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Abstract

The beneficial effects of hair follicle stem cells in different animal models of nervous sys-

tem conditions have been extensively studied. While chick embryo extract (CEE) has been

used as a growth medium supplement for these stem cells, this is the first study to show

the effect of CEE on them. The rat hair follicle stem cells were isolated and supplemented

with 10% fetal bovine serum plus 10% CEE. The migration rate, proliferative capacity and

multipotency were evaluated along with morphometric alteration and differentiation direc-

tion. The proteome analysis of CEE content identified effective factors of CEE that proba-

bly regulate fate and function of stem cells. The CEE enhances the migration rate of stem

cells from explanted bulges as well as their proliferation, likely due to activation of AP-1

and translationally controlled tumour protein (TCTP) by thioredoxin found in CEE. The

increased length of outgrowth may be the result of cyclic AMP response element binding

protein (CREB) phosphorylation triggered by active CamKII contained in CEE. Further, CEE

supplementation upregulates the expression of vascular endothelial growth factor (VEGF),

brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor. The ele-

vated expression of target genes and proteins may be due to CREB, AP-1 and c-Myc acti-

vation in these stem cells. Given the increased transcript levels of neurotrophins, VEGF,

and the expression of PDGFR-α, S100B, MBP and SOX-10 protein, it is possible that CEE

promotes the fate of these stem cells towards Schwann cells.
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1 | BACKGROUND

Cell-based therapy has evolved in several aspects over the last

decades and hundreds of clinical trials have been initiated to treat a

large panel of pathological indications. Besides the therapeutic

effects elicited by the direct presence of stem cells, cell-derivatives

such as extracellular vesicles and other secretome components can

also benefit the damaged tissue or organ as critical mediators of tro-

phic factors.1 Up until now, various cell sources have been investi-

gated for cell-based therapies and regenerative medicine.2 One of

the adult multipotent stem cells that has been considered in the

treatment of various neurological conditions is a specific type of hair

follicle stem cells called epidermal neural crest stem cells (EPI-

NCSCs). These cells are remnants of the embryonic neural crest,3

residing in the bulge of adult hair follicle4 that are ontologically

related to the central nervous system (CNS) and display a high level

of physiological plasticity.5,6 These stem cells can differentiate into

various cell types, such as neurons7–11 and glial cells,12–14 and

express a variety of neurotrophic factors.15 Accordingly, they can

significantly contribute to the recovery of sensory and motor func-

tions in a mouse and rat model of spinal cord injury.16–18 In addi-

tion, transplantation of hair follicle stem cells supports the repair of

peripheral nerve defects19–21 and has benefits in a rat model of

ischemic stroke.22,23

Nowadays, several strategies are employed to comply with

large-scale production of stem cells and their derivatives in the most

efficient fashion possible to maximize their therapeutic effects.

Among introduced approaches, preconditioning has attracted much

interest as it increases cell survival rate, differentiation potential,

homing and proliferative and secretory capacities of the stem

cells.24 Preconditioning methods include hypoxia, incubation with

trophic factors/cytokines, conditioned medium from functional cells

or serum-free medium, and pretreatment with pharmacological/

chemical agents, physical factor assistance and gene manipula-

tion.25,26 The pre-exposure of stem cells to hypoxic conditions trig-

gers various protective signalling pathways, and increases cell

survival and cytokine secretion that can greatly improve the benefit

of in vivo stem cells therapy.27 Using pharmacological/chemical

agents, such as various off-label drugs, is another promising

approach that can optimize the restorative potential of transplanted

stem cells.28 The modulation of the biochemical and biophysical

microenvironment, mediated by either naturally derived or synthetic

biomaterials, is another way to influence stem cell fate and to

enhance their therapeutic potential.29 An additional strategy to

achieve successful therapeutic outcomes is the genetic modification

that induces overexpression or knock out/down of a certain gene to

improve the stem cells' inherent restorative properties.30 Although

genetically engineered stem cells are widely used in pre-clinical

investigations, there are lots of limitations and unsolved issues ham-

pering their clinical application.31 In addition, priming of stem cells

with different cytokines and growth factors is commonly used to

stimulate the secretion of anti-inflammatory and immunomodulatory

factors and to improve the immunosuppressive functions of stem

cells to withstand the harsh microenvironment of target tissues.

However, a major challenge of using this preconditioning tool is the

high costs of priming with recombinant cytokines and trophic

factors.32

Thus far, several preconditioning strategies including pharmaco-

logical/chemical agents13,15 as well as substrate stiffness priming33

have optimized the functionality of EPI-NCSCs in vitro. This study

was designed to assess the chick embryo extract (CEE) precondi-

tioning effect on the fate and function of EPI-NCSCs in culture.

CEE is a complex cocktail of growth factors that has been widely

used to supplement the growth media of various cell types, such as

neural crest stem cells (NCSCs).34–36 In the present study, CEE was

collected and used to determine whether its presence can stimulate

migration of stem cells from the hair bulge, proliferation rate of

migrated stem cells, and alter their morphology. Also, the influence

of CEE treatment on expression of key cell surface markers, differ-

entiation into osteoblast and adipocyte as well as colony-forming

efficiency were assessed. The potential of stem cells to form the

three-dimensional (3D) structure of spheroids was another subject

that was evaluated following CEE preconditioning. In addition, anal-

ysis of gene expression involved in the fate and secretion of trophic

factors was performed using reverse transcription (RT)-polymerase

chain reaction (PCR). Following gene expression analysis, immunos-

taining against specific lineage markers was carried out to define

stem cells commitment. To identify CEE relevant proteins that pos-

sibly affect migration, proliferation, gene and protein expression,

and morphological alteration of hair follicle stem cells, the proteome

content of CEE was analysed by tandem mass spectrometry.

Indeed, the beneficial role of hair follicle stem cells to reduce

pathological indications and improving tissue repair has been proven

in animal models of various neurological conditions. We, therefore,

sought to investigate if preconditioning of these stem cells with CEE

could help to acquire some desirable traits that can enhance their

therapeutic benefit in preclinical studies of central and peripheral ner-

vous system damage. We, thus provide first evidence that CEE pre-

conditioning can promote lineage commitment of hair follicle stem

cells and owing to specific proteome content might improve trans-

plantation success.

2 | METHODS

2.1 | Preparation of CEE

To prepare CEE, 11-day-old fertilized chick eggs were disinfected

using 70% ethanol. The embryos were removed from the shell

and washed with ice cold Hanks balanced salt solution, their

heads were cut off and the rest of the embryo was chopped and

centrifuged as previously described.35,37 Finally, the extract was

filtered through 0.45 and 0.22-μm filters and samples were

stored at �80�C until use. The sterility test for bacterial, fungi

and yeast contamination revealed the samples are free from

contamination.
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2.2 | Isolation, in vitro expansion and treatment
of hair follicle stem cells

Hair follicle stem cells were obtained from the bulge of rat whisker pads

hair follicles as previously described.38 Briefly, the hair follicles were

mechanically dissected from rat whisker pads and the bulge region was

excised and explanted onto collagen (1 mg/mL, Roche;

#11179179001) coated 4-well plates. The explanted bulges were fed

with alpha-modified minimum essential medium (α-MEM, Bio Idea, #

BI-1010-05) that was supplemented with 1% penicillin/streptomycin

(Bio Idea, # BI-1203), 1% L-Glu (Bio Idea, # BI-1202) and either 10%

fetal bovine serum (FBS, Bio Idea, # BI-1201) (experimental group 1, i),

20% FBS (experimental group 2, ii) or 10% FBS plus 10% CEE (experi-

mental group 3, iii). The bulges were incubated in a cell culture incuba-

tor at 37�C, 5% CO2. Following stem cell migration, cells were

subcultured at nearly 80% confluency, using 0.25% Trypsin/EDTA (Bio-

Idea, # BI-1602). In this study, the images of explanted bulges of differ-

ent experimental groups at different days of in vitro culture (DIV: 3, 5,

7 and 11) were captured with a ZOE Fluorescent Cell Imager (Bio-Rad).

