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The skin is a complex organ consisting of the epidermis, dermis, and skin appendages,
including the hair follicle and sebaceous gland. Wound healing in adult mammals results
in scar formation without any skin appendages. Studies have reported remarkable examples
of scarless healing in fetal skin and appendage regeneration in adult skin following the
infliction of large wounds. The models used in these studies have offered a new platform
for investigations of the cellular and molecular mechanisms underlying wound healing
and skin regeneration in mammals. In this article, we will focus on the contribution of
skin appendages to wound healing and, conversely, skin appendage regeneration following
injuries.

The skin is an intricate structure composed
of the epidermis and dermis, including the

subcutaneous fat, or dermal adipocyte layer.
Environmental challenges to the barrier include
penetration of harmful UV rays from the sun,
invasion of harmful pathogens, and evapora-
tion of water. Importantly, the skin also protects
the underlying organs, a function necessary for
the survival of the organism. As a protective
shield for the body from the external environ-
ment, the skin is constantly exposed to potential
injury, and thus wound healing is a vital process
for the survival of all higher organisms. Epider-
mal appendages such as hair follicles, nails, and
sweat glands help maintain and protect the skin
and their important roles in wound healing
continue to be elucidated. Better understanding
of the cellular and molecular mechanisms un-

derlying wound healing will ultimately allow us
to influence and accelerate the wound repair/
regeneration process. This will benefit severe
burn patients and amputees, especially in cases
of extensive tissue loss and scarring.

Wound healing is a conserved evolutionary
process among species and encompasses spa-
tially and temporally overlapping processes
including inflammation, blood clotting, and cel-
lular proliferation and extracellular matrix
(ECM) remodeling (Seifert et al. 2012b; Rich-
ardson et al. 2013). However, the outcome of
wound healing in the skin differs between spe-
cies. Some lower vertebrates including fish (ze-
brafish) and amphibians (axolotl and Xenopus)
possess the ability to perfectly regenerate skin.
It is known that after full-thickness excisional
wounds in Xenopus froglets and axolotols, the
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entire skin, including secretory appendages, re-
generates (Yokoyama et al. 2011; Seifert et al.
2012b). During this process, even the pigmenta-
tion pattern of the skin can be fully re-established
(Seifert et al. 2012b). Zebrafish skin can also re-
cover its striped pigmentation pattern following
wounding, as well as regenerate subcutaneous
adipocytes and scales during the healing process,
making the regenerated skin almost indistin-
guishable from the original one (Richardson
et al. 2013).

In contrast, it is challenging for adult mam-
mals, including humans, to achieve such re-
generation. Typically, wound healing in adult
mammals results in scar tissue that lack skin
appendages. Although scar formation can meet
the requirements of the skin’s fundamental
function in preventing infection and dehydra-
tion, this process can also be unfavorable. Be-
cause of its obviously distinct appearance from
the original intact skin, the scar formed as a
result of injuries or burns can result in devas-
tating cosmetic and psychological consequenc-
es, reducing the quality of life of the individual.
Furthermore, skin appendages are an integral
part of the skin’s biological and physiological
function. For example, skin epithelial append-
ages contribute epidermal cells for wound heal-
ing. Additionally, the hair follicle and sebaceous
gland confer additional roles for the skin as sen-
sory and thermoregulatory organs (Chen et
al. 1997; Li et al. 2011). Consequently, scar for-
mation prevents the complete recovery of skin
function. Thus, the ability to restore the skin to
its original state is highly valued. Interestingly,
studies have reported remarkable examples of
scarless healing in fetal skin and appendage re-
generation in adult skin following the infliction
of large wounds. The models used in these stud-
ies have offered a new platform for investiga-
tions of the cellular and molecular mechanisms
underlying wound healing and skin regenera-
tion in mammals. These may provide important
insights into the regeneration of missing struc-
tures and redevelopment of fully functional
skin. In this chapter, we will focus on the con-
tribution of skin appendages to wound healing
and, conversely, skin appendage regeneration
following injuries.

