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ABSTRACT

Thediscovery ofmultipotent neural crest-derived stemcells, namedepidermal neural crest stemcells
(EPI-NCSC), that persist postnatally in an easy-to-access location—the bulge of hair follicles—opens
a spectrum of novel opportunities for patient-specific therapies. We present a detailed characteriza-
tion of canine EPI-NCSC (cEPI-NCSC) frommultiple dog breeds and protocols for their isolation and ex
vivo expansion. Furthermore, we provide novel tools for research in canines, which currently are still
scarce. Inanalogy tohumanandmouseEPI-NCSC, theneural crestoriginof cEPI-NCSC is shownby their
expression of the neural crest stem cell molecular signature and other neural crest-characteristic
genes. Similar to human EPI-NCSC, cEPI-NCSC also expressed pluripotency genes. We demonstrated
that cEPI-NCSC can generate all major neural crest derivatives. In vitro clonal analyses established
multipotency and self-renewal ability of cEPI-NCSC, establishing cEPI-NCSC as multipotent somatic
stem cells. A critical analysis of the literature on canine spinal cord injury (SCI) showed the need
for novel treatments and suggested that cEPI-NCSC represent viable candidates for cell-based ther-
apies in dog SCI, particularly for chondrodystrophic dogs. This notion is supported by the close onto-
logical relationship between neural crest stem cells and spinal cord stem cells. Thus, cEPI-NCSC
promise to offer not only a potential treatment for canines but also an attractive and realistic large
animal model for human SCI. Taken together, we provide the groundwork for the development of
a novel cell-based therapy for a condition with extremely poor prognosis and no available effective
treatment. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:334–345

INTRODUCTION

Therewere two goals for the present study: to de-
termine whether the canine hair follicle contains
epidermal neural crest stem cells (EPI-NCSC) and
to design and create novel canine-specific tools
for the visualization and analysis of canine stem
cells. The discovery of multipotent neural crest
stem cells (NCSC) that persist postnatally into
adulthood in an easily accessible location, the
bulge of hair follicles, opens a spectrum of oppor-
tunities for cell-based therapies. As neural crest
derivatives, these stem cells have a high degree
of innate developmental plasticity. EPI-NCSC
can be accessed with ease from haired skin biop-
sies. By taking advantage of the migratory ability
of neural crest cells, EPI-NCSC can be isolated as
highly purepopulations ofmultipotent stemcells,
and they can be expanded ex vivo into millions of
stem cells within a short period of time [1, 2].

The neural crest is a transient embryonic
structure in vertebrates that originates in the
neural folds. Neural crest cells migrate from the
dorsalaspectof the formingneural tubeviadistinct

pathways to specific locations in the embryo,
where they give rise to a wide array of cell types
and tissues in the adult vertebrate organism
[3–6]. Neural crest derivatives include the auto-
nomic and enteric nervous systems,most primary
sensory ganglia, craniofacial mesenchyme, endo-
crine cells suchas theadrenalmedulla, andsmooth
musculature of the cardiac outflow tract and the
great vessels, among others [4, 7]. Neural crest
cells also invade the ectoderm [8] and come to re-
side in the bulge of hair follicles [1, 2], a stem cell
niche adjacent to theepidermal outer root sheath
of hair follicles, where they form a reservoir of
multipotent stem cells predestined to become
pigment cell precursors, which in turn differenti-
ate into melanocytes and give hair its color.

The strategy for establishing the neural crest
origin of canine EPI-NCSC was based on our pre-
vious studies. EPI-NCSC were discovered in the
mouse [1, 2]. Their neural crest origin was de-
termined unequivocally by using cells from the
Wnt1-cre:R26R compound transgenic mouse in
which neural crest cells and their progeny are in-
delibly and specificallymarkedby their expression
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ofb-galactosidase [1, 2].Weperformed gene expression profiling
of mouse embryonic NCSC and mouse EPI-NCSC [9]. By in silico
comparisons, we defined an NCSC molecular signature, which is
specific to both embryonic and adult NCSC. By comparing the
neural crest molecular signature with published gene expression
profiles, we determined that mouse EPI-NCSCwere distinctly dif-
ferent from any other known skin-resident stem cells or progen-
itors [9, 10]. By analogy, we subsequently characterized human
EPI-NCSC (hEPI-NCSC) and found that hEPI-NCSC also express
the NCSC molecular signature, as well as other established NCSC
markers [11]. The goal in the current study was to determine
whether dog hair follicles contain migratory cells that express
the NCSC molecular signature and other pertinent NCSC genes.
We show that such stem cells indeed exist in various dog breeds.

Neural crest cells are ontologically closely related to spinal cord
stemcellsbecausetheyshareahigherorderstemcell thatgivesrise
to both neural tube stem cells and NCSC [12]. For this reason, EPI-
NCSC are attractive candidates for cell-based therapies in models
of spinal cord injury (SCI). In fact, in mouse models of SCI, mouse
EPI-NCSC exhibited several advantageous characteristics, including
cell replacement, neuroprotection, angiogenesis, and modulation
of scar formation, which together led to an approximately 20% im-
provement in sensory connectivity and touch perception [13–15].

In human and veterinary medicine, SCI is a serious neurolog-
ical problemwith severe and permanent debilitating neurological
deficits. The irreversible loss of function consequent to loss of spi-
nal cord parenchyma has long been recognized, and despite in-
tense effort, successful therapies are still not available [16, 17].
Recent advances in the understanding of the pathophysiology
of SCI have produced many chemical, cellular, and physical inter-
ventions that appear promising in vitro or in laboratory animal
models [18–21]; however, translation into effective treatment
for human or animal patients has not yet been achieved. This
“translation gap” results in part from the lack of testing in realistic
models for spontaneous SCI [22–25]. Spontaneous SCI is a com-
mon neurological problem in dogs, with marked similarities, clin-
ically and pathologically, to the syndrome in people [22, 23, 25,
26]. For this reason, dogs provide a readily accessible, clinically
relevant, spontaneously arising model for evaluation of EPI-NCSC
therapeutic intervention. In this study,weprovide the groundwork
for future research toward the development of a potentially novel
therapy for a conditionwithextremely poorprognosis andnoavail-
able effective treatment.

