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SUMMARY

Zebrafish regenerate their fins via the formation of a
population of progenitor cells, the blastema. Wnt/
b-catenin signaling is essential for blastemal cell pro-
liferation and patterning of the overlying epidermis.
Yet, we find that b-catenin signaling is neither active
in the epidermis nor the majority of the prolifera-
tive blastemal cells. Rather, tissue-specific pathway
interference indicates that Wnt signaling in the non-
proliferative distal blastema is required for cell pro-
liferation in the proximal blastema, and signaling in
cells lining the osteoblasts directs osteoblast differ-
entiation. Thus, Wnt signaling regulates epidermal
patterning, blastemal cell proliferation, and osteo-
blast maturation indirectly via secondary signals.
Gene expression profiling, chromatin immunoprecip-
itation, and functional rescue experiments suggest
that Wnt/b-catenin signaling acts through Fgf and
Bmp signaling to control epidermal patterning,
whereas retinoic acid and Hedgehog signals mediate
its effects on blastemal cell proliferation.We propose
that Wnt signaling orchestrates fin regeneration by
defining organizing centers that instruct cellular
behaviors of adjacent tissues.
INTRODUCTION

The capacity to regenerate organs or appendages after injury

varies widely between species. Although adult mammals have

limited regenerative potential, urodele amphibians and teleosts

like the zebrafish (Danio rerio) can fully regenerate many internal

organs and appendages (Azevedo et al., 2011; Stoick-Cooper
C

et al., 2007a). The zebrafish caudal fin has emerged as a highly

successful model for studying basic mechanisms of tissue

regeneration. Following partial amputation, the fin, which con-

sists of bony rays and soft interray tissue, regenerates very

robustly through establishment of blastemas—populations of

lineage-restricted mesenchymal progenitor cells that form via

dedifferentiation of mature stump cells—distally to each fin ray

(Knopf et al., 2011; Tu and Johnson, 2011) (Figure 1A). At

28�C, blastema formation is completed within 48 hr postamputa-

tion (hpa) succeeding an initial wound healing process in which a

multilayered wound epidermis is formed. Following blastema

formation the regenerative outgrowth phase is initiated leading

to restoration of the fin within 3 weeks.

Although a number of signaling pathways including Activin

(Jazwinska et al., 2007), Bmp (Smith et al., 2006), Fgf (Poss

et al., 2000), Hh (Quint et al., 2002), Igf (Chablais and Jazwinska,

2010), Notch (Grotek et al., 2013; Münch et al., 2013), retinoic

acid (RA) (Blum and Begemann, 2012), and Wnt/b-catenin

(Kawakami et al., 2006; Stoick-Cooper et al., 2007b) have been

shown to be required for fin regeneration, our understanding

of their tissue-specific roles or how these pathways interact

to regulate distally oriented growth during fin regeneration is

limited.

Wnt ligands can trigger several signaling pathways, of which

the b-catenin-dependent pathway is the best characterized.

Ligand binding to Frizzled receptors and Lrp5/Lrp6 coreceptors

results in stabilization and accumulation of cytoplasmic b-cate-

nin, which translocates to the nucleus and modifies target

gene transcription together with transcription factors of the

Tcf/Lef family (MacDonald et al., 2009). It is well documented

that the Wnt/b-catenin pathway directly regulates proliferation

and maintenance of several stem or progenitor cell types during

development and tissue homeostasis (Reya and Clevers, 2005).

Importantly, Wnt/b-catenin signaling also plays critical roles in

most naturally regenerating systems studied to date, ranging

from hydra and planarian whole-body regeneration to organ
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Figure 1. Wnt/b-Catenin Pathway Activation during Zebrafish

Caudal Fin Regeneration

(A) Cartoons summarizing relevant anatomical structures and expression

domains of a fin regenerate during the outgrowth phase. Whole-mount and

longitudinal section views are shown.

(B) mCherry RNA expression in 7xTCF:mCherry transgenic regenerates. Note

transcript expression at 12 hpa in the interray tissue (arrowheads) and at 24

hpa distally to the bony ray (arrow).

(C)mCherry expression is confined to the mesenchyme at all stages analyzed.

The basal epidermal layer is devoid of staining (asterisk).

(D) axin2 (green) and mCherry RNA (red) are coexpressed in the distal blas-

tema (arrowhead) and interray cells (arrow) in 7xTCF:mCherry transgenic

regenerates.

(E) gfp RNA expression in 6xTCF:dGFP transgenic regenerates is confined to

the blastema. The basal epidermal layer is devoid of staining (asterisk).

(F) lrp5 transcripts are confined to proximal mediolateral domains of the

blastema and are absent in the distal (arrowhead) blastema, the osteoblast

progenitors (asterisk), and the basal epidermal layer (arrow). lrp6 transcripts

are predominantly detected in the distal blastema (arrowhead). Asterisk: (pre)

osteoblasts; arrow: basal epidermal layer.

(G) RT-PCR of indicated genes on cDNA derived from fluorescence-activated-

cell-sorted 7xTCF:mCherry; her4.3:EGFP double transgenic regenerates at 72

hpa. Endogenous lrp5/6 transcripts are not detected in the fluorescence-

negative, blastema-free cell fraction that contains epidermal cells whereas

spry4 is.

In (B)–(G), confocal images of a whole-mount (D) or longitudinal section (E) are

shown. Black arrowheads, amputation plane. Scale bars, 200 mm, 100 mm

(D, whole mount),10 mm (D), and 100 mm (sections).
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and tissue regeneration in lower vertebrates and mammals—all

of which involve populations of proliferative precursor cells

(Stoick-Cooper et al., 2007a; Whyte et al., 2012). However, a

lack of sensitive reporters to monitor the spatiotemporal

dynamics of pathway activation, the absence of genetic tools

for temporally and spatially controlled manipulation of pathway

activity, and the limited knowledge about downstream target

genes have hindered further progress in understanding the pre-

cise functions of the b-catenin pathway during many of these

regenerative processes.

Although the blastema is sometimes described as a ‘‘mass’’

of proliferative cells, the regenerate in fact becomes highly

organized into several compartments during regenerative

outgrowth (Figure 1A). The blastema comprises at least four

domains: (1) the distal-most, scarcely proliferative blastema,

characterized by expression of aldh1a2 (raldh2), the rate-limiting

enzyme in retinoic acid synthesis (Mathew et al., 2009; Nechi-

porukandKeating, 2002), (2) theproximalmedial blastema,which

is rapidly proliferating and positive for readouts of Notch signaling

(her6 and the transgenic reporter her4.3:EGFPy83; Grotek et al.,

2013), (3) highly proliferative bilateral zones containing runx2b+

osteoblast progenitors, and—further proximally—sp7+ (osterix/

osx) committed osteoblasts (Brown et al., 2009), and (4) domains

directly medial to the osteoblast progenitors. These mediolater-

ally located cells constitute a subset of the Notch signaling-posi-

tive proximalmedial blastema, are positive for and1/2 transcripts,

andare thought tobe required for formationof unmineralizedskel-

etal elements specific to fish fins, the actinotrichia (Zhang et al.,

2010). The epidermis overlying the blastema likewise comprises

different regions. Inparticular, a subdomainof thebasal epidermal

layer that abuts the (pre)osteoblasts expresses the transcription

factor lef1 and the Hedgehog (Hh) ligand shh and is thought to



regulate the maturation of underlying osteoblast progenitors

(Laforest et al., 1998; Lee et al., 2009).

