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The zebrafish caudal fin has become a popular model to study cellular and molecular mech-
anisms of regeneration due to its high regenerative capacity, accessibility for experimental
manipulations, and relatively simple anatomy. The formation of a regenerative epidermis and
blastema are crucial initial events and tightly regulated. Both the regenerative epidermis and
the blastema are highly organized structures containing distinct domains, and several signal-
ing pathways regulate the formation and interaction of these domains. Bone is the major tissue
regenerated from the progenitor cells of the blastema. Several cellular mechanisms can
provide source cells for blastemal (pre-)osteoblasts, including dedifferentiation of differenti-
ated osteoblasts and de novo formation from other cell types, providing intriguing examples of
cellular plasticity. In recent years, omics analyses and single-cell approaches have elucidated
genetic and epigenetic regulation, increasing our knowledge of the surprisingly complex
coordination of various mechanisms to achieve successful restoration of a seemingly

simple structure.

he ability for regeneration of adult form and

function after injury is highly variable
among animal species (Ricci and Srivastava
2018). Some vertebrates like the ray-finned ze-
brafish Danio rerio can regenerate, among other
tissues, the heart, central nervous system, and
appendages (Gonzélez-Rosa et al. 2017; Becker
and Becker 2020; Daponte et al. 2021). In con-
trast, regeneration capacity in many adult mam-
malian species, including humans, is rather low,
as they cannot restore lost appendages (Daponte
et al. 2021), myocardial infarction results in a
repair process with extremely low cardiomyo-
cyte proliferation (Cui et al. 2018), and axons
and neurons are not replaced after injury to
the central nervous system (Tran et al. 2018).

For decades, appendage regeneration in
adult vertebrates has largely been studied in sal-
amanders. Only since the early 2000s, zebrafish
fins have become widely used models to study
regeneration. Major advantages of the salaman-
der model include the similarity of its anatomy
to that of mammalian limbs, its relatively large
size, which makes techniques like cell transplan-
tations and electroporation feasible, and the
complexity of pattern along all three spatial
axes, in particular the proximodistal axis. The
latter provides a large space of analysis for stud-
ies into the regeneration of form, most impor-
tantly into mechanisms of positional memory.
Zebrafish have become popular models for re-
generation studies largely due to their genetic

Editors: Kenneth D. Poss and Donald T. Fox

Additional Perspectives on Regeneration available at www.cshperspectives.org

Copyright © 2022 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a040758

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a040758


mailto:Gilbert.Weidinger@uni-ulm.de
mailto:Gilbert.Weidinger@uni-ulm.de
mailto:Gilbert.Weidinger@uni-ulm.de
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

I. Sehring and G. Weidinger

tractability. Salamanders have very big genomes
and all species commonly used for regeneration
studies have a long generation time, putting
some constraints on genetic manipulations (Jo-
ven et al. 2019). Nevertheless, recent break-
throughs in full genome sequencing and the
development of transgenesis and CRISPR-
Cas9-based mutagenesis have massively expand-
ed the experimental toolbox in salamanders.
Advantages of the zebrafish model include their
longer history as a genetic model organism,
which results in the availability of a large number
of transgenic and mutant lines, and the relative
ease of establishing new lines, which is also due
to their high fecundity and small size. The zebra-
fish fin regeneration model features highly ro-
bust and rapid regeneration, and partial ampu-
tation, in particular of the relatively large caudal
fin, is a simple surgical procedure that is well
tolerated by the fish. Caudal fins can also be fairly
easily imaged due to their flat and thin anatomy;
thus, several features of regeneration can be
monitored in vivo using straightforward stereo-
microscopy techniques. Thus, fin regeneration is
even amenable to high content approaches like
chemical and genetic screens (Oppedal and
Goldsmith 2010; Chen et al. 2015; Mishra et al.
2020).

Remarkable advancements have been made
in elucidation of cellular and molecular mecha-
nisms underlying and regulating fin regeneration.
These include, among others, the identification of
a variety of signaling pathways regulating the se-
quential steps of regeneration and the mecha-
nisms underlying the attainment of preinjury fin
size and shape (Gemberling et al. 2013; Pfefferli
and Jazwinska 2015; Wehner and Weidinger
2015). Also, much progress has been made in
identification of source cells for regeneration
and to which extent cellular plasticity is involved.
Not all of these topics can be covered in this re-
view, and we will concentrate on certain aspects.