MATERIALS AND METHODS

Bulge Explants and Isolation of cEPI-NCSC

All tissues from haired skin on the dorsum and leg were obtained
from surgical biopsy or necropsy samples, after owner authoriza-
tion for use of canine patients presented at the Veterinary
Medical Teaching Hospital at University of California Davis,
with ethical approval by the University of California Davis Institu-
tional Animal Care and Use Committee, protocol number 16649.
Canine hair follicles were microdissected, as we have described
previously [1, 2, 9]. Attention was paid to the compound nature
of the canine follicular anatomy [27]. Primary and secondary hair
follicles in anagenphasewere identifiedanddissected separately.
The midfollicular area was excised and cut in half, and each piece
was placed into a CellStart-coated (Invitrogen, Paisley, U.K., http://
www.invitrogen.com; catalogno.A10142-01)well of24-well plates.

Hair follicularexplantsadhered to thesubstratumwithin1hour. The
explants were incubated in a humidified atmosphere at 37°C, 5%
CO2, 5% O2. The culture medium consisted of NeuroCult XF (Stem-
CellTechnologies,Grenoble,France,http://www.stemcell.com;cat-
alogno.05761)supplementedwith10ng/ml rhFGF2(R&DSystems,
Abingdon, U.K., http://www.rndsystems.com; catalog no. 233-FB),
20 ng/ml rhEGF (R&D Systems; catalog no. 236-EG), 13 insulin-
transferrin-selenium (Invitrogen; catalog no. 41400-045), 13 lino-
leic acid-oleic acid-albumin (Sigma-Aldrich, Poole, U.K., http://
www.sigmaaldrich.com; catalog no. L9655), 5% fetal bovine se-
rum (FBS; HyClone; Thermo Fisher, Cramlington, U.K., http://
www.thermofisher.com; catalog no. SH30070.02), 13GlutaMAX
(Invitrogen; catalogno.35050), 13penicillin/streptomycin (Sigma-
Aldrich; catalog no. P0781), and amphotericin B (Sigma-Aldrich;
catalog no. A2942).

At 4–7 days following onset of emigration of cEPI-NCSC from
the bulge explant, follicular explants were removed with a bent,
electrolytically sharpened tungsten needle. For subculture, cells
were rinsed with Dulbecco’s phosphate-buffered saline (PBS;
Invitrogen; catalog no. 14190) and detached by incubation with
13 TrypLE Select (Invitrogen; catalog no. 12563) for 2 minutes.
Treatment was stopped by adding culturemedium, and the virtu-
ally single-cell cell suspensionwas collected. The cellswere seeded
at 2,500 cells per 35-mm CellStart-coated culture plate and ex-
panded in the same culture medium. At the end of the expansion
period (5–7days), cellswereeither dissolved inTRIzol (Invitrogen;
catalog no. 15596-018) for RNA isolation or isolated with TrypLE
(Invitrogen; catalog no. 12563), as described previously, and ei-
ther used for clonal analysis or seeded onto glass coverslips for
indirect immunocytochemistry, as described below.

Dog-Specific Primer Design and Testing

Fresh tissue was snap frozen and stored at 280°C until RNA ex-
traction. Samples frombrain, 21-day-old embryo, placenta, testis,
uterus, ovary, and colon were obtained from biopsy or necropsy
tissues from five different dogs. cEPI-NCSC were isolated from
hair follicles, as described previously. For reverse transcription,
total RNA was extracted with TRIzol reagent and treated with
DNase I (New England BioLabs, Ipswich, MA, http://www.neb.com;
catalogno.M0303S).TaqManreverse transcriptionreagents (Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.com;
catalogno.N808-0234)wereusedfor reversetranscription, follow-
ing the manufacturer’s instructions.

A panel of 11 genes that included NCSC molecular signature
genes, other neural crestmarkers, and a general stem cell marker
were selected based on our previous work: msh homeobox 2
(Msx2), thimet oligopeptidase 1 (Thop1), myosin X (Myo10), v-
ets erythroblastosis virus E26 oncogene homolog 1 (avian)
(Ets1), ADAM metallopeptidase domain 12 (Adam12), collapsin
response mediator protein 1 (Crmp1), ubiquitination factor E4B
(Ube4b), crystallin aB (Cryab), SRY (sex determining region Y)-
box 10 (Sox10), snail homolog 2 (Snai2), and nestin (Nes) [9, 11].

The pluripotency markers selected were based on previous
work. Sequences were obtained from the GenBank database
(National Center for Biotechnology Information [NCBI], Bethesda,
MD, http://www.ncbi.nlm.nih.gov/genbank/): POU class 5 ho-
meobox 1 (POU5F1, also known as Oct4), SRY (sex determining
region Y)-box 2 (Sox2), Krüppel-like factor 4 (Klf4), c-myc proto-
oncogene (c-Myc), and lin-28 homolog A (Caenorhabditis elegans)
(Lin28a, also known as Lin28).
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Housekeeping geneswere selected fromadetailed study that
developed and evaluated canine reference genes for accurate
quantificationof geneexpression [28]. The following threehouse-
keeping genes were used: b-2-microglobulin (B2M), ribosomal
protein S5 (RPS5), and ribosomal protein S19 (RPS19).

Primer sets were developed using known dog sequences
available from GenBank (supplemental online Table 1). Primers
were designed using the OligoPerfect Designer software (Life
Technologies, Rockville, MD, http://www.lifetech.com). Unique-
ness and specificity of each primer were verified using a Basic
Local Alignment Search Tool (NCBI, http://blast.ncbi.nlm.nih.
gov/Blast.cgi). Reverse transcriptase polymerase chain reaction
(RT-PCR)was performed for the primer testing using USB FideliTaq
PCRMasterMix (Affymetrix, SantaClara,CA,http://www.affymetrix.
com; catalog no. 71182). Amplification was performed on a BioRad
C1000thermocyclerunderthefollowingconditions:94°C(3minutes)
followedby 40 cycles at 94°C (30 seconds), 60°C (30 seconds), and
72°C (30 seconds). For all primer sets, a non-reverse-transcribed
RNA template was used as a negative control for genomic DNA
contamination,waterwas usedas anegative control, andembryo
cDNA was used as a positive control.

