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Human Keratinocytes Adopt Neuronal
Fates After In Utero Transplantation
in the Developing Rat Brain
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Jesús Santa-Olalla Tapia3,4, and Iván Velasco1,2

Abstract
Human skin contains keratinocytes in the epidermis. Such cells share their ectodermal origin with the central nervous system
(CNS). Recent studies have demonstrated that terminally differentiated somatic cells can adopt a pluripotent state, or can
directly convert its phenotype to neurons, after ectopic expression of transcription factors. In this article we tested the
hypothesis that human keratinocytes can adopt neural fates after culturing them in suspension with a neural medium. Initially,
keratinocytes expressed Keratins and Vimentin. After neural induction, transcriptional upregulation of NESTIN, SOX2,
VIMENTIN, SOX1, and MUSASHI1 was observed, concomitant with significant increases in NESTIN detected by immunos-
taining. However, in vitro differentiation did not yield the expression of neuronal or astrocytic markers. We tested the dif-
ferentiation potential of control and neural-induced keratinocytes by grafting them in the developing CNS of rats, through
ultrasound-guided injection. For this purpose, keratinocytes were transduced with lentivirus that contained the coding
sequence of green fluorescent protein. Cell sorting was employed to select cells with high fluorescence. Unexpectedly, 4 days
after grafting these cells in the ventricles, both control and neural-induced cells expressed green fluorescent protein together
with the neuronal proteins bIII-Tubulin and Microtubule-Associated Protein 2. These results support the notion that in vivo
environment provides appropriate signals to evaluate the neuronal differentiation potential of keratinocytes or other
non-neural cell populations.
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Introduction

Neural stem cells (NSCs) that differentiate to neurons, astro-

cytes, and oligodendrocytes can be obtained from different

sources, including human primary fetal tissue1, postmortem

neonatal tissue2, or adult neural tissue3–5. Alternatively,

neural induction of human embryonic stem cells (hESCs)

or induced pluripotent stem cells (iPSCs) can produce NSCs.

These sources have been used in different animal models to

restore acute damage or to treat diseases such as Parkinson,

Huntington, or Alzheimer6. Unfortunately, obtaining cells

from human embryos or postmortem individuals is challen-

ging due to their limited availability. On the other hand, it is

well known that using ESCs and iPSCs comes with the risk

to generate teratomas if pluripotent cells do not undergo

differentiation.

A possibility to obtain NSCs is to generate neural cells by

plasticity events from alternative cellular sources. Neural

precursor cells had been generated from mesenchymal cells,

bone marrow, adipose tissue, amniotic fluid, human umbili-

cal cord blood, and skin7–16. The skin, as well as the central

nervous system (CNS), originates from the ectoderm, which

might be an advantage to obtain neural precursors from epi-

dermal cells. If epidermal cells from a skin biopsy of a

patient can be induced to generate CNS derivatives, the

induced neural cells will not elicit an immunological reac-

tion if grafted in the same donor. In fact, fibroblasts have

been genetically modified to generate iPSC17–19 that after-

ward can be differentiated into neurons (reviewed in Ref.20).

Furthermore, a direct conversion of phenotype from fibro-

blasts to neurons without an intermediate neural precursor

state was reported after ectopic expression of transcription

factors21,22.

The skin is an accessible source to obtain stem cells since

the epidermis is an epithelium with continuous renewal.

There are two populations of stem cells in the epidermis:

one is located in the basal stratum and the second in the hair

follicle’s protuberance (bulge). The potential for both popu-

lations to differentiate into neural lineages has been studied

in rodents23,24 and in humans7,25,26. It is possible to generate

neurosphere-like aggregates from cultured dermal and epi-

dermal rat cells, in the presence of a neural induction

medium23. Likewise, the potential of human skin cells to

differentiate into neural cells has been shown in vitro25.

Furthermore, in vivo assays in adult organisms indicate that

it is possible to differentiate rat cells derived from the skin

into neural cells, when they are injected into both peripheral

damaged tissue and in the spinal cord, leading to functional

recovery24. However, it is not yet possible to generate neu-

rons from epidermal cells efficiently.

Different protocols induce neuronal differentiation of

NSCs; although they seem to function efficiently in mouse,

human cells are not equally responsive. Experiments carried

out in embryos, in which differentiation potential of cells

was evaluated by grafting them in the CNS, have shown that

the in vivo conditions provide an ideal environment to direct

cell fate. Thus, this assay is useful to test the neural differ-

entiation potential of non-neural cells. In this article, we

established a procedure to isolate human keratinocytes from

the epidermis, and cultured them in neural-favoring condi-

tions to evaluate their differentiation potential when placed

in the developing CNS of rat embryos. Our results show that

it is possible to use ultrasound-guided transplantation of

keratinocytes for embryonic xenografting of human cells,

to determine if a neurogenic niche is capable to generate

neural cells. We found that cells from the human epidermis

can generate cells that express neuronal proteins in vivo.

