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Therapeutic implementation of human limb regeneration is a daring aim. Studying
species that can regrow their lost appendages provides clues on how such a feat
can be achieved in mammals. One of the unique features of regeneration-competent
species lies in their ability to seal the amputation plane with a scar-free wound epithelium.
Subsequently, this wound epithelium advances and becomes a specialized wound
epidermis (WE) which is hypothesized to be the essential component of regenerative
success. Recently, the WE and specialized WE terminologies have been used
interchangeably. However, these tissues were historically separated, and contemporary
limb regeneration studies have provided critical new information which allows us to
distinguish them. Here, I will summarize tissue-level observations and recently identified
cell types of WE and their specialized forms in different regeneration models.

Keywords: wound epidermis, specialized wound epidermis, AEC, single-cell transcriptomics, appendage
regeneration, limb regeneration

INTRODUCTION

Limb regeneration is associated with two heterogeneous tissue types: a specialized wound
epithelium that caps the amputation plane, and a blastema which forms underneath the specialized
wound epidermis (WE) and contains lineage-restricted stem and progenitor cells that will give rise
to the new appendage (Beck et al., 2009; Aztekin, 2021). The interaction between these two tissues
leads to the outgrowth of the lost structure. Studies with newts, which can consistently perform
limb regeneration throughout their lifespan, provided landmark findings governing the function of
these tissues (Joven et al., 2019). Subsequent reports aimed to characterize and identify counterparts
in other regeneration models.

The critical role of the WE for regenerative success stems from the observations dating back to
the early 1900s (Morosow, 1938; Thornton, 1960). Mainly, newt limb amputations were found to
progress with a rapid epithelial migration resulting in the closure of the amputation plane (Lash,
1955; Hay and Fischman, 1961; Repesh and Oberpriller, 1978), forming the WE. Afterward, the WE
progresses into its specialized morphologically thickened epithelial form, also known as the apical
epithelial cap (AEC). Repeated salamander AEC removal or blocking AEC formation halts the
limb regeneration program, highlighting its essential role for limb regeneration (Morosow, 1938;
Goss, 1956; Thornton, 1957, 1958; Mescher, 1976; Tassava and Garling, 1979; Tsai et al., 2020).
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Conversely, grafting the salamander AEC can induce ectopic
limb outgrowths, with cartilage and dermal composition
(Thornton, 1960; Thornton and Thornton, 1965). Owing to
these features, the derivation of the AEC for grafting or
identifying genes associated with the AEC holds potential
for therapeutic applications. However, before delving into
the properties of the WE and the AEC, it is crucial to
define them clearly.

The term “AEC” was initially used to identify an epithelium
covering aggregated blastema cells during limb regeneration.
Nonetheless, this definition could be used for both the WE
and the AEC. Moreover, investigations on different non-
limb regeneration scenarios (e.g., tail regeneration) sought to
identify similar tissues. However, due to unclear definitions
of these tissues, the WE and the AEC terminologies were
used interchangeably. To distinguish them and clarify their
differences, Christensen and Tassava (2000) suggested a revision
to these terminologies. Briefly, the WE is the epithelium
covering the amputation plane (right after amputations),
remains on the amputation plane for a short period, and
has a simple morphology consisting of one to three layers of
cells (Figure 1). Meanwhile, its specialized form, the AEC,
appears after the WE formation. The AEC remains until
proximal-distal elongation (until digit formation), and has
a thickened structure of approximately 10–15 layers of cells
(Figure 1). On this basis, two features were proposed to
distinguish them: (1) the period coinciding with their presence
during regeneration and (2) tissue morphology. Although
these definitions are helpful, our current methodologies
evidenced that tissue or cellular morphology could be
inadequate assessments for functionally distinct populations
and cell types. Moreover, the different cell types composing
and identifying the WE or the AEC were not resolved.
Instead, investigating their counterparts in other species or
regeneration paradigms brought additional misperception
to these concepts.

In this review, I aim to bridge historical tissue
level observations of the WE and the AEC with
recent single-cell transcriptomics and other cell-
type focused findings, primarily in the context of
vertebrate limb regeneration. Due to the interchangeable
documentation of these two concepts, I will focus on the
properties of the AEC and mark potential phenotypes
distinguishing it from the WE. Finally, I will compare
the cross-species and regeneration-model properties of
the WE and the AEC.

WHAT DOES THE
APICAL-EPITHELIAL-CAP, DO?

The salamander AEC has been associated with multiple
critical roles for successful regeneration, from influencing
extracellular-matrix (ECM) organization to providing mitogenic
factors. Among these undertakings, one of the early suggested
AEC functions governed the question: does the blastema
influence the AEC formation or vice versa? Work targeting this

question proposed that the injury caused by the amputation
induces morphologically identified dedifferentiated cells
(Tassava and Loyd, 1977). These cells can proliferate and
form a blastema in the presence of the AEC. However,
without the AEC, the blastema does not form, although
dedifferentiated cells can be observed. Hence, the AEC has
been suggested to maintain and further instruct injury-
induced dedifferentiated cells to form a blastema and
patterning for regeneration. Due to the observation that
injury-induced dedifferentiated cells can form without the
AEC, it has been hypothesized that the lack of a specialized
WE results in regeneration-incompetency in higher vertebrates
(Tassava and Olsen, 1982).

