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Amino acid primed mTOR activity
is essential for heart regeneration
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SUMMARY

Heart disease is the leading cause of death with no method to repair damaged
myocardium due to the limited proliferative capacity of adult cardiomyocytes.
Curiously, mouse neonates and zebrafish can regenerate their hearts via cardio-
myocyte de-differentiation and proliferation. However, a molecular mechanism
of why these cardiomyocytes can re-enter cell cycle is poorly understood. Here,
we identify a unique metabolic state that primes adult zebrafish and neonatal
mouse ventricular cardiomyocytes to proliferate. Zebrafish and neonatal mouse
hearts display elevated glutamine levels, predisposing them to amino-acid-driven
activation of TOR, and that TOR activation is required for zebrafish cardiomyo-
cyte regeneration in vivo. Through amulti-omics approach with cellular validation
we identify metabolic and mitochondrial changes during the first week of regen-
eration. These data suggest that regeneration of zebrafish myocardium is driven
by metabolic remodeling and reveals a unique metabolic regulator, TOR-primed
state, in which zebrafish and mammalian cardiomyocytes are regeneration
competent.

INTRODUCTION

For a short period of time in mammalian neonates, the mammalian heart can regenerate via cardiomyocyte

proliferation (Bergmann et al., 2015; Senyo et al., 2012; Porrello et al., 2011). This regenerative capacity is

largely absent in adults. In other organisms, including zebrafish (Danio rerio), damaged hearts can regen-

erate throughout their lifespans (Poss et al., 2002; Zhang et al., 2013; Uygur and Lee, 2016). Many studies

have been performed to understand themechanisms of cardiomyocyte de-differentiation and proliferation

during heart regeneration (Jopling et al., 2010; Kikuchi et al., 2010); however, the underlying reason why

adult zebrafish and young mammalian cardiomyocytes are primed to enter cell cycle have not been

identified.

Because zebrafish are able to regenerate damaged ventricular myocardium, they serve as a good model

organism to study the molecular mechanisms regulating cardiac repair (Foglia and Poss, 2016). It is

currently well understood that microRNAs (miRNAs), let-7a/c and miRNA-99/100, must be repressed in or-

der for a cardiomyocyte to de-differentiate and re-enter the cell cycle (Aguirre et al., 2014). However, the

events that result in the downregulation of these miRNAs are not understood, nor is it clear how other con-

ditions predispose zebrafish cardiomyocytes to enter regeneration even in the adult state.

Zebrafish are a regenerative model organism used to study the molecular mechanisms regulating cardiac

repair, because their cardiomyocytes retain the ability to re-enter the cell cycle after injury in the adult state

(Foglia and Poss, 2016; Jopling et al., 2010; Kikuchi et al., 2010). Specifically, adult zebrafish cardiomyocytes

de-differentiate to re-enter the cell cycle and then repopulate the lost myocardium (Wang et al., 2011).

Furthermore, the signaling events that control this regenerative process are complex, and include the

cross-talk between nerves and cardiomyocytes (Mahmoud et al., 2015), notch signaling (Zhang et al.,

2013), and cell-cycle regulators such as Neuregulin1 (Gemberling et al., 2015) and Msp1 (Poss et al.,

2002). Interestingly, it has been recently shown that metabolic remodeling governed by Nrg1/ErbB2

signaling is important for cardiomyocyte proliferation (Honkoop et al., 2019) due to reduction of
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mitochondrial genes while simultaneously having an increase in glycolysis and glucose uptake (Fukuda

et al., 2020). However, it is still unclear why adult zebrafish cardiomyocytes retain the potential to re-enter

the cell cycle and what other signaling pathways may contribute to this process.