To compare the number of migrated stem cells between groups, cells

were counted following first subculture, using trypan blue staining.

2.3 | Cell viability assay

To assess cellular viability, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-

nyltetrazolium Bromide (MTT) assay was performed after third subcul-

ture. Cells from the different experimental groups were seeded in a

96-well plate at an equal density of 104 cells per well and cultivated in

their respective complete growth medium at 37�C in the CO2 incuba-

tor. On the third day, the medium was discarded and 0.5 mg/mL MTT

(Sigma-Aldrich, Cat No: M5655) prepared in α-MEM was added to

each well. After 3 h incubation, the MTT solution was gently aspirated

and acidic isopropanol (0.01 N HCl in absolute isopropanol, 100 μl/

well) added to dissolve the blue formazan crystals. The developed col-

our was measured at 570 nm using a microplate reader (BioTek).

2.4 | Colony-forming assay

To compare colony-forming efficiency between experimental groups, an

in vitro colony formation assay was performed. First, 300 cells were

seeded into 6-cm plates and cultured with their corresponding growth

medium for 10 days. The colonies were fixed with 4% paraformaldehyde

(PFA) and stained with crystal violet. The number of colonies and their

sizes were defined for each individual plate and analysed with Prism soft-

ware. This experiment was performed in triplicate and repeated trice.

2.5 | Flow cytometry

The immunophenotype of cell surface markers in each experimental

group was assessed at P3 with fluorochrome-conjugated antibodies

to CD44 (CD44-FITC, BioLegend, # 203906), CD90

(CD90-PerCPCY5.5, BioLegend, # 202515), CD34 (CD34-PE,

BDBioscience, #553142) and CD45 (CD45-FITC, BDBioscience,

#550616). The assay was performed using a BD FACSCalibur (BD,

Biosciences) and final histogram was generated with FlowJo v10 soft-

ware (FlowJo LLC).

2.6 | Differentiation assay

Osteogenic differentiation of cells in different experimental groups

was induced by culturing of the cells in OsteoPlus differentiation

medium (Bioidea, #BI-1102) for 21 days. Also, lipogenic differentia-

tion was conducted in AdipoPlus medium (Bioidea, #BI-1101) for

21 days, as well. To confirm osteogenic and adipogenic differentia-

tion, cells were fixed for 20 min in 4% PFA and stained with Alizarin

Red (Bioidea, #BI-1801) to detect calcified extracellular matrix

deposits or Oil Red O (Bioidea, #BI-1802) to stain neutral lipids. After

washing, images were collected on an Olympus IX71 inverted micro-

scope (Olympus) coupled with an Olympus DP25 camera. In parallel,

the transcript level of genes related to osteogenic and adipogenic dif-

ferentiation was evaluated following 21 days of induction.

2.7 | Alkaline phosphatase activity assay

To measure alkaline phosphatase (ALP) activity, as a reliable marker

for osteogenic differentiation, cells from different experimental

groups were seeded in 6-well plate and incubated with osteogenic

medium. After 21 days of induction, cells were lysed with RIPA buffer

(Kiazist, #KRIP100) containing protease inhibitor cocktail (KPICM), fol-

lowed by centrifugation. The ALP activity was defined with the ALP

assay kit (biorexfars, #BXC0187) according to the manufactures'

instruction, and normalized to total protein concentration of each

sample measured with BCA assay kit (Kiazist, # KBCA96).

2.8 | Immunofluorescent staining

To verify the identity of migrated stem cells and their fate following

CEE treatment, immunofluorescent staining was performed. To do so,

cells of each experimental group were seeded in 4-chamber glass

slides at a density of 7.5 � 104 cells per chamber. The following day,

4% PFA was added to the cell culture medium (1:1) for 2 min, the

medium was aspirated and 1 ml of 4% PFA was added to each well

for another 10 min. Following three washes with PBS-T, cells were

blocked with blocking solution (0.1% Triton X-100, 1% FBS, 10% nor-

mal goat serum prepared in PBS) for 30 min and incubated in diluted

primary antibody solution (0.5% Triton X-100, 3% FBS prepared in

PBS) overnight at 4�C. Primary antibodies were used as follows:

mouse anti-nestin monoclonal antibody (1:50; Abcam, #ab6142), rab-

bit anti-β-tubulin polyclonal antibody (1:50, Cell Signalling, #2146s),

rabbit anti-SOX-10 polyclonal antibody (1:100, Proteintech,
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#10422-1-AP), rabbit anti-βII-tubulin polyclonal antibody (1:200,

Abcam, #ab18207), AlexaFluor488 Phalloidin (1:200, Cell Signalling,

#cs8878), chicken anti-MAP2 polyclonal antibody (1:500, Synaptic

Systems, #188006), rabbit anti-GFAP monoclonal antibody (1:500,

Cell Signalling, #12389s), rabbit anti-PDGFRα (1:200, Abcam,

#ab61219), mouse anti-S100 B (β-subunit) monoclonal antibody

(1:500, Sigma-Aldrich, #S2532), rabbit anti-Myelin Basic polyclonal

antibody (1:200, Abcam, #ab40390), rabbit anti- SOX10 polyclonal

antibody (1:100, Proteintech, #10422-1-AP), and rabbit anti-SOX10

monoclonal antibody (1:250, Abcam, #ab155279). The next day, cells

were washed thrice with PBS-T, re-blocked with 3% BSA for 10 min,

and incubated with corresponding secondary antibodies: goat anti-

mouse IgG AlexaFluor488 (1:1000, ThermoFisher, #A-11001), goat

anti-rabbit IgG AlexaFluor488 (1:1000, ThermoFisher, #A-11008), and

goat anti-chicken IgG AlexaFluor 488 (1:1000, Invitrogen, #A11039),

for 2 h at room temperature. Finally, each chamber was covered with

one drop of ProLong™ Glass Antifade Mountant with NucBlue™ Stain

(Invitrogen, # P36985) to counterstain the nuclei and a coverslip was

used to avoid sample drying. Images were captured with a Leica

DM5000B epifluorescence microscope.

2.9 | Morphological assessment

To determine the number of cells with neurites as well as the number of

neurites per cell and their length, cells were seeded on a 12-well plate at

a density of 1.5 � 105 cells/well and incubated overnight. Then, cells

were gently fixed by adding 1 ml 4% PFA to each well. After 2 min, this

solution was discarded and replaced with 4% PFA for another 10 min.

The cells were washed three times with PBS and stained with crystal vio-

let solution and images were captured using ZOE fluorescent cell imager

(Bio-Rad). Here, counting of cells with neurites and number of neurites

per cell was performed manually. To this aim, the number of cells with

neurites was counted in 33 randomly selected captured images of each

experimental group (total 70 captured images). Then the percentage of

cells with 1 to maximum 6 neurites per cell was counted. Neurite length

was also measured manually by tracing the length of the longest neurite

per cell from the edge of the nucleus to the tip of the projection (using

the measuring tool in ImageJ Fiji version 1,52r software, NIH, USA).

