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Induction of Wnt signaling antagonists and
p21-activated kinase enhances cardiomyocyte
proliferation during zebrafish heart regeneration
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Heart regeneration occurs by dedifferentiation and proliferation of pre-existing cardiomyocytes (CMs). However, the signaling
mechanisms by which injury induces CM renewal remain incompletely understood. Here, we find that cardiac injury in zebrafish
induces expression of the secreted Wnt inhibitors, including Dickkopf 1 (Dkk1), Dkk3, secreted Frizzled-related protein 1 (sFrp1),
and sFrp2, in cardiac tissue adjacent to injury sites. Experimental blocking of Wnt activity via Dkk1 overexpression enhances CM
proliferation and heart regeneration, whereas ectopic activation of Wnt8 signaling blunts injury-induced CM dedifferentiation and
proliferation. Although Wnt signaling is dampened upon injury, the cytoplasmic p-catenin is unexpectedly increased at disarrayed
CM sarcomeres in myocardial wound edges. Our analyses indicated that p21-activated kinase 2 (Pak2) is induced at regenerating
CMs, where it phosphorylates cytoplasmic B-catenin at Ser 675 and increases its stability at disassembled sarcomeres.
Myocardial-specific induction of the phospho-mimetic p-catenin (S675E) enhances CM dedifferentiation and sarcomere disassem-
bly in response to injury. Conversely, inactivation of Pak2 kinase activity reduces the Ser 675-phosphorylated B-catenin (pS675-
B-catenin) and attenuates CM sarcomere disorganization and dedifferentiation. Taken together, these findings demonstrate that
coordination of Wnt signaling inhibition and Pak2/pS675-p-catenin signaling enhances zebrafish heart regeneration by support-
ing CM dedifferentiation and proliferation.
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Introduction myocardial infarction, a deficiency that is thought to contribute

The limited regenerative response in humans is insufficient
for the complete healing and recovery of cardiac function after
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to the high rate of heart failure (Xin et al., 2013; Tzahor and
Poss, 2017). By contrast, zebrafish heart regeneration occurs
throughout life with minimal scarring, by dedifferentiation and
proliferation of pre-existing cardiomyocytes (CMs) (Jopling
et al., 2010; Kikuchi et al., 2010). Hearts of mice can regener-
ate if injured in the first week after birth, which coincides with
the transient capacity for CM proliferation (Porrello et al.,
2011). Developmental pathways such as Hedgehog, PDGF,
Notch, Hippo, and Neuregulin1/ERBB2 signaling are necessary
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for heart regeneration, via diverse mechanisms involving myo-
cardial, vascular, and epicardial tissues (Kim et al., 2010;
Heallen et al., 2013; Lin et al., 2014; Zhao et al., 2014; D’Uva
et al., 2015; Gemberling et al., 2015; Wang et al., 2015; Marin-
Juez et al., 2016; Wu et al., 2016; Mohamed et al., 2018; Singh
et al.,, 2018). Despite advances, there remains much to under-
stand regarding the cellular determinants and signaling mecha-
nisms controlling CM renewal and heart regeneration.

Wnt signaling has received considerable attention in stem
cell maintenance, organogenesis, tissue homeostasis, and re-
generation (Logan and Nusse, 2004; Zimmerman et al., 2012).
Canonical Wnt signaling is mediated by binding of Wnt proteins
to the Frizzled and LRP5/6 co-receptors, resulting in transloca-
tion of cytoplasmic B-catenin into the nucleus to activate gene
transcription (Logan and Nusse, 2004). In the absence of Wnt
ligands, GSK3B phosphorylates B-catenin at N-terminal resi-
dues Ser 33/Ser 37/Tyr 41 and promotes its degradation in the
cytosol (Zimmerman et al.,, 2012). The C-terminal residues of
B-catenin can also serve as phosphorylation sites, which medi-
ates its distinct stability that is normally independent of GSK3
activity (Nelson and Nusse, 2004; Verheyen and Gottardi,
2010). For example, phosphorylation of Ser 675 of B-catenin at
the C-terminus by p21-activated kinase (PAK) or protein kinase
A (PKA) enhances its cytoplasmic and nuclear stability (Hino
et al.,, 2005; Zhu et al., 2012). B-catenin localizes in various
cellular compartments and executes differential cellular func-
tions or processes, such as cell adhesion, migration, and pro-
trusions (Nelson and Nusse, 2004; Faux et al., 2010). In adult
CMs, the majority of B-catenin localizes in intercalated disks
and sarcomeres and participates in CM communication, mor-
phogenesis, cytokinesis, and cardiac function (Haq et al.,
2003; Hirschy et al., 2010; Vite and Radice, 2014). Many en-
dogenous Wnt inhibitors limit the range of Wnt signaling, in-
cluding Dickkopfs (Dkks), secreted Frizzled-related proteins
(sFrps), Wnt inhibitory factor (Wif), and Sclerostin (Leyns et al.,
1997; Hsieh et al., 1999; Li et al., 2005; Cheng et al., 2011).
Spatiotemporal control of Wnt inhibitors or activators can have
potent effects in many biological contexts. During embryonic
cardiogenesis, Wnt activators and inhibitors act sequentially in
a positive and then negative fashion (Naito et al., 2006; Ueno
et al., 2007; Ni et al., 2011). Recent pharmacological studies
implicate that Wnt signaling inhibition and reduction of nuclear
B-catenin are beneficial to heart regeneration in zebrafish
(Zhao et al., 2019; Xie et al., 2020). However, whether B-cate-
nin in various cellular compartments is regulated following in-
jury and how Wnt signaling is inhibited during heart
regeneration require elucidation.

PAKs are serine and threonine protein kinases that play piv-
otal roles in cardiovascular development and physiology, cell
proliferation, polarity, and cytoskeletal rearrangements
(Bokoch, 2003; Kelly et al., 2013). PAK1 participates in cardiac
excitation, contractility, and vascular development (Ai et al.,
2011). Mutations in PAK2 are associated with cerebral hemor-
rhage and cause embryonic lethal in zebrafish and mice
(Buchner et al., 2007; Kelly and Chernoff, 2012). PAK1 normally

mediates Wnt signaling in cancer progression or some settings
of development (Zhu et al., 2012; Choe and Crump, 2015),
which is achieved by cooperation with GTPases Racl and
Cdc42 (Schlessinger et al.,, 2009). On the contrary, in
Caenorhabditis elegans, PAK can antagonize canonical Wnt sig-
naling in establishing the anterior/posterior polarity of the vul-
val lineage (Goh et al.,, 2012). Although our recent studies
implicate the roles of Pak2 in zebrafish heart regeneration us-
ing pharmacological approach (Peng et al., 2016), whether and
how Paks coordinate with Wnt signaling during heart regenera-
tion are not understood.

Here, we provide evidence for interactions between Wnt and
Pak2 signaling in the control of CM renewal during heart regen-
eration. Cardiac injury induces expression of multiple sets of
secreted Wnt inhibitors, including epi/endocardial sFrp1/Dkk3,
myocardial sFrp2/Dkk1, and endocardial Notum1b/Wif1l (Zhao
et al., 2019), which dampens Wnt signaling to enable CM dedif-
ferentiation and proliferation. During regeneration, Pak2 kinase
is induced at injured heart tissues, where it increases -catenin
Ser 675 phosphorylation and stability, enhancing CM dediffer-
entiation and proliferation. Our findings demonstrate that the
natural regenerative response to cardiac injury is to block Wnt
signaling and suggest new roles and mechanisms for coordina-
tion of Pak2 kinase and Wnt signaling inhibitors during heart
regeneration.

