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Abstract

Maintaining integrity of the skin and its
appendages still preserves its top-ranking in
priorities of survival for the modern human as
it probably once did for the ancient individual,
�not only- because it is the primary barrier to
external assaults, but also because of social and
psychological impact of healthy skin during their
life-span. Healing wounds in order to shield off
the internal organs from infections and damage,
restoring its ability to adapt to various environ-
mental stimuli, and slowing-down and reversing
aging of the skin in the quest for an everlasting
youth can be named as a few of the main drivers
behind the multi-million investments dedicated
to the advancement of our understanding of
skin’s physiology. Over the years, these tremen-
dous efforts culminated in the breakthrough dis-
covery of skin stem cells the regenerative
capacity of which accounted for the resilience

of the skin through their unique capacity as a
special cell type that can both self-renew and
differentiate into various lineages. In this review,
first we summarize the current knowledge on
this amazing organ both at a structural and func-
tional level. Next, we provide a comprehensive
-in depth- discussion on epidermal as well as
dermal stem cells in terms of the key regulatory
pathways as well as the main genetic factors that
have been implicated in the orchestration of the
skin stem cell biology in regards to the shifts
between quiescence and entry into distinct dif-
ferentiation programs.
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DP Dermal Papilla
DS Dermal Sheath
DSCs Dermal Stem Cells
E6 Embryonic Week 6
EGFR EpidermalGrowth FactorReceptor
FGF-7 Fibroblast Growth Factor 7
GSI Gamma Secretase İnhibitor
GVHD Graft Versus Host Disease
HF Hair Follicle
HFSC Hair Follicular Stem Cell
Hh/Ptc Hedgehog/Patched
H3K27 Histone H3 Lys
Hox Homeobox
Hescs Human Embryonic Stem Cells
EPI-Ncscs Human Epidermal Neural Crest

Stem Cells
IRS Inner Root Sheath
IGF-1 Insulin-Like Growth Factor 1
IFE Interfollicular Epidermis
IFs Intermediate Filaments
K14 Keratin 14
K5 Keratin 5
LRCs Label Retaining Cells
LLP Lower Permanent Portion
M-SCs Melanocyte Stem Cells
MSCs Mesenchymal Stem Cells
NKC Natural Killer Cell
NID Notch İntracellular Domain
ORS Outer Root Sheath
PSU Pilosebaceous Unit
PDGF-
Alpha

Platelet-Derived-Growth-Factor
Alpha

SOA Solid Organ Allograft
SOT Solid Organ Transplantation
SCCs Squamous Cell Carcinomas
TGF Alpha Transforming Growth Factor

Alpha
TACS Transiently Amplifying Cells
Wg/Wnt/
Catenin

Wingless/Armadillo

1 Introduction

With roughly 1.85 m2 surface area and account-
ing for about 15% of the total body weight skin is
-not only- the largest organ for most mammals,

but also an essential barrier that protects the
organisms from external insults such as
pathogens, toxic chemicals, UV from the sun,
and mechanical injury (Park 2015). In addition,
skin also executes vital functions such as regula-
tion of body temperature, prevention of excessive
water loss, removal of waste metabolites through
sweat, and production of pigments against the
sunlight (Kolarsick et al. 2011). Furthermore,
skin serves as a major site for the metabolic and
secretory processes that yield an array of
biomolecules, including lipids, proteins, glycans,
and hormones. For example, it is one of the major
endocrine sites where peripheral Vitamin D syn-
thesis takes place (Gaur et al. 2017).

Anatomically human skin is composed of
three main layers, including the outer layer of
epidermis, the inner layer of dermis underlying
the epidermis, and the inner-most layer of subcu-
taneous fat (also known as hypodermis or
panniculus) (Arron 2016). Together with its
appendages such as hair, nail, and mucous
membranes of sudoriferous (sweat) and seba-
ceous (oil-secreting) glands, it forms the continu-
ous integumentary system (McGrath et al. 2004).
Moreover, several accessory structures such as
specialized nerve receptors for regulation of
responses to external as well as internal stimuli
(such as touch, heat, pain, and pressure) aid the
skin in execution of its vital functions (Garland
2012). The types of the cells in each layer and
their thickness at a given anatomical location
varies to a great extent. For example, while epi-
dermis is the thinnest in the eyelids (0.1 mm) it
reaches its thickest value in the palms and soles of
the feet (1.5 mm). On the other hand, dermis is the
thickest in the back (approximately 30–40 times
thicker) than the overlaying epidermis in the same
location (Kolarsick et al. 2011).

In this chapter, we aim first to introduce our
reader to this organ that is recognized for its
remarkable ability in tissue regeneration both in
normal and repair homeostasis. Next, we continue
our discussion by dissecting out the biology of
skin stem cells which sets the basis of skin’s
resilience. In a thorough summary, we report the
findings of several elegant studies which unveiled
distinct types of skin stem cells, their cell intrinsic
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as well as extrinsic signalling pathways, their
complex interaction with local immune cells all
of which play essential roles in proper operation
of this “fountain of youth” in times of need.
Finally, the contribution of cases to the oncogenic
transformation in the skin when these signalling
pathways lose their harmony and go astray is
iterated.

1.1 The Epidermis

The layer of epidermis is renewed in a natural
process known as cell (skin) turnover continually
throughout life albeit with slowing kinetics with
aging (Fuchs 2009; Li and Clevers 2010). In this
natural cycle of turnover cells generated at the
basal layer of the epidermis continually change
form, which is known as differentiation in stem
cell biology, until they reach the skin surface
where they become shed having undergone apo-
ptosis (Arron 2016).

Epidermis takes its embryonic roots from the
ectoderm where in the course of the embryonic
development mesenchymal cells populate the
skin as they transmit instructive signals for the
stratification of the epidermis and the positioning
of down-growths that mark the initiation of for-
mation of hair follicle (HF).

Epidermis is composed of several layers
so-called strata, each with a unique composition
of a number of main cell types, including
keratinocytes at various stages of differentiation,
dendritic cells, melanocytes, Merkel’s cells, and
Langerhans’ cells. Keratinocytes constitute 95%
of the cells in the epidermis (Arda et al. 2014).
Numerous catabolic enzymes including lipases,
phosphatases, esterases, nucleotides, and
proteases remodel the extracellular space (Gaur
et al. 2017).

In a way the tissue architecture of the epider-
mal layer can be envisioned as a continuous array
of a binary unit that is compiled in countless
numbers in an ordered and repeated fashion
(Rasouli et al. 2018). The interfollicular epider-
mis (IFE), which is a stratified epithelium and
hence forms the protective barrier against the
outside environment and pilosebaceous unit

(PSU) (Forni et al. 2012), which harbours some
of the skin appendages such as the secretory
glands and the hair follicle, constitute the two
main components of binary unit that are
associated with one another in this continuous
array (Schepeler et al. 2014; Ceafalan et al. 2012).

Being the most abundant cell type of the epi-
dermis, the main function of keratinocytes is to
produce keratin, a protein that accounts for
maintaining flexibility the skin and its ability to
resist mechanical as well as hydraulic stress
(Kolarsick et al. 2011). They can be readily dis-
tinguished from the “clear” dendritic cells by their
relatively larger stainable amount of cytoplasm
and their intercellular bridges (Gaur et al. 2017).
In fact, the concerted morphological as well as
spatial changes in keratinocyte population of each
layer determines the distinct transitions from one
stratum to the next (Bikle 2012). For example, the
three bottom layers, including the basal cell layer
of Stratum Germinativum bordering the Basal
Membrane, the squamous cell layer of Stratum
Spinosum, and the granular cell layer of Stratum
Granulosum constitute the zone of the epidermis
with living and nucleated cells all three of which
are also collectively termed as Stratum Malpighii.
While Stratum Lucidum and Stratum Corneum
constitute the zone of the epidermis with dead
and cornified or horny enucleated cells
(corneocytes) (Kolarsick et al. 2011).

Hence, going outward from the Basement
Membrane the dividing populations of the basal
cells undergo proliferation cycles followed by the
commitment to a terminal differentiation program
that allows generation of the auxiliary structures
of the integumentary systems such as the nails
and the sweat glands (Leung et al. 2014). Consid-
ering the loss of thousands of cells upon each
touch, these tightly controlled sprouts of self-
renewal provided by the epidermal stem cells
-not only- replenish the protective shell of the
outer epidermal layer, but also ensure mainte-
nance of a constant cell number constructed
with relevant cell-to-cell and cell-to-basement
membrane adhesions (Yang et al. 2019). The
farther away from the Basement Membrane the
more differentiated and the less viable the cells
become, because in the absence of a capillary
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network carrying nutrients, the cells of the upper
epidermal layers undergo a morphologically and
biochemically distinct apoptotic program that
eliminates cells without causing injury
(Sigismund et al. 2012). In a sense the epidermal
differentiation program is proposed as a type of
apoptotic program overseeing proper conversion
of keratinocytes into corneocytes (Gaur et al.
2017). In other words, during their migration the
terminally differentiating cells alter their mor-
phology on their way to death transcending mul-
tiple stages epidermal differentiation under the
control of tightly regulated transcriptional
programs (Lippens et al. 2005). Although these
transcriptional read-out remains mostly the same
at the early stages throughout the spinous and
granular layers, ultimately they change to result
in the dead flattened cells of the squamous layer
and become removed from the skin surface very
much like the process found in the gut (Deo and
Deshmukh 2018; Fuchs and Nowak 2008). For
example, advancing towards a more differentiated
phenotype expression of Keratin 5 and 14 (KRT5/
K5 and KRT14) is turned off, and expression
of KRT1 and KRT10 become transcriptionally
upregulated (Torma 2011; Alam et al. 2011).
This change in transcription profile sets a pivotal
switch in the keratin production because it
establishes an intermediate filament protein net-
work interlinked with desmosomes that serves as
resilient structural scaffold fortifying cell-to-cell
junctions and resisting against mechanical
stresses (Gaur et al. 2017).

Almost all the nutrients feeding the epidermal
layer is provided by the capillaries of the deeper
dermis and are taken up by single layer of divid-
ing cells of the Stratum Germinativum
(Losquadro 2017). This strata hosts column-
shaped keratinocytes attached to basement mem-
brane as well as one another through desmosomal
junctions at their short and long axes, respectively
(Suzuki et al. 2000). Contrary to the predictions
for this mitotically active compartment not all
epidermal stem cells divide under normal
conditions, they rather progress slowly through
their long cell cycle (Alcolea and Jones 2014).
However, stimuli such as wounding can increase
the number dividing stem cells by inducing

withdrawal of these non-dividing clones from
quiescence. The migration of a basal cell from
the basal layer reaching the surface of the skin is
estimated as 28 days (Kolarsick et al. 2011).

A variety of cell types found in Stratum
Spinosum present with highly different morphol-
ogy, cellular structure, and properties (Freeman
and Sonthalia 2019). In an interwoven architec-
ture they provide support to the overall skin
through the desmosomal plaques where -in fact-
the keratin filaments are anchored. The spinose
forms of these desmosomal plaques that mark the
periphery of these cells gives this layer its name
(Delva et al. 2009).

In the next upper layer of Stratum Granulosum
further keratin production and the concomitant
cell death takes place in its flattened cells with
cytoplasmic keratohyaline granules (Bragulla and
Homberger 2009). Owing to its elevated levels of
lysosomal enzymes compared to those found in
the lower to layers of Germinativum and
Spinosum, Stratum Granulosum is known as the
keratogenous layer where abrupt terminal differ-
entiation converts these granular cells to the
horny cells of the cornified layer (Kolarsick
et al. 2011).

In the next layer up towards the surface of the
skin the corneocytes of the thick layer of Stratum
Lucindum serves as the barrier against UV dam-
age from the sun or water loss (Yousef et al.
2019). Corneocytes are dense in protein, but not
in lipid content while their extracellular millieu is
a continuous lipid matrix (Haftek 2015). Desqua-
mation, a term derived from the Latin verb
“desquamare” (meaning scraping the scales of a
fish) is namely peeling of the skin and describes
the process for the shedding of the outermost
layer of the skin tissue which involves physical
and biochemical properties of the corneocytes at
the cellular level (Murphrey and Zito 2019). For
example, compact and tightly attached arrange-
ment of the cells to one another in the lower levels
becomes more scattered as they proceed to the
surface of the skin through increased degradation
of desmosomes at the intercellular attachments
(Kolarsick et al. 2011). During this process
keratinocytes move outward toward the surface
of the skin, while millions of dead cells full with
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keratin are disposed daily from the outermost
layer of Stratum Corneum, depositing the soft
keratin that gives the skin its elasticity and pro-
tection to the underlying dermal and hypodermal
tissues (Agarwal and Krishnamurthy 2019b).
Overall, in every 35–45 days a new epidermal
layer becomes created through the stunningly
concordant orchestration of mitotic activity cou-
pled to differentiation and followed by cell death,
allowing the epidermis to sustain a dynamic tis-
sue homeostasis in terms of the cell number and
to be a selective barrier that keeps damaging
microorganisms out and important body fluids in
(Kolarsick et al. 2011).

Similar to the case of keratinocytes,
melanocytes produce a complex polymer derived
from the amino acid tyrosine called melanin -a
dark pigment that -not only- protects core epider-
mal cells from UV damage, but also determines
the color of both skin and hair- in membrane-
bound organelles of melanosomes in a series
of hormone-induced, receptor-mediated bio-
chemical reaction cascades (Agarwal and
Krishnamurthy 2019b). In healthy skin
melanocytes become shed via skin turnover.
However, interruptions to the normal skin turn-
over results in long term retention of melanin
causing hyperpigmentation and formation of
freckles and dark spots. Together with carotene
(yellow to orange pigment) melanin gives skin it
color (Chadwick et al. 2012).

Melanocytes are derived from the neural crest
and are located at the basal layer (Cichorek et al.
2013). As they progress toward the surface of the
skin they come in contact with the keratinocytes
to which they transfer their melanin content with-
out forming cellular junctions (Feller et al. 2014).
Abundance of this skin-and-hair-coloring pig-
ment is directly proportional to the abundance of
melanosomes and their release into the
keratinocytes that -overall- is associated with
how much a human population is exposed to
sun historically in a given geographical region
(Schalka et al. 2014). Thereby, increased sun
exposure is counteracted through increased mela-
nogenesis in conjunction with increased surfacing
of the melanin through its transfer to the
keratinocytes (i.e., tanning of the skin), resulting

in improved UV-absorbance for the ultimate goal
of preserving genetic information from the radia-
tion damage. Increase in sun exposure results
in increases in melanin production changing the
skin color temporarily (suntan). Similarly, on a
permanent basis darker skin produces more
melanin. The differences in skin colors amongst
individuals is reflected rather through the
differences in kind and amount of melanin, not
the number of melanocytes (Del Bino et al. 2018).
For example, while oriental skin color is a result
of carotene in the stratum corneum, albinism is a
skin color defect, in which skin does not produce
melanin (Fajuyigbe and Young 2016). For exam-
ple, individuals of African descent have larger
melanosomes than Caucasians, who has
membrane-bound melanosomes in smaller size
and with distinct morphological differences com-
pared to the spherical melanosomes of red-haired
individuals (Del Bino et al. 2018). Conversely,
loss of melanosomes in conjunction with loss of
melanocytes results in graying of hair (Del Bino
et al. 2018).