RE-EPITHELIALIZATION AND EPITHELIAL
STEM CELLS

The mammalian epidermis is a stratified squa-
mous epithelium whose maintenance relies on
proliferation and differentiation of the basal
layer of the epidermis. As basal epidermal cells
differentiate and move toward the surface, they
give rise to suprabasal cells and the granular lay-
er and eventually terminally differentiate into
enucleated corneocytes composing the stratum
corneum. As the outermost layer of the organ-
ism, the epidermis is constantly exposed to mul-
tiple forms of injury. Failure to re-epithelialize
injured skin causes the loss of the barrier func-
tion of the organ, dehydration, infection or even
death. Hence, rapid closure of the wound site
by migration and proliferation of epithelial cells
is critical to restore the barrier function that is
vital for organism survival. A vast amount of
evidence now shows that the presence and func-
tion of resident epithelial stem cells in adult skin
fuel the re-epithelialization process.

Mascré et al. (2012) used two distinct pro-
moters: Keratin14 that targets basal cells in the
epidermis including a progenitor population
that proliferates and differentiates, and Invol-
culin that solely targets a committed progeni-
tor cell population. Following wounding, both
populations are recruited to the wound area but
it is predominantly progeny of Keratin 14 ex-
pressing cells that survive long term, in con-
trast to progeny of Involculin expressing cells
that were lost earlier. This study illustrates the
importance of relatively undifferentiated cells
in the basal layer of the skin epithelium, and
their contribution to epidermal repair following
injury.

Lineage tracing with mice that ubiquitous-
ly labels all keratinocytes of follicular origin
(Shh-Cre;R26R-lacZ) showed that follicular cells
can be converted to epidermal cells (Levy et al.
2007). Several distinct progenitor populations
located in the hair follicle, including the bulge,
upper bulge, hair follicle junctional zone next
to the sebaceous gland and infundibulum have
all been shown to contribute to the regenerating
skin. Using label retaining techniques to trace
the fate of slow cycling stem cells in the skin,
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hair follicle stem cells located in the bulge area
of the hair follicle were shown to mobilize to the
upper follicle (Taylor et al. 2000) and then to the
skin epidermis after wounding (Tumbar et al.
2004). Consistent with these findings, trans-
plantation studies have also shown that the
bulge region from R26-LacZ adult vibrissal fol-
licles can contribute progenitors to reform the
hair follicle, sebaceous gland, as well as the epi-
dermis (Oshima et al. 2001). Subsequently, ge-
netic tracing of Keratin 15 expressing epithelial
stem cells located in the bulge/secondary hair
germ region of the hair follicle showed that these
cells migrate to the epidermis toward the center
of the wound following full-thickness exisional
wounds (Ito et al. 2005; Levy et al. 2005). Ge-
netic ablation of K15þ cells does not result in
defects in normal epidermal homeostasis sug-
gesting that they only shift to epidermal cells
in response to wounding. This illustrates that
wounding perturbs epidermal homeostasis by
cell depletion, resulting in recruitment of epi-
thelial cells in the hair follicle that give rise to
epidermal cells to promote re-epithelialization.
Following migration to the epidermis, K15þ ep-
ithelial stem cell progeny acquire an epider-
mal phenotype based on biochemical marker

analysis. However, the observation that most
of these cells disappear in the wound epidermis
suggests that hair follicle bulge stem cells are
primarily involved in the acute cell injury phase
of wound repair (Fig. 1).