In subsequent years, the AEC has been further associated
with multiple essential cellular mechanisms for regenerative
success. The majority of functional suggestions on the role of
the AEC were concluded based on staining approaches and
observed gene expression patterns. For example, the salamander
AEC expresses ECM associated fn1 (Christensen and Tassava,
2000), collagen type XII (Wei et al., 1995), collagen type IV,
lamb1 (Del Rio-Tsonis et al., 1992), krt5, krt17 (Moriyasu
et al., 2012), and frem2 (Leigh et al., 2018); histolysis involved
mmp3/10b and mmp9 (Yang et al., 1999; Vinarsky et al.,
2005); mitogenic factors such as fgf1 (Boilly et al., 1991),
fgf2 (Mullen et al., 1996), fgf8 (Han et al., 2001; Christensen
et al., 2002), fgf10 (Christensen et al., 2002), mdk (Tsai et al.,
2020), and MARCKS-like (Sugiura et al., 2016); angiogenesis-
related tsp1 (Whited et al., 2011); and chemotactic factors as
wnt5a (Ghosh et al., 2008). The existence of multiple AEC
derived factors could either enable functional redundancy or
allow for cell-type-specific interpretations. For example, some
of these factors would influence muscle and some others
would influence connective tissue lineages. Furthermore, several
transcription factors are associated with the salamander AEC:
tp63 (Kawakami et al., 2006), msx2 (Carlson et al., 1998),
dlx3 (Beauchemin and Savard, 1992), id2, id3, hes1 (Shimizu-
Nishikawa et al., 1999), and sp9 (Satoh et al., 2008), although
further work is required to reveal their molecular role during
AEC establishment or maintenance. The function of the AEC and
its formation have been investigated by systemic perturbations
rather than tissue or cell type-specific functional assessments.
As an example, the AEC is documented to express various
metalloproteinases (MMP) associated with histolysis that degrade
ECM components critical for regenerative success, and MMP
inhibitors can inhibit limb regeneration (Vinarsky et al., 2005).
Nonetheless, it remains unclear if and how much the AEC-
derived MMPs result in histolysis that could be required for
regeneration. Bulk sequencing approaches to the whole AEC
tissue were employed and expanded potential genes related to
the AEC and identified new functionally critical gene targets
for regeneration, such as mdk (Monaghan et al., 2012; Knapp
et al., 2013; Tsai et al., 2019, 2020). Due to methodological
limitations, bulk approaches alone could not discriminate which
critical cell types within the AEC tissue are responsible for
these gene expressions or if the whole AEC tissue expresses
them. Overall, as the AEC has been primarily associated
with secreted ligands, it is largely regarded as a signaling
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FIGURE 1 | The wound epidermis (WE) and the specialized wound epidermis form in a step-wise manner during amphibian limb regeneration. Limb regeneration is
initiated with amputation in (top) salamanders and (bottom) tadpoles. The remaining stump epidermal cells migrate to the amputation plane (purple arrows) and form
the WE (light blue). Then the WE becomes the specialized wound epidermis [apical-epithelial-cap (AEC)] (dark pink) associated with regeneration (Christensen and
Tassava, 2000). Afterward, the AEC leads to blastema formation and subsequent outgrowth (Tassava and Loyd, 1977). Although the presence of the AEC in early
and mid-stages of regeneration is demonstrated by tissue morphology and staining assessments (e.g., Han et al., 2001), its presence in late stages is observed only
with tissue morphology assessment.

center orchestrating cellular mechanisms that are vital for
successful regeneration.

IS THE APICAL EPITHELIAL CAP
FORMATION RE-DEPLOYMENT OF THE
LIMB DEVELOPMENT ASSOCIATED
APICAL-ECTODERMAL RIDGE?

One of the main questions in regeneration biology involves
revealing similarities between regeneration and development.
From this perspective, the AEC has been associated with the
apical ectodermal ridge (AER), which is well-established transient
tissue essential for chicken and mouse limb development
(Fernandez-Teran and Ros, 2008). Like the AEC, the AER also
represents a heterogeneous tissue forming at the distal tips
of limb buds; the AER is also covered with a periderm and
marked with fgf8 at the basal layers (Nakamura and Yasuda,
1979; Aztekin et al., 2021). Moreover, multiple classical AER
genes (e.g., fgf2, fgf8, sp9, and fn1) are also expressed in the
AEC. The absence of the chicken AER or mutations impairing
the mouse AER results in no limb development (Saunders,
1948; Fernandez-Teran and Ros, 2008), and the lack of the
salamander AEC results in no limb regeneration (Goss, 1956;
Thornton, 1957, 1958; Mescher, 1976; Tassava and Garling,
1979). Akin to the amphibian AEC, the amniotic AER was
suggested to maintain and enable the self-renewal of underlying
limb progenitors (Tassava and Mescher, 1975; Mescher, 1976;
Tassava and Loyd, 1977). Although not studied in detail, the
presence of the AER was suggested to influence angiogenesis
(Tschumi, 1957) and muscle-cell migration for limb development
(Gumpel-Pinot et al., 1984; Francis-West et al., 2003). Moreover,
the AER was proposed to influence specific limb progenitor cells
to express early limb progenitor markers (Watanabe et al., 1993;
Mariani et al., 2008), highlighting AER-derived signals may

influence progenitor cell states, although this feature has been
debated (Pickering et al., 2018; McQueen and Towers, 2020).

