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and Acronyms

ozf3y=alpha 3 beta 1 integrin
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iNOS =inducible nitric oxide
synthase
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MAP =Mitogen-activated
Protein

miRNA =microRNA

MRL=Murphy Roths large
(mice)

pSmad = phosphorylated Smad

TGFp =transforming growth
factor f8

TGFpSR=transforming growth
factor f receptor

TPA=12-tetradecanoyl-
phorbol-13-acetate

VU=venous ulcers
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Significance: Transforming growth factor f (TGFp) has a crucial role in
maintaining skin homeostasis. TGFf signaling is important for re-epithelial-
ization, inflammation, angiogenesis, and granulation tissue formation during
wound healing. This review will discuss the most important findings regarding
the role of TGFf in epidermal maintenance and its restoration after injury.
Recent Advances: Latest findings on the role of TGFf signaling in normal and
impaired wound healing, including the role of TGFf pathway in tissue re-
generation observed in super-healer animal models, will be reviewed.

Critical Issues: The TGFf pathway is attenuated in nonhealing wounds. Ob-
served suppression of TGFf signaling in chronic ulcers may contribute to the
loss of tissue homeostasis and the inability of keratinocytes to migrate and
close a wound.

Future Directions: A better understanding of TGFf§ signaling may provide new
insights not only in the normal epithelialization process, but also in tissue
regeneration. Future studies focused on TGFf-mediated crosstalk between
multiple cell types involved in wound healing may lead to development of
novel therapeutic advances for chronic wounds.

SCOPE AND SIGNIFICANCE
KERATINOCYTE MIGRATION and
proliferation during epithelialization
is regulated by multiple growth fac-
tors, including transforming growth
factor  (TGFp). In unwounded skin,
TGFp signaling contributes to tissue

healer animal models, will also be
discussed.

TRANSLATIONAL RELEVANCE
TGFp signaling is not only impor-
tant for skin homeostasis and re-
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homeostasis through regulation of
the keratinocyte cell cycle and inhi-
bition of proliferation. During wound
healing TGFp regulates not only re-
epithelialization, but also inflamma-
tion, angiogenesis, and granulation
tissue formation. This article will
review the role of TGFp signaling in
normal and impaired wound healing
with particular focus on its effect on
re-epithelialization. The most recent
advances in this field, including
the role of TGFf pathway in tissue
regeneration observed in super-
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pair, but it is also often deregulated
in cutaneous diseases. The role of
TGFp signaling in wound healing
has been studied at length ever since
it was shown that exogenous appli-
cation of TGFf enhanced wound
healing in a murine model. Multiple
studies have demonstrated the sup-
pression of TGFf signaling in the
epidermis of chronic wounds. At-
tenuation of TGFf pathway in non-
healing wounds may contribute to
the loss of tissue homeostasis, epi-
dermal hyperproliferation, and the
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inability of keratinocytes to migrate and epitheli-
alize a wound.

CLINICAL RELEVANCE

Nonhealing wounds represent a tremendous
clinical challenge and a significant burden to pa-
tients and healthcare professionals. Wound epi-
thelialization is an essential component of wound
repair. A wound cannot be acknowledged as closed,
regardless of the totality of underlying dermal
structures, if it lacks complete epithelialization.
Keratinocyte migration is crucial for successful re-
epithelialization, and TGFf plays an important
role in this process.

