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Planarian flatworms regenerate their heads and tails from anterior
or posterior wounds and this regenerative blastema polarity is
controlled by Wnt/β-catenin signaling. It is well known that a re-
generation blastema of appendages of vertebrates such as fish and
amphibians grows distally. However, it remains unclear whether a
regeneration blastema in vertebrate appendages can grow proxi-
mally. Here, we show that a regeneration blastema in zebrafish fins
can grow proximally along the proximodistal axis by calcineurin in-
hibition. We used fin excavation in adult zebrafish to observe uni-
directional regeneration from the anterior cut edge (ACE) to the
posterior cut edge (PCE) of the cavity and this unidirectional regen-
eration polarity occurs as the PCE fails to build blastemas. Further-
more, we found that calcineurin activities in the ACE were greater
than in the PCE. Calcineurin inhibition induced PCE blastemas, and
calcineurin hyperactivation suppressed fin regeneration. Collec-
tively, these findings identify calcineurin as a molecular switch to
specify the PCE blastema of the proximodistal axis and regeneration
polarity in zebrafish fin.
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Regeneration widely occurs in the animal kingdom and varies
with species (1). Planarian flatworms specify the identity of

missing tissues to regenerate heads or tails at anterior or posterior
wounds (2–6). This property is known as “regeneration polarity.”
Although certain animals, such as Planaria and Hydra, undergo
regeneration of the whole body, vertebrates are limited in their
regenerative capacities. Nonetheless, some vertebrates, such as fish
and amphibians, are capable of completely regenerating missing
limbs (1). Directional polarity has been associated with the devel-
opment of vertebrate limbs as they develop mainly from the prox-
imal to distal direction. Although regenerative blastemas of some
vertebrate appendages grow distally, it remains unclear whether
they can grow proximally in vertebrate appendages.
Zebrafish have the ability to regenerate entire fins throughout

their lives. Fins are well-organized structures that include nerves,
vasculature, skin, mesenchyme, and a bone frame (7). Regeneration
in zebrafish fins is accomplished by changes within preexisting tis-
sues to form a regeneration blastema at the wound site. Blastemas
are essential for the initial regeneration of limbs and eventual dif-
ferentiation to produce missing structures (8, 9). Blastema forma-
tion requires many adult stem cells and a robust mechanism to
specify missing tissue types. Many local factors such as connexins,
adhesion molecules, and released ligands are involved in blastema
formation and specification (10–12). Although many factors and
mechanisms have been identified that regulate blastema cell for-
mation and differentiation, it is still unclear what factors and
mechanisms are involved in controlling blastema polarity during
regeneration.
Calcineurin is a Ser/Thr phosphatase and a known regulator of

proportional growth in zebrafish fins (13). The low activity level
of calcineurin corresponds to high rates of fin regeneration, and

calcineurin inhibition alters the fin positional information and
enhances fin regeneration through the promotion of retinoic acid
(RA) signaling (13, 14). Evidence shows that calcineurin regu-
lates coordinated outgrowth of regenerating fins by controlling
the average number of blastemal cell progeny divisions (15).
Additionally, calcineurin has been associated with bioelectric
signaling in the regulation of growth and proportion (16).
In this study, we constructed fin amputation patterns, which we

designate as fin excavations, to produce a cavity in fins and found
that zebrafish fins regenerated missing tissues only from the anterior
cut edge (ACE) to the posterior cut edge (PCE) of the cavity along
the proximodistal (P–D) axis. This unidirectional regeneration po-
larity occurs as PCE fails to build blastemas. Furthermore, we
identified calcineurin to specify the PCE blastema. Calcineurin ac-
tivities in the PCE were greater than in the ACE. Low calcineurin
activities induced PCE blastema formation and regeneration, while
calcineurin hyperactivation suppressed fin regeneration. These
findings suggest that calcineurin specifies the PCE blastema of the
P–D axis and regulates regeneration polarity in zebrafish fins.