Results
Mutiple Wnt antagonists Dkks and sFrps are induced by cardiac
injury

Previous studies reported upregulation of Wnt antagonists
Wif1 and Notum1b in the zebrafish adult heart after cardiac in-
jury (Zhao et al., 2019). It remains unknown whether expres-
sion of other Wnt antagonists and Wnt ligands is altered during
heart regeneration. To understand the roles and mechanisms
of Wnt signaling in zebrafish regenerating heart, we examined
expression of Wnt antagonists and Wnt ligands following ven-
tricular apex resection on animals at ~6 months of age. We un-
covered induction of multiple Wnt inhibitor genes, including
dkk1b, dkk2, and dkk3b, as well as sfrpla, sfrp1b, and sfrp2,
upon ventricular damage (Figure 1A; Supplementary Figure
S1A). By contrast, expression levels of wnt ligand genes, in-
cluding wnt2ba, wnt4a, wntéb, and wnt8a, were reduced during
regeneration (Figure 1A; Supplementary Figure S1B), while the
majority of genes we examined were not expressed during re-
generation (Supplementary Figure S1B). We next performed
immunostaining analyses and found that both sFrp1 and Dkk3
were induced in the regenerating epicardial tissue (Figure 1B-I).
At 3 days post amputation (dpa), sFrp1 and Dkk3 expression
were detectable in epicardial tissue adjacent to the injury site
(Figure 1C and G), whereas uninjured hearts had no sFrp1 or
Dkk3 expression in either the epicardium or the myocardium
(Figure 1B and F). By 7 dpa, sFrpl and Dkk3 were detectable in
epicardial cells surrounding the ventricle and the wound area
(Figure 1D and H). Immunostaining analyses for sFrp1 or Dkk3 in
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Figure 1 Multiple secreted Wnt inhibitors sFrps and Dkks are induced following cardiac injury. (A) Expression levels of wnt inhibitors
(dkk1b, dkk2, dkk3b, sfrp1a, sfrp1b, and sfrp2) and wnt ligands (wnt2ba, wnt4a, wntéb, and wnt8a) during cardiac regeneration. raldh2
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Tg(tcf21:nEGFP) epicardial reporter line validated that sFrp1 or
Dkk3 were induced in the tcf21:nEGFP-marked epicardium
(Supplementary Figure S2B, B/, D, and D’) compared to uninjured
hearts (Supplementary Figure S2A, A, C, and C'). At 14 dpa,
sFrpl and Dkk3 were mainly confined to epicardial cells that
enclosed the regenerate (Figure 1E and I). /n situ hybridization
(ISH) analyses revealed similar expression patterns of dkk3 and
sfrp1 transcripts during heart regeneration (Supplementary Figure
S3A-D; data not shown). In addition to the epicardial induction,
we found by fluorescence in situ hybridization (FISH) analyses
(Supplementary Figure S4A) that expression of dkk3b or sfrp1 was
increased in endocardial cells near the injury site at 7 dpa
(Supplementary Figure S4C and E), while a small number of sfrp1
or dkk3b transcripts were detectable in endocardial cells in unin-
jured hearts (Supplementary Figure S4B and D). These data indi-
cated that sFrpl and Dkk3 are epi/endocardial secretory factors
induced during heart regeneration. Analyses of a transgenic
dkk1b:EGFP reporter line (Kang et al., 2013) indicated dkk1b:EGFP
induction at the wounded myocardial cell edge and in nearby non-
muscle cells by 3 dpa (Figure 1K and 0), when compared to unin-
jured hearts (Figure 1) and N). dkk1b:EGFP induction peaked at
7 dpa (Figure 1L and P) and was gradually reduced by 14 dpa
(Figure 1M and Q). Similarly, sFrp2 expression was enhanced at
the apical edge cells of the injured myocardium at 3 dpa
(Figure 1S) and peaked at 7 dpa (Figure 1T), compared with unin-
jured hearts (Figure 1R). By 14 dpa, sFrp2 was mainly restricted to
a small number of CMs within the regenerate (Figure 1U).

We next examined expression of Wnt receptor genes Irp5,
Irp6, and kremen1. Reverse transcriptase polymerase chain
reaction (RT-PCR) and ISH analyses revealed expression of
Irp5, Irp6, or kremen1 in the myocardium before ventricular
resection, and their expression was unchanged during regen-
eration (Supplementary Figures S1A and S3E-H; data not
shown). Among expressed wnt ligand genes, ISH analyses
revealed expression of the non-canonical wnt5b in the junc-
tional region between the outflow tract and ventricle, and its
expression was apparently unaltered by cardiac injury
(Supplementary Figure S3I-L). Collectively, our findings,
along with others, indicate that cardiac injury causes

induction and secretion of multiple Wnt antagonists, includ-
ing Dkk3/sFrp1 from the epicardium/endocardium and Dkk1/
sFrp2 in the myocardium, as well as elevation of Notum1b/
Wif1 in the endocardium (Zhao et al., 2019), suggesting that
Wnt signaling needs to be restrained to enable innate heart
regeneration in zebrafish.

Suppression of Wnt signaling enhances injury-induced CM
proliferation

Because of induction of multiple Wnt antagonists throughout
the heart following damage, we reasoned that inducible dkk1
overexpression might accelerate CM proliferation and heart re-
generation through global suppressing of Wnt signaling. We
assessed CM proliferation in Tg(hsp70:dkk1b) animals that en-
able induced expression of dkkib by heat shock during heart
regeneration (Ueno et al., 2007). We performed ventricular
apex resection on control and Tg(hsp70:dkk1b) animals, and
exposed them to daily heat shocks from 4 to 6 dpa at the
stages when CMs are highly regenerative (Figure 2A). Injured,
heat-shocked hearts were collected at 7 dpa, sectioned, and
immunostained with antibodies of proliferating cell nuclear an-
tigen (PCNA) and a CM marker Mef2C (Figure 2A). Notably, the
CM proliferation index (PCNA*Mef2C*/Mef2C") in inducible
dkk1b-overexpressing hearts was increased by 74.4% over that
of control hearts (Figure 2B, C, and J), consistent with previous
experiments using small-molecule inhibitors IWR1 and CDMG1
(Zhao et al., 2019; Xie et al., 2020). As an independent ap-
proach to assess CM proliferation, we measured nuclear incor-
poration of 5-ethynyl-2-deoxyuridine (EdU), a marker of DNA
synthesis. The percentage of EdU incorporation (EdU™Mef2¢™/
Mef2c™) in dkk1b-overexpressing hearts was 107% higher than
that of control hearts (Figure 2D, E, and J). Moreover, acid fuch-
sin—orange G (AFOG) staining revealed that dkk1b-overexpress-
ing injury site contained most cardiac muscle with minimal
collagen/scar tissues at 21 dpa (Type I; Figure 20), while heat-
shocked control wounds retained large patches of fibrin and
collagen/scar tissues (Type lll and Type Il; Figure 2N and P).
Quantification analyses indicated that higher percentage of
hsp:dkk1b hearts displayed contiguous cardiac muscle with

was used as a positive control (Kikuchi et al., 2011). Data are mean + SEM from three biological replicates and three technical replicates.
Student’s t-test, **P < 0.01. (B-U) Confocal images displaying sFrp1, Dkk3, Dkk1b, and sFrp2 expression in uninjured and injured hearts
at 3, 7, and 14 dpa. Dotted line indicates amputation line. Brackets indicate amputation plane. Scale bar, 100 um. (B-E) Small numbers of
epicardial cells adjacent to the injury site induce sFrp1 expression (arrows) at 3 dpa, whereas sFrp1 expression is little detectable in unin-
jured ventricles. At 7 dpa, sFrpl expression is expanded throughout the ventricular epicardium and detectable within the regenerate
(arrows). By 14 dpa, sFrp1 expression is largely restricted to the epicardial sheet surrounding the regenerate (arrows). (F—I) Dkk3 is little
detectable in uninjured ventricles. At 3 dpa, Dkk3 is expressed in epicardial cells adjacent to the injury region. By 7 dpa, Dkk3 expression
is enhanced and expanded in the epicardium enclosing the ventricle and the wound (arrows). Dkk3 expression remains in the epicardial
sheet surrounding the regenerate (arrows) by 14 dpa. (J—-Q) Whereas Dkk1b expression is not detectable in the uninjured ventricle in
Tg(dkk1b:egfp) animals (J and N), some CMs express Dkk1b at the apical edge of the wound at 3 dpa (K and 0). Enhanced Dkk1b expres-
sion is detectable in the apical edge cells of the regenerating myocardium at 7 dpa (L and P). Dkk1b expression remains in a limited num-
ber of CMs within the regenerate at 14 dpa (M and Q). (R-U) sFrp2 expression is detectable in the wounded heart at 3 dpa, enhanced at
the apical cell edge cells of the injured myocardium at 7 dpa, and gradually reduced by 14 dpa. Faint expression of sFrp2 expression is
detected in uninjured hearts (R).
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Figure 2 Suppression of Wnt signaling enhances heart regeneration by increasing CM proliferation. (A) Schematic of heat shock experi-
ments and Wnt agonist treatment for CM proliferation, gPCR, and AFOG analyses. Heat shock (HS): 37°C for 2 h for control and
Tg(hsp70:dkk1b) animals at 4, 5, and 6 dpa for PCNA/Mef2C assay or over the time period from 4 to 21 dpa for AFOG analysis; 37°C for 4 h
for control and Tg(hsp70:wnt8a) animals at 6 dpa for PCNA/Mef2C assay or over the time period from 6 to 30 dpa for AFOG analysis. EdU:
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minimal collagen/scar tissues (Type I) than that of injured
wild-type (WT) sibling hearts in wound regions (Figure 2Q), sug-
gesting the reduction of fibrotic scars and increased cardiac
muscle production in dkk1b-overexpressing hearts.