We have reinvestigated the role of the Wnt/b-catenin pathway

during zebrafish caudal fin regeneration utilizing sensitive trans-

genic pathway reporters, tissue-specific pathway manipulation,

and identification of the Wnt targetome. Surprisingly, our results

suggest that main functions of b-catenin signaling during regen-

erative outgrowth, including regulation of blastemal cell prolifer-

ation and osteoblast maturation, are mediated by secondary

signals. We suggest that a main function of Wnt/b-catenin

signaling during fin regeneration is to define organizing centers

within the blastema. There it regulates the activity of a number

of signaling pathways that control cellular proliferation, differen-

tiation, and tissue patterning in other compartments of the fin.

RESULTS

Transgenic Wnt Reporter Lines Reveal Spatiotemporal
Dynamics of Pathway Activation
We and others have shown that fin regeneration requires b-cat-

enin-dependent Wnt signaling for blastema formation and prolif-

eration (Kawakami et al., 2006; Stoick-Cooper et al., 2007b).

However, it has remained unexplained how Wnt signaling exerts

these effects. Thus, we set out to characterize the spatiotem-

poral pattern of pathway activation utilizing transgenic reporters

of b-catenin-dependent transcription. Transcripts of 7xTCF-

Xla.Siam:nlsmCherryia5 (7xTCF:mCherry; Moro et al., 2012)

could be detected in interray tissue starting at 6–12 hpa (white

arrowheads in Figures 1B and S1A). These interray domains

were lost upon overexpression of the Wnt inhibitor dickkopf-1b

(dkk1b) in 7xTCF:mCherry; hsp70l:dkk1b-GFPw32 (hs:dkk1;

Stoick-Cooper et al., 2007b) double transgenic fish, indicating

that they indeed reflect sites of active Wnt/b-catenin signaling

(Figure S1B; see Table S4 for statistical data). At 24 hpa,

mCherry transcripts were additionally detected distally to the

bony rays where the blastemas form (white arrow in Figure 1B).

Expression in rays and interrays persisted throughout the entire

regenerative process (Figures 1B and S1A) and was restricted to

the mesenchyme both in rays and interrays (Figures 1C and

S1C). mCherry fluorescence was detectable from 16 hpa in a

pattern resembling that of the mCherry transcripts (Figure S1D).

Expression of axin2 is under feedback control by the Wnt/

b-catenin pathway in many systems and thus commonly used

as readout for pathway activity; its expression was dependent

on b-catenin signaling in fin regenerates as well (Figure S1E).

axin2 transcripts colocalized with the 7xTCF:mCherry reporter

in the distal blastema (arrowhead in Figure 1D) and in the interray

mesenchyme (arrow in Figure 1D), supporting that the transgene

reports sites of endogenous b-catenin transcriptional activity.

The expression pattern of a second transgenic reporter 6xTCF/

Lef-miniP:2dGFP (6xTCF:dGFP; Shimizu et al., 2012) was similar

to that of the 7xTCF:mCherry reporter being detectable in

the distal blastema and extending proximally in lateral domains

at 72 hpa (Figure 1E). Expression of a third Wnt reporter line,

Top:dGFPw25 (Dorsky et al., 2002) could not be detected before

24 hpa, which is consistent with its lower sensitivity during zebra-

fish embryogenesis (Moro et al., 2012), but expression from 24

hpa onward resembled that of the other reporters (Figure S1F).
C

Thus, Wnt/b-catenin signaling is activated soon after fin ampu-

tation and maintained in the ray and interray mesenchyme

throughout the course of fin regeneration.

Expression of all five zebrafish Tcf/Lef family members was

upregulated upon fin amputation (Figure S1G) and detected in

partially overlapping patterns in different blastemal domains,

and also in the basal epidermal layer (Figure S1H). lef1 and

tcf1(tcf7) are candidates for mediating b-catenin signaling in

the distal blastema, where they are coexpressed with the

7xTCF:mCherry reporter (arrowheads in Figures S1H and S1J),

whereas tcf1 and tcf4 (tcf7l2)might mediate signaling in proximal

regions of the blastema (Figures S1H and S1J). However, Tcf/Lef

family members are also expressed in domains where we could

not detect active b-catenin signaling, in particular the epidermis

(lef1 and tcf1) and the medial proximal blastema (tcf3a [tcf7l1a],

tcf3b [tcf7l1b], tcf4 [tcf7l2], Figures S1H and S1I).

The Wound Epidermis Is Devoid of Wnt/b-Catenin
Signaling
lef1 is a Wnt target gene in many systems, and its expression in

the regenerating finwas dependent onWnt signaling as well (Fig-

ure S1K; Stoick-Cooper et al., 2007b). This was surprising, given

that lef1 is expressed in the epidermis, yet we have failed to

detect Wnt signaling in this tissue. To gain further evidence

that epidermal lef1 is indirectly regulated by b-catenin signaling,

we asked whether epidermal cells express the Wnt coreceptors

lrp5 and lrp6, which are considered essential for b-catenin

pathway activation (He et al., 2004). We found that lrp5 and

lrp6 transcripts were upregulated upon fin amputation (Fig-

ure S1L) and restricted to the blastema, whereas the epidermis

was devoid of expression (arrows in Figure 1F). Likewise, when

we sorted regenerates of 7xTCF:mCherry; her4.3:EGFPy83 (Yeo

et al., 2007) double transgenic fish (Figure S1M) by flow cytom-

etry into a GFP+ Cherry+ fraction that contains blastemal cells,

and a GFP� Cherry� population, which encompasses epidermis

and other cell types, lrp5 and lrp6 transcripts could not be

detected by RT-PCR in the GFP� Cherry� fraction (Figure 1G).

Furthermore, overexpression of wnt8 could not ectopically acti-

vate the b-catenin reporter in the epidermis in hsp70l:wnt8a-

GFPw34 (hs:wnt8;Weidinger et al., 2005); 7xTCF:mCherry double

transgenic fish (Figure S1N). Finally, dkk1 overexpression was

sufficient to repress the 7xTCF:mCherry reporter (arrow in Fig-

ure S1O), but not lef1 expression within 3 hr (asterisk in Fig-

ure S1O), suggesting an indirect and thus delayed regulation of

lef1. Together, these data show that the epidermis is devoid of

Wnt/b-catenin signaling and that epidermal lef1 expression

must be indirectly regulated by the pathway.

Wnt/b-Catenin Signaling Is Highly Active in the
Distal-Most Nonproliferative Blastema
During regenerative outgrowth, Wnt/b-catenin signaling is

essential for blastemal cell proliferation (Stoick-Cooper et al.,

2007b). We thus wondered whether Wnt signaling activity in

the blastema correlates with sites of cellular proliferation.

