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Abstract. Although previous studies indicate that skin-derived 
precursors (SKPs) are multipotent dermal precursors that share 
similarities with neural crest stem cells (NCSCs), a shared ability 
for multilineage differentiation toward neural crest lineages 
between SKPs and NCSCs has not been fully demonstrated. 
Here, we report the derivation of SKPs from adult mouse skin 
and their directed multilineage differentiation toward neural 
crest lineages. Under controlled in vitro conditions, mouse 
SKPs were propagated and directed toward peripheral nervous 
system lineages such as peripheral neurons and Schwann cells, 
and mesenchymal lineages, such as osteogenic, chondrogenic, 
adipogenic, and smooth muscle cells. To ask if SKPs could 
generate these same lineages in vivo, a mixture of SKP-derived 

mesenchymal stem cells and hydroxyapatite/tricalcium phos-
phate was transplanted into the rat calvarial defects. Over the 
ensuing 4 weeks, we observed formation of osteogenic structure 
in the calvarial defect without any evidence of teratomas. These 
findings demonstrate the multipotency of adult mouse SKPs to 
differentiate into neural crest lineages. In addition, SKP-derived 
mesenchymal stem cells represent an accessible, potentially 
autologous source of precursor cells for tissue-engineered bone 
repair.

Introduction

Stem cells/precursors provide an in  vitro model to study 
a potential source of specialized cells for use in regenera-
tive medicine (1). The most obvious therapeutic use of such 
multipotent adult human precursors is for cell transplantation 
and replacement. Although adult stem cells were previously 
believed to have a limited differentiating potential, recent 
evidence indicates that various types of cells can be generated 
from adult stem cells derived from various tissues, such as bone 
marrow, fat, and skin (2-4). A growing number of studies have 
focused on the possibility that adult stem cells are a realistic 
therapeutic alternative to embryonic stem cells, because 
several adult stem cell types show a surprisingly diverse 
differentiation repertoire (5,6).

Recently, multipotent skin-derived precursors (SKPs) were 
isolated from the dermis of embryonic, neonatal, and adult 
rodent skin, as well as from adult human skin, which is a highly 
accessible tissue source (2). SKPs have properties similar 
to embryonic neural crest stem cells (NCSCs) (7,8). SKPs 
differentiate into peripheral neural cells, including Schwann 
cells (9,10) and catecholaminergic neurons (11), as well as 
mesenchymally-derived smooth muscle cells, adipocytes (2,12), 
osteocytes, and chondrocytes (6). SKPs isolated from rodent 
and mammalian skins can form spheres in serum-free medium 
and differentiate into both neural and mesodermal progeny, 
including cell types never found in skin, such as neurons. SKPs 
represent an embryonic neural crest-related precursor cell 
that arises in skin during embryogenesis and persists in lower 
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numbers into adulthood (7). Mesenchymal tissues of the facial 
region and upper trunk in mammals are known to develop 
from cranial neural crest cells. The role of neural crest cells in 
mesenchymal tissues has been demonstrated in several studies 
with the chick-quail chimera system, developing transgenic 
mice, and human embryonic stem cell-derived neural crest 
cells (13-15). Multipotent adult SKPs offer the potential to treat 
the injured nervous system (9) and could also be useful for 
cell replacement therapy for mesenchymal tissue/structures. 
SKPs can be isolated and expanded from adult human skin 
(12), thereby representing a potentially autologous source of 
cells. Although many efforts have been made, it remains to 
be seen whether SKPs can differentiate into therapeutically 
useful mesenchymal cell types.

Due to ethical considerations related to the use of fetal 
tissues and the somewhat laborious and painful procedure 
associated with bone marrow aspiration, it would be ideal to 
have an easily accessible source of adult stem cells, such as 
subcutaneous adipose tissue or skin, in adult subjects. Although 
SKP-derived mesenchymal stem cells (MSCs) can differentiate 
into morphologically discernable cell types, few studies have 
demonstrated that SKP-derived MSCs differentiated in vitro 
show multipotency to differentiate into lineages of mesenchymal 
tissues, including bone, cartilage, fat, and muscle. Because SKPs 
are known to share similarities with NCSCs, we evaluated the 
possibility that SKPs derived from adult mouse skin could be 
directed to develop into mesenchymal and peripheral nervous 
system lineages. We also assayed that SKP-derived MSCs can 
promote osteogenic induction in vivo. In this study, the effect 
of a mixture of SKP-derived MSCs and hydroxyapatite (HA)/
tricalcium phosphate (TCP) was examined in a rat calvarial 
defect model.

Materials and methods

Animals and materials. Six-week-old male Sprague-Dawley 
rats (body weight 180-200 g) and 6- to 7-week-old female 
C57/BL6 mice (20-25 g) were purchased from Orient Bio Inc. 
(Seongnam, Korea). Animals were maintained in plastic cages 
in a room with 21-h day/night cycles at an ambient temper
ature of 21˚C with ad libitum access to water and a standard 
laboratory pellet diet. All animal procedures were reviewed 
and approved by the animal care committee of the Institute of 
Laboratory Animal Resources of Seoul National University. 
Beschitin W®, a commercial nonwoven-type chitin microfiber, 
was purchased from Unitika Co. (Osaka, Japan). Porous HA/
TCP was purchased from Zimmer (Warsaw, IN, USA).