Wnt pathway activity is observed in the injured heart using
T-cell factor (TCF)-mediated Wnt transgenic reporters (Stoick-
Cooper et al., 2007; Zhao et al., 2019). We analyzed the endoge-
nous Wnt signaling activity from independent approach using
RNAscope analyses of a Wnt target axin2 that is also a negative
regulator of Wnt signaling activity (Behrens et al., 1998). We cor-
roborated previous reports and learned that axin2 transcript was
detectable at low levels in the injured heart and slightly enriched
in the wound region (Supplementary Figure S5A and B). We next
assessed expression of axin2 and another Wnt target gene mycn
in heat-shocked Tg(hsp70:dkk1b) animals and noted a reduction
in expression of axin2 and mycn in dkk1b-overexpressing hearts
from quantitative PCR (gPCR) and RNAscope analyses (Figure 2L;
Supplementary Figure S5E and F; data not shown), indicating
suppression of the Wnt signaling activity in heat-shocked
Tg(hsp70:dkk1b) animals. Thus, inhibition of Wnt signaling by
dkk1b overexpression at early injury stages enhances injury-
induced CM proliferation, suggesting that Wnt signaling activity
restrains CM proliferation during heart regeneration.

Most wnt legend genes including wnt8a were expressed at
very low levels in the adult heart, some of which were even re-
duced following injury (Figure 1A; Supplementary Figure S1B).
To assess the effects of Wnt signaling activation on CM prolifer-
ation during regeneration, we employed Tg(hsp70:wnt8a) ani-
mals, in which wnt8a is overexpressed by heat shock treatment
(Ueno et al., 2007). We resected the ventricular apices of con-
trol and Tg(hsp70:wnt8a) animals, exposed them to a single
heat shock at 6 dpa, and collected hearts at 7 dpa for immu-
nostained with PCNA/Mef2C antibodies (Figure 2A).
Remarkably, ectopic wnt8a expression following a single heat
shock significantly reduced CM proliferation index by 47%
compared to control hearts (Figure 2F, G, and K). This result is
consistent with the observation that higher percentages of
transgenic animal overexpressing wnt8a for 30 days after ven-
tricle resection retained prominent fibrin and collagen/scar tis-
sues (Type Il and Type I, Figure 25-U), whereas control

animals given heat shock replaced most fibrin and collagen/
scar tissues with CMs at 30 dpa (Type I, Figure 2R and U). Next,
we treated injured animals with CHIR99021, a small-molecule
inhibitor of GSK-3B for specifically activating Wnt pathway
(Ring et al., 2003), compared with a non-specific Wnt agonist
BIO, which was utilized recently to reduce heart regeneration in
zebrafish (Zhao et al., 2019). Amputated hearts exposed to
20 uM CHIR99021 for 24 h had a marked reduction of 48% in
CM proliferation compared to vehicle-treated control hearts
(Figure 2A, H, I, and K). RNAscope and gPCR analyses validated
an increase in axin2 and mycn expression in heat-shocked
Tg(hsp70:wnt8a) hearts or CHIR-treated WT fish (Figure 2M;
Supplementary Figure S5C and D; data not shown).
Collectively, these findings indicate that ectopic Wnt8a signal-
ing activation blunts the proliferative response of CMs to injury,
suggesting that suppression of Wnt pathway activity is required
for CM proliferation during regeneration.

Association of cytoplasmic pS675--catenin with disassembled
sarcomeres and CM dedifferentiation following cardiac damage

In heart regeneration contexts, proliferating CMs undergo de-
differentiation, characterized by reactivation of cardiac devel-
opmental programs and sarcomere disassembly (Jopling et al.,
2010; D’Uva et al, 2015; Gemberling et al., 2015). We
assessed B-catenin expression and its relationship to CM dedif-
ferentiation in the context of Wnt inhibition following cardiac
injury. B-catenin, a key downstream effector of Wnt pathway, is
localized in different cellular compartments in CMs, where it
executes various cellular functions (Nelson and Nusse, 2004;
Faux et al., 2010). In the adult zebrafish heart, the majority of
B-catenin resides in intercalated disks and cytoplasmic sarco-
meres, overlapping with a Z-disk marker a-actinin (Figure 3A;
Yang and Xu, 2012), which executes differential cellular func-
tions independent of Wnt/GSK3B-mediated regulation (Valenta
et al., 2012). A limited nuclear B-catenin was also detectable in
adult CMs (Xie et al., 2020). Following cardiac amputation, we
observed that cytoplasmic B-catenin affiliated with sarcomeres
was unexpectedly increased at the injury region (Figure 3B
and E). We found that the majority of elevated B-catenin was
specifically recognized by Ser 675-phosphorylated B-catenin

injection at 5 and 6 dpa. CHIR99021: 20 uM (in DMSO) from 6 to 7 dpa. Control: 0.1% DMSO from 6 to 7 dpa. (B-I) Confocal microscopy
analyses for CM proliferation. Insets show high-magnification images in rectangles. Scale bar, 100 um. Data are mean + SEM from five
hearts each. Student’s t-test, *P < 0.05, **P < 0.01. (B-E and J) Confocal images of PCNA*Mef2C* (B and C) and EdUTMef2C™ (D and E)
cells (arrowheads) in heat-shocked WT (Ctrl) and Tg(hsp70:dkk1b) hearts following resection and PCNA- or EdU-labeled CM proliferation in-
dex (J). (F-1 and K) Confocal images of PCNA*Mef2C™ cells (arrowheads) in heat-shocked Ctrl (F) and Tg(hsp70:wnt8a) (G) hearts after am-
putation or 0.1% DMSO-treated (H) and CHIR99021-treated (I) WT hearts following resection and PCNA-labeled CM proliferation index (K).
(L and M) gPCR analysis for relative expression levels of axin2 and mycn in wounded ventricles of Ctrl and Tg(hsp70:dkkib) (L) or
Tg(hsp70:wnt8a) (M) animals. -actin expression was used for normalization. Data are mean + SEM from three biological replicates and
three technical replicates. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001. (N-U) Representative images of AFOG-stained ventricle
sections and regeneration scores. (N-P and Q) Heat-shocked Ctrl and Tg(hsp70:dkk1b) animals at 21 dpa. (R-T and U) Heat-shocked Ctrl
and Tg(hsp70:wnt8a) animals at 30 dpa. Orange: muscle; blue: collagen; red: fibrin. Scale bar, 100 pm. Fisher’s exact test, *P < 0.05,

**P <0.01.
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Figure 3 Induction of pS675-B-catenin at disassembled sarcomeres in the injured myocardium following cardiac damage. (A) In uninjured
hearts, B-catenin is detectable throughout the myocardium stained with a sarcomeric Z-disk marker a-actinin. (B—D) Following ventricular
resection, B-catenin (B) and pS675-B-catenin (C) are induced at the apical cell edge of wounded myocardia. (D) Merged panel of B and C
without a-actinin. Brackets, amputation area. (E) Bar chart depicting B-catenin and pS675-B-catenin levels following ventricular resection.
Fluorescent intensities were measured at the injury border zone using Image ). B-catenin or pS675-B-catenin levels in control hearts are
normalized as 1. Data are mean + SEM from five hearts for each group. Student’s t-test, *P < 0.05. (F) High-magnification image of the
dash-lined area in A displaying CMs in organized sarcomeric arrays in uninjured hearts. (G-I) High-magnification images of the dash-lined
window in C exhibiting the co-localization of pS675-B-catenin (H and I) with disassembled sarcomeres (G and H) in the injured myocardial
cell edge. (I) Merged panel of G and H without a-actinin. 3D analyses display co-localizations of pS675-B-catenin (red) with dissociated sar-
comere components (white) along the X-axis (H, x1-x3) and the Y-axis (H, y1-y3), as well as the cytoplasmic localization of pS675-B-cate-

nin in Z sections (I, x1-x3 and y1-y3). Scale bar, 100 pm (A-D) and 10 um (F-1).

