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SUMMARY

Attaining proper organ size during development and
regeneration hinges on the activity of mitogenic fac-
tors. Here, we performed a large-scale chemical
screen in embryonic zebrafish to identify cardiomyo-
cyte mitogens. Although commonly considered anti-
proliferative, vitamin D analogs like alfacalcidol had
rapid, potent mitogenic effects on embryonic and
adult cardiomyocytes in vivo. Moreover, pharmaco-
logic or genetic manipulation of vitamin D signaling
controlled proliferation in multiple adult cell types
and dictated growth rates in embryonic and juvenile
zebrafish. Tissue-specific modulation of vitamin D
receptor (VDR) signaling had organ-restricted ef-
fects, with cardiac VDR activation causing cardio-
megaly. Alfacalcidol enhanced the regenerative
response of injured zebrafish hearts, whereas VDR
blockade inhibited regeneration. Alfacalcidol acti-
vated cardiac expression of genes associated with
ErbB2 signaling, while ErbB2 inhibition blunted its
effects on cell proliferation. Our findings identify
vitamin D as mitogenic for cardiomyocytes and other
cell types in zebrafish and indicate a mechanism to
regulate organ size and regeneration.

INTRODUCTION

Adult mammalian cardiomyocytes (CMs) can renew at a limited

rate (Bergmann et al., 2009; Bergmann et al., 2015), yet there

is minimal regeneration of lost CMs after myocardial infarction

(MI). Adult zebrafish and neonatal mice or swine can regenerate

heart muscle lost to severe trauma through dedifferentiation and

proliferation of spared CMs (Jopling et al., 2010; Kikuchi et al.,

2010; Porrello et al., 2011; Poss et al., 2002; Ye et al., 2018;

Zhu et al., 2018). Recent reports indicate that forced expression

of cyclins and/or cyclin-dependent kinases (CDKs) can activate
D

spared CMs to re-enter cell cycle and improve heart function af-

ter injury (Hassink et al., 2008; Mohamed et al., 2018). Additional

genetic factors have been implicated in promoting CM prolifera-

tion in various contexts, including Neuregulin1/ErbB2 (Bersell

et al., 2009; D’Uva et al., 2015; Gemberling et al., 2015), and

YAP/TAZ transcription factors, which are normally restrained

by Hippo in CMs (Heallen et al., 2013; von Gise et al., 2012;

Xin et al., 2013). Discovery of new influences that regulate CM

proliferation can illuminate how and why heart regeneration oc-

curs, and how to trigger cardiogenesis effectively after MI.

Chemical screening is a powerful technique to discover

biological regulators. The zebrafish has been widely used for

high-throughput chemical screening, owing to its small size,

transparency, high fecundity, and rapid development. To

monitor CM proliferation in live zebrafish embryos, we recently

generated fluorescent ubiquitin-based cell cycle indicator

(FUCCI) dual transgenes under control of the zebrafish cmlc2

promoter (cmlc2:FUCCI) (Choi et al., 2013). In this system,

Venus-hGeminin fusion protein accumulates at S/G2/M phases

in CMs and degrades quickly afterwards, whereas mCherry-

zCdt1 fusion protein is degraded at S/G2/M and accumulates

during G1/G0 (Sakaue-Sawano et al., 2008). Thus, by direct

visual inspection in live zebrafish, one can readily track all or

most proliferating CMs and the effects of experimental manipu-

lations on cardiogenesis.

Here, we employed the FUCCI detection system in a large-

scale chemical screen for compounds that impact CM prolifera-

tion in zebrafish embryos. Unexpectedly, we found that vitamin

D analogs, commonly considered to be anti-proliferative influ-

ences in mammalian cells, are potent cardiogenic factors in

both embryonic and adult zebrafish. We show that increased

vitamin D signaling enhances cell proliferation in many cell types

and contexts, including cardiac regeneration. Manipulation of

vitamin D signaling in growing zebrafish has major effects on

animal size, and locally dysregulating the pathway in specific

cell types can reduce or increase cardiac size. Transcriptome

profiling and pharmacological perturbation implicated ErbB2

signaling as a key growth network regulated by vitamin D. Our

results reveal vitamin D signaling as a profound mitogenic influ-

ence in a vertebrate model system.
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Figure 1. Vitamin D Analogs Promote Cardiomyocyte Proliferation in Zebrafish

(A) Cartoon schematic of in vivo chemical screen for regulators of CM proliferation using cmlc2:FUCCI zebrafish embryos. dpf, days post-fertilization.

(B) Maximum intensity projection (MIP) images of dissected cmlc2:FUCCI hearts. Veh, vehicle; v, ventricle; a, atrium. Scale bar, 50 mm.

(C) Quantification of FUCCI+ CMs after 24-h treatment. Mean ± SD, Mann-Whitney test and Student’s t test. ****p < 0.0001. n = 11–13.

(D) Quantification of FUCCI+ CMs after 24-h treatment. Mean ± SD, Mann-Whitney test and Student’s t test. n = 7–10.

(E) Quantification of adult ventricular CM proliferation indices. Mean ± SD, Mann-Whitney test and Student’s t test. ns, not significant; **p < 0.01. n = 9–10.

(F) Representative images of PCNA/Mef2 staining quantified in (E). Boxed area is enlarged on the right. Arrowheads indicate PCNA+ CMs. dpt, days post-

treatment. Scale bar, 100 mm.

(G) Ventricular CM proliferation indices of vehicle- or Alfa-injected adult zebrafish. Mean ± SD, Mann-Whitney test and Student’s t test. n = 10–12.

(H) Representative images and quantification of ventricular PCNA/Mef2 staining. Mean ± SD, Mann-Whitney test. n = 9–10. Scale bar, 100 mm.

See also Figure S1; Table S1; and Video S1.
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RESULTS

Chemical Screening Identifies Vitamin D Analogs as
Activators of Embryonic Cardiomyocyte Proliferation
To discover compounds that regulate CM proliferation in zebra-

fish, we screened the Prestwick Chemical Library for effects on

the number of Venus-hGeminin+; mCherry-zCdt1� (FUCCI+)

CMs in cmlc2:FUCCI embryos after a 24-h treatment starting at

3 days post-fertilization (dpf) (Figure 1A). We found that 104 and

26 compounds from a total of 1,200 tested drugs increased or
2 Developmental Cell 48, 1–11, March 25, 2019
decreased the number of FUCCI+ CMs, respectively (Figure S1A).

Modulator classes include neurotransmission, steroid hormone

effectors, antimicrobial influences, and ion channel regulators

(Figure S1B; Table S1). Two out of the 18 hormone effectors, alfa-

calcidol (Alfa) and calcipotriene, are vitamin D analogs.

Vitamin D, widely studied for over 80 years, is a steroid pro-

hormone that can be hydroxylated sequentially in the liver and

kidney to yield the active hormone, ercalcitriol (D2) or calcitriol

(D3), in vertebrates (Bikle, 2014). Alfa is a vitamin D analog

that can be hydroxylated to form calcitriol directly in the liver
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(Ringe and Schacht, 2007). The active hormones ercalcitriol and

calcitriol can bind to vitamin D receptors (VDRs) and regulate

downstream gene expression in target cells (Bikle, 2014).