Merkel’s cells are type I mechanoreceptors
that are found densely in high tactile sensitivity
regions such as the finger tips, oral cavity, lips,
and outer root sheath of hair follicles. They
account for high touch sensitivity in these
anatomical locations (Haeberle and Lumpkin
2008). Upon changes in their interaction within
their assemblies of so-called “touch domes” they
secrete neurotransmitters creating an action
potential in the neighboring Sensory Neurons to
relay the touch reception to the brain.

Langerhans cells that mediate various T Cell
responses are present in all layers of the epidermis
are densely present in the Stratum Spinosum and
mainly function in the protection of the body by
preventing pathogens from entering the body
(Upadhyay et al. 2013). They are a type of den-
dritic cells (antigen-presenting immune cells)
of the skin originating from bone marrow.
Constituting 2–8% of the total epidermal cell
population Langerhans are distributed in constant
numbers in various squamous epithelia of the
body, including epidermis, oral cavity, esopha-
gus, vagina, lymphoid organs, and in normal der-
mis (Westerterp et al. 2005). Due to their key
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roles mediating T Cell responses, the hydrolytic
enzymes of their phagolyosomes process the
antigens found in the contents of their specialized
organelles called Birbeck granules and ultimately
contribute to T cell activation (Suhail et al. 2019).

The basement membrane residents, basal
keratinocytes and the dermal fibroblasts, form
the backbone of the Dermal-Epidermal junction
at the interface between the epidermis and dermis
and produce key extracellular matrix (ECM)
components such as Collagen type IV, anchoring
fibrils, and dermal microfibrils (Breitkreutz et al.
2013). Together with this dense meshwork of
extracellular molecules the zone of Dermal-
Epidermal junction provide support for the epi-
dermis. In addition to housing the mitotically
active basal cells it is also in charge of guiding
cell polarity, direction of cell growth, organiza-
tion of cytoskeleton in basal cells, providing
growth stimulatory signals, and serving as a
semipermeable barrier that controls trafficking
of fluids and exchange of cells (Agarwal and
Krishnamurthy 2019a; Yousef and Sharma
2018). For example, Laminin 5, which is an abun-
dantly found factor in the architecture of ECM,
utilizes α3β1-integrin for its assembly. As the
cells of the basal layer leave the mitotically active
compartment they exit the cell division cycle,
commit to a terminal differentiation program,
they switch off integrin and laminin expression
(Kolarsick et al. 2011).

1.1.1 Skin Appendages
As mentioned above a group of auxiliary
structures that grow down in the direction from
the epidermis toward dermis become embedded
in this zone, assist skin’s function in touch, tem-
perature sensation, removal of toxins, perspira-
tion, and thermoregulation (Brohem et al. 2011).
These auxiliary structures that are derived from
the ectoderm are collectively known as skin
appendages (or adnexa), including eccrine and
apocrine glands, ducts, pilosebaceous unit (PSU)
that is comprised of hair, hair follicle, arrector pili
muscle, and sebaceous gland. During wound
healing these adnexal structures can be
regenerated via migration of the keratinocytes
from adnexal epithelium to the surface of the

epidermis in a process called reepithelialization
that takes place rather more rapidly in areas with
higher number of pilosebaceous units (like the
face and scalp) than those that have less (like the
back) following an injury (Yousef and Badri
2019). Sudoriferous (from the latin word sudor
for sweat) glands, Sebaceous glands, Ceruminous
glands (present in the external auditory canal),
and Mammary glands (present in the breast epi-
thelium) are the four main types of glands of the
integumentary system (Murphrey and Vaidya
2019).

Eccrine Sweat Glands

Eccrine sweat glands are formed by the down-
ward growth of a group of epithelial cells from the
epidermis towards the dermis in three
compartments (Diao et al. 2019). Out of
~ 3,000,000 present in total overall the skin,
highest number of eccrine sweat glands are
found in anatomical areas such as palms, soles
of the feet, forehead, and armpits while their
number is the fewest on the back (Rittie et al.
2013). Each eccrine unit, transcends from a pore
on the surface of the skin all the way to the depth
of dermis. The overall function of the gland in
heat control and electrolyte homeostasis is
executed through the concerted operation of vari-
ous cell types present in each compartment of the
gland (Hodge and Brodell 2019; Lu and Fuchs
2014). In response to thermal stimuli a hypotonic
solution is generated by the sodium-absorbing
action of the cells in the straight dermal portion
and the lowest coiled secretory duct where pri-
marily glycogen-rich inner epithelial cells pro-
duce the sweat (Lu et al. 2012). Dark mucoidal
cells and myoepithelial cells of the lowest coiled
secretory duct compartment contribute to the for-
mation of the sweat which then is transferred to
the skin surface through the upper part of the
straight dermal duct and the spiral intra-epidermal
duct to be excreted from the skin pores (Flament
et al. 2015).

Apocrine Sweat Glands

Apocrine glands are secretory glands of thick
fluidic mixtures with characteristic odors distinct
from those produced by bacteria that decompose
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skin secretions (Patel et al. 2019). Secretory fluids
of the apocrine gland are more viscous than those
secreted by the eccrine glands that are smaller in
size are located closer to skin surface than the
apocrine glands (Lu and Fuchs 2014). These
highly viscous secretions by the apocrine glands
contain pheromones, substances that mediate
communication with other members of the spe-
cies olfactory stimuli (sensing the environment
through smell-detection of airborne substances)
(Doty 2014). They regulate scent release as
opposed to eccrine glands that control thermal
adaptation. With distinct anatomical and physio-
logical differences in comparison to the eccrine
and apoeccrine sweat glands, intraepithelial ducts
of the apocrine glands do not open directly to the
skin surface, but open into the pilosebaceous duct
(Briggman et al. 1981). Their secretory coiled
base is entirely based in the subcutaneous fat
and comprises of soly secretory cells without
ductal cells as it is the case for the eccrinal coiled
secretory base (George et al. 2004). Although
exact composition of their secretion remains
largely unknown due to difficulties in obtaining
pure samples, it is a viscous fluid that is rich
protein content (Witwer et al. 2013). Since apo-
crine gland activity is induced right before onset
of puberty it is thought to be under a hormonal
regulation. Specialized apocrine glands such as
ceruminous and mammary glands have specific
secreted cargo (Ohki and Kikuchi 2019). Cerumi-
nous glands located in the external ear canal lin-
ing secrete the sticky cerumen (earwax) that
repels foreign material. In the case of mammary
glands the secreted fluid is the milk (Shokry and
Filho 2017).

Apoeccrine Sweat Glands

Being derived from eccrine-like precursors dur-
ing puberty Apoeccrine Sweat Glands (AEGs)
open directly onto surface of the skin like the
eccrine glands. However, the secretory rate of
AEGs is 10 times higher than that of eccrine
glands while their total number may vary in
each individual (Cui and Schlessinger 2015).

Sebaceous Glands

Sebaceous glands are present in groups of two or
more per hair follicle (Martel and Badri 2019).
Major role of this gland is to keep hair soft and
pliable by flushing the hair shaft constantly with
its secretion called sebum, which is the term given
to the lipid droplets available in ample amounts
within the cytoplasm of the sebaceous cells, but in
reality it is a cocktail of fats, waxes, and
hydrocarbons (Martel and Badri 2019). Morpho-
logically the gland has a lobular shape which is
surrounded by the sebaceous gland connective
tissue sheath on the periphery where a collage-
nous layer often contains blood vessels, nerve
cells, and those from an immunogenic origin
such as the Mast cells (Hoover and
Krishnamurthy 2019). These cells are located in
the upper segment of the hair follicle in a lobular
arrangement. The lipid-packed cells are derived
from an underlying germinative basal layer. Rest-
ing on this connective tissue zone there is a pool
of proliferative sebocytes that forms the inner-
most cell layer of the gland (Blanpain and Fuchs
2006). Very much like the case seen in epidermal
self-renewal, the basal sebocytes enter a matura-
tion process whereby they become committed to a
differentiation program as they migrate to the
necrotic mid-zone of the gland that is aligned
with the sebaceous duct concordant with their
increased accumulation of lipid droplets
(Niemann 2009; Zouboulis 2009). Hence,
sebocytes at various points in their differentiation
program can be visualized with distinct staining
patterns (i.e., nuclear, membranous, and cytoplas-
mic) in immunohistochemical analyses (Xu et al.
2002). At the central zone of the gland lobule
fully differentiated sebocytes undergo holocrine
secretion releasing their sebum contents. Sebum
then becomes transferred to the infundibular seg-
ment of the hair follicle inside the Follicular
Canal via the Sebaceous Duct to be emitted on
the hair shaft and skin surface together with the
necrotic cellular debris (Schneider and Zouboulis
2018). Sebaceous glands are most densely
populated in the face and scalp and are present
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in other anatomical parts of human body to lesser
extent, however, they are absent in the palms,
soles and dorsal sides of the feet (Taylor and
Machado-Moreira 2013). Since lipids are poor
conductors of heat, sebaceous glands help prevent
water and heat loss (Pappas 2009). Throughout
lifetime with the elevation in the plasma levels of
sex hormones sebaceous glands become activated
during puberty. The over-secretory activity of the
glands may result in excessive sebum production,
clogging of the gland and hair follicle, leading to
lesions of “acne”, a common disorder seen in
teenagers. From an evolutionary perspective
sebaceous glands are proposed to be important
for extra lubrication to facilitate birth during the
passage through the birth canal (Kolarsick et al.
2011).

Nails

Fingernails are another important appendage of
the integumentary system providing protection,
improved sensation, and ability to grasp small
sized objects (Shirato et al. 2017). The nail bed
underneath the nail plate is part of the nail-matrix
that has blood vessels, nerves, melanocytes, and
keratinocytes (Brahs and Bolla 2019). The nail
plate itself is formed from the keratin-producing
keratinocytes in distinct matrices of the nail bed
(Rice et al. 2010). The ventral (where the nail
emerges), dorsal, and the intermediate/deep nail
layers are produced by the nail bed, proximal
matrix, and the intermediate matrix, respectively
(Baswan et al. 2017). Fingernails (0.1 mm per
day) grow 2–3 times faster than the toenails
(Yaemsiri et al. 2010). Due to their slow growth
rate toenails can provide information about toxic
exposure of an individual such as the Mees lines
-a form of horizontal hypopigmentation across
the nail plate- are characteristic of arsenic poison-
ing (Kolarsick et al. 2011).

Hair Follicles

Although biological function of hair such as pro-
tection from external agents, providing insulation,
and spreading glandular secretion products
evenly were of higher degree of significance for
the caveman, social and psychological role of hair
has taken precedence over its former biological

roles for the individuals of the modern society. To
battle either hair loss (alopecia) or presence of
excessive hair in undesired areas (hirsutism and
hypertrichosis) or decolouring of hair sets the
drive for a giant pharma-cosmetics-academic eco-
system that works with the goal of developing
improved hair products annually (Sachdeva
2010). Hence, today, much of what we have
learned about hair growth is the fruition of this
momentum that propels a multibillion industry
willing to prevent the emotional distress
associated with having these conditions. More-
over, several investigators studying different
biological processes picked the hair follicle as a
model system resulting in an explosion of our
knowledge on this particular skin appendage
that regenerates in cycles (Paus and Cotsarelis
1999; Chuong et al. 2012).

The decisions towards establishing the number
and distribution of hair follicles is made during
the fetal stages and these decisions are not
amended after birth (Lothian 2000). For example,
density of the hair follicles in a given area of the
skin are determined by early-expression gene
products that are involved in the morphogenesis
of the follicles. Although the size and shape of a
hair follicle may vary depending on the location,
its structure will be the same as others (Balana
et al. 2015; Nowak et al. 2008). During embry-
onic development mesenchymal cells in the fetal
dermis become congregated below the basal layer
of the epidermis, an event that stimulates the
basophilic cells of the epidermis resident to the
basal cell layer to grow at a downward angle into
the dermis (Schlessinger and Sonthalia 2019). In
the second-half of the 8-staged-morphological
development program the hair follicle continues
to grow up until a bulb forms around those mes-
enchymal stem cells from which dermal papilla is
derived (Rompolas and Greco 2014). Differentia-
tion at the lower portion of the follicle gives rise
to structures such as hair cone, the hair shaft, the
cuticle, and the two inner-root sheaths, while the
differentiation ongoing in the upper segments of
the follicle gives rise to hair canal that spans from
upper dermis throughout to the surface of the
epidermis (Kobielak et al. 2003). Further
structures such as the sebaceous gland and a
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groups of smooth muscle cells, called the
Arrector Pili Muscle (APM), that attach the folli-
cle to the external root sheath, and hair bulge
forms from two distinct buds (Martel and Badri
2019). The hair bulge becomes located where the
APMs are attached to the hair follicle while the
opposite end of the APM is embedded in the
papillary dermis. As it is discussed in detail in
the next section, the bulge is thought to be a
reservoir of stem cells that are in charge of
regenerating follicles. Opposite to the side of the
sebaceous gland a third bud emerges to give rise
to the apocrine gland.

In a sense, HF is the compartment of the PSU
where the sebaceous gland, the apocrine gland,
and the AMP are housed (Mistriotis and
Andreadis 2013). HF is further conceptualized
as a two-compartment system where it has an
upper part that includes the infundibulum and
isthmus, whereas the lower part includes the hair
bulb, hair bulge, the matrix, and the dermal
papilla (DP) (Mistriotis and Andreadis 2013;
Hsu et al. 2014). In collaboration with IFE, the
main compartment of the epidermis, where pro-
gressive differentiation of keratinocytes after
leaving the basal compartment form the barrier
against the outside environment, PSU enables
waterproofing of the skin through the secretion
of sebum by the sebaceous gland (Schepeler et al.
2014; Fuchs et al. 2003).

The infundibulum compartment of the HF in a
given PSU neighbours IFE and -hence- opens to
the skin surface on one end and isthmus on the
other (Schepeler et al. 2014). Isthmus is the
mid-segment of the HF spanning from the infun-
dibulum above and the top of the hair bulge
below (Schepeler et al. 2014). The upper portion
of the isthmus is defined as the junctional zone
(JZ) which covers the region between the duct of
the sebaceous gland and APM attachment
(Schepeler et al. 2014).

Depending on the source, the lower compart-
ment of the HF of a given PSU can be
conceptualized differently. For example, while
the hair bulge can be considered to reside in the
isthmus according to one source (Mistriotis and
Andreadis 2013), it is considered as a distinct
segment beneath the isthmus as the upper

segment of the permanent PSU which is proposed
to consist of hair bulge and hair germ (Schepeler
et al. 2014). Irrespective of the lack of consensus
on its location, hair bulge is recognized as the
reservoir for the hair follicular stem cell (HFSC)
that is capable of regenerating the HF in cases of
normalcy and damage. Committed HFSCs
migrate from the bulge region toward the hair
bulb where they proliferate and differentiate to
generate the hair shaft and the rest of the epithelial
cells of the HF such as the inner and outer sheaths
composed of keratinocytes (Myung and Ito 2012;
Woo and Oro 2011).