Results
P–D Polarity Is Present in Zebrafish Fin Regeneration. To investigate
whether a regeneration blastema in zebrafish fins can grow
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proximally, two bony ray parts were removed and holes were
made at specific positions along the P–D axis of the zebrafish
caudal fins (Fig. 1A). Unidirectional regeneration of zebrafish fins
was observed only from the ACE to the PCE (Fig. 1 A and B). The
holes were crammed with regenerating tissues of the ACE at 3 and
5 days post amputation (dpa), but the PCE failed to regenerate,
even when the regenerating tissues of the ACE were removed
every day (Fig. 1 C and D). Similar results were observed in the
anal and dorsal fins, which were also only from the ACE to the
PCE (SI Appendix, Fig. S1A, arrow). These results indicate that
unidirectional regeneration polarity occurs in zebrafish fins.
To validate this result, the lepidotrichia between two holes in

the same two bony rays were retained (Fig. 1E). Directional
regeneration of the left lepidotrichia was observed only from the
ACE to the PCE (Fig. 1 E, F, and H). Vascular sprouting also
exhibited directional regeneration from the ACE to the PCE

(Fig. 1G, arrow). Therefore, regeneration polarity was clearly
present throughout the P–D axis in zebrafish fins.

The PCE Fails to Build Blastemas. Blastemas are tissue structures
formed at the beginning of regeneration and are essential for fin
regeneration (17). To investigate whether the failure of PCE
regeneration was due to nonestablished blastemas, the expres-
sion of blastema marker genes was assessed. Compared with the
ACE, blastema marker genes and1/2, raldh2, msxb, runx2b, and
lef1 were not expressed in the PCE at 2 dpa when blastemas had
formed (Fig. 2A). Similar results were obtained for the PCE of
lepidotrichia along the P–D axis (Fig. 2B, arrow). Additionally,
histological analyses revealed that the structure of blastemas was
absent and scar tissues were formed in the PCE (Fig. 2C). The
amount of PCE cellular proliferation was significantly less than
in the ACE (Fig. 2D).

Fig. 1. P–D regeneration polarity occurrs in zebrafish fins. (A) Schematic of two types of fin excavation. (B and C) Type I (n = 11/11) and II (n = 11/12) ex-
perimental strategies of unidirectional regeneration in zebrafish fins from ACE to the PCE. (D) Quantification of fin regenerative tissue lengths (in micro-
meters) of the ACE and PCE (n = 5). (E) Schematic of the two-hole excavation in the same two bony rays. (F and G) Images of bright fields and blood vessels in
fin regeneration after two-hole excavations at 1, 2, and 3 dpa (n = 5/8). (H) Quantification of fin regenerative tissue lengths (in micrometers) with two-hole
excavation (n = 5). P, proximal; D, distal. (Scale bar: 500 μM.)
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To determine whether nonestablished blastemas in the PCE
were associated with the weakened expression of genes active
during fin regeneration, the expression of candidate genes at 2 dpa
was measured by quantitative real-time (qRT)-PCR. The tran-
scriptional activity of the tested genes except for cyp26a1 in PCE
groups were significantly lower than the ACE groups (Fig. 2E),
indicating that nonestablished blastemas in the PCE were due to
the absence of the proregenerative transcriptional program.

FK506 Induces Blastemal Formation and Regeneration of the PCE. To
identify the factors that regulate blastemal formation of the PCE,
transcriptome sequencing of the ACE and PCE was performed.
The three time points 24, 48, and 72 h postamputation (hpa) we
selected were the key regeneration stages and represented mes-
enchymal disorganization, blastema formation, and regenerative
outgrowth, respectively (9). The expression levels of FK506-
binding proteins (FKBPs) fkbp7/9/10b/14 were lower in the PCE
tissues compared with the ACE tissues (Fig. 3A). FK506 inter-
acted with FKBPs, forming an FK506-FKBP complex that binds to
calcineurin and inhibits its activity (18). Therefore, regenerative
fins were subsequently treated with FK506 which induced regen-
eration and new osteoblast production in the PCE of caudal fins
(Fig. 3 B and C and SI Appendix, Fig. S2 A and B). Similarly, the
PCE regeneration of anal and dorsal fins also occurred after
FK506 treatment (SI Appendix, Fig. S1B).
To validate this result, we utilized FK520, a derivative of FK506

(14), to treat regenerative fins and obtained similar results (SI
Appendix, Fig. S3 A and B). In situ hybridization and histological
analyses showed that the PCE blastemas were induced by FK506
treatment at 2 dpa (Fig. 3 D–H). Proregenerative transcriptional

program genes were also up-regulated after FK506 treatment
(Fig. 3I), indicating that the formation of PCE blastemas was due
to the proregenerative transcriptional program activated by FK506
treatment. These data suggest that FK506 is able to induce blas-
tema formation and regeneration of the PCE in zebrafish fins
along the P–D axis.