(pS675-B-catenin) antibody (Figure 3C and D), but not pS33/
S37/T41-B-catenin antibody (data not shown), which reflects
a stable modification form that is independent of GSK3p
activity (Hino et al., 2005; Taurin et al., 2006). In uninjured
hearts, myofibrils organized in regular sarcomere units exhib-
iting cross-striations revealed by a-actinin (Figure 3F).
Following cardiac injury, myocardial sarcomeres became con-
spicuously disassembled in the injured edge, indicative of
CM dedifferentiation (Figure 3G). We observed that pS675-p-
catenin was elevated and co-localized with disassembled sar-
comeres (Figure 3H) with a little nuclear detection (Figure 31),
suggestive of association of pS675-B-catenin with dedifferen-
tiated CMs.

We next assessed how the elevation of cytoplasmic pS675-f-
catenin relates to CM dedifferentiation and Wnt signaling inhi-
bition. One of hallmarks of CM dedifferentiation is re-
expression of cardiac embryonic or fetal genes upon injury,
such as cardiac transcription factor gata4 and embryonic-
specific cardiac myosin heavy chains (emCMHC) (Kikuchi et al.,
2010; Kubin et al., 2011; D’Uva et al., 2015). While expression
of emCMHC, labeled by N2.261 antibodies, was not detectable
in uninjured hearts (Figure 4A and E; Sallin et al., 2015; Wu
et al., 2016), emCMHC was induced at the apical cell edge of
the wounded myocardium (Figure 4B). Notably, the induced
emCMHC mostly overlapped with upregulated pS675-B-catenin
at the myocardial wound edge (Figure 4C and D), consistent
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Figure 4 Wnt signaling inhibition associates with CM dedifferentiation during heart regeneration. (A-H) Immunofluorescence analyses
showing increased emCMHC stained with N2.261 antibody and pS675-B-catenin at apical myocardial cells of the wound at 7 dpa (A-D),
which was reduced by wnt8a activation in injured Tg(hsp70:wnt8a) hearts (E-H). N2.261 is not detectable in uninjured hearts (A and E)
and overlaps mostly with induced pS675-B-catenin (D). (D and H) Merged panels of B and C and F and G, respectively. (I-L) ISH analyses
displaying gata4 expression at injured myocardial cell edges in heat-shocked Ctrl hearts (J) at 7 dpa, which was reduced in Tg(hsp:wnt8a)
hearts (K) and increased in Tg(hsp:dkk1b) hearts (L) but hardly detectable in uninjured hearts (I). Brackets indicate amputation planes.
Scale bar, 100 pm. (M and N) Bar charts depicting pS675-B-catenin (M) and emCMHC (N) levels in Ctrl (normalized as 1), Tg(hsp:wnt8a),
and Tg(hsp:dkk1b) hearts. Fluorescent intensities were measured at the injury border zone using Image J. Data are mean + SEM from five

hearts for each group. Student’s t-test, *P < 0.05, **P < 0.01.

with the association of pS675-B-catenin with disassembled sar-
comeres (Figure 3H and ). When wnt8a was experimentally in-
duced by heat shock in Tg(hsp70:wnt8a) animals following
ventricular resection, both levels of emCMHC and pS675-B-
catenin were reduced (Figure 4F—H, M, and N). In addition, ex-
pression of gata4, a key cardiac transcriptional factor
(Kikuchi et al., 2010; Gupta et al., 2013), was reduced at in-
jured myocardial cell edges in heat-shocked Tg(hsp70:wnt8a)

hearts compared to control hearts (Figure 4) and K). On the
contrary, inhibition of Wnt signaling via dkk1b overexpression
in heat-shocked Tg(hsp70:dkk1b) animals following resection
caused an increase in expression of gata4 (Figure 4) and L) as
well as emCMHC and pS675-B-catenin (Figure 4M and N), sug-
gesting that Wnt inhibition favors an immature cell state and
potentially supports CM dedifferentiation following cardiac
injury.
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Induction of Pak2 kinase increases f-catenin Ser 675
phosphorylation and stability during heart regeneration

We previously reported that Pak2 plays positive roles for
zebrafish  heart regeneration using pharmacological
approaches (Peng et al., 2016). In addition, multiple studies
demonstrated interactions between PAK1 and Wnt signaling in
cancer progression or during development (Goh et al., 2012;
Zhu et al., 2012; Choe and Crump, 2015). In proliferative tumor
cells, PAK1 phosphorylates B-catenin at the Ser 675 residue,
enhancing its stability in cytosols and nuclei (Zhu et al., 2012).
Thus, we assessed the possibility that Pak2 phosphorylates
B-catenin in regenerating hearts. Zebrafish genome contains
three pak genes, including pak1, pak2a, and pak2b.
Immunostaining analyses against Pak2 indicated that Pak2
was induced at injury sites mainly in myocardial cells, some of
which were also detectable in other cell types following cardiac
injury (Figure 5A and B). Our ISH and gPCR analyses also
revealed an increase of pak2a transcript, but not pak1 and
pak2b RNAs, at the apical cell edge in injured zebrafish hearts
(Figure 5C—E). To test whether Pak2 induces B-catenin Ser 675
phosphorylation following cardiac injury, we generated induc-
ible dominant-negative Pak2a (dnPak2a) transgenic animals, in
which dnPak2a mutant containing a kinase inhibitory domain
and a dimerization domain was driven by the heat shock
promoter (hsp70). dnPak2a acts in a dominant-negative
manner by directly occupying the cleft of kinase domain that
inhibits its kinase activation (Chu et al., 2004). We performed
ventricular resection on control and Tg(hsp70:dnpak2a) ani-
mals, subjected them to daily heat shocks from 4 to 6 dpa, and
then collected resected hearts for pS675-B-catenin and MF20
double immunostaining (Figure 5F). We found that inhibiting
Pak2a activity using the dnpak2a mutant almost abolished the
elevated pS675-B-catenin at the injured myocardial cell edge
compared to control hearts (Figure 5G—) and 0), while total
B-catenin levels were reduced to some extents (Figure 5K—N
and 0), suggestive of the reduced B-catenin stability.

As an independent approach to assess pS675-B-catenin, we
administrated injured WT hearts using a Pak2 inhibitor
FRAX597 (Figure 5F), which specifically targets the PAK ATP-
binding cavity and inhibits its kinase activity (Licciulli et al.,
2013). In agreement with our dnPak2a experiments, FRAX597
treatment caused a diminishment of pS675-B-catenin
(Figure 5P, Q, T, U, and V) but also a reduction of total B-catenin
at the wound myocardial cell edge (Figure 5R-V). In contrast,
p-catenin mRNAs were not altered in the myocardial wound
edge in FRAX597-treated hearts compared to DMSO controls
(Figure 5W and X). Importantly, we observed that the majority
of pS675-B-catenin remained in cytosols without going to nu-
clei in FRAX597- or vehicle-treated hearts at 7 dpa (Figure 5Y
and Z). However, human pS675-B-catenin controlled by PAK1
goes to the nucleus in colon cancer cells (Zhu et al., 2012),
suggesting the distinct mechanisms underlying differentiated
CMs from proliferative tumor cells. Taken together, these find-
ings demonstrate that Pak2a kinase increases PB-catenin Ser
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675 phosphorylation and stability at myocardial wounds during
regeneration.

