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Ainara Vallejo-Illarramendi,5 Olatz Leis,6 Ander Matheu,7 Angel G. Martı́n,6 David Otaegui,5
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SUMMARY
Resident neural precursor cells (NPCs) have been reported for a number of adult tissues. Understanding their physiological function or,

alternatively, their activation after tissue damage or in vitro manipulation remains an unsolved issue. Here, we investigated the source of

human dermal NPCs in adult tissue. By following an unbiased, comprehensive approach employing cell-surface marker screening, cell

separation, transcriptomic characterization, and in vivo fate analyses, we found that p75NTR+ precursors of human foreskin can be

ascribed to the Schwann (CD56+) and perivascular (CD56�) cell lineages. Moreover, neural differentiation potential was restricted to

the p75NTR+CD56+ Schwann cells andmediated by SOX2 expression levels. Double-positive NPCs were similarly obtained from human

cardiospheres, indicating that this phenomenon might be widespread.
INTRODUCTION

The search for adult neural precursor cells (NPCs) outside of

the CNS has been the focus of extensive research due to the

accessibility and envisioned use of these cells in the treat-

ment of neurodegenerative disease. Tissue-specific multi-

potent cells with the capacity to generate neural (i.e.,

neuronal and glial) progeny have now been isolated from

a number of adult tissues, including bone marrow, fat,

heart, intestine, palate, pancreas, skeletal muscle, skin,

and uterus. Somewhat less surprisingly, NPCs can also be

derived from peripheral nerves, ganglia, enteric glia, and

the carotid body. However, even though NPCs can be ob-

tained from diverse tissues, in most instances their origin

remains unknown (Joseph and Morrison, 2005).

Among the above-mentioned examples, the skin is argu-

ably the tissue that is themost easily accessible and requires

less invasive extraction procedures. Sphere-forming neural-

crest-derived adult precursors reside in the dermis (Toma

et al., 2001;Wong et al., 2006), and subpopulations of these

appear to present stem cell properties (Biernaskie et al.,

2009). Using antibodies against the low-affinity neurotro-

phin receptor p75NTR, previous studies isolated postmigra-

tory neural crest stem cells (NCSCs) from both embryonic
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and adult tissues (Kruger et al., 2002; Morrison et al.,

1999). In this report, we explore the source of NPCs in

adult human dermis and find that they originate from

p75NTR+CD56+ cells belonging to the Schwann lineage.

Further, the expression levels of SOX genes seem to be

tightly regulated in p75NTR+ cells of human skin, and we

show that SOX2 expression levels correlate with the neural

competence of dermal precursors, as described for other

systems (Hutton and Pevny, 2011; Kim et al., 2003; Tara-

nova et al., 2006).
RESULTS

We investigated the identity of human NPCs extracted

from the foreskin dermis through fluorescence-activated

cell sorting (FACS)-based isolation of cell subpopulations

and subsequent characterization of the sorted cells (Fig-

ure 1). Immunofluorescent and flow-cytometry analyses

of sphere cultures showed the existence of a rare p75NTR

(also known as Gp80-LNGFR, CD271, and TNFRSF16)-pos-

itive cell subpopulation (2.9% ± 1.7%of total; n = 24) in pri-

mary dermal sphere cultures that was Nestin+ and CD34�

and presented a characteristic morphology (i.e., a single
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Figure 1. Human Dermospheres Contain p75NTR+ Nestin+ SOX2+ NPCs
(A) Cell isolation and characterization procedure.
(B) Characterization of primary dermospheres by immunofluorescence and confocal microscopy. A subgroup of cells (green arrow) ex-
pressed p75NTR and Nestin. In contrast, CD34+ cells (red arrow) were Nestin�. SOX2 colocalized with p75NTR+ cells (white arrow). Nuclei
were counterstained with Hoechst 33258 (blue). Scale bars, 10 mm. Flow-cytometry analyses confirmed separate cell subpopulations that
were positive for p75NTR and CD34, and a distinct p75NTR+Nestin+ population (blue arrow).
(C) Primary dermospheres were dissociated, double sorted with anti-p75NTR and anti-CD34 antibodies, and put into differentiation
culture. Representative stainings for neural (bIII tubulin, green) and mesodermal (SMA, red) progeny are shown. Nuclei were counter-
stained with Hoechst 33258 (blue). Scale bar, 10 mm. Quantifications of the percentages of neural (upper panel) and mesodermal (lower
panel) cells are shown in relation to the total cell number. Statistical significance (one-way ANOVA) values were p = 0.034 (*, n = 6) for the
comparison of p75NTR+CD34� versus p75NTR-CD34+ (neural), p = 0.039 (*, n = 6) for p75NTR+CD34� versus p75NTR-CD34� (neural), p =
0.147 (n.s., n = 6) for the comparison p75NTR+CD34� versus p75NTR-CD34+ (mesodermal), and p = 0.674 (n.s., n = 6) for p75NTR+CD34�

versus p75NTR� CD34� (mesodermal). Error bars indicate SD.
See also Table S2 and Movies S1 and S2.
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process extending from the soma; Figure 1B; Movie S1

available online). Intriguingly, 74.6% ± 2.9% of p75NTR+

cells coexpressed SOX2 by immunofluorescence analyses

(Movie S2), indicating that p75NTR+ cells might be more

precursor-like. Isolation of p75NTR+CD34� cells enabled

a significant enrichment of precursors committed to the

neural lineage in vitro, as assessed by an average 22.7-fold

increase (18.2% versus 0.8% of total cells; n = 6) in their

neural differentiation capacity when compared with

p75NTR-CD34� cells (Figure 1C).