6xTCF:dGFP, 7xTCF:mCherry and axin2 expression were most

strongly detected in the distal blastema and more weakly in

lateral domains of the proximal blastema (Figures 1C, 2A, and

2C, arrowheads in Figures S2A and S2B). The strong expression
ell Reports 6, 467–481, February 13, 2014 ª2014 The Authors 469



Figure 2. b-Catenin Pathway Activity Is Detected in Different

Blastemal Compartments with Distinct Proliferative Properties

(A) gfp transcripts (green) in 6xTCF:dGFP transgenic regenerates are strongly

detected in cells of the distal blastema and in cells medially to the Runx2+

osteoblast progenitors (red; asterisk). gfp transcripts are only weakly detected

in Runx2+ preosteoblasts (arrowheads).

(B) aldh1a2 (green) andmCherry RNA (red) are coexpressed in the distal-most

blastema in 7xTCF:mCherry transgenic regenerates.

(C) gfp RNA in 6xTCF:dGFP regenerates is detected in the distal-most, Pcna-

negative blastema (arrow) and in a subpopulation of the Pcna+, proximal

blastema (arrowheads).
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domain of the 7xTCF:mCherry reporter colocalized with aldh1a2,

which labels the distal-most blastema (Figures 2B and S2C). In

contrast, in 7xTCF:mCherry; her4.3:EGFP double transgenic

fish, mCherry expression was detected distally to egfp expres-

sion that marks the proximal medial blastema (Figures S2D

and S2E; Grotek et al., 2013). The distal-most blastemal

domain is largely nonproliferative during regenerative outgrowth,

whereas proximal domains proliferate at a high rate (Nechiporuk

and Keating, 2002). Indeed, the distal expression domains of the

6xTCF:dGFP and 7xTCF:mCherry transgenics hardly overlap-

ped with proliferative cell nuclear antigen (Pcna; arrow in Figure

2C; Figure S2F). Thus, during regenerative outgrowth Wnt/

b-catenin signaling is highly active in the nonproliferative distal-

most blastema.

Short-term fate mapping of the distal-most row of blastemal

cells using a transgenic line expressing the photoconvertible

fluorescent protein Kaede under control of the 7xTCF siamois

promoter (7xTCF:3xKaede; Figures S2G and S2H) showed that

some of these cells maintained their distal positions for 48 hr

after photoconversion (arrowhead in Figure S2I) despite the

marked increase in regenerate length (�400 mm) that occurred

within this time (Figure S2J). These data support a model in

which the distalWnt-receiving cellsmaintain their position during

regenerative growth and hardly contribute cells to the process of

tissue restoration.

Wnt/b-Catenin Signaling Activity in Actinotrichia-
Forming Cells
In proximal regions of the blastema, the lateral 6xTCF:dGFPWnt

reporter domains were positive for Pcna (arrowheads in Fig-

ure 2C). However, with the exception of these domains, the re-

maining proliferative proximal blastema was found to be largely

negative for Wnt reporter activity (Figure 2C). Proximal reporter

expression was mainly confined to domains of approximately

two to three cells medial to the basal layer of the epidermis (Fig-

ure 1E) and, further proximally, medial to the Runx2+ osteoblast

progenitors (asterisk in Figure 2A). These cells expressed and1,

a marker for actinotrichia-forming cells (Zhang et al., 2010) (Fig-

ure 2D). Althoughwecould only detect little6xTCF:dGFP reporter

mRNA in Runx2+ osteoblast progenitors under specific staining

conditions (arrowheads in Figure 2A), the preosteoblasts

and adjacent actinotrichia-forming cells stained positive for

axin2 transcripts (asterisk and arrowhead in Figure S2B). Thus,

in the proximal blastema Wnt/b-catenin signaling was active in

actinotrichia-forming cells lining the osteoblasts and in Runx2+

osteoblast progenitors, whereas further proximally located

committed osteoblasts appeared to be devoid of signaling.

Interestingly, analysis of lrp5 and lrp6Wnt coreceptor expres-

sion revealed similar distinct patterns. lrp5 transcripts were

confined to proximal mediolateral domains and absent from
(D) gfp is coexpressed with and1 in the actinotrichia forming cells of

6xTCF:dGFP transgenics. Asterisk: (pre)osteoblasts. Note that the absence of

Wnt reporter activity in the (pre)osteoblasts is due to a less sensitive staining

procedure.

In (A)–(D), confocal images of longitudinal sections (A and C–D) or whole

mounts (B). Scale bars, 100 mm and 10 mm (whole mount) and 100 mm

(sections).



the distal blastema (arrowhead in Figure 1F) and from the (pre)

osteoblasts (asterisk in Figure 1F), whereas lrp6 appeared to

be predominantly expressed in the distal blastema and weakly

in (pre)osteoblasts (arrowhead and asterisk in Figure 1F).

In summary, we found that the b-catenin pathway is only

active in distinct subregions of the blastema during regenerative

outgrowth and absent from most of the proliferative blastemal

cells, where it is confined to actinotrichia-forming cells and pre-

osteoblasts. Given that Wnt/b-catenin signaling in osteoblasts is

well described to be essential for mammalian bone development

and bone injury repair (Regard et al., 2012), we concentrated our

further functional analyses on the distal blastema and the actino-

trichia-forming cells, where Wnt signaling might play previously

unrecognized functions in the regulation of fin regeneration.

Indeed, a cell-autonomous role for Wnt signaling in preosteo-

blast maintenance is described in the accompanying article

from Stewart et al. (2014) in this issue of Cell Reports.

Tissue-Specific Inhibition of Wnt/b-Catenin Signaling
Confirms that the Pathway Has No Essential Role in the
Wound Epidermis nor in Committed Osteoblasts
Systemic inhibition of Wnt/b-catenin signaling by heat shock

promoter-driven overexpression of dkk1 or axin1 in hs:dkk1

or hsp70l:Mmu.Axin1-YFPw35 (hs:Axin1; Kagermeier-Schenk

et al., 2011) transgenics strongly reduced cell proliferation in

the proximal blastema and blocked further regenerate growth

upon prolonged inhibition (Figures S3A–S3C; Stoick-Cooper

et al., 2007b). BecauseWnt signaling does not seem to be active

in many of the cells affected by Wnt loss-of-function (LOF), it ap-

pears that b-catenin signaling regulates blastemal cell prolifera-

tion largely indirectly. To test this hypothesis, we utilized the

TetON system, which allows for doxycycline (DOX)-inducible,

tissue-specific pathway manipulation (Figure 3A). To interfere

with Wnt/b-catenin signaling, we used TetRE:Mmu.Axin1-

YFPtud1 (TetRE:Axin1-YFP) transgenic fish, a TetResponder

line that we have shown to cause severe Wnt LOF phenotypes

when ubiquitously activated during gastrulation (Knopf et al.,

2010). Treatment of TetRE:Axin1-YFP single transgenic fish

with DOX or EtOH vehicle control for 12 days starting immedi-

ately after amputation did not affect regenerative growth, con-

firming low DOX toxicity and transgene leakiness (Figure S3D;

Knopf et al., 2010). DOX-induced axin1 overexpression directed

by a ubiquitin promoter-driven TetActivator line (ubiquitin:irt-

TAM2(3F)-p2a-AmCyan, [ubiquitin:TetA AmCyan]; Figure S3E)

in the distal and the majority of the proximal blastema and in

the wound epidermis from 3 dpa until 12 dpa strongly interfered

with regenerate growth, whereas EtOH had no effect (Figure 3B).