Materials and Methods

Keratinocytes were obtained from the foreskin of males

undergoing surgery, after donation through informed consent,

at Hospital del Niño Morelense. Briefly, foreskins were

treated with Dispase II (Roche Life Science, Penzberg,

Germany) to detach the epidermis from the dermis. The epi-

dermis was used to isolate keratinocytes and the remaining

dermis was used to isolate fibroblasts. Before culturing them,

some cells were set aside to perform immunophenotypic char-

acterization. Keratinocytes were plated on tissue culture

dishes with epidermal medium (UDMM-Epi, patent in

progress). Cells were seeded at 1 � 106 in 55 cm2 at 37�C
in a 100% humidified atmosphere with 5% CO2, reaching

80%–90% confluence after 4 days, when they were trypsi-

nized and replated. Passage 3 cells were used for experiments.

Culture of Keratinocytes as Spheres

The initial density of the cultures was 2.65 � 105 cells/cm2.

After 5 days, cells were detached from the tissue culture

plate by trypsin treatment and cultured on ultra-low attach-

ment six-well plates (Corning, New York, NY, USA). Two

media were used at this stage: (a) control medium with

10% serum or (b) a serum-free medium with components

regularly used for proliferating NSCs: Dulbecco’s modified

Eagle’s medium (DMEM)-F12 with N2 supplement,

1% B27, 20 ng/ml epidermal growth factor (EGF), and

40 ng/ml basic fibroblast growth factor (bFGF). After 5 days,

spheres were dissociated by trypsin treatment and reseeded

on a tissue culture plate pretreated with poly-L-ornithine and

with a solution of 1 mg/ml Laminin and 5 mg/ml Fibronectin

(Sigma-Aldrich, St. Louis, MO, USA) in phosphate buffered

saline (PBS). Cells growing in the serum-containing condi-

tion were cultured with the same medium after dissociation;

in the case of spheres growing in the neural condition, cells

were attached and cultured in the same medium, but in the

absence of growth factors.

Immunostaining

Attached cells were fixed with methanol for 20 min at

�20�C. Spheres were let to settle and incubated with 4%
paraformaldehyde in PBS and cut in the cryostat after
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cryoprotection with 30% sucrose. Cells were blocked with

10% normal goat serum plus 0.1% Triton X-100. Primary

antibodies were added in a 10% goat serum solution.

Spheres or dissociated cells were decorated with primary

antibodies (source and working dilution indicated) recogniz-

ing KERATIN 5 (K5, Abcam, San Francisco, CA, USA,

1:100), KERATIN 10 (K10, Abcam, 1:100), KERATIN 14

(K14, Abcam, 1:100), NESTIN (Covance, Burlington, NC,

USA, 1:100), SOX2 (Merck Millipore, Burlington, MA,

USA, 1:500), VIMENTIN (Thermo, Waltham, MA, USA,

1:100), bIII-TUBULIN (TuJ1, Covance, 1:1,000),

MICROTUBULE-ASSOCIATED PROTEIN 2 (MAP2,

Sigma-Aldrich, 1:500), and glial fibrillary acidic protein

(GFAP, Invitrogen, Carlsbad, CA, USA, 1:500). The second-

ary antibodies Alexa 488 goat anti-mouse and Alexa 568 goat

anti-rabbit (Molecular Probes, Eugene, OR, USA) were used

at 1:1,000 dilution. Positive controls for Sox2, Nestin, and

bIII-Tubulin were performed with hESC differentiated to

dopamine neurons as described27 and are presented in Sup-

plemental Figure 1.

Quantitative Real-time Polymerase Chain Reaction

Total RNA was isolated with TRIzol. cDNA was synthe-

sized with 1 mg of RNA using random primers and Super-

Script III Reverse Transcriptase (Invitrogen) at 37�C for 1 h.

Amplification of 50 ng of cDNA was performed with the

QuantiFast SYBR Green PCR Master Mix (Qiagen,

Germantown, MD, USA) with a StepOnePlus Real-Time

PCR System (Applied Biosystems, Waltham, MA, USA).