A plethora of signaling pathways have been implicated in nonmammalian regeneration, including activin,

Bmp, fibroblast growth factor (Fgf), Sonic hedgehog, insulin-like growth factor (IGF), notch, and retinoic

acid (RA) (Hirose et al., 2014; Gemberling et al., 2013). Here, we have focused on investigating the contri-

butions of Wnt/b-catenin signaling and mechanistic target of rapamycin (mTOR) signaling to cardiomyo-

cyte proliferation. The Wnt/b-catenin pathway is a conserved controller of cell fate and proliferation during

embryonic development, whereas mTOR is a central regulator of growth and metabolism during the G1-

phase of the cell cycle (Laplante and Sabatini, 2009). Interestingly, both pathways regulate zebrafish fin

regeneration (Hirose et al., 2014; Stoick-Cooper et al., 2007). Currently, the roles of Wnt/b-catenin and

TOR signaling have not been studied in the context of zebrafish heart regeneration. Furthermore, it is

not clear whether there is an interaction betweenWnt/b-catenin and mTOR signaling pathways during car-

diac regeneration and if these signaling pathways can be used to stimulate human cardiomyocyte

proliferation.

Here, we found throughmulti-omics analysis thatWnt/b-catenin and TOR signaling are upregulated during

cardiac regeneration. The inhibition of either of these pathways leads to decreased cardiomyocyte prolif-

eration. These findings implicate the Wnt-TOR signaling axis as a potent mitogen-activating pathway dur-

ing zebrafish cardiac regeneration. We show the primed state of a pro-regenerative cardiomyocyte is

dictated by its amino acid profile and metabolic state. Zebrafish and neonatal mouse cardiomyocytes

display elevated glutamine levels, predisposing them to amino-acid-driven activation of TOR. Injury initi-

ates Wnt/b-catenin signaling that instigates primed TOR activation and metabolic remodeling necessary

for zebrafish cardiomyocyte regeneration. These studies reveal a unique TOR primed state in zebrafish

and mammalian regeneration-competent cardiomyocytes.

RESULTS

Ablated adult zebrafish hearts show early Wnt/b-catenin activity

Using a transgenic chemically induced ventricular cardiomyocyte (CM) ablation model (homozygous

vmhc:mCherry-NTR) (Zhang et al., 2013), we generated a regeneration paradigm in the adult zebrafish

heart. This zebrafish line was engineered to express the enzyme nitroreductase (NTR) in ventricular myo-

cytes (Figures S1A and S1B), which generates a cytotoxic reduced form of the antibiotic metronidazole

(MTZ), when given as a supplement to the fish water (Figures 1A and S1C) (Zhang et al., 2013). To determine

the number of days postinjury (dpi), we count the number of days once the fish are removed from the final

treatment of MTZ. However, when comparing with zebrafish heart injury models in the literature, the first

day of heart injury is counted as the start. Consequently, our 3 and 7 dpi in Figure 1A can also be counted

as 5 and 9 days after first MTZ presentation. In the adult uninjured state (UI), we had minimal to no prolif-

eration present in the zebrafish heart (Figure 1B). However, at 3 dpi and 7 dpi, we identified a 3-fold

Figure 1. Wnt/b-Catenin regulates the early stages of zebrafish heart regeneration

(A) Schematic of adult zebrafish heart ablation experiments.

(B–E) Immunohistochemistry of uninjured (UI), 3, 7, and 30 dpi adult zebrafish hearts. Insets show representative areas of the heart, magnified, and with

channels split. Scale bar for B–E: 100 mm, area of inset: 200 mm2, scale bar in insets: 25 mm. Blue-DAPI, Red-Pcna, and Green-Mef2c. Yellow arrow heads

denote proliferating cardiomyocytes that are Pcna and Mef2c positive.

(F and G) Quantification of cardiomyocyte abundance and cardiomyocyte proliferation. After injury, there is a significant increase in proliferating

cardiomyocytes as seen by the double staining of Mef2c and Pcna. *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA performed. n = 2–3 biological

replicates.

(H) Protein analysis of UI and 3 dpi hearts for Wnt targets Axin, c-Myc, and Pcna.

(I) Quantification of protein analysis in (H). *p < 0.05, two-tailed t test performed. N = 3 biological replicates with each N being 3–5 pooled hearts.

(J) Schematic of adult zebrafish heart ablation and heat shock protocol for Wnt/b-catenin modulation fish.

(K) Protein analysis of Wnt/b-catenin modulation during adult zebrafish heart regeneration.

(L and M) Quantification of protein abundance in (K). *p < 0.05, two-tailed t test performed. N = 2–5 biological replicates with each N being 3–5 pooled

hearts.

(N) Quantification of cardiomyocyte proliferation in the context of Wnt/b-catenin repression via hsDkk1b.