While the, inferior segment experiences cycles
of involution and regeneration throughout life,
same is not true for the infundibular and isthmus
layers. Both the hair shaft and the inner & outer
sheaths are derived from the proliferating cells of
the hair bulb and these cells are called matrix cells
(Martel and Badri 2019). Similar to the case with
epidermal and sebaceous gland epithelial homeo-
stasis, matrix cells of the follicle move upward as
the hair grows, becoming more compressed as
they enter the rigid inner root sheath which
sheds when the growing hair (also in an upward
direction) reaches the isthmus. Hence, it is not
surprising that the number of cells entering the
sheath determine the size of the hair while the
dimensions and the curvature of the inner root
sheath determine the shape of the hair (Alibardi
2004; Thibaut et al. 2005). Meanwhile, the color
of the hair is determined by the number and shape
of a melanosomes stretch lined up in the hair shaft
after being synthesized by the melanocytes which
transfer them to keratinocytes inside the bulb
matrix (Slominski et al. 2005).

In contrast to the case of continually
regenerating epidermis, hair grows in cycles
stemming from each hair follicle that operates
independent of others in humans. Each hair
cycle comprises of three distinct phases called
Anagen, Catagen, and Telogen phases. While
these cycles could be out of synchrony for the
human HF units, in mice the first two cycles take
place in synchrony (Hsu et al. 2014). Anagen
phase is known as the active growth phase during
which hair growth is approximately at 0.33 mm
and generally lasts about three to 5 years on the
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scalp. With age anagen phase lasts progressively
shorter and it is profoundly shortened in
individuals who suffer from alopecia (Qi and
Garza 2014). During Catagen phase involution
takes place whereby apoptosis prevails in many
cells of the outer root sheath and this phase lasts
about 2 weeks (Botchkareva et al. 2006). During
the resting phase of Telogen, hairs of the scalp
become pushed out by the growing hair shaft that
are in anagen phase for about 3–5 months, while
hairs in the other parts of the body present with
shorter anagen, but longer telogen phases
resulting in their shorter length, but longer reten-
tion on the skin (Pierard-Franchimont and Pierard
2013).

Interactions between the epithelial and mesen-
chymal cells determine the development of hair
follicle (Sennett and Rendl 2012). As it will be
discussed in detail in the “Stem Cells of the Skin”
section, genes that play key roles in hair develop-
ment are also important for the cycling of the hair
follicle (Paus and Cotsarelis 1999). Insulin-like
growth factor 1 (IGF-1) and fibroblast growth
factor 7 (FGF-7) are the two key molecules that
regulate the development as well as cycling of
hair follicles. In mice both are secreted by the
dermal papilla and stimulate their receptors
embedded in the membranes of overlying matrix
cells (Seo et al. 2016). Estrogens, thyroid
hormones, glucocorticoids, retinoids, prolactin,
and growth factor are a few examples of hor-
monal factors that impact hair growth. Androgens
such as testosterone and its active metabolite
dihydrotestosterone have potent effects on hair
growth through their receptor-mediated action
exerted on dermal papilla cells by increasing
hair follicle size, like seen in the case of beard
area during puberty. Intriguingly, this promoting
effect can become suppressive for the follicles in
the scalp resulting in androgen alopecia later on in
life (Zhang et al. 2018; Chen and Zouboulis
2009).

With the exception of congenital hair disorders
that may be consequences of genetic mutations in
keratins or other structural proteins, pathologies
such as alopecia, hair loss, and undesired hair
growth result from deviations from hair follicle
cycling and, therefore, can be reversed (Zernov

et al. 2016). A number of factors impact hair
cycle, for example, telogen phase can be
prolonged during pregnancy, while number of
scalp hairs in anagen phase can be increased
(Chueh et al. 2013). Upon equilibration of estro-
gen levels following childbirth telogen hairs
become lost and anagen hairs simultaneously are
converted to telogen hair which eventually
becomes lost in 3–5 months. Another striking
example of hair cycle disorder is seen in cases
of telogen effluvium whereby synchronous termi-
nation of anagen or telogen results in massive hair
loss in scalp, face, and other body parts (Ting and
Barankin 2006). Severe trauma, childbirth, sur-
gery, weight loss, severe stress, drug side effect,
endocrine disorders, anemia, and malnutrition are
found in association with telogen effluvium (Guo
and Katta 2017).

Strikingly, hair follicle is the only organ that
epitomizes its pre-natal development in each hair
follicle cycle as it regenerates during postnatal
stages of life. Several gene products including
growth factors and their receptors, growth factor
antagonists, transcription factors, adhesion
molecules, and intracellular signal transduction
components regulate both hair follicle develop-
ment and hair follicle cycling (Lee and Tumbar
2012). Among these gene products many were
historically discovered in Drosophila
Melanogaster and hence are named after the
phenotypes stemming from their specific mutant
versions. For example, Decapentaplegic
(Dpp/bone morphogenetic protein (BMP)),
Engrailed (en), Homeobox (hox), hedgehog/
patched (hh/ptc), notch, wingless/armadillo
(wg/wnt/catenin) genes are known for their criti-
cal roles both for hair follicle and vertebrate
development (O’Connor et al. 2006; Mizutani
and Bier 2008).

1.2 Dermis

The dermis, also known as the “true skin”, is the
layer of skin that lies between the epidermis and
subcutaneous tissues of hypodermis as a thick
layer of fibrous, filamentous, amorphous, and
elastic tissue containing predominantly collagen
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(protein that gives skin its strength), reticular
fibers (protein fibers that provide support) and
elastin (protein that accounts for the skin’s elas-
ticity) (Brown and Krishnamurthy 2018). In
the dermal layer, those bio compounds that help
maintain skin hydration and firmness (such as
hyaluronic acid, collagen, and elastin) are
manufactured by fibroblasts of various lineages
(Ganceviciene et al. 2012).

While the epidermis serves as a protective
barrier and hosts cell turnover, the main function
of the dermis is to maintain skin’s firmness and
elasticity. Dermis is about 2 mm accounting for
90% of skin’s thickness (Yousef et al. 2019).
Collagen that maintain skin firmness, elastin that
provides elasticity, and hyaluronic acid that
maintains hydration make up approximately
70% of the dermis. The dermis plays a greater
role on skin firmness and elasticity than the epi-
dermis in that upon its damage skin becomes
more prone to wrinkles and sagging that are
harder to reverse (Yousef et al. 2019; Zhang and
Duan 2018). Factors such as aging, inflammation,
and UV exposure cause skin deterioration which
is aggravated with slowed down metabolism, cell
turnover, and fibroblastic cell division, and hence
the amount of collagen (Phillip et al. 2015).

The high abundance of these elaborate fila-
mentous dermal protein networks in the dermal
layer accounts for the tensile strength, pliability,
and elasticity of the skin. Moreover, due to hous-
ing receptors of sensory stimuli such as heat and
touch, it regulates body temperature, protects the
body from injury, and binds water (Phillip et al.
2015; Wang et al. 2015). Upon various stimuli
dermal tissue allows an array of cell types, includ-
ing cells of the nervous system and vascular
epidermally-derived appendages, fibroblasts,
macrophages, mast cells, lymphocytes, plasma
cells, and leukocytes enter the dermis (Wang
et al. 2015). The sustained interaction of the der-
mis with the epidermis promotes maintenance for
the properties of both tissues. For example, col-
laboration of both is seen both during the mor-
phogenesis of the dermal-epidermal junction and
epidermal appendages during the development
and during wound healing to accomplish proper
repairing and remodelling (Pastar et al. 2014).

Although dermis is not known to undergo
waves of differentiation conspicuously like in
the case of epidermis, distinct connective tissue
compartments can be predicted depending on
depth across the dermal cross-section. Likewise,
depending -not only- on depth, but also on turn-
over and remodelling processes that may be
governed by external stimuli in normal as well
as diseased states of the skin, abundance of ECM
components such as collagen and elastic connec-
tive tissue also vary (Bonnans et al. 2014).

In terms of embryonic origin, dermal layer is
heterogeneous in nature in that various types of
residential cells are derived from different embry-
onic fate. For example, while the constituents of
the dermis originate from mesoderm, others such
as nerve cells, melanocytes are descendants of the
neural crest. Up to E6 (embryonic week 6) dermis
is full with precursors of the fibroblasts which
are dendritic shaped cells containing acid-
mucopolysaccharides. By E12 fibroblasts com-
mence synthesizing reticulum fibers as well as
collagen and elastic fibers. Later on (by E24)
both fats cells of an adipose layer and those of
the vasculature emerge underneath the dermal
layer (Domowicz et al. 2008; Agarwal and
Krishnamurthy 2019b). Strikingly, only a few of
the many fibroblasts present in infant dermis per-
sist throughout adulthood where small collagen
bundles are typical. However, it is noteworthy
that infant dermis that comprises of small colla-
gen bundles converts to an architecture that
contains thicker collagen bundles (Lakos et al.
2004).

As the principal component of the dermis col-
lagen is highly enriched in amino acids such as
glycine, hydroxyproline, and hydroxylysine, and
encoded by 15 distinct genetic variants that
become translated into the members of a fibrous
family of proteins in human skin (Shoulders and
Raines 2009). For example, Type I collagen is the
sub-type intrinsic to the dermis and while Types
IV is found in the basement membrane zone,
Type VII -produced by the keratinocytes- is
important for the infrastructure of the anchoring
fibrils. As a stress-resistant protein, collagen is a
key structural component that is widespread
throughout the body being present in tendons,
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ligaments, bones, and the dermis, while the elastic
fibers of the dermal layer contribute marginally to
the stress-resistance property of the skin in the
face of mechanical injury (Shoulders and Raines
2009). The members of the fibrillar collagens
found in the skin is predominating group of
proteins in terms of abundance throughout the
body. In line with the tissue texture pertained to
the layers of the dermis, while loosely positioned
collagen fibrils are typical of the papillary and
adventitial dermis, heftier collagen bundles are
more of a characteristic of the reticular layer of
the dermis (Prost-Squarcioni et al. 2008).

In contrast to the structural and biochemical
properties of the collagen fibers, elastin fibers
have a binary structure where there is a protein
filament and the amorphous protein component of
elastin (van Eldijk et al. 2012). Elastin fibers are
anchored into the glycosaminoglycan-rich ECM
of the dermis via the fibroblasts. Parallel to the
case of collagen fiber network, finer elastin fibers
are found in the papillary dermis, while more
coarse versions are found in the reticular layer.
Although hyaluronic acid is a minor component
of the normal dermis, becomes the highly
accumulating mucopolysaccharide of the patho-
logical states (Ushiki 2002; Tracy et al. 2016).

The layer of dermis can be envisioned in two
such intermingled sub-layers that they are often
hard to tell apart. One that consists of the loose
connective tissue is called the Papillary Layer
while the one that has the denser connective tissue
is called the Reticular Layer (Brown and
Krishnamurthy 2019a).

Papillary layer owes its name to the finger-like
projections of papillae and in certain regions it
entails a network of fine capillaries that nourish
the epidermis, while other regions contain the
so-called Meissner’s corpuscles (Tactile
Corpuscles), which are a type of nerve ending
mediating sensitivity to light touch (Piccinin and
Schwartz 2019). The intricate network of
capillaries serve the crucial functions of carrying
nutrients to and removing waste metabolites from
the local cells as well as maintain optimal body
temperature by increasing or decreasing blood

flow through pertinent contraction and relaxation
cycles. Interestingly, the papillary layer of the
dermis in the fingertips determines the pattern of
the fingertips (Joyner and Casey 2015).

On the other hand, as the deepest layer of the
dermis the reticular layer is composed of an elab-
orate meshwork of elastin and collagen fibers
(which makes up about 70% of the extracellular
matrix) (Frantz et al. 2010). The reticular layer
collagen is produced by the resident fibroblasts.
The strength and elasticity of the skin is attributed
to its reversible property of viscoelasticity which
provides resuming back to the resting state follow-
ing a stretching up to a physiological limit upon
elevation of the mechanical stress (Tepole et al.
2012). In other words, viscoelasticity of the skin
gives its resilience to insults by external forces due
to the tightly-woven elastin and collagen mesh-
work. While sliding and re-arrangement of these
collagen fibers underlies the ability to persist a
physical load by guarding tissue-integrity through
allowing skin deformation whilst preventing dam-
age, elastic fibers provide the ability to bounce/
relapse back to the resting state once that physical
load is removed (Ehrlich and Hunt 2012). How-
ever, when this property falters the architecture of
the skin in terms of structural properties of colla-
gen and elastin networks are subject to change like
seen in cases of cancer, aging, toxic UV, and
sunlight exposure (Marionnet et al. 2014).

In that regard, the collagen network exist in a
rather dynamic than static state where its degra-
dation due to catalytic activities such as spare
collagenases is counteracted by its constant
assembly following its synthesis and processing
by the fibroblasts where a pro-collagen polypep-
tide chain becomes integrated and then secreted to
be used in the construction of collagen fibrils
(Abou Neel et al. 2016).

A set of sensory receptors called Pacinian
corpuscles that are involved in reception of deep
pressure are also found within the reticular layer
which cushions the deep projections of skin
appendages such as sweat glands, lymph vessels,
smooth muscle, and hair follicles (Slominski et al.
2012).
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1.3 Other Cell Types of the Dermal
Architecture

Nerve cells, an intricate network of blood vessels,
hair follicles, sebaceous, and sweat glands consti-
tute the skin appendages that are embedded in the
dermal layer. In addition, dermal adipose cells,
mast cells, and infiltrating leukocytes also reside
in the dermis. In this section we will brief our
reader about these minority cell types of the der-
mal layer (Randall et al. 2018).

1.3.1 Vasculature
Most of the skin vasculature is embedded in the
reticular dermis, however, according to the recent
reports a branching and intricate network of
capillaries is placed right above the bulge where
they modulate hair growth by Hair Follicle Stem
cells (HFSCs) via secretion of angiogenesis-
derived factors. Major function of the skin vascu-
lature is to carry nutrients, hormones, and
immune cells (Hsu et al. 2014). Two types of
intercommunicating plexuses encompass the der-
mal vasculature architecture. The first is known as
the subpapillary (or superficial) plexus, that
comprises of postcapillary venules, and it is
located at the papillary-reticular junction of the
dermis (Imanishi et al. 2008). The second is the
lower plexus which is found at the dermal-
subcutaneous interface. The capillaries, end
arterioles, and venules of the subpapillary plexus
supply to the papillae of the dermis. Meanwhile,
the deeper plexus, �which is supplied by the
larger blood vessels and more complex in struc-
ture than the subpapillary plexus-, supply to the
adnexal structures. Being regulated by the
preoptic-anterior hypothalamus blood flow, the
skin is modulated in response to thermal stress
in humans. (Ye and De 2017). Being regulated by
the preoptic-anterior hypothalamus blood flow,
the skin is modulated in response to thermal stress
in humans. In order to cope with increased heat,
vasodilation, increased skin blood flow, and
sweating are important responses to disseminate
heat (Greaney et al. 2016). Conversely, in
response to cold, vasoconstriction in the skin
helps preventing heat loss and hypothermia.

Disturbance to the skin blood flow can signifi-
cantly debilitate maintenance of normal body
temperature as seen in the case of patients with
type II Diabetes who may experience heat stroke
and heat exhaustion upon elevation in external
temperature and menopausal women who experi-
ence hot flashes induced by hormonal imbalance
(Hifumi et al. 2018).