Notably, many studies have reported vitamin D analogs to

have anti-proliferative effects in mammalian cells (Ma et al.,

2016; Samuel and Sitrin, 2008), including cultured CMs (Hlaing

et al., 2014; Nibbelink et al., 2007; O’Connell et al., 1997). In

our screen, treatment with Alfa elevated the number of FUCCI+

CMs in live embryonic zebrafish by 141%, the largest increase

among library compounds. Similarly, calcipotriene also

increased FUCCI+ CMs by 100% (Figures 1B and 1C). In addi-

tion, both Alfa and calcitriol had dose-dependent effects on

the number of FUCCI+ CMs. (Figures 1D and S1C). By contrast,

treatment with the VDR-specific inhibitor PS121912 (Sidhu et al.,

2014) caused a 39% reduction in the number of FUCCI+ CMs

(Figure S1C). These findings indicate that vitamin D is a potent

activator of CM proliferation in embryonic zebrafish.

Vitamin D Signaling Stimulates Cell Cycle Re-entry in
Adult Cardiomyocytes and Other Cell Types
Adult zebrafish hearts are similar to adult mammalian hearts in

that the majority of CMs are quiescent under normal conditions

(Wills et al., 2008). To determine the potency of vitamin D in

mature cardiac tissue, we injected Alfa intraperitoneally in adult

zebrafish. One day after Alfa injection, CMs remained quiescent,

with no significant difference in the percentage of CMs positive

for the proliferation marker PCNA compared to vehicle-injected

fish (Figure 1E). After two daily Alfa injections, the CM prolifera-

tion index increasedmoderately in 4 out of 10 animals (Figure 1E).

By contrast, the CM proliferation indices of all animals rose in a

dose-dependent manner after 3 daily Alfa injections, to an

average index of 27% at the highest dose, a 50.9-fold increase

over vehicle-injected controls (an average index of 0.52%) (Fig-

ures 1F and 1G). We found no evidence of enhanced apoptosis

upon Alfa treatment that might indirectly lead to CM proliferation

in adult hearts (data not shown).

To interrogate broader effects of vitamin D, we next asked

whether Alfa injections increased indicators of proliferation in

several additional adult zebrafish cell types. We found that Alfa

boosted proliferation indices of non-muscular epicardial and

endocardial cells of the heart by 26.6-fold and 4.7-fold, respec-

tively (Figures S1D and S1E). In addition, Alfa enhanced the pro-

liferation of adult liver cells, including hepatocytes by 9.0-fold and

biliary duct cells by 4.0-fold (Figures S1F and S1G). Alfa also stim-

ulated proliferation of dermal osteoblasts and basal epithelial

cells in fins, corneal epithelial cells, and retinal cells (Figures

S1H–S1J). Retinal cells in the ciliarymarginal zone (CMZ), a dense

region of progenitor cells, were more responsive to Alfa than

mature cells (Figures S1H–S1J). Interestingly, a recent study re-

ported that vitamin D signaling can promote hematopoietic pro-

genitor cell proliferation in zebrafish (Cortes et al., 2016).

Together, these findings indicate that vitamin D signaling is mito-

genic for a wide spectrum of adult zebrafish cells.

To determine how cell cycle progression is affected, we

imaged tcf21:FUCCI cardiac tissue explants treated with vehicle

or calcitriol and cultured ex vivo for long time periods (Figure S1K;

Video S1) (Cao et al., 2017). Compared to vehicle controls, the

number of tcf21-expressing epicardial cells bypassing the G1

checkpoint and entering S phase (characterized by a red [false
colored as magenta] to green conversion; Figure S1L) was

increased by 79% on average over a 69-h period during

continual calcitriol treatment (Figure S1N). The number of cells

traversing the G2 checkpoint to M phase (characterized by

breakdown of nuclear membrane and subsequent dispersal of

the green signal; Figure S1M) was also increased but only by

14% (Figure S1O). These data suggest that the principal effect

of vitamin D treatment is surpassing the G1 checkpoint to initiate

the cell cycle.

Vitamin D Signaling Rapidly Accelerates Organismal
Growth
Our results indicated that many zebrafish tissues respond

to vitamin D treatment. To visualize vitamin D signaling activity

in live zebrafish, we knocked in a monomeric EGFP-polyA

(mGFP) cassette at the cyp24a1 start codon. cyp24a1 encodes

amitochondrial cytochromeP450 enzyme that catabolizes calci-

triol to inactivate vitamin D signaling and is a direct downstream

target gene of vitamin D signaling (Bikle, 2014). cyp24a1mGFP

embryos displayed conspicuous mGFP fluorescence in cardiac

ventricles (Figure S2), indicating active vitamin D signaling during

heart development. When incubated with Alfa, cyp24a1-driven

mGFP expression was increased sharply throughout embryonic

zebrafish tissues with the greatest enhancement in liver (Fig-

ure S2), validating this line as a reporter of embryonic vitamin

D signaling levels.

To examine how vitamin D analogs affect organismal growth,

we first tested if they increased embryonic cell proliferation and

size. Indeed, Alfa treatments longer than 9 h elevated the number

of cells positive for the mitotic marker phospho-Histone H3 (Fig-

ure 2A) throughout the trunks of 3 dpf embryos. Strikingly, we

found that the total lengths of Alfa- or calcipotriene-treated em-

bryos were increased by �3% after treatment from 3 to 4 dpf

over vehicle controls, representing a 43% (Alfa) or 30% (calcipo-

triene) faster growth rate during the 24-h treatment (Figure 2B).

To test if vitamin D had effects on post-metamorphic growth,

we treated 5 weeks post-fertilization (wpf) juvenile zebrafish

with Alfa for 15 or 30 days. We found that Alfa-treated animals

were 10% longer after 30 days of treatment, having grown sub-

stantially (33%) more than vehicle-treated clutch mates (Figures

2C and 2D). These data demonstrate that exogenous vitamin D is

sufficient to accelerate zebrafish growth and boost animal size.

To examine how the size-enhancing effects of Alfa reflect

endogenous roles, we disabled vitamin D signaling by multiple

different ways. To deplete endogenous vitamin D metabolites,

we generated transgenic ubb:cyp24a1 zebrafish that constitu-

tively express cyp24a1 via the ubiquitin promoter (Mosimann

et al., 2011) (Figure 2E). Total body lengths in two independent

lines of ubb:cyp24a1 animals were �3% shorter than those of

wild-type (WT) siblings at 4 dpf (Figure 2F) and 33% shorter at

5 wpf (line 2; Figure 2D). A low (10 nM) dose of Alfa was sufficient

to rescue cyp24a1mGFP expression and growth rate in ubb:

cyp24a1 animals (Figures 2C–2E), indicating that the transgene

product had negligible toxicity and could be saturated by sub-

strate. To genetically disable endogenous VDRs, we generated

zebrafish containing mutations in vdra and vdrb using CRISPR/

Cas9-based gene editing (Varshney et al., 2015). Knockdown

of zebrafish vdra and vdrb using morpholino oligonucleotides

was reported to cause pericardial edema (Kwon, 2016), although
Developmental Cell 48, 1–11, March 25, 2019 3



Figure 2. Vitamin D Signaling Enhances Organismal Size

(A) MIP images and quantification of H3P staining of 3 dpf embryos. hpt, hours post-treatment; H3P, phospho-Histone H3. Mean ± SD, Mann-Whitney test and

Student’s t test. ****p < 0.0001. n = 11–13. Scale bar, 500 mm.