Primary cell culture and sphere formation. SKPs were isolated 
as previously described (2,7) from 6 to 7-week-old C57/BL6 
mice (Orient Bio Inc.). Briefly, skin samples composed of 
epidermis and dermis were dissected, cut into small pieces, and 
digested in 0.1% Trypsin-EDTA in calcium- and magnesium-
free Hanks' balanced salt solution (CMF-HBSS; Invitrogen, 
Carlsbad, CA, USA) for 60 min at 37˚C. Partially digested skin 
pieces were mechanically dissociated and filtered through a 
40-µm cell strainer (BD Biosciences, Bedford, MA, USA). 
Filtered cells were washed, resuspended, and plated on 35-mm 
culture dishes. Cells were grown in DMEM/F12 (vol/vol, 1:1) 
medium supplemented with 1X B-27 supplement (Invitrogen), 

20 ng/ml basic fibroblast growth factor (bFGF), and 20 ng/
ml EGF (PeproTech, Rocky Hill, NJ, USA) for 1 week, and 
growth factors were added to the medium every 2 days without 
medium change. For serial sphere formation assays, subculture 
was done once a week for three weeks after dissociation of 
spheres with accutase (Innovative Cell Technologies, San Diego, 
CA, USA).

Cell differentiation. For directed differentiation of skin-
derived sphere-forming cells toward peripheral nerve or 
Schwann cells, cells were dissociated with accutase and 
plated at 5-20x103 cells on polyornithine (15 µg/ml)/laminin 
(1 µg/ml)-coated culture dishes. Cultures were established in 
serum-free DMEM/F12 medium supplemented with 50 ng/ml 
brain-derived neurotrophic factor (BDNF), 10 ng/ml neuro-
trophin-3 (NT3), and 50 ng/ml NGF (PeproTech) (peripheral 
nerve cells) or 10 mM dibutyryl cyclic AMP (dbcAMP; Sigma-
Aldrich, St. Louis, MO, USA), 10 ng/ml bFGF, and 20 ng/ml 
neuregulin (PeproTech) (Schwann cells). The medium was 
changed every two days, and cultures were maintained for two 
weeks without passage.

For mesenchymal differentiation, skin-derived spheres were 
dissociated with accutase, resuspended in 1 ml DMEM/F12 
medium, supplemented with 20 ng/ml EGF, 20 ng/ml bFGF, 
and 1X B-27, and plated on polyornithine (15 µg/ml)/laminin 
(1 µg/ml)/fibronectin (10 ng/ml)-coated 100-mm culture dishes. 
After 4 h, 9 ml DMEM/F12 medium, supplemented with EGF, 
bFGF, and B-27, were added. After 24 h of culture, medium was 
changed with α-minimal essential medium (α-MEM) containing 
10% FBS without growth factors. Attached cells were subcul-
tured at every 80% confluence, and third passage cells were used 
in the described experiments as SKP-derived mesenchymal 
cells. For osteogenic differentiation, SKP-derived mesenchymal 
cells were plated at a low density (4.0ⅹ103 cells/24-well) and 
cultured in α-MEM supplemented with 10 mM β-glycerol phos-
phate, 10 µM dexamethasone, 200 µM ascorbic acid, and 10% 
FBS for 2 weeks. Medium was changed every two days, and the 
cultures were maintained for two weeks without passage. 

For chondrogenic differentiation, SKP-derived mesen-
chymal cells were resuspended in α-MEM supplemented 
with 10 ng/ml TGF-β, 200 µM ascorbic acid, and 10% FBS. 
For preparation of each pellet, aliquots of 1.0ⅹ106 cells in 
5 ml defined medium were spun down at 390 x g for 3 min 
in 15-ml polypropylene conical tubes. Pellets were cultivated 
for 4 weeks at 37˚C by changing the medium every two days. 
For adipogenic differentiation, SKP-derived mesenchymal 
cells were plated at 2.5ⅹ104 cells per well of a 24-well plate 
and cultured in α-MEM supplemented with 0.5 mM 1-methyl-
3-isobutylxanthine, 1 mM dexamethasone, 10 µg/ml insulin, 
50 mM indomethacin, and 10% FBS. Medium was changed 
every two days, and the cultures were maintained for four weeks 
without passage. For myogenic differentiation, SKP-derived 
mesenchymal cells were cultured in α-MEM supplemented 
with 10% FBS until the cells reached 90% confluence. Cells 
were then subcultured at every 90% confluence for six weeks.

Histological staining. Histological staining of osteogenic cells 
was performed, as described previously (6). Briefly, to visualize 
mineral deposits, cells were fixed with ice-cold 95% ethanol 
for 30 min at -20˚C and stained with alizarin red S solution 
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(40 mM alizarin red S in double-distilled H2O, pH 4.2) for 1 h. 
The stained cells were washed with double-distilled H2O five 
times and then rinsed with PBS for 15 min. For chondrocyte 
proteoglycans, chondrocyte pellets were washed with PBS, 
fixed in 10% formalin for 5 min, embedded with Tissue-Tek® 
O.C.T. Compound (Sakura Finetek, Torrance, CA, USA), and 
then cut into 5-µm sections using a cryostat (Leica CM3050 S; 
Leica Microsystems Nussloch GmbH, NuBloch, Germany). 
Sections were hydrated, incubated in 3% acetic acid for 3 min, 
stained with alcian blue 8GX solution (1% alcian blue 8GX in 
3% glacial acetic acid, pH 2.5) for 30 min, rinsed with running 
water for 2 min, and then photographed. To detect adipocytes, 
cells were washed with PBS, fixed in 10% formalin for 5 min, 
washed with 60% isopropanol, completely dried, stained with 
oil red O solution (0.42% oil red O in 60% isopropanol) for 
10 min, rinsed with double-distilled H2O four times, and then 
photographed.