THE ZEBRAFISH CAUDAL FIN MODEL

Although all zebrafish fins—the paired pelvic
and pectoral fins and the unpaired anal, dorsal
and caudal fins—regenerate, most regeneration
studies use the bilobed caudal fin as it is the larg-

est one and the easiest to access for injury and
imaging. The skeletal elements of the fin can be
divided into endochondral bones at the base,
which are muscularized, and exoskeletal rays,
the lepidotrichia, which run from proximal to
distal through the fin (Bird and Mabee 2003).
This exoskeletal part of the fin does not contain
muscles. The fin rays are segmented and occa-
sionally bifurcated, and the segments are con-
nected by collagenous ligaments, the joints
(Fig. 1A-D). Zebrafish grow throughout their
life span, and the accompanying growth of the
fin is achieved by the distal addition of new seg-
ments. Each segment consists of two opposed,
concave hemirays (Fig. 1E). The bone of the rays
is formed via direct ossification (without a carti-
lage template) by a monolayer of osteoblasts that
lines the inner and outer surface of the hemirays
(Fig. 1E,F). Rays are separated by soft interray
tissue (fibroblasts) that contains venous capillar-
ies (Becerra et al. 1983). At the tip of each ray,
fish-specific nonmineralized skeletal elements,
the so-called actinotrichia, complete each ray
(Konig et al. 2018).

Because the endochondral base of zebrafish
fins is quite reduced and hardly protrudes from
the body, the bulk of the “visible” part of the fins
is formed from the rays, and partial fin amputa-
tions, as they are routinely used in zebrafish fin
regeneration studies, only remove this exoskele-
tal portion of the fin. Of note, amputations
through the endochondral base of the pectoral
fin are met with a highly incomplete regenerative
response (Papai et al. 2019). Interestingly, the
ability to regenerate the endochondral skeleton
of appendages is quite variable among teleosts;
while several species can—like zebrafish—only
regenerate the exoskeleton of the fins, Polypterus
(the most basal living ray-finned fish), lungfishes
(asister group to tetrapods), and knifefish (gym-
notiform electric fishes) can regenerate their
endoskeleton (Kirschbaum and Meunier 1981;
Cuervo et al. 2012; Nogueira et al. 2016). In the
developing zebrafish pectoral fin, endoskeletal
structures do regenerate, but this ability declines
during maturation (Yoshida et al. 2020). Future
studies will hopefully provide mechanistic in-
sight into the differential capacity to regenerate
the appendage endoskeleton in teleosts.
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Figure 1. Anatomy of a zebrafish fin. (A) Brightfield image of an adult zebrafish fin. (B) In the transgenic line
Tg(Ola.osteocalcin:GFP)"**°% (Knopf et al. 2011), GFP is expressed in mature osteoblasts lining the segments and
is absent in the joints. (C) The transgenic line Tg(mmp9:egfp) (Ando et al. 2017) displays specific EGFP
expression at fin ray joints. (D) Schematic representation of the fin with segmented bony rays surrounded by
connective tissue. (E) Schematic cross-section highlighting the two concave bony hemirays of each segment, and
the localization of blood vessels. Osteoblasts line the hemirays in a single layer. (F) Schematic longitudinal section
showing the basal epidermal cell layer abutting the outer layer of osteoblasts. Segments are separated by joint cells.
(G) Fins can be repeatedly amputated and form new bone. Pink arrowheads, first amputation side 9 d before
imaging. New bone has already been formed in the regenerate. Yellow arrowheads, second amputation side 1 d
before imaging. Atop of each ray, the histological distinctive blastema can be recognized. Scale bars, 1000 pm (A-
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In contrast to the endochondral bones at the
pectoral fin base, the exoskeletal elements of the
teleost fin rays are not homologous to bones in
amniote limbs. Thus, while the functional part
of the appendages that extends from the body
regenerates very efficiently both in zebrafish and
salamanders, interesting differences exist in the
regenerative ability of endochondral skeletal el-
ements between these models.

The regeneration of fins is epimorphic, that
is, lost tissue is restored by proliferation of
source cells, and these cells form a morpholog-
ically identifiable structure called a blastema at
the amputation site (Poss et al. 2003; Pfefferli
and Jazwinska 2015). Amputated fins are re-
stored in their size, shape, and anatomical pat-
tern within 3 weeks. Regeneration capacity is
independent of fish age (Shao et al. 2011), and
fins can be repeatedly amputated (Fig. 1G; Aze-
vedo et al. 2011). Regeneration of the fin can be

divided into defined phases: (1) wound healing
and formation of a regenerative epidermis (RE),
(2) blastema formation, and (3) regenerative
outgrowth (Poss et al. 2003).