1.3.2 Muscles
As mentioned earlier the APM that are attached to
the hair follicles below the sebaceous glands
make up one of the muscle groups of the dermis
(Fujiwara et al. 2011). Being situated in the con-
nective tissue of the upper dermis APM fibers
exist at such an angle to the hair follicle that
upon contraction hair follicle becomes pulled
into a vertical position resulting in a type of skin
deformation known as “gooseflesh” or
“goosebumps” (Brown and Krishnamurthy
2019b). Another group of smooth muscle bundle
is found surrounding the veins and arteries of the
skin. The specialized smooth muscles of glomus
is in between the arterioles and venules. Striated
(voluntary muscle groups) resident to the skin of
the neck and face are known as muscle of expres-
sion (Haddad et al. 2001). Likewise, subpapillary
muscles of the aponeurotic system (a network of
aponeuroses connecting muscles and fascia)
mediate movement of body parts.

1.3.3 Nerves
Together with the arterioles and venules the
highly abundant nerve bundles make up the
neurovascular bundles of the dermis. Among the
sensory organs skin is the largest due to its dense
innervation by innumerable primary sensory neu-
ron fibers (Andreone et al. 2015). The cell bodies
of this heterogeneous population of neurons
including nociceptors, mechanoreceptors, and
proprioceptors, are located in trigeminal and
dorsal root ganglia (Hsu et al. 2014). For exam-
ple, Meissner corpuscles -densely found in the
ventral sides of the hands and feet and fingertips-
are resident to the dermal papillae and convey the
signals induced by touch to the central nervous
system. Hence, sensory nerves are in close
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contact with the cells of the epidermis and the hair
follicle with the nerve endings anchoring at the
different layers of the epidermis (Hsu et al. 2014;
Andreone et al. 2015). A region just above the
hair bulge is surrounded by the mechanoreceptive
nerve endings. Being located in the deeper por-
tion of the dermis in the weight-bearing surfaces
of the body Vater-Pacini corpuscles are large
nerve-endings and mediate sense of pressure
(Bell et al. 1994). The unmyelinated nerve fibers
found around the hair follicles and papillary der-
mis transmit sensations such as pain, temperature,
and itching (Park and Kim 2013). The postgan-
glionic adrenergic fibers of the autonomic ner-
vous system regulate the vasoconstriction. The
latter also controls the secretions of the apocrine
gland and the contractions of the AP muscles of
the hair follicles. Secretions of the eccrine sweat
glands are regulated by the cholinergic fibers.
Signals emanating from the skin can affect the
sensory innervation and dendritic arborisation
(McCorry 2007; Gordan et al. 2015). Conversely,
signals from peripheral nerves may influence hair
follicles, in return. For example, neuropeptides
such as substance P and calcitonin gene-related
peptide (CGRP; a pro-inflammatory neurogenic
bio compound), can induce hair follicle regres-
sion (Hsu et al. 2014).

1.3.4 Mast Cells
Mast cells are a sub-type of immune cells that
originate in the bone marrow in a progenitor form
of myeloid lineage and they localize widespread
in the peripheral tissues bordering external envi-
ronment, including the mucous-producing tissues
of the gut and lungs as well as the skin and blood
vessels (Krystel-Whittemore et al. 2016). Given
that the skin is one such interface, it houses a
large mast cell population (more densely found
in papillary dermis than in hypodermis) as the
first responders to the presence of parasitic
invaders as well as allergens (da Silva et al.
2014). While Type I (connective tissue) mast
cells are inherent to the dermis and submucosa,
Type II (or mucosal Mast cells) are found in the
mucosa of the respiratory tract and the bowel.
Mast cell maturation takes place in response to
the c-kit ligand, stem cell factor, and other stimuli

released by their microenvironment (Krystel-
Whittemore et al. 2016). Numerous peripheral
large and long vili and round, oval or angular
membrane-bound cytoplasmic granules
encapsulating chemokines such as histamine and
heparin, certain cytokines, serine proteinases,
leukotrienes, and prostanoids are hallmarks of
their morphology (Kunder et al. 2011). Anchor-
ing of a variety of stimuli such as superoxides,
complement proteins, neuropeptides, and
lipoproteins to the immunoglobulin E (IgE) and
consequential binding of IgE to its receptors
embedded on mast cell surface triggers a process
called “degranulation of mast cells” whereby
-within seconds- inflammatory content of cyto-
plasmic granules are delivered to the microenvi-
ronment. In other words, crosslinking of hundreds
of thousands of FcERI glycoprotein membrane
receptors to their ligand IgE as a consequence of
engaging stimulatory signals is the initiating
event of Mast Cell activation (Shakoory et al.
2004). While these cells participate in regulation
of vascular homeostasis, angiogenesis, venom
detoxification as well as innate and adaptive
immune responses in normal physiology, they
have emerged as players with either promoting
or suppressive roles in pathologies of allergy,
asthma, atherosclerosis, several types of cancers,
and gastrointestinal disorders when deregulation
of their accumulation, proliferation, clearance or
migration prevails (Chen et al. 2018).

1.3.5 The Hypodermis (Subcutaneous
Fat)

Hypodermis is a cushioning layer present under-
neath the dermis. It insulates the body against
physical trauma, heat, and cold, while serving as
an energy storage area. The fat is exclusively
deposited in adipocytes, held together by fibrous
tissue (Driskell et al. 2014; Labusca and Zugun-
Eloae 2018). This layer of the skin begins to
develop toward the end of the fifth month with
the appearance of the fat cells in the subcutaneous
tissue. The fat cells are the most predominant cell
type found in this layer while mesenchymal stem
cells are also present in the hypodermis layer.
Adipocytes are separated by large blood and
lymph vessels (Labusca and Zugun-Eloae 2018).
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In fact, recent findings rapidly established the
notion that subcutaneous fat is a major endocrine
organ that secretes an array of stimulatory factors,
also termed as adipokines, that exert influential
roles on lipid metabolism, energy balance, insulin
sensitivity all of which are important in angiogen-
esis, immunomodulation, and inflammatory
response. In other words, adipokines collectively
constitute the secretory repertoire of the adipose
tissue and they participate in maintenance of
organ homeostasis at the autocrine, paracrine,
and/or endocrine level by mediating communica-
tion between multiple cell types (Gaur et al. 2017;
Al-Suhaimi and Shehzad 2013; Stern et al. 2016).
For example, conversion of androstenedione into
estrone by aromatase, production of leptin by
lipocytes to control sateity takes place in this
layer. Another example is seen in tissue repair
processes of the skin. During epidermal and der-
mal repair adipokine repertoire participates in
coordinating both proliferation and migration of
keratinocytes and fibroblasts (Schmidt and
Horsley 2013).

The fact that the mesenchymal stem cell con-
tent per gram of tissue is 500 times higher in
subcutaneous adipose tissue (hypodermis) than
bone marrow was probably one of the most excit-
ing findings for the history of regenerative medi-
cine, an exploding field which was summarized
comprehensively in the previous issue of this
journal by Cankirili et al. (2019). For the most
part it is thought that the therapeutic effects of the
dermal layer (discussed further in the following
section) and subcutaneous fat compartment are
executed by the mesenchymal stem cell residents
of these layers through their healing capacity on
sites of injury and inflammation through actions
of their endogenous secretory repertoire including
pro-regenerative, anti-fibrotic, anti-apoptotic, and
growth factors required for the tissue repair pro-
cesses (Gaur et al. 2017). Mesenchymal stem
cells derived from the adipose tissue is proposed
to be the “endogenous factories” that supply tro-
phic factors capable of supporting all layers of the
skin “in sickness (repair) and in health” (Gaur
et al. 2017). For that matter we believe there
will be benefit to introduce the common
properties of mesenchymal stem cells before

plunging into the amazing depths of skin stem
cell biology.

2 Mesenchymal Stem Cells
of the Skin

Mesenchymal Stem cells have the capacity to
renovate the mesodermal tissues such as the con-
nective, cartilage, and bone tissues by
replenishing their cellular context. In addition to
subcutaneous fat (hypodermis) they can easily be
isolated from blood, fat, bone marrow, and fore-
skin in adequate quantities and this property is
only one of their attractive features for the
purposes of regenerative medicine (Augustine
2018). Second feature involves their ability to
retain their stemness in tissue culture conditions
over relatively high number of passages (Shim
et al. 2013). Thirdly, under appropriately provided
ex vivo conditions they can take the fate of various
cell types, including myocytes, adipocytes,
osteoblasts, neuronal sub-types, and chondrocytes
(Jumabay and Bostrom 2015). Finally, the immu-
nomodulatory properties of mesenchymal stem
cells (especially those that are immunosuppres-
sive in nature) allow them to execute an ideal
management of tissue repair processes. Hence, in
recent years numerous methodologies have
emerged in the clinic, whereby mesenchymal
stem cells were manipulated in order to accelerate
the wound healing processes induced in response
to a wide variety of injuries such as severe burns,
myocardiac infarction, neurodegenerative dam-
age disorders, hepatic injury, muscle degenerative
disorders, bone injury, and chondrocyte erosion
(Zachar et al. 2016).

2.1 Stem Cells and Their Niches
in the Skin

Skin is home to a diversified community of stem
cells and other cell types where each community is
located in a friendly neighbourhood of various
niches each which are resided by other cell types
assisting stem cells at different stages of their life-
time from self-renewal to terminal differentiation

Skin as a Stem Cell Source 171



(Lutolf and Blau 2009). In this section, we brief our
reader with the current knowledge on different
types of stem cells and their niches at both cellular
and molecular scope. Although initial thought was
that cells forming the niche come from a lineage
distinct from the stem cells they regulate, recent
reports underscore the co-presence of stem cells
with their differentiated progeny, suggesting that
cues from the descendant cells are as much impor-
tant as those coming from the rest of cells forming
the niche in governing the biology of their stem cell
parents (Hsu et al. 2014).

Considering the constant regeneration capacity
that has come forth repeatedly for several of the
skin compartments described in the previous
sections, it is not too surprising that replenish-
ment of each compartment is provided by a
unique set of stem cells that concertedly exit
quiescence and execute a program of differentia-
tion until the desired tissues are formed, a phe-
nomenon underlying the maintenance of skin in
normal homeostasis and wound healing (Gaur
et al. 2017). Since the first exploitation of skin
stem cells (keratinocytes) in treatment of burn
patients (two children whose body surface was
burnt by more than 90%), there has been prodi-
gious amount of information accumulating about
skin stem cell biology (Wabik and Jones 2015).
The first hints about the presence of skin stem
cells was coined by their ability to retain diploidy
even after hundreds of clonal passages without
any requirement for immortalization procedures
when grown in the presence of feeder fibroblast
layer to make tissue based on the findings
obtained in Howard Green’s laboratory at MIT
(Adam et al. 2018). Following this landmark
work introducing us to the immense clinical
potential of these skin stem cells, which are
contemporarily known as epidermal (Fuchs et al.
2003) stem cells (also known as the epithelial
stem cells of the skin), numerous studies
continued the discovery of different types of
stem cells resident to differential niches found in
the skin. For example, over the years increasing
evidence have pointed to the presence of a
diversified presence of adult stem cells, including
mesenchymal, hematopoietic, and neural stem
cells residing in the skin (Shi et al. 2006).

In line with the current definition of stem cells,
skin stem cells and/or progenitor cells can -not
only- renew themselves (self-renewal) and com-
mit to specific differentiation programs to gener-
ate various lineages of the skin (multipotency),
but also produce cell types of other tissue types
when provided proper ex vivo conditions (plastic-
ity) (Shi et al. 2006). Furthermore, cellular quies-
cence, which is relatively unrelated to the these
three traits, is also recognized as a stem cell
property and methods involving uptake and reten-
tion of labelled nucleotide analogues are used for
the identification of long-lived quiescent stem cell
populations (Lang et al. 2013).

According to the results of the engraftment
studies where labelled epidermal cultures are
allowed to reconstitute epidermal tissue in vivo,
about 10–12% of the basal cells were capable of
generating a single column of differentiating cells
(Potten and Booth 2002). Another method for
labeling stem cells involves pulse-labeling of
newly synthesized DNA in all dividing cells of a
tissue with radiolabeled nucleotide analogs (such
as bromodeoxyuridine (BrdUrd) or tritiated
(Hrckulak et al. 2016) thymidine) and follows
up the rarely dividing cells that retain the label
in the tissue (Podgorny et al. 2018). Shedding
light to the slow cycling nature of tissue stem
cells, this pulse-chase method lead to the devel-
opment of a model for the skin epithelial mainte-
nance where periodic division of slow cycling
so-called Label Retaining Cells LRCs (putative
stem cells) in the basal layer generates a pool of
cells termed as transiently amplifying cells
(TACs). TACs that populate most of the basal
layer typically divide two or three times before
their commitment to a differentiation into mature
skin cells as they migrate upward (Fuchs 2009; Li
et al. 2017).

Later on studies done in mice, rats, and human
pointed out that bulge region of the HF is one of
the important niches where majority of LRS find
-in fact- sanctuary. Historically, bulge region of
the hair was characterized as a thickening area in
the upper portion of the follicle where slow-
growing LRCs are found (Lang et al. 2013). It is
proposed that the reason for the hair bulge to be a
niche of preference for most clonogenic cells and
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LRCs of high label retaining capacity is -most
likely- because in mammals the hair bulge is
fortressed amongst the upper column of cells
and heavily keratinized hair shaft above and the
supportive, innervated, and nourishing vascula-
ture of the dermal pocket below (Fuchs et al.
2003).

In normal skin homeostasis, stem cells from
various niches of the skin such as hair follicle
(HF), interfollicular epidermis (IFE), and seba-
ceous glands play key roles in maintaining
healthy epidermal and dermal layers (Gonzales
and Fuchs 2017). Both intrinsic signalling
pathways at the genetic and epigenetic levels
and extrinsic crosstalk between the stem cells
and resident cells of their niche are mediated via
the secreted cytokines, chemokines, and growth
factors, accounting for the overall regenerative
capacity of the skin (Psarras et al. 2019; Kizil
et al. 2015). In this section we summarize the
most prominent long-term stem cells and
progenitors found in the skin epithelium as well
as current understanding of how stem cells and
progenitor cells interact with each other to mobi-
lize the tightly regulated sequence of events that
result in adequate amount of tissues and stem
cell pool.

The unipotent populations of epidermal stem
cells that occupy the niche of the basal layer
differentiate into keratinocytes to regenerate the
epidermis in normal and injured adult skin. More
specifically, these unipotent stem cells are pro-
posed to originate from the multipotent
progenitors of the bulge region of the hair follicle
(Shi et al. 2006). In case of injury a subset of these
follicle-derived multipotent stem cells can
migrate out of the hair follicles to the wound site
and participate in the repair of the damaged epi-
thelium, while their contribution to the mainte-
nance of the epidermis in normal homeostasis is
limited. As it is discussed in detail below, the
follicle-derived stem cells can give rise to the
tissues of outer root sheath, inner root sheath,
hair shaft, and sebaceous gland. Notably, being
positive for the neural stem cell marker of Nestin,
follicular stem cells have a capacity to differenti-
ate into neurons, glia, keratinocytes, smooth mus-
cle cells, melanocytes, and even blood vessels

under appropriate conditions (Shi et al. 2006;
Chen et al. 2009).