2.10 | Spheroid formation assay

To assess the ability of these stem cells to form spheres in different

experimental groups, following second subculture, the trypsinized stem

cells were seeded on 1% agarose coated 96-well plates at a density of

5 � 103 cells in a volume of 200 μl per well, as previously described.39

2.11 | RNA isolation and quantitative RT-PCR

Total RNA was extracted from cells grown in 6-well plates at �90%

confluency, using YTzol (Cat. No: YT9063; Yekta Tajhiz Azma, Iran)

reagent by chloroform extraction and ethanol precipitation, according

to the manufacturer's instructions, followed by measurement of total

RNA concentration and purity using NanoDrop spectrophotometer

(Thermo Scientific). cDNA was synthesized from 1 μg total RNA using

a reverse transcriptase kit (Cat No: YT4500; Yekta Tajhiz Azma). Then,

real time-PCR was performed in triplicate using RealQ Plus 2x Master

Mix Green (Cat. No: A325402; Ampliqon, Denmark) and primers

(listed in Table 1) on a ABI StepOne Real-Time PCR system (Applied

Biosystems). The reaction cycle consisted of 95�C for 15 min, fol-

lowed by 40 cycles of 95�C for 15 s, and 60�C for 1 min. The refer-

ence gene HPRT was employed as internal reference control. The

2�ΔΔCt method was used to calculate the relative changes in expres-

sion of the target genes.

2.12 | Proteome analysis of CEE content

Freshly prepared CEE was flash-frozen and subjected to proteome

analysis as previously described.40 Briefly, proteins were extracted

and trypsinated using gel-assisted sample preparation. Resulting pep-

tides were separated by liquid chromatography prior to peptide

sequence analysis by tandem mass spectrometry in data-dependent

acquisition mode on an AB Sciex TripleTOF 5600+. For protein iden-

tification, sequence data were blasted against both, the non-curated

UniProtKB/TrEMBLE and the manually annotated and non-redundant

UniProtKB/Swiss-Prot database.

2.13 | Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version

7.03, GraphPad Software Inc.). One- and two-way analysis of variance

with Tukey post hoc correction were performed, and, where appropri-

ate, t-test to detect statistical differences among the experimental

groups. p < 0.05 was considered to be statistically significant. The

data are presented as means ± SEM.

3 | RESULTS

3.1 | Characterization of EPI-NCSCs

A few days after bulge isolation from whisker pads (Figure 1A,B) and

explantation on collagen coated wells, migrating stem cells with stel-

late morphology were observed around the bulges in all primary

experimental groups (i, ii, iii) (Figure 1C). Phalloidin conjugated to

Alexa Fluor 488 was used for staining filamentous actin (F-actin)

(Figure 1D), while immunostaining of β-tubulin revealed the general

morphology of migrating stem cells (Figure 1E). Also, indirect immuno-

fluorescent staining against Nestin (marker of NCSCs) (Figure 1F) and

other NCSC markers, such as SOX-10 (Figure 1G), β-III Tubulin

(Figure 1H) and GFAP (data not shown) verified the identity of migrat-

ing cells as EPI-NCSCs.14,33 It is worth noting, that representative
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immunostaining micrographs were provided from CEE supplemented

experimental group after the first subculture.

3.2 | EPI-NCSC migration and expansion enhanced
in presence of CEE

Following the treatment of explanted bulges with different growth

media, hair bulges were evaluated at DIV 3, 5, 7 and 11 (Figure 2A).

Captured images from the same bulges at different days of culture

revealed the presence of migrating stem cells at DIV 3 in all three

experimental groups with increasing cell numbers over culture time

(Figure 2B). However, the percentage of bulges with migrating stem

cells was higher in experimental group 3, which was supplemented

with 10% FBS + 10% CEE and it significantly increased at DIV 7 and

11, compared to experimental group 2 that was supplemented with

20% FBS (Figure 2C). In addition, the number of stem cells after the

first subculture was significantly higher than in experimental group

3 than in the other groups (Figure 2D). Further, an MTT assay per-

formed at passage 3 confirmed a higher proliferation rate of stem cells

grown in medium supplemented with CEE (Figure 2E). Besides the

assessment of proliferation rate in hair follicle stem cells by means of

cell counting and MTT assay, the clonogenic and proliferation poten-

tial of these stem cells were evaluated by a colony-forming unit (CFU)

assay. Ten percent (±1.4) of passage-3 seeded hair follicle stem cells

in the CEE supplemented group were capable of forming colonies,

76% (±5.6) of which were >1 mm in diameter. Also, the 20% FBS

experimental group showed a CFU efficiency of 6% (±0.39), and

44.6% (±3.2) of these colonies had a diameter >1 mm. The 10% FBS

treated cells were least capable of colony formation, with a CFU effi-

ciency of 3.2% (±0.29), and only 13.2% (±2.6) of the colonies being

larger than 1 mm diameter in size. These findings highlight the self-

renewal capacity of migrating stem cells, which can be increased in

the presence of CEE (Figure 2F,G).

3.3 | CEE supplement preservers the multipotency
of hair follicle stem cells

Regarding the cranial origin of isolated NCSCs, these hair follicle-

derived stem cells can generate multiple cranial ectomesenchymal

structures.36 Hence, evaluation of mesenchymal stem cell markers

including CD44 and CD90 was carried out. Flow cytometry analysis

of cultured hair follicle stem cells at passage 3 showed that all experi-

mental groups featured a similar pattern of expression for CD44,

CD90, CD34 and CD45. The frequency of CD44 positivity was more

than 99.6% in all three groups. In addition, nearly all counted cells

expressed cell-surface marker CD90, while they were negative for

CD34 and CD45, which are known markers of haematopoietic stem

cells (Figure 3).

To investigate the nature and capacity of hair follicle stem cells

for osteogenic and adipogenic differentiation, differentiation assays

were performed (Figure 4A). Hair follicle stem cells of the different

experimental groups cultured under osteogenic conditions developed

different osteoblastic phenotypes. Alizarin red staining demonstrated

the presence of abundant calcified nodules in cultures of the 10%

FBS + 10% CEE treated group. This type of nodules was sparse in

cells cultured in medium supplemented with 20% FBS. Moreover, the

density of calcification in cells grown in 10% FBS supplemented

medium was lower than in the 10% FBS + 10% CEE group. Interest-

ingly, evaluation of transcript level of some osteogenic markers

including ALP, runt-related transcription factor 2 (Runx2) and bone

morphogenic protein 2 (BMP2) revealed elevated expression of these

genes in CEE supplemented group grown in osteogenic medium.

TABLE 1 List of primers and their respective amplicon length in this experiment

Gene Forward primer (50-30) Reverse primer (50-30) Amplicon length (bp)

ALP CCTGACTGACCCTTCCCTCTC CAATCCTGCCTCCTTCCACTA 101

Runx2 CGCACGACAACCGCACCAT CTCTCCGAGGGCTACAACCT 155

BMP2 GAGTTTGAGTTGAGGCTGCT GATGGCTTCTTCGTGATGGA 201

PPAR-γ AGTGGGAATTAAGGCAA CACCATGCTCTGGGTCAA 89

Nestin CAAGGTCTGGTCTGGTGTATGC GCTTTATTCAGGGAGGAAGAGAGG 106

DCX CGCCGCAGCAAGTCTCCAG TCGCCAAGTGAATCAGAGTCATCC 185

SOX-10 ACGCAGAAAGTTAGCCGACCAG CACTCTCGTTCAGCAACCTCCAG 92

β-III tubulin GCTGGAACGCATCAGTGTCTAC GCACCACTCTGACCGAAGATAAAG 162

GFAP GGGACAATCTCACACAGGACCTC CCTCCAGCGACTCAACCTTCC 162

PDGFR-α AACCGAGGAGAACAACAGTAGCC AAGAATCCGTCATGCCGAGAGG 194

MAP2 AAGCGGAAAACCACAGCAACAAG TTCTCCTCCCTGTCTCCTGATACG 176

BDNF CGATTAGGTGGCTTCATAGGAGAC CAGAACAGAACAGAACAGAACAGG 182

GDNF GCTGACCAGTGACTCCAATATGC CCTCTGCGACCTTTCCCTCTG 192

VEGF ACTTGAGTTGGGAGGAGGATGTC GGATGGGTTTGTCGTGTTTCTGG 183

HPRT CCAGCGTCGTGATTAGTGATGATG GAGCAAGTCTTTCAGTCCTGTCC 135

PANDAMOOZ ET AL. 5 of 20
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Consistent with these histological and gene expression findings, an