To determine whether p75NTR+ cells exhibit the same

differentiation potential in ovo, we sorted, expanded, and

injected human cells into the neural crest migratory stream

(Hamburger-Hamilton stage 17 [HH17] chicken embryos,

hindlimb-level somites; Figure 2A). Cross-sections of

HH26 embryos, immunolabeled with anti-human nuclei

(anti-HuNu) for the detection of transplanted cells, showed

that the human p75NTR+ cells survived; migrated to the
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neural crest, dorsal root ganglia (DRG), and skin; and differ-

entiated into bIII tubulin+ cells (Figures 2B–2F). Since bIII

tubulin was recently reported to mark human melanocyte

lineage cells, as well as peripheral neurons in the dermis

(Locher et al., 2013), we confirmed the peripheral neuronal

phenotype of HuNu+ cells by showing coexpression of neu-

rofilament 200 (NF200; Figures 2G–2I). These markers were

not present in the original dermal cultures (Figure S1). In

contrast, p75NTR� cells were hardly detected at the HH26

stage, if at all, and most of the surviving cells did not ex-

press any of the aforementioned markers (Figures 2J and

2K; data not shown). A quantification of transplant-derived

HuNu+ cells showed that, as expected, p75NTR+ NPCs

showed increased survival, migration to peripheral tissue,

and neural differentiation when compared with both un-

sorted and p75NTR� cell fractions. On average, 10.8-fold

more p75NTR+ cells survived,migrated to peripheral tissue,

and differentiated into peripheral neurons than p75NTR�
eports j Vol. 3 j 774–788 j November 11, 2014 j ª2014 The Authors 775



Figure 2. In Ovo Fate of Human Dermis-Derived NPCs
(A) Human cells (p75NTR+, n = 11 embryos; p75NTR�, n = 7; unsorted, n = 7) were injected into somites of HH17 chicken embryos,
incubated until the HH26 stage, sectioned, and analyzed by immunofluorescence.
(B–F) Cross-sections of p75NTR+ transplant immunolabeled with anti-human nuclei (HuNu) and anti-bIII tubulin antibodies. NT, neural
tube; NC, neural canal; DRG, dorsal root ganglia.
(G–I) Cross-sections of p75NTR+ transplants immunolabeled with anti-HuNu and anti-NF200 antibodies.
(J) In the cross-sections of p75NTR� cell transplants, HuNu+bIII tubulin+ cells were hardly detected at the HH26 stage, if at all.
(K) Quantification of the average human cell transplant-derived (HuNu+ cells) and HuNu+bIII tubulin+ cells detected per tissue section
(unsorted [UNS], n = 2 embryos; p75NTR+, n = 3; p75NTR�, n = 2). In all sections, nuclei were counterstained with Hoechst 33258 (blue).
Error bars indicate SD.
See also Figure S1 and Table S2.
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cells (Figure 2K). These results confirmed the neurogenic

fate of dermis-derived p75NTR+ cells in vivo.

Source of the Human p75NTR+ Dermal Precursors

As the p75NTR is expressed by a number of skin-resident

cell types (Adly et al., 2009), we next sought to determine

the source of human-skin-derived NPCs by analyzing pro-

teins coexpressed by these cells. Using an unbiased, cell-cy-

tometry-based screen of 242 surfacemarkers, we found that

the p75NTR+ cell fraction coexpressed 30 proteins in

freshly dissociated (uncultured) cells (Figure 3A). These

markers were then validated in dermal sphere cultures,

where precursor cells are enriched (Figure 3B). Three cell-

surface proteins were specifically upregulated in sphere-
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forming p75NTR+ cells as compared with the negative

fraction, namely, integrin alpha-6 (also known as CD49f),

CD56 (also known as PSA-NCAM), and NCAM-L1 (also

known as CD171 and L1CAM). These three markers are

characteristic of nerve terminal cells, i.e., cells at the pe-

ripheral nerve endings innervating the human papillary

dermis (Reinisch and Tschachler, 2012). For this reason,

we pursued further purification of the neural-competent

cells and freshly isolated four cell fractions by using anti-

p75NTR and anti-CD56 antibodies. In vitro differentiation

analyses unambiguously showed that p75NTR+CD56+

cells (2.85% ± 0.31% of total; n = 7 biopsies analyzed in

three independent experiments) were responsible for all

dermis-derived neurogenic activity, as shown by an average
Authors
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103.8-fold increase (25.9% versus 0.2% of total cells) in bIII

tubulin+ cell yield when compared with double-negative

cells (Figure 3C). In contrast, p75NTR+CD56� cells had

no relevant neural differentiation capacity in vitro. These

data demonstrate a neurogenic subpopulation within

dermis-derived precursors and thus have profound impli-

cations for the use of dermis-derived precursors for neuro-

regenerative purposes (Hunt et al., 2009).

Adult human dermis-derived precursor cells do not al-

ways maintain their biological properties, as they may

become senescent when expanded in vitro (Gago et al.,

2009; Hill et al., 2012; Liu et al., 2011; Wang et al., 2014).

For this reason, we checked in vitro expansion of double-

positive p75NTR+CD56+ cells, the most significant dermal

precursor subtype for potential clinical use, and relevant

numbers of cells that maintained precursor properties

were achieved in diverse culture conditions (Figure S2

and data not shown).

