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Abstract

Wound-induced hair follicle neogenesis (WIHN) describes a regenerative phe-
nomenon in adult mammalian skin wherein fully functional hair follicles regener-
ate de novo in the center of large excisional wounds. Originally described in rats,
rabbits, sheep, and humans in 1940—1960, the WIHN phenomenon was reinves-
tigated in mice only recently. The process of de novo hair regeneration largely
duplicates the morphological and signaling features of normal embryonic hair de-
velopment. Similar to hair development, WIHN critically depends on the activation
of canonical WNT signaling. However, unlike hair development, WNT activa-
tion in WIHN is dependent on fibroblast growth factor 9 signaling generated by
the immune system’s 8 T cells. The cellular bases of WIHN remain to be fully
characterized; however, the available evidence leaves open the possibility for a
blastema-like mechanism wherein epidermal and/or dermal wound cells undergo
epigenetic reprogramming toward a more plastic, embryonic-like state. De novo
hair follicles do not regenerate from preexisting hair-fated bulge stem cells. This
suggests that hair neogenesis is not driven by preexisting lineage-restricted pro-
genitors, as is the case for amputation-induced mouse digit tip regeneration, but
rather may require a blastema-like mechanism. The WIHN model is characterized
by several intriguing features, which await further explanation. These include (1)
the minimum wound size requirement for activating neogenesis, (2) the restriction
of hair neogenesis to the wound’s center, and (3) imperfect patterning outcomes,
both in terms of neogenic hair positioning within the wound and in terms of their
orientation. Future enquiries into the WIHN process, made possible by a wide array
of available skin-specific genetic tools, will undoubtedly expand our understanding
of the regeneration mechanisms in adult mammals.
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The hair follicle as the model for and mesenchymal cells that work in concert to generate a

mammalian regeneration

hair shaft. The HF’s epithelial cells proliferate and differen-
tiate to become a shaft, while its mesenchymal components,

The hair follicle (HF), a defining anatomical feature of all primarily the dermal papilla, function as the HF’s signaling
mammals, is an intricate mini-organ composed of epithelial center. Anatomically, the HF can be divided into a permanent
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upper portion and a transient lower portion, and within the
permanent portion of the HF lies its slow cycling stem cells,
also known as bulge stem cells (Cotsarelis et al. 1990; Morris
et al. 2004; Tumbar et al. 2004; Snippert et al. 2010). The
progeny of these stem cells divide rapidly and generate all
the lower HF’s structures, including the hair shaft (Taylor
et al. 2000; Morris et al. 2004). Hair shafts grow for a fi-
nite period of time, reflecting the underlying cyclical nature
of physiological HF regeneration. The so-called hair growth
cycle consists of phases of active growth (anagen), involution
(catagen), and relative quiescence (telogen) (Stenn & Paus
2001; Schneider et al. 2009).

While the HF displays prominent physiological regener-
ation, it also regenerates following injury. Indeed, the adult
HF can efficiently “rebuild” after micro-injury, partial am-
putation, and even complete amputation (Fig. 1), making it
a valuable model for studying cellular and signaling mecha-
nisms of injury-induced regeneration in mammals.

Injury types and regenerative
responses

Broadly speaking, three types of injury can be recognized
depending on the severity: (1) micro-injury, when individ-
ual cells or small groups of cells are lost; (2) partial am-
putation, when part of the complex structure, with one or
several distinct cell types, is destroyed; and (3) complete am-
putation, when the whole tissue with all its cells, including
parenchyma and stroma, is lost. The regenerative mechanism
in the first case may only require reshuffling of cell positions;
however, complete amputation requires tissue regeneration
from “scratch,” a process that may involve the formation
of a blastema. Below, we briefly discuss HF regeneration
responses after all three injury types (Fig. 1).

Regeneration following micro-injury

Regeneration following micro-injury occurs within a largely
preserved tissue architecture and a largely undisturbed com-
plex signaling environment. Recently, the study of HF re-
sponses to such micro-injuries became possible with the use
of targeted laser ablation (Rompolas et al. 2013) and genetic
cell ablation techniques (Hsu et al. 2011; Chi et al. 2013).
With both techniques, a specific cell population can be selec-
tively targeted and destroyed, and the cellular dynamics that
follow can be studied using fate-mapping approaches.
Micro-injuries of HF epithelial stem cells are typically
repaired efficiently via recruitment of nearby progenitors.
When the HF bulge is laser-ablated during telogen, the va-
cant niche is repopulated by the neighboring hair-fated pro-
genitors from the hair germ, and possibly from supra-basal
stem cells as well. As a result, damaged HFs can reenter the
hair growth cycle (Rompolas et al. 2013) (Fig. 1A). Simi-
larly, HFs repair and regenerate following partial depletion
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of bulge stem cells via inducible expression of diphtheria
toxin fragment A (DTA) using a bulge-specific Cre driver
(Hsu et al. 2011). In this case, repair occurs from the remain-
ing bulge stem cells that survive DTA depletion.

