometry. The
gating schemes for the flow cytometry analysis of each sample
are shown in supplemental online Figure 3.

Cell Viability Assay

NSCviabilitywas determinedusing the trypanblue (Sigma-Aldrich)
exclusion technique. In brief, 200–300 neurospheres were seeded
in 24-well plate and then treatedwith increasing concentrations of
biotinylated NFL-TBS.40-63 peptide or 1 mg/ml colchicine for 72
hours at 37°C. Next, the cells were harvested and dissociated
mechanically. The number of viable cells (i.e., those not labeled
with trypan blue) was manually counted and quantified by Trypan
blue exclusion in each sample using a Zeiss microscope.

CyQUANT Cell Proliferation Assay

To analyze the peptide effect on the proliferation of NSCs, primary
neurospheresweredissociatedand53103cellsperwellwereplated
on BDCell-Tak (3.5mg/cm2 and 1.4mg/ml; BD Biosciences, San Jose,
CA, http://www.bdbiosciences.com) on a 96-well microplate. The
cells were treated with increasing concentrations of biotinylated
NFL-TBS.40-63 peptide or 1 mg/ml colchicine for 72 hours at 37°C.
After 3 washes with PBS, the cells were frozen at280°C. Finally, the
DNAconcentrationwasanalyzedusing theCyQUANTcell proliferation
assay kit (Molecular Probes; Thermo Fisher Scientific Life Sciences).

Immunofluorescence and Microscopy

The uptake of the 5-FAM-labeled NFL-TBS.40-63 peptide was visu-
alized in dissociatedNSCs incubated for 30minuteswith 20mmol/l
peptideandthenplatedonBDCell-Tak-coatedcoverslips in24-well
plates (53104cellsperwell) for1hour.AfterPBSwashing, thecells
were fixed with 4% paraformaldehyde for 15minutes and washed
three times in PBS, before mounting coverslips with ProLong Gold
antifade solution (Thermo Fisher Scientific Life Sciences). NSCs
were observed with a confocal microscope (Leica TCS SP8; Leica
Biosystems).

To visualize the peptide uptake byNSCs and the possible effect
on their microtubule network, 100 neurospheres were plated in a
24-well plate on BD Cell-Tak coverslips in 24-well plates for 24
hours. They were then incubated for 30 minutes with 20 mmol/l
5-FAM-labeled NFL-TBS.40-63 peptide to evaluate the percentage
ofcells containing thepeptideor for6hourswith40mmol/l5-FAM-
labeledNFL-TBS.40-63peptide toevaluatetheeffectof thepeptide
on the microtubule network. After PBS washing, the cells were
fixed with 4% paraformaldehyde for 15minutes andwashed three
times in PBS. Theywere then incubated in a 0.5% Triton X-100 per-
meabilization solution for 30 minutes and washed three times in
PBS before incubation in a blocking solution (1% bovine serum al-
bumin in 0.1% Triton X-100) for 1 hour. The neurospheres were
then incubated overnight at 4°C with a mouse anti-a-tubulin anti-
body (Sigma-Aldrich) 1/1,000 or with a rabbit anti-SOX2 antibody
(Thermo Fisher Scientific Life Sciences) 1/80. After three washes
in PBS, tubulin or SOX2, respectively, were revealed using Alexa
Fluor 568-labeled anti-mouse or anti-rabbit antibodies (Thermo
Fisher Scientific Life Sciences) at 1/200 dilution, for 2 hours.

Neurospheres were washed three times with PBS before adding
3mmol/l 49,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for
5 minutes. After PBS washing, coverslips were mounted with a Pro-
Long Gold antifade solution. Finally, neurospheres were observed
with an inverted fluorescent microscope (Leica DMI6000; Leica Bio-
systems) equippedwithaCoolSNAP-HQ2cameraandanalyzedusing
MetaMorph, version 7.1.7.0, software (Molecular Devices), orwith a
confocal microscope (Leica TCS SP8; Leica Biosystems).

The morphology of neurospheres was observed by incubating
dissociated NSCs on 10 mg/ml of poly-L-lysine (Sigma-Aldrich)-
coatedcoverslips in24-well plates (53103 cells perwell). TheNSCs
were treated with 0, 20, or 60 mmol/l biotinylated NFL-TBS.40-63
peptide for 7 days to obtain neurospheres. Fluorescent neuro-
spheres were obtained following washes, fixation, permeabiliza-
tion, and saturation, as previously described, and incubated
overnight at 4°C with rabbit anti-nestin antibody (R&D Systems,
Minneapolis, MN, http://www.rndsystems.com) 1/100 and Alexa
Fluor 568 anti-rabbit antibody (Thermo Fisher Scientific Life Sci-
ences) 1/200 for 2 hours. After PBS washing, the neurospheres
were incubated with 3 mmol/l DAPI for 5 minutes, and coverslips
were mounted with a ProLong Gold antifade solution. They were
finally observed with a fluorescent microscope (Leica DMR; Leica
Biosystems) equipped with a Scion Corporation camera (BioVision
Technologies, Frederick, MD, http://www.biovision-technologies.
com) and analyzed with ImageJ, version 1.43, software (NIH,
Bethesda, MD, http://www.imagej.nih.gov). Treated neurospheres
were also prepared for scanning electron microscopy observation,
after washes with 0.2mol/l cacodylate buffer (pH 7.4), fixation with
the cacodylate buffer supplemented with 2.5% glutaraldehyde for
16 hours at 4°C, and, finally, washes with this buffer.