Quantitative PCR was performed according to the following

protocol: initial activation step for 5 min at 95�C. Two-step

cycling: denaturation 10 s, 95�C. Combined annealing/

extension: 30 s, 60�C (40 cycles). Ct values were analyzed

using the StepOne software v2.3. The following specific

primers (all in 50 -> 30 sequence) were used: NESTIN, forward

(F): AGCCCTGACCACTCCAGTTTAG; reverse (R):

CCCTCTATGGCTGTTTCTTTCTCT; product size of 128

bp. SOX2, F: AGCTACAGCATGATGCAGGA; R: GGTC-

ATGGAGTTGTACTGCA; product size of 156 bp. VIMEN-

TIN, F: CCAGGCAAAGCAGGAGTC; R: GGGTATC

AACCAGAGGGAGT; product size of 138 bp. SOX1, F:

GAGTGGAAGGTCATGTCCGAGG; R: CCTTCTTGAG-

CAGCGTCTTGGT; product size of 136 bp. MUSASHI1, F:

GTCTCGAGTCATGCCCTACG; R: ACACGGAATTC-

GGGGAACTG; product size of 147 bp. b-ACTIN, F:

GCTATCCAGGCTGTGCTATC; R: TGAGGTAGTCAGT-

CAGGTCC; product size of 166 bp.

Lentiviral Transduction with GFP and Selection by
Fluorescent-activated Cell Sorting

Replication-deficient lentiviruses containing the cDNA for

green fluorescent protein (GFP) under the EF1a promoter

were prepared as described28, after transfection of HEK293

cells. Supernatants were collected after 48 and 72 h. The

collected media were centrifuged at 27,000 rpm for 90 min

at 4�C. The pellet was resuspended in 200 ml of sterile PBS,

aliquoted, and kept at �70�C. Keratinocytes were trans-

duced in serum-containing medium for 48 h. Three days

after lentiviral addition, cells were dissociated and selected

for high GFP expression by fluorescent-activated cell sorting

(FACS) in a FACSAria equipment (BD, Franklin Lakes, NJ,

USA). After selection by size and complexity, only cells that

had values above 1 � 104 were recovered and plated on

medium with serum. GFP-expressing cells were then cul-

tured as spheres in either medium supplemented with serum

or with the neural medium containing growth factors.

Ultrasound-guided Injection of GFP-positive Cells

All procedures in this study were conducted in accordance

with the Instituto de Fisiologı́a Celular-UNAM Animal Care

and Use Committee (IVV67-15) approved protocols and fol-

lowed National guidelines (NOM-062-ZOO-1999).

Timed-pregnant Wistar rats with embryos of 12 days (E12)

were used to perform ultrasound-guided injections of

GFP-expressing cells similar to previous work29, with the aid

of a MHF-1 Ultraview UltraSound system (E-Technologies,

Davenport, IA, USA) possessing a focal distance of 7 mm.

Briefly, deeply anesthetized dams (5% inhaled sevoflurane

for induction and 1% throughout the procedure) were shaved

and cleaned three times with 70% ethanol and iodopovidone.

Midline sections of the skin and the muscle were performed to

expose the uterine horns. Each embryo to be injected was

secured by passing it through an incision made on rubber at

the bottom of a petri dish. After the embryo passed, the dish

was filled with sterile PBS and the ultrasound probe was

placed close to the embryo. Injections were made through the

uterine wall with borosilicate needles made with a puller

(Sutter Instruments, Novato, CA, USA). The glass microca-

pillaries were visualized in the ultrasound imaging system

and when in the lateral ventricles, injection of 3 ml of GFPþ
cell suspension was corroborated by observing liquid going

out of the needle after activating the automatic injector (Quin-

tessential injector, Stoelting). Each embryo received only

medium (control), or 4.5� 105 cells from dissociated spheres

cultured in either serum-containing or neural medium.

Embryos were placed back in the abdominal cavity and the

pregnant rat was sutured and let to recover. The embryos were

recovered 4 days after the surgery, when they were at E16,

placed with 4% paraformaldehyde in PBS overnight and

transferred to 30% sucrose for cryoprotection. Sagittal sec-

tions of 30 mm were obtained in a cryostat; afterward, sections

were blocked and incubated with anti-GFP and anti-bIII-Tu-

bulin (TuJ1) or MAP2 antibodies. Appropriate fluorescent

secondary antibodies were used to visualize the specific label-

ing. Sections incubated with secondary antibodies only did

not present unspecific staining (data not shown). Confocal

images were acquired with a Nikon A1 R HD25 microscope.

All quantification results are given as mean + standard error

of the mean. Statistical analysis was made by paired Student’s
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t-test for comparison between two conditions or analysis of

variance followed by Tukey post hoc for multiple conditions.

Results

To characterize foreskin human keratinocytes, we analyzed

the expression of KERATIN 5, 10, and 14 (K5, K10, and

K14, respectively) in isolated cells without culture. All these

proteins were expressed in the analyzed cells (Fig. 1A–C).

A low proportion of cells were positive for VIMENTIN

(Fig. 1D) and NESTIN was absent (Fig. 1E). As expected,

keratinocytes did not express DECORIN (Fig. 1F), but fibro-

blasts from foreskin were DECORIN-positive (Fig. 1G),

supporting the notion that fibroblasts were absent in the iso-

lated epidermis. Incubation of these cells with secondary

antibodies did not show unspecific labeling (Fig. 1H). Quan-

tification of the number of cells positive for these proteins

showed that keratinocytes have a significantly higher pro-

portion of K5, K10, and K14. In contrast, fibroblast have the

selective expression of DECORIN and a higher proportion of

cells positive for VIMENTIN (Fig. 1I).