Immunocytochemistry. SKPs were differentiated toward 
peripheral nerve or Schwann cells on glass slide chambers 
for two weeks, as described elsewhere. Differentiated smooth 
muscle cells were also cultured on glass slide chambers 
in α-MEM supplemented with 10% FBS for 2 days. Cells 
were fixed with 2% paraformaldehyde for 30 min at room 
temperature and then permeabilized with 0.1% Triton X-100. 
After blocking with PBS containing 1% BSA for 60 min, cells 
were incubated with primary antibodies to TuJ1 (1:200; R&D 
Systems, Minneapolis, MN, USA), peripherin (1:50; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), glial fibrillary 
acidic protein (GFAP) (1:500; Chemicon, Temecula, CA, 
USA), S100β (1:100), smooth muscle actin α (SMAα) (1:100; 
Sigma-Aldrich), and desmin (1:100; Dako, Glostrup, Denmark) 
for 1 h at room temperature and then stained with secondary 
antibodies (FITC-conjugated goat anti-mouse IgG and 
Cy3-conjugated goat anti-rabbit IgG). Nuclei were counter
stained with DAPI. The images were observed and recorded 
using a fluorescence microscope (Olympus FV300; Olympus, 
Tokyo, Japan) equipped with a CDD camera.

Flow cytometry. SKP-derived mesenchymal cells were 
detached by trypsinization, and aliquots of 1.0ⅹ106 cells were 
prepared in 5-ml round-bottom test tubes. After rinsing with 
PBS containing 0.2% FBS, cells were spun down and blocked 
with PBS containing 1% BSA and 0.2% FBS for 30 min at 4˚C. 
Cells were then incubated with primary antibodies to CD29 
(1:10), CD44 (1:10), CD51 (1:10), CD73 (1:40), CD106 (1:7; BD 
Pharmingen, San Diego, CA, USA), and CD 133 (1:50) for 1 h 
on ice. After washing with PBS containing 0.2% FBS, cells 
were incubated with FITC-labeled secondary antibodies for 
1 h on ice. Finally, cells were analyzed on a FACSCalibur flow 
cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).

RT-PCR and quantitative real-time PCR. mRNA levels of 
specific marker genes were determined by RT-PCR. Total 
RNA was isolated using the TRI-reagent (Molecular Research 
Center, Cincinnati, OH, USA), according to the manufacturer's 
instructions. After the RNA was denatured by 70˚C incubation 
for 10 min and kept on ice for 5 min, cDNA was prepared 
using reverse transcriptase (Invitrogen) and a random hexamer 
and then subjected to PCR amplification of specific marker 

genes using a 300 nM final concentration of each primer 
(Table I) and cDNA, corresponding to 133 ng of total RNA. 
After incubation at 95˚C for 2 min, PCR cycling conditions 
consisted of 30 cycles at 95˚C for 20 sec, 60˚C for 10 sec, 
and 70˚C for 4 sec. Reaction products were analyzed by 1.5% 
agarose gel electrophoresis and visualized by ethidium bromide 
staining. In addition, real-time PCR was performed, using the 
7500 Real-time PCR System (Applied Biosystems, Foster City, 
CA, USA). Primer sequences were designed using Primer 
Express® Software version 3.0 (Applied Biosystems). The 
cDNA was prepared using reverse transcriptase and a random 
hexamer, and then subjected to real-time PCR amplification 
using SYBR® Green PCR Master Mix (Takara, Shiga, Japan) 
that contained a 300 nM final concentration of each primer 
(Table I) and cDNA, corresponding to 33 ng of total RNA. 
After incubation at 95˚C for 4 min, PCR cycling conditions 
consisted of 40 cycles at 95˚C for 15 sec, 60˚C for 20 sec, and 
72˚C for 34 sec. To analyze the data, cycle threshold values were 
determined by automated threshold analysis with Sequenced 
Detection Software version 1.3, after which the calculated cycle 
threshold values were exported to Microsoft Excel for analysis. 
The relative expression of each target mRNA was calculated 
using the comparative cycle threshold method according to the 
manufacturer's procedures (Applied Biosystems).