RNA Isolation and Quantitative Reverse
Transcription-Polymerase Chain Reaction Analysis

The relative expression level of lineage-specific genes (SSEA-1,
NESTIN, S100b, GFAPa, DCX, TUBB3, CNP, and MBP), described
in Table 1, was quantified by reverse transcription-polymerase
chain reaction (RT-PCR) assay. The sequence of the primers were
optimized by Plateforme d’Analyses Cellulaire et Moléculaire,
University of Angers. The RT-PCR experimental protocol and
the gene expression analysis were performed by this platform.
Typically, dissociated NSCs (53 105 cells) were treated for 7 days
at 37°C with or without biotinylated NFL-TBS.40-63 peptide
(20 mmol/l and 60 mmol/l) or with 1% NBCS. After cell scraping,
washingwith PBS, and cryopreservation, total RNAwas extracted
and purified using the RNeasy Micro kit (Qiagen, Courtaboeuf,
France, http://www.qiagen.com) and then converted into cDNA
using the SuperScriptTM II Reverse Transcriptase (Thermo Fisher
Scientific Life Sciences). The cDNAswere purified (Qiaquick PCRpu-
rification kit; Qiagen), and quantitative RT-PCR analysis was per-
formed using Maxima SYBR Green qPCR Master Mix (Fermentas;
Thermo Fisher Scientific Life Sciences) and primermix. The amount
of cDNA was normalized using the rat-specific glyceraldehyde-
3-phosphate dehydrogenase mRNA. The gene relative expression
levels were compared with the control condition.

Stereotaxic Injection of the Peptide and In
Vivo Investigation

All experimental procedures andanimal carewere achieved in con-
formitywith the guidelinesof the FrenchGovernment,with theap-
proval of the Local Committee for Ethics on Animal Experiments
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(Comité d’EthiqueenExpérimentationAnimaledesPays-de-la-Loire).
Thepeptide localization inthesubventricularzoneofadultWistar rats
was analyzed following its stereotaxic injection according to a previ-
ously described protocol [19].

AdultWistar female ratswereanesthetizedby intraperitoneal in-
jection of a mixture of ketamine 10% (80 mg/kg) and xylazine 2%
(10 mg/kg). The rats were then placed on a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, http://www.kopfinstruments.
com), and a sagittal incision was made through the skin to expose
the cranium in which a small hole was made using a dental drill at
theappropriatecoordinates (20.8mmanterior and1.6mmlateral
or 2mm lateral to the bregma to inject in the right lateral ventricle
or in the subventricular zone, respectively). A 20-ml volume of the
5-FAM peptide 1 mmol/l was injected using a 10-ml Hamilton
syringe (Hamilton glass syringe 70 RN) with a 32-gauge needle
(VWR International, Radnor, PA, http://www.us.vwr.com) at a
depth of 4.3 mm from the outer border of the cranium and con-
nected through a cannula to a 100-ml Hamilton 22-gauge syringe
(Hamilton glass syringe 810 RN; VWR International) containing
the peptide. A slow infusion was performed by convection-
enhanced delivery with an osmotic pump (Harvard Apparatus,
Holliston, MA, http://www.harvardapparatus.com) at a flow rate
of 0.5 ml/minute. After the injection and slow withdrawal of the
needle (0.5mm/minute), the head skinwas sutured. The ratswere
killed 1, 24, or 48 hours after the injection, and the brains were re-
moved and rapidly frozen using isopentane and liquid nitrogen.
They were conserved in a 280°C freezer before sectioning them
using a Leica cryostat (Leica Biosystems).

For immunohistochemistry, the brain sections (12 mm thick)
were fixed with cold methanol for 10 minutes, washed three times
inPBS,andblockedwithPBScontaining5%bovineserumalbuminat
room temperature for 1 hour. The sections were then incubated
overnight with mouse anti-glial fibrillary acidic protein (GFAP),
mouse anti-vimentin (Sigma-Aldrich), mouse anti-nestin (R&D Sys-
tems), mouse anti-bIII tubulin (Sigma-Aldrich), rabbit anti-CD133
(Proteintech, Rosemont, IL, http://www.ptglab.com), or rabbit
anti-Olig2 (Abcam, Cambridge, U.K., http://www.abcam.com) anti-
bodies diluted 1/200, 1/200, 1/50, 1/200, 1/100, and 1/100, respec-
tively, in PBS with 5% bovine serum albumin. After washing three
times in PBS, primary antibodies were revealed using Alexa Fluor
568-labeled anti-mouse or anti-rabbit antibodies (Thermo Fisher
Scientific Life Sciences) at a 1/200 dilution in PBS containing 5% bo-
vine serum albumin. They were incubated for 90 minutes at room
temperature and thenwashed in PBS. The brain sections were then
counterstained with 3 mmol/l DAPI for 5 minutes and rinsed twice
with PBS. Finally, the slides were mounted with the ProLong Gold
antifade reagent and observed with an inverted fluorescent