DISCUSSION
TGFp signaling pathway

TGFp is a family of pluripotent cytokines con-
sisting of three isoforms: TGFf1, 2, and 3 with a
dominant role of TGFf1 in cutaneous wound
healing.! These isoforms were found to be differ-
entially expressed across epidermal layers. TGFf1
localizes to the stratum granulosum and corneum,
whereas TGFf2 and, to a less extent TGF /3, are
present in supra-basal layers, thus indicating their
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different functions.? All TGFp isoforms are se-
creted as large pro-peptide molecules in an inactive
latent form, in which the N-terminal latency-
associated peptide remains noncovalently bound to
the C-terminal mature TGFf.? These latent forms
can be activated by proteases, integrins, throm-
bospodin-1, reactive oxygen species, low pH, heat,
and shear forces to release the mature, biologically
active growth factor.* Once activated, TGFS me-
diates its signaling by binding to transmembrane
TGFp receptor II (TGFSRII), followed by its het-
erodimerization and phosphorylation via serine/
threonine kinases of transmembrane TGFf recep-
tor I (TGFSRI).*® The major intracellular media-
tors of TGFp signaling are Smad proteins (Fig. 1).
Activated TGFSRII binds and phosphorylates re-
ceptor-activated Smad2 or Smad3, which, upon
heterodimerization with the Smad4, translocates
into the nucleus. Within the nucleus, activated
Smad complexes become transcriptional factors.
They regulate expression of TGFf target genes.
Inhibitory Smad6 and Smad7 are also induced by
TGFp. These can prevent phosphorylation and
nuclear translocation of receptor-associated
Smads, and they can also cause degradation of
TGFf receptors, thereby acting as negative feed-

* /I keratinocyte migration
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* @ Keratinocyte proliferation

* Control of epidermal
differentiation

Figure 1. Schematic overview of transforming growth factor § (TGFp) signaling pathway. Upon binding of ligands, TGFS receptor (TGFSR)!I and Il hetero-
dimerize and phosphorylate Smad2 or 3. These activated Smads form a complex with Smad4 and translocate to the nucleus to serve as transcriptional factors.
Under normal conditions, TGFf pathway maintains epidermal tissue homeostasis acting as a growth suppression cytokine. After a skin injury, TGFf signaling

regulates re-epithelialization by promoting keratinocyte migration.
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back.® Smads are critical for TGFf signaling;
however, compelling evidence has suggested that
Smad-independent pathways can also mediate
TGFp signal transduction. These independent
pathways are activated by direct interaction or
phosphorylation by the TGFf receptors, and in-
volve Mitogen-activated Protein kinase, Rho-like
GTPase, and phosphatydilinositol-3-kinase sig-
naling pathways.® Thus, the effects of TGFp sig-
naling during wound healing can be achieved
through both Smad-dependent and independent
signaling.®”

TGFp signaling in epidermal homeostasis

In unwounded epidermis, TGF 1 participates in
maintenance of tissue homeostasis by acting as a
growth-inhibitory cytokine.® The TGFj pathway
directly affects and arrests the cell cycle at the
early G1 phase via Smad-mediated transcriptional
regulation of multiple cell-cycle regulators, in-
cluding the oncogene c-myc (Fig. 1).° Therefore,
TGFf is known to act as a tumor suppressor in
early stages of tumorigenesis. However, it can also
promote advanced tumor cell invasiveness and
metastasis.'® The in vitro findings on growth sup-
pression roles of TGFf and maintenance of epi-
dermal homeostasis have also been confirmed
in vivo. Epidermal targeted ablation of TGFSRII in
mice led to loss-of-tissue homeostasis and induc-
tion of keratinocyte hyperproliferation.!"'? Fur-
thermore, mice expressing constitutive TGFf1
in epidermis, under keratin (K) 1 promoter, died
shortly after birth due to decreased epidermal
proliferation.’®* In contrast with these findings,
overexpression of TGFf1 under a K10 promoter
induced proliferation in suprabasal layers.'
Nevertheless, TGFf1 inhibited cell growth in
these animals when hyperplasia was induced by
12-tetradecanoyl-phorbol-13-acetate (TPA) treat-
ment.'® Similar findings were observed in another
transgenic mouse model over-expressing TGFf1
under a TPA inducible K6 promoter,'* therefore
confirming the role of TGFf in keratinocyte cell-
cycle control and suppression of epidermal hyper-
plasia induced by external factors.