Both the AER and the AEC were suggested to be largely
mitotically inactive populations (Moriyasu et al., 2012; Storer
et al., 2013; Aztekin et al., 2021), and their formation requires
the activity of the well-studied signaling pathways (e.g., FGF,
BMP, and WNT; Fernandez-Teran and Ros, 2008). Notably, both
the AEC and the AER require signals, such as Fgf10, from their
underlying mesodermal cells to form and maintain themselves
(Ohuchi et al., 1997, 1999; Yokoyama et al., 2001). Ectopic
application of FGF10, or B-catenin overexpression can induce
both AEC and AER formation in different species (e.g., chicken
and Xenopus; Yonei-Tamura et al., 1999; Kawakami et al., 2001,
2006; Yokoyama et al., 2001; McQueeney et al., 2002). Although
they have many similarities, the AEC and the AER could have
distinct transcriptomic signatures making the AEC a novel
population with new functions forming during regeneration.
Moreover, revealing the similarity between the AER and the
AEC also provides new insight for our understanding of human
limb regeneration. As the AER forms during human embryonic
development (Kelley and Fallon, 1976), human epithelial cells
may have the competency to form the AEC, and mammalian
basal epidermal cells could be used to derive functional AER cells.
Hence, it is critical to determine if the AEC represents a novel
population or re-usage of developmental programs.

Despite all similarities, the AEC and the AER are argued
to have some differences, and there are challenges to testing
their equivalency. First, morphological features of the AER and
the AEC were discussed as potential differences (Campbell and
Crews, 2008). While the AER can be found as a stratified
ridge structure in mice and chicken (Fernandez-Teran and Ros,
2008), the AEC is mainly associated with a flat epidermal tissue
(Campbell and Crews, 2008; Satoh et al., 2008). Moreover,
unlike the AER, the AEC is observed to be a 10- to 15-cell-
thick tissue (Campbell and Crews, 2008). Hence, variations in
tissue morphology do not provide a new understanding of the
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functional differences between these two tissues. Second, the
lineage relations and cellular mechanisms enabling the formation
of the AER and the AEC are still debated. Both the AER
and the AEC formation have been suggested to be mediated
through a boundary model where dorsal and ventral epidermal
populations interact to give rise to these tissues (Fernandez-
Teran and Ros, 2008; Shimokawa et al., 2012). However,
numerous phenotypes cannot be explained via the boundary
model for the mouse AER (discussed in Fernandez-Teran and
Ros, 2008). Moreover, it remains unclear which specific cellular
and molecular mechanisms and lineage-relations guide AER or
AEC formation. Although several secreted factors are identified
to be critical and sufficient for AER formation from specific
ectodermal populations (e.g., Wnt pathway activity, Fgf10, and
Fgf7; Ohuchi et al., 1997; Yonei-Tamura et al., 1999; Yokoyama
et al., 2001; McQueeney et al., 2002), it remains unclear how
AER cell identity is established during development. Likewise,
the molecular basis for AEC induction is currently not resolved.
One possibility is that the amputation plane connective tissue
lineage, the WE, or both may be secreting AER inducing signals
to induce an AEC.

There are different models for AER disappearance during
amniotic development (Scherz et al., 2004; Verheyden and Sun,
2008; Storer et al., 2013; Pickering et al., 2018), but how the AEC
disappears during regeneration remains unknown. Salamander
and froglet AEC formations have been suggested to be a nerve-
dependent process (Suzuki et al., 2005; Satoh et al., 2008; Stocum,
2019), while nerves are not required for the Xenopus tadpole
limb regeneration (Cannata et al., 1992). Furthermore, limb
explants (that are presumably devoid of nerves) can still form
the AEC (Aztekin et al., 2021). Meanwhile, the nerve dependence
of the AER in amniotes is not suggested. Third, critically, the
AER is separated from the underlying mesoderm by a basement
membrane (Saunders, 1948) whereas, the newly formed AEC and
underlying cells are in direct contact (Repesh and Oberpriller,
1978; Neufeld et al., 1996), presumably enabling easier interaction
between these tissues. Fourth, the AEC is mostly characterized in
salamanders which are suggested not to have an AER (Tank et al.,
1977; Stopper and Wagner, 2005; Purushothaman et al., 2019),
and the AER is mostly characterized in amniotes, which are
suggested not to have the AEC. Hence, although the AER and the
AEC share many features, their detailed characterization was not
done in the same animal. Nonetheless, other limb regeneration-
competent species could overcome some of these issues and may
enable the determination of possible similarities between the
AER and the AEC.