FK506-Induced Blastemas Are Essential for Continuous PCE Regeneration.
To determine the key time points of FK506 in playing its role in fin
regeneration, we controlled the time of FK506 treatment during
regeneration (Fig. 4 A andD). The FK506 treatment began at 0 dpa
but stopped after 1 dpa when PCE blastemas did not form. The
results revealed that PCE blastemas were not established at 2 dpa
and PCE regeneration did not occur at 5 dpa (Fig. 4 B and C, ar-
row). However, the continuous treatment of FK506 until 2 dpa
when PCE blastemas had formed led to the continuous regenera-
tion of the PCE (Fig. 4 E and F, arrow). These results revealed that
FK506-induced blastema formation was the key to the continuous
regeneration of the PCE.
FK506 is also an immunosuppressant and a previous report

demonstrated that immunosuppression was able to promote
Xenopus regenerative outgrowth (19). To determine whether
immunosuppression is the mechanism for FK506-mediated PCE
regeneration, fish were treated with other immunosuppressants
after fin excavation. Rapamycin also binds to FKBPs and their
complex functions as an immune response inhibitor (13, 20).
However, the rapamycin treatment did not induce PCE regen-
eration (SI Appendix, Fig. S4 A–C), indicating that FK506 in-
duces PCE regeneration by regulating a FK506-specific target,
which was not due to immunosuppression.

Fig. 2. The PCE failed to form blastemas. (A) In situ hybridization of and1/2, raldh2, msxb, runx2b, and lef1 in regenerative fins at 2 dpa showing that
blastemas were not built in the PCE. (B) and1 and lef1 were not expressed in the PCE with two-hole excavations. (C) Histological analyses of ACE (n = 6/8) and
PCE (n = 5/6). (D) H3P antibody staining (red) was used to examine cell proliferation in the ACE (n = 7/10) and PCE (n = 7/9) DAPI counterstaining (blue). (E)
qRT-PCR results comparing the differences in the relative expression of regeneration-associated genes for the PCE over the ACE (Student’s t test, *P < 0.05,
**P < 0.01, ***P < 0.001). Data are presented as mean ± SD. P, proximal; D, distal. (Scale bars: 200 μM in A and B; 100 μM in C and D.)
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Calcineurin Activity of the PCE Is Higher Than the ACE. FK506 en-
hances fin regenerative outgrowth by inhibiting calcineurin activity
(13). To determine how calcineurin induces the formation of PCE
blastemas, we first examined the expression of calcineurin-related
genes. The qRT-PCR analysis showed that the expression level of
ppp3ca in the PCE, a main catalytic subunit of calcineurin, was
higher than in the ACE at 1, 2, and 3 dpa (Fig. 5A). Moreover, the
calcineurin activities of the PCE were also greater than those of
the PCE, especially at 2 dpa (Fig. 5B). Thus, CsA, another in-
hibitor of calcineurin (18), also induced PCE regeneration
(Fig. 5 C and D). Both FK506 and CsA induced regeneration of

the PCE by inhibiting calcineurin activities (Fig. 5E). These results
indicate that higher calcineurin activities explain why blastemas
and regeneration of the PCE fail to form.

Low Endogenous Calcineurin Activity Is Essential for Inducing PCE
Blastemas. Zebrafish long fin (lof) mutants retain allometric fin
growth (21), which is similar to the fish induced by FK506 results.
Therefore, we amputated lof mutant fins and observed PCE re-
generation in lof mutants (Fig. 6A). Calcineurin activities and
ppp3ca expression in the PCE of lof mutants at 2 dpa were lower
compared with the control (Fig. 6 B and C), indicating that low