To further elucidate the mechanisms of action of
TGFf1 in epidermis, Ito et al. developed a trans-
genic mice over-expressing Smad2 under the K14
promoter.'® These mice had defects in their skin, as
the epidermis showed hyperproliferation of basal
keratinocytes and hyperkeratosis. In addition,
mice over-expressing Smad2 had deregulation of
differentiation markers such as K10, K14, loricrin,
and filaggrin, suggesting a regulatory role of
TGFp1 during epidermal differentiation.'® Al-

though the role of TGFf signaling in keratinocyte
differentiation remains to be fully elucidated, one
of the suggested mechanisms involves the regula-
tion of Inhibitor of DNA-binding proteins and
kruppel-like transcription factor 4.'"'® The epi-
thelial overexpression of a negative regulator
Smad7 in transgenic mice also resulted in hyper-
proliferative epidermis and hair follicle defects.®
Moreover, both TGFSRI and TGFSRII were almost
completely absent in these animals, confirming
the function of Smad?7 in degradation of the TGFf
receptors.

In order to investigate the role of TGFf signaling
in human skin, Buschke et al.!” used organotypic
cultures constructed of human keratinocyte cell
lines and dermal fibroblasts. Abrogation of TGFp
signaling in this system by either over-expression
of Smad?7 or simultaneous knockdown of Smads 2,
3, and 4 resulted in an unrestricted response to
mitogens such as keratinocyte growth factor and
epidermal growth factor, consequent hyperplasia,
and deregulated terminal differentiation. These
aforementioned findings confirm the crucial role of
TGFp pathways in epidermal tissue homeostasis,
not only in murine but also in human skin.'”

In summary, TGFf1 contributes to skin homeo-
stasis through inhibition of keratinocyte prolifer-
ation and regulation of differentiation. When the
wound occurs and the epidermal barrier is com-
promised, TGFf signaling continues to have im-
portant effects on keratinocyte functions and the
regulation of wound re-epithelialization.

TGFp pathway in acute wound healing
and epithelialization

TGFf is not only crucial for epidermal homeo-
stasis, but it has also been shown to be an impor-
tant player in all phases of wound healing by
regulating the functions of keratinocytes, fibro-
blasts, endothelial cells, monocytes, and other cell
types. Although multiple growth factors modulate
keratinocyte migration during wound healing,’
TGFf1 has been the most extensively studied due
to its importance and pleiotropic effects.

All three isoforms of TGFf§ participate in wound
healing and re-epithelialization. After acute in-
jury, TGFf1 is rapidly up-regulated and secreted
by keratinocytes, platelets, monocytes, macro-
phages, and fibroblasts.! TGFf1 is essential for
initiating inflammation and granulation tissue
formation. It also stimulates wound contrac-
tion through induction of smooth muscle alpha
actin expression in fibroblasts, and induction of
myofibroblast differentiation. Further, TGFf1 is
involved in angiogenesis by up-regulating vascu-
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lar endothelial growth factor.! Lastly, TGFf1 pro-
motes keratinocyte migration during wound clo-
sure.

This section will focus on the role of TGFf1 in re-
epithelialization; however, TGFf2 also partici-
pates in all the stages of wound healing and has
been shown to accelerate re-epithelialization.?°
TGF 3 restricts scarring and improves collagen
organization in vivo in contrast to the two other
isoforms, which advance scar formation.! It has
been suggested that TGFf3 supports scarless
wound healing through modulation of the inflam-
matory response and the recruitment of fibroblasts
to the wound site while simultaneously enhancing
keratinocyte migration.?’ Even though all three
TGFf isoforms bind to the same receptors, their
effects may be different depending on genetic mi-
lieu and environment of the target cell.?