Passage 3 keratinocytes were analyzed also for the

expression of some of these markers: cells were negative for

K10, but K5- and Vimentin-positive (data not shown).

Keratinocytes at this passage were grown as aggregates in

ultra-low attachment plates. Two different media were used,

the serum-containing UDMM-Epi (control) and the

serum-free neural medium. After 4 days, control cells pro-

duced larger spheres, when compared to the neural condition

(Fig. 2A, B). After dissociation and replating, cells in the

control medium showed the typical morphology of keratino-

cytes (Fig. 2C), whereas cells incubated with neural medium

presented small and refringent somata with triangular shape

and short processes, resembling a neural precursor-like mor-

phology (Fig. 2D). At this stage, we investigated if expres-

sion of markers was modified by control or neural medium.

By analyzing sections of spheres growing in control

medium, we only observed VIMENTIN-positive cells;

aggregates were negative for NESTIN (Fig. 3A). In contrast,

the neural medium with EGF and bFGF did not affect the

expression of VIMENTIN, but significantly induced the

expression of NESTIN (Fig. 3B, C). These spheres were

dissociated, replated, and stained just after attachment. Cells

Fig. 1. Isolated human foreskin keratinocytes before culture express KERATIN (K) 5 (A), K10 (B), K14 (C), and VIMENTIN (D). They were
negative for NESTIN (E) and DECORIN (F). As a positive control for DECORIN, human fibroblast isolated from foreskin showed
immunoreactivity (G). Cells incubated with only the secondary antibodies did not show unspecific staining (H). Scale bar ¼ 15 mm.
Keratinocytes selectively express K5, K10, and K14 compared with fibroblasts; fibroblasts presented exclusive positivity for DECORIN,
compared with keratinocytes (I). **P < 0.01; ***P < 0.001.
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in the control medium expressed K5 and Vimentin, but not

K10, K14, or NESTIN (Fig. 4A). Cells incubated in the

neural medium with growth factors were negative for K5,

K10, and K14, preserved Vimentin and started to express

NESTIN (Fig. 4B). The neural conditions caused significant

decrease of K5þ cells and also a significant increase of

NESTIN-positive cells (Fig. 4C). Quantitative PCR with

primers specific for NESTIN, SOX2, VIMENTIN, SOX1, and

MUSASHI1, after retrotranscription, showed that the neural

conditions significantly increased expression of these tran-

scripts, relative to cells growing in the control medium with

serum, either in spheres or attached in monolayer (Fig. 5).

Attached cells were cultured for 4 days after dissociation

of spheres, and immunostainings for the astrocytic marker

Fig. 2. Keratinocytes cultured as aggregates in UDMM-Epi serum-containing medium (A) or neural medium (B). After 4 days, aggregates
were dissociated and replated on tissue culture plates either in UDMM-Epi (C) or in neural medium (D). Note that the aggregates in
UDMM-Epi are larger and dissociated cells in UDMM-Epi show classical keratinocyte morphology. In contrast, dissociated cells incubated in
neural medium present morphology reminiscent of neural precursors. Scale bar ¼ 150 mm (A and B) and 50 mm (C and D).

Fig. 3. Aggregates either in UDMM-Epi medium (A) or in neural medium (B) were fixed, sectioned, and stained for VIMENTIN and NESTIN.
Scale bar ¼ 50 mm. The neural medium significantly induced the presence of NESTIN-positive cells (C). ***P < 0.001.
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GFAP and the neuronal protein bIII-Tubulin (TuJ1 anti-

body) were performed, but cells did not express these differ-

entiation markers. To test if the in vivo environment of the

developing brain can instruct cells cultured in epidermal or

neural conditions to differentiate into neural phenotypes,

intrauterine ultrasound-guided transplantation was per-

formed in brain of rats. To unequivocally identify grafted

cells, keratinocytes were transduced with lentiviral vectors

to achieve constitutive expression of GFP. Although a good

proportion of cells were fluorescent after transduction

(Fig. 6A), we decided to select the high GFP-expressing cells

by FACS. For this purpose, cells were dissociated and sorted

in a FACSAria I cytometer. Individual cells were selected

(Fig. 6B), cellular debris was excluded (Fig. 6C), and 23% of

cells with values over 1� 104 were recovered. After plating,

all cells were GFPþ (Fig. 6E). These GFP keratinocytes

were cultured in either serum-containing medium (Fig. 6F)

or neural medium (Fig. 6G) and showed a similar behavior to

untransduced keratinocytes in sphere formation; all cells

remained positive for GFP.