Lrig1 was the first marker identified for the
junctional zone (isthmus) between the hair fol-
licle bulge, sebaceous gland and infundibulum
(Jensen et al. 2009). Lrig1 expressing cells can
give rise to all adult epidermal lineages in skin
reconstitution assays (Jensen et al. 2009). In
contrast, more recent genetic labeling analysis
revealed that Lrig1þ cells within the piloseba-
ceous unit contribute to neither the hair folli-
cle nor the interfollicular epidermis, but solely
the sebaceous gland or infundibulum during
homeostasis (Page et al. 2013). After wound-
ing, Lrig1 cells originating from the piloseba-
ceous compartment migrate to the wound area
and persist up to 1 year in the regenerating IFE,
and contribute permanently to the regenerating
tissue following wounding (Page et al. 2013).
Similarly, Lgr6-positive cells identified in the
isthmus area are shown to contribute to re-
epithelialization (Snippert et al. 2010). Isolation
of Lgr6-positive cells enabled them to reconsti-
tute all of the epithelial lineages of the skin

Dermal papilla

Sebaceous gland
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Bulge

Lgr6

K15
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Shh

Gli1 LRCs

A B

Secondary hair germ

Figure 1. Contributions of hair follicle stem cells to re-epithelialization. (A) Schematic illustration of bulge stem
cell markers that contribute to re-epithelialization. (B) Lineage tracing of K15þ hair follicle stem cells after
excisional wound using K15-LacZ mice. LacZ-positive cells were not found in IFE at 2 d after wounding (right
panel). At 5 d, LacZþ cells start to migrate from hair follicle to wound center (middle panel). At 8 d after
wounding, re-epithelialization is completed and about 26% of re-epithelialized cells are lacZþ (left panel).
(From Ito et al. 2005; reprinted, with permission.)
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and form hair follicle bearing skin when com-
bined with inductive dermal cells in transplan-
tation assays. Genetic tracing showed that Lgr6þ

cells give rise to epidermis and participate in
the hair follicle formation seen in the center of
the wound. Lgr6þ cells persisted long term in the
wound area suggesting that these cells have the
ability to maintain or reacquire the self-renew-
ing capacity following exit from their original
niche within the isthmus. These studies establish
that progenitors residing in compartments oth-
er than the bulge including the isthmus and
junctional zone convert into self-sustaining epi-
dermal stem cells in response to trauma. Fur-
thermore, the study by Brownell et al. (2011)
showed that Gli1þ upper bulge cells contribute
to the epidermal healing to establish long-term
progenitors following wounding. Interestingly,
following skin denervation, Gli1þ cells can still
contribute to the initial re-epithelialization but
they are not maintained in the regenerated epi-
dermis. These results suggest that Gli1þ K152

upper bulge cells depend on a perineural stem
cell niche for their ability to adopt epidermal
stem cell fate after wounding. These studies sug-
gest that extrinsic niche derived signals may de-
termine the ability of follicular keratinocytes to
become long-term epidermal progenitors after
migrating from the hair follicle. Currently, it is
not known how much the re-epithelialized area
is occupied by epithelial stem cells nor how they
are patterned in the re-epithelialized layer. Un-
derstanding these may provide a platform to in-
vestigate mechanisms of how cells from distinct
lineages show different persistence in the new
epidermis. Moreover, understanding the extent
of how the adult skin epidermis is capable of
regenerating stem cells will define whether re-
epithelialization in wounded mammals repre-
sents the true regeneration process.

Although these studies established that hair
follicle epithelial stem cells contribute to re-
epithelialization, a recurring question has been
whether the hair follicle is necessary for wound
healing of hair bearing skin. A study that ex-
perimentally addressed this entailed wounding
Edaraddcr/cr mice that lack hair follicles in the
tail skin (Langton et al. 2008). They showed that
the tail skin of these mutant mice do not close