Similarly, DOX treatment starting before amputation interfered

with regeneration initiation (Figure S3F). Thus, expression levels

achievable using the TetON system are suitable for studying the

tissue-specific roles of Wnt/b-catenin signaling in adult fish.

Next, we used a keratin4:TetA AmCyan line (Figure S3G) to

direct axin1 overexpression to all layers of the wound epidermis

except for its basal layer (Figure 3C), a keratin18:TetA AmCyan

line (Figure S3H) for specific axin1 overexpression in the basal

epidermal layer (plus ectopically in the proximal medial blas-

tema) (Figure 3D), and a sp7:TetA Cerulean line for inducible

Wnt LOF specifically in committed osteoblasts (Figures 3E
C

and S3I). Regenerate growth was not inhibited when fish were

treated with DOX for 12 days starting immediately after amputa-

tion (Figures 3C–3E). Thus, Wnt LOF in tissues in which we have

not detected signaling activity is of no gross phenotypic conse-

quences, indicating that our efforts to map b-catenin signaling

have not missed major sites of activity.

Wnt Signaling Must Be Inhibited in the Distal
Nonproliferative Blastema and the Proliferative
Proximal Blastema Together to Suppress Blastemal Cell
Proliferation
We next used a her4.3:TetA AmCyan line to direct axin1 overex-

pression specifically to the proximal medial blastema, including

the and1+ actinotrichia-forming cells but excluding the osteo-

blasts (Grotek et al., 2013; Figure 3F, asterisk in Figure S3J). Tri-

ple transgenic fish with the 7xTCF:mCherry reporter confirmed

that Wnt signaling in the distal blastema was not affected using

this TetActivator (Figure S3K). Interestingly, axin1 overexpres-

sion in the proximal proliferative blastema was able to slow,

but not block regenerate growth (Figure 3F). Despite this modest

effect on regenerate length, activation of axin1 overexpression

for 48 hr was not sufficient to significantly reduce blastemal

cell proliferation as determined by antiphosphohistone 3 (H3P)

staining (Figure 4A). In contrast, proliferation was severely

reduced (to <50%) when axin1 overexpression was driven by

the ubiquitin promoter under the same conditions (Figure 4A).

We conclude that b-catenin signaling must be inhibited in the

proliferative proximal blastema and in the nonproliferative distal

blastema at the same time, as achieved by the ubiquitin:TetA

driver, for blastemal cell proliferation to be blocked. Further-

more, mild systemic inhibition of b-catenin signaling, as

achieved by incubation of 6xTCF:dGFP; hs:Axin1 double trans-

genic fish at 35�C, reduced reporter expression in the proximal,

but not the distal blastema, confirming that Wnt signaling activity

is stronger in the distal blastema (Figure S4A). When we used

these conditions to interfere with Wnt signaling in the proximal

domain, we found that regenerate growth was only mildly

affected (Figure S4B).

Together, these data suggest that Wnt/b-catenin signaling

in the distal-most, nonproliferative blastema indirectly regulates

proliferation of proximal compartments of the blastema.

Wnt/b-Catenin Signaling in the Actinotrichia-Forming
Cells Is Required for Osteoblast Differentiation
Although mild systemic inhibition of b-catenin signaling using

incubation of hs:Axin1 fish at 35�C hardly effected regenerate

growth, it resulted in malformed and shorter calcified bones,

suggesting a role of proximal Wnt/b-catenin signaling in regula-

tion of bone regeneration (Figure S4B). Because Wnt signaling

activity in the proximal blastema is found in preosteoblasts

and in adjacently located actinotrichia-forming cells, we asked

whether b-catenin signaling in the latter might indirectly regulate

regenerative osteogenesis—in addition to potential cell-autono-

mous roles of Wnt signaling in osteoblasts themselves. To test

this, we directed axin1 overexpression to the medial proximal

blastema including the actinotrichia-forming cells, but excluding

(pre)osteoblasts using the her4.3:TetA AmCyan driver and

examined bone calcification as detected by Alizarin Red or
ell Reports 6, 467–481, February 13, 2014 ª2014 The Authors 471



Figure 3. Wnt/b-Catenin Signaling Must Be Inhibited in the Distal and Proximal Blastema for Regenerative Growth to Be Stalled

(A) Cartoon showing strategy for tissue-specific inducible overexpression of the Wnt/b-catenin signaling inhibitor axin1 using the TetON system.

(B) ubiquitin promoter-driven axin1 overexpression in the epidermis and the blastema is sufficient to block regenerative growth.

(C) keratin4 promoter-driven axin1 overexpression in the epidermis excluding the basal layer does not interfere with regenerative growth.

(D) keratin18 promoter-driven axin1 overexpression in the basal epidermal layer (and ectopic expression in the proximal medial blastema) does not interfere with

regenerative growth.

(E) axin1 overexpression in the committed sp7+ osteoblasts does not interfere with regenerative growth.

(F) axin1 overexpression in the medial proximal blastema has only little impact on regenerative growth in her4.3:TetA AmCyan; TetRE:Axin1-YFP double

transgenic fish. White arrowhead: distal-most blastema.

In (B)–(F), BF, bright field. Small arrowheads, amputation plane. Scale bars, 200 mm (whole mounts); 100 mm (sections). Error bars indicate error of the mean.
calcein staining (Figure S3J). DOX treatment for 8 days starting at

2 dpa reduced regenerate length by �20% compared to EtOH

controls (Figure S4C). In controls, �85% of the regenerate was

calcified as detected using either staining method, whereas
472 Cell Reports 6, 467–481, February 13, 2014 ª2014 The Authors
upon Wnt inhibition this fraction was reduced to �50% (Alizarin

Red; Figure 4B) or �60% (calcein; Figure S4D). Thus, Wnt

signaling inhibition in the actinotrichia-forming cells interfered

considerably more severely with bone calcification than with



Figure 4. Wnt/b-Catenin Signaling in the Proximal Medial Blastema

Is Required for Bone Formation

(A) axin1 overexpression in themedial proximal blastema does not significantly

reduce H3P+ blastemal cells in her4.3:TetA AmCyan; TetRE:Axin1-YFP double

transgenic fish. In contrast, proliferation is strongly reduced when axin1 is

directed to both the distal and medial proximal blastema using the ubiquitin

promoter.

(B) axin1 overexpression in the medial proximal blastema but not in committed

osteoblasts reduces the fraction of the regenerate stained with the bone

calcification marker Alizarin Red. Bracket indicates the noncalcified distal re-

gion of the regenerate.

(C) axin1 overexpression in the proximal blastema reduces expression of the

osteoblast commitment marker sp7.