Animal experiments. Twelve adult male Sprague-Dawley rats 
weighing 180-200 g (age: 6 weeks) were randomly divided 
into three groups of four: i) a vehicle (PBS)-loaded HA/TCP 
group as the negative control, ii) a SKP-derived, differentiated 
osteogenic cell-loaded HA/TCP group as the positive control, 
and iii) a SKP-derived MSC-loaded HA/TCP group. In order to 
prepare the mixture of scaffold and cells, 30 mg of porous HA/
TCP (particle size of ~0.8x0.8 mm) was incubated with 4.0x105 
cells in 50 µl PBS at room temperature for 2 min with constant 
stirring. For the calvarial defect model, the surgical site was 
shaved and scrubbed with iodine after anesthetizing by injecting 
a ketamine (50 mg/kg) and xylazine (10 mg/kg) mixture i.m. 
An incision was made in the sagittal plane across the cranium, 
and a full thickness flap was reflected to expose the calvarial 
bone. A standardized, circular, transosseous defect, 8 mm in 
diameter, was created on the cranium with a trephine bur (ACE 
Dental Implant System, Brockton, MA, USA) and was copiously 
irrigated with saline. After removal of the trephined calvarial 
disk, Beschitin W® matrices were cut out with a trephine bur 
(8 mm in diameter) and placed on defect sites. A mixture of 
HA/TCP and either SKP-derived, differentiated osteogenic 
cells or SKP-derived MSCs was transplanted into the calvarial 
defects. All surgical sites were sutured for primary closure with 
4-0 Silkam® (Aesculap, Center Valley, PA, USA). The rats were 
sacrificed at 4 weeks post-surgery, and whole calvariae were 
fixed in 4% paraformaldehyde for 24 h at 4˚C and then analyzed 
using a micro-computed tomography (micro-CT) scanning 
(SkyScan 1172 high-resolution micro-CT, SkyScan, Kontich, 
Belgium). The specimens were then decalcified with 12% 
EDTA (pH 7.7) for 4 weeks and embedded in paraffin. Paraffin 
embedded samples were sectioned at 6 µm and then stained 
with hematoxylin and eosin (H&E) and Masson Trichrome.

Statistical evaluations. All experiments were performed 
at least in triplicate. Data are expressed as mean ± SD. 
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Differences between differentiated and undifferentiated SKPs 
or SKP-derived MSCs were evaluated with Student's t-tests. The 
statistical significance of the in vivo results was analyzed with a 
one-way ANOVA followed by Scheffe's adjustment. P<0.05 was 
defined as statistically significance.

Results

SKPs can be derived from adult mouse skin. To isolate 
SKPs from adult mice skin, we adapted a technique devised 
to generate neural stem cells from the brain (2,16,17). Skin 
samples composed of epidermis and dermis were dissociated 
from 6 to 7-week-old C57/BL6 mice (~1-2 cm2) and cultured 

in defined medium containing EGF and bFGF2. Many cells 
adhered to the culture dishes and many died, but small spheres 
of floating cells formed within three days. The spheres were 
isolated, centrifuged, and separated into single cells with 
accutase treatment. These cells were transferred to a new 
flask seven days after initial culturing. Once again, many 
cells adhered, but cells in the floating spheres proliferated 
to generate larger spheres (Fig. 1A). The spheres were then 
isolated after seven days of culture, dissociated, and cultured 
in fresh medium supplemented with growth factors. Purified 
populations of floating spheres were obtained after three 
subcultures over three weeks using this process of selective 
adhesion (Fig. 1A). Each time, the spheres were dissociated to 

Table I. Primers for specific marker genes used to assess cell differentiation in RT-PCR and real-time PCR.

Gene (NCBI ID)	 Forward primer	 Reverse primer	 Product size (bp)

Peripherin	 5'-CCACTCTGTCCCGCCTAGAA-3'	 5'-TGCAGGTCTCGAAGTTCCTCTT-3'	 100
(NM_013639.1)

TuJ1 (Tubb3) 	 5'-TCCGCCTGCCTTTTCGTCTCTA-3'	 5'-AGTTGCCGCTGGGGTCTATGC-3'	 144
(NM_023279.2)

GFAP (NM_010277.2)	 5'-CATGCCACGCTTCTCCTTGTCTC-3'	 5'-GCTCGCTCGCCCGTGTCT-3'	 108

S100β (NM_009115.3)	 5'-CCTTTCAGGATGATCGCTTTG-3'	 5'-ATGGACAGCAGAGGGAGCAA-3'	 100

ALP (NM_007433.3)	 5'-GTGCCCTGACTGAGGCTGTC-3'	 5'-GGATCATCGTGTCCTGCTCAC-3'	   81

Bone sialoprotein	 5'-CACCCCAAGCACAGACTTTTG-3'	 5'-TCCTCGTCGCTTTCCTTCAC-3'	 100
(NM_008318.1) 

Osteocalcin	 5'-CCGGGAGCAGTGTGAGCTTA-3'	 5'-TAGATGCGTTTGTAGGCGGTC-3'	   61
(NM_001032298.2) 

Osteopontin	 5'-GATGCCACAGATGAGGACCTC-3'	 5'-CTGGGCAACAGGGATGACAT-3'	   81
(NM_009263.1) 

C/EBPα	 5'-TCAGACCAGAAAGCTGAGTTGTG-3'	 5'-TGGTCCCCGTGTCCTCCTA-3'	 100
(NM_007678.3)

LPL (NM_008509.2)	 5'-CATCGAGAGGATCCGAGTGAA-3'	 5'-TGCTGAGTCCTTTCCCTTCTG-3'	 100

PPARγ (NM_011146.2)	 5'-AACTGCCGGATCCACAAAAA-3'	 5'-GCCCAAACCTGATGGCATT-3'	 100

ATF3 (NM_007498.3)	 5'-CCTCCTGGGTCACTGGTATTTG-3'	 5'-TCCGATGGCAGAGGTGTTTAT-3'	 100

Collagen type II α1	 5'-CCGGCCCTCAAGGATTTCAA-3'	 5'-TCCCAGCTTCACCGTCGTCA-3'	 123
(NM_031163.2)