their wounds as efficiently as control tail skin
containing hair follicles. However, after an ini-
tial lag period, the wound re-epithelializes at
the same rate. From these results, it was con-
cluded that hair follicle cells accelerate the onset
of wound healing but are not necessary for
wound healing. The relevance of hair follicles
to wound healing was also shown by a study that
investigated the influence of hair cycle stages on
the rate of wound healing. Ansell et al. (2011)
showed that wound-healing rates were differ-
ent depending on the hair cycle stage, in which
wound healing was faster, during the anagen
phase of hair follicle cycling in vivo. This was
likely caused by the extensive blood vessel net-
work, relative immunosuppression, reduction
in cell adhesion genes, and increase in develop-
mental pathway genes by follicular epithelial
cells during the anagen stage compared with
the telogen stage. This is consistent with another
study that showed that anagen hair follicles pro-
duce angiogenic factors (Mecklenburg et al.
2000). More recently, it was shown that mice
deficient for the proapoptotic Sept4/ARTS gene
have elevated numbers of hair follicle stem cells
as a result of reduced apoptosis (Fuchs et al.
2013), which normally occurs in the catagen
phase (Ito et al. 2004). Sept4/ARTS2/2 mice
display significant improvement in wound heal-
ing. Furthermore, this phenotype depended on
K15-expressing hair follicle stem cells as indi-
cated by lineage tracing.

Taken together, these studies illustrate the
vital function of hair follicles as a cellular reser-
voir for healing skin and as a signaling center
that affects the behavior of nonhair follicle cells.

SCARLESS WOUND-HEALING PROCESS
IN MAMMALS

In association with re-epithelialization, the res-
toration of dermis takes place by migration and
proliferation of fibroblasts. The response of fi-
broblasts during wound healing determines the
outcome of tissue repair. In response to wound-
ing, macrophages and fibroblasts release growth
factors that lead to further fibroblast migration
and proliferation. They also release inflamma-
tory cytokines to induce the immune response
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to protect against external pathogens in the
wound. These fibroblasts also produce collagens
and other extracellular matrix proteins to aid in
wound repair. While collagen and ECM depo-
sition are required to close the wound efficient-
ly, they are also deleteriously responsible for fi-
brosis and scarring of the skin. Recent studies
have shown an essential role for intradermal
adipocytes in fibroblast activation and migra-
tion (Schmidt and Horsley 2013), suggesting
that multiple cell types in the dermis function
to activate the fibroblast proliferation and mi-
gration necessary to repair the dermis. Recently,
transplantation and lineage tracing have iden-
tified two distinct dermal lineages that give rise
to the upper and lower dermis, respectively. Fol-
lowing wounding, both cell types are recruited
to the wounded area. One population forms the
lower dermis in the initial injury response. In
contrast, the progeny that gives rise to the upper
dermis is recruited during re-epithelialization
and provides an environment for new hair fol-
licle formation in the wounded area. This study
illustrates the importance of the dermal contri-
bution to not only wound healing, but also to
appendage regeneration (Driskell et al. 2013).

In 1970, a seminal article reported that rab-
bit fetuses can heal wounds without the appear-
ance of scar formation (Somasundaram and
Prathap 1970). Since then, similar observations
have been reported in other mammals, includ-
ing sheep, mice, rats, and humans (Somasun-
daram and Prathap 1970; Burrington 1971; So-
pher 1972; Rowlatt 1979; Hallock 1985). In
Somasundaram and Prathap’s study (Hallock
1985), a 0.5-cm disc of skin of either newborn
or fetal (14–25 d after gestation) rabbits was
excised. In newborn rabbits, wound contraction
and scab formation are observed by 6 days after
wounding, resulting in granulation tissue de-
velopment and scar formation. In contrast, a
compact layer of spindle-shaped cells, two to
three cells thick, initially covered the fetal wound
surface. There was no apparent sign of wound
contraction, subsequent granulation tissue de-
velopment, or scar formation. These pioneering
studies did not describe or discuss whether and
how skin appendage regeneration accompanied
the scarless wound healing, presumably because

of limitations in distinguishing between embry-
onic development processes of skin appendages
and wound-induced de novo regeneration of
skin appendages at that time.

