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Abstract Progenitor stem cells have been identified, isolat-
ed and characterized in numerous tissues and organs.
However, their therapeutic potential and the use of these
stem cells remain elusive except for a few progenitor cells
from bone marrow, umbilical cord blood, eyes and dental
pulp. The use of bone marrow-derived hematopoietic stem
cells (HSC) or mesenchymal stem cells (MSCs) is restricted
due to their extreme invasive procedures, low differentiation
potential with age and rejection. Thus, we need a clinical
grade alternative to progenitor stem cells with a high poten-
tial to differentiate, naive and is relatively easy in in vitro
propagation. In this review, we summarize cell populations
of adherent and floating spheres derived from different
origins of skin, or correctly foreskin, by enzymatic digestion
compared with established MSCs. The morphology, pheno-
type, differentiation capability and immunosuppressive
property of the adherent cell populations are comparable
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with MSCs. Serum-free cultured floating spheres have lim-
ited mesodermal but higher neurogenic differentation poten-
tial, analogous to neural crest stem cells. Both the
populations confirmed their plethora potential in in vitro.
Together, it may be noted that the skin-derived adherent cell
populations and floating cells can be good alternative sour-
ces of progenitor cells especially in cosmetic, plastic and
sports regenerative medicine.
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Introduction

Stem cells or progenitor cells have remained a promising
source of regenerative cells for more than four decades, with
prominent innovations to suit life science, medicine and
biomedical engineering (Bianco and Robey 2001; Campisi
and d'Adda di Fagagna 2007; Caplan 2007; Ikada 2006).
Progenitor cells have revolutionized medicine and improved
the quality of human life worldwide by repairing, preserv-
ing, or enhancing tissue and organ function. This has been
classified under cell-based therapy with a great deal of
debate on the use of scaffold or modes of tissue engineering
that may or may not be detrimental in human applications
(Bianco and Robey 2001; Ikada 2006). However, the ave-
nues of tissue engineering are not closed and there is now a
large literature source that mediates better understanding on
the mechanistic functions of the stem cells (Bianco and
Robey 2001; Tkada 2006). Eventually, what makes the dif-
ference in the obvious use of adult stem cells over embry-
onic stem cells is the ethical concerns (Robertson 2010) and
fear of teratoma (Blum and Benvenisty 2008) observed
predominantly in a later source. Currently, there is much
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need of progenitor cells, mostly in organ repair, either in
regenerating a portion or to condition the graft (Rafii and
Lyden 2003).

A major setback is the lack of organ donors for regenerative
medicine (Stock and Vacanti 2001). This has motivated the
researchers to hunt for a non-invasive source of stem cells or
to reprogram fibroblasts to produce diverse and mature prog-
enies with the potential to self-sustain and -maintain
(Yamanaka 2008; Ramesh et al. 2009). Several experimental
studies have addressed the potential of different types of stem
cells and their ability to repair or regenerate damaged tissues
or organs (Bianco and Robey 2001; Campisi and d'Adda di
Fagagna 2007; Caplan 2007; Hipp and Atala 2008; Ikada
2006; Rafii and Lyden 2003).

Skin has long been researched for its use as a potential
source of regenerative cells (Tables 1, 2). For the past
decade, several works have elaborated the differentiation
potential of skin progenitor cells or reprogramming of the
skin fibroblast to progenitor-like cells (Yamanaka 2008;
Ramesh et al. 2009).

The presence of regenerative cells in tissues and organs
can be attributed to sustain homeostasis and respond to
damage. The presence of stem cells regulates the matured
cell population constant pool of progenitors, which in turn
provides the microenvironment for regulatory signal com-
munications and regeneration. (Walker et al. 2009). For
instance, an established study shows bone marrow as a
provider of fibroblast-like cells in the dermis and keratino-
cytes in the epithelia (Aoki et al. 2004). Recently, the need
for stem cells in various therapies has led to revisiting less
invasive ways to obtain an abundance of progenitor cells.
The applications today vary from systemic to plastic or
sports surgery; the plasticity of the cells allowing easy
grafting at the site of application remains the target for
whatever type or source from which the progenitors are
isolated (Clover et al. 2012; Moseley et al. 2006). Skin has
been long debated to be a potential progenitor cell source.
However, in the past decade, ample evidence has success-
fully characterized skin harboring progenitor cells (Tables 1,
2). A few recent reports have shown that foreskin, a desig-
nated biological waste material removed from infants, has
been an excellent source of progenitor-like cells (Al-
Nbaheen et al. 2012; Vishnubalaji et al. 2012b).