In (A)-(C), arrowheads, amputation plane. Scale bar, 200 mm. Error bars indi-

cate error of the mean.

C

regenerate growth. Furthermore, sp7 expression, a marker for

committed osteoblasts, was strongly reduced within 24 hr of

axin1 induction (Figure 4C). Importantly, sp7 downregulation

was not due to enhanced apoptotic cell death as detected by

TUNEL assay (Figures S4E and S4F). In contrast, axin1 over-

expression in committed osteoblasts in sp7:TetA Cerulean;

TetRE:Axin1-YFP double transgenics had no effect on bone

calcification (Figures 4B and S4D). These data suggest that

Wnt/b-catenin signaling in the actinotrichia-forming cells indi-

rectly regulates commitment and differentiation of adjacently

located osteoblast progenitors.

Identification of the Wnt Targetome in the Regenerating
Fin
Our data strongly suggest thatWnt/b-catenin signaling regulates

fin regeneration largely indirectly. To identify secondary signals

that could act downstream of b-catenin signaling to mediate its

cell-nonautonomous effects, we characterized the Wnt/b-cate-

nin targetome during wound healing (6 hpa), blastema formation

(48 hpa), and regenerative outgrowth (96 hpa) by performing

gene expression profiling after inducible inhibition of Wnt/

b-catenin signaling using hs:Axin1 and hs:dkk1 transgenic fish

(Table S1; Data S1–S3). Genes could be grouped into 33 mod-

ules based on their expression profile throughout regeneration

and in response to Wnt inhibition, using weighted gene expres-

sion correlation network analysis (WGCNA; Data S4–S6; Lang-

felder and Horvath, 2008). Fifteen of these modules were

significantly enriched for distinct biological processes (Table

S2). Three modules (26, 21, and 3) showed reduction in gene

expression upon Wnt inhibition with module 26 responding

most consistently (Figure 5A). Module 26 was significantly en-

riched in genes involved in Wnt, Fgf, and Hh signaling, whereas

modules 21 and 3 contained critical components of Bmp/Tgfb,

Hh, Notch, RA, and Mapk signaling (Figure 5B; Table S3). This

suggests that Wnt/b-catenin signaling regulates key signaling

pathways involved in regeneration.

Wnt/b-Catenin Signaling Is Required for Expression of
Ligands, Pathway Components and Target Genes of
Numerous Signaling Pathways Involved in Regeneration
In situ hybridization verified that expression of the Wnt path-

way components axin2, lef1, sost, and wnt10a was indeed

downregulated within 6 hr of dkk1 or axin1 induction (Figures
ell Reports 6, 467–481, February 13, 2014 ª2014 The Authors 473
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S1E, S1K, and S5A), as was the expression of ligands, target

genes, and pathway components of many signaling pathways

known to be required for fin regeneration (Figures 5C–5M). These

included Hh signaling (ligands ihha and shha, target gene ptc2,

pathway component scube2; Figure 5D), Bmp signaling (ligands

gdf6a/bmp13, bmp2a, bmp4, feedback inhibitor bambib; Fig-

ure 5E), retinoic acid signaling (RA synthesizing enzyme aldh1a2,

RA binding protein crabp1b; Figure 5F), Igf signaling (ligand igf2b

and phosphorylation of the Igf1 receptor; Figure 5G), Notch

signaling (activity of the Notch dependent her4.3 promoter,

target genes her12 and heyl, pathway component lunatic

fringe [lfng]; Figures 5I–5J), and Fgf signaling (ligands fgf3 and

fgf20a (Stoick-Cooper et al., 2007b), target genes spry4,

pea3 and erm; Figure 5K). bmp4 transcripts colocalized with

7xTCF:mCherry reporter activity in the distal blastema suggest-

ing a direct regulation of bmp4 transcription by b-catenin

signaling (Figure S5B).

Importantly, some factors required for fin regeneration were

insensitive to inhibition of Wnt/b-catenin signaling using the

same heat shock protocol, namely, msxB (Figure 5L) and act-

bAa (Figure 5M), indicating that gene expression is not

nonspecifically suppressed in axin1 or dkk1 overexpressing

fins. In contrast to actbAa, actbB expression, which colocal-

ized with 7xTCF:mCherry in the distal-most blastema, was

dependent on b-catenin signaling (Figure 5M, arrowhead in

Figure S5C).

Together, these data strongly suggest that Wnt/b-catenin

signaling regulates the activity of multiple signaling pathways

required for fin regeneration including Hh, Bmp, RA, Igf,

Notch, Fgf, and Activin. To determine whether these pathways

also reciprocally control b-catenin signaling, we assayed

7xTCF:mCherry reporter activity and expression of the endoge-

nousWnt target axin2 after genetic or pharmacological inhibition

of these pathways. Yet, Wnt reporter activity could still be

detected after prolonged (for 48 or 72 hr) inhibition of Igf, Fgf,

Notch, Activin, or RA signaling, even though these treatments

were sufficient to block regenerative growth (Figures S5D–

S5H). Similarly, whereas expression of axin2 was abolished

within 6 hr after Wnt/b-catenin signaling inhibition using hs:Axin1

fish or the IWR-1 drug (Figures S1E and S5P), inhibition of Acti-

vin, Igf, Hh, Notch, Fgf, RA, or Bmp signaling for 6 hr had no or

very little effect on axin2 expression (Figures S5I–S5O). These

data suggest that Wnt/b-catenin signaling has a stronger effect

on activity of other pathways than vice versa, indicating that

Wnt signaling acts upstream of a network of signals during fin

regeneration.
Figure 5. Wnt/b-Catenin Signaling Regulates Many Other Signaling Pa

(A) Eigengene values of three correlated WGCNA modules, representing the ave

conditions. Values shown are the average of triplicate samples relative to 0 hpa

(B) Cartoon of genes found in module 26 with genes annotated to be associated

(C) Samples in (D)–(M) were either heat shocked at 42 hpa (blue) or 66 hpa (gree

(D–M) Inhibition of Wnt/b-catenin signaling via axin1 or dkk1 overexpression interf

target genes of Hh (D), Bmp (E), RA (F), Igf (G), Notch (I and J), and Fgf (K) signalin

same heat shock protocol (L and M).

(H) axin1 overexpression for 6 hr reduces Igf1r phosphorylation as detected in w

(I) axin1 overexpression interferes with Notch signaling-dependent her4.3 promo

In (D)–(M), scale bars, 200 mm.