Mpyocardial-specific induction of a constitutively active
B-catenin (S675E) promotes sarcomere disassembly and CM
dedifferentiation

To test whether induction of B-catenin Ser 675 phosphoryla-
tion promotes CM dedifferentiation and proliferation, we
converted Ser 675 to a phospho-mimetic Glu 675 (E) in Ctnnb2
(B-catenin gene) that enables constitutive phosphorylation
at the residue 675. Inducible transgenic zebrafish,
Tg(TRE3G:ctnnb2(S675E)-mScarlet-I, cryaa:EGFP) bearing a
phospho-mimetic form of B-catenin (S675E) fused with
mScarlet-l, were constructed based on a doxycycline (DOX)-in-
ducible TetON3G system (Figure 6A). By crossing with myocar-
dial activator line Tg(cmlc2:TetON-3G, cryaa:mCherry), we
generated a double transgenic line, Tg(cmlc2:TetON-3G,
cryaa:mCherry; TRE3G:ctnnb2(S675E)-mScarlet-I, cryaa:EGFP),
referred to as TRE3G:ctnnb2(S675E)™ which enables DOX-
inducible expression of B-catenin (S675E) in CMs (Figure 6A).
In TRE3G:ctnnb2(5675E)™ transgenic line, mCherry and EGFP
were co-expressed in lens under the cryaa promoter and used
as markers for identifying transgene in our initial screen
(Supplementary Figure S6A-D). To test whether the inducible
system works, we administrated DOX or vehicle for 7 days
following ventricular resection (Figure 6B). Injured hearts
were isolated and subjected to immunostaining of mScarlet-I
antibody that labels Ctnnb2 (S675E) and cTnT antibody that
marks CMs (Figure 6B). We found that DOX-treated
TRE3G:ctnnb2(S675E)™ animals displayed red fluorescence in
isolated hearts (Figure 6C and D) as well as Ctnnb2-mScarlet-|
expression overlapping with cTnT adjacent to cardiac injury
regions (Figure 6G and H), whereas vehicle-treated
TRE3G:ctnnb2(S675E)™ zebrafish showed absence of red fluo-
rescence in isolated hearts (Figure 6C and D) or Ctnnb2-
mScarlet-l expression in cTnT-marked hearts (Figure 6E and F).

Next, we assessed CM dedifferentiation status in DOX-
treated and vehicle-treated TRE3G:ctnnb2(5675E)™ animals
following ventricle resection. Injured hearts were immunos-
tained with mScarlet-l antibody and the sarcomeric Z-disk
marker a-actinin antibody for sarcomere disarray analyses
or the dedifferentiation marker emCMHC antibody for
embryonic/fetal gene analyses (Figure 6B). DOX-treated
TRE3G:ctnnb2(S675E)™ CMs in the wound edge showed
higher degree of sarcomere structure disruption (Figure 6l, 11,
12, J, ]1, ]2, and 0). Ctnnb2 (S675E) expression was detected
to overlap with o-actinin on sarcomeres (Figure 6} and )2),
consistent with previous experiments (Figure 3H and [). We
found that emCMHC was markedly induced in DOX-treated
TRE3G:ctnnb2(5675E)™ injured hearts at 7 dpa compared to
vehicle-treated hearts (Figure 6K, L, and P), ndicating the en-
hancement of sarcomere disassembly and CM dedifferentiation
by the phospho-mimetic B-catenin (S675E). Lastly, we tested
whether induction of constitutive B-catenin  (S675E)
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Figure 5 Inhibiting Pak2 activity using dominant-negative mutation or chemical inhibitor reduces pS675-B-catenin at wound edges in the
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myocardial cell edge in injured hearts at 3 dpa (B and D) compared to uninjured heart (A and C). Scale bar, 100 um. (E) gPCR analysis for
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tion. Data are mean = SEM from three biological replicates and three technical replicates. Student’s t-test, **P < 0.01. (F) Schematic



phosphorylation in adult CMs promotes CM proliferation using
PCNA/Mef2 immunostaining analysis (Figure 6B). Consistent
with the dedifferentiation effect of B-catenin (5675E), CM prolif-
eration indices (PCNATMef2t/Mef2¥) in  DOX-treated
TRE3G:ctnnb2(S675E)™ zebrafish were increased by 89.6%
over that of vehicle-treated animals (Figure 6M, N, and Q). Taken
together, these findings indicate that myocardial-specific induc-
tion of constitutive B-catenin (S675E) phosphorylation is suffi-
cient to enhance CM dedifferentiation, which in turn accelerates
CM proliferation in response to cardiac damage.

Pak2 kinase is required for heart regeneration by supporting
CM dedifferentiation and proliferation

To determine whether a loss of Pak2 kinase activity impairs
CM proliferation following cardiac damage, control and
Tg(hsp70:dnpak2a) animals were subjected to ventricular apex
resection and daily heat shocks from 4 to 6 dpa. Cardiac sec-
tions were immunostained with PCNA/Mef2 antibodies for CM
proliferation analyses at 7 dpa (Figure 7A). We found that inhib-
iting Pak2 activity in dnpak2a mutants caused a reduction of
CM proliferation by 74.5% compared to control hearts
(Figure 7B-D). We next conducted AFOG analyses and found
that higher percentages of dnPak2a hearts displayed promi-
nent fibrin and collagen/scar tissues (Type Ill) after ventricular
resection at 30 dpa (Figure 7E-G). These data together indicate
that Pak2 kinase activity is required for cardiac muscle regener-
ation and wound healing. We next tested whether inhibiting
Pak2 kinase activity attenuated CM proliferation in Wnt antago-
nist dkk1b-overexpressing hearts after injury. Injured control
and Tg(hsp70:dkk1b) animals were treated with FRAX597 from
4 to 6 dpa and wound edge CM proliferation was analyzed at
7 dpa (Figure 7A). We found that suppression of Pak2 activity
can markedly reduce CM proliferation in dkk1b-overexpressing
hearts to the same extent as FRAX-treated WT hearts
(Figure 7H-K), suggesting that Pak2 acts synergistically with
Wnt antagonists to regulate myocardial regeneration.

Because Pak2 regulates pS675-B-catenin during regenera-
tion, we assessed whether zebrafish Pak2 directly phosphory-
lates B-catenin at Ser 675 in vitro. We created the zebrafish
B-catenin-S675A (serine to alanine) mutant, which mimics
unphosphorylated forms. Pak2a tagged by HA was immunopre-
cipitated and subjected to kinase assays using purified
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proteins of glutathione S-transferase (GST)-tagged B-catenin-
WT or GST-tagged B-catenin-S675A. In the presence of ATP,
co-incubation of B-catenin-WT with Pak2a caused a marked
increase in Ser 675 phosphorylation, whereas this phosphory-
lation was completely abrogated by B-catenin S675A substitu-
tion (Supplementary Figure S7), consistent with the specific
kinase activity in human PAK1 (Zhu et al., 2012). Importantly,
treatment of a specific Pak2 inhibitor FRAX597 or FRAX486
caused a reduction of B-catenin Ser 675 phosphorylation
(Supplementary Figure S7). We noticed that pS675-B-catenin
rather than unphosphorylated B-catenin can be recognized us-
ing a monoclonal antibody (D2F1; Supplementary Figure S7),
indicating that D2F1 antibody specifically recognizes zebrafish
pS675-B-catenin. Thus, the in vitro findings that zebrafish
Pak2a phosphorylates B-catenin at the Ser 675 residue are con-
sistent with our in vivo results in the setting of heart
regeneration.