Although adult stem cells have been isolated from differ-
ent sources, recent studies have demonstrated that skin
stromal cells have similar properties as mesenchymal stem
cells (Al-Nbaheen et al. 2012; Vishnubalaji et al. 2012b).
According to the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular
Therapy (ISCT), these skin-derived stromal cells are plastic
adherent and positive for mesenchymal stem cell markers
CD29, CD44, CD71, CD73, CD105, CD90 and CD166 and
negative for CD45, CD14, CD34, CD133 and HLA-DR.
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The skin-derived mesenchymal cells or stromal cells exhibit
these stem cell markers confirming their mesenchymal lin-
eage. In addition, they can differentiate into adipogenic and
osteogenic lineages (Al-Nbaheen et al. 2012; Dominici et al.
2006; Haniffa et al. 2007; Lorenz et al. 2008; Vishnubalaji
et al. 2012b).

Skin is an abundant human tissue in regenerative science.
It consists of epidermis and dermis layers, which are under a
constant renewal process and contain a number of cell
populations that originate from both mesoderm and ecto-
derm (Tsatmali et al. 2002). The epidermis is constantly
regenerated throughout life by epidermal stem cells with
their rapid self-regenerating ability. The cyclic development
of hair follicles is reliant on precursor cells that exist in the
dermal papillae and the bulge. Following an injury, the skin
cells in the dermis contribute to the route of healing
(Blanpain and Fuchs 2006). However, there may be other
sites within the skin that harbor multipotent progenitors.
Dermal dissociation followed by a mixture of specialized
cultivation systems have supported the culturing of multi-
potential cells (Tables 1, 2).

The presence of precursor or mesenchymal stem cells in
the skin was perhaps one of the most captivating and ther-
apeutically significant findings of the last few years in the
field of adult stem cell research. Presently, investigators
assume that there may be several types of adult skin stem
cells or progenitors found in both layers of the skin such as
dermal stem cells (Al-Nbaheen et al. 2012; Vishnubalaji et
al. 2012b), epidermal stem cells (Blanpain and Fuchs 2006)
and melanocyte stem cells (Steingrimsson et al. 2005).
Although epidermal skin stem cells were discovered first
and remain better characterized, non-epidermal stem cells
may also have enormous potential and are yet to be
explored.

In this review, we provide an insight into the morpholog-
ical, physiological and biochemical characteristics of skin-
derived stromal cell population. Furthermore, this review
examines the available literature for its localization, deriva-
tion and multipotency, which better correlates with conven-
tional MSCs.

Uses in cell therapy

Cell-based therapy is still a promising choice of treatment
for several diseases and superficial injuries (Aldahmash et
al. 2012). The most important applications are seen with
rheumatoid arthritis, psoriasis, multiple sclerosis and
insulin-dependent diabetes mellitus, which are autoimmune
disorders. In addition, the progenitors cells are used in spinal
cord injury and meniscal tears or in bathing the menisci in
transplantations, aiding better menisci homing and also pro-
moting tissue regeneration.
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Though various types of stem cells have been utilized in
cell-based therapy, there has been a wide gap in the use of in
vitro scale-up cells in therapeutic applications. We have
previously shown that progenitor cells derived from specific
tissues differentiated in vitro such as adipose tissue, with
bone marrow stromal cells differentiating into melanocytes
and chondrocytes (Fernandes et al. 2004; Kern et al. 2006;
Vishnubalaji et al. 2012a b). Evidently, a ranking of cells
applied for cell-based therapy will not only be based on the
assessment of the functional competences of the cells but
also on the safety and achievability of the treatment in the
clinical setting. Significantly, the study of skin progenitors
or stem cells has evolved as a base for the treatment of skin
loss, wound healing, skin disease and hair loss (Lorenz et al.
2008; Shih et al. 2005). Human skin-derived stromal cells
(hSDSCs) can be identified in vivo by specific label reten-
tion or in vitro by clonogenicity (Chen et al. 2007).