Xenopus laevis is the only commonly used laboratory
animal with a well-established AER and AEC (Stopper and
Wagner, 2005; Purushothaman et al., 2019). Using single-
cell transcriptomics, we revealed individual cell types defining
these tissues and compared their similarities at the single-
cell transcriptome level (Aztekin et al., 2021). Instead of the
AER and the AEC harboring different populations, individual
cells found at the basal layers of these tissues share a similar
transcriptome and appear in the same computational cluster.
Nevertheless, the AEC has a higher potential as a signaling
center, given that the same ligands show increased expression in

the AEC compared to the AER. For example, although fgf8 or
fn1 are expressed in the AER, their expression is significantly
higher in the AEC, presumably creating a niche with very
high levels of total ligands compared to the limb development
environment. Further assessments on basal fgf8 + epidermal cells
during regeneration and development revealed a shared single-
cell morphology, spatial organization, and common regulatory
cellular mechanisms. During development and regeneration,
basal epidermal cells in the AER and the AEC are seen to
form from a stepwise activation of lgr5 and then fgf8 in basal
epidermal cells in a spatially restricted manner, from proximal
to the distal tip of a limb. However, the molecular mechanism
enabling this differentiation remains unclear. Due to this very
high degree of similarity, we proposed using the term “AER cells”
for cells in the basal epidermal fgf8 + cells formed during limb
development and regeneration. On this basis, the AEC tissue
contains cells harboring the AER cell transcriptional program at
its basal epidermal layer. Although a functional equivalence assay
will be essential, single-cell comparison and current functional
assays represent a stringent evaluation supporting the hypothesis
that the AEC is re-deployment of the AER, at least in Xenopus.

RE-ASSESSING MORPHOLOGICAL AND
GENE EXPRESSION MARKERS OF THE
APICAL EPITHELIAL CAP

The salamander WE and the AEC were historically distinguished
mainly based on their tissue morphology. Notably, the thickened
epithelium was used to detect the AEC. Initial attempts aimed at
identifying the AEC used antigen stainings (Tassava et al., 1986,
1993; Goldhamer et al., 1989; Tassava and Acton, 1989; Castilla
and Tassava, 1992). These staining approaches also revealed that
such antigens were enriched in secretory cells in the animal body,
suggesting that the AEC might have a secretory cell phenotype
(Goldhamer et al., 1989). The use of mRNA staining, particularly
fn1 (Christensen and Tassava, 2000) and fgf8 (Han et al., 2001),
suggested that the AEC could be a heterogeneous tissue and
proposed that the basal layers may be the critical population for
regeneration. AEC-associated genes are expressed at the basal
layers of the AEC tissue 2–3 days after amputations but not
necessarily in the middle or apical layers. These gene expressions
are not found directly after amputations. Hence, cells defining
the AEC are not identical to those in the WE, although there
could be shared gene expressions [e.g., MARCKS-like (Sugiura
et al., 2016) and tsp1 (Whited et al., 2011)] and these two tissues
may have lineage relations. Moreover, as the AEC-associated
genes are mainly observed at the basal layers, these results
were also suggesting thickened epithelial-morphology may not
be providing AEC-associated regeneration promoting functions.
Overall, not all cell types and transcriptional programs are
identical within the AEC itself or between the AEC and the WE.

Marker genes distinguishing the AEC from the WE have
been revealed. Particularly, fgf8 has been associated with the
salamander limb AEC, but not the WE (Han et al., 2001;
Christensen et al., 2002). However, recent years provided
inconsistent results for fgf8 expression in axolotl limb

Frontiers in Physiology | www.frontiersin.org 4 November 2021 | Volume 12 | Article 771040

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-771040 November 17, 2021 Time: 14:16 # 5

Aztekin Wound Epidermis in Appendage Regeneration

regeneration. Initial characterizations suggested fgf8 marks
a population in the basal layers of the AEC (Han et al., 2001;
Christensen et al., 2002). In the accessory limb model where
a secondary limb is induced from an upper arm via specific
experimental perturbation, fgf8 expression was not found (Nacu
et al., 2016). Later work suggested that fgf8 expression is not
restricted to the basal level layers (Vincent et al., 2020). Although
the validity of fgf8 to detect the axolotl AEC presents certain
caveats, new potential AEC markers were shown to label basal
layers of the AEC [e.g., mdk (Tsai et al., 2020), wnt5a (Ghosh
et al., 2008)] and are not expressed in the WE, in the initial
days postamputation. While mdk and wnt5a expression can be
observed in other cell populations, this gene expression pattern
in basal epidermal cells labels the AEC. Overall, it remains
unclear if fgf8 is expressed during axolotl limb regeneration,
but there are multiple alternative markers to detect the AEC in
the salamanders.