enhanced activity of ALP enzyme was detected in CEE group

(Figure 4B). These results suggest, that CEE preconditioning markedly

induced osteoblast differentiation of hair follicle stem cells. This find-

ing is in line with previous reports showing that CEE preconditioning

supports osteogenic differentiation of bone marrow mesenchymal

stem cells in ageing rats.41

Cultivation of hair follicle stem cells under adipogenic conditions

stimulated their differentiation into adipocytes, as assessed by Oil Red O

staining. Figure 4C shows that treatment with 20% FBS increased the

accumulation of lipid-filled cells as evidenced by the greater number and

size of droplets per cell. Notably, Oil Red O staining in the 10% FBS

+ 10% CEE group showed fewer reddish-brown droplets per microscopy

field than in the 20% FBS group. Here, the number of stained lipid drop-

lets in the 10% FBS supplemented group was less than in the two other

experimental groups. To further compare the propensity for adipogenic

differentiation between experimental groups, the transcription levels of

peroxisome proliferator-activated receptor-gamma (PPAR-γ) was ana-

lysed by qRT-PCR. This data reveals a decrease in the transcript level of

PPAR-γ in 10% FBS + 10% CEE and 10% FBS treated cells, compared

to 20% FBS supplemented cells (Figure 4C). This evidence verifies the

multipotency of migrated stem cells under CEE supplementation.

F IGURE 1 Isolation and
characterization of rat hair follicle stem
cells. (A, B) In the currrent study, the
whisker pads of rat was dissected to
isolate large hair follicles. Then, the bulge
region of the hair follicle was carefully
microdissected and explanted onto
collagen coated plates. (C) Few days later,
migrated stem cells were detected around

the explanted bulge. (D,E) The
immunostaining against phalloidin and
β-Tubulin revealed the general
morphology of stem cells. (F-H) Nestin,
SOX-10 and β-III Tubulin expression
confirmed the identity of migrated cells as
hair follicle stem cells. Cell nuclei were
counterstained with DAPI. Images are
examples of three different assessments
for each immunostaining (n = 3)
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3.4 | Morphological alterations following CEE
treatment

The morphological assessment of stem cells after treatment with

the respective growth media revealed morphological differences

between experimental groups (Figure 5A–C). Here, the 10% FBS

supplement induced neurite outgrowth in only 62% of the cells. In

contrast, 99% of stem cells cultivated in medium supplemented

with 10% FBS + 10% CEE showed neurite outgrowth (Figure 5D).

While 20% FBS seemed almost as efficient as 10% FBS + 10%

F IGURE 2 Legend on next page.

PANDAMOOZ ET AL. 7 of 20

 13652184, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cpr.13397 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CEE in inducing neurite outgrowth in EPI-NCSCs (83%), this may

not hold true for functionality. Neurite functionality is determined

by neurite count per cell and length,42,43 which allows neurons to

connect via synaptogenesis and interact with each other. Indeed,

10% FBS + 10% CEE induced a significantly higher number of

neurites per cell (Figure 5E,E0), and those neurites were signifi-

cantly longer (Figure 5F). In detail, 25.71% of cells treated with

10% FBS + 10% CEE had neurites longer than 100 microns

(Figure 5G).

3.5 | CEE induces spheroid formation
in EPI-NCSCs

Growthmedium composition also affected the ability of hair follicle stem

cells to form spheroids in vitro. To define the capacity of stem cells to

create spheroids on agarose-coated 96-well plates (Figure 6A), initial

seeding cell numbers of 750, 2000, 3000 and 5000 were selected.

According to the captured images, 5000 cells were needed to form tight

spheroids (Figure 6B). Next, the same initial cell number of 5000 was

F IGURE 2 Epidermal neural crest stem cells in vitro migration and expansion. (A) Schematic time-line protocol of the study. (B) In this study,
the explanted bulges were supplemented with different concentrations of fetal bovine serum (FBS) and chick embryo extract (CEE). Evaluation of
the bulges at DIV: 3, 5, 7 and 11 revealed increasing rates of migrating stem cells around the bulges in all experimental groups, Scale bar: 100 μm.
(C) Although the percent of bulges with migrated stem cells increased over the culture time course in all three groups, it was significantly higher in
experimental group 3 (10% FBS + 10% CEE) than in group 2 (20% FBS) at DIV: 7 and 11 (**p < 0.01, one-way ANOVA followed by post hoc

Tukey's test). (D) Also, cell count after the first subculture in experimental group 3 was significantly higher compared to the two other groups
(**p < 0.01, one-way ANOVA followed by post hoc Tukey's test). (E) Assessment of cell proliferation using MTT assay at passage 3 in the
different experimental groups showed, that growth medium supplemented with 10% FBS + 10% CEE increased significantly the proliferation rate
of stem cells (***p < 0.001, one-way ANOVA followed by post hoc Tukey's test). (F, G) Comparison of the colony-forming unit efficiency of hair
follicle stem cells treated with different growth media demonstrated that treatment with 10% FBS + 10% CEE generated a significantly larger
number of colonies over the culture period. In addition, the number of colonies with 2, 3 and 4 mm in diameter was significantly higher in 10%
FBS + 10% CEE treated cell cultures (***p < 0.001; *p < 0.05, two-way ANOVA followed by post hoc Tukey's test).

F IGURE 3 Comparison of multipotency of hair follicle stem cells treated with different growth media. Flow cytometric analysis of key
mesenchymal stem cell surface markers revealed, that almost all cells in the three experimental groups expressed CD44 and CD90, but not
haematopoietic markers (CD34 and CD45).
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seeded for each of the three experimental groups. Cells in experimental

group 3 (supplemented with 10% FBS + 10% CEE) formed single tight

round neurospheres with a minimum of unattached cells around the

main core (Figure 6C), while in other experimental groups there were

more than one cell aggregate (data not shown) with a significant number

of unattached cells remaining. Immunostaining with phalloidin and DAPI

revealed the shape of spheroid in experimental group 3 by staining of

cytoskeletal filaments and nuclei, respectively (Figure 6D).

3.6 | CEE alters the gene expression profile
of EPI-NCSCs

To obtain further insight into the molecular features of hair follicle

stem cells under different culture conditions, we evaluated the mRNA

expression levels of key genes connected to stemness, cellular

markers of early neural lineages and growth factors (Figure 7). The

gene expression level of the NCSC marker nestin increased

F IGURE 4 Comparison of osteogenic and adipogenic potential of hair follicle stem cells preconditioned with different growthmedia.
(A) Following third subculture, cells of all experimental groups were seeded in 6-well plates and incubatedwith inductionmedium for 21 days.
(B) Alizarine Red staining of cells after 21 days in osteogenic medium showed increased bonematrix mineralization in the chick embryo extract
(CEE)-supplemented group. The density of calcification in the 10% fetal bovine serum (FBS) supplemented groupwas lower than in the CEE treated
group, and the presence of calcified nodules was reduced in the 20% FBS supplemented cells. Evaluation of osteogenic markers of ALP, Runx2 and
BMP2 showed increased expression of these genes in CEE supplemented group and higher activity of ALP enzymewas detected in this group,
as well. (C) Oil RedO staining reveals an increase in the formation of lipid-droplets in cells supplemented with 20% FBS. In contrast, cells that
contained lipid vesicles were rare in cultures treated with 10% FBS + 10%CEE and 10% FBS only. Also, PPAR-γ transcription was downregulated
in 10% FBS + 10%CEE and in 10% FBS treated cells, respectively (***p < 0.001, **p < 0.01, one-way ANOVA followed by post hoc Tukey's test).
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significantly in the CEE supplemented group, indicating the ability of

CEE to preserve stem cell character. At the same time, expression of

doublecortin (DCX; a neuronal precursor marker) decreased, indicating

that the inability of CEE treatment to promote neuronal fate acquisi-

tion. In contrast, supplementation with 20% FBS increased signifi-

cantly the level of DCX transcript. Moreover, the expression level of

β-III tubulin (early neuronal marker), or GFAP (astrocyte marker)

remained unchanged, and PDGFR-α (oligodendrocyte precursor

marker) significantly increased in CEE treated stem cells.