In vitro, TGFp1 clearly promotes keratinocyte
migration by increasing the expression of different
integrins, which, in turn, promotes the adhesion
and migration of keratinocytes.?? Interestingly,
integrins can also regulate the TGFf1 pathway
during epithelialization, and the interaction be-
tween TGFf and integrin-signaling pathways was
confirmed in vivo.2° Namely, alpha 3 beta 1 in-
tegrin (o3f1)-null mice exhibited decreased epithe-
lialization and overall suppression of the TGFp
pathway. Ablation of «3f5; integrin resulted in in-
creased levels of inhibitory Smad7, decreased
phosphorylation of Smad2 and 3, and reduction of
Smad4 and TGFSRI.?® Moreover, increased Smad7
expression in o«gfl; genetically depleted animals
was identified as the main cause of inhibition of
keratinocyte migration during wound healing,
confirming that «3f; down-regulates expression of
Smad7 during the normal wound-healing pro-
cess.?® In contrast to these results, Han et al.
demonstrated that temporal epidermal Smad7
over-expression improved wound healing through
both direct effects on keratinocyte proliferation
and migration, and through indirect effects on
wound stroma.?* Another example of TGFf—
integrin crosstalk is the interaction with integrin
oyfg, which has been shown to activate latent
TGF (1 by binding to the latency-associated protein
and release of the TGF f mature form.?> «, g is also
temporarily induced in the migrating epithelial
edge during wound healing, and its expression is
constitutively high in chronic wounds.?® Moreover,
mice over-expressing this integrin develop spon-
taneous chronic ulcers with high levels of TGF1.26
Interestingly, these mice, as well as mutant mice
lacking o,fls, do not show any acute healing ab-
normalities,?® thereby strongly suggesting com-

pensatory effects of alternative TGFf activation
mechanisms during the normal wound-healing
process. However, Jacobsen et al.,?” demonstrated
reduction of re-epithelialization due to impaired
keratinocyte in g/~ mice on induction of diabetes.
Together, these data identified integrins as regu-
lators of the TGF [ pathway during epithelializa-
tion,* in addition to their well-described role as
adhesion molecules.

Multiple studies using various animal wound
models have demonstrated increased expression of
TGFp ligands and receptors in the epidermis ad-
jacent to a wound after injury®® and in the leading
edge of the migrating epithelial tongue.?? The lev-
els of phosphorylated Smad2 (pSmad2) were also
elevated in the nuclei of cells comprising migrating
epithelial tongue in an ex vivo human acute wound
model, thus confirming the activation of the path-
way in human epidermis.?® Numerous studies
have shown that exogenously applied recombinant
TGFp1 accelerates healing in animal models,"3?
while exogenous inhibition of TGFf signaling us-
ing antibodies against all TGFp isoforms resulted
in impaired epithelialization and granulation tis-
sue formation.?® However, in vivo studies using
transgenic animal models have shown both bene-
ficial and negative effects of TGF 51 on wound clo-
sure depending on the wounding technique and the
genetic approach used. In contrast to the beneficial
effects of exogenous TGF 1 on wound healing, ab-
rogation of the pathway in TGFf1-null mice re-
sulted in smaller animals with thinner epidermis
and dermis that showed improved wound closure of
excisional wounds.?* However, excisional wounds
are known to mostly heal by contraction; therefore,
the effects on re-epithelialization could not be
completely evaluated using this wounding tech-
nique. It is important to emphasize that these mice
had to be treated by an immunosuppressive agent
in order to reduce complications resulting from the
inflammatory syndrome, as TGFp1-null animals
would otherwise die at about 3—4 weeks of age from
an autoimmune-like inflammatory response.®®
Therefore, results from the TGFf1-knockout ani-
mals suggest that enhancement of wound healing
could be attributed to the role of TGFf1 signaling
in the inflammatory response rather than epithe-
lialization. Furthermore, when TGFp1 knockout
mice were crossed with immuno-deficient Scid ™/~
mice lacking B and T lymphocytes, double knock-
out animals demonstrated delayed healing when
compared with Scid ~/~ or wild-type controls.®®