C

Wnt/b-Catenin Signaling Indirectly Regulates Epidermal
Patterning through Fgf and Bmp Signaling
We have provided evidence that epidermal lef1 expression

cannot be directly controlled by b-catenin signaling. We thus

looked for candidate secondary signals that could mediate its

effects on the epidermis. In other systems, lef1 expression has

been shown to be regulated by Bmp signaling (Kratochwil et al.,

1996). We found that epidermal lef1 expression but not Wnt

reporter activity was strongly reduced 6 hr after overexpression

of the Bmp inhibitor noggin3 in hsp70l:noggin3fr14 (hs:nog3;

Chocronet al., 2007);7xTCF:mCherry double transgenic fish (Fig-

ures S6A and 6A). Thus, the Bmp pathway appears to regulate

epidermal lef1 expression independently of b-catenin sig-

naling. Similarly, lef1 expression was strongly diminished 6 hr

after overexpression of a dominant-negative Fgf receptor 1

(Fgfr1) in hsp70l:dnfgfr1-EGFPpd1 (hs:dnfgfr1; Lee et al., 2005);

7xTCF:mCherry double transgenics, whereas in the same fins

the Wnt reporter was unaffected (Figure 6B). Together with our

finding that Bmp and Fgf signaling are regulated by the Wnt/

b-catenin pathway, these data suggest that these pathways con-

trol epidermal lef1expressiondownstreamofb-catenin signaling.

Expression of the Fgf target genes spry4, pea3, and erm,

which are all expressed in distal domains of the basal epidermal

layer (Lee et al., 2005; Lee et al., 2009), likewise depended on

Wnt/b-catenin signaling (Figure 5K). Although Fgf ligands regu-

late erm and pea3 expression via the Ras/Mapk pathway, lef1

expression is controlled via a Ras-independent route in the

regenerating fin (Lee et al., 2009). To test whether Wnt signaling

regulates epidermal pea3 and erm expression through the Fgf/

Ras pathway, we asked whether Ras activation could rescue

erm and pea3 expression in Wnt-inhibited fins using hs:Axin1;

hsp70l:vHRAS,cryaa:DsREDExpd8 (hs:v-ras; Lee et al., 2009)

double transgenic fish. In agreement with published data (Lee

et al., 2009) a single heat shock upregulated pea3 and erm

expression in hs:v-ras transgenic regenerates 6 hr after heat

shock, whereas their expression was abolished in hs:Axin1

transgenic fish (Figure 6C). Intriguingly, upon simultaneous

overexpression of axin1 and v-ras, erm and pea3 expression

was restored (Figure 6C). Thus, we propose that Wnt/b-catenin

signaling in the blastema regulates pea3 and erm transcription

in the epidermis via activation of Fgf/Ras signaling.

Blastemal Proliferation Is Regulated by the b-Catenin
Pathway via Hedgehog and Retinoic Acid Signaling
Hh signaling is a candidate pathway that could act downstream

of b-catenin to mediate its mitogenic effects in the blastema,
thways

rage relative expression values of all genes in the module, in ten experimental

wild-type samples. Error bars indicate error of the mean.

with Wnt, Fgf, and Hh signaling highlighted.

n) and harvested 6 hr later.

eres with pathway activity or expression of ligands, pathway components, and

g. Expression ofmsxB and actbAa but not actbB remains unaffected using the

estern blots of whole regenerates at 72 hpa.

ter activity in her4.3:TetA AmCyan; hs:Axin1 double transgenic fish.
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Figure 6. Wnt/b-Catenin Signaling Regulates Blastema Proliferation via Hedgehog and Retinoic Acid Signaling

(A) noggin3 overexpression reduces lef1 (blue) but not mCherry (brown) expression in 7xTCF:mCherry; hs:nog3 double transgenic regenerates.

(B) Overexpression of a dominant negative fgfr1 reduces lef1 (blue) but not mCherry (brown) expression in 7xTCF:mCherry; hs:dnfgfr1 double transgenic

regenerates.

(C) axin1 overexpression inhibits expression of the Fgf targets pea3 and erm, which is rescued by concomitant activation of Fgf/Ras signaling via overexpression

of v-ras.

(D) axin1 overexpression inhibits expression of the Hh target ptc2, which is rescued by concomitant activation of Hh signaling using the pharmacological

compound SAG.

(E) axin1 overexpression reduces the number of H3P+ cells in the blastema, which is rescued by concomitant activation of Hh signaling using SAG.

(F) Inhibition of Hh signaling through exposure to cyclopamine reduces the number of H3P+ cells in the blastema, which is not rescued by concomitant activation

of Wnt signaling following wnt8 overexpression.

(G) Administration of RA via intraperitoneal injection rescues the reduction of H3P+ blastemal cell numbers caused by axin1 overexpression.

In (A)–(G), arrowheads indicate amputation plane. Scale bars, 200 mm. Error bars indicate SEM.
because it is required for blastema proliferation (Quint et al.,

2002) and Hh ligands are transcriptionally regulated by Wnt

signaling (see Figure 5D). Activation of Hh signaling using the

Smoothened agonist SAG could rescue epidermal and blas-

temal (Figure S6B) expression of the direct Hh target gene
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ptc2 in hs:Axin1 transgenic fins (Figure 6D), indicating that this

treatment can restore Hh signaling lost after inhibition of b-cate-

nin signaling. We therefore asked whether Hh signaling could

rescue blastemal cell proliferation in Wnt inhibited fins. In agree-

ment with recent studies, axin1 overexpression decreased,



whereas SAG treatment increased the number of H3P+ cells in

the blastema (Lee et al., 2009; Stoick-Cooper et al., 2007b; Fig-

ure 6E). Importantly, SAG treatment rescued the number of H3P+

cells in hs:Axin1 transgenic fish back to wild-type levels (Fig-

ure 6E). In contrast, activation of Wnt/b-catenin signaling

through overexpression of wnt8 in hs:wnt8 transgenic fish failed

to rescue blastemal proliferation that was reduced upon inhibi-

tion of Hh signaling using Cyclopamine (Figure 6F). These results

indicate that Wnt/b-catenin signaling acts upstream of Hh

signaling and regulates blastema cell proliferation indirectly via

activation of Hh ligand expression.

Another candidate diffusible signal that could mediate the

mitogenic effect of the Wnt/b-catenin pathway on the proximal

blastema is RA, which has been shown to be essential for blas-

tema formation and proliferation (Blum and Begemann, 2012).

Consistent with previous results, RA injection increased the

number of H3P+ blastemal cells, whereas overexpression of

axin1 in hs:Axin1 transgenic fish suppressed proliferation (Blum

and Begemann, 2012; Stoick-Cooper et al., 2007b; Figure 6G).

Intriguingly, proliferation was rescued back to wild-type levels

in RA-treated axin1 overexpressing fins, indicating that RA

signaling regulates blastemal cell proliferation downstream of

Wnt/b-catenin signaling during regenerative outgrowth (Fig-

ure 6G). Although repetitive administration of RA rescued blas-

temal cell proliferation when Wnt/b-catenin signaling was

concomitantly inhibited, it was not sufficient to rescue mor-

phological regenerative growth in hs:dkk1 transgenic fish

(Figure S6C), suggesting that Wnt/b-catenin signaling orches-

trates fin regeneration through regulation of multiple signaling

pathways.