A significantly elevated mRNA level of MAP2 (microtubule-associated

protein 2), which is a neuron-specific cytoskeletal marker (enriched in

dentrites and perikarya), was specific for the 20% FBS group. The

F IGURE 5 Morphological evaluation of stem cells in different experimental groups. (A–C) The representative images of the experimental
groups taken 12 h after the third passage depict morphological differences between them, scale bar: 100 μm. (D) In this study, the chick embryo
extract (CEE) supplemented experimental group yielded a higher percentage of cells with neurites. (E, E0) Of the neurite growing cells in the 10%
fetal bovine serum (FBS) group, the majority grew only one or two neurites, but not more than three. In the 20% FBS group, roughly 5% of cells
grew more than three neurites, while in the CEE supplemented group cells growing 3 and more neurites dominated. (F) Measurement of neurite
length showed that cells in CEE group had significantly longer neurites compared to all other groups. (G) Also, the percentage of cells with
neurites longer than 100 μm in this group was significantly greater than in the other two groups (***p < 0.001, one-way ANOVA followed by post
hoc Tukey's test).

10 of 20 PANDAMOOZ ET AL.

 13652184, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cpr.13397 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



higher expression of DCX and MAP2 in the 20% FBS supplemented

group indicates the tendency of these stem cells towards neuronal lin-

eage differentiation. High levels of the growth factors brain-derived

neurotrophic factor (BDNF) and glial cell line-derived neurotrophic

factor (GDNF), and of vascular endothelial growth factor (VEGF) were

detected in CEE supplemented stem cells (Figure 7). Elevated growth

factors levels may mediate stem cell therapeutic potential and suc-

cessful tissue regeneration.

3.7 | CEE affects the cell fate of EPI-NCSCs

Immunostaining was performed to determine the cell fate of CEE trea-

ted stem cells. We found that in concordance with gene expression

analysis, MAP2 and GFAP proteins were also expressed at very low

levels. In contrast, the majority of cells expressed PDGFR-α, S100 B and

MBP (myelin basic protein) at the protein level (Figure 8A). S100 B is a

calcium binding protein that is prevalently expressed in glial cells.44,45

Also, MBP is one of the major proteins of the CNS that is abundantly

expressed in the myelin sheath and is essential for the formation of the

dense line. Considering the expression of Nestin (Figure 1F), enhanced

levels of PDGFR-α transcript and protein and expression of S100 B and

MBP in this experimental group, it can be hypothesized that CEE con-

tent may govern the differentiation of these stem cells towards the glial

lineage and more specifically into Schwann cells.

Besides evaluation of the aforementioned genes and proteins, the

expression of SOX10 as a key transcriptional regulator of neural crest

development was assessed. SOX10 is preferentially and abundantly

expressed in glial cells and it is involved in lineage specification.46 To

define the influence of CEE on SOX10 activity, we evaluated the

expression of SOX10 in our three experimental groups. SOX10

expression was significantly decreased in the CEE supplemented

group at passage 3 (Figure 8B). The comparison of SOX10 transcript

levels between passages 1 (after their first subculture) and 3 by

RT-PCR, revealed that SOX10 transcript levels were approximately

9-fold higher in passage 1 than passage 3 (Figure 8C). However, in

contrast to the qPCR-results, immunostaining showed persistent

SOX10 protein expression in passage 3, mostly in the nucleus, where

it binds target promoter and enhancer elements to regulate gene

expression. In contrast, SOX10 was equally distributed between

F IGURE 6 Evaluation of spheroid
formation in different experimental
groups. (A, B) To define the ability of stem
cells to form spheroids on agarose coated
96-well plates, different numbers of cells
were seeded, with 5000 cells per well
yielding an appropriate spheroid
morphology, scale bar: 100 μm. (C) Next,
employing the same initial seeding cell

number of 5000 in each of the
experimental groups, cells in group
3 (supplemented with 10% fetal bovine
serum + 10% chick embryo extract) were
found to form a single tight round
neurosphere with a minimum of
unattached cells around the main core,
scale bar: 100 μm. (D) Also,
immunostaining against phalloidin and
DAPI revealed the shape of spheroid in
experimental group 3 by staining of
cytoskeletal filaments and nuclei, scale
bar: 50 μm.
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nucleus and cytoplasm or exclusively found in the cytoplasm of CEE

treated stem cells in passage 1 (Figure 8D).

3.8 | Proteome content of the CEE

Proteome analysis of CEE by tandem mass spectrometry identified

833 protein groups in a BLAST sequence similarity against the unre-

viewed UniProtKB/TrEMBL database, and 287 protein groups against

the curated and non-redundant UniProtKB/Swiss-Prot database. We

assigned the identified protein groups by their gene ontology

functions to either general transcription factors, stem cell mainte-

nance, or neuronal differentiation/migration/morphology-related fac-

tors (see Tables 2, 3, and 4). In order to identify relevant transcription

factors in Table 2, we performed an in silico analysis of the top tran-

scription factor binding sites of our genes of interest that we identi-

fied to be significantly regulated by CEE treatment (Table 5) and

referenced those with factors in CEE that are known to biochemically

F IGURE 7 The gene expression pattern of hair follicle stem cells. The gene expression level of Nestin increased significantly in chick embryo
extract (CEE) treated stem cells. At the same time, cells grown in 20% fetal bovine serum (FBS) supplemented medium expressed higher level of
doublecortin transcript. Also, expression level of neuronal (β-III Tubulin) and glial-lineages markers (GFAP and PDGFR-α) remained unchanged in
all three experimental groups, while MAP2 expression (neuron-specific cytoskeletal marker) significantly increased in the 20% FBS group.
Interestingly, CEE treatment induced expression of VEGF, BDNF and GDNF in hair follicle stem cells. The expression of target genes was
normalized against the housekeeping gene HPRT. Values are mean ± SEM of three independent experiments and one-way ANOVA and Tukey's
post hoc tests were performed to test for statistical differences among the means. *p < 0.05; **p < 0.01; ***p < 0.001
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interact with the transcription factors. In order to isolate the function-