Since then, scar-free wound healing of hu-
man fetuses was reported in 1979 (Rowlatt
1979), and subsequent efforts have been di-
rected at investigating the mechanisms under-
lying scar-free wound healing by comparing the
wound-healing processes between scarless and
scarring wounds in multiple animal models.
A key difference identified in fetal wound heal-
ing is a low inflammatory reaction owing to the
absence of a fully developed immune system.
In scarless wounds, neutrophils, macrophages,
and mast cells have differences in size and ma-
turity when compared with scarring wounds
(Satish and Kathju 2010; Wulff et al. 2012). In-
triguingly, Urodeles such as newts, capable of
perfectly regenerating multiple organs includ-
ing the skin and limb, are immunodeficient
compared with other amphibians such as Xeno-
pus that show a more limited ability to regener-
ate (reviewed by Cohen 1971). The correlation
between the immune system and competence
for regeneration led to a traditional hypothesis
in wound-healing studies: inflammation may
restrict regeneration by promoting fibrosis and
scar formation.

The inflammatory response marks one of
the earliest responses in the adult skin to wound-
ing stimuli, and a number of studies have shown
that immune cell infiltration and signaling play
a key role in scar formation and fibrosis. Im-
mune cells and macrophages accumulate at a
wound site not only to fight against invading
microorganisms but also to produce various
growth factors such as FGFs and TGF-b to guide
re-epithelialization, fibroblast repopulation and
ECM remodeling. Therefore it is plausible that
scarring or fibrosis during skin repair is promot-
ed by cytokines or growth factors produced by
the inflammatory response. However, a similar
cocktail of growth factors sufficient to promote
scar formation may also be provided by skin
resident cells even in the absence of a well-devel-
oped immune system. In contrast to the semi-
nal work by Barbul et al., which showed that
immunodeficient Foxn1 null adult mice that
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lack T lymphocytes close wounds without scar
formation (Barbul et al. 1989), subsequent stud-
ies in other immunodeficient mouse mod-
els, such as Rag1-deficient mice and SCID (se-
vere combined immune deficiency) mice, which
lack both B and T lymphocytes, showed that
wounds on these mice heal with scar formation
(Gawronska-Kozak et al. 2006). Similarly, it is
reported that thymus-depleted mice and mice
treated with immunosuppressants also heal
with scar formation (Gawronska-Kozak et al.
2006). These results suggest that scar formation
is not merely dependent on the degree of the
lymphocyte-mediated inflammatory response
to wounding.

In efforts to identify the distinct molecular
characteristics in scarless wound healing, Dang
et al. (2003) analyzed the expression of matrix
metalloproteinases (MMP) and their inhibi-
tor TIMPs in scarless wounds and scarring
wounds in rats. They made full-thickness exci-
sional wounds on the dorsum of E16 and E19
fetal rats in which wounds heal without or with
scars, respectively. They compared gene expres-
sion of MMPs and TIMPs at 24, 48, and 72 h
after wounding and found that scarless wounds
have greater MMP expression relative to TIMPs
in wounds that heal with a scar. More recently,
Colwell et al. made excisional wounds on the
dorsal back skin of E17 fetal mice and 3-wk-
old postnatal mice, respectively. They compared
gene expression profiles between scarless fetal
wounds and scarring postnatal wounds by mi-
croarray at 1, 12, and 24 h, and found that up-
regulation of genes involved in DNA transcrip-
tion and repair, cell-cycle regulation, protein
homeostasis, and intracellular signaling is de-
tected more rapidly in response to wounding
in fetal wounds (Colwell et al. 2008). Addition-
ally, comparisons of scarless fetal wounds and
adult wounds report that one of the most prom-
inent and consistent differences between the
two is the high expression of TGF-b3 in mouse
and rat fetus (Cowin et al. 2001; Soo et al. 2003).
Shah et al. showed that administration of ex-
ogenous TGF-b3 into the dermis at the margins
of a full-thickness wound for 3 days reduced
monocyte and macrophage accumulation in
the wound area, resulting in reduced scar for-

mation with decreased fibronectin and collagen
I and III deposition in the early stages of wound
healing (Shah et al. 1995). These studies suggest
that production of TGF-b3 may be a key factor
to achieving scar-free wound healing. These ba-
sic animal studies pave the way to clinical trials
to control scar formation in humans, which
show that injection of recombinant human
TGF-b3 after injury or surgical removal of
scar tissue significantly reduces scar formation
(Occleston et al. 2008; So et al. 2011). Despite
these advancements, there is still no treatment
that completely prevents scar formation and in-
duces regeneration of skin appendages includ-
ing hair follicles.