As mentioned earlier, IFE units comprise of
differentiated layers of the stratified epithelium
constituting the main component of the epidermis
and the foundation of the protective barrier. The
layers of epithelia are fueled by the epidermal
stem cells found in the basal layer (Schepeler
et al. 2014). As the basal cells depart from the
Basement Membrane and commit to the terminal
differentiation program an extensive transcrip-
tional and post-translational remodeling take
place involving modification of intracellular
proteins, intercellular junctions, and nuclear
fragmentation whereby dense cytoskeletal
architecture of keratinocytes forms the highly
crosslinked 10-nm intermediate filaments (IFs)
that are key to confront external insults
(Schepeler et al. 2014; Hsu et al. 2014). The
undifferentiated proliferative progenitors
expressing Keratin 5 (K5) and 14 (K14) partici-
pate in self-renewal as well as give rise to epider-
mal epithelium. Hierarchically they are proceeded
with an increasing degree of differentiation by the
nonproliferative, but transcriptionally active spi-
nous and granular layers, that express K1, K10,
and involucrin, and eventually by the to-be-shed
cells of the dead stratum corneum (Hsu et al.
2014; Alam et al. 2011; Srivastava et al. 2018).

Results from mouse studies utilising various
Cre-lineage tracer methodologies engineered
under the control of Keratin promoters specific
to basal layer support two models: According to
the first, “Hierarchical model” a slow-cycling
stem cell nested in the conceptual proliferative
basal unit of each IFE gives rise to the short-
lived transiently amplifying cells (TACs) which
then exits the proliferative layer after a certain
number of cell divisions to replenish the
differentiating cells of the upper layers in a
columnar fashion (Hsu et al. 2014; Zhang and
Hsu 2017; Rangel-Huerta and Maldonado
2017). According to the second, “stochastic
model” basal IFE layer comprises of a single
type of proliferative progenitor, descendants of
which randomly decide either retain their progen-
itor identity or to differentiate in which case both
daughter cells have equal chances of remaining as
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stem cells or committing to a differentiation pro-
gram (Hsu et al. 2014). Hence, it is tempting to
speculate that the former model prevails under
homeostatic conditions, whereby the stem cell
pool is maintained through asymmetric division,
where the parent stem cell divides into two cells
one retaining stemness (particularly self-renewal)
and the other assuming a more differentiated phe-
notype (differentiation). This way hierarchical
model assumes that the body reserves a powerful
reservoir of cells that can be readily engaged
when tissue repair becomes needed while supply-
ing a differentiated progeny for normal tissue
maintenance (Bryder et al. 2006). On the other
hand, in the case of engaging in a repair activity
stochastic model could predominate. For the two
stem cells generated in the symmetric division
from each parent stem cell, it could completely
depend on the signaling conjecture of the micro-
environment whether these two daughter cells
will continue to be stem cells or commit to a
differentiation program to replenish the damaged
tissue (Mistriotis and Andreadis 2013). There-
fore, like other adult SCs, skin stem cells typically
remain quiescent until they are coaxed to prolif-
erate and/or differentiate in vivo, while in vitro
they display a noteworthy proliferative as well as
differentiation potential (Mistriotis and Andreadis
2013; Horsley et al. 2008).

Mitogens such as insulin-like growth factor
(IGFs), fibroblast growth factor 7 (FGF-7),
FGF-10, and epidermal growth factor receptor
(EGFR) ligands are produced by dermal
fibroblasts that facilitate potent pathways for epi-
dermal proliferation (Seeger and Paller 2015).
Upregulation of transforming growth factor alpha
(TGF a), which is a positive regulator of EGFR
signalling, or abrogation of Mig6 or LRIG1
(in humans), which is an inhibitory to EGFR-
dependent signalling, stimulates epidermal prolif-
eration (Hsu et al. 2014). Basal epidermal cells are
anchored to the major basement membrane com-
ponent laminin-5 through their receptors such as
integrin alpha3beta1 and alpha6beta4 that signals
through GTPase RAC1. For example, in humans
higher beta1 integrin expression is indicative of
greater stem cell potential (Hsu et al. 2014; Hamill
et al. 2009; DiPersio et al. 2000).

Furthermore, certain factors of epigenetic
modifications are also implicated in epidermal
proliferation and differentiation homeostasis.
For example, histone H3 Lys (H3K27)
methyltransferases EZH1 and EZH2, histone
H3K27 demethylase JMJD3 associated activities
are essential for epidermal differentiation, respec-
tively through modulating transcription of alpha
6 and beta1 integrin genes. Intriguingly, epider-
mal proliferation is proposed also to be under a
temporal regulation exerted by the core clock
factors of the circadian rhythm machine
(Mistriotis and Andreadis 2013; Chen et al.
2012).

Epidermal stratification requires delamination
of basal cells, whereby they lose their attachment
to the basement membrane. Their journey moving
upward is presumed to begin with an asymmetri-
cal cell division which generates a committed
suprabasal cell and a proliferative basal cell as a
result of cytokinesis perpendicular to the base-
ment membrane. The first commitment step in
differentiating to spinous cells is dependent on
Notch signaling which execute important roles
in developmental processes (Hsu et al. 2014;
Berika et al. 2014). Binding to its ligands triggers
cleavage of Notch receptor proteins by gamma-
secretase and the cytosolic domain then
translocates to the nucleus to alleviate the tran-
scriptional repression exerted by RBP-J -thereby-
enabling the induction of Hes/Hey-dependent
transcriptome. For example, expression of Notch
ligand DELTA by the basal cells and consequent
induction of Notch signaling as a result of
DELTA binding to the receptors allows commit-
ment to spinous cell differentiation by promoting
detachment from the basement membrane and
mediating downstream events of asymmetric cell
division to balance epidermal cell proliferation
and differentiation (Hsu et al. 2014; Bazzoni and
Bentivegna 2019).

2.1.1 Hair Follicle Stem Cells
Thedynamismof theHFs is unanimously attributed
to a diversified and rich pool of stem cells known as
Hair Follicle Stem Cells (HFSCs) that are continu-
ously self-renewing, differentiating, and regulating
hair growth. HFSCs emanate from distinct
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developmental origins and localizing to distinct
anatomical locations within the hair follicle
(Soteriou et al. 2016). Because HFSCs are easily
accessible they have been extensively studied
in vitro demonstrating a highly proliferative and
multipotent characteristic which -in vivo- is
believed to be the major contributory factor to
skin homeostasis (Mistriotis and Andreadis 2013).
Observationsmade in the in vitro studies ofHFSCs,
have advanced to enabling engineering of various
tissues for organ replacement. Furthermore, com-
bined with the tools of genetic engineering HFSCs
offer encouraging venues for the treatment of
genetic diseases of skin or hair disorders (Ormandy
et al. 2011).

Several anatomic locations within the HF -by
itself- are home to distinct type of stem cell
populations, including HFSCs and MSCs
(Mistriotis and Andreadis 2013; Lang et al.
2013). Both HFSCs in charge of regenerating
hair and MSCs in charge of regenerating
UV-absorbing melanocytes co-reside in the hair
bulge and hair germ (Hsu et al. 2014).

In regards to the exact identity of the stem cell
population harboured in the bulge region, current
model accepts that the bulge niche includes both
proliferative (CD34+ and LGR5+) and quiescent
(label retaining; CD34+ but LGR5-) stem cells
(Mistriotis and Andreadis 2013). Interestingly,
LGR5+ cells that are fully capable of regenerating
the HF, do not coincide with the label retaining
cell populations of the bulge.

Intriguingly, cells from the Isthmus/Infundib-
ulum region display multipotent properties due to
the observation that they can -not only- differen-
tiate into the epithelial cells of the HF, but also
those of sebaceous gland and the epidermis
(Mistriotis and Andreadis 2013). These cells
isolated from the region between the sebaceous
gland and the bulge lack bulge stem cell (Bu-SC)
markers (KRT15- and CD34-), but they are
highly proliferative in vivo, remain clonogenic
in vitro, and give rise to new HFs upon transplan-
tation or epidermis upon injury (Mistriotis and
Andreadis 2013).

With a quiescent subpopulation residing in the
bulge Bu-Scs and another with higher propensity
to proliferate residing in the hair germ just

neighboring the bulge, HFSCs are generally con-
sidered in two subpopulations (Hsu et al. 2014).
While Bu-SCs ultimately proceed to generate the
outer root sheath (ORS) cells, those derived from
the hair germ differentiate to form the TACs of
the matrix that give rise to the inner root sheath
(IRS) (a channel that surrounds the hair shaft
during anagen) cells. In catagen, the next genera-
tion of HFSCs become deposited in the newly
formed bulge and hair germ that are derived
from the upper ORS and middle ORS cells,
respectively, for the consecutive hair cycle. In a
series of elegant experiments Hsu and co-workers
demonstrated that during anagen although some
of the Bu-SCs that exit the bulge, they retain their
stemness including remaining quiescent. This
fraction of BuSCs constitute the reservoir of
stem cells for the next cycle, some differentiate,
yet still return to the bulge having lost their
stemness despite expressing stem cell markers
(Mistriotis and Andreadis 2013). In case of
injury, but not in normal skin homeostasis,
Bu-SCs can migrate to the wound site and differ-
entiate into keratinocytes (Mistriotis and
Andreadis 2013). Further studies demonstrated
the robust multipotent capacity of Bu-SCs both
in vivo where they took part in angiogenesis and
in vitro where they were able to differentiate into
keratinocytes as well as cells of neuronal (such as
neurons, glial cells, and melanocytes) and mesen-
chymal origin (Mistriotis and Andreadis 2013).

Although pool of HFSCs remain mostly in
quiescence throughout the hair cycle, their prolif-
eration and differentiation become triggered due
to the action of several factors secreted by the
stem cell progeny and dermal cells in anagen
(Hsu et al. 2014). One such factor is the bone
morphogenetic proteins (BMPs) that play impor-
tant roles in bone and cartilage formation. Strik-
ingly, recent studies uncovered that BMPs
contribute to the maintenance of quiescence of
HFSCs while they execute additional roles that
are essential, in embryogenesis, organ homeosta-
sis and other developmental processes. For exam-
ple, BMP4 secreted by the dermal fibroblasts,
BMP2 expressed by the subcutaneous fat,
BMP6 secreted by the K6+ cells of the inner
bulge layer, as well as the quiescence factor
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FGF-18, all function in maintenance of quies-
cence of both Bu-SCs and hair germ SCs during
telogen (Hsu et al. 2014). In support of these
findings, conditional ablation of the bone mor-
phogenetic protein receptor 1α (Bmpr1α) gene
promotes beta-catenin stabilization, expansion of
HFSCs that fail to enter terminal differentiation,
and reduction in slow-cycling cell population
(Kobielak et al. 2007). Conversely, over-
expression of Bmpr1α promotes precocious com-
mitment of HF-SCs to differentiation (Mistriotis
and Andreadis 2013; Sotiropoulou and Blanpain
2012). In agreement with the inhibitory role of
BMP in hair cycling, expression of BMP
antagonists -such as NOGGIN, FGF-7, FGF-10,
TGF-β2 (hair germ activating factors) in dermal
papillae concordant with fall in BMP4 and BMP2
levels in dermal fibroblasts and adipocytes,
respectively, allows the HFSC pool to promote
hair growth (Sotiropoulou and Blanpain 2012).

In addition to its widely renowned
pro-oncogenic effects and those in development,
accumulation of the WNT effector, nuclear beta-
catenin and activation of its target genes follow-
ing complex formation with TCF/LEF transcrip-
tion factor, is a major propeller in hair germ and
dermal papillae stimulation (Hrckulak et al. 2016;
Li et al. 2018). Indeed, phenotype of mouse
models where WNT inhibitor DKK1 is
overexpressed under the control of Krt14 is
hairless revealing the potent inhibitory role of
DKK1 in HF development confirming the essen-
tial role of WNT-dependent signalling in hair
growth (Dela Cruz et al. 2012). Conversely,
overexpression of a constitutively active
truncated beta-catenin under the control of an
epidermal promoter permanently promotes for-
mation of new HFs as well as tumors in adult
mice, while transient activation of beta-catenin
results in increased hair formation (Hsu et al.
2014; Enshell-Seijffers et al. 2010).

An activated state of WNT signalling within
hair germ as well as dermal papillae is crucial for
the normal transition of hair follicles from telogen
to the next anagen. This fact is underscored by the
findings that abrogation of beta-catenin nuclear
accumulation either in hair germ or dermal papil-
lae results in a telogen arrest of the hair cycle or

delayed regeneration of the hair follicles, respec-
tively (Hsu et al. 2014). Although precise
compartments of the HF supplying WNT stimu-
latory signals are to be determined, hair germ
itself and dermal fibroblasts are strong candidate
sources (Hsu et al. 2014). Reduction of matrix
cell proliferation and subsequent precocious entry
into catagen in response to loss of beta-catenin
nuclear accumulation in DP points to the impor-
tance of WNT signalling in maintenance of the
mesenchymal and epithelial interactions between
the DP and bulge cells (Sotiropoulou and
Blanpain 2012; Lowry et al. 2005). Moreover,
appearance of nuclear beta-catenin and other
WNT effectors in hair germ during the initial
stages of anagen preceding that by the dermal
papillae is required for normal entry into anagen,
because targeted ablation of WNT ligand secre-
tion in the HF epithelium in telogen results in
suppression of WNT signalling in DP during
anagen and a subsequent potent arrest of hair
cycle (Sotiropoulou and Blanpain 2012; Myung
et al. 2013).

Parallel to the HF-activating output of WNT
signalling, activated TGFβ family member
TGF-β2 also contributes to regenerative cues in
the HF (Vaidya and Kale 2015). For example,
prevention of TGF-β2-dependent signalling
within HFSCs through SMAD2/3 resulted in
delayed coat recovery in conditional TGF-β
reporter II knock-out mouse model (Oshimori
and Fuchs 2012b). Furthermore, elevating
TGF-β2 levels exogenously was stimulatory to
HFSC proliferation both in in vivo and in vitro
conditions by antagonizing BMP-mediated main-
tenance of quiescence through transcriptional
upregulation of TGF-β2-target gene Tmeff1
(tomoregulin) (Vaidya and Kale 2015) (Sakaki-
Yumoto et al. 2013). Hence, together with other
BMP-inhibitory factors secreted by DP during
late telogen, TGF-β2 overrides quiescence signals
to drive follicular regeneration into the next
anagen.

Dermal papilla underlying the hair germ
produces several factors such as FGF-7,
FGF-10, TGF-β2, BMP2 inhibitor NOGGIN dur-
ing early-to-late telogen to stimulate hair follicle
activation for the consecutive hair cycle (Plikus

176 A. A. H. Deniz et al.



2012). Meanwhile, expression levels of
pro-quiescence genes BMP4 in dermal fibroblasts
and BMP2 in mature adipocytes become
decreased to perpetuate HFSC activation. Finally,
platelet-derived-growth-factor alpha (PDGF-
alpha) produced by the adipocyte precursor cells
turn PDGF signalling in dermal papillae on
(Andrae et al. 2008; Gonzales and Fuchs 2017).