(O) Immunohistochemistry images of cardiomyocyte proliferation at 3 days postinjury during Wnt/b-catenin inhibition via hsDkk1b overexpression; all

animals were presented with MTZ. Scale bar: 25 mm. Blue-DAPI, Red-Pcna, and Green-Mef2c. Yellow arrow heads denote proliferating cardiomyocytes that

are Pcna and Mef2c positive. *p < 0.05, N = 3–6. One-way ANOVA was performed. Bar graphs show individual data points with error bars representing

standard error of the mean. Source data are provided as a Data S2.
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reduction in the cardiomyocyte number concomitantly with a 10-fold increase of proliferating cardiomyo-

cytes compared with the uninjured control via the markers Mef2c and Pcna (Figures 1B–1D, 1F, and 1G). By

30 dpi, the regeneration process had revived the full heart, reaching the same number of cardiomyocytes as

observed in the uninjured heart (Figures 1E–1G).

Because we identified a robust regenerative response at 3 dpi, we wanted to dissect the molecular mech-

anism that initiated this early response. Wnt/b-catenin signaling is present in the regenerating zebrafish

heart as previously shown in an amputationmodel 5 days postinjury where cardiomyocytes along the resec-

tion plane showed active Wnt/b-catenin signaling (Zhao et al., 2019). However, by the end of the first week

of regeneration, it was shown that further activation of Wnt/b-catenin signaling on day 5 and 7 postampu-

tation (dpa), via a pan GSK3b inhibitor, (20Z,30E)-6-Bromoindirubin-30-oxime (BIO), was detrimental to car-

diomyocyte proliferation and heart regeneration (Zhao et al., 2019). To better understand Wnt/b-catenin

signaling during early zebrafish heart regeneration, specifically during the first few days postinjury, we

used the chemical cell ablation line to test whether Wnt/b-catenin signaling, a pathway known to regulate

cell cycle (Niehrs and Acebron, 2012), is active shortly after injury.

We first examined if Wnt/b-catenin targets were altered after chemically induced ventricular cardiomyocyte

ablation. Wnt/b-catenin target protein Axin1 was significantly more abundant at 3 dpi, whereas c-Myc was

on average more abundant at 3dpi (Figures 1H and 1I), suggesting that similar to surgical ventricular apex

resection (Zhao et al., 2019), Wnt/b-catenin signaling was increased during early regeneration after chem-

ically induced injury. At 3 dpi, we observed an increase in Pcna expression in cardiomyocytes, an indication

of increased cell division (Figures 1C and 1G–1I). This regeneration process requiresWnt/b-catenin activity,

because genetically inhibiting Wnt/b-catenin signaling through overexpressing Dickkopf 1 (Dkk1b) (het-

erozygous hsDkk1bGFP [Stoick-Cooper et al., 2007], heterozygous vmhc:mCherry-NTR) reduced on

average c-Myc and Pcna at 3 dpi, compared with controls (Figure 1J–1L). In contrast, activating Wnt/b-cat-

enin signaling by hsWnt8a (heterozygous hsWnt8aGFP [Weidinger et al., 2005], heterozygous

vmhc:mCherry-NTR) overexpression significantly increased Pcna and c-Myc protein levels at 3 dpi

compared with controls (Figures 1J, 1K, and 1M). To identify the cell type affected by these Wnt/b-catenin

pathway alterations, we performed immunohistochemical analysis and found that Wnt8a overexpression

led to a modest increase in cardiomyocyte proliferation, whereas Wnt/b-catenin inhibition via Dkk1b led

to a significant reduction in proliferating cardiomyocyte (Figures 1N, 1O, and S2). These results suggest

that proliferation required during early stages of endogenous heart regeneration is dependent on Wnt/

b-catenin signaling.