Ihh (NM_010544.2	 5'-CTGCCCAGGCTAAGCTCCTT-3'	 5'-GATTTCCCCCTCCATGCAA-3'	 100

Sox5 (NM_011444.1)	 5'-AACAGTCCACCACCCAAAAGC-3'	 5'-AGGTGGGTGATGCAGGTGAT-3'	 100

SMAα (NM_007392.2)	 5'-CCAAATCATTCCTGCCCAAA-3'	 5'-GTTGCTAGGCCAGGGCTACA-3'	 100

SMAγ (NM_009610.2)	 5'-CCTCTTCCAGCCTTCCTTCA-3'	 5'-CAAATCTTTGCGGATGTCAATG-3'	 100

Caldesmon	 5'-CCGCATTAACGAATGGCTAAC-3'	 5'-GTTCCGCTTGCCAGATACATC-3'	 100
(NM_145575.3) 

Smoothelin	 5'-CGCCCTCGCACGATTG-3'	 5'-CAGCTTGCGCTCCTCATATTC-3'	 100
(NM_013870.2)

GAPDH	 5'-ATGACTCCACTCACGGCAAAT-3'	 5’-GGGTCTCGCTCCTGGAAGAT-3'	 100
(NM_008084.2)
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single cells when passaged, and subsequently proliferated to 
generate new spheres.

Mouse SKPs differentiate into MSCs. Since adult rat skin is 
known to contain MSCs, which contribute to the regeneration of 
mesenchymal tissues, such as bone, cartilage, muscle, ligament, 
tendon, adipose, and stroma (18-20), we looked for multipotent 
MSCs in adult mouse skin. After isolation and expansion of 
the mesenchymal cells from adult mouse skin taken from the 
back, we identified an isolated population of homogeneous 
mouse mesenchymal cells. The SKP-derived mesenchymal 
cells were characterized by their ability to proliferate in culture 
with an attached, well-spread morphology (Fig. 1B), by the 
presence of marker proteins on their surface (Fig. 1C), and by 
their extensive differentiation to multiple mesenchymal lineages 
under controlled in vitro conditions (Figs. 3-6). These expanded, 
attached SKP-derived mesenchymal cells were uniformly posi-
tive for many surface proteins, including CD29, CD44, CD51, 
CD73, CD106, and CD133 (Fig. 1C). These results indicate that 
mouse SKPs can differentiate into SKP-derived MSCs under 
the described culture conditions.

Directed differentiation of mouse SKPs toward peripheral 
nervous system lineages. To determine whether mouse SKPs 
could generate neural cell types, such as peripheral neurons 

and Schwann cells, mouse SKPs were plated on polyornithine/
laminin-coated dishes and cultured for two weeks in the pres-
ence of BDNF, NT3, and NGF (peripheral neurons) or dbcAMP, 
bFGF, and neuregulin (Schwann cells). After two weeks, a 
subpopulation of differentiated cells with neuronal morphology 
coexpressed the pan-neuronal marker TuJ1 and peripherin, a 
protein typical of peripheral neurons (7) (Fig. 2A). Real-time 
PCR and RT-PCR analysis revealed that mouse SKPs gener-
ated cells producing TuJ1 and peripherin at two weeks after 
plating (Fig. 2B and E). Since the neural cell types of interest 
were largely peripheral cells that derive from the neural crest 
during development (9), we further addressed whether mouse 
SKPs could differentiate into Schwann cells. SKP-derived 
Schwann cells were identified in vitro by immunocytochemical 
markers specific to Schwann cells, such as S100β and GFAP 
(10). Immunostaining (Fig. 2C), real-time PCR (Fig. 2D), and 
RT-PCR analysis (Fig. 2F) revealed that mouse SKPs generated 
cells that expressed Schwann cell markers. Double-labeling for 
S100β and GFAP demonstrated that a subpopulation of S100β-
positive cells also coexpressed GFAP (Fig. 2B), indicating that 
those cells were likely to be Schwann cells. After 2 weeks in 
lineage-specific culture conditions, the majority (>95%) of the 
expanded cells were stained by immunocytochemical markers 
specific to peripheral neurons and Schwann cells, respectively 
(data not shown). Taken together, these results indicate that 

Figure 1. Stepwise isolation of SKPs from adult mouse skin and directed differentiation via extrinsic signals. (A) Schematic illustration of the experimental 
design (upper) and representative images of sphere-forming SKPs (lower) following 7, 14, and 21 days of in vitro expansion. Following initial purification, 
SKPs that grew as spheres in suspension and were dissociated to single cells generated spheres again over the course of one week. Serum-free conditions allow 
differentiation of SKPs into both neurons, as well as Schwann cells. Serum exposure led to rapid conversion of SKP cultures into mesenchymal precursors. 
Scale bars, 50 µm. (B) Morphology of the SKP-derived mesenchymal precursors upon exposure to serum-containing medium. Scale bars, 50 µm. (C) FACS 
analysis of the surface marker profile of SKP-derived mesenchymal precursors.
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mouse SKPs can differentiate into peripheral neurons and 
Schwann cells.

Directed differentiation of mouse SKP-derived MSCs toward 
mesenchymally-derived cell types. Rodent SKPs are known 
to differentiate into both neural and mesodermal cell types, 
including neurons, glia, smooth muscle cells, and adipo-
cytes (12). To examine the differentiation potential toward 
mesenchymal lineages of SKP-derived MSCs, we cultured 
SKP-derived MSCs (passage 3) under modified conditions, as 
previously described (15). The cells that differentiated toward 
osteogenic, chondrogenic, adipogenic, or smooth muscle cells 
from the SKP-derived MSCs were compared to undifferentiated 
SKP-derived MSCs. After 2-6 weeks in lineage-specific culture 
conditions, the expanded cells were highly differentiated into 
lineage-specific cell types (Figs. 3-6).