REGENERATION OF SKIN APPENDAGES—
HAIR FOLLICLE NEOGENESIS

Several of the molecular and cellular events that
orchestrate mammalian wound healing have
been elucidated over the past several years. How-
ever, there is still a lack of therapeutic inter-
ventions that lead to perfect scarless skin regen-
eration that includes appendages in the adult
skin. Research aimed to influence the wound
repair process to promote regenerative healing
requires experimental models in which molecu-
lar and cellular interactions can be efficiently
dissected. Previous studies established that de
novo hair follicles form in the wound area by
recapitulating embryonic hair follicle develop-
ment, illustrating the remarkable regenerative
capacity of the adult skin (Ito et al. 2007). More-
over, this phenomenon occurred in normal
wild-type mice and therefore serves as a power-
ful model to study how growth and patterning
mechanisms can be properly activated and used
to regenerate missing appendages.

Hair follicle formation typically only occurs
during embryonic development under homeo-
static conditions. During embryonic develop-
ment, cellular interactions between epithelial
and mesenchymal cells lead to the formation
of a hair placode and dermal papilla, and their
reciprocal interactions lead to morphogenesis
and growth of the hair follicle. Coordinated ac-
tivation of several key signaling pathways in-
cluding Wnt/b-catenin and BMP regulators is
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essential for this process (Fig. 2) (Millar 2002;
Schmidt-Ullrich and Paus 2005; Myung and Ito
2012; Sennett and Rendl 2012). Once the hair
follicle forms, hair is produced cyclically by in-
teractions between epithelial stem cells in the
hair follicle bulge/secondary hair germ area
and dermal papilla cells throughout life (Cotsa-
relis et al. 1990; Kishimoto et al. 2000; Botch-
karev et al. 2001; Ito et al. 2002, 2004; Rendl et al.
2008; Greco et al. 2009; Zhang et al. 2009;
Enshell-Seijffers et al. 2010; Garza et al. 2011;
Clavel et al. 2012; Oshimori and Fuchs 2012;
Myung et al. 2013).

Mouse models with small punch wounds
(�6 mm) heal largely by contraction (note
that contraction accounts for �90% of repair
of mouse skin), while hair follicles fail to regen-
erate in the wound site (Ito et al. 2007). In con-
trast, after a large wound is made on the back
skin (1 cm2 in 3 wk old, or 2.25 cm2 in ,7 wk
old), contraction stops before wound closure
leaving a measurable wound scar area. Re-epi-
thelialization of large wounds occurs approxi-
mately 2 wk after wounding in adult mice. Re-
markably, although there is a lack of hair follicles

in the wound area at the completion of re-epi-
thelialization, de novo hair follicles are found
in this area 2–3 d after re-epithelialization. It
is unknown how hair follicle neogenesis occurs
only in the center of the wounds and is absent in
the peripheral area of wounds. During hair fol-
licle neogenesis, expression of several genes that
are required for embryonic hair follicle develop-
ment, such as Wnt10b, Lef1, and Shh, were ob-
served. Moreover, in transgenic mice in which
epithelial cells secrete the Wnt inhibitor, Dkk1,
wound closure occurs normally, while hair neo-
genesis is inhibited. Similar defects were also
observed in another transgenic mouse that
lacks epithelial Wntless (Wls) expression, which
is required for Wnt ligand secretion (Myung
et al. 2013). In contrast, the number of regener-
ated hair germs significantly increased in K14-
Wnt7a transgenic mice that overexpress Wnt7a
in the epidermis. These results suggest that the
secretion of Wnt ligands from the epidermis
promotes hair follicle neogenesis in adult mice
(Fig. 2).