Most likely, this fine balance within the bulge
niche and the interaction between the bulge and
DP rests on an elaborate stimulatory and inhibi-
tory signalling network in a manner that couples
HFSC quiescence/activation to the hair cycling.
Therefore, the signalling events discussed above
will –most likely- be followed by the discovery of
additional ones (Oshimori and Fuchs 2012a).

Although murine models have been instru-
mental in advancing our knowledge on molecular
details of HF biology, findings from these invalu-
able studies should be evaluated with caution in
the sense that there are several differences
between the murine HF biology and that of
human. For example, in contrast to humans who
have only two types of hair (vellus and heavily
pigmented hairs), mice have several distinct types
of hair, including pelage, vibrissae, cilia, hairs on
the tail, ear, genital, nipples, perianal area, and
around the feet) (Mistriotis and Andreadis 2013).
Apart from type, human HFs cycle independently
after birth, while those of mouse (e.g., pelage
hair) cycle in synchrony. Finally, there are pro-
found differences between biological markers
used in characterization of hair follicular stem
cell populations of human and mouse all of
which are described in detail in a comprehensive
review (Mistriotis and Andreadis 2013).

Several challenges exist in path of stem cell
marker discovery. First of all, these markers are
rare and often not linked to stem cell function
(Lang et al. 2013). Second, these putative markers
can be transiently expressed by a small stem cell
population or can be co-expressed by another
non-dividing cell resident to the niche raising
reliability issues (Carulli et al. 2014). Hence, a
true stem cell marker must be expressed by such
candidate stem cell populations in the niche that
that population must meet all of the criteria for
stemness including self-renewal, multipotency,

and plasticity. Moreover, these hallmarks of
stem cells must be cross-confirmed by the use of
other stem cell characterization/identification
methods, including measurement of quiescence
and behavior of the cells in culture (the ability to
behave as stem cells in in vivo lineage tracing
experiments) upon transplantation (Lang et al.
2013; Cai et al. 2004). All of these methods
have pros and cons in terms of their accuracy in
diagnosing stemness (Zhu et al. 2017). For a
detailed description, we recommend two compre-
hensive reviews written by Mistriotis and
Andreadis (2013) and Lang et al. (2013). None-
theless, novel stem cell markers are in need in the
isolation of these populations to aid therapeutic
means of regenerative medicine. In this direction,
engineering reliable in vitro models that can
mimic the in vivo HF microenvironment sets the
foci of several research groups (Mistriotis and
Andreadis 2013).

In contrast to the case of hematopoietic stem
cells, where both parent stem cell and every mem-
ber of its progeny across the differentiation hier-
archy can be identified, such specific markers for
the precise identification of epidermal stem cells
are still lacking impeding the development of
reliable isolation protocols (Firth and Yuan
2012). Members of the integrin transmembrane
receptor family that mediate the attachment of the
basal layer to the substratum of the epidermis are
proposed as candidate stem cell markers (Barczyk
et al. 2010; Alvares et al. 2008). If epidermal stem
cells residing either in the hair follicle bulge or
inter-follicular epidermis require strong adher-
ence to the basement membrane to maintain
both their stemness and their location in the
niche, molecules of anchorage to the cell-
substratum attachment can be putative markers
for stem cells (Chermnykh et al. 2018). Transfer-
rin receptor is another surface marker, the expres-
sion of which differs between stem cells and their
proliferating progeny, the former presenting with
reduced expression of the transferrin receptor
(Brekelmans et al. 1994).

So far several stem cell markers were
suggested for the murine HFs, however, human
HFs remain relatively underexplored. One reason
is the difficulty in isolation of human cells due to
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the challenges in identification of human bulge
region anatomically in contrast to the case of
murine bulge (Joulai Veijouye et al. 2017).
According to the results of a recent screen carried
out by Klöpper and co-workers CD200, KRT15,
and KRT19 were proposed as putative bulge stem
cells markers, although their location is not
restricted to the bulge, but extends to a wider
area of isthmus as well (Mistriotis and Andreadis
2013; Tiede et al. 2007). In contrast to mouse,
human bulge cells are CD34, NES, or LHX2
negative (Kloepper et al. 2008). In this study
although CD200 positive cells were isolated
from a population of LRCs using laser capture
microdissection and they showed an increased
clonogenic potential in vitro, their multipotency
was not examined (Mistriotis and Andreadis
2013; Ghadially 2012). On the other hand,
KRT15high/CD200+/CD34-/CD271- bulge-
derived cells had an increased clonogenic poten-
tial as compared to KRT15low/CD200+/CD34-/
CD271- cells (Mistriotis and Andreadis 2013;
Sari et al. 2010). More recently, it was reported
by the Andreadis group that human DP/DS cells
displayed a cell surface profile characteristic of
MSCs being positive for CD90, CD44, CD49b,
CD105, and CD73. These cells were clonally
multipotent as individual clones could be induced
to differentiate into fat, bone, cartilage, and
smooth muscle with high efficiency (Mistriotis
and Andreadis 2013).

Given the differential slower activation kinet-
ics of Bu-SC compared to those of the hair germ
which gives rise to the matrix TACs upon anagen
initiation, it is conceivable that the HFSC
subpopulations are stimulated by distinct set of
signals (Panteleyev 2018). For example, produc-
tion of the potent mutagenic signalling factor
Sonic hedgehog (SHH) by the newly formed
matrix TACs is shown to trigger and maintain
the Bu-SC activation (Guo et al. 2018). In addi-
tion to the bulge activation, SHH-dependent sig-
nalling enhances the expression of anti-
quiescence genes such as noggin and FGF-7 in
dermal papillae to sustain a highly proliferative
state in the matrix and lower ORS (Che et al.
2012). Therefore, once proliferating TACs start
sending mutagenic factors -not only- the Bu-SCs

are stimulated, but also they mediate a cross-
stimulatory signalling between the hair germ and
dermal papillae parallel to the progression
throughout the anagen (Ren et al. 2017). Impact
of core circadian clock genes on HFSC biology
will need to be addressed in further studies.

HFSCs also appear in control of the formation
and attachment of the APM. Bu-SCs express
nephronectin, an ECM protein from the same
family of proteins including EGFL6 (Hsu et al.
2014; Linton et al. 2007). Both nephronectin,
which is enriched in the basement membrane of
the bulge, and EGFL6 are ligands for α8β1
integrin and nephronectin recruits α8β1+ dermal
cells. Upon nephronectin-integrin engagement
dermal cells up-regulate the expression of smooth
muscle actin, an APMmarker (Linton et al. 2007).
Remarkably, in nephronectin null mice, fewer
APMs are formed and their anchorage becomes
shifted to the EGFL6-expressing cells above the
bulge, suggesting that EGFL6 may compensate
for the loss of nephronectin-dependent anchorage
(Hsu et al. 2014; Tsepkolenko et al. 2019). Overall
these findings suggest that different hair follicle
compartments recruit and assemble different hair
follicle–associated structures, including periph-
eral nerves, blood vessels, and APMs via involve-
ment of different ECM proteins (Tsepkolenko
et al. 2019; Shimoda et al. 2014).

Sebaceous gland is also thought to be derived
from the Bu-SCs that have migrated out of the
bulge. Another view advocates differentiation of
a unipotent stem cell population located above the
bulge and that express BLIMP1 to replenish the
sebocyte pool (Mistriotis and Andreadis 2013;
Blanpain and Fuchs 2009).

Another niche that is proposed to contain
HFSCs is the Dermal Papilla (DP) and Dermal
Sheath (DS) compartments which are derived
from the mesoderm, unlike the hair bulge that is
derived from the ectoderm (Mistriotis and
Andreadis 2013; Morgan 2014). Both DP and
DS cells crosstalk to the bulge in regulation of
the hair cycling. Both DP and DS stem cells
display a profound differentiation potential that
is demonstrated in ability to form hematopoietic
cell subtypes upon engraftment in lethally
irradiated mice (Morgan 2014). Moreover, there
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is evidence to DP and DS stem cells being the
precursor’s dermal stem cells that function in
dermal maintenance in normalcy and tissue
repair. Strikingly, both rat and human-derived
DP and DS stem cells reveal broad plasticity to
generate myogenic, osteogenic, chondrogenic,
and adipogenic lineages which is comparable to
that seen with mesenchymal stem cells of bone
marrow under appropriately provided culture
conditions (Mistriotis and Andreadis 2013;
Fitzsimmons et al. 2018). Taken together with
the ability of single human DP and DS cell to
differentiate into mesenchymal lineages these
HFSC subpopulations are recognized for their
multipotent trait.

2.1.2 Melanocyte Stem Cells (MSCs)
Proliferation of the Melanocyte stem cells (MSC),
which co-reside together with HFSCs in the bulge
and hair germ, seems to be closely coupled to that
of the latter in the sense that MSCs also initiate
generating differentiating progenitor melanocytes
at the beginning of the anagen (Mull et al. 2015).
Therefore, it is not too surprising that the synchro-
nization of MSC activation and differentiation
with that of HFSCs is achieved by the signals
originating from HFSCs and dermal papilla.
Factors such as the KIT ligand (produced by the
dermal papilla) and endothelins (produced by the
matrix) conduct differentiation of melanocytes in
the hair bulb during anagen. Endothelin-1 is a
downstream target of WNT signalling in HFs of
early anagen, therefore, elevation of WNT signal-
ing or conditional deletions of Nftb results in
expansion of melanocytes which can be rescued
by the injection of endohelin receptor B
antagonists (Hsu et al. 2014; Chang et al. 2013).
As the new hair cycle initiates, MSCs are
co-activated along with the HFSCs to produce
proliferative committed progenitor melanocytes
(Hsu et al. 2014). Later in mature HFs these
melanocytes are found in the inner core of the
matrix where they transfer the melanin
synthesized to the differentiating HFSCs (Hsu
et al. 2014; Gola et al. 2012). During the follow-
ing phase of catagen melanocytes also degenerate
together with the rest of the matrix cells. Several
findings support the notion that activation of the

WNT signaling and beta-catenin-associated activ-
ity in MSCs promotes proliferation and differen-
tiation of MSCs (Lang et al. 2013). Strikingly,
stabilization of the beta-catenin in the HFSCs
induced an extrinsic effect on the MSCs in the
sense that the melanocyte pool was expanded, the
bulge region was enlarged in a endothelin-
dependent manner (Lang et al. 2013). Several
Wnt inhibitors are present in the MSC niche,
including DKK3, Sfrp1, and Dab2 and in MSCs
themselves, including DKK4, Sfrp1, and Wif1
(Lang et al. 2013; Svensson et al. 2008). Hence,
these findings suggest presence of a seesaw-like
mechanism whereby suppression of WNT signal-
ling promotes stemness of MSCs while its activa-
tion induces differentiation of MSCs into
melanocytes (Lang et al. 2013; Gola et al. 2012).

In addition toWNT ligands TGF-betas are also
presumed to be produced by HFSCs which -in
return- might be responding and coordinating
signals released by MSCs (Hsu et al. 2014;
Svensson et al. 2008; Bogaerts et al. 2014).
TGF-beta-dependent signalling is implicated in
maintaining MSC quiescence and their undiffer-
entiated state (Lang et al. 2013). TGF-beta signal-
ling is normally involved in cellular growth and
survival processes, however, in the HF biology
TGF-beta proteins become up-regulated
(indicated by the presence of the nuclear
phospho-Smad2) as the HF regresses during
catagen and promote degeneration of the
epithelial-derived components of the HF (Lang
et al. 2013; Bogaerts et al. 2014). Both during
normal hair growth and following UV exposure,
changes in TGF-beta expression are reported.
Transcription factors such as MITF and PAX3,
melanin-associated enzymes such as tyrosinase
decrease upon activation of TGF-beta-dependent
signalling (Lang et al. 2013).

Disruption of Notch signaling also hampers
MSCs from self-renewal (Lang et al. 2013). The
four known Notch receptors can be activated by
ligands (Jagged 1 and 2, Delta-like 1,3, 4) which
stimulates the cleavage of the receptor by gamma
secretase to release Notch intracellular domain
(NID) (Rutz et al. 2005). The release of NID
from the membrane and its subsequent transloca-
tion to the nucleus results in activation of CBF1-
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dependent transcription (RBP-J kappa in mice).
Blockade of Notch signalling (through use of
gamma secretase inhibitor (GSI)) results in per-
manent hair greying due to complete depletion of
both melanocytes and MSC pool, in contrast to
the reversible de-coloration seen with the block-
ade of KIT receptors (Lang et al. 2013; Rutz et al.
2005).

HFSCs regulate themselves and the MSCs by
their increased expression of ECM proteins such
as the hemi-desmosomal transmembrane collagen
(Collagen XVII also known as COL171A, BP180
or BPAG2) which mediates anchorage to the
basement membrane (Lang et al. 2013). There-
fore, loss of this protein results in graying and loss
of hair as well as loss of HF integrity, suggesting
this anchorage protein provides docking both to
the HFSC and MSC population (Walko et al.
2015).

Coupling of hair cycle events to those of the
HFSC life cycle from self-renewal throughout
expansion and differentiation demands intricate
crosstalk amongst the HFSC subpopulations
(Mulloy et al. 2003). In this respect it is quite
remarkable that during the generation of a
pigmented hair shaft Bu-SC subpopulations that
come from diverse developmental origins such as
follicular epithelium ectoderm, melanocyte stem
cell-neural crest, DP/DS-mesoderm all crosstalk
to one another in a concerted fashion (Mulloy
et al. 2003; Sakaki-Yumoto et al. 2013).

The hair bulge is also home to the MSCs that
are TACs activated during anagen to produce
melanocytes to maintain hair pigmentation during
each hair cycle (Mistriotis and Andreadis 2013).
Due to the relative ease to harvest MSCs from
skin and their close synchrony with the expansion
and differentiation of HFSCs during the hair cycle
have promoted them as a popular model to studies
of stem cell biology (Hsu et al. 2014; Tobin
2009). Furthermore, quiescence or growth of
melanocytes can be controlled through depilation
while any dysfunction in this population can be
readily traced through loss in pigmentation, for
example, BcL2 loss-associated apoptosis of
MSCs results in greying of the hair (Lang et al.
2013; Jo et al. 2018). Having their embryonic
roots in the highly plastic tissue of neural crest,

being very multipotent and prolific, and capable
of migrating to new locations are inherent
qualities of MSCs that allow them to be an excel-
lent stem cell source for the application of regen-
erative medicine (Achilleos and Trainor 2012).
Moreover, because of their relatively longer
lifespan compared to that of keratinocytes and
their ability to work as a single-cell unit the
growth and differentiation capacities of which
can be controlled by surrounding cells enables
manipulation of MSCs in in vivo and ex vivo in
stem cell based therapies (Lang et al. 2013;
Zakrzewski et al. 2019). As it will be discussed
in detail in “Stem Cells and Cancer” section the
very same properties could account for the
aggressiveness and highly malignant nature of
the tumors derived from melanocytes.
Melanomas the incidence of which is rising
steadily in contrast to the case of other types of
cancers tend to metastasize very early raising
fatality (Lang et al. 2013; Schatton and Frank
2008).