RT-PCR productswere cloned and sequenced to confirm their
identity. Briefly, according to themanufacturer’s instructions, DNA
fromRT-PCRproductswasgel extracted (Qiagen,Hilden,Germany,
http://www.qiagen.com; catalog no. 28704) and cloned into the
TOPO vector (Life Technologies; catalog no. K4500-01SC), and the
reaction was transformed into competent bacteria (Life Technol-
ogies; catalogno.K4500-01SC).AmplifiedplasmidDNAwaspurified
using a miniprep kit (Qiagen; catalog no. 27405). Subsequently, the
DNA was digested with EcoRI enzyme (New England BioLabs; cata-
log no. R0101S), and selected samples were sequenced (Laragen,
Culver City, CA, http://www.laragen.com/).

Real-Time Quantitative RT-PCR

Reverse transcription was done as described in the dog-specific
primer design and testing section. Real-time quantitative RT-
PCR (qPCR) was based on the high-affinity, double-stranded
DNA-binding dye SYBR Green using Power SYBR Green PCRMas-
ter Mix (Applied Biosystems; catalog no. 4367659). Dog-specific
primer sets were used (supplemental online Table 1). Reactions
were done in triplicate. Amplification conditions were as follows:
95°C (10minutes) followed by 40 cycles at 95°C (15 seconds) and
60°C (60 seconds), with one final cycle at 95°C (15 seconds), 60°C
(60 seconds), and 95°C (15 seconds). Amplifications were per-
formed in an Applied Biosystems 7300 Real Time PCR System
thermocycler. A single amplification peak was observed on disso-
ciation curve analysis of each reaction. Ct values for targets were
normalized to the average Ct values of three housekeeping genes
and expressed as the percentage thereof. For all markers tested,
a non-reverse-transcribed RNA template was used as a negative
control for genomic DNA contamination, and water was used as
a negative control.

Indirect Immunofluorescence

Briefly, cell cultureswere fixed in ice-cold 4% (wt/vol) paraformal-
dehyde in PBS (Invitrogen; catalog no. 20012) at room tempera-
ture for 30 minutes, followed by three 20-minute PBS washes,
blockedwith 2% (vol/vol) normal goat serum (Sigma-Aldrich; catalog
no. G9023) in PBS at room temperature for 20 minutes. Primary
antibody previously diluted in PBS, 0.1% (vol/vol) Triton X-100

was incubated overnight at 4°C. Subsequently, cultures were
washed four times with PBS for 20 minutes each, followed by
the addition of secondary antibody diluted 1:200 in PBS and incu-
bated in the dark for 2 hours at room temperature. After removal
of secondary antibody, cultureswerewashed four timeswith PBS
for20minuteseach.Finally, samplesweremountedwithVectashield
plus 49,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Peterborough, U.K., http://www.vectorlabs.com; catalog no.
H1500) and coverslipped.

A panel of 16 primary antibodies that recognize the corre-
sponding canine genes was used: rabbit anti-Msx2 (1:200)
(CeMines, Golden, CO; catalog no. AB/HD19), rabbit anti-Sox10
(1:100) (CeMines; catalog no. AB/HMG4), mouse anti-Nes (1:200)
(BD Biosciences, San Diego, CA, http://www.bdbiosciences.com;
catalog no. 61158), goat anti-Myo10 (1:200) (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, http://www.scbt.com; catalog no.
SC-23137), mouse anti-Ets1 (1:200) (Santa Cruz Biotechnology
Inc.; catalog no. SC-56674), rabbit anti-Adam12 (1:200) (Santa Cruz
Biotechnology Inc.; catalog no. SC-25579), goat anti-Crmp1
(1:200) (Santa Cruz Biotechnology Inc.; catalog no. SC-46872),
goat anti-Cryab (1:200) (Santa Cruz Biotechnology Inc.; catalog
no. SC-22391), goat anti-Ube4b/Ufd2 (1:200) (SantaCruzBiotech-
nology Inc.; catalog no. sc 22391), goat anti-Thop1 (1:200) (Santa
Cruz Biotechnology Inc.; catalog no. sc 30579), mouse anti-Oct4
(Santa Cruz Biotechnology Inc.; catalog no. sc 5279), rabbit anti-
Sox2 (StemCell Technologies, Vancouver, BC, Canada, http://
www.stemcell.com; catalog no. 1438), mouse anti-Klf4 (Abcam,
Cambridge, U.K., http://www.abcam.com; catalog no. ab75486),
mouse anti-c-Myc (Abcam; catalog no. ab32), mouse anti-Nanog
(Abnova, Taipei, Taiwan, http://www.abnova.com; catalog no.
H00079923-M02), and rabbit anti-Lin28 (Abcam; catalog no. ab
46020).

The following secondary antibodies were used: DyLight
594-conjugated goat anti-rabbit IgG (Jackson Laboratory,
Newmarket, U.K., http://www.jax.org; catalog no. 111-515-144),
DyLight 488-conjugated goat anti-rabbit IgG (Jackson; catalog no.
111-485-144), DyLight 594-conjugated goat anti-mouse IgG
(Jackson; catalog no. 115-515-146), DyLight 488-conjugated goat
anti-mouse IgG (Jackson; catalog no. 115-485-146), and DyLight
488-conjugated donkey anti-goat IgG (Jackson; catalog no. 105-
485-147). These secondary antibodies are designed for multiple
labeling and have been used successfully in the past [11].