We next asked how Wnt/b-catenin activity in the distal-most

blastema regulates other signaling pathways that mediate its

effects on adjacent tissues. fgf3 is a candidate Fgf ligand for

mediating the interaction of the distal blastema with the

epidermis, because its expression colocalized with b-catenin

activity in the distal-most blastema (arrowhead in Figure S6D),

and it was dependent on b-catenin signaling (Figure 5K). Like-

wise, expression of the RA synthesizing enzyme aldh1a2 was

also largely confined to the distal-most blastema, where its

expression was dependent on the b-catenin pathway (Figures

2B, S2C, and 5F).

fgf3 and aldh1a2 Are Direct Wnt Targets in the Distal
Blastema
Thus, we wondered whether fgf3 and aldh1a2 expression is

directly regulated by b-catenin signaling in the distal blastema.

Using chromatin immunoprecipitation (ChIP) analysis, we found

that immediate upstream sequences of the transcriptional start

site (TSS) of fgf3 could be precipitated from genomic DNA

isolated from 3 dpa fin regenerates using antibodies against

b-catenin or against Lef1 or Tcf1 (Figure 7A), both of which are

expressed in the distal-most blastema (Figures S1H and S1J).

This suggests that the fgf3 promoter interacts with enhancers

that are regulated by b-catenin/Lef1 and b-catenin/Tcf1 com-

plexes. Importantly, negative control fgf3 genomic sequences

located 3.8 kb downstream of the TSS that contained no

consensus Tcf/Lef binding sites did not precipitate with any of

the antibodies, and the TSS of msxB, which is not Wnt respon-
C

sive (Figure 5L), also did not (Figure 7A). The TSS of aldh1a2

could also be precipitated with anti-b-catenin, anti-Lef1, and

anti-Tcf1, whereas a negative control aldh1a2 genomic fragment

4 kbp downstream could not (Figure 7A). We conclude that fgf3

and aldh1a2 are direct transcriptional targets of b-catenin in the

distal-most blastema. Thus, we propose that Fgf3 and RA repre-

sent secondary signals that mediate the effect of Wnt/b-catenin

signaling in the distal blastema on regenerative growth and

patterning of surrounding tissues.

DISCUSSION

The work presented here advances our understanding of the

mechanisms underlying fin regeneration. Our results suggest

that the blastema, the population of undifferentiated mesen-

chymal cells characteristic of regenerating appendages, dis-

plays previously unrecognized functional diversity, given that it

not only provides progenitor cells for tissue restoration, but

also contains signaling centers that orchestrate growth and dif-

ferentiation of the regenerate. We propose that Wnt/b-catenin

signaling has essential functions in defining these organizing

centers, and that it acts upstream of a large number of other

developmental signaling pathways that mediate the effects of

these organizers on surrounding tissues. Specifically, our data

support the following model of Wnt/b-catenin pathway function

during fin regeneration (Figures 7B–7E).

Wnt/b-Catenin Signaling Is Active in Specific
Subregions of the Blastema
Wnt/b-catenin signaling is activated during wound re-epithelial-

ization (at 6 hpa) in the interray mesenchyme, making b-catenin

pathway activation one of the earliest known responses to fin

amputation (Figure 7B). Pathway activation at 6 hpa is consistent

with the induction of wnt10a expression at this time point, which

we have reported previously (Stoick-Cooper et al., 2007b).

Signaling activity is maintained in interray mesenchyme

throughout regeneration but the functional significance of this

site of b-catenin signaling remains to be determined. Here, we

have concentrated on Wnt functions in the ray blastema, where

pathway activation starts around 24 hpa. Subsequently, the

blastema is compartmentalized into several subregions with

distinct proliferative properties and cell fate (Figure 7C): Wnt-

receiving cells localize to the distal-most compartment where

they remain largely quiescent and retain their distal position until

regeneration is completed. Additionally Wnt activity is detected

in subregions of the proliferative proximal blastema, in actinotri-

chia-forming cells that lie medial to the osteoblasts, and—likely

more weakly as judged by transgenic reporter expression—in

Runx2+ osteoblast progenitors. No b-catenin pathway activation

appears to occur in the epidermis, in committed osteoblasts

(sp7+) or the majority of the proximal medial blastema. Thus,

Wnt/b-catenin signaling is absent from a large part of the prolif-

erating compartment of the fin during regenerative outgrowth.

Wnt Signaling Acts Indirectly via Regulation of Other
Secreted Factors
We have not analyzed the function of b-catenin signaling in

preosteoblasts, where it could play a cell-autonomous role in
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Figure 7. fgf3 and aldh1a2 Are Directly

Regulated by Wnt/b-Catenin Signaling

(A) b-catenin, Lef1 and Tcf1 proteins are enriched

at DNA sequences immediately 50 of the tran-

scriptional start site of the fgf3 and aldh1a2 gene

compared to control sequences located 3.8 and 4

kbp further downstream. b-catenin, Lef1 and Tcf1

protein are not enriched at the transcriptional start

site of the msxB gene. For each sequence, the

amount of precipitated genomic DNA quantified

by quantitative RT-PCR is shown as a fraction of

the input and relative to the amount precipitated in

a negative control reaction lacking the antibody.

(B and C) Schematic summary of the Wnt/

b-catenin activity domains (in red color) during fin

regeneration. Whole-mount (C) and longitudinal

section views (D) are shown.

(D) Wnt pathway activity is required for production

of (diffusible) signals that regulate proliferation

of proximal blastemal regions, differentiation of

osteoblasts, and patterning of the epidermis.

(E) Schematic summary of the hierarchical posi-

tion of Wnt/b-catenin signaling within the molec-

ular signaling network controlling fin regeneration.

Arrows indicate direct regulation, dashed arrows

indicate direct or indirect regulation.
regulation of osteoblast proliferation and/or differentiation as it

does during mammalian bone development and repair (Regard

et al., 2012). Intriguingly, however, our results suggest that

b-catenin signaling has at least three additional indirect functions

that are mediated by secondary signals (Figure 7D): (1) signaling

in the nonproliferative distal blastema regulates proliferation in

the proximal blastema, (2) signaling in the actinotrichia-forming

cells regulates commitment and differentiation of adjacent

osteoblasts, and (3) one or both of these domains regulate(s)

epidermal patterning. We conclude that b-catenin signaling con-

trols regenerate growth, differentiation, and patterning largely
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indirectly. Wnt/b-catenin signaling is

considered to directly induce cell prolifer-

ation in many systems, and inappropriate

activation of the pathway causes cancer

(Reya and Clevers, 2005). Although organ

regeneration requires a burst of cell pro-

liferation and rapid tissue growth, Wnts

surprisingly appear to have little role as

mitogens in the regenerating fin; rather

Wnt signaling regulates regenerative

cell proliferation largely indirectly. This

hypothesis is supported by the following

findings: (1) the strongest b-catenin

signaling activity is in nonproliferative

cells of the distal blastema, (2) Wnt

signaling inhibition in the proliferative

domain is not sufficient to block cell pro-

liferation, (3) RA acts functionally down-

stream of Wnt signaling in blastema

proliferation, (4) RA is likely only produced

in the distal blastema, because aldh1a2,

the rate-limiting enzyme in RA produc-
tion, is only expressed in this domain, and (5) aldh1a2 expression

is directly regulated by b-catenin signaling. Thus, we propose

that Wnt signaling promotes RA production in the distal blas-

tema, from where RA diffuses to regulate cell proliferation in

proximal domains. However, definitive proof of this model will

require the establishment of a distal-most blastema-specific

TetActivator line. It will also be interesting to determine to what

extent Wnt/b-catenin signaling directly regulates regenerative

proliferation in other regenerating systems.