As induction of the phospho-mimetic B-catenin (S675E) pro-
motes CM dedifferentiation during regeneration (Figure 6), we
reasoned that Pak2-mediated pS675-B-catenin upregulation
might be involved in CM dedifferentiation. To test this idea, we
administrated FRAX597 to animals with resected hearts and
collected tissue for immunostaining with pS675-B-catenin and
a-actinin antibodies. Consistent with previous experiments
(Figure 3H and 1), injured hearts exhibited an increase of
pS675-p-catenin (Figure 7L) at disassembled sarcomeres
(Figure 7L; Supplementary Figure S8A) in the myocardial
wound edge, whereas inhibition of Pak2a kinase activity by
FRAX597 treatment caused a marked reduction of pS675-p-cat-
enin in this tissue with reduced sarcomere disassembly
(Figure 7M and M; Supplementary Figure S8B).
emCMHC pS675-B-catenin™ heart muscle at the injury site was
also conspicuously reduced in FRAX597-treated hearts, com-
pared to control hearts (Figure 7N and O; Supplementary Figure
S8C-F). Accordingly, we observed the reduced expression of
the transcriptional progenitor marker gata4 and other cardiac
fetal gene markers a-smooth muscle actin («-SMA) and smooth
muscle actinin (actn1) (Kubin et al., 2011; D’Uva et al., 2015)
at injured myocardial edges in FRAX597-treated hearts, com-
pared to control hearts (Figure 7P and Q; Supplementary Figure
S8G-J). These findings indicate that Pak2-mediated pS675-B-
catenin upregulation contributes to CM dedifferentiation.

showing heat shock experiment of Tg(hsp70:dnpak2a) and FRAX597 treatment for B-catenin and pS675-B-catenin assessment. Heat shock:
37°C for 2 h daily from 4 to 6 dpa. FRAX597: 1 uM (in DMSO) from 4 to 6 dpa. Control: 0.1% DMSO from 4 to 6 dpa. (G-V) Confocal micros-
copy analyses for the levels of pS675-B-catenin and total B-catenin at wounded myocardial cell edges in hearts at 7 dpa. Scale bar,
100 um. Data are mean + SEM from five hearts for each group. Student’s t-test, *P < 0.05. (G—0) pS675-B-catenin was diminished whereas
total B-catenin was slight reduced in Tg(hsp:dnpak2a) hearts at 7 dpa. (P-V) pS675-B-catenin was diminished and total B-catenin was re-
duced in the Pak2a inhibitor FRAX597-treated hearts at 7 dpa compared to 0.1% DMSO-treated control hearts. (T and U) Merged panels of
P and R and Q and S, respectively. (W and X) ISH analysis showing the same -catenin expression level in FRAX597-treated hearts (X) com-
pared to DMSO-treated hearts (W). (Y and Z) Immunostaining analyses revealing a reduction of cytoplasmic pS675-B-catenin in FRAX597-
treated hearts (Z) compared to DMSO-treated hearts (Y) at 7 dpa. Scale bar, 10 um.
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Figure 6 Induction of phospho-mimetic B-catenin (S675E) in adult CMs enhances sarcomere disassembly and CM dedifferentiation.
(A) Schematic diagram of double transgenes of TRE3G:ctnnb2(5675E)™. DOX treatment allows binding of TetON-3G to the TRE3G pro-
moter, enabling the tissue-specific transcription of ctnnb2(S675E) in CMs. (B) Experimental strategy to induce myocardial ctnnb2(5675E) overex-
pression during the course of heart regeneration. Ctnnb2(S675E) induction (mScarlet-/cTnT), sarcomere disassembly (x-actinin/mScarlet-1), CM



Discussion

In this study, we provide evidence that coordination of Wnt sig-
naling inhibition and Pak2/pS675-B-catenin signaling enhances
zebrafish heart regeneration. Based on our findings and others,
we propose a model for Wnt/Pak2 signaling events in regulating
heart regeneration (Figure 7R). Cardiac injury triggers induction of
multiple secreted Wnt antagonists at cardiac wounds, including
epi/endocardial Dkk3/sFrp1, myocardial Dkk1/sFrp2, and endo-
cardial Wif1/Notum1b (Zhao et al., 2019). This type of multi-
modal repressive mechanism indicates that Wnt signaling must
be dampened to enable natural heart regeneration. In the context
of Wnt signaling inhibition, Pak2 kinase is induced in injured
heart tissues, where it phosphorylates sarcomere B-catenin at
Ser 675 and increases its stability in disassembled sarcomeres,
promoting CM dedifferentiation and proliferation. How Pak2 is in-
duced in the context of Wnt signaling inhibition remains un-
known. It would be likely that non-canonical Wnt signaling might
be upregulated after injury to influence Pak2 expression.
Nonetheless, these findings demonstrate that zebrafish heart re-
generation requires Wnt signaling inhibition and Pak2-mediated
pS675-B-catenin signaling, both of which function coordinately to
CM dedifferentiation and proliferation.

The influence of Wnt signaling on organ regeneration
appears to be context dependent. While studies demonstrate
Wnt signaling as a positive regulator of regeneration in myriad
vertebrate tissues and organs, including teleost fish fins, mam-
malian blood, and intestinal epithelium (Kawakami et al.,
2006; Barker et al., 2007; Stoick-Cooper et al., 2007; Congdon
et al., 2008; Choi et al., 2013; Kang et al., 2013), our findings
uncover that regulated inhibition of Wnt signaling contributes
to regeneration of zebrafish hearts. Heart regeneration occurs
via stem cell-independent mechanisms (Jopling et al., 2010;
Kikuchi et al., 2010; Senyo et al.,, 2013; D’Uva et al., 2015).
Inhibition of Wnt signaling favors dedifferentiation of pre-
existing CMs followed by proliferation and redifferentiation dur-
ing heart regeneration. In this study, multiple Wnt antagonists,
including Dkk1, Dkk3, sFrp1, and sFrp2, were found to upregu-
late following injury. We focused on Dkk1 rather than other Wnt
inhibitors, because Dkk1 is the typical antagonist of canonical
Wnt signaling, which exerts inhibitory functions by binding to
LRP6 of the receptor complex (Stoick-Cooper et al., 2007; Moro
et al.,, 2012). Moreover, Dkk1 is induced only in the injured
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myocardium, whereas other Wnt antagonists are upregulated in
the epicardium and endocardium, indicating the cell-autonomous
role of Dkk1 for cardiac muscle regeneration. We have demon-
strated that dkk1b overexpression in Tg(hsp70:dkk1b) zebrafish
enhances CM dedifferentiation and proliferation through inhibit-
ing canonical Wnt target genes axin2 and mycn (Figure 2L;
Supplementary Figure S5E and F). It will be important to test
whether and how other Wnt antagonists such as Dkk3/sFrp1 mod-
ulate Wnt signaling during heart regeneration and to assess how
Dkk3/sFrp1 secreted from epi/endocardial cells influence CM re-
newal and wound healing.

We find that pS675-B-catenin regulated by Pak2 is markedly
increased in the injured myocardium during cardiac regenera-
tion. The majority of upregulated pS675-B-catenin overlaps
with emCMHC and co-localizes with disassembled sarcomeres,
in association with CM dedifferentiation. Our findings about
conditional expression of phospho-mimetic B-catenin (S675E)
in adult CMs support the direct role of Ser 675 phosphorylation
in sarcomere disassembly and CM dedifferentiation in injured
hearts (Figure 6). This is in agreement with the function of B-cate-
nin in enhancing CM dedifferentiation in the context of active
Neuregulin-1/ERBB?2 signaling, examined in cultured murine CMs
(D’Uva et al., 2015). Moreover, inactivation of Pak2 activity
reduces pS675-B-catenin at cardiac wounds and attenuates CM
dedifferentiation (Figure 7L—Q). Considering that p-catenin is the
specific substrate of Pak2 kinase (Supplementary Figure S7),
these findings together indicate that PAK2-mediated pS675-B-
catenin induction is most likely to contribute to CM dedifferentia-
tion and proliferation (Figure 7R). It is also possible that Pak2 reg-
ulates CM regeneration via other factors or substrates
(Figure 7R). As dnpak2a mutant or FRAX597 inhibitor specifically
inhibits the Pak2 kinase activity (Licciulli et al., 2013), it is un-
likely that any Pak2-non-kinase activity associates with CM
dedifferentiation/proliferation processes. It will be important to
test whether Pak2/pS675-B-catenin interacts with Neuregulin-1/
ERBB2 signaling during cardiac regeneration, to test by which
mechanisms Pak2/pS675-B-catenin signaling regulates the de-
differentiation process, and to determine whether there are other
unknown substrates of Pak2 involved in heart regeneration in co-
ordinating with Wnt signaling inhibition.