Micro-injuries in the HF mesenchymal compartment can
also be repaired. Partially DTA-depleted dermal papilla can
be restored over time as the HF cycles, such as through cell
proliferation during early anagen (Chi et al. 2010) (Fig. 1B).
Cells from the neighboring dermal sheath can also contribute
to dermal papilla repair (Jahoda 2003; McElwee et al. 2003;
Tobin et al. 2003; Rahmani et al. 2014). As a result, HFs can
continue to cycle, although they may produce more diminu-
tive hair shaft types (Chi et al. 2013). Interestingly, if der-
mal papilla depletion is more dramatic, leaving fewer than
10 cells, HFs cease to cycle and become arrested in telogen
(Chi et al. 2013). Similarly, the dermal papilla cannot regen-
erate following its complete laser ablation during telogen, and
subsequently HFs fail to regenerate (Rompolas et al. 2012).
Taken together, repair of HF micro-injuries mainly occurs
using neighboring cells, which share a close lineage rela-
tionship and micro-anatomical location with the lost cells.

Although not specifically investigated in the HF, repair
following micro-injury in mammals can involve cell type
reprogramming, the mechanism referred to as “facultative
stem cell” activation (Desai & Krasnow 2013). As the term
implies, facultative stem cells under normal conditions are
differentiated cells that take on a multipotent state following
injury. Regeneration via facultative stem cells occurs only
in special circumstances, such as when they share a close
developmental origin with the missing cell type. For exam-
ple, following toxin-induced depletion of the liver’s biliary
epithelial cells, regeneration can occur via reprogramming
of hepatocytes (Yanger et al. 2013; Yanger & Stanger 2014).
In the lung, alveolar type 1 cells can be replaced through re-
programming of neighboring type 2 cells following selective
type 1 cell ablation via hyperoxic injury (Desai et al. 2014).
In the trachea, differentiated secretory cells can dedifferenti-
ate and convert into new basal epithelial stem cells following
genetic ablation of the endogenous basal stem cell popu-
lation (Tata et al. 2013). Similarly, in the stomach corpus,
differentiated secretory Troy—+ chief cells can acquire stem
cell properties and regenerate the entire crypt following ge-
netic depletion of the primary crypt’s stem cell compartment
(Stange et al. 2013). Importantly, all these small-scale regen-
eration responses do not rely on the formation of a blastema.
Instead, they occur via repopulation of vacant anatomical
niches, which supply the necessary signaling cues for proper
repair.

Regeneration following partial amputation

The anagen HF can also regenerate following amputation of
its lower portion. HF responses to partial amputation have
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Figure 1. Injury types and regenerative responses by adult HFs. HFs can efficiently regenerate following micro-injury, as well as partial and
complete amputation. (A), (B) Micro-injury of bulge stem cells in telogen HFs, such as by laser ablation, can be efficiently repaired from the
neighboring epithelial progenitor populations in the hair germ and possibly isthmus. Genetic ablation of dermal papilla cells in anagen HFs
can be restored from the surviving dermal papilla cells and/or via recruitment of the neighboring dermal sheath cells. (C), (D) Anagen vibrissa
follicles efficiently regenerate following amputation of the lower third, which includes the entire dermal papilla. Midway (lower half) amputations
can also regenerate; however, this requires transplantation of a new dermal papilla. (E), (F) HFs can regenerate de novo following large
excisional skin wounding in adult mice. This regenerative phenomenon is known as wound-induced hair follicle neogenesis (WIHN). WIHN

does not occur in small excisional wounds.