We then pursued in situ localization of p75NTR+CD56+

cells in human dermis. When we visualized the cutaneous

nerve plexus through whole-mount immunostaining (Fig-

ures 4A and 4B; Tschachler et al., 2004), we observed not

only Schwann cells stained by anti-p75NTR antibody

but also cells with a perivascular localization (Figures

4C–4E; Movie S3). Of note, the latter were not costained

by CD56, which enabled us to easily separate the two

p75NTR+ cell subpopulations (Schwann and perivascular;

Figures 4B–4E; Movie S4). Perivascular p75NTR+ cells

coexpressed the markers chondroitin sulfate proteoglycan

4 (CSPG4, also known as NG2; Figures 4F–4H) and

a-smooth muscle actin (SMA; Figures 4I–4L), which are

characteristic of perivascular cell types (Wanjare et al.,

2014). Peripheral-nerve-localized p75NTR+ cells were

shown to ensheath ubiquitin carboxyl-terminal esterase

L1 (PGP9.5)-positive nerve fibers (Figures 4M–4P), which

could also be detected through expression of microtu-

bule-associated protein 2 (MAP2; Figures 4Q–4T) and

Peripherin (Figures 4U–4X). These data suggest that

neural-competent cells derived from human dermis arise

(at least in part) from peripheral-nerve-ensheathing

p75NTR+CD56+ Schwann cells.

Dermis-Derived NPCs Belong to the Schwann

Cell Lineage

To further identify human skin-derived p75NTR+ cells, we

performed a transcriptomic characterization of cell sub-

populations sorted directly after skin disaggregation by

real-time quantitative RT-PCR (qRT-PCR) (Figure 5A;

Table S1). The purity of the cellular fractions was validated

through analysis of mRNA expression for the genes

NGFR (coding for p75NTR), NCAM1 (CD56), and MCAM

(CD146). Proteins that were previously identified by

immunofluorescence and flow cytometry as positive (in-
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tegrin a6, NCAM-L1, Nestin, and SOX2) or negative

(CD34) in p75NTR+ cells showed correlated expression of

the corresponding mRNAs (ITGA6, L1CAM, NES, SOX2,

and CD34, respectively; Figure 5B), thus providing further

validation of the gene-expression data. The expression

levels of the 95 mRNAs that were analyzed efficiently

discriminated three dermal cell subpopulations: p75NTR+

CD56+ (Schwann), p75NTR+CD56� (perivascular), and

p75NTR-CD56� (non-Schwann, nonperivascular) (Figures

5C and 5D).

We first analyzed the expression of markers of the

Schwann cell lineage (Figure S3; Jessen and Mirsky, 2005)

in the three dermis-derived cell subpopulations. Genes

shared by embryonic NCSCs and Schwann cell precursors

(SCPs), such as CDH2; SCP-specific (CDH19), as well as

genes shared by SCPs and immature Schwann cells (iSCs,

such as PMP22, PLP1, and DHH) were found to be upregu-

lated in p75NTR+CD56+ cells (Figure 5E), further demon-

strating their Schwann cell lineage identity.

As anticipated from their perivascular localization and

cell-surface marker profile, the p75NTR+CD56� cells upre-

gulated a robust number of marker pericyte genes (Armulik

et al., 2011; Paquet-Fifield et al., 2009) when compared

with the p75NTR+CD56+ cells (Figure 5F). Somewhat unex-

pectedly, perivascular (p75NTR+CD56�) cells also upregu-

lated most of the Schwann lineage genes as compared

with p75NTR� cells, although at generally lower levels

than p75NTR+CD56+ cells.

To explore the relationship between dermal p75NTR+

cells and skin-derived precursors (SKPs), we analyzed

known markers for the latter (Fernandes et al., 2004;

Toma et al., 2001, 2005). SKP genes were overexpressed

by the p75NTR� fraction (Figure 5G), indicating that

SOX2+ cells either arise from a lineage distinct from that

of SKPs or are detected at a different stage (Johnston

et al., 2013). Although p75NTR+ cells do not express

markers of the dermal papilla niche (contrary to their mu-

rine hair follicle counterparts, which overexpress VCAN,

WNT5A, BMP4, ALPL, and SERPINE2; Figure S4A), recent

evidence indicates that murine SOX2+ follicle-associated

precursor cells may also be derived from peripheral nerves

(Johnston et al., 2013). In fact, an analysis of publishedmi-

croarray data (Biernaskie et al., 2009; Driskell et al., 2009)

shows that NGFR, ERBB3,MPZ, PLP1, and S100B are signif-

icantly upregulated in SOX2+ follicle-associated dermal

stem cell fractions (Figures S4B and S4C). Moreover, they

significantly upregulate expression of CDH2, a marker of

terminal Schwann cells of the hair follicle bulb (Kaidoh

and Inoué, 2008). These results indicate that SOX2+ cells

derived from mouse hair follicle and human nonhairy

skin may be phenotypically equivalent, with expression

of dermal papilla (niche) markers being a major difference

between them.
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Figure 3. Human Dermis-Derived NPCs Express Markers Characteristic of the Schwann Lineage
(A) The expression of p75NTR and coexpression of 242 membrane markers were analyzed by flow cytometry of freshly disaggregated
biopsies (n = 7).
(B) Markers that were high in the p75NTR+ fraction, but not in the negative cells, were validated in dermal sphere cultures (n = 6). As
controls, markers that were highly expressed (CD29 and CD58) and negative (CD3 and CD19) in both fractions were included.
(C) In vitro differentiation of freshly sorted cell fractions and quantification of neural (bIII tubulin+) and mesodermal (SMA+) progeny.
Quantifications of the percentages of neural (upper panel) and mesodermal (lower panel) cells are shown in relation to the total cell