microscope (Leica DMI6000; Leica Biosystems) equipped with
a CoolSNAP-HQ2 camera and analyzed with the MetaMorph,
version 7.1.7.0, software (Molecular Devices) or with a confocal
microscope (Leica TCS SP8; Leica Biosystems).

Statistical Analysis

All experiments were repeated at least three times. For
fluorescence-activated cell sorting (FACS) analysis, 20,000 events
per sample were analyzed. The results are presented as the mean
6SEM,andthedataarepresentedasbargraphs. Statistical analysis
was performed with the Student t test using Prism, version 3.00,
software (GraphPad, San Diego, CA, http://www.graphpad.com).

RESULTS

We first investigated the in vitro and in vivo internalization of the
NFL-TBS.40-63 peptide in NSCs from newborn and adult rats and
then characterized the cellular uptake molecular mechanism. We
also analyzed the possible cellular andmolecular effects of the pep-
tide, in particular on themicrotubule network, cell cycle, and viabil-
ity of NSCs. Finally, we evaluated the consequences of the peptide
uptakeonthe fundamentalpropertiesofNSCs, including theneuro-
sphere formation, self-renewal, proliferation, and differentiation.

In Vitro Peptide Uptake in NSCs Derived From Newborn
Rats Occurs Through a Passive Transport

NSCs isolated from the SVZ fromnewborn ratswere incubatedwith
increasingconcentrationsof5-FAM-labeledpeptide for30minutes,
and the peptide incorporation was evaluated using the sensitive
FACS technique. Figure 1A shows a typical dose-dependent uptake
of the NFL-TBS.40-63 peptide in NSCs. At 5 mmol/l 5-FAM-labeled
peptide, 38.72% 6 9.08% of NSCs internalized the peptide. At
40 mmol/l, almost all NSCs were labeled with the peptide (91.07%6
5.13%).When0.4% trypanbluewas addedbefore the FACS reading
to quench the surface-bound fluorescence of the 5-FAM-labeled
peptide. The results confirmed the intracellular fluorescence of
the peptide (Fig. 1A). These resultswere also confirmed by confocal
microscopy examination of dissociated NSCs or neurospheres (Fig.
1B,1C). Theobservations clearly indicated that thepeptide ismainly
internalized in NSCs located in the neurosphere center (Fig. 1C).

The specific uptake of the peptide by NSCs was also confirmed
using the stem cell-specific marker (SOX2). Figure 1D clearly shows
colocalization of the FAM-fluorescent peptide (green) and the
SOX2-labeled NSCs (red), which are mainly localized in the center
of the neurosphere (Fig. 1D). As a control, we used a scrambled
peptide (NFL-SCR), which contains the same amino acids as the

Table 1. Primer sequences used for reverse transcription-polymerase chain reaction

Gene Full name Description NM accession no.

SSEA-1 SSEA-1 Carbohydrate epitope (NSC-specific) NM_002219

NESTIN Nestin Intermediate filament (NSC-specific) NM_001308239.1

S100b S100b Calcium binding protein (astrocyte-specific) NM_013191.1

GFAPa Glial fibrillary acidic protein a Intermediate filament (astrocyte-specific) NM_017009

DCX Doublecortin Microtubule-associated protein (neuron-specific) NM_053379

TUBB3 Tubulin, b3 class III Microtubule element (neuron-specific) NM_139254.2

CNP CNPase Myelin-associated enzyme (oligodendrocyte-specific) NM_012809.2

MBP Myelin basic protein Major constituentofmyelin sheath (oligodendrocyte-specific) NM_001025289.1

Abbreviations: CNPase, 29,39-cyclic nucleotide 39 phosphodiesterase; NM, natural mRNA; SSEA-1, stage-specific embryonic antigen 1.
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Figure 1. Uptake of the NFL-TBS.40-63 peptide in neural stem cells from newborn rats. (A): The percentage of neural stem cells (NSCs) incor-
porating5-FAM-labeledNFL-TBS.40-63peptide,with (darkcurve)andwithout (dottedcurve)0.4%trypanblue,wasanalyzedusingthefluorescence-
activated cell sorting technique. (B): Confocal microscopy of NSCs incubated with or without 20 mmol/l 5-FAM-labeled NFL-TBS.40-63 peptide

(Figure legend continues on next page.)
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NFL-TBS.40-63 peptide but in a disorganized sequence. Previous
studies showed that the NFL-SCR peptide enters much less in glio-
blastoma cells compared with the massive uptake of the NFL-
TBS.40-63 peptide [19]. Using FACS analysis, Figure 1E shows that
the NFL-SCR peptide uptake in NSCs is significantly lower than that
of theNFL-TBS.40-63 peptide,with 51.23%6 5.23%uptake forNFL-
SCR and 87.57%6 3.75% for NFL-TBS.40-63 (at 20mmol/l peptide).
These results have confirmed the importance of the sequence and
structure of the NFL-TBS.40-63 peptide for its selective entry into
NSCs, which was also demonstrated for glioblastoma cells [19, 26].