Quantitative analysis was performed on five dogs. For each
antibody on the panel, cells were scored in 10 random fields of
vision. Strongly immunoreactive cells were expressed as percent-
age of total. Weakly immunopositive cells were excluded from
analysis. AxioVision LE software (V4.8.2.0, 2010; Carl ZeissMicro-
ImagingGmbH, Jena,Germany, http://www.zeiss.com)wasused,
and statistical analysis was conducted usingMicrosoft Excel 2008
(version12.1.3;Microsoft, Redmond,WA,http://www.microsoft.
com). For each dog, a mean percentage of positive cells was cal-
culated, averaging positive cells from the 10 random fields of
vision. The final result was expressed as the mean of the indi-
vidual mean percentages of positive cells of the five dogs plus
or minus the SEM.

Clonal Cultures

After 5 days of ex vivo expansion, cellswere detachedwith TrypLE
and seeded at clonal density of 25 cells per plate onto CellStart-
coated 35-mmplates. After 18 hours, individual cells were circled
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withadiamond-tipped circle scribe of 4-mmdiameter. Single cells
in circles that overlapped with another circle and doublets were
excluded from the analysis. The cell suspensions consisted of
.90% single cells.

To drive differentiation into the cell types of interest, the cul-
ture medium was supplemented with pertinent growth factors.
Differentiation into chondrocytes was promoted by supplemen-
tation with 10 ng/ml bonemorphogenetic protein 2 (BMP2; R&D
Systems; catalogno. 355-BEC/CF). Fordifferentiation intoneuronal
cells, the culture medium consisted of NeuroCult NSA (StemCell
Technologies; catalog no. 05750), Supplement B 27 (Invitrogen;
#12587-10), 1% (vol/vol) FBS, 10 ng/ml rhFGF2 (R&D Systems;
catalog no. 233FB/CF), 20 ng/ml rhEGF (R&D Systems; catalog
no. 236EG/CF), 5 ng/ml canine SCF (Kingfisher Biotech, St. Paul,
MN, http://www.kingfisherbiotech.com; catalog no. RPO154D-
005), 10 ng/ml rhNT-3 (R&D Systems; catalog no. 267N3/CF),
GlutaMAX (1:100), penicillin/streptomycin (1:100), and 2.5 mg/ml
amphotericin B (1:100), 20 ng/ml nerve growth factor (R&D Sys-
tems; catalog no. 356-GF/CF), 1 ng/ml transforming growth factor-
b2 (R&D Systems; catalog no. 302-B2/CF), and 100 mM dibutyryl
cAMP (Sigma-Aldrich; catalog no.D0260). For Schwann cell differ-
entiation, the culturemedium consisted of NeuroCult NSA (Stem-
Cell Technologies; catalog no. 05750), supplement B27 (Invitrogen;
catalog no. 12587-10), 1% (vol/vol) FBS, 10 ng/ml rhFGF2 (R&D
Systems; catalog no. 233FB/CF), 20 ng/ml rhEGF (R&D Systems;
catalog no. 236EG/CF), 5 ng/ml canine SCF (Kingfisher Biotech;
catalog no. RPO154D-005), 10 ng/ml rhNT-3 (R&D Systems;
catalog no. 267N3/CF), GlutaMAX (1:100), penicillin/streptomycin
(1:100), 2.5 mg/ml amphotericin B (1:100), 10 nM neuregulin 1
(R&D Systems; catalog no. 377-HB/CF), and 10 ng/ml ciliary neuro-
trophic factor (R&D Systems; catalog no. 257-NT/CF).

After 8–15 days in differentiation medium, cultures were
fixed with 4% paraformaldehyde for 30 minutes and processed
for indirect immunocytochemistry as described previously. The

following cell type-specific primary antibodies were used: goat
anti-collagen type II (1:200) (Abcam; catalog no. ab24128),
mouse anti-smooth muscle actin (1:200) (Sigma-Aldrich; cata-
log no.A5228),mouseanti-b-III tubulin (1:200) (Millipore, Billerica,
MA, http://www.millipore.com; catalog no. MAB1637), and rab-
bit glial fibrillary acidic protein (GFAP; 1:1,000) (Abcam; catalog
no. ab7260).

To determine self-renewal capability of cEPI-NCSC, serial
cloningwas performed. Cloneswere subcloned using sterile clon-
ing rings that were dipped into sterile vacuum grease to provide a
seal and then placed on top of the clone. Subsequently, the clone
was rinsed twice with 3 drops of calcium- and magnesium-free
PBS each, and finally 3 drops of TrypLEwere added. The cellswere
reseeded on 35-mm plates at clonal density (25 cells per 35-mm
plate). Subclones were incubated for up to 3 weeks and subse-
quently analyzed by indirect immunocytochemistry, as detailed,
for primary clones.

RESULTS

Bulge Explants, Isolation, and Expansion of cEPI-NCSC

In contrast to humans and rodents, dogs have compound hair fol-
licles that contain one large primary hair and several smaller sec-
ondary hairs (Fig. 1A, 1B).We isolated and cultured explants from
bothhair types individually. cEPI-NCSCwere isolated fromseveral
dog breeds, from both sexes, and from two different locations of
the body, the dorsum and the leg. The ages of the dogs ranged
from 8 months to 11 years. Hair color varied, including white,
yellow, tan, brown, and black (Fig. 1C). Cells emigrated from hair
follicular explants from both primary and secondary hairs within
6 days after explantation from all dog breeds tested (Fig. 2A).
The cells had stellate morphology characteristic of neural crest
cells (Fig. 2B). Explants from primary hair follicles resulted in

Figure 1. Anatomy of canine hair. (A):Dorsal viewof canine haired skin. Skin is froman adultmale castratedDachshund. Representative image
of canine haired skin. Note that each follicular unit has multiple hair shafts exiting through one follicular opening. (B): En face view of canine
haired skin in (A) showing the anatomy of a compound hair (bracket). The primary hair (arrowhead) is prominent and surrounded by several
smaller secondary hairs (e.g., arrow). (C): Dogs included in this study. Canine epidermal neural crest stem cells were isolated from all dogs.
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cEPI-NCSC emigration from an average of 11.116 3.18% of cul-
tured explants, whereas explants from secondary hair follicles
from the same dogs resulted in an average emigration of
16.66 6 3.33%. There was no significant difference between
primary and secondary hair follicles in terms of the isolation
efficiency of cEPI-NCSC (n = 6, p = .133). The low efficiency
was likely related to the fact that shipped tissue was received
several days after biopsies were taken.