(legend continued on next page)
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SOX2 Regulates Neural Competence of Dermal

Precursor Cells

As detected by qRT-PCR, SOX2 and SOX10 expression levels

were approximately 40% lower in perivascular cells than in

Schwann cells (Figure 5E), i.e., their gene-expression levels

correlated with a loss of neural competence in other stem

cell systems (Wegner, 2011). In accord with this, SOX2-

regulated genes such as CDH2, NOTCH1, PAX3, and PLP1

(Bergsland et al., 2011) were also transcribed to a lower

extent in perivascular cells. On the other hand, SOX9 was

strongly and specifically downregulated in p75NTR+CD56+

cells (Figure 5G). Since Schwann and perivascular cells

share an important number of markers, we posit a model

of three alternative states of dermis-derived precursor

cells, the regulation of which might be mediated by SOX

gene-expression levels (Figure 6A). Although the three

precursor cell states generate mesodermal progeny, only

p75NTR+CD56+ (i.e., SOX2hi) cells retain neural compe-

tence. Indirect support for this idea comes from the adult

mouse pituitary gland, where sphere-forming resident

stem cells become SOX2+SOX9�, and differentiated cells

becomeNestin+, SOX9+, and S100b+ (Fauquier et al., 2008).

To test this model, we used SOX2EGFP mice (Ellis et al.,

2004). Dermis-derived and subventricular zone (SVZ)-

derived cells were separated into SOX2 negative, low, me-

dium, and high subpopulations according to their EGFP

expression levels by FACS (Figures 6B and 6C). Dermis-

derived cells were separated into four fractions, in which

EGFP expression levels correlated with endogenous SOX2

(by flow cytometry; Figure 6D) and also with SOX2 mRNA

levels (byqRT-PCR;Figure6E). Incontrast,most SVZ-derived

cells (97.7% in n = 5 pooled biopsies) were found in the

EGFPmed fraction. Interestingly, the neural competence of

the murine dermal cell subpopulations correlated with

SOX2EGFP levels, as expected,with theEGFPhi fraction reach-

ing similar differentiation levels compared with unsorted

SVZ cultures (as determined by percent bIII tubulin+ cells;

Figure 6F). To validate these murine results in human cul-

tures, we performed gain- and loss-of-function experiments

by using lentiviral constructs to constitutively augment and

silence SOX2 expression (Figure 6G). Stable overexpression

of SOX2-mCitrine in p75NTR+CD56� cells resulted in neu-

ral competence that correlated with mCitrine levels (Fig-

ure 6H). In the opposite direction, p75NTR+CD56+ NPCs

that were transduced with SOX2-specific shRNA lentivirus

reduced SOX2mRNAexpression levels andabolishedneural

differentiation capacity as compared with cells transduced

with the empty vector (Figure 6I).
number. Statistical significance (one-way ANOVA) values were p = 0.03
(neural), p = 0.014 (*, n = 3) for p75NTR+CD56� versus p75NTR-CD56�

CD56� (mesodermal), and p = 0.360 (n.s., n = 3) for p75NTR+CD56�

See also Figure S2.
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Finally, and taking into account that human foreskin-

derived SKPs can make myelinating Schwann cells (Krause

et al., 2014), we pursued in vitro derivation of myelin-pro-

ducing Schwann cells in order to test the relevance of SOX2

expression levels in this context (Figure S5). When they

were predifferentiated to Schwann cells for 4 days, human

dermis-derived p75NTR+CD56+ cells expressed galactocere-

broside (GalC; Figures S5A–S5D), but not myelin basic pro-

tein (MBP; Figures S5E–S5H), as expected (Lemke and

Chao, 1988; Ranscht et al., 1982). Spinal cord and DRG ex-

plants from embryonic day 14 (E14) rats were then pre-

pared and added to predifferentiated Schwann cultures

(Biernaskie et al., 2009; Chen et al., 2010). Under these con-

ditions, human dermis-derived p75NTR+CD56+ cells, visu-

alized by both anti-HuNu and anti-GFP staining (after

constitutive transduction with an EGFP-expressing lentivi-

ral construct), becameMBP+ andmyelinated axons in vitro

(Figures S5I–S5P). Further, their ability to myelinate axons

was dramatically reduced when the cells were previously

transduced with SOX2-specific shRNA lentivirus (Fig-

ure S5Q). Overall, these results demonstrated the pivotal

role of SOX2 in regulating the neural competence of

dermis-derived precursors.
p75NTR+CD56+ NPCs May Also Be Derived from

Human Heart

SinceNPCs are related to the peripheral nerves, the data ob-

tained for dermis precursors may be pertinent to NPCs

derived from multiple organs. To give some experimental

support to this speculation, we sorted humanheart-derived

precursors by FACS with anti-p75NTR and anti-CD56 anti-

bodies (Figure 7A). In vitro differentiated p75NTR+CD56+

cells displayed an average 13.8-fold increase (20.8% versus

1.5% of total cells, n = 2) in bIII tubulin+ cell formation

when compared with double-negative heart cells (Fig-

ure 7B). In agreement with the skin results, heart-derived

p75NTR+CD56� cells showed no relevant neural differenti-

ation capacity in vitro.
DISCUSSION

This study provides experimental evidence that primary

dermospheres obtained fromhuman skin contain amixture

of SOX2+ multipotent precursors and more committed

cells, with SOX2+ cells being derived from either Schwann

or perivascular cells. It also suggests that SOX2 expression

levels are tightly regulated in dermal precursors and
2 (*, n = 3) for the comparison p75NTR+CD56+ versus p75NTR-CD56�

(neural), p = 0.345 (n.s., n = 3) for p75NTR+CD56+ versus p75NTR-
versus p75NTR-CD56� (mesodermal). Error bars indicate SD.
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determine the ability of these cells to generate neural prog-

eny. Embryonic Schwann cell markers such as CDH2 and

CDH19 are known to be sharply downregulated in Schwann

embryonic development at the iSC stage (Takahashi and

Osumi, 2005; Wanner et al., 2006), and thus upregulation

of these mRNAs in adult Schwann cells is unexpected

(Mirsky et al., 2002). It is tempting to speculate that their

appearance in the double-positive cells suggests a resident

precursor cell status; alternatively, it may reflect Schwann

cell dedifferentiation as a result of dermal disaggregation

procedures (Jessen and Mirsky, 2008; Parrinello et al.,

2010). Of note, recent murine data demonstrated that

cellular dedifferentiation plays amajor part in SOX2upregu-

lation in these cells (Johnston et al., 2013). The extent to

which cellular dedifferentiation is related to the appearance

of human dermis-derived NPCs in sphere culture and

beyond remains to be determined.

Our data hint at a previously unrecognized relationship

between postnatal foreskin-derived Schwann and perivas-

cular cells, as deduced from their strikingly similar gene-

expression profiles. Alternatively, the two cell subtypes

might reflect a single, highly dynamic cell precursor with

environmental differences playing a role in distinctive

cellular states (Biernaskie et al., 2009). This will remain an

open question until lineage-tracing experiments can unam-

biguously show the developmental relationship (if any) be-

tween Schwann and perivascular cells. In any case, our data

support the notion that specialized Schwann cells at the

peripheral nerve endings in the skin retain the capacity to

dedifferentiate to the NPC stage, as recently hypothesized

(Dupin and Sommer, 2012; Kaucká and Adameyko, 2014).

Of note, human cerebral cortex pericytes have been reprog-

rammed into induced neuronal cells by overexpression of

SOX2 andMASH1 (Karow et al., 2012), and glioma stemcells

give rise to pericytes (in support of tumor growth) while

downregulating SOX2 expression (Cheng et al., 2013).
Figure 4. In Situ Localization of p75NTR+CD56+ Cells in Human D
(A) Dermal whole-mounts permit visualization of the subepidermal n
(B) Tissue whole-mount and immunofluorescence analyses showed
structures expressing p75NTR only. Scale bar, 20 mm.
(C) Confocal 3D projections of p75NTR+ cells show they sit at a periva
(D) p75NTR+CD56+ peripheral nerves run parallel to blood vessels. Sca
(E) Higher-magnification image shows a CD31+ precapillary arteriole
pericytes (red arrow) and p75NTR+CD56+ nerve fibers (green arrow). S
(F–H) Whole mount immunolabeled with anti-p75NTR and anti-NG2 a
(I–L) Whole mount immunolabeled with anti-p75NTR and anti-SMA a
(M–P) Whole mount immunolabeled with anti-p75NTR and anti-PGP9
(Q–T) Whole mount immunolabeled with anti-p75NTR and anti-MAP
arrowheads in T). Scale bar, 20 mm.
(U–X) Whole mount immunolabeled with anti-p75NTR and anti-Perip
counterstained with Hoechst 33258 (blue) as indicated.
See also Table S2 and Movies S3 and S4.
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In summary, we have presented a simple method to

isolate NPCs from human skin through cell sorting.

Further, we have demonstrated that cardiosphere-derived

p75NTR+CD56+ cells also constitute NPCs. Intriguingly,

nerve-terminal-associated SOX2+ neural crest precursors

(‘‘NT cells’’) are also found in mouse skin and have been re-

ported to have a potential role in wound repair (Johnston

et al., 2013). Further, murine NT cells share a number of

markers with human p75NTR+CD56+ cells and induce

SOX2 expression upon injury. Our own data suggest that

mouse NT cells might be dermal NPCs, as is the case in hu-

mans, and the regulation of potency mediated by SOX2

levels might explain the observed derivation of Schwann

cells out of mesodermal lineages (Jinno et al., 2010; Krause

et al., 2014). This particular point awaits experimental

confirmation. Although no evidence implicating human

p75NTR+CD56+ cells in skin repair (Driskell et al., 2013;

Johnston et al., 2013; Paquet-Fifield et al., 2009; Parrinello

et al., 2010) or neurilemmoma and neurofibroma forma-

tion (Ribeiro et al., 2013) is currently available, further

research on these subjects is warranted.
EXPERIMENTAL PROCEDURES

Human Cell Isolation, Proliferation, and

Characterization
Human adult foreskins were obtained from voluntary circumci-

sions of healthy donors (average 18.24 years of age, range 1–71

years; n = 74) with their informed consent and with protocol

approval by the relevant IRB (CEIC Gipuzkoa). Human SKPs were

derived as previously described (Toma et al., 2005), first by disag-

gregating dermal pieces onto unicellular suspensions through in-

cubation in Type I collagenase (or Liberase DH) at 37�C, and

then growing them as spheres in the presence of EGF and bFGF.

