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SUMMARY
Cells functioning at a specific zone by clustering according to gene expression are recognized as zonated
cells. Here, we demonstrate anatomical and functional zones in the zebrafish heart. The cardiomyocytes
(CMs) at the atrioventricular canal between the atrium and ventricle could be grouped into three zones ac-
cording to the localization of signal-activated CMs: Wnt/b-catenin signal+, Bmp signal+, and Tbx2b+ zones.
Endocardial endothelial cells (ECs) changed their characteristics, penetrated the Wnt/b-catenin signal+ CM
zone, and became coronary ECs covering the heart. Coronary vessel length was reduced when the Wnt/
b-catenin signal+ CMs were depleted. Collectively, we demonstrate the importance of anatomical and func-
tional zonation of CMs in the zebrafish heart.
INTRODUCTION

The heart functions as a pump constituted by the myocardium,

endocardium, epicardium, and coronary vessels (CVs). To main-

tain heart function, cardiomyocytes (CMs) require complex

regional differences in metabolic activity, electrophysiology,

and cell coupling.1 Recent technology, such as single-cell RNA

sequencing (scRNA-seq), has identified detailed cellular hetero-

geneity and spatial transcriptomic profiling.2,3 Cellular functional

changes along an anatomical axis are called ‘‘zonation.’’4 The

zonated gene expression in the heart is disturbed by congenital

cardiomyopathy, suggesting that zonation is essential for heart

function.2 However, the function of each zone of CMs is not

well understood.

Wnt/b-catenin signaling regulates diverse cellular functions

during embryogenesis. The binding of Wnt ligands to the recep-

tor complex of frizzled and low-density lipoprotein receptor-

related protein 5/6 results in the nuclear translocation of stabi-

lized b-catenin. In the nucleus, b-catenin binds to transcription

factors such as T cell factor (TCF) and promotes the expression

of Wnt target genes.5 During cardiogenesis, Wnt/b-catenin

signaling is active at the atrioventricular canal (AVC) region that

connects the atrium and ventricle.6 Wnt/b-catenin signaling at

the AVC is required for the formation of atrioventricular (AV)
Developmental Cell 60, 1–9, Jan
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valve6 and the programming of slow-conducting AVC CMs.7

However, the physiological role of Wnt/b-catenin signaling in

the heart after embryogenesis is poorly understood.

In zebrafish, CVs originate from AVC endocardial endothelial

cells (endoECs). In 1-month-old zebrafish, endoECs at the AVC

penetrated the myocardium and spread to the surface of the

ventricle to give rise to coronary ECs (coECs).8 In mice, coECs

originate from both endoECs and sinus venosus ECs.9,10 It is still

unclear how AVC endoECs come out from the innermost side of

the heart.

In this study, we aimed to characterize zonated CMs at the

AVC and demonstrated that Wnt/b-catenin signal-activated

CMs are required for the characteristic changes of endoECs

into coEC.

RESULTS

Wnt/b-catenin signaling is continuously activated at
the AVC
The Wnt/b-catenin signaling is a key regulator of zonation in the

liver and adrenal gland.11–13 To examine whether Wnt/b-catenin

signal-activated (b-cat ON) cells are present in other organs be-

sides these twoorgans, weestablished a transgenic (Tg) zebrafish

line: Tg(actb2:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP) in
uary 6, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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which nuclear-translocated b-catenin induces GAL4/upstream

activating sequence (UAS) system-driven EGFP expression (Fig-

ure S1A).14 The general b-cat ON reporter was developed using

the ubiquitous b-actin (actb2) promoter. EGFP was widely

observed at 24 and 48 h post-fertilization (hpf), as reported pre-

viously15,16; however, most of the signals disappeared by 72 hpf

except the pectoral fin, aortic arch, and AVC (Figures 1A, S1B,

and S1C). We observed that b-cat ON cells were still present in

the AVC CMs of the 3-month-old adult heart (Figure 1A).

To characterize b-cat ON CMs at the AVC, we developed a

CM-specific b-cat ON reporter, Tg(myl7:GAL4db-TCFDC-2A-

mCherry);Tg(UAS:EGFP), using CM-specific myosin light chain

(myl7) promoter. EGFP was continuously observed at the AVC

from 48 hpf to adulthood, especially in the atrial CMs of the

AVC (Figures 1B and 1C; Videos S1A and S1B). Reliability of

the reporter was confirmed by a decrease of reporter activity in

the reporter fish treated with Wnt/b-catenin signaling inhibitor,

IWR-1-endo (IWR1),17 or Wnt secretion inhibitor, LGK97418 (Fig-

ure S1D). Reporter reflecting b-catenin-dependent transcription

was also confirmed by the expression of axin2, a b-catenin target

gene, at the AVC (Figure S1E).

Bone morphogenetic protein (Bmp) signaling activation and

T-box transcription factor 2b (tbx2b) expression in AVC CMs re-

ported in the paper19 were confirmed using Tg(BRE:EGFP)20 and

TgBAC(tbx2b:EGFP), respectively (Figures S1F–S1I). To know

the spatial profiling of b-cat ON CMs and other CMs at the

AVC, we detected b-cat ON CMs by red fluorescence using

Tg(myl7:GAL4db-TCFDC);Tg(5xUAS:NTR-mCherry), which is a

b-cat ON reporter without 2A-mCherry (Figures 1D and 1E).

BRE:EGFP+ cells weremostly found in AVCCMs of the ventricle,

while tbx2b:EGFP+ cells were located in the root of AV valves

(Figure S1J). Neither of them overlapped with b-cat ON CMs

(Figures 1D, 1E, S1K, and S1L), suggesting that the AVC CMs

can be grouped into three zones: Bmp signal+, Tbx2b+, and

b-cat ON zones (Figure 1F).

b-cat ON CMs at the AVC require heartbeat-dependent
Wnt ligands
We next tried to find Wnt ligands for b-cat ON CMs. Consistent

with previous reports of myocardial wnt2bb and endocardial

wnt9b expression at the AVC,21,22 wnt2bb and wnt9b were ex-

pressed at the AVC at the embryonic stage (Figure 2A). To test

the requirement of wnt2bb and wnt9b for b-cat ON CMs, we

knocked down wnt2bb and wnt9b using morpholino oligonucle-

otides (MOs). The efficiency of MOs was confirmed by pheno-

types of these gene mutants (Figures S2A–S2E).23 Although

the single knockdownwas not sufficient, thewnt2bb/wnt9b dou-

ble knockdown reduced the b-cat ON CM zone (Figures 2B and

2C). These data suggest that bothWnt2bb andWnt9b contribute

to Wnt/b-catenin signaling at the AVC. In juvenile fish, AVC CMs

expressed wnt2bb, and AV valves expressed wnt9b

(Figures S2F and S2G). Although wnt9b expression disap-

peared, wnt2bb was maintained in adults (Figures S2H and

S2I). These data suggest a strong correlation between the spe-

cific expression of Wnt ligands and the specific b-cat ON CM

zone at the AVC.

Next, we examined signals upstream of Wnt ligands. Not only

wnt9b expression, which is reported to be regulated bymechan-

ical force,22 but also wnt2bb expression was decreased in the
2 Developmental Cell 60, 1–9, January 6, 2025
troponin T type 2a (tnnt2a) morphants without heartbeat (Fig-

ure 2D). We therefore stopped the heartbeats of reporter em-

bryos by tnnt2a MO or by 2,3-butanedione 2-monoxime

(BDM), an inhibitor of muscle contraction. No b-cat ON CMs

were observed in the heart without heartbeat (Figures 2E–2H).