Fgf8 expressing basal epidermal cells in the AEC have been
characterized during X. laevis limb regeneration (Christen and
Slack, 1997; Wang and Beck, 2014; Aztekin et al., 2021).
Unlike salamanders, X. laevis can regrow their lost limb in
early limb bud stages but lose this ability progressively during
their development (Dent, 1962). When tadpole limbs are in
their secondary growth, they can only regrow a limb with a
few digits. Afterward, amputations produce one out of two
phenotypes toward metamorphosis: either simple wound healing
or spike formation. Simple wound-healing phenotype shows
epidermal covering of the amputation plane and no growth,
meanwhile, the spike formation involves the growth of an
unpatterned cartilaginous rod that lacks muscles and bones
(Satoh et al., 2005). During regeneration-competent stages, the
Xenopus AEC has been reported to contain abundant fgf8
expressing cuboidal cells in basal layers (Pearl et al., 2008;
Aztekin et al., 2021). Meanwhile, when tadpoles progressively
lose their limb regeneration competency, they also produce
fewer fgf8 + cells in the AEC, and when they are regeneration-
incompetent, there are no fgf8 + cells at the amputation
plane; although these animals can still seal their amputation
plane, therefore can form the WE (Christen and Slack, 1997;
Aztekin et al., 2021). Unlike regeneration-incompetent tadpoles,
amputated postmetamorphic froglets homogenously perform
spike formation but not simple wound healing (Beck et al.,
2009). There are different results for where and when the fgf8
is expressed for postmetamorphic Xenopus froglets that can
consistently regrow a spike but not perform simple wound
healing, for where and when the fgf8 is expressed (Endo et al.,
2000; Suzuki et al., 2005; Satoh et al., 2017). Moreover, it remains
unclear if the formed froglet fgf8 population is equivalent to ones
in regeneration-competent limbs.

SINGLE-CELL STUDIES REVEAL CELL
TYPES DEFINING LIMB-SPECIFIC
APICAL EPITHELIAL CAP

With recent advancements in cell-centric approaches, we now
have an opportunity to characterize specific cell types within the

WE and the AEC tissues. Although definitions of a cell type or
its transient forms as a cell state have been debated (Trapnell,
2015; Arendt et al., 2016; McKinley et al., 2020), single-cell
RNA sequencing (scRNA-Seq) approaches reveal transcriptome
profiles for individual cells that can suggest specific functions.
Moreover, with scRNA-Seq, we can now obtain more extensive
gene expression profiles, expanding and clarifying the AEC-
associated gene lists. Cells with highly similar transcriptomes
form computationally assigned clusters, representing potential
cell types or states. As in every computational method,
analysis can yield artificial scenarios. Over/underclustering or
analysis with low-quality or non-comprehensive datasets can
suggest cell types or states that are not necessarily reflecting
functionally distinct populations. Although cell types harbor
stable gene regulatory networks associated with their identity and
established functions, scRNA-Seq records the transcriptomes
of a single time point, while cells are dynamic and change
their transcriptome constantly. Moreover, scRNA-Seq can only
capture transcriptional information meanwhile there could be
posttranscriptional responses determining cellular functions.
Therefore, it is critical to test the quality and validity of single-
cell atlases, and more critically, validate the computational
suggestions with experimental approaches. Secondly, contrary
to traditional non-quantitative staining methods (e.g., antibody
labeling, colorimetric in situ hybridization), single-cell
transcriptomics and new mRNA staining approaches offer
a more unbiased and quantitative methodology to discriminate
lowly or highly expressed genes, which can again be an indication
for specific cellular functions. These advancements allow us to
identify and detect cell types in situ. On this basis, we can uncover
cell types representing WE and AEC tissues and ask if they could
be found in different species and regeneration paradigms.

From the initial studies in salamanders, it is well established
that the salamander WE will form via the migration of remaining
stump epidermal cells (Hay and Fischman, 1961). Hence, cells
composing the WE can be expected to be already present before
amputation in scRNA-Seq datasets as a basal epidermal cell
cluster in homeostatic states of limbs. Meanwhile, based on the
literature, the AEC could be reflected in these single-cell maps as a
new cluster that forms during regeneration and expresses marker
genes such as fn1, fgf8, wnt5a, and mdk, in addition to having a
basal epidermal cell signature (e.g., tp63). Based on these criteria,
the new advances in single-cell analysis provide novel insights
into the cellular properties of the WE and the AEC tissues.

Several axolotl limb regeneration studies incorporated scRNA-
Seq (Gerber et al., 2018; Leigh et al., 2018; Li et al., 2020; Qin
et al., 2020; Rodgers et al., 2020), with some targeting the whole
newly forming cells, including epidermal populations. In one of
these studies, Leigh et al. detected basal epidermal clusters and
validated frem2 as a new marker (Leigh et al., 2018). In this
study, this frem2 expressing population was also found in the
limb homeostatic state and was not suggested as an emerging
population upon amputation. Qin et al. (2020) identified a
separate basal epidermal population expressing known AEC
markers (e.g., mdk and fn) and suggested they represent the
AEC. Contrary to previous studies, this population is also
seen before amputation. Hence, it remains unclear whether
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AEC cells are present in the axolotl before amputation or if
alternatively, these studies identified a population representing
a mix of basal epidermal cells due to the experimental
design and/or analysis. Interestingly, these studies did not
report a separate fgf8 + basal epidermal population. Further
investigation on these datasets and validatory experiments will
be required to pinpoint the WE and the AEC in the axolotl
limb regeneration.