ally relevant factors from the CEE mixture, we mapped the promoters

of genes that we found to be regulated in EPI-NCSCs. The transcrip-

tion factor binding sites within the promoters guide us to scan the

CEE proteome for activators of those transcription factors. We identi-

fied gamma calcium/calmodulin-dependent kinase II (γCamKII) in the

CEE, which is a known activator of the transcription factor of cyclic

AMP response element binding protein (CREB), for example, direct

evidence for CamKII-mediated activation of CREB-regulated BDNF

expression comes from cultured rat postnatal dorsal root ganglion

neurons.47 CREB not only regulates BDNF, but also GDNF and VEGF

transcription. CREB, among other transcription factors, is also a

known regulator of neurite outgrowth.48

Another potentially important factor in the CEE might be thiore-

doxin, which is a critical activator of the transcription factor activating

protein-1 (AP-1). AP-1 has been shown to regulate cell proliferation

and migration as well.49 AP-1 is composed of several subunits of the

Jun and Fos family transcription factors. Thioredoxin-mediated activa-

tion of these factors may drive the transcription of SOX-10, S100B

and MBP.50 Other AP-1 activators might also be effective; however,

the presence of thioredoxin in the CEE and the activation of

AP-1-dependent genes is certainly striking. In order to effectively acti-

vate a transcription factor, thioredoxin has to be incorporated into the

target cell and released intracellularly. It has been shown that thiore-

doxin is released into the extracellular space via exosomes, and can

therefore, also be taken up by target cells via specific receptors or the

endocytotic pathway.51 Exosomes are membrane-bound extracellular

vesicles that are produced in the endosomal compartment of most

eukaryotic cells with roughly 30–150 nm in size, which contain pro-

teins, RNA and lipids, rendering exosomes extremely useful for thera-

peutic regimens for the treatment of cancer, pregnancy complications,

infections, or autoimmune diseases.51

Another AP-1 dependent factor is the translationally controlled

tumour protein (TCTP), also called histamine releasing factor or forti-

lin. TCTP is a multifunctional protein expressed abundantly in eukary-

otic organisms. TCTP binds to and stabilizes microtubules, and

thereby orchestrates a range of basic cell biological processes, such as

cell growth, proliferation, cytoskeletal organization/cellular

F IGURE 8 Protein expression of hair follicle stem cells in presence of chick embryo extract (CEE). To define fate of CEE treated stem cells,
immunostaining was carried out against six markers. (A) Here, very low fluorescent intensity was detected after MAP2 and GFAP staining, while
strong expression of PDGR-α, S100 B and MBP was observed in these stem cells, Scale bar: 50 μm. (B) Evaluation of SOX10 gene expression by
RT-PCR revealed the significant reduction of SOX10 transcript in the CEE group. (C) Comparison of SOX10 transcript levels between passage
1 and 3 showed a 90% decrease in SOX-10 expression in passage 3 (***p < 0.001, one-way ANOVA followed by post hoc Tukey's test). However,
strong expression of SOX10 protein was observed in both passages with quite different expression patterns (***p < 0.001, one-way ANOVA
followed by post hoc Tukey's test). (D) In passage 1, SOX10 was equally distributed between the nucleus and cytoplasm or exclusively in the
cytoplasm. While in passage 3, this transcription factor localized mainly to the nucleus, Scale bar: 25 μm. The micrographs are representative
images of four independent experiments.

PANDAMOOZ ET AL. 13 of 20

 13652184, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cpr.13397 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TABLE 2 Factors involved in gene expression identified in the CEE by mass spectrometry.

Activated RNA polymerase II transcriptional coactivator p15 (SUB1 homologue)

Transcription factor BTF3

14-3-3 protein theta

Acidic leucine-rich nuclear phosphoprotein 32 family member B

Actin-related protein 3 (Actin-like protein 3)

Alpha-actinin-4 (Non-muscle alpha-actinin 4)

Brain acid soluble protein 1 homologue (23 kDa cortical cytoskeleton-associated protein) (CAP-23)

Calcium/calmodulin-dependent protein kinase type II delta chain (CaM kinase II subunit delta) (CaM-kinase II delta chain) (CaMK-II subunit delta)

(EC 2.7.11.17)

Eukaryotic translation initiation factor 2 subunit 1 (Eukaryotic translation initiation factor 2 subunit alpha) (eIF-2-alpha) (eIF-2A) (eIF-2alpha)

Eukaryotic translation initiation factor 2 subunit 3 (EC 3.6.5.3) (Eukaryotic translation initiation factor 2 subunit gamma) (eIF-2-gamma)

Eukaryotic translation initiation factor 3 subunit E (eIF3e) (Eukaryotic translation initiation factor 3 subunit 6)

Eukaryotic translation initiation factor 3 subunit H (eIF3h) (Eukaryotic translation initiation factor 3 subunit 3) (eIF-3-gamma) (eIF3 p40 subunit)

Eukaryotic translation initiation factor 3 subunit L (eIF3l)

Eukaryotic translation initiation factor 5A-1 (eIF-5A-1) (eIF-5A1) (Eukaryotic initiation factor 5A isoform 1) (eIF-5A) (eIF-4D)

Eukaryotic translation initiation factor 5A-2 (eIF-5A-2) (eIF-5A2) (Eukaryotic initiation factor 5A isoform 2) (eIF-4D)

Fatty acid-binding protein, brain (Brain-type fatty acid-binding protein) (B-FABP) (Fatty acid-binding protein 7) (Fatty acid-binding protein, retina)

(R-FABP)

Fatty acid-binding protein, liver (Fatty acid-binding protein 1) (Liver basic FABP) (LB-FABP) (Liver bile acid-binding protein) (L-BABP) (Liver-type fatty

acid-binding protein) (L-FABP)

Fatty acid-binding protein, smooth muscle (SM-FABP) (Fragments)

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (EC 1.2.1.12) (Peptidyl-cysteine S-nitrosylase GAPDH) (EC 2.6.99.-)

Heterogeneous nuclear ribonucleoprotein K (hnRNP K)

High mobility group protein B1 (High mobility group protein 1) (HMG-1)

High mobility group protein B2 (High mobility group protein 2) (HMG-2)

High mobility group protein B3 (High mobility group protein 2a) (HMG-2a) (High mobility group protein 4) (HMG-4)

Lumican (Keratan sulfate proteoglycan lumican) (KSPG lumican)

Mothers against decapentaplegic homologue 3 (MAD homologue 3) (Mad3) (Mothers against DPP homologue 3) (SMAD family member 3) (SMAD 3)

(Smad3)

Myotrophin (Granule cell differentiation protein) (Protein V-1)

Nucleolin (Protein C23)

Nucleophosmin (NPM) (Nucleolar phosphoprotein B23) (Nucleolar protein NO38) (Numatrin)

Nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6)

Paraspeckle component 1 (PSPC1)

Proliferating cell nuclear antigen (PCNA)

Pterin-4-alpha-carbinolamine dehydratase (PHS) (EC 4.2.1.96) (4-alpha-hydroxy-tetrahydropterin dehydratase) (Dimerization cofactor of hepatocyte

nuclear factor 1-alpha) (DCoH) (Dimerization cofactor of HNF1) (cDcoH) (Phenylalanine hydroxylase-stimulating protein) (Pterin carbinolamine

dehydratase) (PCD)

Serine-threonine kinase receptor-associated protein

S-phase kinase-associated protein 1 (Cyclin-A/CDK2-associated protein p19) (S-phase kinase-associated protein 1A) (p19A) (p19skp1)

Spliceosome RNA helicase DDX39B (EC 3.6.4.13) (56 kDa U2AF65-associated protein) (DEAD box protein UAP56)

Thioredoxin (Trx) stimulates AP-1 activity

Translationally controlled tumour protein homologue (TCTP) (p23) (pCHK23)

Ubiquitin carboxyl-terminal hydrolase 7 (EC 3.4.19.12) (Deubiquitinating enzyme 7) (Ubiquitin thioesterase 7) (Ubiquitin-specific-processing

protease 7)

Ubiquitin-40 S ribosomal protein S27a (Ubiquitin carboxyl extension protein 80) [Cleaved into: Ubiquitin; 40 S ribosomal protein S27a]

Ubiquitin-conjugating enzyme E2 variant 1 (UEV-1) (CROC-1B)