Mesenchymal stem cells

Regarding generic characters and potency of MSCs, their
merits and demerits have been illustrated sufficiently in
abundant research articles with clinical trial support
(Kebriaei and Robinson 2011; Trounson et al. 2011). In this
section, we will cover these points. Mesenchymal stem cells
or marrow stromal cells are primitive, unique, multipotent
stem cells residing mainly in the stromal compartment of the
bone marrow but they have also been isolated from niches in
other tissues, like adipose tissue, umbilical cord blood,
placenta, umbilical cord, amniotic fluid and membrane,
dental pulp and from second trimester fetal tissues (liver,
lung, and spleen) (Alviano et al. 2007; Biernaskie et al.
2006; Gronthos et al. 2000; in 't Anker et al. 2003;
Kebriaei and Robinson 2011; Kern et al. 2006; Li et al.
2005; Vishnubalaji et al. 2012a b; Wang et al. 2004; You
et al. 2008). MSCs are positive for stromal-associated
markers and negative for endothelial and hematopoietic
markers (Kern et al. 2006; Pawitan 2009; Pittenger et al.
1999; Vishnubalaji et al. 2012a b). Stromal cells are a group
of clonogenic cells and can proliferate without differentia-
tion, or differentiate into any of the mesenchymal tissues
(i.e. the tissues of the body that support the elements, com-
prising adipose, osseous, cartilaginous, elastic and fibrous
connective tissues) depending on various influences from
cytokines or growth factors including epidermal growth
factor (EGF), platelet-derived growth factors (PDGF) and
basic fibroblast growth factor (FGF-2) (Martin et al. 1997).
Bone marrow, a complex tissue composed of a highly orga-
nized network of hematopoietic, endothelial and mesenchy-
mal cells, has also been used to treat bone or cartilage
defects and degeneration (Caplan et al. 1997; Vacanti et al.
1993). Apart from their multilineage differentiation ability,

MSCs have the added advantage of having inherent host
compatibility, immunosuppressive ability, susceptibility to
gene modification and extensive capacity for in vitro expan-
sion. MSCs are known to migrate to some tissues, particu-
larly when injured or under pathological conditions and are
capable of secreting a broad spectrum of bioactive macro-
molecules by themselves that are both immunoregulatory
and help to structure the regenerative microenvironments.
All this has led to important approaches of utilizing MSCs
for tissue engineering as well as clinical trials for gene
therapy for a variety of congenital and acquired diseases
(Kebriaei and Robinson 2011; Sotiropoulou et al. 2006;
Trounson et al. 2011).

The differentiation capability of MSCs in combination
with their immunosuppressive effect makes them an ideal
challenger for assorted cellular transplantation therapies.
Plenty of animal studies have investigated MSCs regenera-
tion ability in various tissues with low or transient levels of
engraftment. The bioactive factors secreted by MSCs have
both paracrine and autocrine activities. These secreted bio-
active factors can alter the local immune system and thereby
rejuvenate or repair the diseased or injured tissues with their
trophic effects (Caplan and Dennis 2006).

However, current findings suggest that stromal cells from
other sources may not be able to substitute bone marrow
stromal cells. Stromal cell populations obtained from differ-
ent tissues showed significant differences in their prolifera-
tion, differentiation and molecular phenotype, which should
be taken into consideration when planning their use in
clinical protocols (Al-Nbaheen et al. 2012; Sakaguchi et
al. 2005).