been a subject of extensive research in classic studies on the
model of rat vibrissae (reviwed in Plikus 2014). When the
lower third of the vibrissa HF, along with its dermal papilla,
is amputated, repair occurs from the remaining upper por-
tion (Fig. 1C). The amputated vibrissa HF regenerates a new
dermal papilla and reenters anagen, suggesting restored func-
tionality (Oliver 1966). This more profound regeneration is
not limited to vibrissae but also occurs in human HFs, al-
beit with low efficiency (Jahoda et al. 1996). Regeneration
of the dermal papilla appears to be a key factor that lim-
its vibrissa regeneration after more extensive amputations.
Although midway-amputated vibrissa follicles generally fail
to regenerate spontaneously, they can regenerate following
dermal papilla grafting (Oliver 1967) (Fig. 1D). These obser-
vations suggest that lower, but not upper, dermal sheath cells
can regenerate new dermal papilla because HF:s fail to regen-
erate when the lower dermal sheath is completely removed.
Furthermore, the ability of midway-amputated HFs to regen-
erate also suggests that upper epithelial cells, which include
bulge stem cells, are competent to regenerate the missing
HF parts, provided that they receive instructive signals from
the dermal papilla. Importantly, the occurrence of this phe-
nomenon in rodent pelage HFs has not yet been definitively
reported.

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.

Regeneration following complete
amputation

Conventionally, partial amputation was thought to represent
the upper limit of adult HF regeneration, and injuries that in-
volved a more profound loss of HF structures, such as com-
plete HF loss in excisional skin wounds, were considered
irreparable. Indeed, skin wounds in adult mammals typically
heal with scarring (Fig. 1E). However, in instances when ex-
cisional wounds are large (1 cm in diameter in mice), de novo
HFs can regenerate in the wound’s center—a phenomenon
known as wound-induced hair follicle neogenesis (WIHN)
(Dann et al. 1941; Taylor 1949; Breedis 1954; Billingham
& Russell 1956; Kligman & Strauss 1956; Billingham 1958;
Kligman 1959; Brook et al. 1960; Mikhail 1963; Stenback
etal. 1967; Ito et al. 2007, Seifert et al. 2012; Gay et al. 2013)
(Fig. 1F). Considering that HFs form only once during em-
bryonic development and normally do not do so in adult skin,
WIHN is an example of embryonic-like regeneration—a type
of regenerative response rarely seen in mammals.
Embryonic-like regeneration is prevalent in non-
mammalian vertebrates, and two principal regenerative
responses can be distinguished based on the cellular mecha-
nism: (1) regeneration from lineage-restricted, tissue-specific
stem cells, and (2) regeneration via lineage reprogramming,

171



Principles and mechanisms of hair follicle neogenesis

such as in the process of dedifferentiation—redifferentiation.
The former mechanism is observed upon mouse digit tip re-
generation, another well-known example of embryonic-like
regeneration in mammals (Lehoczky et al. 2011; Rinkevich
et al. 2011; Takeo et al. 2013; Leung et al. 2014). Similarly,
during limb regeneration in the axolotl (Ambystoma mexi-
canum), skeletal muscle regenerates from preexisting Pax7+
muscle-fated stem cells (Kragl et al. 2009; Sandoval-Guzman
et al. 2014). An example of embryonic-like regeneration via
cellular reprogramming is the regeneration of an amputated
eye lens in newts and frogs, which occurs via reprogramming
of the iris pigmented epithelial cells (Freeman 1963; Eguchi
et al. 1974; Henry & Elkins 2001; Tsonis & Del Rio-Tsonis
2004). Additionally, radial neuroglia cells can reprogram into
muscle and cartilage during tail regeneration (Echeverri &
Tanaka 2002), and dermal fibroblasts can reprogram into
chondrocytes during limb regeneration in the axolotl (Kragl
et al. 2009; Hirata et al. 2010).

The latter mechanism of regeneration is commonly asso-
ciated with the formation of a blastema. Although the term
“blastema” is deeply rooted in the context of Urodele regen-
eration biology, broadly speaking it defines a mass of prolif-
erating multipotent progenitors at the site of amputation that
serves as the cellular source for de novo regeneration (Hay
& Fischman 1961; O’Steen & Walker 1961; Gardiner et al.
1986; Muneoka et al. 1986; Roensch etal. 2013). In Urodeles,
the formation of the blastema requires the induction of a spe-
cialized epidermis known as the apical epithelial cap (Singer
& Inoue 1964), which secretes a number of signaling mor-
phogens including fibroblast growth factors (FGFs) (Chris-
tensen et al. 2002; Satoh et al. 2011), bone morphogenic
proteins (BMPs) (Makanae et al. 2014), and Wingless-Int
(WNTs) (Ghosh et al. 2008; Shimokawa et al. 2013). Cellu-
lar reprogramming is thought to be one of the mechanisms
by which blastema cells acquire multipotency (Satoh et al.
2008a; Satoh et al. 2008b; McCusker & Gardiner 2013). To
date, reprogramming is yet to be confirmed for embryonic-
like regeneration in mammals; however, blastema-like his-
tological features have been noted during ear regeneration
in the African spiny mouse (Acomys) (Seifert et al. 2012;
Tanaka 2012). Below, we argue that the phenomenon of HF
neogenesis in large skin wounds, in combination with the
plethora of genetic tools available in Mus musculus, presents
itself as a highly promising and tractable experimental model
to further probe for blastema-like regeneration in mammals.