Due to the pairing of proliferation and apopto-
sis of the melanocytes to the hair growth cycle in
mice, most of the studies on MSCs tend to be
based on this model system (Preston et al. 2018).
Using a transgenic mouse model where beta-
galactosidase as a reporter under the control of
the dopachrome tautomerase promoter (gene
encoding an enzyme involved in melanin synthe-
sis, it was understood that bulge region (also
defined as the lower permanent portion (LLP)) is
the niche for the MSCs (Hsu et al. 2014). The
bulge microenvironment provides direct contact
with the adjacent cells, scaffold proteins of the
ECM, and secreted signaling factors to regulate
MCSs (Hsu et al. 2014; Gentile and Garcovich
2019).

Nevertheless, our understanding of MSC biol-
ogy is beginning to take in terms of how melano-
cyte stem cells function within their niche, how
their quiescence and proliferation is controlled by
external signals, and how plastic this population
is (Lang et al. 2013). MSCs, that locate to the
bulge of the hair follicle are impacted by other
cell types such as HFSCs, extracellular matrix
proteins, and a number of secreted factors that
either promote or suppress multipotency or self
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renewal (Hsu et al. 2014). Deregulation of these
regulatory signals lead to inability of the stem cell
to maintain their stem cell pools or provide
pigmented progeny and could potentially contrib-
ute to transformation processes in the context of
acquiring oncogenic mutations (Lang et al. 2013;
Aponte and Caicedo 2017).

2.1.3 Dermal Stem Cells
Dermal Stem Cells (DSCs) are another stem cell
population the presence of which has gained evi-
dence parallel to those obtained for epidermal
stem cells (Blanpain and Fuchs 2006; Martin
et al. 2016). In recent years, DSCs has entered
the clinic as an accessible and abundant stem cell
source for cell-based therapies (Vapniarsky et al.
2015). For that matter their isolation, purity,
safety, viability, characterization, and in vitro
propagation have been main focus of research in
several laboratories around the world. DSCs dis-
play plasticity in the sense that they can be coaxed
to generate mesenchymal, ectodermal as well
as endodermal cell lineages under properly
provided ex vivo conditions (Vapniarsky et al.
2015; Ojeh et al. 2015). Various lineages of der-
mal fibroblasts as the most predominant cell type
of the dermis has been studied extensively
(Driskell and Watt 2015). Particularly they have
been considered as the source that is mobilized to
wound site to accomplish dermal regeneration.
However, recent evidence obtained in the past
decade-and-a-half points out that dermal fibro-
blast/myoblast pool might be derived from other
sources (Vapniarsky et al. 2015). Among candi-
date sources there are bone marrow-derived, tis-
sue-derived mesenchymal stem cells as well as a
source that ensues “epithelial-mesenchymal-tran-
sition” a process that involves de-differentiation
of epithelial cells (Vapniarsky et al. 2015; Stone
et al. 2016).

In this respect, hair follicle DP and DS were
the first niches proposed for the DSCs that can
give rise to cells of the hair-supporting papilla in
the lower region of the follicle and migrate out
into the dermis of the adjoining skin (Agabalyan
et al. 2017). For example, hair follicle dermal
sheath cells of the (Martin et al. 2016; Balañá
et al. 2015). Conversely, transitions of dermal

sheath cells into dermal papillae cells have been
reported (Lachgar et al. 1996; Darby et al. 2014).
For example, dermal stem cells derived from the
follicle are transplanted onto wounds (Cha and
Falanga 2007), they contribute to the new dermal
tissues in a manner reminiscent of the wound-
healing fibroblasts. In this regard, DP and
DS-associated cells can differentiate into several
mesenchymal, neuronal, and glial lineages
(Vapniarsky et al. 2015).

Although, hair follicle is taken as an epidermal
stem cell source, �especially the bulge region-
emerge as a key source for the regeneration of
both epidermal and dermal cell populations
(Cheng et al. 2018). It was demonstrated that the
hair bulge contains stem cells of neural origin
such as the human epidermal neural crest stem
cells (EPI-NCSCs), most likely by the epidermal
ORS being in strong association with DS of the
hair bulge (Vapniarsky et al. 2015; Hu et al.
2006). These cells display multipotency covering
major neural derivatives such as the bone, carti-
lage, neurons, Schwann cells, myofibroblasts, and
melanocytes (Vapniarsky et al. 2015).

As it will be discussed in detail in the next
section cells isolated from foreskin, reveal that
hair follicle is not the only source for the DSCs.
The perivascular niche consists of stem cells in
the adipose tissue, placenta, skeletal muscle, pan-
creas, and others (Corselli et al. 2010; da Silva
Meirelles et al. 2008). Like the DSCs of the
perivascular niche, those recently identified in
the stroma of the sweat glands can also differenti-
ate into adipogenic, chondrogenic, and osteo-
genic lineages (Vapniarsky et al. 2015).

2.1.4 Stem Cells of the Foreskin
Circumcision is described as the removal of fore-
skin tissue from the tip of the penis. It is done due
to religious, cultural or medical reasons. Removal
of foreskin tissue is surgically performed by
professionals under sterile conditions. Circumci-
sion should be carried out during the neonatal
stage due to the higher risk of complications that
may arise during later stages of development like
puberty (Schoen et al. 2000). Basically, towards
the end of the first trimester, a twist of skin
evolves at the tip of the penis. Skin distally
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expands folding to turn into the foreskin. In the
presence of certain androgens, the cells kerati-
nize, spread, and migrate to the prepuce. This
process is not completed at birth, but rather
continues progressing throughout the childhood
(Taylor et al. 1996).

As mentioned in the previous sections mesen-
chymal stem cells are important for gene therapy
and regenerative medicine. Recent studies show
that human adult stem cells offer to be a therapeu-
tic alternative to embryonic stem cells. Adult stem
cells can be isolated from different sources such
as bone marrow (Tasli et al. 2014), adipose
(Kalinina et al. 2011), placenta (Li et al. 2012),
and dental tissues (Tasli and Sahin 2014). It was
shown that skin is also a source of MSCs
(Blanpain and Fuchs 2006). Like in the case of
fibroblasts derived from dermal skin which are
multipotent, express mesenchymal stem cell
markers, and display immunosuppressive
properties in common with those derived from
the bone marrow. Fibroblastic tissue derived
from the human foreskin tissue is one of the
most important sources of mesenchymal stem
cells. Moreover, it was reported that fibroblast-
like cells derived from tissue support
pluripotency and self-renewal of human embry-
onic stem cells (hESCs) (Unger et al. 2009;
Mamidi et al. 2011). Human foreskin tissue is
preferable because it is accessible, cheap, and
can be acquired through ways that do not entail
ethical issues (Ullah et al. 2015).

There are different types of studies performed
using foreskin cells. In 2015, Somuncu et al.
showed that foreskin cells have the capability to
turn into adipogenic, chondrogenic, osteogenic
cells as well as neurogenic and epithelial cells
in vitro (Ullah et al. 2015). Normally, mesenchy-
mal stem cells do not express hematopoietic stem
cell markers. However, it was also reported that
foreskin cells express mesenchymal and
hematopoietic stem cell markers (Somuncu et al.
2015).

In another study, foreskin cells have been used
as feeder cell lines for the human Embryonic
Stem (ES) cells. It was shown that ES cells pre-
served their stem cell properties such as prolifera-
tion capacity, immortality, and pluripotency up to

70 passages. The main role of foreskin feeder
cells is their potency to be cultured for 42 passages
that allows suitable diagnosis for unknown agents
and some genetic modifications (Hovatta et al.
2003; Mamidi et al. 2011).

There are studies investigating the migration
potential of human foreskin cells. As known,
fibronectin is described as a glycoprotein and
found in an insoluble form on the surfaces of
fibroblasts. It was shown that the presence of
fibronectin averted the migration capacity of
human foreskin cells through the matrix. These
studies are given advises about cell-matrix and
cell-cell interactions of human foreskin cells
(Schor et al. 1981; Hovatta et al. 2003).

As emphasized, human foreskin cells is a
promising tool for cell therapy and tissue engi-
neering applications. They have the ability to
differentiate into neurogenic, osteogenic,
chondrogenic, and adipogenic cells. Due to their
neurogenic differentiation capacity, human
new-born foreskin cells can be used in neurode-
generative diseases such as Parkinson’s or
Alzheimer’s disease (Bredesen et al. 2006).
Moreover, they express hematopoietic stem cell
markers making them appropriate candidates for
cancer types such as multiple myeloma and leu-
kaemia. Moreover, human foreskin tissue is abun-
dant and can be easily obtained from
circumcision treatments. Mostly, circumcised
tissues are thrown away but these tissues can be
used for stem cell isolation and further
experiments (Somuncu et al. 2015).

3 Immunomodulatory Properties
of Skin Stem Cells

Hair follicle displays unique immunological pro-
file that accounts for its immune privilege
described by the virtual absence of MHC Class I
expression and relatively low numbers of immune
cells in the hair follicle. Due to this immune
privilege property, transplantation of follicle
dermal-sheath cells from an individual to another
does not involve tissue rejection processes (which
are typically encountered in allograft procedures)
while permitting new hair growth. Thus, being

182 A. A. H. Deniz et al.



universal donors skin-derived stem cells became
an attractive therapeutic source in cell-based
therapies.

Highly proliferative Mesenchymal Stem Cells
(MSCs) can be harvested from almost every tissue
type in human body such as adipose (Zuk et al.
2001), cartilage (Conrad 1979), liver
(Campagnoli et al. 2001), amniotic fluid (Scherjon
et al. 2003), tooth germ (Taşl{ and Şahin 2014),
hair follicle (Rahmani et al. 2014), foreskin
(Somuncu et al. 2015), and so on (Benvenuto
et al. 2007; Gucciardo et al. 2009; Phinney and
Prockop 2007). Also according to the data
obtained from immunology-related studies, these
MSCs can be used in treatment of immune
disorders. For example, systematic infusion of
MSCs proved them as useful tools in management
of Graft Versus Host Disease (GVHD) due to their
immunosuppressive properties (Le Blanc et al.
2003; Prasad et al. 2011). Modulation, activation,
and proliferation ability of MSCs may help tissue
renewal that would also be applicable for curing of
variety immune diseases including GVHD.

It is not surprising that skin is home to a
diversified pool of immune cells due to its essen-
tial function of forming the barrier to external
assaults. Therefore, there is a dynamic crosstalk
between the epithelial skin stem cells and resident
immune cells whereby function and action of
both cell types are coupled to each other to sustain
or resume tissue homeostasis during normalcy or
tissue repair. While dendritic epidermal γδ T cells
(DETCs) and Langerhans cells reside in the epi-
dermal layer, dendritic cells, mast cells,
macrophages, γδ T cells, and αβ T cells are typi-
cally found in the dermal layer. Upon injury or
infection, repair processes are initiated by the
inflammatory cues, which are collectively
known as “damage associated molecular patterns
(DAMPS) or “pathogen associated molecular
patterns (PAMPS)” disseminating from either
dying cells or pathogens, respectively, to alert
the immune system. In case of muscle repair,
muscle stem cells (also known as satellite cells)
rely on signals emanating from macrophages and
Tregs to initiate the tissue repair processes such as
proliferation of myoblasts (Naik et al. 2018).
Release of distinct factors by the inflammation-

activated macrophages (M1) provides suppres-
sion of NOTCH function to allow muscle stem
cells to exit quiescence. During later stages of the
repair, differentiation of the myoblast pool into
myocytes ensues when regenerative M2
macrophages take over. For proper completion
of the repair of the injured muscle tissue
damage-induced inflammatory response must be
subdued by the Tregs, expansion of which takes
place at the time when macrophages phenotype
switches from M1 and M2 and secrete stimula-
tory factors for regeneration. In contrast, during
recovery from hair depilation release of CCL2
by the HFSCs guide the congregation of
macrophages in the follicular niche possibly
through augmented WNT signalling the loss of
which delays hair cycling (Naik et al. 2018).

DETCs in injured skin produce FGF-7,
FGF-10 and IGF-1, which are significant for
endurance, proliferation, and relocation of epider-
mal cells. It has been shown that in mice secretion
of fibroblast growth factor (FGF-9) by the dermal
γδ T cells stimulates WNT expression and signal-
ling in the dermal fibroblasts of the wound site
promoting hair follicle neogenesis (Gay et al.
2013). In a positive feedback mechanism FGF9
produced by the wound fibroblasts fuels further
WNT stimulation to augment regenerative pro-
cesses of hair follicle neogenesis in the injured
epidermis. However, human dermal layer lacks
such an abundant dermal γδ T cell population
which accounts for the failure to restore hair
growth following damage in humans (Gay et al.
2013). Similar or varying mechanisms of immune
cell participation in wound healing are reported in
skin and other tissue types. For example, in an
organ culture model activated human T cells like-
wise upregulate IGF-1 contributing to wound
healing. Strikingly, same study reports that
while both αβ T cells and γδ T cells demonstrate
secretion of IGF1 when they are isolated from
acute wounds, same is not true for these epider-
mal immune cell pools, which remain unrespon-
sive to stimulation, when they are isolated from
chronic wounds (Toulon et al. 2009).

Throughout the hair cycle the distribution and
utility of immune cells change proposing that
morphogenetic changes in the hair follicles may
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orchestrate concordant immune cell alignment in
the skin. One such example is seen in the associ-
ation of the pre-Langerhans Cells (pre-LCs,
precursors of epidermal dendritic cells, see
above) with the HFs before they appear in the
IFE both in humans and rodents (Nagao et al.
2012). In this elegant study authors report
that upon external stress, entry of the pre-LCs
was permitted to the desired regions of HF via
CCR2 and CCR6 chemokine receptor-dependent
recruitment-permissive, but CCR8 chemokine
receptor-dependent recruitment-nonpermissive
mechanisms. Further evidence unveils the
stunningly well-orchestrated biology of
LC-recruitment to the HFs by demonstrating that
ligands for the recruiter receptors of CCR2 and
CCR6 are expressed by the distinct regions of the
HF. While chemokine ligand CCL20 (activates
CCR6 receptor) is secreted by the keratinocytes in
the infundibulum region and chemokine ligand
CCL2 (activates its CCR2 receptor) by the
keratinocytes in the isthmus region, secretion of
CCL8 is executed by the keratinocytes in the
bulge region that probably accounts for evasion
of pre-LC and LC repopulation in the bulge
region. On the contrary, absence of immunogenic
rather predominance of immunosuppressive sig-
nalling in the bulge region, which is recognized as
the “stem cell sanctuary” and the matrix,
reconciles with the “immune privilege’ property
of the HFs. Nonetheless, restrictions to the
“immune privilege” properties of the HF conceiv-
ably exist as suggested by the fact that besiege of
both hair follicular and epidermal tissues by the
immune cells can be encountered in allo-
transplantation procedures (Paus et al. 2003).

Understanding impact of wounding on both
skin stem cells and resident immune cells can
aid treatment of autoimmune diseases like alope-
cia areata, pathology of which involves sustained
activity of inflammatory immune cells aiming the
hair bulb and the matrix, avoiding only Bu-SCs,
and results in hair loss (Ito et al. 2005). In the
cases of disorders such as discoid lupus
erythematosus and lichen planopilaris, Bu-SCs
are demolished and, therefore, ensuing hair loss

is permanent (Harries et al. 2013; Al-Refu and
Goodfield 2009). Therefore, precise identification
of the molecules in charge of the interaction
between the epithelial stem cells and immune
cells will undoubtedly result in fruition of novel
treatments that tap into the capacity of the skin in
fine-tuning the adequate stimulation of immune
response upon damages and pathogens without
allowing over-stimulus of inflammatory
responses to prevent autoimmune disorders
(Patzelt et al. 2008).