Skin-derived stromal cells

There are several published papers describing the isolation
of skin-derived precursors or multipotent stem cells from the
skin and foreskin of human, pig, rodents, embryo, or neo-
nates. Particularly, dermal skin is obtained from the face,
dorsal back, scalp and thigh (Tables 1, 2). Investigators
observed significant alterations in cell morphology depend-
ing on culture conditions after isolation of cells with enzy-
matic digestion such as trypsin, collagenase, dispase and
liberase blendzymes (Tables 1, 2). These potential stromal
cells were named as SKP (skin derived precursor) cells
(Fernandes et al. 2004; Toma et al. 2005), multipotent adult
stem cells (Toma et al. 2001) and skin-derived mesenchymal
stem cells (Riekstina et al. 2008).

Stromal cells are generated from primitive mesenchyme,
like all connective tissue cells. Vimentin expression indi-
cates their mesodermal origination (Huang et al. 2010). The
core function of fibroblasts is to sustain the structural integ-
rity of connective tissue by constantly introducing
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precursors from the extracellular matrix. The dermis of the
connective tissue is constructed by collagen and elastin
fibers immersed in glycosaminoglycans. The fibroblast pro-
genitors or multipotent stem cells are developed from stud-
ies on connective tissues that had revealed evidence of
pluripotent or multipotent MSC-like cells. These tissues
include cord stroma, adipose tissue, skeletal muscle and
placenta, among others (Kern et al. 2006; Pawitan 2009;
Peng and Huard 2004; Vishnubalaji et al. 2012b). In addi-
tion, investigations on hair development had suggested that
there were specialized fibroblast populations in both the
dermal papilla and the hair shaft (Biernaskie et al. 2009;
Fernandes et al. 2004; Hunt et al. 2008; Jahoda et al. 2003;
Ohyama et al. 2000).

In our experience, the foreskin-derived stromal cells
(FDSCs) expressed CD90, CD73, CD105, CD166, SH3
and SH4, which is similar to the phenotypes of human bone
marrow MSCs. However, in comparison with commercial
foreskin fibroblast line (Hs68), FDSCs were positive for
CD105 and negative for CD54 antigen. The differentiation
of FDSCs into adipocytes, osteocytes, neural cells,
Schwann-like cells, smooth muscle cells and hepatocyte-
and endothelial- like cells were all uniform, consistent with
published mesenchymal lineages (Table 1) (Huang et al.
2010; Manini et al. 2011; Vishnubalaji et al. 2012b).

Stromal cells have immunosuppressive properties that
are functionally comparable to mesenchymal stem cells.
They share mesenchymal stem cell phenotype, transdiffer-
entiation and are thus difficult to discriminate from MSCs.
Dermal fibroblasts inhibit allogeneic T cell activation by
autologously derived cutaneous antigen-presenting cells
(APCs) and other stimulators under in vitro conditions
(Haniffa et al. 2007). Although these progenitor or multi-
potent stem cell population imitate mesenchymal stem
cells, still none of the studies have identified and shown
specific markers for histological localization in the adjacent
area. Furthermore, in the latest disclosure, even regularly
grown fibroblasts can be reprogrammed into pluripotential
(iPS) cells by retrovirus-mediated transfection with four
transcription factors (Oct-3/4, Sox2, KLF4 and c-Myc) that
are highly expressed in embryonic stem cells (ESCs)
(Yamanaka 2008; Ramesh et al. 2009). Stromal cells may
be a remarkable element for tissue regeneration which
further mimic the mesenchymal phenotype.

Skin-derived precursor cells

Several structures are present in the skin apart from the three
layers, such as hair follicles, blood vessels, sensory recep-
tors and nerve endings. The precursors maintain the skin
integrity by regenerating the different structures. The prop-
erties of SKP are analogous to the embryonic neural crest
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stem cells (NCSCs); they have been isolated from both
rodent and human skin (Toma et al. 2001, 2005).