To determine the feasibility of future cEPI-NCSC spinal grafts,
we developed a protocol for ex vivo expansion of cEPI-NCSC (Fig.
2B). Themaingoalwas toobtainhighnumbersof stemcellswithin
a short period of time in culture in order to maintain genomic in-
tegrity. cEPI-NCSC grewexponentially (Fig. 2C). On average, 3mil-
lion cells were obtained per hair follicle within 11 days following
explantation, the time point used for experimentation. After 11
days, the cells continued to grow logarithmically for a prolonged
period of time (data not shown).

Design and Validation of Reagents for the Dog Species

Tools to detect markers specific for the dog are not yet widely
available. Consequently, we developed and validated dog-specific
primer sets to characterize the neural crest origin of cEPI-NCSC
(supplemental online Table 1). cDNA fromdifferent canine tissues
and from cEPI-NCSC was used to evaluate differences in expres-
sion between various tissues by RT-PCR (Fig. 3A). As expected
cEPI-NCSC and whole embryo tissue expressed all molecular

signature genes and other neural crest markers, as well as Nes.
In contrast, other tissues expressed subsets of these markers
only. Similarly, primer sets to evaluate expression of pluripotency
markers were developed. cDNA from whole embryo and from
cEPI-NCSC was used to test the primer sets (Fig. 4A). The PCR
product size and melting temperature were designed to be opti-
mal for qPCR, with a PCR product size of 100–200 base pairs and
a melting temperature of 60°C.

Neural Crest Origin

We used the above discussed primer pairs to verify, by qPCR, the
gene expression profile in cEPI-NCSC. Msx2, Thop1, Myo10, Ets1,
Adam12, Crmp1, Ube4b, and Cryab were detected by qPCR and
were expressed at 71%–99% relative to the average of the three
housekeeping genes. The neural crest origin was further demon-
strated with the general neural crest markers Sox10 (62%) and
Snai2 (84%). The progenitor cell marker Nes was also expressed
(81%) (Fig. 3B).

Marker expression was then tested at the protein level by in-
direct immunocytochemistry. The great majority of cEPI-NCSC
expressed NCSC signature markers as well as Sox10 and Nes at
the protein level (Fig. 5). The transcription factor Ets1was expressed
in 94.46 0.6% cellswith nuclear to perinuclear location. Themet-
allopeptidaseThop1wasexpressed in the cytoplasmof 99.860.1%
cells. Thetranscriptional repressorproteinMsx2wasexpressed in the
cytoplasm of 97.16 0.7% cells. Crmp1, a cytosolic phosphoprotein

Figure 2. Bulge explant culture and ex vivo expansion. (A): Time course of ex vivo expansion of canine epidermal neural crest stem cells (cEPI-
NCSC) from a primary hair follicle (dog 4: phase contrast optics). Scale bars = 400 mm. (B): cEPI-NCSC short-term ex vivo expansion, represen-
tative image. Cells start to divide less than 24 hours after plating. Millions of cells are obtained from one bulge explant by day 5 of ex vivo ex-
pansion (dog 3: phase contrast optics). Scale bars = 200 mm. (C): cEPI-NCSC growth curve during ex vivo expansion. On average, 3 million cells
were obtained per hair follicle within 11 days after explantation.
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expressed exclusively in the nervous system,was expressed in the
cytoplasm of 98.46 0.8% cells. The ubiquitination protein Ube4b
wasexpressed in thecytoplasmof95.460.6%of the cells.Myo10
expression was cytoplasmic and observed in 96.86 0.3% of the
cells. The disintegrin and metalloprotease protein Adam12 had
cytoplasmic expression in 89.260.9%of the cells. The expression
of the crystallin Cryabwas cytoplasmic in 98.96 0.3%of the cells.
The neural crest marker Sox10 had cytoplasmic expression in
98.36 0.4% of the cells. The general stem cell marker Nes, an in-
termediate filament, was observed in the cytoplasm of 94.9 6
2.0% of the cells. Together, the data indicate that cEPI-NCSC
are of neural crest origin.

Interestingly, like hEPI-NCSC, cEPI-NCSC expressed the essen-
tial pluripotency genes (Fig. 4). At the RNA level, expression of
Oct4, Sox2, Klf4, c-Myc, and Lin28 varied between 59% and
89% relative to the average of the three housekeeping genes
(Fig. 4B). Pluripotency marker expression was additionally tested
at the protein level by indirect immunofluorescence. The tran-
scription factor Oct4 was expressed in 89.76 1.4% cells with cy-
toplasmic and nuclear location. The transcription factor Sox2was
expressed in 91.06 2.1% cells with cytoplasmic and nuclear loca-
tion. The transcription factor Klf4 was expressed in 93.66 2.2%
cells with cytoplasmic and nuclear location. The proto-oncogene

c-Myc was expressed in the cytoplasm of 96.66 0.5% cells. Nota-
bly, as in hEPI-NCSC (unpublished data), c-Myc immunoreactivity
was never observed in the nucleus, suggesting that cEPI-NCSC
are not tumorigenic. Lin28 was strongly expressed in the cyto-
plasm of 96.6 6 0.7% cells. The transcription factor Nanog had
cytoplasmic to perinuclear location in 92.5 6 0.4% of cells.

Together, these data characterize, at the RNA and protein lev-
els, cEPI-NCSCas cells fromneural crestorigin that reside in themid-
dle area of canine primary and secondary hair follicles. Moreover,
similar to hEPI-NCSC, cEPI-NCSC express pluripotency genes.