These data suggest that b-cat ON CMs require heartbeat-

dependent Wnt ligand expression.

b-cat ON CMs are required for coronary vascular
formation
To understand the function of b-cat ON CMs, we performed

RNA-seq on b-cat ON and OFF CMs (Table S1). CMs were

sorted from the AVC of Tg(myl7:GAL4db-TCFDC-2A-mCherry);

Tg(UAS:EGFP);Tg(myl7:NLS-mCherry) fish (4�8 months old).

Differentially expressed gene (DEG) analysis between b-cat ON

and OFF CMs identified 1,491 DEGs. Wnt/b-catenin signaling

target genes were upregulated in b-cat ON CMs (Figure 3A).

Gene Ontology (GO) enrichment analysis identified that DEGs

upregulated in b-cat ON CMs were related to vascular develop-

ment (Figure 3B).

In zebrafish, coECs originate from endoECs at the AVC. CVs

develop from 1 month of age and grow with age, body length,

and ventricular size.8 We hypothesized that b-cat ON CMsmight

induce the transition of endoECs to coECs. To observe CVs, we

used Tg(fli1:EGFP) expressing EGFP under the EC- and blood

cell-specific fli1 (Fli-1 proto-oncogene, ETS transcription factor)

promoter. fli1:EGFP+ cells were observed at the AVC (9�10 mm

in body length, at 1 month) and formed CVs (Figure 3C). Consis-

tent with that the fli1:EGFP+ cell at the AVC exhibited the angio-

genic sprout in the ex vivo cultured heart (Figure S3A; Video

S1C). When we observed ECs and b-cat ON CMs simulta-

neously, ECs penetrated b-cat ON CMs and connected with

the surface CVs (Figures S3B and S3C), suggesting that ECs

give rise to coECs during penetration of the b-cat ON CM zone.

To examine the involvement of b-cat ON CMs in CV formation,

we depleted b-cat ON CMs by nitroreductase-metronidazole

(NTR-MTZ) system.24 An innocuous prodrug, MTZ, is enzymati-

cally activated by NTR and induces apoptosis of NTR-express-

ing cells. To express NTR in the b-cat ON CMs, we developed

Tg(5xUAS:NTR-mCherry) and confirmed the effectiveness of

the NTR-MTZ system (Figure S3D). We further ablated NTR+

cells in Tg(fli1:EGFP) background fish. MTZ was treated every

2 days for 42 days from the beginning of CV development (Fig-

ure 3D). CV outgrowth analyzed by the total length of fli1:EGFP+

CVs was significantly inhibited in the b-cat ON CM-depleted fish

(Figures 3E and 3F), indicating the requirement of b-cat ON CMs

for CV growth.

To investigate the cause of CV growth defects in b-cat ONCM-

ablated hearts, we examined CV length, CV coverage, and the

number of EdU+ proliferating coECs from b-cat ON CM-ablated

hearts at an earlier time point (14-day treatment with MTZ).

Although CV length and CV coverage were reduced in the

b-cat ON CM-ablated hearts, EdU incorporation and the number

of coEC were unchanged (Figures S3E–S3I), indicating reduced

migration of ECs in the b-cat ON CM-ablated hearts. When b-cat

ONCMswere ablated inmature fish (at 3months), CV lengthwas

not affected (Figures S3J and S3K). These data suggest that

b-cat ON CMs contribute to CV migration but not to EC prolifer-

ation and CV maintenance.



Figure 1. Myocardial Wnt/b-catenin signal-activated zone

exists at the AVC in embryonic and adult stages

(A) Representative confocal images of the hearts of Tg(actb2:

GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP) fish. A ventral view of

the heart at 72 h post-fertilization (hpf) (left). A cryosection image of

the heart at 3 months stained with anti-GFP and anti-troponin T type

2 (Tnnt2) antibodies and 40,6-diamidino-2-phenylindole (DAPI) (cen-

ter). The boxed region is enlarged (right). Dotted lines outline the

heart. Images shown in all figures are 3D-rendered confocal images

of a stack unless otherwise noted. Confocal images in all figures are

representative of at least three individuals.

(B) Representative images of the hearts of Tg(myl7:GAL4db-TCFDC-

2A-mCherry);Tg(UAS:EGFP);Tg(myl7:NLS-mCherry) fish. A ventral

view of the heart at 48 hpf (left). A resected heart at 45 days post-

fertilization (dpf) was made transparent with clear, unobstructed

brain/body imaging cocktails and computational analysis reagent-1A

(CUBIC-1A) (right). Tg(myl7:NLS-mCherry) was used to outline the

heart shape because the fluorescence of myl7:NLS-mCherry is

brighter than that of myl7:GAL4db-TCFDC-2A-mCherry.

(C) A representative cryosection image of the heart of a 14-month-old

Tg(myl7:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP) fish stained

with DAPI (left). The boxed region is enlarged (center and right). The

fluorescence channel is indicated at the top.

(D) A representative cryosection image of the heart of a 3-month-old

Tg(BRE:EGFP);Tg(myl7:GAL4db-TCFDC);Tg(5xUAS:NTR-mCherry)

fish stained with DAPI (left). The boxed region is enlarged (right). Bmp

signal+ cells do not overlap with b-cat ON CMs (dotted lines).

(E) A representative cryosection image of the heart of a TgBAC

(tbx2b:EGFP);Tg(myl7:GAL4db-TCFDC);Tg(5xUAS:NTR-mCherry)

fish at 3months stained with DAPI (left). The boxed region is enlarged

(right). Tbx2b+ cells do not overlap with b-cat ON CMs (dotted lines).

(F) Schematic zonation at the AVC demarcated by the markers. b-cat

ON CMs, Tbx2b+ cells, and Bmp signal+ cells were observed in the

CMs at the atrial side of the AVC, at the root of the valves, and on the

ventricular side of the AVC, respectively.

Scale bars, 100 mm. A, atrium; AVC, atrioventricular canal; BA, bulbus

arteriosus; CM, cardiomyocyte; mo, month; V, ventricle.

See also Figure S1 and Videos S1A and S1B.
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Figure 2. Heartbeat-dependent Wnt expression turns on Wnt/b-catenin signaling in AVC CMs

(A) Representative stereomicrographs of whole-mount in situ hybridization (WISH) analyses ofmyl7 (left),wnt2bb (center), andwnt9b (right) mRNA expression in

three zebrafish embryos at 48 hpf. Ventral views. Dotted lines outline the heart. Arrows indicate the AVC.

(B) Representative images of the hearts of Tg(myl7:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP) larvae at 72 hpf injected with 7 ng control morpholino oligo-

nucleotide (MO) (left) and 5 ng wnt2bb and 2 ng wnt9b MO (right).

(C) Quantitative analysis of the data shown in (B). The volume of the UAS:EGFP+ region was measured. In this and the following graphs, unless otherwise

described, each dot represents an individual fish, and the number of fish analyzed is indicated at the top.

(D) Representative stereomicrographs of WISH analyses of wnt2bb (left) and wnt9b (right) mRNA expression in four embryos at 48 hpf. Embryos were injected

with 2 ng control MO (top) and 2 ng tnnt2a MO (bottom). Arrows and broken arrows indicate positive and less mRNA expression, respectively.

(E) Representative images of the hearts of Tg(myl7:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP);Tg(myl7:NLS-mCherry) larvae at 72 hpf injected with 2 ng

control MO (left) and 2 ng tnnt2a MO (right).

(F) Quantitative analysis of the data shown in (E).

(G) Representative images of the hearts of Tg(myl7:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP);Tg(myl7:NLS-mCherry) embryos at 60 hpf treated with DMSO

(left) or 20 mM 2,3-butanedione 2-monoxime (BDM) (right) for 24 h.