Y-box-binding protein 1 (YB-1) (Y-box transcription factor)
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morphology and decreased directionality during migration.52,53 Mech-

anistically, TCTP acts as an anti-apoptotic protein and it is involved in

DNA-damage repair.54 Apart from the above mentioned processes,

TCTP is a critical protein for cell survival during early neuronal and

glial differentiation.55 This protein as a key regulatory molecule is

involved in expanding the neural precursor pool. TCTP is among the

most abundant transcripts in adult axons56 which its elevated level

has been reported after sciatic nerve injury57 and spinal cord injury.58

Intriguingly, TCTP can also be released into the extracellular space via

exosomes59 and re-enter our target cells in a similar way like thiore-

doxin. A third candidate for an extracellular mitogenic and pro-

migratory factor is Y-box-binding protein 1 (YB-1). YB-1 inhibits apo-

ptosis but promotes proliferation, migration, invasion and angiogene-

sis. YB-1 is a transcription co-factor,60 but can also be secreted and

acts as an extracellular mitogen.61 Secretion is not mediated by classi-

cal exosomic pathways, but rather in a non-classical way via microve-

sicles and ATP-binding cassette transporters.61 Furthermore, Nestin,

PDGFR and VEGF contain a c-Myc binding sequence within their pro-

moters, indicating an important role for c-Myc in the activation of

gene expression by the CEE. C-Myc is activated by a variety of differ-

ent factors, like IGF-1, TGFα, Interleukin-6, Wnt signalling or the TGFβ

pathway. The TGFβ pathway contains mothers against decapentaple-

gic homologue 3 (SMAD3) proteins, which activate nuclear c-Myc,

and therefore likely drive Nestin, PDGFR, and VEGF expression.

SMADs also form physical complexes with AP-1 to drive gene tran-

scription, which would also affect the regulation of the above-

mentioned AP-1-dependent genes.62 Moreover, exosome recognition

via the TGFß pathway has been shown to activate c-Myc,63 providing

a secondary mechanism how thioredoxin-, or fortilin-containing exo-

somes can activate mitogenic, migratory, angiogenic, or morphological

factors. However, we like to emphasize that gene expression is a

multi-factorial process, with dozens of different transcription factors

tightly regulating the expression of one single gene. Therefore, our

findings on CEE-borne factors that are able to bind the promoters of

our target genes do not claim to be comprehensive but provide a first

insight into a set of essential factors that are present in the CEE.

4 | DISCUSSION

The role of EPI-NCSCs, isolated from different animal species, has been

extensively studied over the last two decades.64 In particular, these

stem cells have been reported to exert beneficial effects in animal

models of spinal cord injury,16,65–67 sciatic nerve injury,21,68,69 and brain

ischemic stroke.22 CEE has been used as a routine growth medium sup-

plement for the cultivation of hair follicle stem cells. To the best of our

knowledge, this is the first study to reveal a substantial effect of CEE

on EPI-NCSCs. We demonstrated that CEE significantly enhanced the

migration rate of stem cells out of hair bulges and induced their prolif-

eration in vitro. Regarding the isolation of hair follicles from the cranial

region, stem cells in all three experimental groups expressed mesenchy-

mal stem cell surface markers and preserved their capability to differen-

tiate into both, osteogenic and adipogenic lineages. However, CEE

supplementation obviously directed the fate of these cells towards the

osteogenic lineage following induction in osteogenic medium. The

molecular data revealed that several CEE-derived growth factors can

alter the gene and protein expression profiles of hair follicle stem cells.

Growth medium containing CEE, substantially affected the morphology

of EPI-NCSCs. Our results show that cells grown in 10% FBS and 10%

CEE exhibit neural morphological features as evidenced by the pres-

ence of 3–5 neurites of substantial length per cell. Moreover, CEE sig-

nificantly enhanced their ability to form spheroids.

Despite the hitherto poor characterization of trophic components

present in CEE, this supplement has been widely used for the cultiva-

tion of different cell types including NCSCs, neuroepithelial cells,70,71

stem cells isolated from skeletal muscle72 and glomerular cells.73 Pre-

viously, Maxwell et al.74 reported the pivotal role of CEE in combina-

tion with synthetic GDNF in promoting the development of

adrenergic neurons in mouse neural crest cultures. Furthermore, the

crucial role of CEE was demonstrated in the survival and neural crest

marker expression of crestospheres, which are in vitro maintained pri-

mary cultures of premigratory neural crest cells.75 The culture medium

containing CEE allows long-term maintenance of multipotent

cranial-76 and trunk-derived crestospheres77 in a premigratory stem

or early progenitor state in vitro that are valuable resources for prob-

ing mechanisms underlying neural crest stemness and lineage deci-

sions as well as related diseases.

In this study, supplementation of cell culture medium with CEE

increased the percentage of bulges with migrating stem cells to almost

TABLE 3 Stem cell maintenance-related factors identified in the
CEE by mass spectrometry.

Acidic leucine-rich nuclear phosphoprotein 32 family member B

Acidic leucine-rich nuclear phosphoprotein 32 family member E

Eukaryotic translation initiation factor 5A-1 (eIF-5A-1) (eIF-5A1)

(Eukaryotic initiation factor 5A isoform 1) (eIF-5A) (eIF-4D)

Eukaryotic translation initiation factor 5A-2 (eIF-5A-2) (eIF-5A2)

(Eukaryotic initiation factor 5A isoform 2) (eIF-4D)

Probable ATP-dependent RNA helicase DDX6 (EC 3.6.4.13) (DEAD

box protein 6)

Translationally controlled tumour protein homologue (TCTP) (p23)

(pCHK23)

TABLE 4 Neuronal differentiation, migration and morphology-
related factors identified in the CEE by mass spectrometry.

Basic leucine zipper and W2 domain-containing protein 2

Calbindin (Calbindin D28) (D-28K) (Vitamin D-dependent calcium-

binding protein, avian-type)

Dihydropyrimidinase-related protein 2 (DRP-2) (Collapsin response

mediator protein CRMP-62)

Twinfilin-2

Tubulin beta-1 chain (Beta-tubulin class-I)

UDP-glucose 6-dehydrogenase (UDP-Glc dehydrogenase)

(UDP-GlcDH) (UDPGDH) (EC 1.1.1.22)
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90%. This subject is critical in the cultivation of human hair bulges, as

only few of bulges can be obtained from human skin punches for

explantation. Based on our observations, the supplementation of CEE

significantly increased stem cell proliferation, as shown by cell count-

ing, MTT and CFU assay. This finding significantly elevates the poten-

tial of these stem cells for cell-based therapies as it shortens the time

period required to obtain a sufficient number of stem cells with clono-

genic properties for cell-based therapies. This data is in line with pre-

vious studies, which reported that the increased growth rate of a

spontaneously immortalized chicken embryo fibroblast cell line was

achieved with CEE treatment.78 Also, Bałaban and colleagues used

CEE to enhance the proliferation of muscle progenitor cells79 and Ma

et al. revealed its positive effect on the proliferation rate of bone

marrow-derived mesenchymal stem cells of ageing rats.41

In addition to the successful preclinical application of hair follicle

stem cells, isolated from different animal species, in various neurologi-

cal conditions, human hair follicle stem cells are attractive candidates

for disease modelling, drug discovery and cell-based therapies.80,81

Two essential parameters that need to be considered before human

hair follicle stem cell transplantations become possible are the limita-

tions of scarce skin biopsies and the problem of delivering adequate

numbers of stem cells. CEE is a potential cell culture adjuvant that is

able to enhance both migration and proliferation rate of hair follicle

stem cells, which might help to overcome those limitations. In addi-

tion, our research team succeeded to obtain large-scale expansions of

human hair follicle stem cells from pubic hairy skin of a brain-death

patient who donated his skin (unpublished data). Although previous

studies mainly supplemented growth medium with a combination of

several growth factors,82 in our experiment 10% FBS + 10% CEE

yielded a large-scale expansion of stem cells. According to the prote-

ome content of CEE, the activation of AP-1 and TCTP in presence of

thioredoxin in the CEE might lead to an increased rate of migration

and proliferation of stem cells.