Multipotency and Self-Renewal

Multipotency and self-renewal abilityweredetermined in vitroby
clonal analysis and serial cloning, respectively. cEPI-NCSC were
seeded at clonal density (25 cells per 35-mm plate). In clonal cul-
ture, a total of 40 single cells were marked 18 hours after cloning
and then cultured for 18days. Themajority of clone-forming cells,
72.56 7.06%, generated colonies composed of highly prolifera-
tive cells (Fig. 6). A clone-forming cell is marked at 18 hours after
seeding (Fig. 6A). Bydays 2and3, the sameclone consistedof four
and six daughter cells, respectively. Cells continued to proliferate
logarithmically, and by day 9, clones consisted of thousands of

Figure 3. Comparative analysis of neural crest stem cell markers. (A): Neural crest marker gel electrophoresis of reverse transcriptase poly-
merase chain reaction results. Test of canine epidermal neural crest stem cell (cEPI-NCSC)molecular characterization and housekeeping primer
sets in different dog tissues. (B): cEPI-NCSC gene expression levels relative to HKGs after ex vivo expansion. Percentage of relative expression by
quantitative reverse transcriptase polymerase chain reaction of selected molecular signature genes (Msx2, Thop1, Ube4b, Ets1, Crmp1, Cryab,
Adam12, Myo10), general neural crest stem cell genes (Snai2, Sox10), and a general stem cell gene (Nes). Data are from five donors with ex-
ception of Sox10 (n = 4). Abbreviations: -, water; -RT, minus reverse transcriptase control; B, brain; C, colon; E, embryo; EPI, canine epidermal
neural crest stem cells; HKG, housekeeping gene; L, standard, 100–200 base pairs; O, ovary; P placenta; T, testicle; U, uterus.
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cells (Fig. 6E, 6F). The remaining single cells did not divide (5 6
3.44%), died (7.5 6 4.16%), or formed clones composed of only
two to four cells (7.5 6 4.16%).

Double staining with cell type-specific antibodies, perfor-
med after differentiation, showed that clones contained multi-
ple cell types. Clones that contained smooth muscle actin
immunoreactive myofibroblasts also contained collagen type
II chondrocytes (Fig. 7A, images A–A99), b-III tubulin immunore-
active neuroblasts (Fig. 7A, images B–B99), or GFAP-positive pu-
tative Schwann cells (Fig. 7A, images C–C99). Clones that contained
GFAP-positive cells also contained b-III tubulin-immunoreactive
cells (Fig. 7A, images D–D99). The observation of multiple cells
types in clones shows that the majority of cells emigrating from
hair follicle explants are multipotent. Furthermore, the data
demonstrate that cEPI-NCSC cangive rise to allmajor neural crest
derivatives, including chondrocytes, neuronal cells, smooth
muscle cells and myofibroblasts, and Schwann cells.

Self-renewal was determined by serial cloning. To this end,
primary clones were resuspended 6 days after cloning. After plat-
ing, a total of 29 individual cells in clonal subcultureweremarked.
Clone-forming ability was maintained, where 41.36 0.09% of sec-
ondary clones consisted of highly proliferative cells. The remain-
ing single cells did not divide (6.86 0.04%), died (13.796 0.06%),
or formed clones composed of only two to four cells (37.960.09%).

Double stains with cell-type-specific antibodies showed that
secondary clones also contained multiple cell types. Subclones
containingmyofibroblasts also contained chondrocytes (Fig. 7B,
images A–A99), Schwann cells (Fig. 7B, images B–B99), and neuro-
blasts (Fig. 7B, image C). The fact that secondary clones contained
multiple distinct, differentiated cell types showed that the sec-
ondary clone-forming cells were multipotent cells. From this it
follows that the original clone-forming cell was able to give rise
to new multipotent cells, that is, to self-renew. Together, the
clonal analyses showed that cEPI-NCSC fulfill the criteria for the
definition of multipotent stem cells.

DISCUSSION

We showed that canine hair follicles contain multipotent neural
crest-derived stem cells with features comparable to those in
mice and humans [1, 2, 9, 11]. cEPI-NCSC can be expanded ex vivo
into large numbers of stem cells within a short period of time.
cEPI-NCSC can be obtained with equal efficiency from primary
and secondary hair follicles. By taking advantage of themigratory
ability of neural crest cells, cEPI-NCSC can be obtained as a highly
pure population of multipotent stem cells without the need for
purification. cEPI-NCSC are present in hair follicles from diverse
locations of the body, in dogs of various breeds, andwithin awide

Figure 4. Pluripotency marker expression. (A): Test of canine epidermal neural crest stem cell (cEPI-NCSC) molecular characterization primer
sets. (B): cEPI-NCSC gene expression after ex vivo expansion. Percentage of relative expression by quantitative reverse transcriptase polymerase
chain reaction of pluripotency genes; data from four donors. (C): Characterization at the protein level by immunocytochemistry. cEPI-NCSC
show immunofluorescence for the pluripotency markers Oct4 (images A, A9), Sox2 (images B, B9), Klf4 (images C, C9), c-Myc (images D, D9),
Lin28 (images E, E9), and Nanog (images F, F9). Blue, DAPI nuclear stain. Data are from five donors. Scale bars = 50 mm. Abbreviations: -, water;
-RT,minus reverse transcriptase;DAPI, 49,6-diamidino-2-phenylindole; E, embryo; EPI, canine epidermal neural crest stemcells; HKG, housekeep-
ing gene; L, standard, 100–200 base pairs.
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age range. Finally, we provide novel tools for research into canine
stem cells.