(H) Quantitative analysis of the data shown in (G).

Scale bars, 50 mm. Data are mean ± SEM. Statistical analysis was performed by Mann-Whitney U test.

See also Figure S2.
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We also examined the contribution of Tbx2b+ cells in another

zone of AVC to CV development by ablating Tbx2b+ cells.

Although Tbx2b+ cells were successfully depleted, CV develop-

ment was not affected (Figures S3L–S3N). Therefore, the b-cat

ON CM zone might be a specific zone involved in the regulation

of CV development.

To confirm the requirement of Wnt/b-catenin signaling for CV

development, we examined the effect of IWR1 on the growth

of coECs. The IWR1 treatment remarkably reduced the CV

length (Figures S3O and S3P). Because Wnt/b-catenin signaling

in coECs (Figure S3Q) promotes coEC proliferation,25 we in-

hibited Wnt/b-catenin signaling in CMs using a dominant nega-

tive form of TCF (TCFDN).14 To avoid embryonic lethality,6 we es-

tablished inducible expression of TCFDN by developing two Tg

lines: Tg(myl7:GvEcR) and Tg(5xUAS:TCFDN-mCherry). The

former Tg expresses an ecdysone receptor-dependent (EcR-

dependent) expression of GAL4 in CMs. The latter expresses
4 Developmental Cell 60, 1–9, January 6, 2025
TCFDN under UAS. We induced TCFDN expression during CV

development by treatment with tebufenozide, an EcR agonist

(Figure 3G). CV length was reduced by TCFDN expression

(Figures 3H and 3I). The inhibitory effect of TCFDN was

confirmed by the impaired heart looping and the reduction of

axin2 (Figures S3R and S3S). These data suggest that Wnt/

b-catenin signaling activated in the CMs is required for CV

development.

b-cat ON CMs induce arterialization of immature CVs
We next tried to understand how b-cat ON CMs promote CV for-

mation. To compare the gene expression between CVs of the

hearts with and without b-cat ON CMs, we performed scRNA-

seq of sorted fli1:EGFP+ cells from control and b-cat ON CM-ab-

lated hearts (Figure 4A). The 4,214 cells and 5,230 cells from

hearts with and without b-cat ON CMs, respectively, were

plotted in uniform manifold approximation and projection



Figure 3. b-cat ON CMs contribute to CV formation

(A) A volcano plot showing differentially expressed genes (DEGs) between b-cat ON and OFF CMs (n = 3). Note that Wnt target genes (red circle) were upre-

gulated.

(B) Gene Ontology (GO) enrichment analysis of genes upregulated in b-cat ON CMs.

(C) Schematic illustration of the heart (left) and representative images of the hearts of 1-month-old Tg(fli1:EGFP);Tg(myl7:NLS-mCherry) fish with body length

indicated at the top (right). Hearts were made transparent with CUBIC-1A. Lateral projections (top), 50 mm stacked images of the dorsal view around the AVC

(middle), and single slice images of the boxed regions (bottom). Dotted lines outline the heart lumen. Endothelial cells (ECs) are observed in the CM layer (white

arrowheads). Coronary vessels (CVs) connect with endoECs at the AVC (yellow arrowhead).

(D) Experimental design for specific ablation of nitroreductase-expressing (NTR-expressing) cells of the fish used in (E) by metronidazole (MTZ) treatment.

1-month-old fish were treated with 5 mM MTZ every 2 days and analyzed after 42 days of treatment.

(E) Representative images of the CVs of Tg(fli1:EGFP) or Tg(fli1:EGFP);Tg(myl7:GAL4db-TCFDC);Tg(5xUAS:NTR-mCherry) fish at 2.5months treatedwithMTZ. A

control heart (left) and a b-cat ON CM-ablated heart (right).

(F) Quantitative analysis of the data shown in (E). The length of CVs was measured by tracing the length of fli1:EGFP+ coECs.

(G) Experimental design for CM-specific induction of dominant negative TCF (TCFDN) by tebufenozide (TBF) treatment in the fish used in (H). Fish were treated

with 20 mM TBF every 2 days and analyzed after 42 days.

(H) Representative images of the CVs of Tg(fli1:EGFP) or Tg(fli1:EGFP);Tg(myl7:GvEcR);Tg(5xUAS:TCFDN-mCherry) fish at 2.5 months treated with TBF. A

control heart (left) or a TCFDN-expressed heart (right).

(I) Quantitative analysis of the data shown in (H).

Scale bars, 100 mm. Data are mean ± SEM. Statistical analysis was performed by two-tailed Student’s t test (F) or Mann-Whitney U test (I). CV, coronary vessel;

Endo, endocardium; Epi, epicardium; Myo, myocardium.

See also Figure S3, Table S1, and Video S1C.
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(UMAP) space (Figures 4B and S4A; Table S2). According to the

expression ofmarker genes,26,27 we classified the cells into 9 cell

types (Figure 4B). About 94% of the cells were ECs (Figure S4B).
The coEC cluster expressed the known marker genes27,28 (Fig-

ure 4C). The expression of several marker genes on coEC was

confirmed (Figures S4C and S4D). GO enrichment analysis
Developmental Cell 60, 1–9, January 6, 2025 5



Figure 4. b-cat ON CMs are required for CV arterialization

(A) An experimental design of preparation of cells followed by scRNA-seq. fli1:EGFP+ cells were collected from the fish treated with DMSO or 5 mM MTZ

every 2 days.

(B) Uniformmanifold approximation and projection (UMAP) visualization of integrated cells fromDMSO-treated andMTZ-treated hearts. Cells are color-coded by

type. endoEC, endocardial EC; coEC, coronary EC; vEC, valvular EC; Epi, epicardial cells; FB, fibroblasts; Eryth, erythrocytes; T, T cells; NK, natural killer cells; B,

B cells; Mf, macrophages; Throm, thrombocytes.

(C) A matrix plot of coEC marker gene expression (bottom) in each cluster (left) shown in (B).

(D) A matrix plot of arterial marker gene expression (bottom) of coECs from hearts treated with DMSO (upper) or MTZ (lower).

(E) Experimental design to analyze the CV of the fish used in (F). Fish were treated with 5 mM MTZ every 2 days and analyzed after 15 days of treatment.

(F) Representative images of arteries and CVs of control or Tg(DLL4:EGFP);Tg(myl7:GAL4db-TCFDC);Tg(5xUAS:TagBFP-2A-NTR2.0) fish at 1.5 months treated

with MTZ. A control heart (left) and a b-cat ON CM-ablated heart (right).

(G) Quantitative analysis of the data shown in (F).

(H) Experimental design for preparing the cells at the AVC followed by scRNA-seq. The fish indicated at the top treated with DMSO for 48 h were used.

(I) UMAP visualization of cells obtained from the AVC of the fish in (H) at 1 month. Cells are color-coded by type. vFB, valvular FB; SM, smooth muscle cells.

(J) A matrix plot of ligand expression (bottom) in b-cat OFF (mC�) and ON (mC+) CMs of the AVCs at 1 month.

Scale bars, 100 mm. Data are mean ± SEM. Statistical analysis was performed by two-tailed Student’s t test. BF, bright field.

See also Figure S4 and Table S2.
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identified that DEGs upregulated in DMSO-treated coECs

compared with MTZ-treated coECs were associated with artery

development (Figure S4E). Several arterial markers29,30 were

reduced in the MTZ-treated coECs (Figure 4D). Since arterializa-

tion is an important step during CVmaturation8 and corresponds

to migratory signaling,31 we confirmed the reduction of arteriali-

zation by qPCR of the ephrin-B2a (efnb2a) gene (Figure S4F).