Ultrasound-guided intrauterine injection in the lateral ven-

tricles of E12 embryos was performed next. As a control, only

DMEM was introduced. The analysis showed no alterations

in the brain of these embryos 4 days later (data not shown).

The brains of embryos injected with GFPþ cells were recov-

ered and sectioned. After injection of dissociated spheres

grown in control medium, we found that three out of three

embryos had GFP-positive cells that expressed the neuronal

markers bIII-Tubulin, detected with the TuJ1 antibody, and

MAP2 (Fig. 7A), although their morphology was immature,

which can be appreciated in the high-magnification confocal

images, that also show colocalization of GFP and the neuronal

proteins in the orthogonal projections. Cells cultured as

spheres in the neural medium were dissociated and grafted

in the developing brain; we found GFPþ cells that coex-

pressed bIII-Tubulin and MAP2, with a more intricate mor-

phology, pointing to differentiation into neurons (Fig. 7B) in

two out of three injected embryos. The number of

GFP-positive per brain slice was similar in both groups: con-

trol medium, 79.7+ 11.6; neural medium, 57 + 11.4.

Discussion

Conversion of cell phenotypes from different sources has

been reported by ectopic expression of transcription factors

or molecules added to specific culture media. We report that

we can convert/transdifferentiate human keratinocytes into

neural stem/progenitor-like cells (NSPCs) in vitro just by

culturing them with a neural media in the presence of EGF

and bFGF, even though this was not enough to generate

differentiated neurons. Our research work was focused on

the generation of neural cells from human epidermal cells.

Keratinocytes were cultured in favorable conditions for their

propagation with the UDMM-EPi medium, for testing the

generation of NSPC. A neural medium was employed, com-

bined with culture in ultra-low-adherence conditions, in the

presence of the mitogens EGF and bFGF. Under such con-

ditions, cells started to upregulate transcripts associated to

NSPCs, such as SOX2, NESTIN, SOX1, and MUSASHI1.

Although it was possible to generate aggregates from

Fig. 4. Aggregates were dissociated, replated, and fixed to analyze the expression of several markers. Keratinocytes growing in UDMM-Epi
medium (A) were positive for K5 and VIMENTIN, and negative for K10, K14, and NESTIN. Cells cultured in the neural medium (B) lost the
expression of K5 and gained NESTIN immunoreactivity. In both panels, control pictures correspond to cells incubated only with secondary
antibodies, to discard unspecific binding. Scale bar ¼ 15 mm. Cells in control medium had a significantly higher proportion of K5þ cells and
the neural medium significantly increased the presence of NESTIN-positive cells (C). ***P < 0.001.
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keratinocytes on UDMM-Epi medium, they did not express

NESTIN, a protein present in aggregates cultured in neural

medium. However, when the aggregates were dissociated

and transplanted to the lateral ventricles of E12 rat embryos,

cells cultured in UDMM-Epi or neural medium demon-

strated their capacity to generate neurons. Thus, human ker-

atinocytes are able to generate in vivo cells positive to b-III

TUBULIN and MAP2, showing that the microenvironment

present in the developing CNS was optimal for evaluating

their complete differentiation potential.

Molecular Markers Expressed by
Keratinocytes in Culture

Keratinocytes make up the epidermis: the proliferating pre-

cursor cell population is located in the basal layer, and dif-

ferentiated cells form the suprabasal (spinous, granular, and

corneum) layers30,31. The different populations are distin-

guished from each other by their Keratin expression pat-

terns32. When keratinocytes exit cell cycle to start

differentiation, they decrease the expression of K5 and

K1433, and increase the expression of K1 and K1031. Kera-

tinocytes isolated here show the expected pattern of basal

and early differentiating layers (K5, K10, and K14) at low

passages, although we also found a subpopulation that was

not fibroblasts, expressing VIMENTIN (Fig. 1). The propor-

tion of cells that express VIMENTIN increased by passage 3,

concomitant with loss of K14 and K10; however, they

remained positive K5 and VIMENTIN (Fig. 4), and main-

tained a high proliferative rate, since they reached conflu-

ence in 4 days. The in vitro conditions established by our

group maintain proliferative cells for up to 20 passages (data

not shown) with sustained expression of K5.