SKPs, if cultured in the presence of EGF and FGF-2
under non-adherent condition, will generate floating spheres
(like embryoid bodies) that can be consecutively passaged.
They have the ability to generate adipocyte, osteoblast,
chondrocyte, neuron, Schwann cells, melanocyte, glial cells,
smooth muscle cells and pericyte under appropriate condi-
tions (Fig. 1; Table 1). By contrast, under adherence culture
condition without growth factors they will form adherent
spindle-shaped cells that have the capability to generate
hepatocyte and insulin-producing cells in suitable condition,
besides the ectodermal and mesodermal lineages (Fig. 1;
Table 1). These cells express vimentin, not nestin (Chen et
al. 2007; Shi and Cheng 2004). Immunogenic characteriza-
tion of floating SKP spheres by flow cytometric analysis
proposes that SKPs are bright positive for CD29 (3 1-integ-
rin), dim positive for CD49f (transferrin) and CD71, and
negative for E-Cadherin, CD34 (hematopoietic marker) and
Thy-1.2 (Kawase et al. 2004).

In addition, SKPs cultured as individual single cells (Toma
etal. 2001, 2005) or separated skin cells plated at low density
such as 25,000 skin cells/ml (Fernandes et al. 2004) produce
clonal spheres that can be enlarged, thus causing clonal SKP
cultures. The clonality was shown by co-culturing skin cells
derived from a mouse with those isolated from an YFP-
expressing transgenic mouse. The resulting spheres had cells
that were either all fluorescent or all non-fluorescent, thus
representing that, beneath these circumstances, SKP spheres
are generated by the division of the cells not from the cluster-
ing of cells (Fernandes et al. 2004).

Upholding of the stem cell self-renewal capacity is a
major dispute in regenerative medicine. SKPs can self-
renew for a long period of time. Rodent SKPs can be ex-
panded for at least 5 months and then differentiate into both
mesodermal and neural origin (Toma et al. 2001) and human
SKPs can be expanded for more than 1 year and retain a
normal karyotype for 15 months, as assessed by G-banding
(Toma et al. 2005). A similar outcome was also observed in
porcine SKPs (Dyce et al. 2004).

Numerous studies have established that there are at least
three different sorts of stem cells in the skin: hair follicle,
bulge, and dermal precursor cells. These cells have the
ability to proliferate for many passages with unspecialized
phenotype and they can differentiate into specialized cell
types under specific conditions (Blanpain and Fuchs 2006;
Fernandes et al. 2004; Ohyama et al. 2006). The mammalian
skin contains a multipotent adult precursor cell that shares
characteristics with embryonic NCSCs, including a neural
crest-like differentiation capability in vitro and in vivo. It
can be isolated and expanded as SKPs, when they maintain
their multipotency. These endogenous precursors first arise
during embryogenesis and they persist into adulthood, with



Cell Tissue Res (2012) 350:1-12

Fig. 1 Multipotency of skin-
derived floating spheres

and adherent cells

(in vitro)

Schwann
cells

Glial cells

a niche in the papillae of hair and whisker follicles (Fernandes
et al. 2004). SKPs have also been derived from human dental
pulp (Fernandes et al. 2004; Miura et al. 2003). These pre-
cursors are multipotent, nestin-positive, fibronectin-positive
stem cells and can be produced from both juvenile and adult
skin and are distinct from mesenchymal stem cells. Individual
clones of SKPs and hair follicle precursor cells can differen-
tiate into both neuroectodermal and mesodermal lineage, in-
cluding neurons, glia, smooth muscle cells and adipocytes
(Toma et al. 2001, 2005).

Concerts of skin-derived precursor cells

Dermal fibroblasts are the conventional negative control for
the assessment of cell multipotency in many experiments, as
they are considered as terminally differentiated cells. In
1993, studies showed that the pluripotent stem cell can be
derived from connective tissues associated with heart, skel-
etal muscle and dermis and had the capacity of mesodermal
lineage differentiation. With a different concentration of
dexamethasone, cells from different clones were differenti-
ated into muscle, fat, cartilage and bone. In this study,
approximately 70% of the population had a pure stellate

Osteoblasts

Endothelial

Pericytes

phenotype, while the balance was lineage committed
(Young et al. 1995, 2001).

In 2001, another group supported the existence of resi-
dent self-renewing, multipotency cells in the dermal skin of
rodents and humans (Toma et al. 2001). They were de-
scribed as progenitor SKP by their differentiation potential
into mesenchymal, neural and neural crest origins (Toma et
al. 2001). Further studies from the same group confirmed
that SKPs express properties like neural crest cells
(Fernandes et al. 2004).