Fig. 3. PCE blastemas are induced by calcineurin inhibition. (A) RNA-Seq course analysis of the ACE and PCE and the heat map of fragments per kilobase
million (FPKM) values of the indicated genes. (B) Regenerative fins at 1, 3, and 5 dpa after dimethyl sulfoxide (DMSO) (n = 7/8) or FK506 treatment (n = 5/10).
(C) Quantification of fin regenerative tissue lengths of the PCE (in micrometers) (n = 5). (D) Regenerative blastemas (indicated by arrows) occurred in zebrafish
fins after FK506 treatment (n = 5/12) compared with DMSO (9/10) at 2 dpa. (E–G) and1, and2, and runx2bwere expressed in the PCE after the FK506 treatment
at 2 dpa. (H) Histological analyses of the PCE after DMSO (7/8) or FK506 treatment (5/8). (I) qRT-PCR results comparing the differences between the relative
expression of regeneration-associated genes for FK506 or DMSO-treated PCE (Student’s t test, **P < 0.01, ***P < 0.001). Data are presented as mean ± SD. P,
proximal; D, distal. (Scale bars: 500 μM in B–G; 100 μM in H.)
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endogenous calcineurin activity induces PCE regeneration. Re-
ductions in the scaffolding protein, caveolin 3 (cav3), resulted in
hyperactivation of calcineurin (22). Therefore, fin regeneration
of the cav3cq105 mutant was explored (SI Appendix, Fig. S5 A and
B). Results revealed that the cav3 mutation led to up-regulated
calcineurin activities and the inhibition of fin regeneration
(Fig. 6 D–F). Moreover, FK506 was able to rescue fin regener-
ation and induce regeneration of the PCE in the cav3cq105 mu-
tant (Fig. 6 E–G). Therefore, calcineurin activity is a key factor
that induces blastemas and the regeneration of the PCE.

Retinoic Acid Signaling Does Not Induce the Blastema Formation in
the PCE. Calcineurin inhibition is also associated with the pro-
motion of RA signaling (13). RA signaling is known to regulate
appendage development and regeneration (23, 24). qRT-PCR
analysis revealed that the expression level of cyp26a1, a RA
antagonist gene, was higher in the PCE compared to the ACE
(Fig. 2E). However, RA and adapalene, the accelerators of RA
signaling, did not induce PCE regeneration (SI Appendix, Fig.
S6 A–F). The RA inhibitor 13-c-RA also failed to induce PCE
regeneration (SI Appendix, Fig. S6G and H). These data indicate
that the regeneration of the PCE induced by calcineurin inhibi-
tion occurs regardless of the promotion of RA signaling.
Additionally, some canonical signals, such as Fgf, Wnt, and

Notch, which have been reported to regulate zebrafish fin regen-
eration (25–27), also failed to induce PCE regeneration (SI Ap-
pendix, Fig. S7 A–P). These data indicate that calcineurin regulates
blastema polarity along the P–D axis by its specific targets.

Discussion
Collectively, the results of this study demonstrate the presence of
blastema regeneration polarity in zebrafish fins along the P–D
axis and the fundamental importance of calcineurin activities in
the regulation of regeneration polarity (Fig. 7). These findings
uncovered a unidirectional regeneration polarity model in zebra-
fish fins, which has been rarely observed during the progression of

regeneration of other organs. Unidirectional regeneration polarity
occurs in any fin position and is independent of the information
position. Calcineurin activities differ between ACE and PCE after
fin excavation, especially at the time of blastema formation. Low
calcineurin activities are essential for blastema formation, as cal-
cineurin inhibition shifts fin regeneration from a distal growth
program to a proximal program (13) and activates the pro-
regenerative transcriptional program in the PCE. Calcineurin in-
hibition promotes RA signaling, which plays an important role in
the regulation of limb regeneration (23, 24). However, RA acti-
vation did not induce blastema formation of the PCE in this study.
Additionally, Fgf, Wnt, and Notch failed to control PCE regen-
eration. Therefore, the mechanisms underlying the regulation of
calcineurin activities during fin regeneration along the P–D axis
remain to be clarified.
Regeneration of fin hole punch injuries has been described for

goldfish and Fundulus fins (28). Nabrit made fin holes at different
sites and described anterior to posterior growth only from small
(2 × 2 mm) injuries, but found that larger 4 × 4 mm injuries
showed bidirectional growth (28). As a smaller fish, the size of the
largest injuries we could generate in adult zebrafish caudal fins
was 2.2 × 2 mm (SI Appendix, Fig. S8A), and fin breaks appeared
beyond this size at the early regenerating stage. However, we
found that the largest injuries still showed growth only from the
ACE to the PCE (SI Appendix, Fig. S8 B and C), which differs
from the results described by Nabrit in goldfish and killifish (28). It
is possible that zebrafish fins have different regulatory properties
than goldfish or killifish. However, we were unable to generate
large 4 × 4 mm holes in zebrafish fins as Nabrit could in larger fish
(28), and the largest injuries we generated in zebrafish were still
only the size of the smallest injuries in goldfish/Fundulus (which
also showed only anterior to posterior regeneration). Thus, we
could not assess whether excavation size impacts the capacity to
regenerate from the ACE to the PCE in this study.
Previous reports have demonstrated that limb regeneration