In contrast to humans and mice, dogs have compound hair
follicles, in which multiple hair shafts, arising from primary and
associated secondary follicles, exit through a common follicular
ostium. Gurlt first described this compound nature of canine hair
follicles in 1835 [29]. Hair follicles are unique biological structures
in the sense that they undergo lifelong cycles of destruction and
regeneration. This prompted researchers to suggest that hair fol-
licles may be a fertile source of primitive cell populations that
could be used in regenerativemedicine [27, 30]. Through label re-
tention studies, Cotsarelis et al. [31] described epidermal stem
cells in the bulge of hair follicles, which generate new skin, hair,
and sebaceous glands. The follicular bulge consists of a subpopu-
lation of the outer root sheath and a stemcell niche that is located
in themidportion of the follicle at the arrector pili muscle attach-
ment site [32, 33]. There are few studies on the stem cell biology
of canine hair follicles [27, 34, 35]. Comparable to hair in humans
and mice, canine epidermal stem cell candidates also reside in
the bulge region [34, 36, 37]. Considering this background knowl-
edge, we targeted our dissections to the midfollicular area, the
putative bulge equivalent, of primary and secondary hairs. Similar
yields of cEPI-NCSC between primary and secondary hair follicles

indicate that both primary and secondary hair follicles possess
a stem cell niche. Others have reported canine skin-derived neu-
roprecursor cells, but the origin of these cells is unknown [38].

In order to characterize the cEPI-NCSC, we developed and val-
idated novel dog-specific primer pairs for qPCR. Canine gene ex-
pression profiles across eight different canine tissues (Fig. 3A)
were similar to published studies in human andmouse (European
Molecular Biology Laboratory, European Bioinformatics Institute,
http://www.ebi.ac.uk). Sox10 was detected in nearly all tissues
tested. This is likely because of the presence of neural crest-
derived Schwann cells in innervating nerves, as Schwann cells con-
tinue to express Sox10. Likewise, the detection of Snai2 in uterus,
placenta, testicle, and colon may result from the persistence of
pigment cell precursors or other neural crest-derived precursors
in theseorgans. In particular, the enteric nervous system in the co-
lon is highly likely to harbor neural crest-derived progenitor cells.

Using an approach analogous to establishing the existence of
EPI-NCSC in humans, we have determined that the follicles of var-
ious breeds of dog, of different colors, and from different loca-
tions in the body contain multipotent stem cells of neural crest
origin. Notably, we obtained cEPI-NCSC from a white dog as well.
This was not necessarily expected because neural crest-derived
pigment cells give hair its color; however, white-haired dogs are

Figure 5. Characterization of canine epidermal neural crest stem cells (NCSC) by immunocytochemistry. Representative images. Canine epi-
dermal NCSC express at the protein level NCSC signature genes, general neural crestmarkers, and a general stem cell marker. Images shown are
the antibody-specific (black and white) and merged images (color) using DyLight 488- or DyLight 594-conjugated secondary antibodies. Blue,
DAPI nuclear stain. (A, A9): Transcription factor Ets1 shows mainly nuclear immunoreactivity. (B, B9): Thop1 shows variable cytoplasmic immu-
noreactivity. (C, C9): Transcription factor Msx2 with mostly cytoplasmic immunoreactivity. (D, D9): Cytosolic protein Crmp1 has variable cyto-
plasmic expression. (E, E9): Ube4b shows strong cytoplasmic expression. (F, F9): Myo10 shows strong cytoplasmic immunoreactivity. (G, G9):
Adam12, amembrane-anchoredprotein, shows variable cytoplasmic expression. (H, H9):Cryab has diffuse cytoplasmic immunoreactivity. (I, I9):
The intermediate filament Nes shows cytoplasmic immunoreactivity. (J, J9): Sox10, a nucleo-cytoplasmic shuttle protein, shows mainly cyto-
plasmic immunoreactivity. Scale bars = 50 mm. Abbreviation: DAPI, 49,6-diamidino-2-phenylindole.
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not necessarily albino because, depending on the type of muta-
tion, they can have pigmented skin.Moreover, white-haired dogs
can developmelanomas [39]. cEPI-NCSC can be expanded ex vivo
with a culture medium very similar to the medium used for hEPI-
NCSC. Taken together, cEPI-NCSChave very similar characteristics
to human and mouse EPI-NCSC. Consequently, we have laid the
groundwork for the use of cEPI-NCSC in large animals. In addition
to their potential for becoming a therapeutic tool for canine
patients, cEPI-NCSC also offer the key advantage of being an im-
portant translational model for spontaneously occurring human
SCI [24–26, 40–42].

Although originally c-Myc, Oct4, Sox2, Klf4, Nanog, and Lin28
were thought to be transcription factors that are located in the
nucleus only and limited topluripotent cells,more recent research
indicates awider expression pattern. The spatiotemporal dynamic
behavior of Oct4 remains largely unknown, but a recent report
showed that Oct4 is a nucleocytoplasmic shuttling protein and
thus can be present in the nucleus as well as in the cytoplasm
[43]. Sox2 expression is crucial for early development andmainte-
nance of embryonic stem cells [44, 45]. Sox2 protein expression
has been localized to the nucleus and the cytoplasm [46]. In ad-
dition to being one of the key transcription factors used to re-
program cells into induced pluripotent stem cells [47], Sox2
overexpression or gene amplification has also been associated
with cancer development in several tissues such as lung, esoph-
agus, and breast [44]. Previous studies about Klf4 functions
focused mainly on its role as a transcription factor; however, re-
cent reports have studied the functions of Klf4 in the cytoplasm
and its role in regulating cytoskeletal organization [48, 49]. Orig-
inally it was believed that Nanog was expressed only in plu-
ripotent cells. Recently, Nanog protein and its pseudogene forms
have also been shown to play roles in a variety of cancer cell lines
and tumors, includingpancreatic carcinoma,breast cancer, ovarian
cancer, andendometrial carcinoma[50–52].Astudyofcervical can-
cer describes that Nanog is frequently expressed in the cytoplasm,
instead of the nucleus, and its stromal distribution is related to

cancer progression [53]. Lin28A targets mRNAs destined for the
endoplasmic reticulum and thus is located in the cytoplasm
[54–56]. Altered cytoplasmic/nuclear distribution of the c-Myc
protein has been previously described [57–60].