WOUND HEALING AND THE
REGENERATIVE EPIDERMIS

Before the regeneration program starts with
blastema formation, a general injury response
can be observed, with neutrophils migrating to-
ward the injury site (Petrie et al. 2014). Within
few hours after injury, the amputation plane is
covered by a thin epidermal layer. This wound
epithelium is formed through migration of non-
proliferative epithelial cells over the wound
(Poleo et al. 2001; Santos-Ruiz et al. 2002).
Over the following hours to days, the epithelium
becomes multilayered and matures into the RE.
In zebrafish, the fin epidermis consists of basal
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cells, suprabasal epithelial cells, and superficial
epithelial cells (SECs). In the multicolor Cre-
lox-based skinbow transgenic line, SECs are bar-
coded with distinguishable tags, which allows
for simultaneous tracking of individual cells
(Chen et al. 2016). The combination with a pan-
epithelial reporter line showed that the first epi-
dermal cells recruited to the amputation site are
basal and suprabasal cells, quickly followed by
SECs. SECs of interray regions display a higher
motility than SECs overlying bony rays, and
SECs are recruited over long distances into re-
generating tissue. Additionally, de novo created
SECs contribute to the surface epithelium. Con-
cordantly, lineage tracing using fibronectin 1b
(fn1b) as a marker expressed in all strata of the
epidermis, showed that RE cells predominantly
originate from interray regions (Shibata et al.
2018). Importantly, epidermal cells face differ-
ent fates depending on their time of recruit-
ment. Whereas epidermal cells recruited from
1 day postamputation (dpa) onward contribute
to the RE, cells recruited earlier transiently cover
the wound, but later undergo apoptosis (Shibata
et al. 2018). Intriguingly, many epidermal cells
of the RE in the distal fin area are expelled within
15 dpa and replenished by widespread prolifer-
ation of both basal and nonbasal epidermal cells.
Conversion of suprabasal or surface epidermal
cells into basal cells to replenish basal cells does
not occur. In the larval fin fold, which has be-
come a popular model for mechanisms of
wound healing, the epithelium consists of only
a basal and a suprabasal layer. Here, cell migra-
tion only occurs in the basal layer, while supra-
basal cells are potentially dragged by mechanical
coupling, assisted by purse string contractions
(Gault et al. 2014).

The blastema is a highly organized structure
with distinct domains for proliferation and dif-
ferentiation (Fig. 2A), which we will discuss in
detail in the next section. The RE not only acts as
a physical barrier to protect the regenerating tis-
sue, but also plays an important role in the for-
mation and organization of the blastema
through paracrine signaling to the adjacent mes-
enchymal cells. Particularly, the basal layer of the
RE, a single layer of cells aligned atop of blaste-
mal cells, is a central signaling hub. In the basal

layer of the RE, type 1 insulin-like growth factor
receptor (igfr1) (Chablais and Jazwinska 2010),
laminin fla (lambla) (Chen et al. 2015), fibro-
blast growth factor 20a (fgf20a) (Shibata et al.
2016), and Hh ligand sonic hedgehog (shh)
(Armstrong et al. 2017) are expressed in a dis-
tinct pattern. Fgf20a expression is activated early
in the wound epidermis, and inhibition of Fgf
signaling by overexpression of a dominant-neg-
ative Fgf receptor 1 (dnfgfrl) impairs blastema
formation (Shibata et al. 2016), demonstrating a
functional role of the RE in fin regeneration. Epi-
dermis formation is also modulated by Fgf20a
emerging form the underlying mesenchymal
cells (Whitehead et al. 2005), as does retinoic
acid (RA) (Blum etal. 2012). Dnfgfr1 overexpres-
sion also reduces lambla expression, indicating
that Fgf20a induces the expression of lambla in
adjacent epithelial cells (Fig. 2B; Chen et al.
2015). Mutant analyses show that lambla is in-
strumental for the polarization of the basal cell
layer of the RE along the apicobasal axis, and for
the formation of the basement membrane. This
polarization is crucial for the directed activation
and position of various factors, including phos-
phorylated Igflr and components of the Hh and
Whnt/B-catenin signaling pathways, and subse-
quently for osteoblast patterning and bone for-
mation (Wehner et al. 2014; Chen et al. 2015).
Igfrl in the epidermis is activated by insulin-like
growth factor 2b (igf2b) emanating from the blas-
tema (Chablais and Jazwinska 2010). Transcrip-
tion of igf2b in blastemal cells is in turn regulated
by Wnt/B-catenin signaling, as induction of the
Wt signaling pathway inhibitor dickkopf (dkk1I)
reduces its expression, thus indirectly linking
this pathway with IGF pathway activation (Fig.
2B; Wehner et al. 2014). As mentioned, expres-
sion of the various factors in the epidermis is
partly nonoverlapping, defining several epider-
mal domains. These domains are regulated by
Fgfs, as shown with in situ analysis on dnfgfrl-
expressing fins. Fgfs maintain shh expression in
proximal regions, where the transcription factor
lymphoid enhancer-binding factor 1 (lefl) is also
expressed (Fig. 2C; Lee et al. 2009). In distal re-
gions, Fgf together with Ras signaling induces
wingless-type MMTYV integration site family,
member 5b (wnt5b) expression, resulting in the