Further studies using transgenic animals have
demonstrated the complexity of TGFf signaling in
wound healing by showing that variability of the
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results depends on multiple factors, including the
various wounding techniques used. The most il-
lustrative example is epidermal over-expression of
TGFp1 driven by the K14 promoter, which not only
resulted in delayed healing in full-thickness
wounds®” but also caused opposite, beneficial ef-
fects in partial-thickness wounds, in which case
increased re-epithelialization was observed.?’
Such opposite results could be explained by the
presence or absence of a substrate dermis, required
for keratinocytes to migrate over in partial- or full-
thickness wounds, respectively. Before keratino-
cyte migration, the substrate should be replaced by
granulation tissue that provides a proper surface
over which the keratinocytes can migrate, sug-
gesting that the impairment of healing caused by
TGFp in full-thickness wounds is due to a different
factor other than the effect of TGFf on re-epithe-
lialization.?” Interestingly, inhibition of TGFp sig-
naling in Smad3-null mice exhibited accelerated
wound healing in excisional wounds mainly
through reduction of inflammation, therefore sup-
porting the role of TGFf signaling in regulation of
immune response during wound healing.3®3° Pri-
mary keratinocytes derived from these mice were
less sensitive to TGFf1 growth inhibition in vitro
and exhibited increased proliferation at the wound
edges in vivo.?® Conversely, epidermal deletion of
Smad4 resulted in delayed wound closure and re-
modeling.*® Another transgenic mouse model ex-
pressing a dominant negative TGFfRII (under a
K5 promoter) in the basal layer of the epidermis
showed increased re-epithelialization of full-
thickness wounds, increased proliferation, and re-
duced apoptosis of keratinocytes at the wound
edges.*!

TGFp signaling is clearly important for suc-
cessful wound closure. However, the complexity of
the system (due to differential but still interacting
effects of TGFf isoforms and other ligands, cross-
talk between multiple cell types, and the contri-
bution of Smad-independent TGFf signaling)
makes experimental design and interpretations of
the in vivo results challenging. Keratinocytes’ re-
sponse to TGFp1 also depends on their contact
with dermal fibroblasts as shown in co-culture
experiments.*? Epidermal keratinocytes in these
co-cultures showed increased proliferation and
migration on TGFf1 treatment; but higher con-
centrations of TGFf1 were required to induce the
same effect when keratinocytes were cultured
alone.*?

Biological functions of TGFf in wound healing
are complex, cell-type specific, and, most impor-
tantly, stringently regulated. Therefore, ideal ex-

pression and/or suppression systems to elucidate
the full complexity of TGFp effects on wound clo-
sure in vivo should be cell-type specific and tem-
porally controlled. Although the role of TGFf in
wound healing has been extensively studied, we
still need to learn more about the finer details of the
TGFp pathway in order to eventually convert latest
advances in basic science into potential therapies
for wound-healing disorders.

Regulation of TGFp signaling by hormones
during epithelialization

The effects of TGFp can be manipulated by hor-
mones, directly or indirectly, particularly via an-
drogens.*®** Importantly, androgen receptor (AR)
as well as estrogen receptor f are expressed in fi-
broblasts, keratinocytes, and macrophages in the
skin*® and are important for skin turnover and
wound healing. AR can interact directly with
pSmad3, which results in inhibition of binding to
Smad-binding elements in epithelial cells.*® AR
can also modulate TGFf signaling indirectly
through the Wnt/f-catenin pathway.** Namely,
testosterone induced nuclear translocation of AR-
p-catenin complex, thereby increasing transcrip-
tion of their target genes, including the antagonists
of TGFp pathway Smad7 and follistatin (F'st).
Consistently, orchidectomy reduced Fst and
Smad7 levels in skin, whereas topical testosterone
treatment increased them in vivo.** Furthermore,
testosterone has recently been shown to diminish
keratinocyte migration by interacting with and
mobilizing a known inhibitor of wound healing, /-
catenin,*® to the nucleus and, in turn, repressing
the TGFf/Smad pathway in vitro.*® This effect was
successfully reversed by AR-antagonist, flutamide.
Topical flutamide promoted keratinocyte migra-
tion and accelerated re-epithelialization without
the harmful systemic corollary of androgen depri-
vation in vivo.*> On the other hand, the TGFp
pathway has also been found to modulate AR sig-
naling via interaction with Smad3.'° It has been
shown that transcriptional activity of AR can be
either co-activated or co-repressed by direct inter-
action with Smad3, depending on the system and
cell lines used.'®*® Beneficial effects of TGFf1 on
wound healing were also demonstrated in models
for impaired epithelialization caused by glucocor-
ticoids.*>*” TGFpS1 was able to reverse the gluco-
corticoid-induced wound-healing impairment in
rats, although an interaction of TGFf1 and gluco-
corticoid pathway in the contexts of epithelializa-
tion has not been studied in detail. In contrast to
negative effects of androgens on wound healing,
estrogens can increase epithelialization rates
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independently of Smad3 and TGFp signaling.'®
The crosstalk between TGFf and sex hormones
signaling does not imply differences in healing
rates between genders, but rather points to the
complexity of interaction between TGFf and other
pathways during the wound-healing process.
However, declining levels of estrogen and sex ste-
roid precursor-dehydroepiandrosterone with age
in both genders may contribute to aging-related
impaired wound healing.