Intervertebral disk disease is one of themost common causes
of SCI in dogs. Disk ruptures are observed in small, medium, and
large-breed dogs but aremost commonly observed in breeds pre-
disposed to chondrodystrophy, such as the Dachshund, Pekinese,
and Shih Tzu. Understanding the pathogenesis of the lesion is par-
amount to the development of effective therapeutic approaches.
Recently, there has been an increasing number of studies focusing
on the molecular basis of canine central nervous system disease
[42]. In traumatic SCI caused by acute intervertebral disk extru-
sion, the primary injury is a mechanical trauma composed of con-
cussive and contusive forces as well as compression of neural
tissues. This is followed by a secondary cascade of destructive
events. Primary and secondary events lead to tissue ischemia, ne-
crosis, hemorrhage, excitotoxicity, apoptosis, and inflammation
[61]. Similar to humans and in contrast to rodents, the second
phaseof canineSCI is characterizedby robust reactionofmicroglia
and macrophages with upregulation of major histocompatibility
complex class II molecule expression and myelinophagia [41,
62, 63]. Consequently, canine SCI is a good model for human SCI.

Despite the large number of therapeutic alternatives for SCI,
current canine clinical trials have not yet led to a major break-
through [17]. Cell-based therapies are currently the focus in sev-
eral canine experimental and clinical trials [64–74]. The different
types of stem cells used in canine SCI include canine umbilical
cord-derived mesenchymal stem cells (MSCs), canine Wharton’s
jelly-derived MSCs, canine adipose-derived MSCs, canine bone
marrow-derivedMSCs, humanumbilical cord blood-derivedMSCs,
human neural stem cells, and canine olfactory ensheathing cells
(OECs). The strength of EPI-NCSC resides in their close relation-
ship to spinal cord progenitor cells [12]; the fact that they can give
rise to spinal cord-specific cell types [13]; and the expectation
that, unlike other types of stem cells, their epigenetic memory

Figure 6. Clonal culture. Primary clone from haired skin of dog 1. (A): Clone-forming cell. Inset, clone-forming cell at higher magnification.
(B): Six daughter cells of the same clone-forming cells at day 3. (C–E):Cells continued to proliferate, forming a clone consisting of thousandsof
cells by clonal culture day 9. (F): Growth curve of cells in clones showing exponential growth (n = 29). Abbreviation: cEPI-NCSC, canine epi-
dermal neural crest stem cell.
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is closely related to that of spinal cord cells. In contrast to other
cells, EPI-NCSC can be isolated as a virtually pure population of
stem cells without the need for purification. In contrast, MSCs
are a relatively heterogeneous population of cells that exhibit dif-
ferences in molecular phenotype and differentiation potential,

depending on their source of origin [75]. OECs isolated from
the canine olfactory bulb were shown to promote axon regener-
ation and remyelination in a rodent model and may have a
promising effect in canine spontaneous SCI [40, 74]. Although
autologous therapy with OECs is possible, their harvesting from

Figure 7. Indirect immunofluorescence of primary and secondary clones. Representative images. The clones were probed with cell-type-spe-
cific antibodies to determine whether primary and secondary clones contain more than one cell type. Triple stains combining two cell-type-
specific antibodies (isolated red or green images) and merged image using DyLight 488- and DyLight 594-conjugated secondary antibodies
and DAPI nuclear stain (blue). (A): Primary clones. Two cell types were observed within the clonal cultures. Immunoreactive COLII cell (image
A9, arrow) that is not reactive for SMA (image A). Immunoreactive SMA cell (image B, arrowhead) that is not reactive forb-III tubulin (image B9).
Immunoreactive bIII-tubulin cell (arrow) that is mostly not reactive for SMA (image B). Immunoreactive GFAP cell (image C, arrow) that is not
reactive for SMA (image C9). Immunoreactive SMA cell (image C9, arrowhead) that is not reactive for GFAP (image C). GFAP-immunoreactive cell
(imageD, arrowhead) that isb-III tubulin immunonegative (imageD9). Immunoreactiveb-III tubulin (imageD9, arrow) cell that is not reactive for
GFAP (image D). The data show that canine epidermal neural crest stem cells are multipotent. Scale bars = 50 mm. (B): Secondary clones. Rep-
resentative images. Immunocytochemistry combining two cell-type-specific antibodies using DyLight 488-conjugated (green fluorescence) and
DyLight 594-conjugated (red fluorescence) secondary antibodies and DAPI nuclear stain (blue). Two cell types were observed within the secondary
clonal cones. Immunoreactive COLII cell (image A, arrow) that is not reactive for SMA (image A9, arrow). Immunoreactive SMA cell (image B, arrow-
head) that is not reactive for GFAP (image B9, arrowhead). Immunoreactive GFAP cell (image B9, arrow) that is not reactive for SMA (image B, arrow).
Immunoreactiveb-III tubulin cells (image C). These results show that canine epidermal neural crest stem cells can undergo self-renewal. Scale bars =
50 mm. Abbreviations: Col II, collagen type II; DAPI, 49,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; SMA, smooth muscle actin.
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the olfactory bulb is rather invasive, whereas cEPI-NCSC can be
obtained with a simple skin punch biopsy. Overall, cEPI-NCSC
have various desirable characteristics that make them attractive
candidates for cell-based therapies.

CONCLUSION

This study sets the stage for future studies in dogs.We have iden-
tified and characterized canine EPI-NCSC, and we have provided
protocols for their isolation and ex vivo expansion.We character-
ized the cEPI-NCSC and verified their neural crest origin. cEPI-
NCSC can generate all major neural crest derivatives. In vitro
clonal analyses demonstrated multipotency and self-renewal ca-
pability of cEPI-NCSC. Together, these results fulfill the criteria of
a multipotent stem cell. Furthermore, we provide novel primer
sequences suitable for qPCR with dog tissue. Finally, we have
reviewed the literature on stem cell therapy for canine SCI and
discussed the major advantages of cEPI-NCSC relative to other
types of stem cells already in use. Thus, we provided the ground-
work for the development of a novel therapy for a condition with
extremely poor prognosis and no available effective treatment.
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