Osteogenic differentiation was induced in the SKP-derived 
mesenchymal cell cultures by treatment with β-glycerol phos-
phate, dexamethasone, and ascorbic acid in the presence of 10% 
FBS. The differentiated osteogenic cells formed aggregates 
or nodules, and calcium accumulation was evident after two 
weeks. Alizarin red staining demonstrated mineral deposits 
associated with some of these nodules. These mineral deposits 
were abundant at two weeks and localized both to cells in the 
nodules and to some that grew in monolayers (Fig. 3A). Real-
time PCR analysis revealed an ~40-fold increase in alkaline 
phosphatase (ALP) gene expression (Fig. 3B). Next, we assessed 
the expression of osteogenic-specific marker genes, including 
bone sialoprotein (BSP), osteocalcin, and osteopontin. Samples 
of SKP-derived MSCs and the differentiated osteogenic cells 
were evaluated by real-time PCR analysis with various primers 
(Table I). Previous studies have reported that osteonectin, type 

Figure 2. Differentiation of mouse SKPs toward peripheral nervous system lineages. Representative images of differentiated SKPs stained with markers for 
peripheral neurons (A) and Schwann cells (C). Peripheral neurons were double-labeled for TuJ1 with peripherin. Schwann cells were double-labeled for S100β 
with GFAP. The yellow in the merged images denotes a cluster of cells positive for both markers, with nuclei stained blue (DAPI). Scale bars=50 µm. Real-
time PCR for specific marker genes of peripheral neurons (B) and Schwann cells (D) in total RNA isolated from both cells, as compared with SKPs. Data are 
expressed as the mean ± SD; *P<0.01. RT-PCR for specific marker genes of peripheral neurons (E) and Schwann cells (F). RT-PCR for GAPDH was used as a 
loading control, and a reaction without input nucleic acid was run in the first lane as a negative control.

Figure 3. Characterization of osteogenic cells selectively induced from 
mouse SKP-derived MSCs. Photograph of monolayer cultures of SKP-
derived MSCs differentiated for two weeks under osteogenic conditions and 
then stained for mineral deposits using alizarin red (A). Scale bar, 50 µm. 
Expression of osteogenic markers, including alkaline phosphatase (ALP), 
osteopontin, bone sialoprotein (BSP), and osteocalcin was measured by real-
time PCR (B) and RT-PCR analysis (C). RT-PCR for GAPDH was used as a 
loading control, and a reaction without input nucleic acid was run in the first 
lane as a negative control. Data are expressed as the mean ± SD; *P<0.01.
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I collagen, and osteopontin are early/intermediate markers for 
osteogenesis, while Cbfa-1, BSP, and osteocalcin are inter-
mediate/late markers (21). We found that the expression level 
of osteopontin was significantly higher in the differentiated 
osteogenic cells, as compared with the SKP-derived MSCs. 
The transcription of intermediate/late markers, including BSP 
and osteocalcin, was also upregulated in the differentiated 
osteogenic cells (Fig. 3B). We further confirmed the expression 
levels of osteogenic-specific marker genes via RT-PCR. The 
expression levels of osteogenic-specific marker genes were very 
similar to the results of real-time PCR analysis (Fig. 3C). Taken 
together, these results indicate that SKP-derived MSCs can 
differentiate into an osteogenic lineage.

To induce chondrogenic differentiation, we gently centri-
fuged the SKP-derived MSCs to form a pelleted micromass 
and cultured the cells with TGF-β and ascorbic acid in the 
presence of 10% FBS. After 4 weeks of chondrogenic differ-
entiation, cell pellets were fixed, embedded, cut in 5-µm thick 
sections, and stained with the chondrocytic marker alcian blue 
8GX. The cell pellets stained positive for alcian blue (Fig. 4A) 
and developed a multilayered matrix-rich morphology after 
four weeks of chondrogenic differentiation. In addition, 
chondrocyte-like lacunae were evident in histological sections. 
Real-time PCR (Fig. 4B) and RT-PCR results (Fig. 4C) showed 
that differentiated chondrogenic cells expressed chondrogenic-
specific marker genes, such as activating transcription factor 3 
(ATF3), collagen type II α1 (Col2α1), Indian hedgehog (Ihh), 
and SRY-box containing gene 5 (Sox5). Overall, these results 

indicate that SKP-derived MSCs can differentiate into a chon-
drogenic lineage.

Adipogenic differentiation was induced in the SKP-derived 
mesenchymal cell cultures by treatment with dexamethasone, 
insulin, indomethacin, and 1-methyl-3-isobutylxanthine for four 
weeks. Induction was apparent by the accumulation of lipid-rich 
vacuoles within cells (Fig. 5A). After 2-3 weeks of adipogenic 
incubation, cytoplasmic lipid vesicles characteristic of differ
entiated adipocytes formed. The cytoplasmic lipid vesicles 
were apparent by the accumulation of lipid-rich vacuoles within 
cells. These adipocytes expressed fat cell-specific marker 
genes, such as peroxisome proliferation-activated receptor γ 
(PPARγ), lipoprotein lipase (LPL), and CCAAT/enhancer 
binding protein α (C/EBPα; Fig. 5B and C). Multiple induction 
treatments resulted in >95% of the cells committing to this 
lineage, and the lipid vacuoles continued to develop over time, 
coalesced, and eventually filled the cells. These results indicate 
that SKP-derived MSCs possess the ability to differentiate into 
adipogenic cells.