Suppression of TGFp signaling
in chronic wounds

In contrast to normal wound-healing processes
that are characterized by activation of the TGFf
pathway,*® multiple studies have demonstrated
attenuation of TGFf signaling in the epidermis of
non-healing chronic wounds.?**¥5° We have re-
cently shown that inhibition of TGFf signaling in
the keratinocytes of nonhealing venous ulcers
(VUs) occurs at many levels (Fig. 2), including the
following: decreased expression of all three TGFp
receptors, deregulation of TGFp target genes, and
loss of pSmad2.2° In addition, we also observed a
decrease in the intrinsic inhibitor of TGFf signal-
ing, Smad7.3° Another important study analyzed
the expression of TGFf receptors on biopsies of
nonhealing and healing VUs, and concluded that
the absence of TGFSRII contributes to the chro-
nicity of nonhealing ulcers, while the presence of
TGFfSRII correlated with positive healing out-
comes.?® In rats and humans with impaired wound
healing due to diabetes, TGFf; levels in wound fluid
were diminished, and the normal elevation of
TGFf1 found during acute wound healing was
absent.’>®? In addition, in vitro studies have re-
vealed that VU-derived fibroblasts have reduced
levels of the TGFSRIL*® Although the mechanism
of TGFf pathway suppression in chronic wounds
remains to be fully elucidated, recent studies
identified the potential role of post-transcriptional
regulators, microRNAs (miRNAs), in the suppres-
sion of growth factor signaling in chronic
wounds.’®%* Among other miRNA molecules,
miRNA-20a was found to be over-expressed in
nonhealing VUs,?® and TGFSRII has been recently
confirmed as a target for this miRNA in human
keratinocytes (Fig. 2).°¢ These data suggest that
the observed induction of miRNA-20a can be re-
sponsible for suppression of TGFf signaling in
chronic wounds; however, further studies are nee-
ded to confirm the role of this miRNA in wound
healing. Although growth factors including TGFf
used to be considered therapeutic modality for
wound-healing disorders, small RNA therapeutics

TGFB
| I |
RI RI ]
miRNAs?
SMAD2 SMAD2-pP

A

Figure 2. Attenuation of TGFf signaling in chronic wounds. Cartoon
summarizes attenuation of signaling cascade in chronic wounds. De-
creased levels of TGFp, down-regulation of receptors, and subsequent loss
of pSmad2 resulted in deregulation of TGFf target genes in nonhealing
ulcers. Induction of specific miRNAs may be responsible for suppression of
TGFp receptors in VUs.

Chronic Wound

for modulation of miRNAs aberrantly expressed in
chronic wounds may represent a novel promising
therapeutic avenue.

The reported suppression of TGFf signaling in
the nonhealing edges of chronic wound epidermis
can result in multiple consequences. It is well es-
tablished that keratinocytes at the nonhealing
edges of chronic wounds do not properly execute
either activation or differentiation pathways, re-
sulting in a thick, hyperproliferative, hyper- and
para-keratotic epidermis,’ partly due to c-myc
overexpression.*> Since TGFp activity involves
suppression of growth-promoting transcription
factors, especially c-myc,? the diminished TGFj
signaling in VUs and diabetic foot ulcers may play
a role in loss of cytostatic control and observed
c-myc induction in hyperproliferative epidermis of
the non-healing wound. The lack of TGFf signaling
in chronic wounds could also have multiple conse-
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quences and even lead to the increased inducible
nitric oxide synthase (iINOS) activity and greater
NO synthesis,?® as TGF1 has been demonstrated
to down-regulate iNOS activity in epithelial cells
and macrophages.’” Although NO can stimulate
keratinocyte migration and angiogenesis, exces-
sive amounts may have an inhibitory effect on
these important, wound-healing processes.”®
Functional loss of the TGF//Smad signaling cas-
cade in the epidermis of chronic wounds clearly
contributes to a nonhealing phenotype and also
implies an explanation for the limited ability of the
exogenous applications of TGFfS to accelerate
wound healing in patients with recurrent ulcers.?®