Furthermore, we confirmed the inhibition of arterialization by

the ablation of b-cat ONCM in the Tg(Dll4:EGFP) fish in which ar-

teries are marked by EGFP. The depletion of b-cat ON CMs by

NTR2.032 fused with BFP resulted in a decreased number of

thick arteries and a decrease in the total length of DLL4:GFP+ ar-

teries, suggesting the requirement of b-cat ON CMs for arterial-

ization of CVs (Figures 4E–4G and S4G).

To understand how b-cat ON CMs regulate CVs, we tried to

search for EC-trophic ligands expressed in the b-cat ON CMs

by performing scRNA-seq of the cells collecting from the AVC

of b-cat ON reporter fish that started growth of CVs

(10�13 mm in body length, at 1 month) (Figure 4H; Table S2).

The cells were classified into 10 cell types and plotted on

UMAP (Figure 4I). We identified the 7 genes encoding extracel-
6 Developmental Cell 60, 1–9, January 6, 2025
lular ligands whose expression was higher in b-cat ON CMs

(mC+) than in OFFCMs (mC�) (Figure 4J). To examine the depen-

dency of Wnt/b-catenin signaling, we also performed scRNA-

seq with an IWR1-treated sample (Figures S4H–S4J; Table S2).

The expression of the ligands upregulated in b-cat ON CMs

was reduced by IWR1 treatment (Figure S4K). Among these po-

tential EC-trophic ligands, fibroblast growth factor 3 (fgf3) and

si:dkey-49n23.1, a gene coding semaphorin 3D (Sema3d), are

reported to be involved in vascular formation.33–35 Consistently,

receptors for Fgfs and Semas were detected in the EC cluster

(Figure S4L), suggesting that these ligands might be potential

candidates to regulate CV formation.

DISCUSSION

Inter- and intra-organ heterogeneity among various types of cells

has been identified by scRNA-seq. However, the spatial and

functional heterogeneity of CMs has not been well investigated.

We focused on b-cat ON cells as a marker of zonation by

comparing other signals and identifying the zones at the AVC.

Although we demonstrated heartbeat-dependent Wnts as
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regulators of b-cat ON CMs, other factors may also regulate

zonation. In our RNA-seq data, the upregulation of frizzleds

was restricted in b-cat ON cells (Table S1). Thus, spatial and

temporal expression of ligands and receptors determines the

special signal-responsive zone in the heart. The combination of

scRNA-seq and signal reporter models helps us to find func-

tional zones in vivo.

The b-cat ON CM zone is a specific zone promoting CVmigra-

tion and coECmaturation through arterialization. The incomplete

arterialization resulted in defects of coEC migration. Therefore,

we tried to understand how b-cat ON CMs promote the arterial-

ization of ECs. We searched for potential EC-trophic ligands

secreted from b-cat ON CMs and identified Sema3d and Fgf3

by scRNA-seq. Sema3d regulates CV migration.34 Fgfs induce

vascularization33 and vessel maturation by enhancing the

vascular endothelial growth factor (Vegf) pathway.35 Although

BMP2 and VEGF are key molecules for the transition from en-

doEC to CV in mice,36 neither bmp2 nor vegfa was upregulated

in b-cat ON CMs (Tables S1 and S2). Details of Sema3a- and

Fgf3-dependent signals will need to be investigated.

CVs develop continuously in adult zebrafish.37 However, b-cat

ON CMs did not contribute to CV development in mature hearts

(Figures S3J and S3K). b-cat ON CMs that exist at the AVC even

after the establishment of the CV networkmight have other roles,

such as maintenance of the AV valves.

Identifying themechanism of developmental CV formation and

maintenance or regrowth of CV is important because re-activa-

tion of CV growth could help CV regeneration in injured hearts.

Further investigation of secretory factors expressed in b-cat

ON CMs will help us to find the therapeutic target for the regen-

eration of the injured heart.

Limitations of the study
In this study, we could not show whether Fgf3 and Sema3d

secreted by b-cat ON CMs regulate CV formation. The mecha-

nism regulating the development of endoEC into CVs by b-cat

ON CMs remains unclear and should be addressed in future

studies.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies
Zebrafish (Danio rerio) were maintained and bred in 28 �C water (pH 7.25 and conductivity 500 mS) with a 14 h on/10 h off light cycle.

Embryos and larvae were incubated in the E3 medium at 28 �C. For confocal imaging, zebrafish embryos and larvae were dechor-

ionated and anesthetized in 0.016% tricaine (Sigma-Aldrich, A5040) in the E3 medium. For heart resection, zebrafish were anesthe-

tized in 0.016% tricaine in fish water. Animal experiments were approved by the institutional animal committee of the National Ce-

rebral and Cardiovascular Center and performed according to the guidelines of the institute (Permit number: 22054) that follow the

national (Japan) ethical and animal welfare regulations.

The fish lines used in this study were: AB as a wild-type line, Tg(5xUAS:EGFP)nkuasgfp1a, Tg(myl7:NLS-mCherry)ncv11,

Tg(BRE:EGFP)mw29, Tg(fli1:EGFP)y1, Tg(fli1:mCherry)ncv501, Tg(kdrl:TagBFP)mu293, Tg(fli1:GAL4db-Hsa.TCF7L2DC-2A-mCherry)ncv15,

Tg(actb2:GAL4db-Hsa.TCF7L2DC-2A-mCherry)ncv538, Tg(Hsa.DLL4:EGFP)ncv513, Tg(myl7:GAL4db-Hsa.TCF7L2DC-2A-mCherry)ncv539,

Tg(myl7:GAL4db-Hsa.TCF7L2DC,cryaa:EGFP)ncv82, Tg(myl7:GAL4-VP16-Bmo.Ecr)ncv77, Tg(5xUAS:NTR-mCherry)ncv84, Tg(5xUAS:

tcf7l1aDN-mCherry)ncv540, Tg(5xUAS:dEGFP)ncv549, Tg(5xUAS:tagBFP-P2A-NTR2.0)ncv551, TgBAC(tbx2b:EGFP)ncv83, TgBAC(tbx2b:

GAL4FF)ncv542, and TgBAC(esm1:dEGFP)ncv543. Both males and females were used in this study.

METHOD DETAILS

Plasmids
The Tol2 vector system was kindly provided by K. Kawakami (National Institute of Genetics, Japan).51,43 The Tol2_amp plasmid and

the pCS2_GAL4FF_KanR plasmid for BAC recombineering were kindly provided by S. Schulte-Merker (University of M€unster,

Germany).

To construct the pTol2-actb2 vector, a promoter/enhancer sequence of the zebrafish actb2 gene obtained by PCR was inserted

into the pTol2 vector.43 Primers to amplify the actb2 promoter were as follows: MulI-actb2-forward, 50-acgcgtCAAGCCTGAG

TATCTGCACCATC-30; SpeI-actb2-reverse, 50-actagtGGCTGAACTGTAAAAGAAAGGGA-30. To construct the pTol2-actb2-

GAL4db-Hsa.TCF7L2DC-2A-mCherry plasmid, a cDNA fragment encoding the GAL4-DNA-binding domain (GAL4db) fused to

human TCF7L2 lacking the carboxy-terminus (amino acids 1–314) followed by 2A peptide and mCherry (GAL4db-

Hsa.TCF7L2DC-2A-mCherry) from pcDNA3.1-GAL4db-Hsa.TCF7L2DC-2A-mCherry14 was inserted into the pTol2-actb2 vector.