(B) Example and quantification of 4 dpf zebrafish growth. Mean ± SD, Mann-Whitney test and Student’s t test. **p < 0.01; ***p < 0.001. n = 12-14.

Scale bar, 500 mm.

(C) Growth and rescue of 2 mpf juvenile wild-type (WT) and ubb:cyp24a1 zebrafish. Scale bar, 4 mm.

(D) Quantification of zebrafish length before and after treatment. Mean ± SD. n = 14–15.

(E) mGFP and TagBFP expression in 4 dpf embryos treated with vehicle or 10 nM Alfa. Scale bar, 500 mm.

(F) Quantified body length of two independent ubb:cyp24a1 lines and WT siblings at 4 dpf. Mean ± SD, Mann-Whitney test. *p < 0.05. n = 14–23.

(G) cyp24a1mGFP expression in 1 mM Alfa-treated embryos.

(H) Quantification of relative growth of 4 dpf embryos treated with vehicle or Alfa for 24 h. Mean ± SD, Student’s t test. n = 13.

(I) Representative images and body length quantification of 6 mpf zebrafish. mpf, months post-fertilization. Mean ± SD, Student’s t test. n = 7. Scale bar, 5 mm.

(J) mGFP and TagBFP expression of 3 dpf embryos after a single heat-shock and 24-h drug treatment. Scale bar, 500 mm.

(K) Quantified relative growth of 4 dpf embryos after a heat shock and 24-h drug treatment. Mean ± SD, Student’s t test. n = 10.

See also Figure S2.
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we did not observe this phenotype in vdra�/�; vdrb�/� mutants.

Nevertheless, homozygous mutations in both vdr genes abol-

ished cyp24a1mGFP expression and rapid embryonic growth in

response to Alfa treatment, indicating a genetic requirement

for VDRs in this response (Figures 2G and 2H). Additionally,

vdra�/�; vdrb�/� mutant zebrafish were 22% smaller in length

than WT siblings at 6 months post-fertilization (mpf) (Figure 2I).

They also demonstrated no increase in the proliferative response

of adult CMs after 3 daily Alfa injections, indicating a genetic

requirement for VDRs in the mitogenic effects of Alfa (Figure 1H).

To block VDR signaling in a conditional manner, we generated

transgenic lines enabling heat shock (hsp70 promoter)-inducible

expression of a dominant negative vdra (dn-vdra) cassette

throughout the animal. Heat-shock treatment at 3 dpf inhibited

growth in hsp70:dn-vdra embryos by 54% versus controls over

the following 24 h, and it eliminated the growth response to

Alfa (Figures 2J and 2K). Collectively, these findings identify

vitamin D signaling as an endogenous pathway that controls or-

gan and organismal size in zebrafish.

VitaminDRegulatesOrganSize through Tissue-Intrinsic
Signaling
As a circulating nutrient, vitamin D could influence cell prolifera-

tion directly by VDR signaling in the organs itself, and/or through

a relay mechanism that relies on VDR signaling in other organs.

To distinguish such mechanisms in CMs, we generated trans-

genic lines that express dn-vdra or constitutively active vdra

(ca-vdra) via the cmlc2 promoter. When crossed to cyp24a1mGFP

animals, cmlc2:dn-vdra zebrafish displayed little or no cardiac

mGFP fluorescence and unchanged fluorescence elsewhere

(Figures 3A and S3A), indicating specific inhibition of cardiac

VDR signaling. By contrast, cmlc2:ca-vdra; cyp24a1mGFP ani-

mals had sharply elevated mGFP fluorescence in both cardiac

chambers and unchanged mGFP fluorescence elsewhere

(Figures 3B and S3B), indicating targeted enhancement of car-

diac VDR signaling. To assess effects of these transgenes on

CM proliferation, we examined them in the cmlc2:FUCCI or

cmlc2:H2A-EGFP (labeling all CM nuclei) backgrounds. cmlc2:

dn-vdra reduced the average number of FUCCI+ CMs by 63%

at 4 dpf, yielding hearts with 31% fewer total CMs on average,

whereas cmlc2:ca-vdra increased the number of FUCCI+ CMs

by 171% and the total number of CMs by 74% (Figures 3C,

3D, S3C, and S3D). Notably, juvenile cmlc2:ca-vdra animals

displayed overt cardiomegaly, with massive hearts dwarfing

those of clutch mates by 1 mpf (Figures 3E and 3F). Ventricular

walls were dysmorphic and thickened (Figure S3E), and we

cannot rule out the possibility of direct or indirect contributions

through cell hypertrophy during these events. By contrast,

assessment of heart-to-body size ratios in juvenile cmlc2:

dn-vdra animals versus WT siblings indicated a 27% smaller ra-

tio during VDR inhibition (Figure S3F). Thus, cardiac-intrinsic

changes in VDR signaling are sufficient to regulate CM prolifera-

tion and heart size.

To supplement these experiments, we examined whether

modulation of VDR signaling in a distant organ, the liver, influ-

enced cardiac cell proliferation or size. Among all embryonic

tissues, we noted that liver displayed the sharpest increase in

cyp24a1mGFP-directed fluorescence in response to Alfa treat-

ment (Figure S2). New transgenic lines expressing dn-vdra or
ca-vdra driven by fabp10a regulatory sequences in hepatocytes

directionally controlled hepatic cyp24a1 reporter fluorescence in

zebrafish (Figure S3G). In these animals, embryonic hearts had

normal numbers of FUCCI+ CMs and were of a similar size as

those of clutch mates (Figures S3H and S3I). Interestingly,

whereas the hearts of juvenile fabp10a:ca-vdra zebrafish

appeared normal, their livers were grossly enlarged (Figure 3G).

Taken together, our data indicate that vitamin D dictates CMpro-

liferation and controls heart size in growing zebrafish through

intrinsic signaling and that this principle can extend to other

organs.