Regenerating adult zebrafish hearts show metabolic remodeling

We performed RNA sequencing on young zebrafish hearts (3-day-old), adult uninjured, 3 dpi, and 7 dpi

hearts (Figure 2A) in an effort to shed light on mechanisms of cardiac regeneration. We first compared

RNA-sequencing datasets from our MTZ ventricular cardiomyocyte ablation model with those following

cryoinjury from Bednarek et al. (Figures S3A–S3C) (Bednarek et al., 2015). Principle component analysis

(PCA) demonstrated our adult uninjured heart and 3 dpi heart samples clustered with those previously pub-

lished, indicating a high degree of similarity between the injury models (Figure S3C). Furthermore, we vali-

dated transcript abundance using a panel of genes by RT-qPCR (Figure S3A). We next conducted PCA to

explore the clustering pattern among our samples. We found that the adult regenerating hearts (3 and 7

dpi) clustered with young hearts along PC3 (Figure 2B), supporting the previous finding that injured cardi-

omyocytes share a very similar transcriptome to fetal/young cardiomyocytes in zebrafish (Honkoop et al.,

2019).

Because we had sequenced purified young 3-day-old hearts, we identified the genes that were up- or

downregulated during regeneration that were also up- or downregulated in the 3-day-old hearts as

compared with adult uninjured hearts (Figure S3D). We found that at 3 dpi, 54% of the genes that were up-

regulated and 82% of the genes that were downregulated reverted to a fetal/young-like expression level.

At 7 dpi, the degree of fetal/young overlap decreased, 21% in common with upregulated genes and 36% in

common with downregulated genes; however, the total number of differentially expressed genes had also

increased at 7 dpi. When assessing the pathways these genes acted upon, we found that 3 dpi upregulated

genes that were also highly expressed in the young 3-day-old hearts had gene ontology (GO) terms asso-

ciated with nucleotide processes and skeletal muscle cell differentiation. The downregulated GO terms

were mainly associated with various metabolic processes including generation of precursor metabolites,
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Figure 2. Metabolic pathways are dynamically regulated during the early stages of zebrafish heart regeneration

(A) Schematic of zebrafish heart samples prepared for RNA sequencing.

(B) Principle component analysis of young uninjured 3-day-old hearts (UI-young), UI adult, 3 dpi, and 7 dpi adult zebrafish hearts.

(C) Heatmap of Wnt ligands and Wnt/b-catenin targets in zebrafish hearts.

(D) Heatmap of Myc targets in zebrafish hearts.

(E) Heatmap of four metabolic pathways in zebrafish hearts.

(F–H) Transmission electron microscopy of zebrafish hearts. Scale bar is 500 nm.

(I) Mitochondria area quantification in UI, 3+7, and 12 dpi zebrafish hearts. A Chi-squared test was used to assess the ratio between observed/expected. 3dpi

and 7dpi showed enrichment in the area bin <10x104 nm2, whereas UI and 12 dpi has depletion in area bin <10x104 nm2. p < 2.2x10�16.

(J) Heatmap of significantly different amino acids and TCA cycle intermediates in zebrafish hearts during first week of regeneration.

(K) Abundance of glutamine in zebrafish hearts. *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA performed. N = 2 with each N being n = 3–5 pooled

hearts.

(L) Abundance of leucine in zebrafish hearts. *p < 0.05, #p = 0.058. N = 2 with each N being 3–5 pooled hearts.

(M) RNA-sequencing quantification of glutamine and essential amino acid transporters engaged during mTORC1 activation. *p < 0.05, **p < 0.01, #p =

0.063, one-way ANOVA performed. N = 2 with each N being 3–5 pooled hearts. Bar graphs show individual data points with error bars representing standard

error of the mean. Source data are provided as a Data S2.
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carboxylic acid metabolic, and ATP biosynthetic processes (Tables S1 and S2). At 7 dpi, upregulated genes

that were also highly expressed in the young 3-day-old hearts had GO terms associated with RNA splicing

and processing. The downregulated terms were regulation of immune system and defense response (Ta-

bles S3 and S4). These data reveal how aspects of the adult heart regeneration transcript profile are similar

to a young 3-day-old heart transcriptomic profile to bring about adult heart regeneration.