depends on a nerve supply (29, 30). In this study, the amputation

Fig. 4. FK506-induced blastemas are essential to the continuous regeneration of the PCE. (A) Experimental scheme illustrating the FK506 treatment from 0 to
1 dpa and analysis at 5 dpa. (B and C) The FK506 treatment illustrated in A did not induce blastema formation and regeneration of the PCE (n = 6/7). (D)
Experimental scheme illustrating the FK506 treatment from 0 to 2 dpa and analysis at 5 dpa. (E and F) The FK506 treatment was continuous up to 2 dpa when
PCE blastemas formed (indicated by arrows), which led to the continuous regeneration of the PCE at 5 dpa (n = 5/9). P, proximal; D, distal. (Scale bars: 500 μM.)
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pattern of the lepidotrichia between two holes in the same two
bony rays was retained (Fig. 1E), excluding neural differences
between the ACE and PCE, which also confirmed the unidi-
rectional regeneration of zebrafish fins, indicating that nerves
are not dependent on the regeneration polarity of zebrafish fins.
We also observed blood flow in the ACE and PCE and found
that blood flowed toward the ACE and PCE, and minimal blood
flow was observed in the ACE and PCE (Movie S1), indicating
that blood flow has little effect on regeneration polarity. Al-
though some immune cells such as macrophages and neutrophils
are involved in the regulation of limb regeneration (31–33),
immunosuppression failed to induce PCE regeneration, sug-
gesting that the regeneration polarity of zebrafish fins does not
depend on immunomodulation.
lof mutants retain allometric fin growth due to the positional

information memory in lofmutant fins, which is altered along the
P–D axis (34, 35). The regeneration of the PCE occurred in lof
mutants due to the down-regulation of calcineurin activities
compared with the control. Thus, lof may act upstream of cal-
cineurin to inhibit its activity. However, it is necessary to confirm
whether PCE regeneration is present in other zebrafish mutants
that produce excessively long fins such as the another long fin
(alf) and rapunzel (rap) mutants (21, 36) to verify these findings.

Materials and Methods
Fish Husbandry. The Tg(osx:mCherry), Tg(fli1:GFP), Tg(hsp70l:fgf20a-mCherry),
Tg(gata1:DesRed), and Tg(hsp70l:dnfgfr-GFP) (37) transgenic lines, and lof
(from the China Zebrafish Resource Center) and cav3cq105 mutant lines were
raised and maintained under standard laboratory feeding and breeding con-
ditions as previously described (38). All fish were raised and maintained under
standard laboratory conditions in accordance with the Guidelines of Experi-
mental Animal Welfare of the Ministry of Science and Technology of the
People’s Republic of China (2006) and the Institutional Animal Care and Use
Committee protocols from Jinggangshan University (2016).

Fin Excavation. Adult zebrafish were mildly anesthetized in tricaine and
placed in a 1.5% agarose groove. Surgical blades were used to dig a hole in
the two bony rays and remove two to three bony joints (0.6 × 0.6 mm), or six
to seven bony joints in the six bony rays for regenerating the largest holes
(2.2 × 2 mm). The regenerating tissues of the ACE were removed daily to
prevent the hole from being filled. Fins were imaged using a SteREO Dis-
covery V20 microscope (Carl Zeiss).

In Situ Hybridization and Antibody Staining. Regenerating fins were ampu-
tated and fixed overnight in 4% paraformaldehyde solution at 4 °C. Whole-
mount in situ hybridizations were conducted as previously described (38).
Antibody staining was performed following an earlier report (39). Anti-
bodies against H3P (1:500) and Dsred fluorescent proteins (1:1,000) (Invi-
trogen) were used. Antibody-stained tissues were imaged using a TCS Sp8
confocal microscope (Leica).

Fig. 5. Obvious differences in calcineurin activity between the PCE and ACE. (A) The qRT-PCR analysis revealed that the ppp3ca expression of the PCE was higher
than ACE (Student’s t test, *P < 0.05, ***P < 0.001). (B) Differences in calcineurin activity differences between the PCE and ACE at 0, 1, 2, and 3 dpa (Student’s
t test, *P < 0.05, **P < 0.01, ***P < 0.001). Data are presented as mean ± SD. (C) PCE regeneration was induced by CsA treatment (n = 5/10) compared with DMSO
treatment (n = 7/10). (D) Quantification of fin regenerative tissue lengths (in micrometers) of the PCE after FK506 or CsA treatment (n = 5). (E) Calcineurin
activities of the PCE after FK506 or CsA treatment (n = 7, ***P < 0.001). P, proximal; D, distal. Data are presented as mean ± SD. (Scale bars: 500 μM.)
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qRT-PCR. Total RNAwas extracted from fish fins exposed to different treatments.
RNA extraction and reverse transcription reactions were performed according to
previous reports (40). qRT-PCR was performed on an ABI Step One Plus RT-PCR
system (Applied Biosystems). The expression of fin regenerating-related genes
was assessed. The results were calculated by the comparative Ct method for-
mula. The primers used in the study are presented in SI Appendix, Table S2.