Vitamin D Signaling Regulates Heart Regeneration
Zebrafish possess a wide range of tissues with an elevated

capacity to regenerate after major injury. In uninjured hearts,

sparse cyp24a1mGFP fluorescence was detectable in CMs and

other cardiac cells. This fluorescence became more prominent

in ventricles injured by partial resection or induced CM ablation

(Figures S3J and S3K) although cardiac cyp24a1mGFP expres-

sion patterns and levels varied among animals. To test whether

vitamin D treatment augments proliferation of CMs during heart

regeneration, we partially resected adult zebrafish ventricles and

injected Alfa at 6 days post-resection (dpa), 1 day before

harvesting tissues at 7 dpa. By contrast with CMs of uninjured

animals that have little or no response to a single Alfa injection

(Figure 1E), a single treatment was sufficient to increase CM pro-

liferation indices by 41% in regenerating hearts (Figures 3H and

3I). This result is consistent with the notion that vitamin D is more

potent in CMs that are sensitized by injury or primed for regener-

ation programs. VDR inhibition by heat shock-induced dn-vdra

transgene expression from 6 to 7 dpa had an opposite effect,

reducing CM proliferation by 69% (Figure S3L). Moreover,

sustained expression of dn-vdra after 6 dpa blocked heart regen-

eration, with ventricles retaining large scars in the injury sites at

50 dpa (Figures 3J–3L and S3N). Thus, vitamin D signaling is

essential for normal heart regeneration.

Stimulation of heart regeneration inmammals by secreted fac-

torsmay bemore complex than in zebrafish, asmammalian adult

CMs have a lower proliferative capacity and/or more hurdles to

division like polyploidy (Gonzalez-Rosa et al., 2018; Patterson

et al., 2017). Vitamin D signaling has been reported to protect

mouse CMs from pathological hypertrophy by regulation of

calcium handling (Chen et al., 2011; Choudhury et al., 2014;

Ford et al., 2018), but we have identified no clear evidence

from published literature for hyperplastic effects in mammalian

hearts. To examine potential effects on cultured mouse P7

CMs, we treated with different concentrations of calcitriol and

examined the expression of the proliferation marker Ki67 after

3 days. The frequency of Ki67+ CMs was increased in a dose-

dependent manner (Figure S3M), suggesting that vitamin D sup-

plementation is sufficient to induce mouse CM cycling in vitro.

Mitogenic Effects of Vitamin D Require ErbB2 Signaling
Vitamin D has been reported to regulate calcium homeostasis,

vasculogenesis, and fatty acid oxidation in embryonic zebrafish

(Lin et al., 2012; Merrigan and Kennedy, 2017; Peng et al., 2017),

and VDR transcriptional targets are reported to be species and

context dependent (Campbell and Trump, 2017). To identify

downstream genes and pathways underlying vitamin D-induced
Developmental Cell 48, 1–11, March 25, 2019 5



Figure 3. Tissue-Intrinsic Effects of Vitamin D Signaling and Impact on Heart Regeneration

(A) MIP images of cyp24a1mGFP expression in dissected hearts. Scale bar, 50 mm.

(B) MIP images of cyp24a1mGFP expression in dissected hearts. Scale bar, 50 mm.

(C) MIP images of dissected cmlc2:FUCCI hearts in indicated transgenic backgrounds. Scale bar, 50 mm.

(D) Quantification of FUCCI+ CMs in (C). Mean ± SD, Mann-Whitney test and Student’s t test. ***p 0.001; ****p < 0.0001. n = 9–10.

(E) Examples of 1 mpf cmlc2:ca-vdra and WT zebrafish. Red arrow indicates gross pericardial enlargement caused by cardiomegaly in cmlc2:ca-vdra zebrafish.

Scale bar, 2 mm.

(F) Darkfield images of dissected 1 mpf hearts. a, atrium; ba, bulbus arteriosus; v, ventricle. Scale bar, 500 mm.

(G) Darkfield images of dissected livers (l) and hearts (h) from 1 mpf zebrafish. Scale bar, 500 mm.

(legend continued on next page)
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cell proliferation, we sequenced cardiac transcriptomes of

zebrafish injected with vehicle or Alfa. Among 14,962 recovered

genes, 767 showed >2-fold higher levels with Alfa treatment,

whereas levels of 495 genes were reduced by 50% or more

(Table S2A). Functional clustering analysis indicated that levels

of many genes involved in cell-cycle regulation and DNA repair

were increased, including cyclins (A2/B1/B2/B3/D2/E1/E2/F/J),

cdks (1/2/6), e2fs (1/3/4/7/8), and mcms (2/3/4/5/6/7/8/9/10)

(Figure 4A; Table S2B), consistent with the observed effects on

cell proliferation and G1 checkpoint release. In addition, genes

involved in metabolic pathways like steroid, nucleotide, and

amino acid biosynthesis and/or degradation were enriched

upon Alfa injection (Table S2B), although we detected no com-

mon metabolite level changes induced by Alfa among adult

hearts, livers, and whole embryos by metabolomic analysis (Fig-

ure S4A; Table S3).

To identify common upstream regulators of differentially

expressed genes, we analyzed RNA sequencing (RNA-seq) da-

tasets using Ingenuity Pathway Analysis (IPA) software (Kramer

et al., 2014). From this analysis, the EGF receptor family member

ErbB2 emerged as the signaling effector with the highest enrich-

ment and activation scores (Figure 4B; Table S2C); 135 ErbB2-

associated genes were differentially expressed (Figure S4B;

Table S2D). Notably, ErbB2 and one of its activating ligands

Nrg1 have been functionally implicated as CMmitogens in zebra-

fish and mice (Bersell et al., 2009; D’Uva et al., 2015; Gemberling

et al., 2015), with Nrg1 overexpression able to boost CM prolifer-

ation in the absence of injury in adult zebrafish (Gemberling et al.,

2015). Also, daily calcitriol administration to rats over a period of

6 weeks was associated with modest cardiac increases in Nrg1

andErbB2proteins (Dang et al., 2016).Weperformedquantitative

PCR for 19 ligand, receptor, and target genes, finding 9 of which

had at least 2-fold increases in hearts of Alfa-treated animals (Fig-

ure S4C). To test if ErbB2 signaling is required for the effects of

vitamin D signaling, we treated zebrafish embryos or adults with

Alfa and the commonly used ErbB2 inhibitor, AG1478. AG1478

reduced CM proliferation in cmlc2:FUCCI embryos, and it abol-

ished Alfa stimulation of CM proliferation (Figures 4C and 4D).

Moreover, AG1478 blocked the increase in CM proliferation

caused by cardiac expression of a ca-vdra transgene (Figures

4E and 4F). In addition, AG1478 inhibited Alfa-induced osteoblast

proliferation (Figure S4D) in adults and Alfa-induced growth in

zebrafish embryos (Figures S4E and S4F). Notably, AG1478 incu-

bation reduced the CM proliferation index in Alfa-injected adult

zebrafish to 0.6%, comparable to the index of vehicle-injected ze-

brafish and �94% lower than that of animals treated with Alfa

alone in these experiments (Figures 4G and 4H). Taken together,

these data indicate that the mitogenic and growth-promoting ef-

fects of vitamin D on zebrafish CMs and other cell types require

ErbB2 signaling.
(H) Examples of Mef2/PCNA staining of 7 dpa hearts after a single injection. Das

(I) Quantification of CM proliferation indices in (H). Mean ± SD, Mann-Whitney te

(J) Quantified heart regeneration scores of WT or hsp70:dn-vdra(dn-vdra) zebrafi

indicate vigorous regeneration (1), partial regeneration (2), or blocked regenerat

n = 8–11.