Studies in our and other labs have uncovered an injury-
dependent Wnt inhibitory role for zebrafish heart regeneration,

dedifferentiation (emCMHC), and proliferation (PCNA/Mef20)

were

examined at 7 dpa in vehicle-treated and TOX-treated

TRE3G:ctnnb2(5675E)™ animals. (C and D) Brightfield (C) or red fluorescence (D) images of whole-mount hearts. mScarlet-I signal was only
detected in myocardium of DOX-treated hearts. Scale bar, 500 um. (E-H) Representative confocal fluorescence images of cardiac sections immu-
nostained for cTnT (green) and mScarlet-I (red). Scale bar, 100 um. (1, J, and O) Myocardial wound edge regions in heart sections were co-stained
for a-actinin (green) and mScarlet-l (red). Scale bar, 50 um. (11, 12, J1, and J2) Magnified panels show high-magnification images of the boxed
regions in I and J. (0) Quantification of organized sarcomere Z-disks in a-actinin-marked CMs (100 x 100 pixels). (K-N, P, and Q) Confocal image
analyses of emCMHC expression (K and L) and PCNA™Mef2C* cells (arrowheads, M and N). Brackets indicate amputation planes. Insets show
high-magnification images of PCNA"™Mef2C™ cells in boxed regions. (P) Fluorescent intensities depicting emCMHC levels were measured at the in-
jury border zone using Image J. enCMHC levels in vehicle-treated hearts are normalized as 1. (Q) PCNA-labeled CM proliferation indices. Scale
bar, 100 pum. For bar chart analyses in 0—Q, data are mean = SEM from five hearts for each group. Student’s f-test, **P < 0.01.
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indicate high-magnification images in dash-lined areas. Data are mean + SEM from five hearts for each group. Student’s t-test, **P < 0.01.



and this is likely to be conserved in mammals. However, some
groups observed the confounding results in heart regeneration
using heat-shocked Wnt modifier transgenic zebrafish after cry-
oinjury (Ozhan and Weidinger, 2015). This discrepancy might
be the result of different injury contexts. In murine hearts after
myocardial infarction, inhibiting Wnt signaling by overexpression
of sFrp1, Dkk3, or Igfb4 (Barandon et al., 2003; Bao et al., 2015;
Wo et al., 2016) ameliorates myocardial cell apoptosis, reduces
adverse remodeling, and inhibits functional deterioration
(Bergmann, 2010). Administration of Porcupine inhibitor WNT974
or chemical inhibitor CDMG1 not only reduces cardiac fibrosis
but also stimulates CM proliferation in the infarcted border zone
(Moon et al., 2017; Yang et al., 2017; Xie et al., 2020). Hence,
our findings along with these indicate that regulation of Wnt/
Pak2 signaling may be instrumental in strategies to improve sur-
vival, and even regeneration, after myocardial infarction,
highlighting a potential inroad for therapeutic intervention.

Materials and methods
Zebrafish strains and chemical inhibitors

Transgenic lines used in this study include Tg(cmlc2:EGFP)
(Huang et al., 2003), Tg(cmlc2:nDsRed) (Mably et al., 2003),
Tg(hsp70:wnt8a) (Ueno et al., 2007), Tg(hsp70:dkk1b) (Ueno
et al., 2007), Tg(dkkib:EGFP) (Kang et al, 2013),
Tg(tcf21:nEGFP) (Wang et al., 2011), Tg(flila:EGFP) (Lawson
and Weinstein, 2002), and Tg(cmlc2:TetON-3G, cryaa:mCherry).
Experimental procedures involving animals were advised and
approved by the Institutional Animal Care and Use Committee
at Fudan University. CDMG1, FRAX597, and FRAX486 (Selleck)
were dissolved in DMSO to a 10 mM stock solution. BIO
(Sigma) and CHIR99021 (Sigma) were dissolved in DMSO to 1
and 5 mM stock solutions, respectively. Adult transgenic
TRE3G:ctnnb2(5675E)M fish were daily treated with 50 mg/L
DOX (Sigma) over the window of heart regeneration.
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Generation of Tg(hsp70:dnpak2a) animals

The dominant-negative pak2a (pak283-149) was generated
by deleting CRIB motif, which retains the dimerization domain,
the kinase inhibitory domain, and the inhibitory switch domain
(Chu et al., 2004). MultiSite Gateway Kit (Invitrogen) was used
to clone the hsp70 promoter and dnpak2a fragment into the
pDESTol2pA2 vector. The hsp70-dnpak2a construct was co-
injected with Tol2 transposase mRNA into one-cell stage em-
bryos to generate transgenic lines.

Generation of Tg(TRE3G:ctnnb2(5675E)-mScarlet-I, cryaa:EGFP)
animals

Full-length coding sequences of ctnnb2 were generated from
zebrafish heart cDNA and subcloned into TOPO blunt cloning vec-
tor (Invitrogen). S675E phospho-mimetic mutation (Arias-Romero
et al., 2013) was introduced using Q5 site-directed mutagenesis
kit (NEB). Amplified ctnnb2(S675E) fragment and mScarlet-| frag-
ment were subcloned into Tol2-mediated TRE3G empty vector
containing cryaa:EGFP using HIFI assembly kit (NEB). The purified
TRE3G:ctnnb2(S675E)-mScarlet-I, cryaa:EGFP construct was co-
injected with Tol2 transposase mRNA into one-cell stage embryos
to generate transgenic lines. Stable transgenic lines were
screened under a stereo-fluorescence microscope.

Ventricular resection, real-time PCR, and ISH analyses

Adult zebrafish (4—12 months of age) were used for ventricu-
lar resection surgery as previously described (Poss et al.,
2002). Briefly, 20% of ventricular muscle was removed at the
apex with iridectomy scissors. Total RNAs were extracted from
uninjured, 3 dpa, and 7 dpa hearts and used for cDNA synthe-
sis using PrimeScript™ Il 1st Strand cDNA Synthesis Kit
(TaKaRa). Primers for dkk1a, dkk1b, dkk2, dkk3a, dkk3b, sfrp1a,
sfrp1b, sfrp2, sfrp3, lrp5, lrp6, kremen1, wntl, wnt2, wnt2ba,
wnt2bb, wnt3, wnt3a, wnt4a, wnt4b, wntsb, wntéb, wnt7ba,
wnt7bb, wnt8a, wnt8b, wnt9a, wntl0a, wnti0b, wnt 11,
wntl1r, and wnt 16 were designed and used for semi RT-PCR