The developmental capability of SKPs was tested in chick
embryos (Fernandes et al. 2004). Some of the injected SKPs
migrated to the dorsal root ganglion (DRG), peripheral nerves
and particularly to the dermal layer of the skin from the neural
crest stream, as has been experimentally proven by an EYFP-
labeled system (Fernandes et al. 2004). Primary and passaged
SKP populations express nestin and extracellular matrix pro-
teins fibronectin, vimentin, versican, precursor cell marker
Sca-1, NGFRp75 and OCT4 (Biernaskie et al. 2006;
Fernandes et al. 2004; Li et al. 2010). Early stage SKPs are
negative for Schwann cell markers p75NTR, myelin-
associated protein MBP, Sox10 and PO and the melanocyte
markers c-kit, trp1 and dct and the neuronal DRH and periph-
erin (Fernandes et al. 2004). Embryonic NCSCs express the
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transcription factors slug, snail, twist, Pax3 and Sox9, which
are also expressed in SKPs. In addition, Dermo-1 and SHOX2
are expressed in SKPs that are associated with mesenchymal
competence of cranial neural crest cells (Fernandes et al.
2004; Toma et al. 2005).

The adherent dermal mesenchymal stem cells, which are
positive for CD90, CD105 and vimentin and negative for
CD34, c-kit, CD133 and nestin have been isolated from
human foreskin. This population could be expanded for over
100 doublings while holding their chromosomal balance
and multipotency. Later, it was found that all single-cell-
derived clones were multipotent and could differentiate into
adipogenic, osteogenic and myogenic lineages (Bartsch et
al. 2005). In a follow-up publication, 6.4% clones were
found to be tripotent, 19.1% clones were bipotent, while
10.6% were unipotent (Chen et al. 2007). Restoration of
multipotent rather than pluripotent fibroblast-derived cells
gave rise to granulocytic, monocytic, megakaryocytic and
erythroid lineages by OCT4 transduction supplemented with
hematopoietic cytokines (Szabo et al. 2010). Therefore, skin
contains heterogeneous populations with various levels of
differentiation potential progenitors. The correlation be-
tween multipotent dermal stromal cells and SKPs remains
unclear and deserves further investigation.

CD45'Fibs®“™ cells from any source can give rise to
efficient hematopoietic progenitor-like cells that have the
ability to mature into myeloid lineages under in vitro and
in vivo conditions. This finding displays regeneration of
multipotency from human stromal cells and suggests an
alternative for human pluripotent cells in autologous cell-
replacement therapies (Szabo et al. 2010).

In vivo studies

Adult stem cells represent an inevitable tool for clinical
trials in supporting cellular therapy (Trounson et al. 2011).
Bone marrow was the first source reported to be rich in
MSCs; however, bone marrow requires invasive procedures
and hospitalization with a great deal of donor/recipient
rejection and low differentiation potential with increasing
age (Vishnubalaji et al. 2012a). Recently, adipose tissue,
achievable by a less invasive method, was launched as an
alternative source for adult stem cells (Kern et al. 2006;
Vishnubalaji et al. 2012a).

Today, stem cell therapy has already reached the bedside
from the bench, although there is an incomplete knowledge
of the control programs motivating their fate and plasticity
(Rafii and Lyden 2003). While adult stem cells have been
used in therapy for three decades, embryonic stem cell
research has yet to yield any successful clinical trial results.
Recently, the FDA endorsed the Geron Biopharmaceuticals
hESC-derived oligodendrocyte progenitor cells for human
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embryonic stem cell clinical trials for acute spinal cord
injury (neurosciencenews.com, 2011, February 24).
hSDSCs constitute a leading candidate for autologous trans-
plantation in patients with glioblastoma. This has been proved
by their anti-tumor activity in vivo, localized around the tumor
and migratopn into the tumor site when injected either into the
brain controlateral hemisphere or into the tail vein of mice
(Pisati et al. 2007). hSDSCs migrated efficiently and con-
densed the tumor vessel solidity suppressing angiogenesis
when implanted into chick embryo experimental glioma and
transgenic Tyrpl-Tag mice models (Pisati et al. 2007).