For immunocytochemistry, cells were fixed in 4% paraformalde-

hyde and stained as previously described (Gago et al., 2009) using
ermis
erve and vascular plexus (Tschachler et al., 2004).
p75NTR and CD56 double-positive fibers, as well as other fibrous

scular location surrounding CD31+ blood vessels. Scale bar, 20 mm.
le bar, 20 mm.
(white arrow) (Armulik et al., 2011) surrounded by p75NTR+CD56�

cale bar, 10 mm.
ntibodies. Scale bar, 20 mm.
ntibodies. Scale bar, 20 mm.
.5 antibodies. Scale bar, 50 mm.
2 antibodies, with the latter showing a punctate pattern (white

herin antibodies. Scale bar, 20 mm. In most sections, nuclei were
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Figure 5. Gene-Expression Characterization of Human Dermis-Derived NPCs
(A) Cell sortings for p75NTR and CD56.
(B) Transcriptomic analyses of the sorted cell subpopulations, showing the specificity of the fractionation procedure. Log2 relative
quantification (Log2 RQ) as compared with p75NTR� cells.
(C) Venn diagram showing differentially expressed genes (FC > 2) from qRT-PCR data.
(D) Hierarchical clustering (Pearson correlation) based on qRT-PCR data. Cell populations are color-coded as in (A).
(E) Expression of Schwann cell lineage markers in sorted cell fractions. RQ as compared with p75NTR� cells.
(F) Expression of pericyte lineage markers in p75NTR+CD56� cell fractions. RQ as compared with double-positive cells.

(legend continued on next page)
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the primary antibodies detailed in Table S2. Images were acquired

on a LSM510 META confocal microscope (Zeiss) using the ZEN

2008 sp2 software package (v. 4.2). Adult human heart tissue was

harvested from discarded pathological specimens at the time of

heart transplantation under the supervision of the UW Institu-

tional Review Board. Biopsies were stored in Ca2+/Mg2+-free Dul-

becco’s PBS (DPBS; Cellgro) supplemented with 2% penicillin/

streptomycin (P/S) and processed no later than 4–6 hr postsurgery.

Briefly, to obtain single cells, heart pieces were washed with DPBS,

cut into small pieces (1–2 mm3 pieces), and incubated in Type IV

collagenase (1 mg/ml; GIBCO), Dispase (0.15 mg/ml; GIBCO),

and DNase I (75 mg/ml; Sigma) as described above for 30–60 min

at 37�C until partially digested. Tissues were manually dissociated

by repeated pipetting until single cells were obtained. The cell

suspension was centrifuged (5 min, 1,200 rpm) and the pellet

was resuspended and passed through a 40 mm cell strainer (BD Bio-

sciences). Then, 25,000 cells/cm2 were cultured in T-75 culture

flasks (BD Falcon) precoated with fibronectin (20 mg/ml DPBS)

with growthmedia (IMDMwith 20%FBS, 1%P/S, 1%L-glutamine,

and 0.001% 2-mercaptoethanol). Floating cells and debris were

eliminated after 24 hr and new medium was added. Heart-derived

precursor cells with a fibroblast morphology were observed after

3 days in culture, and cardiospheres were derived as previously

described (Gago-Lopez et al., 2014). In vitro differentiation was as-

sessed as previously described (Gago et al., 2009).

Mouse Cell Isolation, Culture, and Differentiation
Animals were used in accordance with the relevant guidelines

(European Directive 2010/63/EU, Spanish Law 6/2013 and Royal

Decree 53/2013) and the protocol was approved by the Bio-

donostia Animal Care Committee. Murine SKPs were obtained

from dorsal skin samples from adult SOX2EGFP mice (n = 6; kindly

provided by Konrad Hochedlinger, Harvard University). Animals

(6–8 months old) were sacrificed by CO2 inhalation and the back

skin was carefully dissected free of other tissue, cut into 2–3 mm3

pieces, washed two times in Hank’s balanced salt solution (HBSS;

GIBCO), and digested with 1 mg/ml collagenase XI (Sigma) for

1 hr at 37�C. The tissue pieces were resuspended in Dulbecco’s

modified Eagle’s medium (DMEM)/F12 3:1 with 1% P/S (GIBCO)

and mechanically dissociated by vigorous pipetting. The suspen-

sion was filtered through a 40 mm cell strainer (BD Biosciences),

centrifuged at 1,500 rpm for 5 min, and resuspended in prolifera-

tion medium. Cells were cultured at a density of 300,000 cells/ml

in untreated dishes. Further passages were done as described above

for human SKP dermospheres. Dermospheres at day 7 or 14 were

used for sorting experiments. Neural stem cells (NSCs) were iso-

lated from SOX2EGFP mice SVZ (n = 5, 6–8 weeks old) as previously

described (Doetsch et al., 1999). Brains were placed into NSC basal

medium (DMEM/F12 1:1, supplemented with 1% N2, 2% B27,

0.6% [w/v] glucose and P/S [GIBCO]). Coronal sections were cut

and SVZ tissue was dissected out and digested for 20 min at 37�C
with 1 mg/ml papain (Roche) (previously activated at 37�C for
(G) Expression of SKP markers in sorted cell fractions. Log2 relative qua
demarcate the relative quantification level difference that is considere
Log2 in B and G, and RQ = 2 in F).
See also Figures S3 and S4 and Table S1.
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30 min), and 0.25 mg/ml DNase I dissolved in NSC basal medium.