Whole transcriptome analysis revealed that young hearts and regenerating hearts displayed higher tran-

script levels of many Wnt ligands and targets compared with adult hearts (Figure 2C). Because the Wnt/

b-catenin target, c-Myc, was more abundant during the early regeneration period (Figures 1H and 1I),

we assessed transcript abundance of Myc targets (Kim et al., 2008). Many Myc targets were upregulated

in young hearts while being repressed in adult hearts (Figure 2D). Among these Myc-targets we identified

cell-cycle pathway genes that were upregulated in young and 3 dpi hearts. Importantly, metabolic Myc-

target genes, including many oxidative phosphorylation (OXPHOS)-related pathways, were dramatically

upregulated in 7 dpi hearts (Figure 2D). These data suggest a role for Myc in the induction of cell prolifer-

ation and mitochondrial biogenesis or maturation (Figures 1H and 1I).

In addition to Myc-targets, we also performed genome wide global GO enrichment analyses comparing all

samples and identified ten significantly changed pathways that were associated with cardiac regeneration,

maturation, and metabolic regulation (Figure S3E). Many cardiac structural pathways were downregulated

at 3 dpi, whereas at 7 dpi many metabolic pathways had been dramatically upregulated. In particular, OX-

PHOS, the citric acid (TCA) cycle, and fatty acid oxidation (FAO) were upregulated at 7 dpi to levels higher

than the uninjured adult heart (Figures 2E and S3E). These data suggest that dramatic metabolic remodel-

ing occurs during the first week of heart regeneration. Using metabolic pathway enrichment analysis, at 3

dpi we identified OXPHOS as the most downregulated metabolic pathway accompanied by FAO, glycol-

ysis, and TCA (Figure S3F). The levels of 3 dpi metabolic gene expression were similar to the levels

observed in young hearts (Figure 2E). By 7 dpi, however, OXPHOS was the highest upregulated metabolic

pathway accompanied by TCA, glycolysis, and FAO (Figures 2E and S3F).

To further explore signaling and metabolic pathways during heart regeneration, we performed label-free

quantitative (LFQ) proteomics to assess the proteome of adult uninjured, 3 dpi, and 7 dpi hearts (Fig-

ure S4A), where we identified and quantified 2,787 proteins across all conditions. Principle component

analysis of the proteomics data revealed that regenerating hearts clustered separately from the uninjured

heart on PC1 (Figure S4B). There were a number of significantly changed proteins at 3 and 7 dpi compared

with uninjured adult hearts (Figure S4C). At 3 dpi, we found many GO terms associated with metabolic pro-

cesses were downregulated, whereas at 7 dpi many GO terms associated with DNA packaging and assem-

bly where upregulated (Figures S4D and S4E).

One significantly changed protein was succinate dehydrogenase complex assembly factor 3 (Sdhaf3),

related to complex II of the electron transport chain (ETC). This OXPHOS protein was less abundant in early

regeneration than in the uninjured heart (Figure S4F). However, on a transcript level, sdhaf3 was signifi-

cantly upregulated at 7 dpi. This suggested that OXHPOS upregulation may result in the replacement of

some mitochondrial proteins at this early stage of regeneration (Figure S4G). Finally, we overlapped the

genes from our RNA sequencing with our proteomics dataset at 3 dpi and 7 dpi (Figure S4H). We then

determined the pathways common changing genes and proteins were involved in. We found a significant

enrichment of GO terms at 3 dpi associated with metabolic processes, such as generation of precursor me-

tabolites and energy and ATP metabolic process, and metabolite synthesis processes, such as purine

nucleotide metabolic process. At 7 dpi, we found protein synthesis and muscle processes as being en-

riched (Tables S5 and S6). These shared gene and protein expression data correlate well to help reinforce

the notion that there is a strong metabolic rearrangement and substrate changes required for cell prolif-

eration at 3 dpi. In total, system-wide RNA sequencing and LFQ proteomics analysis suggest that dynamic

metabolic regulation is a key component of endogenous cardiac regeneration in zebrafish.