Are skin-derived progenitor cells comparable
with or different from MSCs?

A good number of individual studies propose self-renewal
and differentiation capabilities of skin-derived precursors
and MSCs (Tables 1, 2). However, there has been no com-
parison available. Since both are mesenchymal in origin, we
give a comparative note on various properties including
differentiation and self-renewal. Dissociation of skin cells
are frequently done with enzymatic digestion and the pop-
ulation is distinct. MSCs are grown in the presence of
serum, while SKPs are cultured without serum (Riekstina
et al. 2008). The discrepancy in cultural environments may
contribute to the variation in marker expression and mor-
phology. Adherent MSCs are negative for nestin and posi-
tive for fibronectin, vimentin and collagen type I and rarely
express cytokeratin, though another study showed them less
positive for alpha smooth muscle actin and nestin and rarely
expressed cytokeratins (Chen et al. 2007; Lorenz et al. 2008;
Shi and Cheng 2004). In contrast, floating spheres express
nestin, vimentin, versican and fibronectin and not cytoker-
atin (Fernandes et al. 2004, 2008; Toma et al. 2001, 2005).

Adherent cells (MSCs), when cultured in serum-free con-
ditions with epidermal growth factor (EGF) and fibroblast
growth factor (FGF2), typically form floating spheres. This
study revealed that adherent cells that are incapable of forming
any floating sphere-like cells survived with a low proliferation
rate (Hoogduijn et al. 2006; Shih et al. 2005). Morphology of
skin-derived cells was quite similar when cultured in the
presence of serum with or without growth factors (Shih et al.
2005). Both the populations differentiated into several types
of cell lineages like conventional MSCs with appropriate
culture conditions and induction (Fig. 1).

In our experimental study, we focused on human adult
dermal skin and neonatal foreskin regardless of age limits
and location. We cultured them in DMEM-HG containing
penicillin and streptomycin, 100pg/ml each with 10% fetal
bovine serum (FBS) (Riekstina et al. 2008) and we derived
the cells by explant culture without enzymatic digestion. We
characterized migrated adherent fibroblast-like cells that
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Fig. 2 Morphology of stromal cells derived from human adult dermal
skin (hADSSCs) and neonatal foreskin (hWNFSSCs). Cells were plastic-
adherent with a fibroblast-like spindle-shaped morphology (a, b).
Immunofluorescent staining primary cultures (¢, d) and cells for
vimentin; nuclei were visualized with DAPI (4'-6-diamidino-2-phenyl-
indole). Bar 100 um. Reproduced from Vishnubalaji et al. (2012b)

derived from explant culture. Morphologic analysis and
surface markers expression suggested the mesenchymal or-
igin. Adherent cell populations were spindle-shaped and

Fig. 3 Adipocyte and
osteoblast differentiation
potential of stromal cells
derived from human adult
dermal skin (hADSSCs) and
neonatal foreskin (hNFSSCs).
Cytochemical analyses of non-
induced and induced cells, Oil
red O stain for Adipocyte (a, b, :
e, f) and alkaline phosphatase ui
stain for osteoblast (c, d, g, h). v
Analysis by quantitative reverse
transcription with the polymer-
ase chain reaction (QRT-PCR)
of adipocyte- (i) and osteoblast-
(j) associated gene expression
in induced and non-induced
cells. Bar 100 um. Reproduced 35 j
from Vishnubalaji et al. (2012b) 30
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positive for vimentin (Fig. 2). Skin-derived stromal cells
showed a higher CFU-F frequency and higher cell prolif-
eration rate in long-term cultures compared with adipose-
derived MSCs (Al-Nbaheen et al. 2012). Phenotype anal-
ysis showed positive for stromal cell-associated markers
CD13 (>98%), CD29 (>93%), CD44 (>99%), CD73
(>98%), CD90 (>99%) and CD105 (>98%) and negative
for hematopoietic endothelial markers CD34, CD45,
CD14, CD31 and HLA-DR (Al-Nbaheen et al. 2012;
Vishnubalaji et al. 2012b). Microarray-based gene expres-
sion revealed that transcriptome of human foreskin stro-
mal cell was much closer to that of bone marrow MSCs,
followed by adult skin and then adipose-derived MSCs
(Al-Nbaheen et al. 2012). After in vitro expansion, the
cells were successfully induced into adipocyte (Fig. 3),
osteoblast (Fig. 3) and endothelial lineages (Fig. 4), which
demonstrated their multipotency (Al-Nbaheen et al. 2012;
Aldahmash et al. 2012; Huang et al. 2010; Vishnubalaji et
al. 2012b). Overall, these results prove that skin-derived
floating spheres (SKPs) and adherent cells (MSCs) are
two distinct populations from the same origin with over-
lapping properties and differentiation.