Next, we investigated the molecular mechanism responsible
for the selective uptake of the NFL-TBS.40-63 peptide. In partic-
ular,weevaluatedendocytosis anddirect translocation, twomain
pathways known for the uptake of cell-penetrating peptides [27].
The cellular uptake was first evaluated by incubating the cells at
4°C or in anATP-depleted buffer for 30minutes before adding the
peptide. Then, the peptide was added, and the cells were further
incubated in the same conditions for 30 minutes. In these condi-
tions, it is known that endocytosis, an active transport (energy- and
temperature-dependent), is blocked, but direct translocation, a
passive transport (energy- and temperature-independent), is not
[28, 29]. The peptide uptakewas not significantly affected by incu-
bation at 4°C or in the ATP-depletion buffer, indicating that the in-
ternalizationof thepeptide inNSCsoccursmainly throughapassive
mechanism(Fig.1F). Tofurther confirmthepassivetransportof the
peptide into NSCs, we also tested a panel of inhibitors for each
endocytic pathway, as well as inhibitors of signaling pathways in-
volved in the endocytic mechanism. Chlorpromazine, PMA, and
DAM inhibit clathrin-dependent endocytosis, caveolin-dependent
endocytosis, and micropinocytosis, respectively [30–32]. Genistein
inhibits receptor tyrosine kinase activation, sunitinib inhibits
VEGF receptor/platelet-derived growth factor receptor activation,
and gefitinib inhibits EGF receptor activation. The endocytosis-
associated PI3K/Akt and mitogen-activated protein kinase signaling
pathways are inhibited with Wortmannin and U0126, respectively
[33–36].Figure1GshowsthatNFL-TBS.40-63peptideuptake ispoorly
affected by the presence of these inhibitors and confirms that endo-
cytosis isnotresponsibleforthe internalizationofthispeptide inNSCs.

NFL-TBS.40-63 Peptide Has No Major Effect on the Cell
Cycle or Microtubule Network of NSCs Derived From
Newborn Rats but Decreases Their Viability

To investigate the possible effects of the NFL-TBS-40.63 peptide on
NSCs, we analyzed their cell cycle using FACS. Apart from colchicine,
used as a positive control to disrupt themicrotubule network, the cell
cycleofNSCswasnotsignificantlyaffectedbythepresenceoftheNFL-
TBS.40-63peptide (60%–65%of cells inG1phase, 10% inSphase, and
7%inG2/Mphases;Fig.2A).Theseresultsclearlyshowthat incontrast
to glioblastoma cells [18], the peptide has nomajor effect on the cell
cycle of NSCs. Moreover, examination with the inverted fluorescent

microscope (Leica DMI6000; Leica Biosytems) indicates that the cell
shape andmicrotubule network of NSCs are not affected by the pep-
tide, and colchicine provokes profound alterations (Fig. 2B).

To evaluate the viability of NSCs in the presence of increasing
concentrations of the peptide, we used the trypan blue exclusion
technique (trypan blue penetrates only in dead cells). Typically, in
the presence of low concentrations of the NFL-TBS.40-63 peptide
(10 and 20 mmol/l), no major effect on NSC viability is observed
after 72 hours at 37°C (Fig. 2C). However, the number of viable
NSCs was significantly reduced following their incubation with
higher concentrations of the peptide. At 40 mmol/l peptide, only
44.71%6 7.046%of the cells were viable (comparedwith 71.36%
6 7.923% of viable cells in the control condition). A strong cyto-
toxic effectwas observedwith 100mmol/l NFL-TBS.40-63peptide
(only 29.53%6 6.536% of NSCs were viable). As a positive control,
we incubatedNSCswith1mg/mlcolchicine,whichprovokesastrong
cytotoxic effect (only 15.70%6 2.277% of viable cells; Fig. 2C).

Other Effects of the NFL-TBS.40-63 Peptide on NSCs
Derived From Newborn Rats

When NSCs are exposed to increasing concentrations of the pep-
tide, the number of primary neurospheres (manually counted us-
ing the inverted Leica microscope) was not profoundly affected,
except at 100 mmol/l (Fig. 3A). In contrast, when primary neuro-
spheres were first cultured in the presence of the peptide and
were then dissociated and incubated only in the normal culture
medium, NSCs generated a significantly lower number of second-
ary neurospheres compared with the control (Fig. 3B). As a pos-
itive control, NSCswere incubatedwith 1mg/ml colchicine, which
disrupts bothprimary and secondary neurosphere formation (Fig.
3A, 3B). Together, these results show that the peptide has noma-
jor effect on the formation of primary neurospheres (except at
high concentrations) but affects their self-renewal.