4 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a040758



fggﬁﬁb Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Zebrafish Fin Regeneration

A Differentiating Osteoblast
Outer epidermal osteoblasts progenitors Proliferative
layers ———pi )

y [Femma=n fmmsm——— ¥, .‘//flbroblasts
IBasaI epidermal % Nonproliferative
ayer fibroblasts
Actinotrichia- P i _—
formingcells &+

Differentiation Proliferation
zone zone
Proximal Distal blastema
blastema
B ° ° Epidermis
polarization
Fgf20a — Lambia
D D
e Fgf20a \I f2b‘
‘RA Lambia 9
Fgf20a Shh
Lef1
Wnt/B-
catenin
(] Epithelial cell D Basal epidermal cell ‘ Fibroblast
(o] Proximal Distal
o ®
Lefl - Wnt/B-catenin —— shh
Shh
Fof Fgf/Ras
® Shh* epidermal cell ® Shh~ epidermal cell
D Proximal Distal

o "

-

Proliferation \
\ Wnt/g-
c ‘ catenin

Notch Fgf10
Fgf3
D Fgf20a* epidermal cell

c Proliferative fibroblast ‘ Nonproliferative fibroblast

Figure 2. Blastema organization and regulation. (A) Schematic longitudinal section of the distal tip of a regen-
erating ray. Progenitors of distinct cell fates are found in different regions of the blastema, cells at the very tip are
largely nonproliferative. (B) Regulation of epidermis formation. (C) Regulation of epidermal patterning. (D)
Regulation of blastema proliferation.
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confinement of the shh domain to the proximal
region. Lefl is best known as a mediator and
feedback target gene of Wnt/fB-catenin signaling
and its expression does depend on active Wnt/
B-catenin signaling also in the regenerating fin,
as overexpression of dkkI results in loss of ex-
pression (Stoick-Cooper et al. 2007). However,
active B-catenin signaling could not be demon-
strated in the epidermis (Poss et al. 2000a;
Stewart et al. 2014; Wehner et al. 2014). Thus, it
appears that activation of Wnt/B-catenin signal-
ing in the blastema indirectly regulates epidermal
lef1 expression and epidermal patterning via sec-
ondary signals (Wehner and Weidinger 2015).
Additional studies employing tissue-specific
pathway manipulation will be helpful to further
elucidate the complex regulation patterns be-
tween the different pathways and cell types.

BLASTEMA FORMATION AND
ORGANIZATION

From 12 h postamputation onward, a blastema
forms distally to the amputation site in each
bony ray (Sehring and Weidinger 2020). The
blastema is nota homogenous mass of cells; rath-
er molecular markers and lineage-tracing ap-
proaches have shown that it is composed of a
collection of progenitor cells that are predomi-
nantly lineage-restricted and spatially segregat-
ed, with their position within the blastema
reflecting their site of origin in the stump (Fig.
2A). Intraray fibroblasts give rise to the mesen-
chymal cells at the core of the blastema, while
dedifferentiated osteoblasts maintain their loca-
tion to the lateral sides, beneath the epidermis. In
addition, clonal analysis of regenerating fibro-
blasts revealed that they contribute to distinct
proximodistal blastema regions depending on
their proximodistal location in the stump (Tor-
nini et al. 2016). Early f¢f20a signaling in the
wound epidermis is required for the recruitment
of fibroblasts to the blastema (Shibata et al. 2016).
Several pathways regulate the proliferation of
blastemal cells, such as FGF (Poss et al. 2000b;
Lee et al. 2005), RA (Blum et al. 2012; Wehner
etal. 2014), and Shh signaling (Quint et al. 2002;
Lee et al. 2009). Importantly, proliferation and
thus growth of the blastema has to be tightly cou-