Basic features of the WIHN model

Although neither was recognized at the time as WIHN, de
novo regeneration of HFs was first observed in adult rats
by Dann et al. (1941) following excisional wounding and
by Taylor (1949) following full-thickness skin cryo-injury.
Several years later, the WIHN phenomenon was reported
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and explicitly recognized in rabbits by Breedis (1954) and
Billingham & Russell (1956). Breedis (1954) wrote that fol-
lowing excisional wounding “functioning hair follicles and
sebaceous glands appeared in the scars, sometimes in great
profusion.” Similarly, Billingham & Russell (1956) reported
that “with the production of these [neogenic] hairs the origi-
nally smooth scars may be said to have become transformed
into a sort of ad hoc skin.” Additional studies confirmed
WIHN in sheep (Brook et al. 1960), rarely in humans (Klig-
man & Strauss 1956; Kligman 1959), and once again in
rats (Mikhail 1963) and rabbits (Stenback et al. 1967). Im-
portantly, around the time of its discovery, the WIHN phe-
nomenon was not universally accepted. After repeating full-
thickness wounding experiments in rabbits, Straile (1959)
concluded that “uninjured follicles moved from the periph-
ery into the wounds and repopulated them without evidence
of a neoformation.” However, Billingham (1958) argued that
“there can be little doubt that an interaction of epidermis and
dermis is involved in initiating the development of hairs, and
the process of hair neogenesis, as seen in wounds in adult
rabbits, probably does not differ significantly from that which
occurs normally in neonatal life.”

Surprisingly, these early accounts of the WIHN phe-
nomenon went largely forgotten, and during the next four
decades the prevailing dogma was that HFs form only once
in ontogenesis—during embryonic development—and that
skin wounds in adults inevitably heal into hairless scars. Only
recently, following the landmark study by Ito et al. (2007),
did the re-discovery of the WIHN phenomenon in adult mice
occur. Through careful observations and with the help of
an array of genetic mouse tools, Ito et al. (2007) unequiv-
ocally confirmed that HFs in the wound’s center regenerate
de novo via a process that recapitulates normal embryonic
hair morphogenesis. A series of recent studies describing the
cellular and signaling aspects of hair neogenesis have dramat-
ically raised awareness of the WIHN phenomenon, carrying
it into the broader scope of stem cell biology and regenera-
tive medicine (Fan et al. 2011; Sun et al. 2011; Seifert et al.
2012; Driskell et al. 2013; Fuchs et al. 2013; Gay et al. 2013;
Myung et al. 2013; Nelson et al. 2013; Takeo et al. 2015). A
study by Seifert et al. (2012) on hair neogenesis following
autotomy-like skin shedding in Acomys is of particular inter-
est (also reviewed in Tanaka 2012; Seifert & Maden 2014).
It demonstrates that WIHN can be an indispensable part of a
natural adaptation against predation—spiny mice have very
fragile skin that breaks easily, leaving large full-thickness
wounds that efficiently regenerate numerous HFs.

In Mus musculus, WIHN is typically observed follow-
ing large wounding on the lower back, when a circular re-
gion of skin, at least 1 cm in diameter, is excised (Ito et
al. 2007). Wound size appears to be the key factor deter-
mining WIHN activation, with excisional wounds smaller
than 1 cm generally failing to regenerate de novo HFs. In

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.
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adult mice older than 2 months, wounds 1.5 cm in diame-
ter are recommended for more efficient WIHN. Early post-
wounding events in the WIHN model are typical of all ex-
cisional wounds and include reepithelialization over newly
formed granulation tissue. These processes culminate in full
reepithelialization and scab detachment on post-wounding
day 13—14 (PWD13—14) (Fig. 2). This time point, also re-
ferred to as scab detachment day O (SDO) (Fan et al. 2011),
coincides with the onset of HF neogenesis. Placodes of the
first de novo follicles appear on day SD1 and continue to
emerge asynchronously over the course of the following
week, until the process plateaus at around PWD21. Indeed,
as exemplified in Figure 3A, neogenic hairs at various stages
of morphogenesis can be seen within the wound’s center at
PWD22. In vivo temporal dynamics of HF neogenesis in
the WIHN model are comprehensively covered by Fan et al.
(2011).