A more recent study from Gay et al. (2013)
showed the role of FGF9 secretion from gd-T

Morphogenesis

Wnt ligand(s)Epidermis

Dermis Unknown factor
Wnt activation
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Wnt activation
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After wounding After re-epithelialization
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Figure 2. Schematic illustration of molecular mechanisms during hair follicle morphogenesis (top) and neo-
genesis (bottom).
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cells and activation of Wnt signaling in dermal
fibroblasts on hair follicle neogenesis (Fig. 2).
They found that following large full-thickness
excisional wounds, gd-T immune cells accumu-
late within the wound site and secrete FGF9 be-
fore re-epithelialization. Subsequently, FGF-9
induces Wnt2 expression in dermal fibroblasts,
which in turn leads to activation of Wnt signal-
ing in dermal fibroblast in an autocrine manner
and induces FGF-9 expression in Wnt-activated
dermal fibroblasts. In mice that lack gd-T cells
(Tcrb2/2 mice ) or FGF-9 expression specifi-
cally in T cells (Lck-Cre:Fgf9 fl/fl mice), wound
closure occurs normally, while Wnt signaling is
abrogated in dermal fibroblasts, resulting in de-
creased hair neogenesis. These findings showed
that the interplay between immune cells and
skin fibroblasts recruited to the wound site is
essential to the activation of molecular pathways
that promote hair follicle regeneration. On the
other hand, another study showed that applica-
tion of prostaglandin (PGD2), an inflammatory
mediator, inhibits hair neogenesis while new
hair formation is enhanced in mice that lack a
receptor for PGD2, GPR44 (Nelson et al. 2013).
These results suggest that inflammatory media-
tors involved in wound healing have the abil-
ity to modulate hair follicle regeneration in the
wound area.

Although de novo hair follicles formed in
the wound were repopulated with functional
epithelial stem cells that possess the ability to
drive cyclical growth of the new hair follicles,
most of the neogenic hairs were unpigmented
(Ito et al. 2007; Chou et al. 2013). It is believed
that formation of unpigmented hair follicle was
caused by the lack of melanocytes in the wound
area. In the normal skin, melanocyte stem cells
(McSCs), responsible for hair pigmentation, are
located in the hair follicle bulge and secondary
hair germ niche together with epithelial stem
cells (Nishimura et al. 2002). The coordinated
activation of these two stem cell populations
through co-activation of Wnt signaling results
in pigmented hair production (Rabbani et al.
2011). McSCs in the hair follicles that surround
the wound migrate upward and populate the
wound epidermis (Fig. 3) (Chou et al. 2013).
It was also found that the distribution of epi-

dermal melanocytes is restricted to the wound
periphery, and epidermal melanocytes are occa-
sionally found in the wound center where hair
neogenesis occurs. In instances where melano-
cytes are able to migrate to the center, epidermal
melanocytes participate in hair neogenesis. As
de novo hair follicles develop, McSCs are re-es-
tablished in the newly formed bulge, and these
hair follicles produce pigmented hair. These re-
sults indicate that when melanocytes are present
in the region of the skin where de novo hair
follicle formation occurs, these cells can prop-
erly interact with epidermal and dermal cells
to participate in hair follicle neogenesis after
wounding.

Recently, similar hair follicle neogenesis was
reported in another mouse strain, the African
spiny mouse (Acomys) (Seifert et al. 2012a).
Sixty percent of the total dorsal surface area
of these mice are torn up as a result of autotomy
and regenerate pigmented hair follicles within
30 d after autotomy. Acomys can also regener-
ate hair follicles after 4 mm2 small wounds un-
like other mice. Moreover, the wound-healing
process of Acomys shared similar characteris-
tics observed in mammalian fetuses, such as
slow deposition of the extracellular matrix and
high-level expression of collagen III. These ob-
servations suggest that hair follicle neogenesis
may occur more effectively when the wound-
healing process is similar to what occurs in fe-
tuses.