Generation of Cells with Some Neural Stem/Progenitor
Characteristics from Keratinocytes

In vitro propagation of NSPCs was described by pioneering

reports of adult neural tissue in rodents3,34 and subsequently

in human tissue35. These cultures included the mitogenic

factors EGF and bFGF and were designated neurospheres,

because they grew in suspension36 and included the

Fig. 5. Analysis of expression of transcripts for NESTIN (A), SOX2 (B), VIMENTIN (C), SOX1 (D), and MUSASHI1 (MSI1, E) by RT-qPCR in
the serum containing (Control, ctl) or the neural medium in cells growing as aggregates or after dissociation and replating. Total RNA was
isolated from the indicated conditions and retrotranscribed to obtain cDNA, which was amplified by qPCR with specific primers. These
values were normalized by the housekeeping gene b-ACTIN. Bars are mean + standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001.
RT-qPCR: quantitative real-time polymerase chain reaction.
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Fig. 6. Isolation of GFP-expressing keratinocytes after lentiviral transduction. (A) Keratinocytes growing in UDMM-Epi medium after viral
transduction. Cells were trypsinized and analyzed by flow cytometry. Individual cells were selected (B), cellular debris was omitted (C), and
cells with a high value of GFP fluorescence were recovered by cell sorting (D). All cells were GFP-positive after sorting (E). These fluorescent
cells were grown as aggregates in UDMM-Epi (F) or neural (G) media. For A, E, F, and G, the images on the left correspond to phase contrast,
the middle panel to the fluorescent picture, and the right picture is the merge of the former 2. Scale bar ¼ 50 mm (A and E) and 150 mm
(F and G). GFP: green fluorescent protein.
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mitogenic factors EGF and bFGF. Such conditions were

used afterward in the propagation of NSPCs from

embryos34,37. Based on this method, the generation of neural

precursors from adipose13,14, mesenchymal7,12, and epider-

mal11,15,16 cells were reported. While it has been possible to

generate neurons, the efficiencies using human cells have

been low: only 5% of the cells showed neuronal differentia-

tion using spheres from adult dermis and up to 15% when

embryonic tissue was used7. Different results have been

described for the tissue obtained from rodents, where it was

possible to obtain up to 48% of neurons from bulge stem

cells38. Recently, it was reported that neural crest stem cells

can be generated from human interfollicular and epidermal

keratinocyte cultures, supporting the relevance of bFGF in

neural specification39,40. In the present work, using condi-

tions for the production of neurospheres, we generated

human NSPCs, identified by the expression of the

well-recognized NSPCs markers SOX2, NESTIN, SOX1, and

MUSASHI141,42, from keratinocytes.

In vitro assays to demonstrate neuronal differentiation of

our aggregates were unsuccessful. Nevertheless, it has been

demonstrated that transfer of cells obtained from human

neurospheres can integrate and differentiate to adult neural

tissue of rodents and generate immature neurons7. Note-

worthy, the processes of differentiation and determination

in the adult CNS are different from those present during

embryonic organogenesis43. Recently, embryonic brain

extracts showed to favor neural differentiation of mesench-

ymal stem cells obtained from rat bone marrow44.

Spheres Derived from Skin and Their Neural
Differentiation Potential

The conditions used for the propagation of NSCs include

incubation with bFGF and EGF3, which have been used to

induce the formation of neurospheres from different tissues

and tumors45. Such neurospheres are formed after cell pro-

liferation, producing cell aggregates that can be of clonal

origin. In our conditions of low attachment and high density,

aggregation and proliferation contribute to sphere formation

and growth. It has been reported that clonal generation of

epidermal spheres takes 2 to 3 weeks46. Different groups

have isolated spheroid structures from the skin, which

include the dermis10,47–49, dermal papilla50, hair follicle

outer root sheath cells51, hair follicle11, and epidermis46 with

the potential for neural differentiation. The experimental

Fig. 7. Human keratinocytes differentiate to neuronal-like cells when grafted in the developing rat brain. Ultrasound-guided injections of
dissociated aggregates cultured in UDMM-Epi medium (A) or neural medium (B). Grafting was performed in 12-day-old embryos and the
analysis was performed 4 days later in the brain of the recovered embryos. GFP is shown in green, b-III TUBULIN (detected with the TUJ1
antibody) is presented in red, Hoechst staining of the nuclei is shown in blue in the merge images, and MAP2 in magenta. The top row of each
panel corresponds to low-magnification confocal images, and the third picture corresponding to the merge image. A white square labeled
1 marks the area shown at higher magnification in the second row images of each panel, that include orthogonal projections. To better
appreciate the neuronal-like morphology, zoom-in images labeled with white squares numbered 2 and 3 are presented in the fourth column
for each neuronal marker. The GFP-positive processes of cells that coexpress b-III TUBULIN or MAP2 are indicated with white arrowheads.
Scale bars ¼ 50 mm.
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conditions that have been reported are very similar to those

used by our group, particularly defined medium in the pres-

ence of bFGF and EGF. Notably, most of the spheres gen-

erated from skin have been related to neural crest lineages,

given their differentiation toward Schwann cells and/or

smooth muscle cells10,11,48,49. A report used epidermal cells,

but further characterization established that it was a popula-

tion of the outer sheath of the follicle, since cells were pos-

itive for Fibronectin, Nestin, and CD3446 and thus also

related to neural crest47,49. One of these papers reported two

types of stem populations isolated from the skin, one adher-

ent, of mesenchymal origin, and the second in suspension

with neural crest origin49. The characterization that we car-

ried out in our initial population (positivity for K5, K10, and

K14) established that it was obtained from the interfollicular

epidermis, and did not contain fibroblasts. The neural differ-

entiation of the epidermal spheres has been evaluated in

transplantation experiments in postnatal rats, using cells that

incorporated the Hippel-Lindau tumor suppressor protein.