Cells were dissociated by gentle pipetting and a 103 volume of

NSC basal medium was added to end the digestion. The cell sus-

pension was centrifuged for 5 min at 1,000 rpm and filtered

through 40 mm cell strainers (BD Biosciences). The cells were

then plated in uncoated six-well plates in NSC proliferating me-

dium (NSC basal medium plus 40 ng/ml bFGF [GIBCO] and

20 ng/ml EGF [BD Biosciences]). Neurospheres were passaged

after 10 days of culture by harvesting them by centrifuga-

tion (1,000 rpm for 5 min) and dissociated with Accutase solution

(Invitrogen). Neurospheres of passage 2 were plated onto 12-mm-

diameter coverslips that were previously treated to improve adher-

ence to extracellular matrix from 804G cells (Gago et al., 2009),

cultured in attachment for 3 weeks, and then differentiated in

Schwann medium for another 10 days.
Flow Cytometry
Cells were stained with the following antibodies (BD Biosciences):

anti-CD271 (cloneC40-1457, conjugated to PE or APC), anti-CD56

Alexa 647 (clone B159), anti-CD56 FITC (clone NCAM 16.2), anti-

CD34 PE (clone 8G12), and anti-CD146 PECy7 (clone P1H12). To

control for nonspecifically bound fluorescence, the isotype anti-

bodies used (BD Biosciences) were clones MOPC-31C (PE) and

MOPC-21 (PECy7, APC and Alexa 647). Data were acquired on

FACSCalibur or FACSCanto A flow cytometers (BD Biosciences).

The instrument’s performance was evaluated with the use of cali-

brite beads or CST beads, respectively. Scatter and fluorescence

parameters were acquired in linear and logarithmic modes, respec-

tively, and detected by the following bandpass filters: 530/30 (Sy-

tox Green viability dye; Invitrogen), 585/42 (PE), 660/20 (Alexa

647; APC), and 780/60 (PECy7). FACSDiva or CellQuest-Pro soft-

ware (BD Biosciences) was used for data acquisition, and FACSDiva

or FlowJo (Verity) software was used for analyses. The pulse area

(FACSCanto A) or height (FACSCalibur) was used in all analyzed

parameters.
Cell Sorting
Cell-sorting experiments were done on a FACSAria III cell sorter

(BD Biosciences) at low sheath pressure with a 100 mmnozzle. Scat-

ter and fluorescence parameters were acquired in linear and log

modes, respectively. Photomultiplier (PMT) settings were estab-

lished on live (Sytox Green negative) singlets by using unstained

cells. Nonspecific binding was evaluated with the corresponding

isotypic controls used at the same concentration as the antibody

of interest.
In Ovo Cell Transplantation
Chicken eggswere incubated until they reachedHH17. An incision

wasmade into the anteriormedial corner of the somite in the lum-

bar region. Human skin-derived p75NTR+, p75 NTR�, or unsorted
cells (30,000 cells ml�1) were transplanted as previously described
ntification (Log2 RQ) as compared with p75NTR� cells. The red lines
d significant, i.e., where the FC between fractions equals ± 2 (± one
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Figure 6. SOX2 Expression Levels Regulate the Neural Competence of Dermis-Derived Precursors
(A) ‘‘Cellular states’’ model. Interstitial precursors, such as those isolated from the dermis, might be detected as ‘‘Schwann,’’ ‘‘perivascular,’’
or ‘‘non-Schwann, nonperivascular’’ states. These cellular states might be functionally interchangeable through cell intrinsic or context-
dependent modulation of SOX2, SOX10, and SOX9 gene-expression levels as depicted. Although the three precursor cell states generate
mesodermal progeny, only p75NTR+CD56+ (SOX2hi) cells retain neural competence.
(B) In SOX2EGFP mice, dermis-derived cells were sorted into negative (NEG), low (LOW), medium (MED), and high (HIGH) subpopulations
according to their EGFP levels.
(C) NSCs of the SVZ of SOX2EGFP mice were mostly found in the EGFP medium (MED) fraction.
(D) SOX2 levels correlated with EGFP in the dermis-derived fractions, as shown by flow cytometry (n = 4). Error bars indicate SD.
(E) Endogenous SOX2 mRNA levels correlated with EGFP in the dermis-derived fractions (n = 2).
(F) The neural competence of the murine dermal cell subpopulations (left panel, n = 3) correlated with higher SOX2 levels. Unsorted
SVZ cells (right panel, n = 2) differentiated to levels similar to those observed for the dermis-derived EGFPhi fraction. Error bars
indicate SD.
(G) Lentiviral constructs used for the gain- and loss-of-function experiments, which were done by stable overexpression and silencing of
SOX2.
(H) Overexpression of SOX2-mCitrine in p75NTR+CD56� cells and sorting of the mCitrine NEG, LOW, and HIGH cell fractions resulted in
correlative neural competence as determined by bIII Tubulin cell counts in differentiation culture. Each panel represents an independent
biopsy (n = 2).

(legend continued on next page)
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Figure 7. Human Cardiosphere-Derived p75NTR+CD56+ Cells
Present NPC Properties
(A) Human cardiosphere-derived cell isolation strategy. Double-
positive cells constituted a minor fraction (0.17%, n = 2) of heart-
derived precursor cells.
(B) In vitro differentiation of p75NTR+CD56+, p75NTR+CD56�, and
p75NTR-CD56� cell fractions sorted from human cardiospheres, and
quantification of neural (bIII tubulin+) and mesodermal (SMA+)
progeny (n = 2). Scale bar, 10 mm. Error bars indicate SD.