To construct the Tol2-myl7-GAL4db-Hsa.TCF7L2DC-2A-mCherry plasmid, a GAL4db-Hsa.TCF7L2DC-2A-mCherry fragment

was inserted into the pTol2-myl7 vector.40 To construct the pTol2-cryaa-EGFP-HS4-myl7-GAL4db-Hsa.TCF7L2DC plasmid, a pro-

moter/enhancer sequence of the cryaa gene obtained by PCR, an EGFP fragment derived from pEGFP-N1 (Clontech), a b-globin

insulator (hs4) derived from pJC13-1,52 myl7 promoter, and a GAL4db-Hsa.TCF7L2DC fragment obtained by PCR were inserted

into the pTol2 vector. Primers to amplify the cryaa promoter were as follows: PspOMI-cryaa-forward, 50-aaGGGCCCgatttgggca-

gatctcctacttagc-30; NheI-cryaa-reverse, 50-agGCTAGCaatgtcagacctggtaactccttac-30.
To construct the pTol2-myl7-GAL4-VP16-Bmo.Ecr plasmid, a DNA fragment encoding GAL4 fused to VP16 and Bombyx mori

ecdysone receptor (GAL4-VP16-Bmo.Ecr) derived from pCS2-GR EcR-F53 was inserted into the pTol2-myl7 vector.

To construct the pmCherry-NTR plasmid, a DNA fragment encoding NTR derived from pcDNA-NTR, a gift from D.Y. Stainier (Max

Planck Institute), was inserted into the pmCherry-N1 (Clontech). To construct the pT2A-UAS-NTR-mCherry plasmid, a DNA fragment

encoding NTR fused to mCherry derived from the pmCherry-NTR was inserted into the T2MUASMCS vector.44

To construct pmCherry-Tcf7l1aDN, a cDNA fragment encoding zebrafish Tcf7l1a lacking the b-catenin binding domain (amino

acids 55-561) derived from pTol1-14XUAS-zTcf3-delta N-EGFP14 was inserted into pmCherry-N1. To construct pT2A-UAS-

Tcf7l1aDN-mCherry, a DNA fragment encoding Tcf7l1aDN fused to mCherry derived from pmCherry-Tcf7l1aDN was inserted into

the T2MUASMCS vector.
e3 Developmental Cell 60, 1–9.e1–e8, January 6, 2025
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To construct pT2A-UAS-dEGFP, a DNA fragment encoding dEGFP derived from pTols-14xUAS-dEGFP was inserted into the

T2MUASMCS vector.

To construct pT2A-UAS-NTR2.0-P2A-TagBFP, the deG sequence of the pT2A-UAS-IVS-syn21-deG-p10 vector was replaced by a

DNA fragment encoding NTR2.0-P2A-TagBFP derived from pME-NTR2.0-P2A-TagBFP. NTR2.0 was originally subcloned from

5xUAS:GAP-EGFP-P2A-NfsB_Vv F70A/F108Y,he:tagBFP2.32 pT2A-UAS-IVS-syn21-deG-p10 was constructed by inserting a trans-

lational enhancing element (IVS-Syn21) and p10 polyA from pJFRC81-10XUAS-IVS-Syn21-GFP-p1045 and the dEGFP fragment into

the T2MUASMCS vector. 5xUAS:GAP-EGFP-P2A-NfsB_Vv F70A/F108Y,he:tagBFP2 was a gift from Jeff Mumm (Addgene plasmid

# 158652; http://n2t.net/addgene:158652; RRID:Addgene_158652). pJFRC81-10XUAS-IVS-Syn21-GFP-p10 was a gift from Gerald

Rubin (Addgene plasmid # 36432; http://n2t.net/addgene:36432; RRID:Addgene_36432).

BAC recombineering
The pRedET plasmid (GeneBridge) was introduced into E. coli containing the CH73-142M16 and CH73-139N10 BAC clones encod-

ing the tbx2b gene and esm1 genes, respectively (BacPAC resources), by electroporation (1800 V, 25 mF, 200 U). The DNA fragment

encoding two tol2 sequences with an ampicillin resistance cassette was amplified by PCR using Tol2_amp as a template and was

inserted into BAC vectors. The cDNA fragment encoding either EGFP, GAL4FF, or dEGFP together with a kanamycin resistance

cassette was amplified by PCR using pCS2_EGFP_KanR,54 pCS2_GAL4FF_KanR, or pCS2_dEGFP_KanR41 as a template, respec-

tively, and was inserted into the start ATG of the tbx2b gene or esm1 gene. Primers for amplification of EGFP_KanR or GAL4FF_KanR

for tbx2b gene were as follows: tbx2b_EGFP_forward, 50-agccagagaacacctctaaatatatcttttcactacgtttgttggatgcaACCATGGTGAG

CAAGGGCGAGGAG-30; tbx2b_GAL4FF_forward, 50- agccagagaacacctctaaatatatcttttcactacgtttgttggatgcaACCATGAAGCTACTG

TCTTCTATCGAAC-30; tbx2b_KanR_reverse, 50-gcgtggaaagggtggtaagccatcgcagtccctgtaaaaactggatctctTCAGAAGAACTCGTCAA

GAAGGCG-30. Primers to amplify the dEGFP_KanR for the esm1 gene were as follows: esm1_dEGFP_forward, 50- tcctccccaacactg
cagacccgaagatcgcatccaacccgccgcttgcaACCATGGTGAGCAAGGGCGAG; esm1_KanR_reverse, 50- gtctccccaaaaaccaccatcag

tacgaacatcaggatggcaaacacacgTCAGAAGAACTCGTCAAGAAGGCG-30.

Transgenic zebrafish lines
We used the following previously published zebrafish lines: Tg(5xUAS:EGFP)nkuasgfp1a,39 Tg(myl7:NLS-mCherry)ncv11,40

Tg(BRE:EGFP)mw29,20 and Tg(fli1:EGFP)y1,38 Tg(fli1:mCherry)ncv501,41 Tg(kdrl:TagBFP)mu293,42 Tg(fli1:GAL4db-Hsa.TCF7L2DC-2A-

mCherry)ncv15.14 Tg(Hsa.DLL4:EGFP)ncv513 was provided by S. Fukuhara and S. Yuge (Nippon Med. School). The following zebrafish

lines were established by injecting transposase mRNA (25 pg) and either Tol2-based plasmids (30 pg) or DNA (100 pg) into one-cell

stage either AB or Tg(5xUAS:EGFP)nkuasgfp1a embryos; Tg(actb2:GAL4db-Hsa.TCF7L2DC-2A-mCherry)ncv538, Tg(myl7:GAL4db-

Hsa.TCF7L2DC-2A-mCherry)ncv539, Tg(myl7:GAL4db-Hsa.TCF7L2DC,cryaa:EGFP)ncv82, Tg(myl7:GAL4-VP16-Bmo.Ecr)ncv77, Tg(5x

UAS:NTR-mCherry)ncv84, Tg(5xUAS:tcf7l1aDN-mCherry)ncv540, Tg(5xUAS:dEGFP)ncv549, Tg(5xUAS:tagBFP-P2A-NTR2.0)ncv551,

TgBAC(tbx2b:EGFP)ncv83, TgBAC(tbx2b:GAL4FF)ncv542, and TgBAC(esm1:dEGFP)ncv543. Tol2 transposase mRNAs were in vitro

transcribed with SP6 RNA polymerase from the linearized pCS2-TP vector using the mMESSAGE mMACHINE kit (Thermo Fisher

Scientific, AM1340). Throughout the text, all Tg lines used in this study are simply described without their line numbers.