Single-cell investigation on Xenopus limb regeneration,
focusing on the AEC, confirmed that the AEC is a heterogeneous
tissue and that only the basal layers contain fgf8 + cells
(Aztekin et al., 2021). Moreover, scRNA-Seq revealed that not
all fgf8 + epidermal cells are equivalent. Intriguingly, the level of
fgf8 expression correlates with the signaling center potential of
basal epidermal cells; if fgf8 expression is high, the expression of
other ligands (Fgf, Bmp, Wnt, Tgfb, and Delta) involved in major
signaling pathways is also high. Moreover, Xenopus AER cells
express lower levels of fgf8 in regeneration-restricted tadpoles
(which can only grow back a foot with two to three digits)
compared to regeneration-competent AER cells. Hence, not just
the expression of fgf8, but its expression level is a new parameter
to consider while determining the properties of the AEC and may
indicate potentially different generated morphogen gradients
generated for limb regeneration. From a technical point of view,
these findings imply that caution is necessary when detecting the
AEC. Methodologies that cannot reliably discriminate low and
high gene expressions may not determine the signaling center
potency of the formed AEC, which is indicative of how many
ligands are expressed. Therefore, detection of basal epidermal
fgf8 + cells relying more consistently on more user-unbiased
and quantitative mRNA staining approaches [e.g., hybridization-
chain-reaction (Choi et al., 2018), single amplification by
exchange reaction fluorescence in situ hybridization (Kishi et al.,
2019), scRNA-Seq] will be essential to study properties of the
AEC. Moreover, some of the key genes detected in the salamander
AEC are conserved for the Xenopus AEC (e.g., fgf8, fn1, mdk,
and wnt5a). However, there are also some differences, such as,
sp9 which is expressed in the salamander AEC, but its expression
is not significantly detected in the Xenopus AEC (Aztekin
et al., 2021). Further cellular comparisons between species can
highlight conserved features of the AEC.

DIVERGENT MOLECULAR, CELLULAR,
AND TISSUE-LEVEL PROPERTIES OF
WOUND EPIDERMIS AND APICAL
EPITHELIAL CAP IN OTHER
REGENERATION MODELS

The WE and the AEC have been long sought and investigated in
other regeneration models. Currently, the epidermal population
covering the amputation plane in different regeneration models is
also named the WE or the AEC. However, due to different tissue
formation kinetics in other species and regeneration paradigms,
differences between two tissues are even less precisely defined
than those in amphibians.

Recent research with regeneration models that show both
regeneration-competency and -incompetency further stresses
the need for re-evaluation to distinguish the WE and the
AEC terminologies. In heavily studied appendage regeneration
competent vertebrate species, the amputation plane is sealed with
a simple epithelium that fits the WE definition. However, this
ability can be observed even in regeneration-competent species
that are exhibiting regeneration-incompetency. For example,
limb amputation in regeneration-incompetent Xenopus tadpoles
can result in simple wound healing and can still display the
WE formation (Dent, 1962; Figure 2A). Likewise, X. laevis can
regenerate its lost tail before metamorphosis except for a brief
period during its development (Niewkoop & Faber Stage 46–
47), referred to as the refractory period (Beck et al., 2003).
During this period, amputated tails do not regenerate; however,
the amputation plane is still covered with an epidermis, hence
tadpoles can form the WE (Beck et al., 2003; Aztekin et al., 2019;
Figure 2B). These results suggest that the WE may not have a
functional role for Xenopus tail or limb regeneration, at least for
regeneration purposes. Repeated amputations of the axolotl limbs
result in no regeneration, yet a wound epithelium still forms
(Bryant et al., 2017a; Figure 2C). In addition, in this setting, the
formed WE exhibit a thickened morphology distinct from the
AEC associated thickness (Bryant et al., 2017b), and it remains
unclear if repeated amputations can form the AEC.

Mice can regrow their distal digit tip throughout their life,
and distal digit tip regeneration undergoes the WE formation,
although this process takes much longer than amphibian limb
and tail regeneration scenarios. By contrast, amputating more
proximal digit tips results in no regeneration, yet an epithelium,
which can be regarded as the WE, still covers the amputation
plane (Dawson et al., 2021; Figure 2D). In contrast to Xenopus tail
regeneration, the mouse digit tip WE seem to have a functional
role in tissue histolysis by boosting the blastema formation
(Simkin et al., 2015). In another appendage regeneration model,
deers can regrow their lost antlers, in which the WE forms
but does not necessarily influence the regrowth of the antler
(Li et al., 2007, 2014). Hence, WE formation seems to be
conserved across regeneration-competent species, although it
does not correlate with successful appendage regeneration.
Beyond these differences, tail regeneration in axolotl, zebrafish,
or Xenopus, or mouse digit tip does not produce a thickened
epithelium that shows morphological similarity to the amphibian
limb regeneration associated AEC (Beck et al., 2003; Lehoczky
et al., 2011; Pfefferli and Jaźwińska, 2015; Dolan et al., 2018).
Altogether, neither the timing nor the tissue-morphology could
be used to discriminate or label specific populations as the WE or
the AEC across species, and their conserved role for regeneration
remains ambiguous.