Typically, de novo follicles form in the very center of the
wound (Fig. 3A, B); however, more peripheral locations are
not uncommon (Figs 3D, 4B). Importantly, in all instances,
de novo follicles are separated from the preexisting folli-
cles at the wound’s edge by a circular, hairless scar (Fig. 3).
All neogenic hairs have zigzag morphology (note that four
distinct hair morphologies exist in normal mouse pelage:
guard, awl, auchene, and zigzag [Sundberg & Hogan 1994]),
and typically lack pigmentation in otherwise pigmented mice
(Ito et al. 2007). In rare instances, a few pigmented neogenic
hairs can also form (Fig. 3B). Commonly, de novo HFs form
one large cluster with (Figs 3C, 4A) or without a few small
satellite clusters (Fig. 3A, B). Rarely, multiple small clusters
scattered throughout the wound can be observed (Fig. 4B).
Importantly, even in age, gender, and strain matched litter-
mates, the efficiency of hair neogenesis varies, ranging from
justafew follicles (Fig. 3D) to several hundred (Fig. 3C), sug-
gesting a stochastic component to the WIHN phenomenon.
Classic accounts of WIHN in rabbits indicate that neoge-
nesis can be very efficient with as many as 3500 de novo
follicles forming per injured area (Billingham 1958) (note
that neogenesis-inducing wounds in rabbits are larger than in
mice, usually 2.5 cm in diameter).

Importantly, de novo HFs contain functional bulge stem
cells and undergo repetitive hair growth cycles, similar to
normal HFs (Ito et al. 2007). Typically, de novo follicles
enter first telogen at around PWD35 (albeit asynchronously
due to their asynchronous morphogenesis), and then enter
second anagen at around PWD45 (Fig. 2). Orientation is
another important aspect of neogenic hairs. While normal
hairs in the mouse dorsum follow the same cranial—caudal
orientation (Guo et al. 2004), the axial position of neogenic
hairs varies significantly. Although sometimes they appear
to lack any specific orientation (Figs 3B and 4D, purple sub-
domain), they often share a common orientation within one
cluster (Fig. 4B) or a sub-cluster (Fig. 4A, C and D). The

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.
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latter observation indicates that a rudimental hair patterning
mechanism functions in the WIHN model.

Cellular basis of de novo hair
neogenesis—the possibility of a
blastema-like mechanism

Neogenic HFs in the wound’s center regenerate all key ep-
ithelial and mesenchymal cell types characteristic of normal
body hair. Critically, each neogenic follicle forms a new
bulge populated by functional epithelial stem cells and a new
mesenchymal dermal papilla (reviewed in Chuong 2007; Ito
et al. 2007). Although the definitive origin of these de novo
follicular cell populations remains to be elucidated, a few
clues are beginning to emerge.

In their original study, Ito et al. (2007) elegantly showed
that preexisting Krt154 bulge stem cells in HFs located on
the wound edge do not give rise to neogenic hairs. Although
Krt15+ stem cells are efficiently recruited from peri-wound
HFs to the newly forming wound epidermis (Ito et al. 2005;
reviewed in Plikus et al. 2012), their progeny are short-
lived and distinctly fail to contribute toward hair neogenesis.
Therefore, de novo follicles do not regenerate from hair-fated
bulge epithelial progenitors. One possibility is that neogenic
hairs regenerate from the progeny of Lrigl+ (Jensen et al.
2009), Lgr6+ (Snippert et al. 2010), and/or Glil+ stem cells
(Brownell et al. 2011) residing in the upper, supra-bulge com-
partments of the peri-wound follicles. Indeed, all of these
stem/progenitor cell types were previously shown to give
rise to long-lasting cell clones in the wound epidermis (re-
viewed in Plikus et al. 2012). Another possibility is that
progeny of bona fide interfollicular epidermal cells expand
their lineage plasticity and acquire competence to regenerate
hair lineages de novo—a level of cellular plasticity not nor-
mally observed in unwounded skin. The latter possibility im-
plies some degree of epigenetic reprogramming in the wound
epidermis and a blastema-like mechanism for HF neogene-
sis. Although Shaw and Martin (2009) observed prominent
changes in the epigenetic makeup of new wound epidermis,
the overall mechanisms for epigenetic reprogramming during
mouse wound healing remain largely unexplored (reviewed
in Plikus et al. 2014).