Hsa.DLL4, Hsa.TCF7L2DC, tcf7l1aDN, and GAL4-VP16-Bmo.Ecr have been abbreviated to DLL4, TCFDC, TCFDN, and GvEcR,

respectively. For example, Tg(myl7:GAL4-VP16-Bmo.Ecr)ncv77 is abbreviated to Tg(myl7:GvEcR). In addition, cryaa:EGFP is omitted

throughout the main text: Tg(myl7:GAL4db-Hsa.TCF7L2DC,cryaa:EGFP)ncv82 is written as Tg(myl7:GAL4db-TCFDC).

Genotyping
To examine the genotype of Tg(UAS:EGFP) or Tg(5xUAS:dEGFP) fish, EGFP was amplified using genomic DNA extracted from em-

bryos after imaging.

To examine the genotype of Tg(myl7:GAL4db-TCF7DC-2A-mCherry) fish crossed with Tg(myl7:NLS-mCherry), GAL4 was ampli-

fied using genomic DNA extracted from embryos after imaging.

To examine the genotype of Tg(myl7:GvEcR); Tg(5xUAS:TCFDN-mCherry), GAL4, and mCherry were amplified using genomic

DNA extracted from the tail. GAL4 and mCherry double negative fish were used as control fish.

To examine the genotype of Tg(fli1:EGFP);Tg(myl7:GAL4db-TCF7DC,cryaa:EGFP);Tg(5xUAS:NTR-mCherry) fish, fli1:EGFP in

blood vessels, cryaa:EGFP in the lens, and UAS:NTR-mCherry in the atrioventricular canal (AVC) were observed at 4 dpf using fluo-

rescence stereo microscope. The fli1:EGFP+, cryaa:EGFP-, UAS:NTR-mCherry- fish were used as controls.

To examine the genotype of Tg(fli1:EGFP);TgBAC(tbx2b:EGFP);Tg(5xUAS:NTR-mCherry) fish, fli1:EGFP in blood vessels and

UAS:NTR-mCherry at the AVC were observed at 4 dpf using fluorescence stereo microscope. The fli1:EGFP+, UAS:NTR-mCherry-

fish were used as controls.

To examine the genotype of Tg(fli1:mCherry); Tg(DLL4:EGFP);Tg(myl7:GAL4db-TCF7DC,cryaa:EGFP);Tg(5xUAS:tagBFP-P2A-

NTR2.0) fish, fli1:mCherry in blood vessels, DLL4:EGFP in arteries, cryaa:EGFP in the lens, and UAS: tagBFP-P2A-NTR2.0 at the

AVC were observed at 4 dpf using fluorescence stereo microscope. The fli1:mCherry+, DLL4:EGFP+, cryaa:EGFP-, and UAS:

tagBFP-P2A-NTR2.0- fish were used as controls.

The primer sequences used for genotyping are listed in Table S3.
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Microinjection of oligonucleotide
We injected the following morpholino oligonucleotides (MOs) (Gene Tools): tnnt2a atg-MO (2 ng, 50-CATGTTTGCTCTGATCTGA

CACGCA-30),55 wnt2bb MO (5 ng, 50-GTGTGCCATATAAAAGTATTCCCCG-30),23 wnt9b MO (2 ng, 50-CAGTCCTCGGA

AGCCCGGTGCACAT-30),56 and control MO (50-CCTCTTACCTCAGTTACAATTTATA-30). We injected the MO into embryos at the

one-cell stage. The control group was injected with the same amount of the control MO as the experimental group.

The triple-target CRISPR-mediated F0 mutant57 was generated by the sgRNA (IDT) targeting the following sequence:

50-CCTGTCCGCTGCGACTTATTGCC-30, 50-CCAACGAGCCTACAAACGGTAAA-30, 50-CCTCGAGTGCCGCTACCAGTTCC-30. The
preparation of RNP complex was prepared according to the manufacturer’s instructions, except that 3 ml of each crRNA was

used to prepare the gRNA solution.

Chemical treatment
Fish were treated with the following chemicals: metronidazole (MTZ, 5 mM, Signa-Aldrich, M1547) dissolved in fish water containing

dimethyl sulfoxide (DMSO, 0.2%, FUJIFILM, 045-24511) immediately before treatment, to induce the ablation of NTR-expressing

cells; tebufenozide (TBF, 20 mM, FUJIFILM, 207-19041) to induce cardiomyocyte-specific (CM-specific) expression driven by

Tg(myl7:GvEcR); IWR1-endo (IWR1, 10 mM, Signa-Aldrich, 681669), a tankyrase inhibitor, to inhibit Wnt/b-catenin signaling;

LGK974 (20 mM, Cayman Chemical, 14072), a porcupine inhibitor, to inhibit Wnt ligand secretion; 2,3-butanedione 2-monoxime

(BDM, 30 mM, Sigma-Aldrich, B0753) to induce cardiac arrest; 5-ethynyl-2’-deoxyuridine (EdU, 1 mM, Tokyo Chemical Industry,

E1057) to detect proliferating cells; DMSO as a control.

Embryos and larvae were treated with drugs dissolved in the E3 medium and incubated at 28 �C.
Juvenile and adult fish were treated with drugs dissolved in fish water in the dark. After exposure to the chemicals, the water was

changed to remove the drug, and the fish were kept in the tankwithout water circulation. Either MTZ or TBFwas treated for 12 h every

2 days. In Figure S3O, IWR1 was treated for 12 h every day. In Figure S4, IWR1 was treated for 48 h.

Imaging
To obtain images of embryos and larvae without pigmentation, a 0.2 mM solution of N-phenylthiourea (PTU) (Tokyo Chemical Indus-

try, P0237) was added to the E3 medium from 24 hpf. Embryos and larvae were anesthetized with 0.1mg/ml of tricaine (Sigma-

Aldrich, A5040) and thenmounted in 1.5% low-melting agarose (Sigma-Aldrich, A9414). To observe the heart, anesthetized embryos

and larvae were treated with 30 mM BDM and then mounted in 1.5% low-melting agarose containing the same concentration of tri-

caine and BDM as the medium.

For observation of coronary vessels (CVs), zebrafish hearts were dissected and fixed in 4% paraformaldehyde (PFA) overnight at

4 �C. Hearts were washed in phosphate-buffered saline (PBS) and embedded in 1.5% low-melting agarose.

To observe CVs of ex vivo culture, hearts were resected from Tg(fli1:EGFP) at 1-month-old. The resected hearts were collected in

35 mm dishes containing Hanks’ balanced salt solution (HBSS) without calcium and magnesium (Thermo Fisher Scientific,

14175095), removed atrium, and transferred to the glass-based dish (IWAKI, 3910-035) containing L-15 medium (Thermo Fisher Sci-

entific, 21083027) with 10% FBS, streptomycin, and penicillin. To avoid rolling the hearts, 70% of the groove of the dish was covered

with cover glass (MATSUNAMI, 2-176-01).

To observe DLL4:EGFP+ CVs, hearts were imaged in the same manner as ex vivo culture hearts. The only difference was the treat-

ment with 30 mM BDM during imaging.

Confocal imaging was performed using an FV1000 confocal microscope (Olympus), an FV1200 confocal microscope (Olympus),

and an FV3000 confocal microscope (Olympus). We used either a 20x water immersion objective (Olympus XLUMPlan FL_N, 1.0

N.A.) or a 10x water immersion objective (Olympus UMPlanFL N). All confocal images were processed and analyzed with Imaris

9.8.0, 9.9.1, or 10.0.0 software (Oxford Instruments).

Stereomicroscopic images of in situ hybridization samples and alcian blue-stained samples were taken using an SZX16 stereo mi-

croscope (Olympus) with an Olympus DP2-BSW camera and CellSens imaging software (Olympus).