The self-renewal disruption of NSCswas associatedwith a sig-
nificant decrease in their proliferation when incubated with the
peptide (Fig. 3C). Colchicine also significantly decreased the
NSC proliferation (Fig. 3C); however, unlike the peptide, this ef-
fect was associatedwith cell cycle alteration andmicrotubule dis-
ruption (Fig. 2A, 2B).

When NSCs were treated for 7 days with increasing concen-
trations of peptide, the typical spherical shape of neurospheres
was modified into a more flattened shape, surrounded by in-
creased adherent cells and cellular extensions. This phenomenon
was first observed at 20 mmol/l and was amplified with higher
concentrations of the peptide (Fig. 3D). The number of adherent
neurospheres was significantly increased at peptide concentra-
tions of 40 mmol/l and 60 mmol/l and no floating neurospheres
could be observed (Fig. 3E). Using scanning electron microscopy,
we confirmed this atypical shape of the adherent NSCs, together
with multiple cellular extensions, compared with the typical

(Figure legend continued from previous page.)
(green). Scale bars = 10mm. (C):Confocalmicroscopy of neurospheres incubatedwithout (control) orwith 20mmol/l 5-FAM-labeledNFL-TBS.40-63
peptide (green) immunostainedwith anti-a-tubulin (red) to reveal themicrotubule network. The nuclei were stainedwithDAPI (blue). Scale bars =
20mm(originalmagnification363)and5mm(originalmagnification3100). (D):Confocalmicroscopyofneurospheres incubatedwith20mmol/l 5-
FAM-labeledNFL-TBS.40-63peptide(green) immunostainedwithananti-SOX2antibody(red) toreveal stemcells.ThenucleiwerestainedwithDAPI
(blue). Scale bars = 50mm. (E):Percentages ofNSCs that incorporate 5-FAM-labeledNFL-TBS.40-63or scrambledpeptides (20mmol/l). Percentages
of NSCs that incorporate 5-FAM-labeled NFL-TBS.40-63 peptide (20 mmol/l), after pretreatment in an ATP-depleted buffer or at 4°C (F) or with
different endocytosis and signaling pathway inhibitors (G). Data are presented asmean6 SEM. pp, p, .01. Abbreviations: 5-FAM, 5-carboxyfluor-
escein; DAM, 5-(N,N-dimethyl) amiloride hydrochloride; DAPI, 49,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; PMA, phorbol
12-myristate 13-acetate.
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spherical shape of NSCs incubated without the NFL-TBS.40-63
peptide (Fig. 3F; supplemental online Fig. 3). Someof theseadher-
ent cells were more elongated with high peptide concentrations,
and they still expressed nestin,which is the intermediate filament
expressed specifically by NSCs [37] (Fig. 3G).

The increased attachment of NSCs at high peptide concentra-
tions is related to a weak decrease of the PSA-NCAM expression,
which was also observed when NSCs were incubated with 1%
NBCS (Fig. 3H). Finally, higher amounts of glial and neuronal pro-
genitor markers (A2B5 and CD90, respectively) were detected by
FACS when NSCs were incubated with increasing concentrations
of the peptide (Fig. 3I).

Interestingly, RT-PCRanalysis revealed that the lineageofNSC
differentiation was differently affected after incubation with the
NFL-TBS.40-63peptide for 7days. A significant downward expres-
sion of the astrocyte-lineage specific genes (S100b andGFAPa) is
observedwhenprimaryNSCswere incubatedwith 20 or 60mmol/l
the NFL-TBS.40-63 peptide, but these genes were overexpressed
when NSCs were incubated with serum (Fig. 3J). Moreover, for
some genes, differential expression was observed depending on

the peptide concentration. For instance, with the NFL-TBS.40-63
peptide at 20mmol/l, an increased expression of stem cellmarkers
(SSEA-1 and NESTIN), neuronal-lineage markers (DCX and TUBB3),
and oligodendrocyte-lineage markers (CNP) was observed. How-
ever, at a higher concentration (60 mmol/l), the peptide reduces
the expression ofDCX and TUBB3, themarkers ofmature neurons.
Finally, at high concentration, the peptide promoted an increased
expression of CNP, a marker of premature oligodendrocytes. In
contrast, the expression ofMBP, a marker of mature oligodendro-
cytes,wasdownregulated (Fig. 3J). Together, these results indicate
that theNFL-TBS.40-63peptidemodulates thedifferentNSCdiffer-
entiation pathways in a concentration-dependent fashion.

In Vitro and In Vivo Peptide Uptake in NSCs Derived
From Adult Rats

Wealso analyzed theNFL-TBS.40-63 peptide uptake in adult NSCs
in vitro by flow cytometry and in vivo by stereotaxic injection of
the peptide in the subventricular zone or in the lateral ventricle of
adult rats, followed by immunohistochemistry.