They found that 38.8% of cells differentiated to TUJ-1 pos-

itive cells in vivo46. In comparison, our experimental model

uses fetal transplantation of cells in the developing brain, a

neurogenic environment, in the absence of genetic manipu-

lations, which might represent a more appropriate system to

study plasticity events.

The Effect of the Developing CNS Environment
on Neuronal Differentiation

Skin/epidermal cells and neural cells share the same embryo-

nic origin, the ectoderm. The fetal brain possesses a robust

plasticity and holds a strong neurogenic environment.

Previously, it has been reported that specific embryonic

brain regions such as midbrain, in explants, are able to direct

neuronal specification of neural precursor cells as well as

undifferentiated embryonic stem cells and embryoid

bodies52,53.

In early work, adult rat mesenchymal cells were labeled

with BrdU and injected in the ventricles of E15.5 rat brains.

Grafted cells remained as groups close to the ventricles,

presumably in the germinal zones, and expressed Vimentin

and Nestin, but not neuronal markers. Above 50% of the

grafted cells were positive for the radial glia marker RC2.

Terminally differentiated neurons were found after birth in

the cerebral cortex and the midbrain up to 2 months of age54.

In contrast, amnion-derived stem cells labeled with GFP

were injected at E15 rat cerebral ventricles. Grafted cells

were present in adult organisms, but no evidence of neuronal

or astrocytic differentiation was reported; interestingly,

these cells can generate endothelial cells in the host brain55.

With regards to human cells, MSC obtained from adult

brains (white matter and hippocampus) have been tested

after transplantation in E10 mice. After 7 days, only 20%
of the brains presented donor cells, which clustered in the

ventricular system. Grafted cells, identified by the Human

Nuclear Antigen, were negative for Sox2 (neural

precursors), Doublecortin (immature neurons), and MAP2

(mature neurons); only a few were positive for GFAP, indi-

cating astroglial differentiation56. Recently, a method using

hESCs differentiated to cortical progenitors allowed robust

engraftment in mouse E14.5 brains. One day later,

Pax6-positive human cells were found in the ventricular

zone, but at later time points, they reached the cortical plate.

These bIII-Tubulinþ neurons presented a polarized mor-

phology and they mimicked the radial migration character-

istic of the cerebral cortex. Intriguingly, these neurons were

found throughout all cortical layers at postnatal day 7, but

nonexistent in postnatal day 2857. We have found conditions

to induce in vitro the expression of the NSPC markers SOX2,

NESTIN, SOX1, and MUSASHI1 by human keratinocytes.

Interestingly, both induced cells and keratinocytes that did

not express such markers were able to produce neurons after

transplantation in the developing rat brain.

Conclusions

Here, we report that human keratinocytes are able to trans-

differentiate/convert into differentiated neuronal-like cells

positive for b-III TUBULIN and MAP2 when grafted in the

developing brain in vivo, supporting the presence of a per-

missive or an inductive neurogenic environment even for

cells not committed to differentiate into neural phenotypes

such as keratinocytes. These findings suggest that the skin

might be used as a relevant source of neurons in conditions

where cell replacement is required. It remains to be analyzed

the integration of converted keratinocytes into specific neu-

ronal circuits and the neuronal phenotypes that might be

generated.

Acknowledgments

We thank Dr Jessica Marin and Dr Jesús Chimal-Monroy for assis-
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elos, México (authorization numbers JE/730/04, E.I./05/278, study

No. 2017-76).

Statement of Human and Animal Rights

All animal procedures used in this study were approved by the

Instituto de Fisiologı́a Celular-UNAM Animal Care and Use Com-

mittee (Protocol IVV67-15) and followed National guidelines

(NOM-062-ZOO-1999). This article does not contain any studies

with human subjects.

Statement of Informed Consent

There are no human subjects in this article, but written informed

consent was obtained from a legally authorized representative for

foreskin use. The form was approved by the Research Committees

10 Cell Transplantation



from Hospital General de Cuernavaca “José G. Parres”, Hospital
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Wahlberg LU. In vitro expansion of a multipotent population

of human neural progenitor cells. Exp Neurol. 1999;158(2):

265–278.