pled with mechanisms regulating blastema orga-
nization, thereby ensuring directed outgrowth
and subsequent differentiation and tissue forma-
tion in the growing regenerate. The distalmost
blastema contains largely nonproliferative fibro-
blasts, while further proximally cells are highly
proliferative (Fig. 2A; Nechiporuk and Keating
2002). Wnt/p-catenin signaling is active in the
nonproliferative distal blastema and regulates
blastemal cell proliferation. Systemic overexpres-
sion of the negative Wnt regulator axinl sup-
presses proliferation, but can be rescued by
both RA and Smoothened agonist (SAG) treat-
ment, indicating that Wnt/B-catenin signaling
acts via RA and hh signaling (Fig. 2D; Wehner
et al. 2014). Furthermore, fibroblast growth fac-
tor3 (fgf3) and fibroblast growth factor 10a
(fgf10a) are expressed in the distal blastema,
and have been suggested to be important for
cell proliferation (Shibata etal. 2016).In the prox-
imal blastema, cells are kept in a proliferative pro-
genitor state by Notch signaling (Grotek et al.
2013; Miinch et al. 2013). Fibroblasts proliferate
and express extracellular matrix proteins, such as
tenascin C (Jazwinska et al. 2007).

A recent study showed that in mutants for
midkine-a, a cytokine growth factor, the initial
blastemal proliferation burst is reduced (Ang
etal. 2020). The authors observed similar effects
in extraocular muscle and retinal neuron regen-
eration, suggesting a general role for midkine-a
asa potential generic wound signal that regulates
the early onset of proliferation. A fundamental
question in regeneration research has been why
some organs are completely restored by struc-
tural regeneration after injury, while others
only display wound healing. Injuries of such dif-
ferently responding organs might either induce
different signals, or the different outcomes are
due to deviating responses to a common set of
wounding-induced signals. The potency of ge-
neric wound signals to induce regeneration was
demonstrated in a missing-tissue context (Ow-
larn et al. 2017). Transient blockage of either
Whnt/B-catenin or FGF signaling generated dor-
mant fins, where wound healing and formation
of the RE happen, but blastema formation and
regenerative outgrowth do not occur. In these
fins, injuries that under normal conditions do
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not induce regeneration but only wound healing
(e.g., skin incisions in the interray) stimulate re-
generative growth beyond the primary amputa-
tion plane. Together, these studies imply that
generic wounding-induced signals also trigger
regeneration. Further studies into the mecha-
nisms underlying the differential response of tis-
sues to generic wound signals, depending on the
need to regenerate structure or to merely heal the
wound, will be of high interest.

In summary, in the last decade a great num-
ber of studies has revealed molecular mecha-
nisms and signaling pathways regulating blas-
tema formation and regenerative growth. Yet,
many questions about the epistasis and interac-
tion of pathways, downstream effectors and cross
talk between tissues remain. Single-cell ap-
proaches have started to provide additional in-
sights into the cellular mechanisms of regenera-
tion and are expected to also reveal candidate
molecular regulators for further analysis.
scRNASeq identified two distinct transcriptional
states within the mesenchyme of noninjured fins
(likely representing osteoblasts and other cells),
while seven distinct clusters arose in the mesen-
chyme of the regenerating fin (Hou et al. 2020).
These could be assigned to one putative lineage
for osteoblasts and three nonosteoblastic cellular
states. Comparing the top differentially ex-
pressed genes in these lineages allowed for
allocation of specific roles for the lineages (for
example, only one lineage showed up-regulation
of the RA-degrading enzyme cytochrome P450,
family 26, subfamily A, polypeptide 1 cyp26b1).
Intriguingly, these data suggest that tryptophan
hydroxylase 1b (tphl1b), aldehyde dehydrogenase
1 family, member A2 (aldhla2), and actinodinl
(andl), which have been proposed as markers for
joint fibroblasts (Tornini et al. 2017), fibroblasts
adjacent to osteoblasts (Blum and Begemann
2015), and actinotrichia-forming cells, respec-
tively (Konig et al. 2018), rather represent dif-
ferent states of the same nonosteoblastic cell
population during early regeneration stages in-
stead. Lineage-tracing approaches will be required
to confirm this, butitislikely that future single-cell
studies will refine our current concepts of cell fates
in the regenerating fin, and might also reveal un-
expected cellular heterogeneity, in particular in

Zebrafish Fin Regeneration

the lineage that has so far been studied in greatest
detail, the bone-forming cells.