TGFp pathway in tissue regeneration

Activation of TGFf signaling can be observed
not only in acute wound healing but also in tissue
regeneration. Some of the first studies that
documented mammalian regeneration involved
work with Murphy Roths Large (MRL) mice,
which have the unique capacity for complete
wound closure after through-and-through ear
hole punches.®%%! The healed tissue maintained
normal tissue architecture, thus mimicking am-
phibian regeneration as opposed to the expected
human scar tissue formation.®®¢! Expansion of
work with MRL mice showed alterations in the
Smad signaling pathway, which might contribute
to the observed regenerative phenotype by re-
duction of the pro-inflammatory responses and
overall enhanced TGFf signaling.®? A more re-
cent study by Liu J et al.%® further explored the
underlying molecular mechanisms of regenera-
tion in mammals by inducing mutations in mice

Wild type mouse

-

and screening for regenerative wound healing
phenotypes in the same ear hole punch model.
Prospective genetic screens of obtained regener-
ative phenotypes (Fig. 3) identified a single point
mutation in a TGFSR1.%® This mutation resulted
in enhanced TGFf signaling and a super-healer
phenotype that epithelialized and healed faster
with newly generated tissue rather than fibro-
sis.%® In addition, embryonic fibroblasts from
these mice had increased expression of a subset of
TGFf target genes, confirming that the mutation,
indeed, caused activation of the receptor and the
TGFp signaling pathway.®® In contrast to these
results, abrogation of TGFf1 signaling in TGFf1/
Rag2 double knockout mice resulted in improved
closure of ear holes in comparison to wild-type or
Rag2~/~ animals.’® These double mutants can
overcome the lethal inflammatory response in
TGF f1-null mice due to complete lack of mature B
and T lymphocytes caused by Rag2 abrogation. In-
terestingly, even though improved wound closure
was observed in TGFS1~/~ Rag2 ™/~ mice, these ear
hole wounds still remained inflamed and not fully
closed.®* These findings again highlight the vari-
ability of the in vivo data resulting from the broad
spectrum of TGFf1 functions in wound healing,
regeneration, and inflammation.?®

Another recently described wild-type model of
mammalian regeneration is the African spiny
mice, Acomys, with the extraordinary ability to
regenerate skin along with complete wound closure
of the through-and-through ear hole punch.®® Al-
though the mechanism of regeneration in Acomys
remains to be elucidated, the possibility of a TGFp
role cannot be excluded.

TGFBRI mutant

Figure 3. Accelerated and regenerative healing in super-healer TGFRI mutant mouse. A 2-mm through-and-through hole was punched in the ears of normal
mice and super healer mutant mice to screen for acceleration of wound healing. Incomplete ear hole closing was observed in normal mice (/eft), and complete
ear hole closing occurred in the super healer TGFSRI mutant (right) after 5 weeks. Reprinted by permission from Liu et al. 8 To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/wound
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Together, these findings unveil the
possibility of mammals having a better
regenerative capability than previously
expected, thus motivating the research
community to clarify the molecular
pathways involved.®® Even though these

super-healing phenotypes have been e TGFp pathway is attenuated in chronic wounds, leading to loss-of-tissue
linked to TGFJ signaling,5%¢%%% further homeostasis and inability of keratinocytes to migrate and close a wound.
studies are warranted to elucidate the e Suppression of TGFf signaling cascade in chronic wounds is an under-
specific roles of TGF f and other molecules lying factor for failure of topical TGFf treatments in clinical trials.

and pathways in these fascinating tissue- e The super-healer mouse with a point mutation in TGFARI exhibited en-

regeneration processes.
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