(K) Representative images of cTnT staining at 50 dpa, after daily heat shock from

(L) Representative images of AFOG stains to indicate fibrin (red) and collagen (b

See also Figure S3.
DISCUSSION

Modulating VDR activity selectively in zebrafish CMs or hepato-

cytes is sufficient to control heart or liver size, respectively. This

finding indicates that vitamin D effects do not require signaling in

distant tissues, though it does not rule out possible influences of

systemic signaling. It is also possible that local relays involving

secreted mitogenic factors or cell-cell interactions within these

tissues are activated by vitamin D signaling, rather than a formal

cell-autonomous effect. Because vitamin D is a circulating fac-

tor, the effects we report make it a candidate signal to synchro-

nize growth among different tissues in growing zebrafish—that

is, to achieve proportional growth. This synchrony was main-

tained in whole-animal manipulation of vitamin D signaling, but

cardiac or hepatic growth no longer tracked with animal growth

when VDR activity was selectively manipulated. How vitamin D

modulates intracellular ErbB2 signaling requires further investi-

gation; one possible mechanism is by sensitizing cells to activa-

tion of this pathway. Thousands of VDR-binding elements exist

throughout vertebrate genomes (Carlberg and Seuter, 2009),

and systematic methods to identify VDR interactomes in

different developmental contexts should be useful to illuminate

key mechanisms.

The majority of studies assessing proliferation of mammalian

cells in response to vitamin D have reported inhibitory effects,

most notably in tumor cells (Ma et al., 2016; Samuel and Sitrin,

2008). Previous studies of mammalian CMs have suggested

that VDR signaling regulates CM differentiation and hypertrophy

and represses CM cycling (Hlaing et al., 2014; Nibbelink et al.,

2007; O’Connell et al., 1997), whereas our data indicate that

elevated vitamin D concentrations can increase cycling. The

effects of vitamin D on cell proliferation are likely context depen-

dent and/or concentration dependent and are affected by

species’ distinct VDR target gene repertoires and collaborating

regulatory sequences.

Vitamin D deficiency has been associated with various

cardiovascular diseases, and VDR signaling has been reported

to protect ischemic myocardium through anti-inflammatory,

anti-fibrotic, and anti-apoptotic mechanisms (Bae et al., 1985;

Chen et al., 2011; Simpson et al., 2007; Yao et al., 2015). Vitamin

D and its analogs have been widely used to prevent and/or treat

many diseases, including rickets, osteoporosis, osteomalacia,

hypocalcemia, hypertension, hypercholesterolemia, hyperpara-

thyroidism, diabetes, and psoriasis. Yet, excessive vitamin D

can lead to hypercalcemia and vascular calcification (Pilz et al.,

2016; Tebben et al., 2016), challenging the use of systemic

vitamin D administration to enhance tissue regeneration. Our re-

sults indicate thatmodulation of vitamin D signaling or sensitivity,

e.g., targeted or tailoredmechanisms to increase VDR activation

in specific cell types without impacting physiological calcium
hed lines represent amputation planes. Scale bar, 100 mm.

st. *p < 0.05. n = 9.

sh given daily heat shocks from 6 to 50 dpa. Regeneration scores (reg scores)

ion (3), as shown in Figure S3N. Two-tailed Fisher’s exact test. ***p < 0.001.

6 dpa. Scale bar, 100 mm.

lue) within the same hearts in (K). Arrowhead indicates scar tissue.
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Figure 4. ErbB2 Blockade Inhibits Vitamin D-Induced Cardiomyocyte Proliferation
(A) Selected functional cluster enrichment of differentially expressed genes. The activation score infers the activation score of the corresponding process.

(B) Selected common upstream regulators of differentially expressed genes in adult hearts after three Alfa injections. The p value measures the statistical sig-

nificance of the overlap between differentially expressed genes and the genes under predicted control of a regulator, and the activation score infers the activation

state and score of a regulator, either activating (positive) or inhibiting (negative).

(C) MIP images of dissected 4 dpf cmlc2:FUCCI hearts after 24-h treatment. Scale bar, 50 mm.

(legend continued on next page)
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handling, can be incorporated into potential methods to boost

regeneration of the injured heart or other tissues.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-phospho-Histone H3 (Ser10) Cell Signaling Technology Cat#9701;

RRID:AB_331535

Mouse polyclonal anti-phospho-Histone H3 (Ser10) Cell Signaling Technology Cat#9706;

RRID:AB_331748

Rabbit polyclonal anti-Mef-2 Santa Cruz Biotechnology Cat#sc-313;

RRID:AB_631920

Mouse monoclonal anti-PCNA Sigma-Aldrich Cat#P8825;

RRID:AB_477413

Rabbit monoclonal anti-HNF-4-alpha Abcam Cat#ab201460

Mouse monoclonal anti-Troponin T Lab Vision Cat#MS-295-PABX;

RRID:AB_61810

Mouse monoclonal anti-cardiac Troponin T Abcam Cat#ab33589;

RRID:AB_727035

Mouse monoclonal anti-Ki-67 Cell Marque Corp Cat#275R;

RRID:AB_1158031

Rat monoclonal anti-Ki-67, eFlour 570 conjugated Thermo Fisher Scientific Cat#41-5698-80;

RRID:AB_11219874

Mouse monoclonal anti-p63 Biocare Medical Cat#CM163A;

RRID:AB_10582730

Alexa Fluor 488 Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat#A-11034;

RRID:AB_2576217

Alexa Fluor 488 Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#A-11001;

RRID:AB_2534069

Alexa Fluor 546 Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat#A-11035;

RRID:AB_143051

Alexa Fluor 546 Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#A-11030;

RRID:AB_144695

Alexa Fluor 594 Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat#A-11037;

RRID:AB_2534095

Alexa Fluor 594 Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat#A-11032;

RRID:AB_141672

Chemicals, Peptides, and Recombinant Proteins

Metronidazole Sigma-Aldrich Cat#M1547

Fibronectin Thermo Fisher Scientific Cat#33010018

5-ethynyl-20-deoxyuridine Thermo Fisher Scientific Cat#A10044

AG-1478 Selleck Chemicals Cat#S2728

Alfacalcidol Selleck Chemicals Cat#S1468

Calcitriol Selleck Chemicals Cat#S1466

DAPI Thermo Fisher Scientific Cat#D3571

Alexa Fluor 488 Azide Thermo Fisher Scientific Cat#A10266

Alexa Fluor 594 Azide Thermo Fisher Scientific Cat#A10270

Alexa Fluor 488 Click-iT Plus TUNEL Assay Thermo Fisher Scientific Cat#C10617

Prestwick Chemical Library Prestwick Chemical N/A

PS121912 University of Wisconsin-Milwaukee N/A

Deposited Data

RNA Sequencing GEO database GSE112826
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Zebrafish: Tg(cmlc2:mCherry-zCdt1)pd57 Choi et al., 2013 pd57