Figure 2. The NFL-TBS.40-63 peptide has no detectable effect on themicrotubule network and reduces the viability of neural stem cells. (A): The per-
centages of neural stem cells (NSCs) at G1, S, or G2/M phases of the cell cycle after treatment with colchicine or increasing concentrations of the NFL-
TBS.40-63peptide. (B):NSCswereincubatedwith20mmol/l5-FAM-labeledNFL-TBS.40-63peptide(green)andimmunostainedtoreveal themicrotubule
networkwithananti-a-tubulin (red).Thenucleiwerestainedwith49,6-diamidino-2-phenylindole (blue).Amagnificationofaregionof interest is included
(dotted framed images). Scale bars = 20 mm. (C): Percentages of viable NSCs after treatment with colchicine or increasing concentrations of the NFL-
TBS.40-63 peptide. Data are presented as mean6 SEM. p, p, .05; pp, p, .01; ppp, p, .001. Abbreviation: 5-FAM, 5-carboxyfluorescein.

Lépinoux-Chambaud, Barreau, Eyer 907

www.StemCellsTM.com ©AlphaMed Press 2016

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0221/-/DC1


Figure 3. Effects of theNFL-TBS.40-63 peptide onneural stemcell properties. (A):Number of primary neurospheres formed after incubation of
neural stem cells (NSCs)with colchicine or increasing concentrations of theNFL-TBS.40-63 peptide. (B): Self-renewalwas evaluated bymanually
counting thenumbers of secondary neurospheres after dissociationof theprimary neurospheres thatwerepreviously treatedwith colchicine or

(Figure legend continues on next page.)
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TheNSCswere isolatedfromtheSVZofadult ratsand incubated
with increasing concentrations of 5-FAM-labeled peptide for 30
minutes. The incorporation evaluated by the sensitive FACS tech-
nique showed a dose-dependent uptake of the peptide in these
cells, with typically 92.74%6 2.51% of cells containing the peptide
at 40 mmol/l, results similar to the uptake observed for NSCs iso-
lated from newborn rats (Figs. 1A, 4A).

The possibility to target in vivo the uptake of the peptide by
adultNSCswas then tested.Typically,whentheNFL-TBS.40-63pep-
tide (20 ml, at 1 mmol/l) is directly injected in the subventricular
zone, 48 hours later, the peptide was colocalized mainly with the
neural stem cell marker (CD133) but poorly or not at all with differ-
entiated cells (astrocytes [GFAP], oligodendrocytes [Olig 2], and
neurons [bIII-tubulin; Fig. 4B).

The NFL-TBS.40-63 peptide (20 ml, at 1 mmol/l) was also in-
jected in the right lateral ventricle of adult rats, and its localization
was examined 1 and 24 hours after its injection (Fig. 5A). The
SVZ was separated from the lateral ventricles by a layer of ciliated
ependymal cells that express vimentin, with GFAP-expressing cells in
the subependymal zone [7]. NSCs can be recognized with the anti-
nestin antibody. The brain sections revealed that 1 hour after its injec-
tion, the peptide was localized in the right lateral ventricle, in the
ependymal cells of the SVZ, and in the subependymal zone (Fig.
5A).Athighmagnification,confocalmicroscopeanalysis indicatedthat
thepeptide ispresent inependymalcells (vimentin-positivecells), and
some amount of peptide can cross the ependymal barrier to pene-
trate the subependymal zone (GFAP-positive cells), whereNSCs and
progenitorsare found (nestin-positivecells),withoutcausingdetect-
able cytotoxicity, even 24hours later.Whenother areas of the brain
were examined at different time points (typically 24 hours later; Fig.
5B) and at the studied concentration (20 ml, at 1 mmol/l), the pep-
tide was found only in the subventricular zone close to the right lat-
eral ventricle, but no peptide was observed in the other brain areas
(left lateral ventricle, striatum, olfactory bulbs, and hippocampus).

DISCUSSION

In the present study, we showed that the NFL-TBS.40-63 peptide is
taken up by a high percentage of NSCs derived from newborn and
adult rats through a dose-dependent uptake, as already described
forglioblastomacells [19].Recentstudiesalsoshowedinvitropeptide
uptake by astrocytes and neurons but at amuch lower amount com-
paredwith glioblastoma cells [18, 19]. However,when injected in the
striatumofnormal rats, thepeptide isnot found inhealthytissue[19].
Theseobservationswere confirmed after the injectionof the peptide
directly inthesubventricularzone,wherethepeptideonlycolocalized
withNSCsbutnotwithdifferentiatedneural cells. Recent studies also

indicated that thepeptide canpenetrate in vitro in oligodendrocytes,
preferentially differentiated oligodendrocytes than progenitors and