Similarly, the lineage origin of neogenic dermal papil-
lae in the WIHN model remains to be established. A re-
cent study by Driskell et al. (2013) identified two principal
dermal fibroblast lineages in the normal skin termed upper
papillary and lower reticular populations. Lineage studies fol-
lowing wounding indicate that progeny of both reticular and
papillary fibroblasts contribute to the wound’s granulation
tissue in successive waves. Although normal dermal papil-
lae derive from the papillary lineage during embryonic hair
morphogenesis, and papillary, but not reticular, fibroblasts
display hair-inducing properties in the so-called chamber hair
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Epidermis

Figure 2. Timeline of hair follicle regeneration in
the WIHN model. (A) Hair neogenesis in mice

occurs in large excisional wounds equal to, or " p

larger than, 1 x 1 cm. (B) The wound
epithelializes and granulation tissue forms
during early PWD0—14. (C) De novo hair
placodes start to form around PWD14 and
continue until approximately PWD19. (D) Newly
formed HFs achieve full differentiation over the
next 14—15 days (until approximately
PWD33-34). (E), (F) Following a transient
telogen phase (PWD35), de novo follicles

reenter second anagen at around PWD45. = v
Similar to normal HFs in the unwounded skin, de ¥ 7
novo follicles in the wound center contain bulge
stem cells and can cycle repetitively.

= l

=1

reconstitution assay (Driskell et al. 2013), future lineage stud-
ies are required to fully define the origin of neogenic dermal
papillae in the WIHN model. At present, the blastema-like
mechanism, wherein wound fibroblasts undergo epigenetic
reprogramming to a more plastic embryonic-like state and
acquire a dermal papilla identity via de novo lineage com-
mitment, remains plausible.

Importantly, not all mesenchymal cell lineages appear to
regenerate in the WIHN model. Billingham & Russell (1956)
reported that, at least in rabbits, neogenic follicles lack the
arrector pili muscle, which accompanies HFs in normal skin
and whose contraction is responsible for the “goose bumps”
effect. Future studies are required to comprehensively profile
the types and the origin of all neogenic cell populations in
the WIHN model.

Signaling mechanism of de novo
hair neogenesis

HF neogenesis critically depends on activation of the canoni-
cal WNT pathway, duplicating the signaling requirements of
embryonic HF morphogenesis (Andl et al. 2002; Zhang et al.
2009). Ito et al. (2007) showed that ablation of WNT respon-
siveness in wound epidermis by means of inducible B-catenin
deletion completely ablated hair neogenesis. A similar effect
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was achieved via inducible overexpression of the WNT an-
tagonist Dkk1 after, but not prior to, wound reepithelial-
ization. Furthermore, overexpression of secreted WNT lig-
and throughout the wound epidermis in Krt/4-Wnt7a mice
enhanced the efficiency of hair neogenesis by more than
twofold. Correlations between WNT activation and HF neo-
genesis were also reported in the regenerating wounds of
African spiny mice (Seifert et al. 2012).

What is the source(s) of WNT ligands that drives hair
neogenesis in the WIHN model? A recent study by Myung
et al. (2013) showed an essential role for epidermal WNTs.
Inducible ablation of the WNT secreting function in the
wound epidermis by means of Wntless (G-protein-coupled
receptor 177) deletion in Krtl4-CreER; Wis" mice pre-
vented regeneration of de novo hairs. In another study, Gay
et al. (2013) showed an important role for dermal WNT's and
also revealed the unexpected role of immune system cells in
initiating the dermal WNT signaling cascade. They showed
that WNT activation in WIHN is preceded by, and critically
depends on, an earlier fibroblast growth factor 9 (Fgf9) signal
generated by y8 T cells. Large numbers of 8 T cells migrate
into the wound bed and proliferate a few days prior to the
onset of HF neogenesis. They further showed that genetic
ablation of y§ T cells or deletion of Fgf9 specifically in the
T cell lineage decreased hair neogenesis efficiency. y§ T cell

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.
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Figure 3. Key features of regenerated excisional skin wounds. (A) Typically, de novo HFs occupy the center of the regenerated wound
(neogenesis zone, green). The neogenesis zone is always separated from the unwounded skin (yellow) by a hairless scar (red). This way,
de novo HFs can be positively identified as residing in hair-bearing areas surrounded by the rim of hairless scar tissue. At early PWD time
points, both less and more mature de novo HFs can be seen, reflecting partial asynchrony of hair neogenesis. (B) Mature anagen de novo HFs
are present during the late post-wounding time period, PWD28. While the majority of the de novo HFs lack pigmentation, occasionally a few
pigmented follicles can regenerate. (C), (D) Hair neogenesis displays a notable degree of variability, ranging from just a few HFs (D) to several
hundreds (C). Here, WNT pathway reporter Axin2-LacZ (A) and BMP pathway reporter BRE-gal (B—D) mice (Javier et al. 2012) were used to
aid visualization of neogenic hairs as strongly lacZ-positive. Size bar 1 mm.