Future directions

For the past 10 years, scientific research reports on stem
cells have cast a new light on the capability of skin-derived
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Fig. 4 Immunofluorescence staining for endothelial associated
markers 72 h post-induction on matrigel. Stromal cells derived
from human adult dermal skin (hADSSCs) and neonatal foreskin
(hNFSSCs) were induced for 7 days and then plated on matrigel-
coated wells. Expression of endothelial associated markers (CD31
(a, f), VE-cadherin (b, g), eNOS (¢, h), VEGF165 (d, i) and
vWF (e, j) was assessed using immunofluorescence microscopy.
4,6 Diamidino-2 phenylindole (DAPI) was used to counter stain
for cell nuclei. Notably, hNFSSCs exhibited tremendous tightly

cells to replenish tissues. SKPs’ well-identified mesodermal
differentiation is limited to their in vitro differentiation into
smooth muscle cells, adipocytes and chondrocytes
(Tables 1, 2). SKPs express neural crest cell markers and
differentiate into cell types that are derived from NCSCs and
also migrate like neural crest cells when introduced into
chick embryos. Thus, SKPs will have a role to play in spinal
cord injury and nervous system and dysmyelinating
disorders.

Skin-derived precursors and stromal cells will either serve
as an alternative or will add up to the cell source currently
listed for regenerative therapies. In the near future, skin can
serve as a precious source of multipotent cells with the
capabilities for ectodermal, endodermal and mesodermal
cells.

Finally, we see considerable activity in networking on new
stem cell products for potential therapies in a scalable expan-
sion and cost-effective xeno-free condition. Hopefully, serum-
free cultured human SKPs will be available in future stem cell
transplantation.
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packed capillary tube-like structures (g, n). In vitro angiogenic
potential of stromal cells. Phase contrast image analysis of un-
differentiated and differentiated hADSSCs (k, 1) and hNFSSCs
(m, n). Bar 100 um. Analysis by quantitative reverse transcrip-
tion with the polymerase chain reaction (qRT-PCR) of
endothelial-associated gene expression in induced (WO MG with-
out Matrigel, MG with Matrigel) and non-induced (control) cells
(0—v). Reproduced from Vishnubalaji et al. (2012b)

Conclusion

MSCs have emerged as an indispensable tool in regenera-
tive medicine. In cell-based therapies, numerous sources
have been identified and cultured by various methods.
However, much work is still needed for an optimal clinical
grade product, where regulatory and higher safety standards
are to be fulfilled. Previous reports discussed above show
that floating spheres and adherent cells are multipotent
precursors/stem cells from skin, while adherent populations
share MSC properties and prove their lineage in differenti-
ation and immunosuppressive capabilities. Skin-derived
floating spheres (SKPs) are easily accessible and can be
the potential autologous source for stem cell transplantation
in regenerative medicine. They have been derived by non-
enzymatic methods (cost effective and time saving) and
cultured with or without animal serum and both populations
proved their potency under in vitro conditions. We believe
skin-derived progenitors/multipotent stem cells are one of
the promising protagonists that might act as a key step in the
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successful development of future stem cell therapies in the
upcoming century.
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