(E-G) Representative images (E and F) and quantification of regeneration scores (G) of ventricle sections from heat-shocked Ctrl and
Tg(hsp70:dnpak2a) animals at 30 dpa and stained with AFOG. Orange: muscle; blue: collagen; red: fibrin. Fisher’s exact test. **P < 0.01.
(H-K) Confocal image analyses displaying PCNA*Mef2C" cells (arrowheads) and quantification of CM proliferation indices (K) in DMSO-
treated (H, Ctrl), Pak2 inhibitor (FRAX597)-treated (I), and FRAX597-treated Tg(hsp:dkkib) (J) hearts at 7 dpa. Insets indicate high-
magnification images of dash-lined area. Data are represented as mean + SEM from five hearts for each group. Statistical significance was
calculated using one-way ANOVA followed by Tukey’s test. n.s., none significance; *P<0.05, ***P<0.001. (L-0) Immunostaining
analyses displaying reduction of pS675-B-catenin (L and M) and emCMHC (N and O) at apical myocardial cells of the wounded edge in
FRAX597-treated hearts compared to DMSO-treated hearts at 7 dpa. (L' and M) High-magnification images of dash-lined windows in L and
M, respectively, exhibiting disassembled sarcomeres in DMSO-treated hearts (L') and relatively normal striated sarcomeres in FRAX597-
treated hearts (M’). (P and Q) ISH analysis displaying a reduction of gata4 at the wounded myocardial cell edge in FRAX597-treated hearts
compared to DMSO-treated hearts at 7 dpa. Brackets indicate amputation planes. Scale bar, 100 um (except 10 um in L’ and M’). (R) A
working model for Wnt/Pak2/pS675-B-catenin signaling events regulating heart regeneration. Cardiac injury induces multiple Wnt antago-
nists that restrain Wnt signaling throughout the wounded heart, enabling CM dedifferentiation and proliferation. In the context of Wnt sig-
naling inhibition, Pak2 is upregulated in cardiac wounds, where it phosphorylates cytoplasmic B-catenin at the Ser 675 residue and
increases its stability in disassembled sarcomeres, enhancing CM renewal and heart regeneration.
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analyses. Specific primers for dkk1b, dkk2, dkk3b, sfrpia,
sfrp1b, sfrp2, wnt2ba, wnt2bb, wnt4a, wntéb, wnt8a, axin2,
mycn, pakl, pak2a, and pak2b were designed and used for
gPCR analyses. Real-time PCR was performed with SYBR Green
(TOYOBO) using Roche LightCycler® 480 Il PCR system. S-actin
expression was used for normalization and target gene expres-
sion levels were analyzed using 272" method (Livak and
Schmittgen, 2001). For each biological sample, 3-5 biological
replicates and 3-5 technical replicates were used for gPCR. ISH
analyses were performed on cryosections of hearts as described
(Lepilina et al., 2006). FISH analyses were performed on cryosec-
tions from Tg(flila:EGFP) hearts as described previously (Munch
et al., 2017). PCR fragments of sfrp1a, dkk3b, wnt5b, Irp6, p-cate-
nin, pak2a, gata4, o-SMA, and actn1 were subcloned into pGEM-T
vector (Promega). Digoxigenin-labeled cRNA probes were tran-
scribed using T7 and SP6 RNA polymerase (Invitrogen). /n situ sig-
nals were detected using anti-digoxigenin-AP (Roche), visualized
by NBT/BCIP substrates (Roche), and imaged by a Nikon Eclipse
Ni microscope (Nikon) and Nikon Digital Sight DS-Ri1 camera
(Nikon). Fluorescence in situ signals were detected using TSA
plus fluorescence kit (PerkinElmer) and imaged by Zeiss LSM880
confocal microscope.

Histology and immunofluorescence methods

Injured hearts were extracted, fixed, and cryosectioned.
Fibrin and scar analyses by AFOG staining were performed as
previously described (Poss et al., 2002). Briefly, sections were
hydrated and incubated in Bouin’s solution containing 5% ace-
tic acid, 9% formaldehyde, and 0.9% picric acid (Sigma).
Slides were then placed in AFOG solution, containing analine
blue (Fisher), orange G (Sigma), and acid fuchsin (Sigma).
Myofibril, fibrin, and collagen were visualized as orange, red,
and blue, respectively. CM proliferation experiments were per-
formed as previously described (Fang et al., 2013). Fish density
(one fish/500 ml) was arranged to examine heart regeneration.
Primary antibodies used in this study include anti-DsRed
(Clontech #632496; 1:100), anti-Mef2C (Santa Cruz #sc-313;
1:100), anti-Dkk3 (Novus Biologicals #NBP2-37430; 1:50),
anti-sFrp1 (Abcam #ab126613; 1:50), anti-sFrp2 (Abcam
#ab92667; 1:50), anti-PCNA (Sigma #P8825; 1:100), anti-B-cat-
enin (Abcam #ab32572; 1:100), anti-pS675-B-catenin (Cell
Signaling Technology #4176; 1:100), anti-a-actinin (Sigma
#A7732; 1:100), anti-MHC (DSHB; 1:100), anti-emCMHC
(DSHB; 1:100), anti-PAK2 (Abcam #76293; 1:100), anti-GFP
(Aves Labs #GFP-1010; 1:500), and anti-mScarlet-I (NanoTag
Biotechnologies #N1302; 1:250). Secondary antibodies in-
clude goat anti-mouse Alexa-Fluor-488 (Invitrogen #A-11001;
1:1000), goat anti-mouse Alexa-Fluor-555 (Invitrogen #A-
21422; 1:1000), goat anti-rabbit Alexa-Fluor-488 (Invitrogen
#A27034; 1:1000), goat anti-rabbit Alexa-Fluor-555 (Invitrogen
#A-21428; 1:1000), and goat anti-chicken Alexa-Fluor-488
(Invitrogen #A-11039; 1:1000). For each heart, Z-stacks were
acquired from 10-pum-thick sections using Zeiss Axio Observer.
To quantify CM proliferation, three sections from each heart

containing injury border zone were chosen for Apotome imag-
ing using a 10x objective. The numbers of Mef2ct and
PCNA*Mef2c*t cells, as well as nDsRed™ and nDsRed*EdU™
cells, in the injury border zone were counted by Image)2x soft-
ware. Percentage of PCNAT™Mef2ct/Mef2ct or nDsRed"EdU™/
nDsRed™ cells was calculated and summed to determine the
CM proliferation index. To quantify regenerates shown by AFOG
staining at indicated time, we score heart histological sections
according to criteria: ‘Type I’ indicates complete regeneration
displaying contiguous myocardial wall and little scarring; ‘Type
I’ indicates partial regeneration displaying partial myocardial
wall formation and moderate scarring; ‘Type llI’ indicates block
in regeneration displaying prominent scarring. For each biologi-
cal sample, five hearts were used for AFOG analyses and CM
proliferation experiments, repeated twice. Click-iT® EdU Alexa-
Fluor-488 and 555 Imaging Kit (Invitrogen) was used for EdU
detection. AFOG-stained images were obtained using Nikon
Eclipse Ni microscope (Nikon) and Nikon Digital Sight DS-Ri1
camera (Nikon). Confocal images were obtained using a Zeiss
LSM710 microscope.

Pak2 kinase assay

For PAK kinase assays, HEK293T cells were transfected with
pcDNA3.1-HA-PAK2. After 48 h, cells were lysed with lysis
buffer (50 mM HEPES, pH7.5, 150 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40, 10 mM pyrophosphate, 10 mM glycerophos-
phate, 50 mM NaF, 1.5 mM NasVO,, complete protease inhibi-
tor cocktail (Sigma), 1 mM DTT, and 1 mM PMSF) and
immunoprecipitated with agarose-conjugated HA-tagged anti-
body (Abmart). The immunoprecipitates were washed three
times with lysis buffer, once with wash buffer (40 mM HEPES
and 200 mM Nacl), and once with kinase assay buffer (30 mM
HEPES, 50 mM potassium acetate, and 5 mM MgCl,). The
immunoprecipitated HA-PAK2 was subjected to kinase assay in
the presence of 500 uM ATP and 1.5 pg of GST-tagged B-cate-
nin-WT or B-catenin-S675A purified from Escherichia coli as
substrates. PAK inhibitor FRAX597 or FRAX486 was added to
the reaction mixtures by incubating for 60 min at 30°C with
shaking at a concentration of 2 pM. The reactions were then
terminated with SDS sample buffer and boiled before analysis
by SDS PAGE with related antibodies.

RNAscope analysis

RNAscope (Advanced Cell Diagnostics, ACD) for Danio rerio
axin2 was performed on injured control, Tg(hsp70:dkk1b), and
Tg(hsp70:wnt8a) heart cryosections. The Dr-axin2 RNAscope
probe was designed by ACD. RNAscope probe hybridization,
amplification, and detection were performed according to the
protocol of RNAscope Multiplex Fluorescent Reagent Kit V2 user
manual (ACD). Following the final step of washing of RNAscope
detection, immunostaining for CM visualization with CT3 anti-
body (DSHB; 1:100) was performed as described above.
Images were taken using Zeiss LSM880 confocal microscope.
Image analysis was performed using Zen 3.0 software (Zeiss).



Statistical analysis

Statistical tests, P-values, and sample sizes are indicated in
the figure legends. All statistical values are presented as mean
+ standard error of the mean (SEM). Statistical analyses were
performed with GraphPad Prism 8 or Microsoft Excel. Student’s
t-test was used to analyze comparisons between two groups.
One-way analysis of variance (ANOVA) with Tukey’s test was
used to assess the difference between three independent
groups. Fisher's exact test was used to assess the regeneration
score. P< 0.05 was considered statistically significant.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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