Gene expression profiles were tested to identify the WE and
the AEC across species and regeneration paradigms, and some
common gene expressions were found across certain species.
For example, lef1, tp63, and msx family were expressed in the
amputation plane during Xenopus tail and limb (Kawakami et al.,
2006; Aztekin et al., 2019, 2021), lizard tail (Vitulo et al., 2017),
and zebrafish caudal fin regeneration (Akimenko et al., 1995;
Poss et al., 2000). However, these genes are not specifically seen
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FIGURE 2 | The wound epidermis (WE) formation is not associated with regenerative success in diverse appendage regeneration models. (A, B) Xenopus laevis
tadpoles lose their limb and tail regeneration abilities at specific developmental stages. Upon amputations, these animals cannot form an AEC (dark pink) at these
stages but can still form the WE (light blue; Beck et al., 2009). (A) X. laevis tadpole limb regeneration ability is associated with the successful specification of AER
cells to form the AEC; regeneration-incompetent tadpoles cannot specify AER cells but can still seal the amputation plane, hence they can form the WE (Aztekin
et al., 2021). (B) X. laevis tail regeneration depends on the ability to relocalize their regeneration-organizing cells (ROCs; green) to amputation plane to act as the AEC
(Aztekin et al., 2019). Regeneration-incompetent tadpoles cannot relocalize their ROCs, but can still seal the amputation plane, hence they can form the WE.
(C) Repeated amputation of the axolotl limb results in no regeneration that can form a WE (Bryant et al., 2017b). (D) Mouse digit tip regeneration is amputation
position-dependent, yet both distal regenerative and proximal regeneration deficient amputations result in the WE formation (Simkin et al., 2015).

in the WE or the AEC. Meanwhile, the canonical AEC marker
fgf8 is absent in zebrafish caudal fin epidermis covering the
amputation plane (Shibata et al., 2016). Interestingly, zebrafish
pectoral fin amputations were suggested to form the AER due
to re-expression of basal epidermal rspo2 after amputations,
which is also used to detect fgf8 expressing AER (Yoshida et al.,
2020). For X. laevis tail regeneration, the expression pattern
of fgf8 is conflicted in different reports: while colorimetric
in situ hybridizations detect fgf8 in the AEC with inconsistent
patterns (Beck et al., 2006; Lin and Slack, 2008; Okumura
et al., 2019), bulk-RNA-Seq and scRNA-Seq based results suggest
fgf8 is not expressed in the Xenopus tail AEC (Aztekin et al.,

2019; Okumura et al., 2019). Overall, currently, there is no
identified specific pan-AEC marker gene found across species or
regeneration paradigms.

Cross-regeneration model comparisons indicate that the AEC
may not be a shared tissue type for appendage regeneration, and
cell types defining the AEC may show differences. Indeed, by
using bulk-RNA sequencing, Xenopus tail and limb AEC tissues
are shown to exhibit gene expression differences (Okumura
et al., 2019). Moving beyond tissue to the single-cell level,
we identified that Xenopus tail regeneration uses an epithelial
population resembling transcriptional programs similar to
the AER (Aztekin et al., 2019). Due to their essential role
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during tail regeneration, AEC-associated gene expression, and
high signaling center properties, we named this population
regeneration-organizing cells (ROCs). The subsequent single-
cell-based analysis demonstrated that AER cells and ROCs do
not share an identical transcriptome nor single-cell morphology
(Aztekin et al., 2021). Beyond transcriptomic differences, their
formation on the amputation plane uses different cellular
mechanisms, emphasizing that they function differently. AER
cells have to be re-specified to form defining properties of
the signaling center AEC for limb regeneration (Figure 2A).
Meanwhile, the inability to form and maintain AER cells
is observed in regeneration-incompetent tadpoles. During tail
regeneration, ROCs are already present at the basal layers
of midline epidermis before tail amputations, and their
relocalization to the amputation plane provide the signaling
center AEC for tail regeneration (Figure 2B). Meanwhile, this
relocalization is not seen in regeneration-incompetent tadpoles.
ROCs are found as multilayered flattened cells, while AER
cells are seen as a cuboidal monolayer population (Aztekin
et al., 2021). Nonetheless, they are both involved in the
expression of many ligands and act as a signaling center, fitting
with the acknowledged functional role of the AEC. Further
cross-species single-cell transcriptomics studies and functional
assessments will be required to pinpoint if there are more
cell types with signaling center abilities in different species.
To this aim, the detection of basal epidermal cells showing
high ligand gene expressions upon amputations could be used
as a valuable readout. Identifying such cell types in other
species can reveal their conserved functions and potential gene
regulatory networks mediating the signaling center abilities for
appendage regeneration.