Our data suggest that the regeneration of zebrafish myocardium is driven by metabolic remodeling. We

hypothesized that by 7 dpi, newly generated cardiomyocytes would be undergoing metabolic maturation

in order to drive the primitive cardiomyocyte toward a fully matured state. This hypothesis is supported by

our finding that the upregulated Wnt/b-catenin target, Myc, is associated with metabolic reorganization

and promotes expression of complexes of the ETC (Brownet al., 2017; Li et al., 2005).
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Mitochondrial recuperation occurs during the first week of heart regeneration

To assess mitochondrial state, we used transmission electron microscopy (TEM) to examine mitochondrial

morphology during early stages of heart regeneration. Adult uninjured zebrafish hearts have large mito-

chondria packed against long myofibrils (Figure 2F). However, at 3 dpi and 7 dpi, we observed a signifi-

cantly increased number of small mitochondria (Figure 2G). By 12 dpi the mitochondria appeared larger

in size, similar to uninjured cardiomyocyte (Figures 2H and 2I). The gene expression data and the TEM anal-

ysis support the hypothesis that metabolism, and specifically mitochondrial dynamics as shown previously

in cardiomyocyte maturation (Gong et al., 2015), play a key role in regeneration of the zebrafish heart.

Glutamine-enriched hearts are primed for TOR signaling and regeneration

Supporting the critical metabolism function during the first week of regeneration, we observed a dynamic

change in transcripts associated with the mitochondrial TCA cycle and TCA cycle enzymes (Figure S5A). To

directly identify amino acids and TCA cycle intermediates involved in heart regeneration, we performed

metabolite analysis using gas chromatography-mass spectrometry (GC-MS) for adult uninjured, 3 dpi,

and 7 dpi heart samples. We found that many amino acids and TCA cycle intermediates were enriched at

3 dpi or 7 dpi or both (Figure 2J). However, one amino acid, glutamine, was highly abundant at the uninjured

adult state andwas depleted over the first week of heart regeneration (Figure 2K). Glutamine hasmany roles

in the cell including serving as a precursor to glutamate production and as a critical amino acid in driving

mammalian target of rapamycin complex 1 (mTORC1) activation (Saxton and Sabatini, 2017). Because the

TCA cycle intermediate a-ketoglutarate was enriched at 3 dpi, we considered a potential role of glutamine

as a component for anaplerotic flux. However, the enzymes controlling the metabolism of glutamine to

glutamate were either unchanged, gls, or significantly downregulated at 3 dpi, gls2b. Although this does

not rule out anaplerotic flux, we decided to consider other possibilities, in particular TOR activation.

We therefore investigated whether the dynamic changes of glutamine during regeneration correlated with

regulation of TOR in zebrafish hearts. Amino acid activation of TOR has been shown to be a result of gluta-

mine import and then export (Nicklin et al., 2009). Specifically, in mammalian cells, glutamine can be im-

ported via SLC1A5, loading a cell with cytosolic glutamine. Then, this facilitates the activity of a complex

between SLC3A2 and SLC7A5, referred to as the large neutral amino acid transporter (LAT1). LAT1 then

imports leucine while reciprocally exporting glutamine (Beaumatin et al., 2019). Finally, cytosolic leucine

is able to specifically inhibit the protein Sestrin2, an inhibitor of the mTORC1 pathway. Therefore, leucine

inhibition of Sestrin2 activates the mTORC1 pathway (Nicklin et al., 2009; Wolfson et al., 2016). We found

leucine abundance was increased during the first week of zebrafish heart regeneration (Figure 2L). Further-

more, the transporters governing these amino acids’ import and export were dynamically and tightly regu-

lated during the first week of regeneration. The glutamine transporter was upregulated already in uninjured

adult heart, possibly contributing to an explanation of the high levels of glutamine at this stage. The gluta-

mine/leucine exchange transporter complex (LAT1) on the other hand was dramatically upregulated at 3

dpi, suggesting that the increased abundance of leucine at 3 and 7 dpi was a result of the export of gluta-

mine (Figure 2M). These data suggest the baseline abundance of glutaminemay prime the cell for the rapid

exportation of glutamine for the importation of leucine after injury has occurred. High leucine levels may

play a role in activating the TOR pathway in zebrafish regenerating adult hearts (Saxton et al., 2016).