derived Fgf9 acts on the neighboring myofibroblasts in the
early scar tissue, inducing them to secrete Wnt2a ligand
for their subsequent WNT activation. Importantly, overex-
pression of WNT ligands in wound epidermis of the Krt/4-
Wnt7a mice does not rescue hair neogenesis in mice lacking
y 8 T cells, suggesting largely non-overlapping functions for

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.

dermal and epidermal WNT sources. The study by Gay et al.
(2013) also showed that the signaling context of embryonic-
like regeneration can differ from that of actual embryonic
morphogenesis. Development of normal HFs precedes mat-
uration of T cells in embryogenesis, and although both
morphogenetic processes probably depend upon the same
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Figure 4. Distribution and orientation of neogenic hairs in regenerated wounds. (A) Commonly, regenerated HFs form one large cluster (also
see Fig. 3). One or a few small secondary cluster(s) can also be present. (B) Seldom, multiple small de novo HF clusters can form (eight clusters
here). (C), (D) Orientation of de novo HFs can range from seemingly random (D, purple region; also see Fig. 3) to unidirectional. Commonly,
the neogenesis zone can contain several sub-clusters of HFs with distinct orientation (C). Hairs have similar direction within a sub-cluster, but
often opposite of that in the neighboring sub-cluster (white vs. black in C and D). Here, WNT pathway reporter BAT-gal (A—C) and BRE-gal
reporters (D) were used to aid visualization of neogenic hairs as strongly lacZ-positive. Size bar 1 mm.

signaling pathways, the source of signaling ligands can be
different, thus providing regeneration with added flexibility.

Does hair neogenesis depend on the earlier, largely pro-
inflammatory signaling events that take place during the
initial phase of wound closure? A recent study by Nelson
et al. (2013) indicates a role for prostaglandin PGD2
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signaling. Treatment of wounds with pro-inflammatory
PGD2 decreases the efficiency of hair neogenesis, while
genetic deletion of the Gpr44 PGD2 receptor increases it.
Future studies on the WIHN model will be necessary to deci-
pher how pro- and anti-inflammatory signaling pathways act
to suppress and/or augment pro-regenerative WNT signaling.

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.
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Unanswered questions and future
challenges of the WIHN model

Does cellular reprogramming take place?

The cellular basis for WIHN is not fully understood and
two alternative mechanisms, stem cell versus reprogram-
ming based, are yet to be exhaustively tested. According
to the stem cell scenario, preexisting hair-fated epithelial
and dermal progenitors from wound edge HFs migrate to-
wards the wound center and reassemble into de novo hairs.
In a reprogramming scenario, dermal and/or epidermal cells
undergo epigenetic “rewiring” towards a dedifferentiated,
embryonic-like state, followed by de novo redifferentiation
towards hair-fated lineages during WNT-dependent HF neo-
genesis. Lineage studies by Ito et al. (2007) showed a lack
of contribution to neogenic hairs from preexisting Krt15+
bulge stem cells, arguing against a stem cell based mech-
anism. The contribution from other supra-bulge epithelial
stem cells, Lrigl+ (Jensen et al. 2009), Lgr6+ (Snippert
et al. 2010), and Glil+ (Brownell et al. 2011), as well as
from interfollicular epidermal basal layer cells remains to be
comprehensively tested in the WIHN experiment. Likewise,
contributions from hair-fated dermal follicular cells, dermal
papillae, and dermal sheath fibroblasts, as well as from di-
verse non-hair-fated dermal fibroblast types, await system-
atic testing. To that end, dermal-cell-specific Cre mouse lines
are now undergoing characterization (Enshell-Seijffers et al.
2010; Chen et al. 2012; Clavel et al. 2012; Hamburg & Atit
2012; Driskell et al. 2013; Fu & Hsu 2013; Rahmani et al.
2014), making such experiments technically feasible. Future
lineage studies and in-depth enquiries into the epigenetic
state of dermal and epidermal wound cells will help to estab-
lish if in vivo cell fate reprogramming occurs in the WIHN
model.

Why does hair neogenesis occur within a
narrow time window?