Finally, lessons learned from the p120-catenin
conditional knock-out mice underscore the inti-
mate relation between the epidermal cells and
resident immune cells (Perez-Moreno et al.
2006). As a crucial component of the adherens
junctions (AJs), that serve as the intercellular
glue-molecules in all epithelial tissues, p120 is a
sister molecule of β-Catenin in the family of
Armedillo repeat catenins. Both p120 and
β-Catenin docks and stabilizes to the core
E-Cadherin transmembrane protein at distinct
sites of the cytoplasmic regions to bridge the
dynamics of the intra-cellular actin skeleton to
the extracellular domain of E-Cadherin that
functions as the intercellular physical connector.
While β-Catenin turns on Lef1/Tcf-dependent
gene expression in response to WNT stimuli,
p120 turns on Kaiso-dependent transcription. At
the neonatal stage, despite of having decreased
levels of intercellular AJ components, the epider-
mis of the p120-Catenin null mice displays no
overt failure of the epidermal barrier function.
However, as these animals age, they develop
epidermal hyperplasia, chronic inflammation,
hair degeneration, and profoundly decreased
abdominal fat. All of these pathologies are linked
to aberrant activation of proinflammatory signals
downstream to NFκB-dependent transcriptional
cascade. These findings propose that in the con-
text of combating infectious assaults pathogen-
induced proinflammatory signalling cascades
that coordinate immune responses in the skin,
possess a potential to participate in neoplastic
progression in the absence of pathogens (Perez-
Moreno et al. 2006).
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3.1 T Lymphocyte-Mediated
Suppression

T cells play the most important role in the mem-
ory creation of the adaptive immunity reaction
which is generated as a specialized immune
response to specific pathogens (Zhang et al.
2012). T cell activation can be hampered from
direct cell to cell interaction with MSCs. These
interactions between MSCs and cytotoxic (CD8+)
or regulatory (CD4+) T cells, which control the
secretion of related cytokines for signaling and
inhibition of T cell activation, are necessary for
effective immune suppression (Nauta and Fibbe
2007; Uccelli et al. 2008). Also, it has been
shown that MSCs can express the Fas ligand
(FasL), also known as a binding partner for the
death receptor, that prevents T cell migration
(Zhang et al. 2012), by prompting initiated T
cell death via direct cell-to-cell interaction
(Akiyama et al. 2012). Researchers demonstrated
the inhibitory effect of MSCs on T cell prolifera-
tion, however, these suppressive effects of MSCs
haven’t been fully understood either in cases of
autologous or allogeneic cell transfer (Krampera
et al. 2003; Le Blanc et al. 2003). Cytokine secre-
tion from MSCs and immune cells increase the
levels of interferon γ (IFNγ) and interleukin (IL)-
17, which trigger T helper cells (TH0) to produce
IL-4 that is in charge of inducing differentiation
of regulatory T cells (TH2) cells (Aggarwal and
Pittenger 2005; Sun et al. 2009). The (observa-
tion) conclusion that MSCs can suppress immu-
nity might, at first, appear as an unwanted effect,
however, it becomes a desired consequence in
cases of organ transplantation of this type of
stem cells, especially in cases of Solid Organ
Transplantation (SOT). While there isn’t any
research showing the effect of MSCs against
Solid Organ Allograft (SOA) refusal, a plentiful
and increasing amount of facts obtained from
in vitro and in vivo studies claim that this
approach might be a promising in management
of SOA (Bartholomew et al. 2002; Zhou et al.
2006; Crop et al. 2009; Renner et al. 2009). While
results from the human clinical studies are not
satisfactory yet, preclinical studies demonstrated

that MSCs could become usable therapeutic
agents for OR applications. Furthermore, not
just that they can modulate the host immune
reaction in a way that may enhance the tolerance
of the transplanted organ, but also their ability to
trigger tissue regeneration and induce unique
gene expression profile may assist the processes
involved in reduction of the inflammatory reac-
tion to the allograft. Further studies must be
designed and carefully carried out to explain the
MSC-dependent immune suppression. Nonethe-
less, the less toxicity and possible long term sup-
pression of immunity by MSCs make them a
potentially outstanding therapeutic tool compared
to the traditional T cell suppressive agents (Corry
et al. 1999; Kawai et al. 2014).

3.2 B Lymphocyte-Mediated
Suppression

While T cells are the main player of an immune
reaction, B cells have important roles in antibody
secretion to modulate immune response and also
they closely work together with T cells. While
many studies have shown that MSCs can inhibit
B cell proliferation, differentiation, and cytokine
secretion (Augello et al. 2005; Gerdoni et al.
2007; Rasmusson et al. 2007; Asari et al. 2009),
it has also been shown that MSCs can increase B
cell proliferation and cytokine secretion from B
cells in in vitro and in vivo studies (Rasmusson
et al. 2007; Traggiai et al. 2008). Even though, the
exact mechanism-of-action how MSC-mediated
B cell suppression operates remains unknown,
researchers claim that this suppression can take
place as a result of differentiated B cell or the
direct effect of the local stimulating signals.
Co-culture studies displayed that triggering
MSC-mediated immune response suppression
needs some inducing cues from B cells,
suggesting that in order for MSCs to suppress an
immune reaction they need to be activated by
relevant stimuli derived from B cells in the first
place. This back-and-forth crosstalk between
MSCs and B cells ultimately result in the inhibi-
tion of B cell proliferation, pointing to a feedback
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loop inhibition type mechanism in control of B
Cell proliferation. An alternate mechanism for the
inhibition of B cell proliferation involves the
effect of MSCs on the activity of T cells through
which they might inhibit B cells indirectly
(Gerdoni et al. 2007). One other important point
about these experiments is that majority them
were done in in vitro conditions not in vivo or
ex vivo.

3.3 Dendritic Cell-Mediated
Suppression

Additionally, MSCs are effective against
monocytes, monocyte-derived dendritic cells,
macrophages, natural killer cells, and neutrophils.
Few studies demonstrated that MSCs are able to
suppress the generation dendritic cells from
monocytes by blocking the antigen presentation,
in vitro (Gerdoni et al. 2007; Ramasamy et al.
2007). Also, it has been claimed that dendritic
cells are key factors of immune response and
tolerance, depending on the activation and matu-
ration stage and the cytokine milieu at sites of
inflammation (Rutella et al. 2006). Suggesting
that, inhibition of differentiation, maturation,
and action of dendritic cells might occur by
suppressing the CD14+ monocyte differentiation
into mature dendritic cells and through promoting
cytokine secretion (Beyth et al. 2005; Jiang et al.
2005).

3.4 Natural Killer Cell
(NKs)-Mediated Suppression

NK cells play important roles in the intrinsic
pathway, mainly during anti-tumor and anti-viral
infections. As a result of their highly cytotoxic
function, and they have the ability to secrete large
amount of pro-inflammatory cytokines, including
TNFα and IFNγ (Malhotra and Shanker 2011).
Moreover, MSCs inhibit IL-2 and IL-15 mediated
NK cell proliferation, IFNγ secretion, and cyto-
toxicity of both latent and stimulated NK cells
(Rasmusson et al. 2003; Meisel et al. 2004;
Aggarwal and Pittenger 2005).

Immunosuppression ability of MSCs are
making them outstanding candidates for immuno-
suppressive agents for the prevention and treat-
ment of various inflammatory and autoimmune
diseases (Uccelli et al. 2008; Rasmusson et al.
2007). Starting from the 2000, unique MSC
sources have been obtained from several dental
tissues, which exhibit remarkable tissue regener-
ative and immunosuppressive properties
(Yamaza et al. 2010). Other than having spectac-
ular self-renewal property and multipotency,
hFSSCs have powerful immunosuppressive
functions comparable to other stem cell types,
making them promising cell sources for MSC
mediated transplantation treatment.

Foreskin is a waste tissue that’s why they
might be more beneficial than other cell sources
as obtainability of MSCs. Additionally FSSCs
have a high growth and clonogenic capacity
(Najar et al. 2016). Several immunomodulatory
cytokines and factors including IL-6, IL-12 and
TNF-α secreted from FSSCs, potentially involved
in FSK-MSC immunomodulation were identified.
Hence, this immunomodulation function of
FSSCs might be make these cells hopeful
tolerogenic agent for developing stem cell-based
immunotherapy.

4 Stem Cells in Skin Cancer

Skin cancer is a common form of cancer
diagnosed in men and women. During the last
decade, there has been a rise in the prevalence
of skin cancer globally (Bergers et al. 2016). Skin
phototype, hair color, multiple nevi, family his-
tory, and the degree of exposure to ultraviolet
(UV) radiation are cited amongst the etiologic
factors that can cause skin cancer (Hernando
et al. 2016; Pfeifer 2015; Raimondi et al. 2008).
There are three major types of skin cancer:
(i) malignant melanoma (ii) basal cell carcinomas
(BCCs) and (iii) squamous cell carcinomas
(SCCs) (Simões et al. 2015). Melanoma is one
of the most aggressive, complex, and heteroge-
neous cancer type with 132,000 new cases
diagnosed worldwide each year (Lohcharoenkal
et al. 2018; WHO 2017).
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Human malignant melanoma is an extremely
aggressive type of skin cancer which is
characterized by its astonishing heterogeneity,
tendency for spreading throughout the body, and
developing resistance to cytotoxic mediators.

Even though standard care such as chemother-
apy and immunotherapy have been assessed in
clinical studies, most of these therapeutic agents
fall short in providing an effective treatment for
those with progressive disease. Lack of effective
treatment in melanoma patients is ascribed pri-
marily to a high degree of tumor heterogeneity
that results in countless number of genetically
distinct subpopulations. Therefore, in a given
tumor mass, some of these subpopulations belong
to cancer stem cells (CSCs), while the rest are
composed of non-CSCs which constitute majority
of the tumor (Alamodi et al. 2016). The consen-
sus on the commonly found features of a CSCs
include: (i) their potential to initiate tumor
growth, ability for (ii) self-renewal and (iii) dif-
ferentiate into tumor cells from different epithelial
origin that make up the bulk of the tumor (Aponte
and Caicedo 2017).

The CSC model includes various
subpopulations of malignant cells and for long
time it has been suggested that the carcinogenic
component of primary melanoma is not homoge-
neous, as one would expect in a stochastic model
of clonal carcinogenesis (Zabala et al. 2016).
Fairly, melanoma display ‘polyclonism’ (Laga
and Murphy 2010), in the sense that structurally,
cytologically, and immune-histochemically dis-
tinct populations often co-exist inside of a single
tumor nodule. In consistence with this model of
melanoma, a hierarchical order of cell types, that
is a consequence of tumor differentiation, is
documented in vivo. Each of these cell types has
distinct capacity for self-renewal that can propel
tumorigenesis through the engagement of signa-
ture signalling pathways (Maniotis et al. 1999).

Several malignant features of melanomas such
as intratumoral heterogeneity, tumor progression,
and drug resistance are determined by their stem
cells, also known as melanoma stem cells (MSCs)
(Nguyen et al. 2015). MCSs are a subpopulation
of melanoma tumors and their molecular
characteristics may either account for increased

progression, drug resistance, and recurrence of
melanomas or are a consequence of these malig-
nant events (Alamodi et al. 2016). Distinct
populations of MSCs are described by their sig-
nature proteomic as well as genomic context
that includes several driver-mutations promoting
tumor growth. There are certain features of mela-
noma stem cells that offer an excellent disease
model to study (El-Khattouti et al. 2014, 2015;
Leikam et al. 2015; Li et al. 2015). First, MSCs
may be isolated from the skin through moderately
non-invasive methods as they are mainly present
in the interior of a particular anatomic niche
inside of the skin, thus allowing their easy isola-
tion. For example, MSCs are located within the
bulge area of the hair follicle in the murine skin
(El-Khattouti et al. 2015). Due to the develop-
mental origins of MSCs, they are multipotent and
they have the innate property to migrate to differ-
ent sites (Stecca and Santini 2015).

Both BCCs and SCCs are thought to originate
from a stem cell ancestry although this idea needs
further proof. The rationale for this claim bases on
the fact that the continuously renewing tissue
of epidermis is a niche for all keratinocytes that
undergo a well-defined differentiation program
upon leaving the stem cell compartment and ter-
minate this process by the generation of dead horn
squames (Leikam et al. 2015). In relevance with
this concept, should a damage take place in the
cells of a tissue-type other than the stem cell
compartment, these cells will most likely be
cleared due to the differentiation process. On the
other hand, in case of an insult to the pool of
epidermal stem cells, several genetic changes
that can potentially prevent cell cycle control
and stimulate neoplastic growth, may accumulate
due to the long-lived nature of these cells that are
much less frequently divided (Li et al. 2015).
Alternatively, non-stem cells may prevail and
-thereby- contribute to transformation through
acquiring genetic changes, all of which may hin-
der their clearance. Support for this hypothesis
comes from the observation for the heterogeneity
found in human BCCs. It was demonstrated pre-
viously that inactivation of p53 through several
mutations -mostly those caused by UV exposure-
is an early event in the development of skin
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carcinoma (Brash et al. 2010; Shannan et al.
2016). For example, nuclear accumulation of
mutant p53 protein was detected in clones of
keratinocytes with normal morphology as well
as potential stem cell populations isolated from
skin samples of individuals who were chronically
exposed to sun. Since mutant p53 is devoid of
function, normally executed by the wild type
protein, UV-induced apoptosis would be
abrogated (Pacifico et al. 2017). Moreover, there
is a striking heterogeneity in the mutations
characterized for p53 in human BCCs based on
several reports (Benjamin and Ananthaswamy
2016). Studies, where clonality of tumors was
delineated by microdissection-based approaches,
indicated that cellular composition of these
tumors are shaped by a dominating clone with a
high degree of genomic instability. Nonetheless, a
second or -even- a third genomic variation in p53
was detected in subclones found within the same
tumor area (Pontén et al. 1997).

Overall, subpopulations found in melanoma
lesions display a CSC-like phenotype including
tumorigenesis, self-renewal, and differentiation
characteristics in that these putative melanoma
CSCs have enhanced ability of forming and
maintaining melanoma tumors with a propensity
to resist treatment.

5 Conclusion

Due to their exceptional regenerative properties
stem cells of the skin will continue being an
attractive research area-of-interest for numerous
research studies in future. There is no doubt
understanding the precise nature of the communi-
cation of the distinct stem cell populations with
the niche components, their progeny, and with
one another will hold promise for the improve-
ment of clinical methods of regenerative medi-
cine. Improvement of the current clinical practice
will be -further- enabled by the accurate identifi-
cation of skin stem cell subtypes that is dependent
on the characterization of subtype-specific
markers. With increased sensitivity of isolation
methods, advanced understanding of the biology
for a specific sub-type of skin stem cells, their

therapeutic manipulation could offer more effec-
tive treatment modalities for a wide variety of
degenerative disorders of the skin.
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