Zebrafish: Tg(cmlc2:Venus-hGeminin)pd58 Choi et al., 2013 pd58

Zebrafish: Tg(cmlc2:H2A-EGFP)pd115 Foglia et al., 2016 pd115

Zebrafish: Tg(tcf21:mAG-zGeminin)pd254 Cao et al., 2017 pd254

Zebrafish: Tg(tcf21:zCdt1-mKO2)pd255 Cao et al., 2017 pd255

Zebrafish: Tg(kdrl:H2B-EGFP)mu122 Kochhan et al., 2013 mu122

Zebrafish: Tg(bactin2:loxP-mCherry-STOP-loxP-

DTA176)pd36
Wang et al., 2011 pd36

Zebrafish: Tg(Tp1:H2B-mCherry) Ninov et al., 2012 N/A

Zebrafish: Tg(fabp10a:nls-mCherry) Choi et al., 2014 N/A

Zebrafish: Tg(krtt1c19e:H2A-mCherry)pd309 This paper pd309

Zebrafish: Tg(osx:mCherry-zCdt1)pd270 Cox et al., 2018 pd270

Zebrafish: Tg(osx:Venus-hGeminin)pd271 Cox et al., 2018 pd271

Zebrafish: cyp24a1mGFP This paper pd272

Zebrafish: Tg(ubb:cyp24a1) pd273 This paper pd273

Zebrafish: Tg(ubb:cyp24a1)pd274 This paper pd274

Zebrafish: Tg(hsp70:dn-vdra)pd276 This paper pd276

Zebrafish: Tg(cmlc2:dn-vdra)pd301 This paper pd301

Zebrafish: Tg(cmlc2:ca-vdra)pd302 This paper pd302

Zebrafish: Tg(fabp10a:dn-vdra)pd303 This paper pd303

Zebrafish: Tg(fabp10a:ca-vdra)pd304 This paper pd304

Zebrafish: vdrapd307 This paper pd307

Zebrafish: vdrbpd308 This paper pd308

Software and Algorithms

Tophat2 Kim et al., 2013 Version 2.1.1

featureCounts Liao et al., 2014 Version 1.5.3

edgeR Robinson et al., 2010 Version 3.20.9

DAVID Bioinformatics Resources Huang da et al., 2009 Version 6.8

Ingenuity Pathway Analysis Qiagen, Kramer et al., 2014 830011
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kenneth

Poss (kenneth.poss@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish and Mice
Wild-type or transgenic male and female zebrafish of the outbred Ekkwill and Ekkwill/AB strains were used in this study. Four to

12-month-old zebrafish were used for adult experiments, and ages of embryonic and juvenile zebrafish were indicated in the text.

Water temperature was maintained at 28�C for embryos up to 5 dpf and 27�C afterwards. After transfer to system racks at 5 dpf,

all fish were fed with artemia and age-dependent dry diets, i.e., Larval AP100 Z1 to Z3 (Zeigler) for 5–14 dpf, GEMMA Micro 75

for 2–4 wpf, GEMMA Micro 150 for 4–5 wpf, GEMMA Micro 300 for 5 wpf to 3 mpf and a mixture of GEMMA Micro 500 and Gemma

Wean Diamond 0.5 after 3 mpf. The vitamin D3 levels in the diet are 2800 IU/kg for GEMMAMicro and 2400 IU/kg for Gemma Wean

Diamond. All transgenic strains were analyzed as hemizygotes unless otherwise indicated. Partial ventricular resection surgeries

were performed as previously described (Poss et al., 2002). Briefly, animals were anaesthetized and placed ventral side up in a pre-

pared sponge bed. Straight iridectomy scissors were used to make a small incision through the ventral body and pericardial sac, and

curved iridectomy scissors were used to remove approximately 20% of the cardiac ventricle. To genetically ablate �50% of cardi-

omyocytes, zebrafish with cmlc2:CreERpd10; bactin2:loxp-mCherry-STOP-loxp-DTApd36 transgenes were treated with 0.5 mM

tamoxifen for 16 h and hearts were collected 7 days later (Wang et al., 2011). For embryonic heat shock experiments, animals

maintained at 28�C were incubated at 38�C for 30 minutes and then washed with egg water at room temperature. For adult heat
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shock experiments, animals maintained at 28�Cwere heat shocked daily at 37 to 38�C for 30 minutes as described (Lee et al., 2005),

starting at 6 days post-surgery until tissues were harvested. All zebrafish procedures were performed in accordance with animal use

guidelines at Duke University. Neonatal day 7 (P7) P7 ICR mice were used to isolate and culture primary cardiac cells. Animal pro-

cedures were approved by Animal Care and Use Committees of Duke University and the Weizmann Institute of Science.

METHOD DETAILS

Generation of cyp24a1mGFP Zebrafish
To insert an mGFP-polyA cassette into the cyp24a1 locus, we designed a TALEN pair (left arm: 5’-GACAACTTTTACGCACG-3’, right

arm: 5’-GCGCTCTCATCTTGAG-3’) targeting the start codon region of cyp24a1 gene. After validating the efficiency of the TALEN

nuclease, we introduced the TALEN sequences and a common right arm sequence (5’-GTATACTACTGCGGCTAT-3’) into a donor

vector that contains a mGFP-polyA reporter cassette, a ubiquitous ef1a:mCherry-polyA reporter cassette, and two FRT sequences

flanking the vector sequences (Figure S1B). Then, the three TALEN nucleasemRNAs and donor vector were co-injected into one-cell

stage embryos. The vector-free stablemGFP+mCherry� transgenic embryoswere screened under a stereofluorescencemicroscope

and further confirmed by PCR and Sanger sequencing.

Generation of ubb:cyp24a1 Zebrafish
The full-length cyp24a1 coding sequences were amplified from 2 dpf zebrafish cDNA using the following primers: forward 5’-GAA

TTT GTT TAC AGG GAT CCA CCG GTG CCA CCA TGA GAG CGC ACT TGC A-3’ and reverse 5’-GAA GTT TGT AGC GCC GCT

TCC GGA GCG TGG AAC AAA AGC CA-3’. 3.8 kb ubb promoter sequences (Mosimann et al., 2011) were amplified from adult

genomic DNA using the following primers: forward 5’-CCA CCT CGA GGC TGT GAC ATG GTG TT-3’ and reverse 5’-GAC TAC

CGG TGG ATC CCT GTA AAC AAA TTC AAA GTA AGA TTA GC-3’. Then, the two sequences were subcloned sequentially into a

P2A-TagBFP vector. Purified plasmid was linearized with I-SceI meganuclease and injected into one-cell stage embryos. Stable

transgenic embryos were screened under a stereofluorescence microscope.