We next examined the regulation of TOR and asked whether it was required during the early stages of adult

zebrafish heart regeneration by analyzing TOR targets and inhibiting the pathway in vivo by rapamycin

treatment. We found that the phosphorylation sites ser235/236 (pS6) of S6, a target and readout of TOR

activity, were increased over the course of early heart regeneration following the trend of Pcna abundance

(Figures 3A, 3B, 3H–3K, and S6). Another target of mTORC1 is the serine/threonine kinase Unc-51 like ki-

nase 1 (ULK1). ULK1 phosphorylation at Ser757 disrupts the interaction between ULK1 and 50AMP-activated

protein kinase (AMPK) resulting in cell growth (Kim et al., 2011; Egan et al., 2011). We found pULK1 was

more abundant on average at 3 dpi compared with uninjured control (Figures S6A and S6B). This suggests

that TOR is activated by 3 dpi and corroborates that TOR might be activated by the dynamic flux of gluta-

mine and leucine due to the upregulation of amino acid transporters at 3 dpi (Figures 2K–2M). Interestingly,

in mammals, mTORC1 can be activated by both amino acids and by the crosstalk between

signaling pathways, including Wnt/b-catenin signaling (Shimobayashi and Hall, 2014; Inoki et al., 2006).

Active Wnt/b-catenin signaling can activate mTOR by inhibiting GSK3 and does not involve beta-cate-

nin-dependent transcription. GSK3 normally inhibits the mTOR pathway by phosphorylating TSC2 in a

manner dependent on AMPK-priming phosphorylation (Inoki et al., 2006). We tested the effects of TOR
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Figure 3. TOR regulates the early stages of zebrafish heart regeneration

(A) Protein analysis of TOR activity monitored via the phosphorylation of S6 and proliferation via Pcna in regenerating adult zebrafish hearts.

(B) Quantification of pS6/S6 in (A) #p = 0.054, two-tailed t test performed. N = 3 biological replicates with each N being 3–5 pooled hearts.

ll
OPEN ACCESS

8 iScience 25, 103574, January 21, 2022

iScience
Article



activation in zebrafish via Wnt/b-catenin signaling by inhibitingWnt/b-catenin signaling via overexpression

of Dkk1b. Repression of Wnt/b-catenin signaling by Dkk1b led to reduced pS6 at 3 dpi (Figures 3C and 3D),

suggesting TOR activation is downstream of Wnt/b-Catenin signaling in this context.

To specifically test if TOR is required for regeneration, we used rapamycin, a selective mTORC1 inhibitor in

mammals (Li et al., 2014), to assess whether TOR activation was necessary for in vivo adult zebrafish cardiac

cell proliferation after injury (Figure 3E). We found that rapamycin significantly inhibited pS6 and greatly

reduced Pcna abundance in injured adult zebrafish hearts at 3 dpi (Figures 3F and 3G). Furthermore, rapa-

mycin did not inhibit Myc, b-catenin, or Lin28 (Aguirre et al., 2014) abundance, suggesting that inhibition of

TOR does not affect Wnt/b-catenin activity. To identify the cell type TOR is activated in during zebrafish

heart regeneration, we analyzed Pcna and pS6 expression in cardiomyocytes after injury using immunocy-

tochemistry. We found rapamycin-treated zebrafish had fewer proliferating cardiomyocytes as compared

with non-rapamycin-treated zebrafish (no significant difference between uninjured and rapamycin-treated

injured heart, Figures 3H–3K and S6C–S6E). Finally, we assessed whether the TOR pathway was engaged in

cardiomyocytes in the regenerating zebrafish heart by examining amTORC1 target, phosphorylation of S6.

There was a significant increase in pS6 protein in cardiomyocytes (as determined via MF20 expression or

mCherry-NTR expression) upon injury (Figures 3L–3O, S6F–S6I, and S6K–S6M). Rapamycin treatment

significantly reduced pS6 staining in the injured ventricle to levels similar to the uninjured heart. Interest-

ingly, we also observed cells along the border of the heart that were negative for our cardiac markers, MF20

or mCherry expression driven by the ventricular myosin heavy chain promoter. These non-myocytes were

positive for pS6. Because these cells were along the outermost boarder of the heart, we postulated that

these may be epicardial cells that also have TOR activated during the regeneration process (Figures S6J

and S6N).