OSTEOBLAST FATE

Osteoblasts constitute an important part of each
fin ray blastema. Whereas current data indicate
that stem cells, and not differentiated osteoblasts,
provide the source cells for bone repair in
mammalian fracture healing (Park et al. 2012),
differentiated osteoblasts appear to represent an
important source for bone-forming cells during
zebrafish fin regeneration (Knopf et al. 2011).
Mature osteoblasts in the stump close to the am-
putation plane dedifferentiate, that is, they lose
characteristics of the differentiation state, in par-
ticular expression of the differentiation marker
bone y-carboxyglutamate (gla) protein (bglap,
previous name osteocalcin), and they gain pro-
genitor characteristics (e.g., expression of the
progenitor marker RUNX family transcription
factor 2 runx2) (Knopf et al. 2011; Sousa et al.
2011; Stewart and Stankunas 2012). These cells
remain lineage restricted and only redifferentiate
into osteoblasts in the regenerate (Knopf et al.
2011; Tu and Johnson 2011). Such lineage re-
striction was also proposed for other cell types
of the fin, such as epidermal cells, dermal fibro-
blasts, and endothelial cells (Tu and Johnson
2011; Stewart and Stankunas 2012). Dedifferen-
tiated osteoblasts migrate distally toward the am-
putation plane and integrate into the forming
blastema (Knopf et al. 2011; Sousa et al. 2011),
providing a cellular source for bone regeneration
(Fig. 3A). Identifying signals and genes that pro-
mote (or inhibit) osteoblast dedifferentiation is
of critical importance to understand this mech-
anism. So far, two pathways have been shown to
be involved in regulating osteoblast dedifferen-
tiation (Fig. 3B). Intriguingly, both are negative
regulators. Osteoblast dedifferentiation is in-
hibited by RA, which is synthesized after ampu-
tation, as it is an important signaling pathway
necessary for blastema formation and function
(Blumetal. 2012; Blum and Begemann 2015). To
counteract this, osteoblasts up-regulate expres-
sion of the RA-degrading enzyme cyp26b1 and
thus enable their dedifferentiation (Blum and
Begemann 2015). In addition to RA signaling,
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Figure 3. Cellular sources of osteoblasts. (A) Differentiated osteoblasts close to the amputation plane dediffer-
entiate, migrate into the blastema and redifferentiate. (B) Both retinoic acid and NF-xB signaling negatively
regulate osteoblast dedifferentiation. (C) After osteoblast ablation, osteoblasts are formed de novo in the regen-
erate. (D) Osteoblast progenitor cells in the joints contribute to the osteoblast population in the regenerate.

NF-«B signaling has also been shown to modu-
late osteoblast dedifferentiation (Mishra et al.
2020). In mature osteoblasts, NF-«xB signaling
is active and prevents their dedifferentiation in
a cell-autonomous manner. Upon amputation,
NF-xB signaling is down-regulated in osteo-
blasts, thus allowing for their dedifferentiation.
Combination of RA and NF-«kB signaling inter-
ference using small molecules suggests that
NF-kB signaling acts upstream of RA signaling
and that cyp26b1 expression is negatively regu-
lated by NF-xB signaling (Fig. 3B). NF-xB
signaling emerged as modulator of osteoblast
dedifferentiation from a high content in vivo
chemical screen for regulators of fin regenerative
growth and osteoblast dedifferentiation. Note-
worthy, NF-xB signaling does not affect regen-
erative growth, and the majority of target
compounds identified in this screen affected ei-

ther dedifferentiation or regenerative growth.
Thus, osteoblasts dedifferentiate even if subse-
quent regenerative growth is impaired, and vice
versa regenerative growth occurs albeit osteo-
blast dedifferentiation is inhibited (potential
other sources for osteoblasts are discussed be-
low). This suggests that these two processes are
at least partly independent from each other and
are individually regulated. Further studies on
other potential pathways emerging from this
screen will elucidate this hypothesis. Such stud-
ies should also be able to test whether osteoblas-
tic dedifferentiation is inherently negatively
regulated, that is that dedifferentiation occurs
through the loss of signals maintaining the dif-
ferentiated state and not through the activation
of signals inducing dedifferentiation.