Figure 4. Characterization of chondrogenic cells selectively induced from 
mouse SKP-derived MSCs. Photograph of micromass cultures of mouse 
SKPs differentiated for four weeks under chondrogenic conditions and then 
stained with alcian blue (A). Scale bar, 100 µm. Expression of chondro-
genic markers, including activating transcription factor 3 (ATF3), collagen 
type II α1 (Col2α1), Indian hedgehog (Ihh), and SRY-box containing gene 5 
(Sox5) was measured by real-time PCR (B) and RT-PCR analysis (C). 
RT-PCR for GAPDH was used as a loading control, and a reaction without 
input nucleic acid was run in the first lane as a negative control. Data are 
expressed as the mean ± SD; *P<0.01.

Figure 5. Characterization of adipogenic cells selectively induced from 
mouse SKP-derived MSCs. Photograph of monolayer cultures of SKP-
derived MSCs differentiated for four weeks under adipogenic conditions and 
then stained with oil red O (A). Scale bar, 100 µm. Expression of adipogenic 
markers, including peroxisome proliferation-activated receptor γ (PPARγ), 
lipoprotein lipase (LPL), and CCAAT/enhancer binding protein α (C/EBPα) 
was measured by real-time PCR (B) and RT-PCR analysis (C). RT-PCR for 
GAPDH was used as a loading control, and a reaction without input nucleic 
acid was run in the first lane as a negative control. Data are expressed as 
the mean ± SD; *P<0.01.
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To induce myogenic differentiation, ~80% confluent 
SKP-derived MSCs (passage 3) were subsequently passaged 
by trypsinization (split ratio 1:3) to the nineteenth passage for 
6 weeks. By passage 20, smooth muscle cell differentiation was 
assessed by cell morphology and immunocytochemistry. These 
cells were strongly positive for specific smooth muscle cell 
markers, such as desmin and SMAα (Fig. 6A). Using real-time 
PCR analysis, we found that the expression levels of specific 
smooth muscle cell marker genes, such as SMAα, SMAγ, 
caldesmon, and smoothelin, were higher in the differentiated 
smooth muscle cells, as compared with the SKP-derived MSCs 
(Fig. 6B). We further confirmed the expression levels of specific 
smooth muscle cell marker genes via RT-PCR. The expression 
levels of specific smooth muscle cell marker genes were very 

similar to the results of real-time PCR analysis (Fig. 6C). These 
results indicate that SKP-derived MSCs possess the ability to 
differentiate into smooth muscle cells.

Transplanted SKP-derived MSCs promote new bone forma-
tion. To investigate the effect of SKP-derived MSCs on 
osteogenic capacity to repair bone defects in  vivo, a rat 
critical-sized calvarial defect model was utilized. Micro-CT 
images of calvarial defects demonstrated that bone volume 
was increased ~1.4- and 2.0-fold in the SKP-derived, differ-
entiated osteogenic cell- and the SKP-derived MSC-loaded 
HA/TCP groups compared to vehicle-loaded control group, 
respectively (Fig. 7A). H&E staining showed that there was no 
new osteoid tissue formation in the vehicle-loaded HA/TCP 
group, although fibrosis and infiltration of giant cells were 
observed (Fig. 7B, left panel). In the SKP-derived, differenti-
ated osteogenic cell- and the SKP-derived MSC-loaded HA/
TCP groups, we observed distinct and widespread formation 
of immature bone tissue around the transplanted HA/TCP. 
Similarly, evidence of fibrosis or infiltration of giant cells was 
also observed in these groups (Fig. 7B, right panel). To detect 
collagen deposition in the transplanted site, we used Masson 
Trichrome staining. Masson Trichrome-stained histological 
sections confirmed greater amounts of bone regeneration 
in the SKP-derived, differentiated osteogenic cell- and the 
SKP-derived MSC-loaded HA/TCP groups, compared to 
vehicle-loaded control group, respectively (Fig. 7C). In addition, 
we did not observe any formation of teratomas or tumors in the 
sacrificed rats.

Discussion

Although previous evidence has shown that SKPs are multi
potent dermal precursors that share similarities with NCSCs 
(6,7), a shared ability for multilineage differentiation toward 
neural crest lineages has not been fully demonstrated. 
Accordingly, we examined whether SKPs could differentiate 
toward neural crest lineages in vitro. We found that adult 
mouse SKPs displayed multipotency by showing directed 
differentiation into peripheral nervous system lineages, such 
as peripheral neurons and Schwann cells, and mesenchymal 
lineages, such as smooth muscle, adipogenic, osteogenic, 
and chondrogenic cells, via extrinsic signals. Since NCSCs 
derived from human embryonic stem cells are capable of 
multilineage differentiation toward neural crest lineages 
in vitro (15), our findings support the possibility that SKPs 
display a similar differentiation potential. These results are 
consistent with previous studies (2,7,15) that isolated SKPs 
share characteristics with NCSCs in microarray and clonal 
analyses.