Sectioning of zebrafish hearts
For cryosection, hearts were excised and fixed with 4% PFA overnight at 4 �C. After washing with PBS, the hearts were immersed in

30% sucrose/PBS overnight at 4 �C. The hearts were then embedded in the Tissue-Tek OCT compound (Sakura, 4583) and frozen.

The frozen blocks were sectioned into 10 mm thick sections with a microtome (Leica, RM2125RT).

Immunohistochemistry (IHC)
Tissue sectionswere fixedwith 4%PFA, permeabilizedwith 0.3%Triton X-100 at room temperature (RT) for 10min, and blockedwith

PBS containing 10% normal goat serum at RT for 1 h. The sections were immunostained with mouse anti-GFP (1:200, Clontech,

632569), rabbit anti-DsRed (1:200, Clontech, 632496), or mouse anti-Troponin T (1:200, Thermo Fisher Scientific, MS295P1) anti-

bodies at 4 �C overnight and visualized with secondary antibodies, anti-mouse Alexa Fluor 488 IgG (1:300, Thermo Fisher Scientific,

A-11029), anti-mouse Alexa Fluor 546 IgG (1:300, Thermo Fisher Scientific, A-11030), or anti-rabbit Alexa Fluor 546 IgG (1:300,

Thermo Fisher Scientific, A-11035). 4’,6-Diamidino-2-phenylindole (DAPI, 1:1,000, Thermo Fisher Scientific, D1306) was used to

counterstain nuclei. Control experiments were performed by omitting the primary antibodies from the immunostaining procedure.
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EdU staining
Ventricles were removed from the hearts of EdU-treated fish, washed with 3%BSA/PBS, permeabilized with 0.5% Triton X-100 for

20 min at RT, and washed with 3%BSA/PBS. EdU was detected using the Click-iT� EdU Cell Proliferation Kit for Imaging, Alexa

Fluor� 647 dye according to the manufacturer’s instruction.

in situ hybridization (ISH)
Plasmids formyl7, tbx2b,wnt2bb,wnt9b, cp, and plvapb probes were amplified from 24 hpf zebrafish cDNA library using the primer

sequences in Table S3 and cloned into the pCR4 Blunt TOPO vector (Thermo Fisher Scientific, 451245). Antisense probes labeled

with digoxigenin (DIG) were prepared using an RNA labeling kit (Sigma-Aldrich, 11175025910). For whole-mount ISH, embryos and

hearts were fixed in 4%PFA in PBS, dehydrated inmethanol, and gradually rehydrated into PBS containing 0.1% Tween-20 (PBS-T).

After digestion with PBS-T containing proteinase K for 30 min, embryos and hearts were fixed in 4% PFA and hybridized with anti-

sense RNA probes in hybridization buffer (5 x SSC, 50% formamide, 5 mM EDTA, 0.1% Tween-20, 50 mg/ml heparin, and 1 mg/ml

Torula RNA) at 70�C overnight. After hybridization, embryos and larvae were washed with wash buffer A (75% formamide, 2xSSC) for

10 min at 70�C, wash buffer B (50% formamide, 2xSSC) for 10 min at 70�C, wash buffer C (25% formamide, 2xSSC) for 10 min at

70�C, wash buffer D (2xSSC) for 10 min at 70�C, twice wash buffer E (0.2xSSC) for 30 min at 65�C, and wash buffer F (0.1xSSC/

PBS-T) for 5 min at RT, and PBS-T for 5 min at RT. Embryos and hearts were washed with MAB (0.1 M maleic acid, 0.15 M NaCl,

pH 7.5) for 15 min at RT, blocked with blocking buffer (2% blocking reagent, Merck, 11096176001, 5% sheep serum in MAB) for

90 min, and incubated with anti-DIG antibody conjugated with alkaline phosphatase (Merck, 11093274910) in blocking buffer

(1:5,000) at 4�C overnight. Embryos and hearts were rinsed twice with PBS-T, washed four times with PBS-T for 20 min at RT,

and washed three times with staining buffer (0.1 M NaCl, 50 mM MgCl2, 0.1 M Tris-HCl, 0.1% Tween-20, pH 9.5) at RT. The color-

imetric reaction was performed using BM purple (Merck, 11442074001). To stop the reaction, embryos were washed with PBS-T,

fixed with 4% PFA at RT, and immersed in glycerol.

RNAscope assay
RNAscope analysis of cryosections was performed using the RNAscope Multiplex Fluorescent Reagent Kit v2 (ACDbio, 323110) ac-

cording to the manufacturer’s instructions. The following probes were used for hybridization: axin2-C1 probe (ACDbio, 465351),

wnt2bb-C2 probe (831171-C2), and wnt9b-C1 probe (ACDbio,504431). ISH signals were detected using Opal690 (AKOYA biosci-

ences, FP1497001KT). After probe hybridization, sections were immunostained with anti-Troponin T antibody and horseradish

peroxidase-conjugated anti-mouse gG (GE Healthcare, NA931) according to the protocols provided by ACDbio. IHC signals were

detected using Opal520 (AKOYA biosciences, FP1487001KT).

Alcian blue staining
Larvae were fixed with 4% PFA, stained with 0.02% Alcian Blue 8GX in 70% ethanol containing 80 mM MgCl2 at RT overnight, re-

hydrated in water, bleached in 1.5% hydrogen peroxide in 1% KOH for 30 min, and stored in 50% glycerol in 0.25% KOH.

Tissue clearing
Tissue clearing was performed with clear, unobstructed brain/body imaging cocktails and computational analysis reagent-1A

(CUBIC-1A) {10% Triton X-100, 5% N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenediamine, 10% urea, 25 mM NaCl} according to

the modified methods on the RIKEN website (http://cubic.riken.jp/). Fixed hearts embedded in low-melting agarose gel were incu-

bated in 1/2-diluted CUBIC-1A for 6 h at RT, CUBIC-1A overnight at RT, and CUBIC-1A for 1 week at 37 �C. During the incubation, we

exchanged CUBIC-1A every day.

Cell sorting
For RNA-seq, the AVC was resected from Tg(myl7:GAL4db-TCFDC-2A-mCherry);Tg(UAS:EGFP);Tg(myl7:NLS-mCherry) hearts at

4�8 months. For scRNA-seq, hearts were resected from Tg(fli1:EGFP);Tg(myl7:GAL4db-TCFDC);(5xUAS:NTR-mCherry) fish at

2.5 months treated with either DMSO (n = 15) or 5 mM MTZ (n = 15) for 30 days. For qPCR, hearts were resected from

Tg(fli1:EGFP);Tg(myl7:GAL4db-TCFDC);(5xUAS:NTR-mCherry) fish at 2.5 months or control fish treated with 5 mM MTZ for

30 days. The resected hearts were collected in 35 mm dishes containing HBSS without calcium and magnesium. The hearts were

torn and were transferred to a 12-well plate. The hearts were digested with 3 mg/ml collagenase type IV (Worthington,

LS004188)/HBSS for 30 min at 28.5 �C. After pipetting, the cells were collected into low-binding tubes, washed with 0.5% FBS/

DMEM, and resuspended in 0.5% FBS/DMEM containing SYTOX blue dead cell stain (Thermo Fisher Scientific, S34857). Cells

were sorted using either a FACSAria III cell sorter (BD Bioscience, for qPCR and RNA-seq) or a FACSFusion cell sorter (BD Biosci-

ence, for scRNA-seq).