During the outgrowth phase of regeneration,
when new tissue is generated, dedifferentiated
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osteoblasts have to redifferentiate to produce
bone matrix. Redifferentiation is tightly regulat-
ed in space and time to ensure that preosteoblasts
in the distal blastema remain proliferative to con-
tribute to progenitor expansion, while osteo-
blasts in the proximal blastema redifferentiate
to build new bone. In the regenerating fin,
runx2" preosteoblasts are responsive to canoni-
cal Wnt signaling generated by distal blastema
cells, which keeps them in the proliferative state
(Stewart et al. 2014). More proximally, autocrine
BMP signaling is required for the commitment
of runx2" cells to Sp7 transcription factor (sp7,
previous name osterix) positive cells. RA signal-
ing, which negatively regulates osteoblast dedif-
ferentiation, also inhibits osteoblast rediffer-
entiation (Blum and Begemann 2015). RA
treatment down-regulates expression of bone
morphogenetic protein 2b (bmp2b), the ligand
presumed to be responsible for activation of
Bmp signaling in preosteoblasts, while also in-
hibiting expression of the Wnt signaling path-
way inhibitor dickkopf 1b (dkk1b). These data
suggest that RA signaling acts through modulat-
ing both BMP and Wnt/B-catenin signaling.
Both Bmp and Wnt signaling pathways are also
regulated by the Hippo-Yap pathway. In mesen-
chymal cells of the proximal blastema, YesI-as-
sociated transcriptional regulator (Yap) pro-
motes expression of bmp2a, thus regulating
osteoblast differentiation in a paracrine fashion
(Brandao et al. 2019). Additionally, overexpres-
sion of a dominant-negative form of Yap reduces
expression of dkkla and bmp2a. These data in-
dicate that Yap negatively modulates Wnt signal-
ing by regulating dkk1a expression in a potential
synergistic manner with Bmp signaling, ensur-
ing the confinement of active Wnt signaling to
the distal region of the blastema.
Dedifferentiated osteoblasts are not the sole
origin for osteoblasts during regeneration.
When fins are depleted of virtually all osteo-
blasts via genetic ablation (using nitroreductase
driven by sp7 regulatory elements), regeneration
of bone is not perturbed (Singh et al. 2012). This
indicates that de novo differentiation of cells
into osteoblasts can occur (Fig. 3C). If such
nonosteoblastic cells contribute to bone regen-
eration by default, or if their activation is a back-
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up mechanism when dedifferentiation from ma-
ture osteoblasts fails, is an intriguing question.
Cell-lineage analysis has identified a population
of cells expressing matrix metalloproteinase 9
(mmp9) as potential osteoblast progenitor cells
(OPCs) (Ando et al. 2017). These cells are locat-
ed in the joints between fin ray segments, and in
the noninjured fin they do not express osteoblast
markers such as osterix or bglap. Upon amputa-
tion, however, these cells migrate into the regen-
erate and contribute to the osteoblast population
(Fig. 3D). Genetic ablation of mmp9™ cells using
the nitroreductase system resulted in reduction
of osteoblast numbers and of calcified fin ray
tissue, indicating that both osteoblast dediffer-
entiation and differentiation from OPCs are de-
ployed during unperturbed fin regeneration.
Joint cells come from the same lineage as oste-
oblasts (Sousa et al. 2011; Tu and Johnson 2011),
and a lineage tracing study in medaka showed
that collagen, type X, ala (coll0al)* cells con-
tribute to osteoblasts and joint cells during re-
generation (Dasyani et al. 2019). Further studies
about the fate of various bone-associated cell
populations during regeneration using lineage
tracing will be necessary to ascertain the con-
tribution of these different pools to bone re-
generation. As mentioned above, regenerating
fibroblasts locate to distinct proximodistal blas-
tema regions depending on their original posi-
tion in the stump (Tornini et al. 2016). It would
be intriguing to analyze whether such heteroge-
neity can also be observed for osteoblasts.

GENETIC AND EPIGENETIC REGULATORS
OF FIN REGENERATION

The highly variable regeneration capacity be-
tween species could result from regeneration-
specific genes existing only in species with high
regeneration capacity. While one such gene,
Prod]l, a cell-surface molecule implicated in me-
diating positional identity, is described to exist
only in highly regenerative salamanders (Da Sil-
va et al. 2002; see also Otsuki and Tanaka 2021),
the prevalent hypothesis is that the predominant
mechanism underlying differential regenerative
outcomes between species is the differential reg-
ulation of conserved genes. Transcriptional pro-

Cite this article as Cold Spring Harb Perspect Biol 2022;14:a040758 9



fggﬁﬁ) Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

I. Sehring and G. Weidinger

filing and proteomic analyses have shown that
the activity of hundreds of genes is modified dur-
ing zebrafish fin regeneration (Schebesta et al.
2006; Saxena et al. 2012; Kang et al. 2016); thus
gene regulation is dynamic (early blastema for-
mation and dedifferentiation phase, later redif-
ferentiation phase) and customized to different
cell types (epidermis, different blastema com-
partments).