Chemical Treatment. Zebrafish were treated with 3 μM FK506, 2 μM FK520, 4 μM
CsA, 1 μM rapamycin, 1 μMRA, 1 μMadapalene, 1 μM13-c-RA, 1 μMXAV939, 2 μM
BML284, and 1 μMNotch intracellular domain (NICD) after fin excavation. All of the
chemicals were purchased from MedChemExpress and changed every other day.

RNA Sequencing.ACE and PCE fragment tissues at 0 (control), 24, 48, and 72
hpa were amputated and collected for transcriptome sequencing. The
RNA-sequencing time courses included seven fin wound fragments and
four time points 0 (control), 24, 48, and 72 hpa. Transcriptome sequencing
and analysis were performed by Novogene Bioinformatics Technology
Co., Ltd.

Histological Analyses. Fin wound fragments were embedded in optimal
cutting temperature compound (OCT), and 7-μm sections from fin wound
fragments were prepared. Then, the fin sections were stained with hema-
toxylin/eosin as previously described (38).

Fig. 6. Endogenous calcineurin activity controls fin proximodistal regeneration. (A) PCE in the lof mutant regenerated (n = 5/6). (B) Fold change of calci-
neurin activities in lof mutant PCE or ACE normalized to control fins at 2 dpa (Student’s t test, *P < 0.05, ***P < 0.001). Data are presented as mean ± SD. (C)
The expression of ppp3ca in the lof mutant at 2 dpa was lower compared with the control (Student’s t test, ***P < 0.001). Data are presented as mean ± SD.
(D) Fold change of calcineurin activities in cav3 mutant regenerative fins normalized to control fins at 3 dpa (n = 7, Student’s t test, ***P < 0.001). Data are
presented as mean ± SD. (E) Regeneration of the ACE was inhibited in cav3cq105 mutants (n = 8/8), while FK506 can rescue ACE regeneration at 7 dpa (n = 6/8)
compared to WT (n = 7/8). White lines mark the amputation planes. Red lines show the extent of regenerative outgrowth, and black lines show the length of
the entire uninjured caudal fin. (F) Quantification of the area of fin regenerative tissue (in square millimeters) (n = 5). (G) The regeneration of the PCE in
cav3cq105 mutants was rescued by FK506 (n = 5/12) compared to control (n = 7/8). P, proximal; D, distal. (Scale bar: 500 μM in A and G; 2 mm in E.)
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Calcineurin Activity Assay. Calcineurin phosphatase activity of the fin lysates
was measured as previously described (13). A calcineurin phosphatase assay kit

(ENZO, BML-AK804), which includes calcineurin, calmodulin, and phosphory-
lated RII peptide substrates, was used. After removal of free phosphates from
the samples, phosphorylated RII peptides were added and the samples were
incubated for 30 min at 30 °C. After incubation, the phosphate indicator,
malachite green, was added and the amount of free phosphate in the samples
was measured on a SpectraMax iD3 Multi-Mode Microplate Reader (Molecular
Devices). Calcineurin activity was normalized to total protein concentration.

Heat Shock. The transgenic fish Tg(hsp70l:fgf20a-mCherry) and Tg(hsp70l:dnfgfr-
GFP) (38) were heat shocked after surgery at 39.5 °C once per day for 2 h.

Size Measurements and Statistical Analysis. The length and area of regener-
ating fins were measured using a SteREO DiscoveryV20 microscope equipped
with AxioVision Rel 4.8.2 software (Carl Zeiss). All statistical tests were per-
formed with GraphPad Prism version 5.0. Statistical significance was deter-
mined using the Student’s t test. All values were shown as the mean ± SD.
Differences with P values <0.05, 0.01, or 0.001 were deemed statistically
significant or extremely significant.

Data Availability. The transcriptome sequencing data reported in this paper
have been deposited in the Gene Expression Omnibus (GEO) database,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi (accession no. GSE159560).
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