RNA sequencing (RNA-seq)
Total RNAs were prepared from b-cat ON (mCherry+ EGFP+) CMs and b-cat OFF (mCherry+ EGFP-) CMs using a NucleoSpin XS kit

(Macherey-Nagel, 740902.50) according to the manufacturer’s instruction. Reverse transcription and cDNA library preparation were

performedwith a SMART-Seq v4Ultra Low Input RNAKit for Sequencing (Clontech, 634888). cDNAwas fragmentedwith a Covaris S

220 instrument (Covaris). Libraries for RNA-seq were prepared using a NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
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(New England Biolabs, E7760) and sequenced on the NextSeq500 (Illumina) as 75 bp single-end reads. Over 14 million raw reads

were generated per sample. The resulting RNA-seq data were analyzed using the CLC genomics workbench v.20.0.4 (Qiagen) ac-

cording to the manufacturer’s instructions. Trimmed and filtered reads were aligned to the zebrafish genome (GRCz 11.99). Differ-

entially expressed genes (DEGs) in b-cat ON CMswere defined as those with >2.0-fold change and false discovery rate (FDR) <-0.05

using iDEP.96 (http://bioinformatics.sdstate.edu/idep96/). GO analysis of DEGs was performed using DAVID (https://david.

ncifcrf.gov/).

single-cell RNA sequencing (scRNA-seq)
For the analysis of AVC cells, Tg(fli1:EGFP);Tg(myl7:GAL4db-TCFDC);(5xUAS:NTR-mCherry) fish at 1 month were treated with either

DMSO (n = 25) or 10 mM IWR1 (n = 25) for 48 h. The resected hearts were collected in 35mmdishes containing HBSSwithout calcium

andmagnesium. The atrium and the ventricle were removed from AVCs. Only AVCs were transferred to a 12-well plate. The digestion

procedure was the same as for cell sorting.

Sorted EGFP+ cells or digested AVC cells were counted by a cell counter (Thermo Fisher Scientific) using trypan blue. The resulting

endothelial cell suspension was loaded onto a 10X Chromium Controller (10X Genomics) according to the manufacturer’s protocol.

The scRNA-seq library was prepared using Chromium Next GEM single cell 30reagent kits v3.1 (10X Genomics, 1000128), according

to the manufacturer’s protocol. Following droplet generation and barcoding, cDNA was synthesized and amplified. The cDNA was

processed to construct Illumina sequencing libraries. Sequencing was performed on a NextSeq 500 (Illumina). Raw sequencing data

were processed using 10X Genomics Cell Ranger software (v6.1.1 or v7.0.0).

Of the sorted EGFP+ cells (Figure 4A), a total of 6,206 cells were captured from DMSO-treated fish, and 6,709 cells were captured

from MTZ-treated fish were captured. For AVC cells (Figures 4H and S4H), a total of 9,632 cells were captured from DMSO-treated

fish, and 14,173 cells were captured from IWR1-treated fish were captured. Raw data were imported into Seurat v4.3.047 to perform

quality control, filtering, normalization, integration, clustering analysis, visualization, and identification of DEGs. Scanpy v1.9.348 was

also used for data visualization. Data sets were trimmed by removing the cells expressing less than 1000 (EGFP+ cells) or 950 (AVC

cells) genes and the genes expressed in less than 3 cells. Cells containing > 45% (EGFP+ cells) or > 20% (AVC cells) mitochondrial

genes and cells containing < 5% ribosomal geneswere considered to be of poor quality andwere also filtered out. The data were then

normalized and logarithmized. Doublets were removed using DoubletFinder v2.0.3.49 Finally, 4,124 cells (EGFP+ cells from DMSO

samples), 5,230 cells (EGFP+ cells from MTZ samples), 4,744 cells (AVC cells from DMSO samples), and 3,393 cells (AVC cells

from IWR1 samples) were used for further analyses. The merge function of the Seurat package was used to merge objects. Principal

component analysis (PCA) was used to reduce the dimensionality of the data, followed by computing the neighborhood graph of cells

using the PCA representation. UMAPs were visualized using the Seurat RunUMAP function with the following settings: min.dist = 0.5

and dims = 1:40 (Figures 4B, 4I, and S4A) or 45 (Figures S4I and S4J). Clustering was performed using the FindClusters functionwith a

resolution of 1 (Figure 4B) and 0.5 (Figures 4I and S4I). Clusters regarded as the same cell type were combined using the

RenameIdents function. DEGs were identified using the FndAllMarkers and FindMarkers functions with a Wilcoxon rank sum test.

For Figure 4J, the CM cluster in Figure 4I was remapped and reclustered, then cdh5+ clusters were removed to analyze only

CMs. For Figures 4J and S4E, DEGs were identified using the FndAllMarkers and FindMarkers functions with the following settings:

log2FC.threshold = 0.2, min.pct = 0.2, and min.diff.pct = 0.2. GO analysis was performed using enrichR v3.2 with GO Biological Pro-

cess GeneRIF Predicted Z-score. The Scanpy matrixplot function was used for visualizing the gene expression with matrix plots.

Quantitative PCR (qPCR)
Total RNA was prepared from sorted EGFP+ cells using the NucleoSpin XS kit according to the manufacturer’s instructions. RNAs

were reverse-transcribed with oligo dT primers using Superscript IV (Thermo Fisher Scientific, 18090050). The PCR reaction was per-

formed using KOD SYBR qPCR Mix (TOYOBO, QKD-201) in a CFX Connect thermal cycler (Bio-Rad). The primers used for qPCR

were listed in Table S3. The qPCR results were normalized to eef1a1l1 expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

b-cat ON CM volume measurement
For the quantification of Figures 2C, 2F, and 2H, the surface of the EGFP+ region at the AVCwas created using the Surface function of

the Imaris 10.0.0. The volume of the EGFP+ region was measured. The measured volume was exported as a CSV file and calculated

as a sum.

CV length measurement
For quantification of Figures 3F, 3I, 4G, S3F, S3K, S3M, and S3P, 105 length was measured by manual tracing using the Imaris 9.8.0,

9.9.1, or 10.0.0 software function Measurement Points. The measured length was exported as a CSV file and calculated as a sum.

Coverage measurement
For the quantification of Figure S3G, the 2D areas were measured using the ImageJ Polygon selection function. The ventricle area

was measured by enclosing the frame of the ventricle with a polygon. The CV-covered area was measured by drawing the polygon

with the CV tips as vertices. The percentage of the CV-covered area to the ventricle was found.
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coEC and EdU+ coEC measurement
For quantification of Figures S3H and S3I, EdU+ or DAPI+ signals were detected using Imaris 10.0.0 software function Spots and

filtered spots within the EGFP+ CV using the Surface function.

Head length measurement
For quantification of Figures S2C and S2E, alcian blue-stained larvae were mounted in glycerol. Images were recorded using an

SZX16 stereo microscope (Olympus). Head length was measured using CellSens imaging software (Olympus).

Statistical analysis
Data were analyzed using the statistical function of SciPy and were presented as mean ± SEM using the swarmplot function of sea-

born.50 Sample numbers were indicated in the figures. In the dot plots of Figures 2C, 2F, 2H, 3F, 3I, 4G, S2C, S2E, S3F–S3I, S3K,

S3M, and S3P, each dot represents an individual fish. In the dot plot of Figure S4F, each dot represents a sample of endothelial cells

sorted from 4-5 fish hearts. Figures 3F and S4F shows samples from three independent experiments. Figures S3F and S3G show

samples from two independent experiments. Figures 2C, 2F, 2H, 3I, 4G, S2C, S2E, S3H, S3I, S3K, S3M, and S3P show samples

from one of more than three experiments. Statistical analysis was performed by a 2-tailed Student’s t-test (Figures 3F, 4G, S2C,

S2E, S3F–S3I, S3K, S3M, and S4F), Welch’s t-test (Figure S3P), or Mann-Whitney U test (Figures 2C, 2F, 2H, and 3I). Statistical sig-

nificance was defined as p < 0.05.
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