Generation of hsp70:dn-vdra and hsp70:dn-vdrb Zebrafish
Full-length coding sequences of vdrawere amplified from zebrafish embryonic cDNA and subcloned into an mRNA in vitro transcrip-

tion vector using the following primers: vdra-forward, 5’-CTCGAA TTCACCGGTCACCATGCT TACGGAAAA TAG TGCC-3’; vdra-

reverse, 5’-GGT ACT AGT CGG CCG CTA GGA CAC CTC ACT CC-3’. Human E420A-equivalent dominant negative mutations (Mal-

loy et al., 2011) were introduced using the following primers: vdra-mut, 5’-CGC ACT AGT CGG CCG CTA GGA CAC CTC ACT CCC

GAA CAC AGC CAG CACCAG-3’. Wild-type and dominant-negative vdr gene cassettes were transcribed, and mRNA was injected

into one-cell stage cyp24a1mGFP embryos to test their effects on cyp24a1 expression. The hsp70 promoter was PCR amplified from

an hsp70 vector (Han et al., 2011) using the following primers: hsp70-forward, 5’-CTT CGT CTC AGT ACC CTC GAG TCA GGGGTG

TCGCTT GGT T-3’; hsp70-reverse, 5’-GCT CGT CTC AGGATCCGA TTG ATT TCA AGA AAC TGCAA-3’. Then, the hsp70 promoter

fragment and in-frame dn-vdra sequences were amplified and subcloned into the P2A-TagBFP vector. Stable transgenic lines were

generated using I-SceI-mediated transgenesis and screened under a stereofluorescence microscope following heat shock.

Generation of cmlc2:dn-vdra and cmlc2:ca-vdra Zebrafish
E420A-equivalent dn-vdra sequences were excised from the hsp70:dn-vdra construct and subcloned into a 5 kb cmlc2 promoter

construct using AgeI and NotI. Stable transgenic lines were generated using I-SceI-mediated transgenesis and screened under a

stereofluorescence microscope. To generate the constitutively active vdra construct, the FF version of dual-VP16 sequences (Asa-

kawa et al., 2008) was synthesized from Integrated DNA Technologies and fused to 3’ end of wild-type vdra sequences, referred to as

ca-vdra. Then, a 900 bp cmlc2 promoter fragment (Huang et al., 2003) and ca-vdra-P2A-TagBFP2 sequences were subcloned into a

Tol2/I-SceI construct using Golden Gate cloning (Engler et al., 2008). Stable transgenic lines were generated using Tol2-mediated

transgenesis and screened under a stereofluorescence microscope.

Generation of krtt1c19e:H2A-mCherry Zebrafish
The 4 kb krtt1c19e promoter sequence (Lee et al., 2014) was amplified using the primers 5’-CCG CGGCAA CAA CAA TCC ACC TCA

AGA GT-3’ to add a SacII site to the 5’ end and 5’-GGA TCC GAT GGT GGT TGG TGT CTT ACT CTG-3’ to add a BamHI site to the 3’

end, then digested with those restriction enzymes and subcloned into the pSKS-1 vector. H2A-mCherry-polyA sequence was ampli-

fied using primers 5’-ATCGATGCCGCC ACC ATGGCAGGTGGA AAAGCAGG-3’ to add a ClaI site to the 5’ end and 5’-CTCGAG

GAT ACA TTG ATG AGT TTG GAC AAA CC-3’ to add a XhoI site the the 3’ end, then subcloned into the krtt1c19e promoter-contain-

ing vector. The resulting plasmid was purified and injected into one-cell stage embryos.

Generation of fabp10a:dn-vdra and fabp10a:ca-vdra Zebrafish
dn-vdra-2A-TagBFP2 and ca-vdra-2A-TagBFP2 sequences were subcloned into middle entry vectors and subjected to Gateway

cloning with a p5E-fabp10a entry vector (a kind gift from Drs. Brian Link and John Rawls) and a Tol2/I-SceI destination vector to

generate final fabp10a:dn-vdra and fabp10a:ca-vdra vectors. Stable transgenic lines were generated using Tol2-mediated transgen-

esis and screened under a stereofluorescence microscope.
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Generation of vdra and vdrb Mutant Zebrafish
vdra and vdrb knockout alleles were generated using CRISPR/Cas9 techniques. Two guide RNAs targeting sequences encoding

DNA binding domains of Vdra and Vdrb proteins were designed using CHOPCHOP website (Montague et al., 2014), synthesized

as described (Varshney et al., 2015) and co-injected with Cas9 protein (PNABio) to generate deletional vdra and vdrbmutants lacking

functional DNA binding domain. Target sequences of guide RNAs are 5’-GGCGTTGAAGTGGAATCCGGTGG-3’ and 5’- GATCAT

CAACTCTCTGGTGGAGG-3’ for vdra, 5’-GAACTCATCTGGCACTTGAGTGG-3’ and 5’-GAAGCGTGAAAAGTCAGAGTAGG-3’ for

vdrb (underlined trinucleotides indicate PAM sequences). Injected embryos were raised to adulthood and screened as sperm sam-

ples and/or F1 embryos using the following primers: vdra-fwd: 5’-TCTCTCAGCCAATCAGGAGTG-3’, vdra-rev: 5’-TAATAGATCA

GAGCAGCCGAC-3’; vdrb-fwd: 5’-CTTCAGGTAAACGTGCACACA-3’, vdrb-rev: 5’-TACCGGCAGAGAAAAGGTCAT-3’.

Chemical Screening and Drug Treatment
cmlc2:FUCCI zebrafish were crossed with wild-type AB strain animals to produce hemizygous embryos. Five 3 dpf embryos were

placed into each well of 48-well plates containing 0.5 mL fish water for initial screening using Prestwick Chemical Library (http://

www.prestwickchemical.com/libraries-screening-lib-pcl.html). Then, embryos were treated with 5 mM compounds for 24 hours

before examination using a stereofluorescence microscope. Embryos visually scored with more or fewer Venus-positive CMs

were fixed with 4% paraformaldehyde (PFA) and analyzed by confocal microscopy.

For vitamin D agonist or antagonist treatment, alfacalcidol (S1468, Selleck Chemicals) and calcitriol (S1466, Selleck Chemicals)

were dissolved in DMSO (for embryos) or ethanol (for injection into adults) to make 10 mM stock solutions. Final concentrations

were 5 mM and 1 mM, respectively, unless otherwise indicated for embryo treatment. For adult injections, drugs were diluted with

ethanol and water to make 200 mM injection-ready solutions in 10% ethanol. Then, 3 daily 10 mL solution were injected intraperito-

neally into adult zebrafish unless otherwise indicated. For long-term treatment and rescue experiments, juvenile zebrafish were incu-

bated in aquariumwater with Vehicle or 10 nM alfacalcidol and fed with artemia twice every day. Fish water was changed every other

day tomaintain quality. PS121912 was a kind gift from Dr. Alexander Arnold (Sidhu et al., 2014). AG-1478 (S2728, Selleck Chemicals)

were purchased and dissolved in DMSO to make 10 mM stock solutions.

Epicardial Explants Culture and Imaging
tcf21:FUCCI hearts were collected, cut into large pieces, and cultured using Fibronectin-coated dishes as described (Cao et al.,

2017). Culture media were replaced with fresh media 3 days after culture and drugs were added 1–2 hours before live imaging

the next day. Confocal images were captured once every 5 minutes for 3 days using a Zeiss 710 inverted microscope.