CONCLUSION

The critical functions of the AEC and its requirement for
blastema formation and limb regeneration are widely accepted.
Since their initial discovery, definitions of the WE and the
AEC and their detection methodologies have not reached
consensus across species and regeneration models. Based on
current literature and initial single-cell characterizations, basal
epidermal populations that migrate and seal the amputation
area could be considered the WE. These cells may exhibit
many similarities among all regeneration-competent species.
However, the presence of the WE does not correlate with
regeneration success, and their cellular identities remain
elusive. Meanwhile, the presence of AEC on the amputation
plane is positively correlated with regenerative success, and
basal epidermal cells that form after the WE and exhibit
high signaling center properties could be a more suitable
description for cell types defining the AEC. Nevertheless,
cell types and critical genes defining the AEC do not show
conservation across species and regeneration models. For
example, ROCs relocalize to form the Xenopus tail AEC,
meanwhile, AER cell formation for the Xenopus limb AEC
involves a differentiation event. On this basis, extra caution
is required while using these terminologies and searching for

their counterparts in different regeneration models. There could
be diverse cell types defining the AEC tissue (as exemplified
by AER cells for Xenopus limbs and ROCs for Xenopus
tails). Identifying if appendage regeneration can be mediated
without such populations may reveal new mechanisms for
appendage regeneration.

Beyond elucidating cell fates represented in the WE or the
AEC tissues, the behavioral properties of such populations
and the molecular mechanisms enabling their formation on
the amputation plane remain largely unknown. For example,
mechanical damage has been implicated in creating Erk
activation that temporarily spreads from the damaged region
to the surrounding area, forming wave patterns, influencing
epithelial cell migration and survival (Aoki et al., 2017; Hino
et al., 2020; Gagliardi et al., 2021). Yet the implication of such
Erk activity spreading for wound closure and limb regeneration
remains unknown. Likewise, amputations have been indicated
to promote epithelial proliferation and involve forming an
actomyosin cable during zebrafish fin regeneration (Mateus et al.,
2012). Moreover, in zebrafish caudal fin and tail regeneration, a
transient metabolic shift to glycolysis has been shown to influence
actomyosin networks in epithelial cells for successful epithelial
closure, presumably forming the WE (Scott et al., 2021). How
such molecular processes and metabolic changes mediate rapid
wound covering during limb regeneration remains unknown. In
sum, identifying cell types, characterizing their cellular behaviors
and molecular regulators can promote the development of novel
approaches for mammalian WE and AEC formation.

Mammalian skin wound healing has been studied to uncover
ways for scar-free healing and can provide perspectives for
epithelial behaviors during limb regeneration. As an example,
skin wound injuries have been shown to be covered with
excessive proliferation of a select number of stem cell clones,
rather than using mass migratory behaviors or cell-fate switches
(Aragona et al., 2017). From this perspective, during amphibian
limb regeneration, epithelial behaviors seem rather distinct
compared to a mouse WE formation for simple injury.
Identifying such cellular features in mammals and screening
them during limb regeneration in amphibians can hint at
potential links for regeneration-competency. For example,
the amniotic epidermis is highly stratified and exhibits a
higher degree of heterogeneity with its keratin-rich layers
(Blanpain and Fuchs, 2006). If and how this heterogeneity
and structural complexity influence the WE formation will
be important to decipher. Indeed, during metamorphosis,
amphibian skin goes through specialization and extensive
changes (Schreiber and Brown, 2003; Seifert et al., 2012, 2019).
In a parallel, unlike premetamorphic axolotl, postmetamorphic
axolotl regenerates at a slower rate with a reduced regeneration
ability (Monaghan et al., 2014), and a comparison between
premetamorphic and postmetamorphic axolotl showed that
the wound closure is slower in postmetamorphic animals
(Seifert et al., 2012). These findings bring the possibility that
the dynamics of epithelial movements may be a contributor
to successful regeneration and pace of regeneration. On
another note, it is well established that the immune system
of regeneration-incompetent mammals operates differently
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compared to regeneration-competent species, and this
difference could be impacting epithelial cells (Julier et al.,
2017; Bolaños-Castro et al., 2021). Particularly, sustained
inflammation does not interfere with the wound closure
and therefore the WE formation (Godwin et al., 2013;
Mescher et al., 2013; Cook and Seifert, 2016). By contrast,
sustained inflammation is associated with failure to form
an AEC in Xenopus tail regeneration and the axolotl limb
regeneration (Godwin et al., 2013; Aztekin et al., 2020).
However, it remains unclear which direct and indirect immune
system-mediated mechanisms impact AEC formation. Further
cross-species or animal state comparisons and mammalian
epidermal biology studies can guide research to elucidate WE
and AEC formation.

Single-cell methods have been providing new insights on cell
types mediating regeneration and divergent features of the WE
and the AEC. Further cross-species systematic investigations
on these tissues, cell types, and their dynamic behaviors will
reveal evolutionarily conserved genetic programs of epithelial

signaling centers and their association with appendage growth
and regeneration.
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