SKPs are known to reside within a hair follicle niche and 
have properties similar to embryonic NCSCs, including the 
transcription factors they express, their migration when placed 
into the neural crest migratory stream in embryonic chicks, 
and their differentiation potential (7,8). Most previous studies 
with SKPs have shown, in parts, their differentiation into 
peripheral neural cells, including Schwann cells (9,10) and 
catecholaminergic neurons, or mesenchymally-derived cell 
types (2,6,12). These findings suggest that SKPs may differ-
entiate into neural crest lineages, based upon their ability to 

Figure 6. Characterization of smooth muscle cells selectively induced from 
mouse SKP-derived MSCs. Representative images of differentiated SKPs 
stained with the markers for smooth muscle cells (A). Differentiated smooth 
muscle cells were labeled for desmin and smooth muscle actin α (SMAα). 
Nuclei are stained blue (DAPI). Scale bars, 200 µm. Expression of smooth 
muscle cell markers, including SMAα, SMAγ, caldesmon, and smoothelin 
was measured by real-time PCR (B) and RT-PCR analysis (C). RT-PCR for 
GAPDH was used as a loading control, and a reaction without input nucleic 
acid was run in the first lane as a negative control. Data are expressed as 
the mean ± SD; *P<0.01.
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generate neural crest derivatives, but the multilineage differen-
tiation potential toward neural crest lineages in vitro remains 
unknown. Rodent and human SKPs can differentiate into 

osteocytes and chondrocytes in culture, based on immuno
histochemistry and histological staining (6). In this study, we 
described the isolation of SKPs from adult mouse skin and 

Figure 7. Effect of transplanted SKP-derived MSCs on in vivo bone regeneration. Critical size rat calvarial defects were implanted with absorbable HA/
TCP treated with vehicle (PBS), SKP-derived, differentiated osteogenic cells, or SKP-derived MSCs (4.0x105 cells/30 mg HA/TCP) at room temperature for 
2 min with constant stirring. (A) Micro-CT images of calvarial defects, which were implanted with HA/TCP treated with vehicle, SKP-derived, differentiated 
osteogenic cells, and SKP-derived MSCs. (B) H&E staining of HA/TCP treated with vehicle, SKP-derived, differentiated osteogenic cells, and SKP-derived 
MSCs. HA stands for the HA/TCP regions. The asterisks show the location of the newly formed bone structure. Boxed area was enlarged in the left panel. Scale 
bars, 100 µm. (C) Masson Trichrome staining for collagen in each group. The blue areas (asterisks) show the deposition of collagen. Boxed area was enlarged 
in the left panel. Scale bars, 100 µm. ND, not detected. Values are expressed as the mean ± SD; (n=4), *P<0.01.
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showed that SKPs can efficiently differentiate into neural crest 
lineages via extrinsic signals, as determined by flow cyto
metry, immunohistochemistry, histological staining methods, 
quantitative real-time PCR, and RT-PCR. These findings 
expand our conception of the differentiation potential of SKPs.

The isolation and directed differentiation of SKPs derived 
from adult mouse skin can be routinely performed from 
small pieces of skin. We also showed that SKPs can generate 
primary, secondary, and tertiary floating sphere structures 
in vitro, similar to those produced by primary NCSCs and 
human embryonic stem cell-derived NCSCs (15,22). In this 
study, mouse SKPs differentiated into peripheral neurons and 
Schwann cells under controlled serum-free conditions in vitro. 
These results are consistent with previous reports (7,9,10,12) 
and indicate that SKPs differentiate into peripheral neurons 
and Schwann cells. Moreover, our cultures of expanded mesen-
chymal cells from mouse SKPs appeared to progress to the 
mesenchymal lineage (adipogenic, chondrogenic, osteogenic, 
and smooth muscle cells). Numerous studies have described 
molecular signals related to the induction of peripheral 
nervous system lineages (7,9,10,12) and mesenchymal lineages 
(15,23-29). Expression of marker proteins on their surface and 
differentiation potential toward peripheral nervous system 
lineages and mesenchymal lineages suggest the presence of 
NCSC precursors in adult mouse SKPs cultures. However, our 
study does not indicate that a single SKP cell can give rise to 
both neural and mesenchymal progeny.

These findings raise the potential for the therapeutic use of 
multipotent adult precursors like SKPs and SKP-derived MSCs. 
SKPs can generate large numbers of myelinating Schwann 
cells (9), and these SKP-derived Schwann cells promote func-
tional recovery when transplanted into the contused rodent 
spinal cord (30). SKPs represent an accessible adult source 
of neural precursors for treating the damaged nervous system 
(12). Likewise, adult stem cells, such as bone marrow stem cells, 
MSCs, or SKPs, have been reported to have differentiation 
potential toward osteogenic tissues when transplanted with 
biomaterials or scaffolding materials, such as alginate, HA, 
hydrogel, and matrigel (6,31-33). In this study, we transplanted 
SKP-derived MSCs mixed with HA/TCP into the rat calvarial 
defects, and found that the SKP-derived MSCs could differ-
entiate into osteogenic structures without teratoma formation. 
Moreover, the SKP-derived MSCs could form osteoid structures 
independent of biomaterials (HA/TCP). The mechanism or 
source of possible signals for that environment, however, has 
yet to be elucidated. SKP-derived MSCs appear to represent an 
accessible, potentially autologous source of precursor cells for 
use in regenerative medicine.

In conclusion, our findings demonstrate the multipotency 
of adult mouse SKPs toward neural crest lineages under 
controlled in vitro conditions, and a close similarity for multi
lineage differentiation between SKPs and NCSCs. In addition, 
SKP-derived MSCs may offer an alternative source for 
therapeutic applications.
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