Mouse Cardiomyocyte Cultures
Primary cardiac cells were isolated as described (Bassat et al., 2017). Hearts were harvested from neonatal day 7 (P7) ICRmice, and

cardiac cells were isolated using a neonatal dissociation kit (gentleMACS, Miltenyi Biotec) according to the manufacturer’s instruc-

tions. Cardiac cells were cultured in gelatin-coated (0.02%, G1393, Sigma-Aldrich) 96 wells plates, using "rich" media (DMEM/F12

medium supplemented with l-glutamine, Na-pyruvate, non-essential amino acids, penicillin/streptomycin, 5% horse serum and 10%

fetal bovine serum (FBS)) at 37�C and 5%CO2, allowing them to adhere. 2 days post seeding, the mediumwas replaced with serum-

free medium containing vehicle or 0.1 mM, 1 mM or 10 mM calcitriol for 72 hours. Cells were then fixed in 4% PFA and stained for car-

diomyocyte marker (cTnT) and proliferation marker (Ki67).

Histology and Imaging
Tissues were fixed with 4% PFA, and 10 mm cryosections were used in this study. Immunofluorescence was performed as

described previously (Kikuchi et al., 2011). Briefly, slides were washed in PBT (Phosphate-buffered saline + 0.1% Tween-20),

blocked in NCS-PBT (PBT with 10% heat-inactivated calf serum and 1% DMSO) and 2% horse serum, and then incubated in

NCS-PBT with primary antibodies at 37�C for 3 h or 4�C overnight. After washes in PBT, slides were incubated with fluorescently

labeled secondary antibodies at 37�C for one hour, washed in PBT, and mounted. Staining with anti-PCNA antibodies required

citrate buffer (10 mM citric acid, 0.05% Tween-20, pH 6.0) treatment, involving heating to 98�C, boiling for 25 min, and cooling

for 20 min before PBT washes and blocking. For EdU incorporation, zebrafish were injected intraperitoneally with 10 mL of

10 mM EdU (A10055, Sigma) 6 hours (for fin epithelial cells) or 24 hours (for other tissues) before tissue collection. EdU was de-

tected through a click reaction as described previously using fluorescent azide (Alexa Fluor 488 or 594, Thermo Fisher) (Salic and

Mitchison, 2008). Primary antibodies used in this study were: anti-Mef2 (sc-313, Santa Cruz Biotechnology), anti-PCNA (P8825,

Sigma), anti-phospho-Histone H3 (9701S, 9706S, Cell Signaling Technology), anti-Hnf4a (ab201460, Abcam), anti-p63

(CM163A, Biocare Medical), anti-cTnT (MS-295-PABX, Thermo Fisher Scientific; ab33589, Abcam), anti-Ki67 (275R, Cell Marque),

anti-Ki-67 (41-5698-80, Thermo Fisher Scientific). Secondary antibodies (Invitrogen, 1:200–1:500) used in this study were highly

cross-absorbed Alexa Fluor 488/546/594 goat anti-rabbit or anti-mouse antibodies. All confocal images were acquired with Zeiss

LSM 700 or Zeiss LSM 880 microscopes unless otherwise stated. Acid fuchsin orange g (AFOG) stains to visualize fibrin and

collagen was performed and imaged as described (Poss et al., 2002). Briefly, sections were hydrated, placed in Bouin’s solution

at 60�C, rinsed in water followed by 5 minutes in 1% phosphomolbdic acid and water again, then stained in an AFOG solution of

1 g analine blue, 2 g orange g, and 3 g acid fuchsin in 200 ml water, pH 1.09 for 5 minutes. Slides were then rinsed in water,
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dehydrated, cleared and mounted, and imaged using a Leica DM6000 microscope. Whole-mounted tissues and embryos were

imaged with a Zeiss Axio Zoom microscope.

RNA Sequencing and Quantitative PCR
Adult zebrafish were injected with vehicle or Alfa every 24 hours over 3 days, and euthanizedwith tricaine for heart collection 24 hours

after the last injection. Total RNA from 10 pooled hearts of two biological replicates were extracted using TRIzol reagent (Invitrogen)

following the manufacturer’s instruction. Total RNA were treated with DNaseI to remove genomic DNA, purified with Quick-RNA

MiniPrep kit (Zymo Research), and then submitted for library preparation and sequences using an Illumina HiSeq2000 at the Duke

Center for Genomic and Computational Biology. Reads were mapped to the zebrafish genome (GRCz10) using Tophat2 (Kim

et al., 2013), counted with featureCounts (Liao et al., 2014), and differentially expressed genes were analyzed using edgeR (Robinson

et al., 2010). Functional clustering analysis was performed using the DAVIDBioinformatics Resourceswebsite (Huang da et al., 2009).

The zebrafish gene IDs were mapped to human homologous gene IDs to perform pathway and upstream regulator analysis using

QIAGEN Ingenuity Pathway Analysis software (Kramer et al., 2014). For qPCR, purified total RNAs were reverse transcribed with

SuperScript III Reverse Transcriptase (Thermo Scientific) and qPCRs were performed using the Roche Light Cycler 480, Roche

UPL probes, and LightCycler 480 Probes Master. All experiments were performed using biological duplicates and technical tripli-

cates. Primer efficiencies were tested and selected for at least 1.80. The relative expression levels were calculated with real

efficiencies.

Metabolomic Analysis
For embryos, 3 dpf embryos treated with vehicle or 5 mM Alfa for 24 hours were deyolked (11 per sample) and stored at -80�C. For
hearts and livers, adult zebrafish were injected with vehicle or Alfa daily for 3 days and dissected 24 hours after the last injection

before collecting hearts (4 per sample) and livers (2 per sample). All tissues were analyzed with 5 biological replicates and submitted

for metabolite preparation and analysis to Duke University Proteomics andMetabolomics Core Facility. Each sample was sonicated,

homogenized and processed using the AbsoluteIDQ p180 kit (Biocrates Innsbruck, Austria) according to manufacturer’s protocol to

prepare metabolites. Finally, metabolites were diluted and subjected to UPLC analysis (amino acids and biogenic amines) or flow

injection analysis (acylcarnitines, sphingolipids, and glycerophospholipids).

QUANTIFICATION AND STATISTICAL ANALYSIS

Clutchmates were randomized into different treatment groups for each experiment. No animal or sample was excluded from the

analysis unless the animal died during the procedure or deformed/destroyed due to fixation or dissection. All experiments were

performed with at least two biological replicates, and at least 10 samples were used for each experiment unless otherwise indicated.

All statistical values are displayed as Mean ± Standard Deviation. Statistics tests were calculated using two-tailed Student’s t-tests

when normality test was passed or Mann-Whitney Rank Sum test otherwise. ns, not significant, *p < 0.05, **p < 0.01; *** p < 0.001, ****

p < 0.0001.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data reported in this paper is GEO database: GSE112826. All other relevant data are

available from the corresponding author on request.
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