Stem Cell Reports
Neural Competence of Dermal Precursors
(Fernandes et al., 2004). Embryos were incubated for 56 hr (until

HH26), sacrificed, and analyzed by immunohistochemistry. Sec-

tions (30 mm thick) were cut on a MA752 (Campden Instruments)

or VT1000S (Leica) vibroslicer and analyzed by confocal micro-

scopy on a Leica TCS SP5 microscope.
Cell-Surface Marker Screening
A total of 242 primary antibodies (Lyoplate, BD Biosciences) were

stained with Alexa 647-conjugated secondary antibodies and cos-

tainedwith anti-CD271 PE (cloneC40-1457). Datawere confirmed

by serial repetition of positives and controlled by known negative
(I) Silencing of SOX2 by lentiviral expression of shSox2 in p75NTR
in a concomitant reduction in the neural differentiation capacity o
(n = 2).
See also Figure S5.
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antibodies. Population boundary limits were based on (1) cells

only for evaluation of autofluorescence and setting of PMTs, (2)

isotypic control for anti-CD271 (same isotype, concentration,

and fluorochrome), (3) secondary antibody only (rat anti-mouse

IgG or goat anti-rat IgG Alexa 647), (4) FMO to set boundaries

and check compensation for CD271, and (5) anti-CD271 plus sec-

ondary antibody to ascertain any nonspecific Alexa 647 back-

ground on p75NTR+ cells. A marker was considered ‘‘positive’’

when expressed by at least 35% of the cells and ‘‘upregulated’’

when the fold change (FC) was R2.

RNA Extraction and Real-Time PCR
Total RNA was extracted from sorted cell pellets obtained from

pooled biopsies using themiRNeasymini kit andQIAcube worksta-

tion (QIAGEN). Gene expression was analyzed in 96-well plates

with predispensed TaqMan probes (Life Technologies). RNAs

(75 ng) were preamplified (14 cycles) using the TaqMan PreAmp

Master Mix Kit (Life Technologies), PCR amplified, and measured

on a StepOne Real-Time PCR System (Life Technologies). DataAssist

(Life Technologies), Excel (Microsoft), and MeV (Saeed et al., 2006)

software suites were used for analyses and quality control of the

data. After the expression of endogenous control mRNAs was as-

sessed, themedian expression of all 95 genes was used to normalize

(by discrete cosine transform [DCT]) the data due to its lower vari-

ability. Relative quantification (RQ; 2-DDCT) analyses were per-

formed for each comparison and the significance threshold was

set at an FC of 2.

Lentiviral Construct-Mediated Overexpression

and Silencing of SOX2
For stable overexpression of SOX2, lentiviral transduction was per-

formed with a pLM-mCitrine-Sox2 construct (Addgene plasmid

23242) (Papapetrou et al., 2009) and pCMV-GFP as control. After

incubation with polybrene (H9268-56; Sigma), cells were infected

at a multiplicity of infection of 10 for 6 hr, and then medium

without serum was changed to proliferation medium. Expanded

cells were sorted based on SOX2-mCitrine expression levels.

For SOX2 silencing, cells were infected with pLKO.shSox2

(TRCN0000003253; Sigma) and control pLKO.1 lentiviral vectors.

Infected cells were selected and expanded in attachment in the

presence of 2 mg/ml puromycin and then maintained with

0.2 mg/ml puromycin (P9620; Sigma). For qRT-PCR, total RNA

was extracted and RNAs were preamplified as above. Gene expres-

sion was analyzed in 384-well plates using TaqMan probes (Life

Technologies). The mRNA level was measured on a 7900HT Real-

Time PCR System (Life Technologies). The Excel software suite (Mi-

crosoft) was used for analyses and quality control of the data. The

expression of endogenous control mRNAs (both TBP and GAPDH)

was used to normalize (byDCT) the data due to its lower variability.

RQ (2-DDCT) analyses were performed for each comparison and the

significance threshold was set at an FC of 2.
+CD56+ cells and selective expansion of transduced cells resulted
f transduced cells. Each panel represents an independent biopsy
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In Vitro Myelinization Assays
Pregnant Sprague-Dawley rats (Charles River Laboratories) were

sacrificed by CO2 inhalation and E14 embryos were immediately

removed by caesarean section and placed onto Petri dishes with

HBSS to isolate the spinal cord and DRG. Cells predifferentiated

in Schwann cell medium were cocultured with the rat explants

in CoM2 medium (Chen et al., 2010) or CoM2 supplemented

with nerve growth factor and ascorbic acid (Biernaskie et al.,

2009). The media were refreshed every 2–3 days and cocultures

were analyzed by immunofluorescence 1 and 2 weeks after explant

addition.

Statistical Analyses
Kolmogorov-Smirnov tests were used to generate p values for com-

parison of expression distributions. For multiple group compari-

sons, one-way ANOVAs were performed. The number of biological

replicates (n) for each experiment and average ± SD are indicated

when applicable, and p < 0.05 was considered statistically signifi-

cant (*).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, two tables, and

four movies and can be found with this article online at http://
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Barnabé-Heider, F., Biernaskie, J., Junek, A., Kobayashi, N.R., Toma,

J.G., et al. (2004). A dermal niche for multipotent adult skin-

derived precursor cells. Nat. Cell Biol. 6, 1082–1093.
Authors

http://dx.doi.org/10.1016/j.stemcr.2014.09.009
http://dx.doi.org/10.1016/j.stemcr.2014.09.009


Stem Cell Reports
Neural Competence of Dermal Precursors
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