can promote their growth and survival [23]. Taken together, these

data indicate that the NFL-TBS.40-63 peptide massively targets glio-

blastoma andNSCs both in vitro and in vivo, but it can also penetrate

in low amounts in other type of neural cells. In vivo, when injected in

the lateral ventricle, the NFL-TBS.40-63 peptide is found in vimentin-

positive ependymal cells and can cross the ependymal wall to target

NSCs that are nestin-positive (Fig. 5). Finally, when the peptide is di-

rectly injected into the subventricular zone, it preferentially targets

CD133-positive NSCs compared with other neural cells (Fig. 4).
Aspreviously suggested, thehighproliferativeactivityof glioblas-

toma cells could account for the massive internalization of the pep-
tide; however, interestingly, the uptake molecular mechanism in
NSCs was fundamentally different from that of glioblastoma cells.
Inglioblastomacells, thepeptide is internalizedmainlybyendocytosis
[21],andinNSCs, it cantranslocatedirectly throughthemembraneby
a passive transport, which is temperature- and energy-independent.
Thiswas also confirmedusing a completepanel of inhibitors of endo-
cytosis, which did not affect the peptide uptake. It indicates that the
peptideuses a uniqueentry pathway that is different fromother cell-
penetratingpeptides, such asR8andTat,which transduce in induced
pluripotent stem cells throughmacropinocytosis, an endocytic path-
way [38]. One possibility could be that a particular composition of
these cells for lipids or phospho-lipids thatmightmodulate the trans-
location of the peptide [39, 40]. Moreover, when injected in the lat-
eral ventricleof adult rats, theNFL-TBS.40-63peptide is located in the
ependymal layer and a part of it in the subependymal area, showing
that the peptide can also enter in vivo in the SVZ to target NSCs. It is
important tonote that theependymalcellsof theSVZexpressCD133,
a stemcellmarker, andcanalso representapopulationofNSCs in the
SVZ [41]. To our knowledge, the present study is the first time that a
peptidehasbeen shown toenter so specifically andmassively in vitro
and in vivo in NSCs.

Aspreviouslydescribed, theNFL-TBS.40-63peptidehas several
specific effects on glioblastoma cells, in particular the disruption of
their microtubule network associated with a decrease of prolifer-
ation, migration, and viability at low peptide concentrations (from
5 to 10mmol/l) [18, 19]. Such a disruption of the microtubule net-
work and, consequently, the alteration of the cell cycle were not
observed in NSCs. Tubulin immunostaining in NSCs revealed a nor-
mally organized microtubule network after peptide incubation.
Longer treatment with the peptide did not affect the cell cycle
of NSCs. This suggests that the peptide interacts with a tubulin
stronglyexpressed inglioblastomacells that is absentor at lowcon-
centration in healthy cells. High levels ofbIII-tubulinwere found in
glioblastoma,andbII-tubulinwasexpressedmainly inNSCs [42,43].

(Figure legend continued from previous page.)
increasing concentrations of peptide. (C): Proliferation was evaluated by measuring the DNA concentration of NSCs treated with colchicine or
increasing concentrations of the NFL-TBS.40-63 peptide. (D): Morphology of neurospheres after incubation of NSCs without or with 20 or
60mmol/l NFL-TBS.40-63peptide. Scale bars = 30mm. (E):Percentages of adherent primary neurospheres after incubationofNSCswith increasing
concentrations of the NFL-TBS.40-63 peptide. (F): Scanning electron microscopy of NSCs treated without or with 20 mmol/l NFL-TBS.40-63 pep-
tide. Scale bars = 2 mm. (G): Primary neurospheres, treated without (control) or with 20 or 60 mmol/l NFL-TBS.40-63 peptide, were immuno-
stained with anti-nestin (green) and DAPI (blue). Scale bars = 40 mm. Percentages of NSCs that expressed PSA-NCAM (H), CD90, or A2B5 (I) after
treatment with increasing concentrations of the NFL-TBS.40-63 peptide or 1% new born calf serum (serum). Data are presented as mean6 SEM.
(J): The relative expression level of SSEA-1, NESTIN, S100b, GFAPa, DCX, TUBB3, CNP, andMBP was quantified via quantitative reverse transcription-
polymerase chain reaction analysis in NSCs treated without (control) or with 20 mmol/l and 60 mmol/l the NFL-TBS.40-63 peptide or with 1%
new born calf serum (serum). The gene relative expression levels were compared with the control condition. Data are presented as mean 6
SEM. p, p, .05; pp, p, .01; ppp, p, .001. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; PSA-NCAM, polysialylated-neural cell adhesion
molecule.
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However, the viability of NSCs is affected at high concentrations
of the peptide, as observed in glioblastoma cells, but nomajor tox-
icity was observed in other healthy neural cells at high peptide
concentrations (100 mmol/l and greater) [19]. Recent work has
shown a beneficial effect of the peptide on the maturation and

differentiation of oligodendrocytes, as well as their protection

against lysophosphatidylcholine treatment [22, 23].
Finally, we investigated the effects of the NFL-TBS.40-63 pep-

tide on neurosphere formation, self-renewal proliferation, and dif-
ferentiation. When incubated in serum-free medium and EGF,