In the WIHN model in Mus musculus, neogenic hairs ap-
pear within a fairly narrow time window, between PWD14
and PWD21 (Ito et al. 2005; Fan et al. 2011), indicating that
the conditions for de novo hair morphogenesis, in terms of
cellular plasticity and/or inductive signaling, are temporally
restricted. Indeed, if hair neogenesis does not occur within
that window, a hairless scar results. Gay et al. (2013) estab-
lished that the infiltration of Fgf9-producing y§ T cells into
the wound bed starts days before the onset of hair neogen-
esis, suggesting that this event inaugurates the hair neoge-
nesis temporal window. Future profiling studies of cellular,
signaling, and epigenetic dynamics around the time of hair
neogenesis are likely to reveal additional pro-regenerative
factors that are time-restricted.

© 2015 The Authors. Regeneration published by John Wiley & Sons Ltd.
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Why is hair neogenesis restricted to the
wound’s center?

Another aspect of hair neogenesis that remains to be un-
derstood is its spatial restriction within the wound center.
Indeed, even in the instances when de novo hair formation
is very efficient (Fig. 4C), the neogenesis zone is sharply
demarcated from the wound’s edge by a circular region of
hairless scar. This feature is in contrast to mammalian digit
tip regeneration. In the latter model, which distinctly relies on
fate-restricted progenitors (Lehoczky et al. 2011; Rinkevich
et al. 2011), no scar is observed between the original and
regenerated tissues. Assuming that WIHN relies on a repro-
gramming mechanism, it is possible that cells acquire greater
lineage plasticity only in the wound’s center. Another pos-
sibility is that pro-regenerative signaling conditions, such
as high WNT signaling, are spatially restricted. Yet another
possibility is that the wound edge elicits “inhibitory” factors.
Future studies are required to differentiate between these
possibilities.

What is the patterning mechanism of hair
neogenesis?

Furthermore, several patterning features of the WIHN
model provide a platform for studying principles and
mechanisms of robustness during regeneration. Indeed,
hair neogenesis is not as robust as normal embryonic hair
development. Neogenesis, in terms of the number and
patterning of de novo HFs in the wound, varies significantly
even in age, gender, and strain matched littermates. It is
well established that initiation of normal hair development
relies on a reaction—diffusion patterning principle operating
in the WNT-dependent morphogenetic signaling field of
the embryonic skin (Maini et al. 2006; Mou et al. 2006;
Sick et al. 2006; Kondo & Miura 2010). Furthermore,
the initial hair pattern is refined and augmented with the
advent of secondary and tertiary HFs via the space-filling
expansion—induction mechanism, driven by the constant
physical growth of embryonic skin (Cheng et al. 2014).
Future studies will be required to understand which com-
ponents of the reaction—diffusion and expansion—induction
mechanisms, and/or other patterning mechanisms, operate
in WIHN. Importantly, unlike embryonic skin, wounds do
not expand in size following closure, probably preventing a
mechanism similar to expansion—induction from activating.

Hair orientation is another patterning feature that differs
between normal skin and WIHN. During normal skin devel-
opment, anterior—posterior polarity is in place at the early
hair germ stage via planar cell polarity (PCP) dependent
mechanisms (Guo et al. 2004; Devenport & Fuchs 2008;
Chang & Nathans 2013; Hua et al. 2014). Hair germs in PCP
mutants, such as Frizzled6 (Guo et al. 2004) or Vangl2 loss-
of-function mice (Devenport & Fuchs 2008), have a largely
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random orientation. Importantly, Frizzled6 mutant HFs can
reorient themselves locally via a non-PCP-dependent mech-
anism (Wang et al. 2006; 2010; Chang & Nathans 2013).
As a result, initially random hair orientation converts into
locally ordered hair domains, often leading to swirls and
cross-like patterns. Interestingly, neogenic HFs in WIHN of-
ten share common orientation within a domain (Fig. 4D),
and when domains are sufficiently large, cross-like patterns
(Fig. 4C) reminiscent of those in Frizzled6 mutants can arise
in wild type wounds. Taken together, these correlations imply
that WIHN fails to activate a global PCP-dependent polarity
mechanism. However, local PCP-independent mechanisms
may remain functional. Because the signaling nature of the
PCP-independent local hair reorientation process remains
elusive (Wang et al. 2010; Chang & Nathans 2013), WIHN
may prove to be a useful model for elucidating it.

Taken together, WIHN has emerged as the leading model
system for studying the principles and mechanisms of
embryonic-like regeneration in mammals. WIHN features
clear, quantifiable, and pattern-forming regenerative out-
comes, and the regenerative events follow a predictable
and reproducible timeline. Multiple skin-specific genetic
tools and relatively well-defined progenitor populations can
provide the resources for targeted and in-depth enquiries
into the cellular, signaling, and epigenetic mechanisms of
regeneration.
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