36. Campos LS. Neurospheres: Insights into neural stem cell biol-

ogy. J Neurosci Res. 2004;78(6):761–769.

37. Santa-Olalla J, Covarrubias L. Epidermal growth factor (EGF),

transforming growth factor-alpha (TGF-alpha), and basic

fibroblast growth factor (bFGF) differentially influence neural

precursor cells of mouse embryonic mesencephalon. J Neurosci

Res. 1995;42(2):172–183.

38. Amoh Y, Li L, Katsuoka K, Penman S, Hoffman RM. Multi-

potent nestin-positive, keratin-negative hair-follicle bulge stem

cells can form neurons. Proc Natl Acad Sci U S A. 2005;

102(15):5530–5534.

39. Bajpai VK, Kerosuo L, Tseropoulos G, Cummings KA, Wang

X, Lei P, Liu B, Liu S, Popescu GK, Bronner ME, Andreadis

ST. Reprogramming postnatal human epidermal keratinocytes

toward functional neural crest fates. Stem Cells. 2017;35(5):

1402–1415.

40. Tseropoulos G, Moghadasi Boroujeni S, Bajpai VK, Lei P,

Andreadis ST. Derivation of neural crest stem cells from

human epidermal keratinocytes requires FGF-2, IGF-1, and

inhibition of TGF-b1. Bioeng Transl Med. 2018;3(3):

256–264.

41. Graham V, Khudyakov J, Ellis P, Pevny L. SOX2 functions to

maintain neural progenitor identity. Neuron. 2003;39(5):

749–765.

42. Lendahl U, Zimmerman LB, McKay RDG. CNS stem cells

express a new class of intermediate filament protein. Cell.

1990;60(4):585–595.

43. Toni N, Teng EM, Bushong, E a, Aimone JB, Zhao C, Consiglio

A, van Praag H, Martone ME, Ellisman MH, Gage FH. Synapse

formation on neurons born in the adult hippocampus. Nat

Neurosci. 2007;10(6):727–734.

44. Jahromi IR, Mehrabani D, Mohammadi A, Mahdi M, Seno G,

Dianatpour M, Zare S, Tamadon A.Emergence of signs of

neural cells after exposure of bone marrow-derived mesench-

ymal stem cells to fetal brain extract. Iran J Basic Med Sci.

2017;20:301–307.

45. Deleyrolle LP, Rietze RL, Reynolds BA. The neurosphere

assay, a method under scrutiny. Acta Neuropsychiatr. 2008;

20(1):2–8.

46. Kanno H, Kubo A, Yoshizumi T, Mikami T, Maegawa J.Iso-

lation of multipotent nestin-expressing stem cells derived from

the epidermis of elderly humans and TAT-VHL peptide-

mediated neuronal differentiation of these cells. Int J Mol Sci.

2013;14(5):9604–9617.

47. Hill RP, Gledhill K, Gardner A, Higgins CA, Crawford H,

Lawrence C, Hutchison CJ, Owens WA, Kara B, James SE,

Jahoda CAB. Generation and Characterization of Multipotent

Stem Cells from Established Dermal Cultures. PLoS One.

2012;7(11):e50742.

48. Biernaskie JA, McKenzie IA, Toma JG, Miller FD. Isolation of

skin-derived precursors (SKPs) and differentiation and enrich-

ment of their Schwann cell progeny. Nat Protoc. 2006;1(6):

2803–2812.

49. Zong Z, Li N, Ran X, Su Y, Shen Y, Shi C meng, Cheng T,

min. Isolation and characterization of two kinds of stem cells

from the same human skin back sample with therapeutic poten-

tial in spinal cord injury. PLoS One. 2012;7(11):e50222.

50. Hunt DPJ, Morris PN, Sterling J, Anderson JA, Joannides A,

Jahoda C, Compston A, Chandran S. A highly enriched niche

of precursor cells with neuronal and glial potential within the

hair follicle dermal papilla of adult skin. Stem Cells. 2008;

26(1):163–172.

12 Cell Transplantation



51. Wu W, Wu XL, Ji YQ, Gao Z.Differentiation of nestin-

negative human hair follicle outer root sheath cells into

neurons in vitro. Mol Med Rep. 2017;16(1):95–100.

52. Baizabal JM, Covarrubias L.The embryonic midbrain directs

neuronal specification of embryonic stem cells at early stages

of differentiation. Dev Biol. 2009;325(1):49–59.

53. Guerrero-Flores G, Bastidas-Ponce A, Collazo-Navarrete O,

Guerra-Crespo M, Covarrubias L.Functional determination of

the differentiation potential of ventral mesencephalic neural

precursor cells during dopaminergic neurogenesis. Dev Biol.

2017;429(1):56–70.

54. Munoz-Elias G, Marcus AJ, Coyne TM, Woodbury D, Black
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