In addition, many other signaling pathways that have previ-

ously been shown to be involved in controlling fin regeneration



are regulated byWnt/b-catenin signaling, with Hh and RA signals

likely mediating its effects on blastemal cell proliferation and Fgf

and possibly Igf and Bmp signaling on epidermal patterning (Fig-

ure 7E). Although Igf ligand expression in the blastema is regu-

lated by Wnt/b-catenin signaling, Igf receptor activation occurs

specifically in the epidermis (Chablais and Jazwinska, 2010).

Thus, Wnt appears to regulate epidermal Igf signaling through

transcriptional control of Igf ligands in the blastema. fgf3 expres-

sion is exclusive to the distal-most blastema and is directly

regulated by b-catenin, making it a prime candidate ligand that

diffuses from this blastemal domain to activate epidermal Fgf

signaling.

Our data indicate that Wnt/b-catenin signaling receives little

reciprocal input from the signals it regulates, supporting a

model in which Wnt signaling acts on top of a likely cooperative

signaling network that instructs fin regeneration (Figure 7E).

Interestingly, transgenic rescue experiments have shown that

Fgf signaling acts downstream of Wnt/b-catenin signaling during

Xenopus tadpole tail regeneration as well (Lin and Slack, 2008).

Furthermore, in regenerating frog tadpole limbs and tails expres-

sion of Fgf ligands (fgf8 in limbs, fgf20a in tails) depends on Wnt/

b-catenin signaling (Lin and Slack, 2008; Yokoyama et al., 2007),

suggesting that Wnt/b-catenin signaling regulates Fgf signaling

through transcriptional control of Fgf ligands in both Xenopus

and zebrafish. In contrast to the zebrafish fin however, Bmp

signaling appears to act upstream of Wnt/b-catenin signaling

in the regenerating Xenopus tadpole tail (Lin and Slack, 2008).

During newt limb regeneration, activation of the Wnt or Hh

pathway promotes blastemal cell proliferation (Singh et al.,

2012), yet Wnt signaling appears to act downstream of Hh

in this system. Thus, although a Wnt-Fgf axis appears to

be conserved in appendage regeneration, differences in the

hierarchical relationships between Wnt and Hh and Wnt and

Bmp signaling pathway might exist between species.

In summary, we propose that Wnt signaling sets up two sig-

naling centers, one in the distal-most blastema and one in the

presumptive actinotrichia-forming cells in the proximal blastema,

from which other diffusible signals emanate that direct growth,

differentiation, and patterning of the regenerating zebrafish fin.

Wnt Signaling in Osteoblast Differentiation
During mammalian embryonic development, Wnt/b-catenin

signaling is well accepted to have essential roles in promoting

osteoblast differentiation (Long, 2012; Regard et al., 2012). Our

data indicate that b-catenin signaling likewise is required for

bone regeneration in the zebrafish fin. Although we have not

addressed the role of Wnt/b-catenin signaling in the osteoblast

progenitors, which is described in the accompanying paper by

Stewart et al. (2014), we surprisingly discovered an additional in-

direct role of Wnt/b-catenin signaling in the regulation of bone

maturation. We find that b-catenin pathway activity in the actino-

trichia-forming cells, which are located adjacent to the osteo-

blasts, directs osteoblast commitment and differentiation.

Thus, Wnt/b-catenin signaling likely promotes osteoblast matu-

ration via stimulation of diffusible factors that are yet to be deter-

mined. The dermal bone found in fish fins, the lepidotrichia, has

been suggested to be distinct from other skeletal tissues based

on morphological and gene expression characteristics (Marı́-
C

Beffa et al., 2007). Furthermore, little is known about the role of

Wnt signaling in skeletogenesis during fish embryonic develop-

ment. Thus, it remains to be determined whether the indirect

role of b-catenin signaling in osteoblasts observed here reflects

a general difference in skeletal development between fish and

mammals, is a special feature of the fin ray bones during devel-

opment and regeneration, or occurs only during regeneration.

Conclusions
Wnt/b-catenin signaling is a major regulator of cellular prolifera-

tion and cell fate during fin regeneration, just as it is in numerous

other systems, but stunningly our results suggest that it does so

largely indirectly in the fin. We propose that blastemal cell prolif-

eration is regulated by b-catenin signaling activity in nonprolifer-

ative distal blastemal cells, and osteoblast maturation and

epidermal patterning are regulated via b-catenin activity in adja-

cent cells. Thus, our results highlight the emerging view that the

regeneration blastema is not simply a homogenous mass of

progenitor cells but is highly organized into distinct domains,

some of which act as organizing centers that orchestrate

regeneration via production of secreted factors. We conclude

that Wnt/b-catenin signaling is essential in setting up and regu-

lating the complex tissue interactions required for successful

regeneration.

EXPERIMENTAL PROCEDURES

Experiments with adult animals have been approved by the state of

Baden-Württemberg and the animal protection representative of Ulm Univer-

sity. Additional experimental procedures are described in the Supplemental

Experimental Procedures.

Drug Treatments, Heat Shocks of Adult Zebrafish, and Regenerate

Length Measurements

Drug treatments were performed by incubating fish in fish system water con-

taining the drugs except for RA treatments. Fish were kept in the dark and wa-

ter was exchanged daily. Doxycycline (Sigma) was dissolved in 50%EtOH and

used at 25 mg/ml. Alk4/5/7 inhibitor SB431542 (Tocris) (10 mM), 5 mM Igf1r in-

hibitor NVP-AEW541 (Selleck), 10 mM gSecretase inhibitor LY411575 (Selleck),

5 mM Smoothened agonist (SAG; Calbiochem), 50 mM Smoothened inhibitor

Cyclopamine (Sigma-Aldrich), or 12 mM Axin stabilizer IWR-1 (Sigma-Aldrich)

were used as previously described (Chablais and Jazwinska, 2010; Grotek

et al., 2013; Jazwinska et al., 2007; Lee et al., 2009; Lu et al., 2009). Ten micro-

liters of 3 mM RA (Sigma) was administered by intraperitoneal injections as

described (Blum and Begemann, 2012). If not indicated otherwise, heat

shocks were performed for 1 hr at 37�C or for 1 hr at 38�C for hsp70l:

cyp26a1kn1 transgenic fish. Heat shocks and drug treatments were performed

according to the schematic timelines shown with each experiment. Regen-

erate length and calcified bone length measurements of the second, third,

and fourth lateral ray of each lobe were performed using ImageJ software.

Statistics

Error bars indicate error of the mean. For nonquantitative data the number of

specimen that showed the phenotype displayed in the figures and the total

number of specimens is given in Table S4. Significance of differences in mean

regenerate/calcified bone length and number of proliferative cells was tested

using Student’s t test. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, six tables, and six data files and can be found with this article online

at http://dx.doi.org/10.1016/j.celrep.2013.12.036.
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