In addition to the changes observed in migration and proliferation,

CEE addition resulted in alterations of the gene expression profile.

CEE contains numerous components that have stimulatory and/or

inhibitory roles in stem cell differentiation and cell cycle. Our real

time-PCR data obtained from the experimental group supplemented

with CEE revealed an upregulation of VEGF, BDNF and GDNF. Hair

follicle stem cells express numerous neurotrophic and angiogenic fac-

tors16 with VEGF and BDNF being among them. VEGF signalling

guides neuronal migration and axon pathfinding independently from

its vascular effects.83 Besides the neuroprotective effects of VEGF in

neurodegenerative disease, it has several contextual roles in various

neurological diseases, including trauma, stroke and multiple sclero-

sis.84 BDNF expression was also increased in these stem cells by CEE

treatment. BDNF is the most common neurotrophin in the brain and

its expression is affected in several neurological conditions.85,86 To

date, various strategies based on BDNF administration are designed

to restore BDNF function in neurodegenerative diseases.87 One of

the possible therapeutic strategies to increase BDNF levels in the

brain is to graft cells that are engineered to stably express this trophic

factor.88 Expression of BDNF has been confirmed in naïve hair follicle

stem cells.16 Thus, CEE treatment might serve as a preconditioning

strategy to enhance the baseline expression of BDNF, which makes

them a proper cell type for transplantation under conditions like ische-

mic stroke. Another trophic factor whose expression was elevated by

CEE treatment was GDNF. The therapeutic potential of GDNF has

been extensively studied in different disorders with disturbed dopa-

mine homeostasis89 and this treatment strategy might benefit a wide

range of psychiatric and neurological disorders.

The expression of a specific set of markers, including Nestin,

PDGFR-α, S100B and MBP, indicate that CEE treatment affects the

cell fate of hair follicle stem cells. Given the expression of Nestin pro-

tein, increased levels of PDGFR-α transcript and expression of

PDGFR-α, S100B and MBP protein, it is possible that CEE directs the

fate of these stem cells towards the glial lineage, and more specifically

Schwann cells. In addition to activation of aforementioned genes and

proteins, CEE content alters SOX10 expression. SOX10 functions as a

lineage determinant in both glial cell types, and it is a major regulator

TABLE 5 Transcription factor binding sites within the promoter of CEE-regulated target genes (CEE TF)

CEE TF TF-binding sites in promoter region

Nestin AhR Bach1 E47 IK-3 OLF-1 Pax-5 RP58 Tal-1ß c-Myc

PDGFR AML1a c-Myb c-Myc c-Rel COMP1 GATA-1 Max1 SRY YY1

VEGF PPAR-α PPAγ-1 CREB c-Myc

BDNF NRSF CREB USF1/2 CaRF

GDNF CREB δ-CREB

MAP2 AP-1 C/EBPα MyoD

Sox-10 AP-2γ AREB6 E47 HOXA5 LMO2 NF-1 NF1/L RREB-1 USF-1

DCX AP-1

S100B AP-1 AP-2α (2,3,4,A) PPAR-γ1 PPAR-γ2

MBP AP-1 PPAR-α

Note: AP-1: AP-1 activity regulates Sox-10, S100B and MBP expression and is induced by Thioredoxin (see Table 2). BDNF, GDNF, as well as VEGF

expression is regulated by the transcription factor CREB (Jeon et al., 2007), which in turn is activated by γCamKII (see Table 2). Nestin, PDGFR and VEGF

expression are regulated by the transcription factor c-Myc, which is under the control of the signalling factor SMAD3 (see Table 2).
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of differentiation and myelination.90 Despite discrepancies on the

mRNA level, elevated protein levels and nuclear localization of

SOX-10 protein indicate CEE-induced activity of this protein. These

findings are consistent with two other investigations demonstrated the

potential of EPI-NCSCs to differentiate into Schwann cell in vitro. In

2015, Sakaue and Siber-Blum reported human Schwann cells could be

derived rapidly and in a straightforward way from human EPI-NCSCs

through manipulation of several signalling pathways and exposure of

the cells to pertinent growth factors.12 More recently, Khodabakhsh

and colleagues (2021) suggested the application of insulin to promote

Schwann-like cell differentiation of rat hair follicle stem cells.91

Remarkably, morphological alterations of migrated stem cells have

occurred following CEE treatment, as cells displayed an increased

number and length of branches. This morphometric alteration is the

consequence of reorganization of the actin cytoskeleton that probably

occurs following a genomic response to the CEE components. The

suggested mechanism potentially involves CREB phosphorylation trig-

gered by active CamKII contained in the CEE. Apart from the presence

of CamKII in CEE, the TCTP can also interact with the cytoskeleton

mostly with actin,92 and regulate the cytoskeleton organization and

through this action influences cell shape. Another absorbing result of

this study was the influence of CEE on the spheroid formation ability

of hair follicle stem cells. It has been well documented that hair follicle

stem cells due to their stemness property can form spheroids when

supplemented with growth factors.8,93 Among different emerging skin

3D models,94,95 spheroids are a promising platform for simulating the

complex cellular structure of the nervous system to study the underly-

ing disease mechanisms.96 According to the above-mentioned compo-

nents of CEE, preconditioning of hair follicle stem cells with this

cocktail can rapidly direct the fate of these stem cells towards

Schwann cells that support peripheral nerves. The capacity of the

peripheral nerve for regeneration after injury is highly dependent on

Schwann cells.97 Under pathological conditions like peripheral nerve

injury, Schwann cells undergo epigenomic remodelling to de-

differentiate into a repair state. Following this transition, repair

Schwann cells contribute to nerve regeneration. Hence, grafting an

appropriate source of Schwann cells for therapeutic applications is a

major challenge. It has been suggested by Chen and colleagues that

Schwann cells in injured peripheral nerves, produce IL-1β, which in

turns promote c-JUN expression and activation of AP-1 that partici-

pate in the de-differentiation process and activation of the repair

state.98 Recently, Ramesh and colleagues reported that c-JUN upregu-

lates Sonic hedgehog expression, which is a unique marker of repair

state in the Schwann cell lineage.99 Thus, c-JUN and AP-1 play a piv-

otal role in the regeneration of peripheral nerves. Regarding the pres-

ence of Thioredoxin in CEE, which activates c-JUN and AP-1, we

hypothesized that preconditioning of hair follicle stem cells with CEE

might result in the generation of a population of Schwann cells that

can significantly support the regeneration process of peripheral nerve

injury. Indeed, successful cell transplantation in neurological condi-

tions depends on survival, migration, and proliferation of grafted cells.

TCTP is another key element that can be regulated by AP-1. The

capacity of this protein to modulate cellular stress, such as oxidative

stress, imbalance of ion metabolism that are main hallmarks of injury

site and its antiapoptotic effect, prompt speculation that CEE precon-

ditioning might improve transplantation success of hair follicle stem

cells in injury sites.

5 | CONCLUSION

Collectively, hair follicle stem cells are multipotent adult stem cells that

present a valuable resource for nervous system cell-based therapies.

Our findings demonstrate that CEE contains a complex cocktail of tro-

phic factors and cytokines that help hair follicle stem cells to acquire

some desirable traits that can enhance their therapeutic benefit without

the need for genetic manipulation. Given the increased level of neuro-

trophins, the angiogenic factor VEGF, and the expression of PDGFR-α,

S100B, MBP and SOX-10 protein, it is tempting to speculate that CEE

treatment directs the fate of these stem cells towards the glial lineage,

and more specifically towards Schwann cells. In addition to our findings

on CEE-directed cell fate, we hope to prompt further research to nar-

row down the effective factors in the CEE cocktail to allow the recom-

binant synthesis of an animal-free extract with similar capacities.
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