Figure4. In vitro and in vivouptake of theNFL-TBS.40-63 peptide inneural stemcells (NSCs) fromadult rats. (A):Percentages of adultNSCs that
incorporated the 5-FAM-labeled NFL-TBS.40-63 peptide. Data are presented as mean 6 SEM. (B): Confocal microscope localization of the
5-FAM-labeledNFL-TBS.40-63peptide (green) after its injection in the SVZofadult rats. At48hours after peptide injection, immunohistochemistry
wasperformedtorevealneural stemcells (CD133; red), astrocytes (GFAP; red),oligodendrocytes (Olig2; red),neurons (bIII-tubulin; red), andnuclei
(DAPI; blue).White arrows indicate colocalization of the peptidewithNSCs. Scale bars = 10mm.Abbreviations: 5-FAM,5-carboxyfluorescein; DAPI,
49,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; LV, lateral ventricle; SVZ, subventricular zone.
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NSCs proliferated and formed typical neurospheres. After dissoci-
ation, secondarysphereswere formedfromNSCs.Our results show
that the peptide has no major effect on primary neurosphere for-
mation, except at very high concentrations (100 mmol/l). More-
over, at high concentrations (greater than 40 mmol/l), the
peptide disturbs the self-renewal capacity of NSCs, decreasing
the number of secondary neurospheres compared with un-
treated cells. This effect is associated with fewer viable cells
and decreased expression of PSA-NCAM, together with increased
cell attachment. The PSA-NCAM protein characterizes the NSC
growth with limited cell-cell interactions and lower interactions

of cells with the extracellular matrix [44]. Increased NSC adhe-
sion was also reported when the cells were cultured on phos-
pholipid bilayers functionalized with different RGD-containing
peptides, probably because of increased peptide interactions
with receptors on the NSC surface [45]. Unlike these RGD pep-
tides, the NFL-TBS.40-63 peptide was internalized in NSCs, pro-
moting adhesion. Moreover, the peptide can modulate NSC
differentiation in a concentration-dependent manner. The differ-
entiation of neurons and oligodendrocytes can be induced with
a low peptide concentration. A similar effect (at 10 mmol/l NFL-
TBS.40-63 peptide) has already been described for the maturation

Figure 5. In vivo localization of the NFL-TBS.40-63 peptide after injection in the right lateral ventricle of adult rats. (A): Confocal microscope lo-
calization of the 5-FAM-labeledNFL-TBS.40-63 peptide (green) in the subventricular zone of adult rats 1 and 24 hours after its injection in the right
lateral ventricle. Immunofluorescence analysis of vimentin (red; ependymal cells), GFAP (red; subependymal cells), nestin (red; neural stem cells),
and DAPI (blue). Scale bars = 10mm. (B): Confocal microscope localization of the 5-FAM-labeled NFL-TBS.40-63 peptide (green) in different brain
areas after injection in the right lateral ventricle. Immunohistochemistry was performed to reveal astrocytes (GFAP; red) and DAPI (nuclei; blue).
Scalebars=50mm.Abbreviations:5-FAM,5-carboxyfluorescein;D,dorsal;DAPI, 49,6-diamidino-2-phenylindole;GFAP, glial fibrillaryacidicprotein;
L, left; LV, lateral ventricle; R, right; SVZ, subventricular zone; V, ventral.
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and differentiation of oligodendrocytes from glial cell cultures de-
rived from newborn rats [22, 23]. However, at higher concentra-
tions, the peptide can only promote the differentiation of cells
from the oligodendrocyte lineage but reduces their maturation.
Further investigations are necessary to determine the molecular
mechanism involved in these effects. As demonstrated in a previ-
ous study, theNFL-TBS.40-63peptide canmodulate theexpression
of a particular microRNA involved in glioblastoma pathogenesis
[46]. Thus, one possibility could be that this peptide could induce
post-translational regulation of NSCs, especially on microRNAs,
which represent key regulators of NSC properties [47].

CONCLUSION

Taken together, our data show that the NFL-TBS.40-63 peptide
can target in vitro and in vivo NSC and modulate their properties
(Fig. 6), as previously shown with the Tat and RGD peptides for
mesenchymal stem cells [48–50]. However, to our knowledge,
the Tat peptide did not show the same in vitro and in vivo NSC

targeting capacity as that with the NFL-TBS.40-63 peptide. One
possibility could be to use the NFL-TBS.40-63 peptide to function-
alize lipid nanoparticles to target their entry into NSCs, as previ-
ously shown for glioblastoma cells [20]. Complexes of plasmid
DNA and nanoparticles functionalized with the cell-penetrating
Tat peptide were proposed to genetically modify glioblastoma
andNSC cell lines [51]. Therefore, theNFL-TBS.40-63 peptide rep-
resents a promising new selective delivery system for NSCs and a
new potential application for stem cell-based therapeutic strate-
gies in several pathological conditions such as brain tumors and
neurodegenerative disorders.
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Plateforme d’Analyses Cellulaire et Moléculaire, and the staff
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