CONCLUDING REMARKS AND
REMAINING QUESTIONS

Previous studies have established the contribu-
tion of skin appendages to wound healing. How
wounding stimuli recruit stem cells for re-epi-
thelialization is not fully understood. Further
understanding of the molecular mechanisms
underlying the plasticity of epithelial stem cells
in the hair follicle will be necessary to design
strategies to efficiently exploit stem cells to en-
hance tissue regeneration during wound heal-
ing. At the same time, it is now clear that wound
stimuli can trigger the skin to engage embryon-
ic programs to regenerate hair follicles in adult
mice. The relationship between scarless heal-
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ing and the ability to regenerate epidermal ap-
pendages in the wound site is currently unclear.
Wound-induced scar formation and epidermal
appendage regeneration likely share some com-
mon signals or mechanisms. However, it is un-
known how the mechanisms that lead to these
two distinct consequences of wound healing
are synchronized. For example, it is still unclear

whether precluding scar formation is a prereq-
uisite to permit the skin to regenerate its ap-
pendage or whether the addition of morphoge-
netic signals in the presence of scar formation
can promote epidermal appendage formation.
To integrate our understanding of wound heal-
ing and appendage regeneration, it will be im-
portant to dissect how molecular signals that

McSCs

McSCs

Trp2-LacZ Trp2-LacZ

A

D

G

E

B C

F

45 d 46 d 28 d

80 d25 d11 d

Melanocytes

Plgmented hair

Re-epithelialization

Wound periphery Wounded site

Hair follicle neogenesis Hair follicle development

Bulb

Bulge Follicle-derived melanocytes

Trp2-LacZ

Figure 3. Contribution of hair follicle–derived melanocytes to hair follicle neogenesis. (A–C) Hair regeneration
from newly formed hair follicle in wound area. Note that almost all hair lack pigment. (D) Distribution of hair
follicle derived melanocytes in the wound in Dct-LacZ reporter mice in which melanocyte including McSCs are
labeled with LacZ. Most of the epidermal melanocytes are restricted to the wound periphery, and only a few
melanocytes are found in the center of wound where hair follicle neogenesis occurs (red dashed line). (E)
Occasional pigmented hair regeneration. (F) Whole mount view of newly formed hair follicle that produce
pigmented hair. Note the presence of McSCs in the bulge. (G) Schematic illustration of the contribution of hair
follicle–derived melanocytes to hair follicle neogenesis. Scale bars, 1 mm. (A–C from Ito et al. 2007; repro-
duced, with permission; D–G from Chou et al. 2013; reproduced, with permission.)
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are activated at each stage of the wound-healing
process influence the behavior of each skin cell
type and how these signals ultimately promote
scarring and/or appendage regeneration.

Interestingly, epidermal appendage regener-
ation also impacts surrounding cells. This con-
cept is illustrated by a study that showed that
epithelial stabilization of b-catenin in adult
skin, known to trigger de novo hair follicle for-
mation, confers embryonic characteristics to
surrounding dermal cells (Collins et al. 2011).
These observations suggest that epidermal ap-
pendage formation is not merely a result of re-
generative healing, but may be allowing regen-
erative healing of surrounding dermal cells.
Importantly, on amputation of the mouse digit
tip, regeneration of underlying mesenchymal
bone occurs only in association with nail regen-
eration (Fig. 4) (Borgens 1982; Zhao and Neu-
feld 1995; Mohammad et al. 1999; Takeo et al.
2013). Wound healing following digit amputa-
tions proximal to the visible nail plate lacks nail
regeneration and ends with scarring. These stud-
ies highlight the possibility that epidermal ap-
pendage formation emits multiple morphogens
that signal to other cell types in a paracrine man-
ner. Little is known about the interplay between
heterotypic cells that coordinately orchestrate
wound healing and regeneration. Dissecting
the molecular crosstalk between epidermal ap-
pendage regeneration and dermal repair may
provide important clues to instruct dermal cells
to engage embryonic/regenerative programs

and reduce scarring. These future studies hold
the promise to develop novel and innovative ap-
proaches to exploit our cumulative understand-
ing of signals that govern epidermal appendage
regeneration and wound healing.
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