DNA methylome analysis of fin regenerates
of different timepoints showed neither global
changes in DNA methylation nor differentially
methylated genomic regions during regeneration
(Lee et al. 2020). However, immunohistochemical
analysis revealed a transient DNA demethylation
during the early phase of fin regeneration in blas-
tema cells, together with up-regulation of growth
arrest and DNA-damage-inducible, a (gadd45),an
important mediator of DNA methylation (Hirose
et al. 2013). Possibly, pooled tissue analysis in the
first study obscured changes occurring only in a
subset of cells. Indeed, the authors show that DNA
methylation, while globally comparable between
sp7"andsp7~ cells, varies inlocal genomic regions,
and they identified over 2000 regions that are dif-
ferentially methylated in sp7* compared to sp7~
cells. Yet, DNA methylation analysis of sp7* cells at
different timepoints suggests that these osteoblast-
specific DNA methylation regions change very lit-
tle, if at all, during regeneration (Lee et al. 2020).
Another important epigenetic feature controlling
gene expression is chromatin accessibility. Indeed,
genomic regions classified as cis-regulatory re-
gions gained chromatin accessibility during regen-
eration (Lee et al. 2020). Interestingly, these puta-
tive enhancers contained low DNA methylation in
the noninjured state, potentially allowing a fast
gene activation after amputation. Chromatin ac-
cessibility is regulated by factors remodeling the
configuration of chromatin in response to intrinsic
and extrinsic signals. One of four major ATP-de-
pendent chromatin remodeling complexes is the
nucleosome remodeling and deacetylase (NuRD)
complex. During the redifferentiation phase, the
transcription of several components of NuRD was
shown to be up-regulated in the proliferative com-
partment of the blastema (Pfefferli et al. 2014).
Furthermore, inhibition of the histone deacetylase
1 (Hdacl) blocked redifferentiation of osteoblast

precursors but not blastema formation and osteo-
blast dedifferentiation, stressing the independent
regulation of these processes. Taken together,
chromatin accessibility, but not DNA methylation,
might be involved in regulating regeneration-spe-
cific gene transcription.

In recent years, several studies have analyzed
which genetic elements are involved in the dif-
ferential regulation of gene activation during re-
generation. A pioneering study coined the term
“tissue regeneration enhancer element” (TREE)
for regulatory elements involved in activating
expression of regeneration-associated genes
(Kang et al. 2016). The authors showed that a
leptinb-linked enhancer (LEN) can regulate re-
generation-activated gene expression. Interest-
ingly, within this element, different modules
are present for tissue-specific regulation (fin vs.
heart), although neither heart nor fin regenera-
tion was impaired in leptinb mutants. In a follow-
up study, the authors identified further TREES
and demonstrated that these regulatory elements
arelocated near genes known to be important for
regeneration, such as fgf20a, midkine a (mdka),
and connexin 43 (cx43) (Thompson et al. 2020).
Consistent with the methylome study (Lee et al.
2020), no variation in the methylation state with-
in these enhancer regions could be observed be-
tween different timepoints of regeneration. An-
other regulatory component is the ctgfa reporter
in regeneration (careg) element, an upstream ge-
nomic region of the connective tissue growth fac-
tor a (ctgfa) gene (Pfefferli and Jazwinska 2017).
During regeneration, careg is activated in mes-
enchymal cells through TGF-p/activin-p signal-
ing. Intriguingly, caregis also active during heart
regeneration; this together with the involvement
of LEN in both fin and heart regeneration sug-
gests common regulatory mechanisms for re-
generation. However, it is not clear yet whether
these regulatory elements respond to generic
wounding-induced signals, or are only activated
in contexts where structural regeneration occurs.
Comparative analysis between killifish and ze-
brafish fin regeneration revealed conserved re-
generation-responsive enhancers (RREs) with
binding sites for the AP-1 transcription factor
complex as a shared characteristic (Wang et al.
2020). Genes regulated by RREs are mainly
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expressed in blastema cells. Coinciding, compar-
ison between zebrafish regenerates at different
timepoints revealed regulatory elements with
predicted binding sites for the AP-1 complex to
be most differentially active (Thompson et al.
2020). One gene under the control of an RRE is
the TGF-p-related ligand inhba, which is known
to be required for fin regeneration (Jazwinska
et al. 2007), and minimal sequences from the
enhancer can direct gene expression in response
to injury (Wang et al. 2020).

Altogether, these studies indicate that com-
mon regenerative-positive elements are involved
in activation of altered gene expression during
regeneration. Fast gene expression responses
might be facilitated by specific chromatin re-
modeling.

CONCLUDING REMARKS

The zebrafish fin provides a powerful model to
study regeneration in vivo. Although fin regen-
eration is a complex process, the understanding
of molecular regulators involved in fin regener-
ation and their interactions has substantially ad-
vanced in the past decade. Prior studies often
relied on systemic interference in the whole
fish. In the future, the combination of condi-
tional genetic and single-cell approaches will
allow for precise tissue-specific manipulation
and cell-type-specific analysis, yielding deeper
understanding of the origin and recipients of
signals and how these mechanisms contribute
to the regeneration of the various tissues.
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