Because ventricular cardiomyocytes strongly activated the TOR pathway during heart regeneration, it is

interesting to postulate that ventricular cardiomyocytes may be primed via glutamine to activate the

TOR pathway upon injury. Finally, these results suggest that TOR is necessary for ventricular zebrafish heart

regeneration, and that, potentially, TOR acts in both epicardial cells and ventricular CMs during in vivo ze-

brafish heart regeneration.

scRNA sequencing reveals a multicellular response during the heart regeneration process

In order to gain better insight into the cells involved in regeneration after injury of the zebrafish heart, we

performed single-cell RNA sequencing (scRNA-seq) on adult uninjured, 3 dpi, and 7 dpi zebrafish hearts

(Figure 4A). Using tSNE analysis, we plotted the clusters generated by the monocle software package at

all time points (Figure 4B) and separated by time point (Figure S7A). Four clusters were identified (Fig-

ure 4B) and further characterized in a heatmap with known gene markers of these cell types (Figure 4C).

Interestingly, we found some of these clusters represented transient cell states and activated subpopula-

tions that arose during zebrafish heart regeneration (Figure 4C).

Cluster 1 was present at all time points and was identified as cardiomyocytes due to the markers cmlc1 and

myl7 (Figure 4C). Cluster 1 had hallmark pathway term associated with myogenesis and GO biological

Figure 3. Continued

(C) Protein analysis of TOR activity monitored via the phosphorylation of S6 in regenerating adult zebrafish hearts that haveWnt/b-catenin inhibition through

the expression Dkk1b.

(D) Quantification of westerns in (C) **p < 0.01, two-tailed t test performed. N = 4 biological replicates with each N being 3–5 pooled hearts.

(E) Schematic of adult zebrafish heart ablation and TOR inhibition via rapamycin.

(F) Protein analysis of TOR inhibited regenerating adult zebrafish hearts.

(G) Quantification of protein abundance in (F). ***p < 0.001, two-tailed t test performed. N = 3 biological replicates with each N being 3–5 pooled hearts.

(H) Quantification of proliferating cardiomyocytes (Mef2c and Pcna positive cells). One-way ANOVA with pairwise multiple comparison using a Holm-Sidak

method were performed. **p < 0.01. N = 3–5.

(I–K) Immunohistochemistry assessing the number of proliferating cardiomyocytes in the adult zebrafish heart 3 dpi after being treated with no rapamycin

and no MTZ, uninjured (I), injured (+MTZ) with no rapamycin (J), or injured (+MTZ) with rapamycin (K). Images have scale bars with a 25 mm length. Blue-DAPI,

Red-Pcna, and Green-Mef2c. Yellow arrow heads denote proliferating cardiomyocytes, Pcna and Mef2c positive.

(L) Quantification of TOR positive cardiomyocytes (MF20 and pS6 positive cells). One-way ANOVA with pairwise multiple comparison using a Holm-Sidak

method was performed. N = 3, *p < 0.05, ***p < 0.001. Immunohistochemistry assessing the number of TOR positive cardiomyocytes in the adult zebrafish

heart 3 dpi after being treated with no rapamycin and no MTZ, uninjured (M), injured (+MTZ) with no rapamycin (N), or injured (+MTZ) with rapamycin (O).

Scale bars: 25 mm. Bar graphs show individual data points with error bars representing standard error. Source data are provided as a Data S2.
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processes associated with morphogenesis, striated and cardiac muscle cell proliferation, and DNA replica-

tion (Tables S7 and S8). Although cluster 1 cells were positive for cardiomyocyte markers cmlc1 andmyl7, a

subset of the cells was positive for the ventricular myocyte markers hspb11 and vmhcl (Figure S7B) (Singh

et al., 2016). Moreover, cluster 1 cardiomyocytes at 7 dpi showed a striking upregulation of lamtor5, a

A B

C

D

E

F

G

Figure 4. Single-cell sequencing reveals a Wnt responding regenerating cardiomyocyte population during the

first week of zebrafish heart regeneration

(A) Schematic of the scRNA-sequencing set-up.

(B) Principle component analysis of the sequenced cells for UI, 3 dpi, and 7 dpi zebrafish hearts.

(C) A heatmap of the genes that highlight the identity of the cell type in each cluster.

(D) Transcript levels of the proliferation marker pcna in each of the clusters identifies cluster 1 as a main regenerating

cluster.

(E) Principle component analysis of the sequenced cells for UI, 3 dpi, and 7 dpi zebrafish hearts separated by cluster and

labeled by time.

(F) Circle plot of significantly changed genes in dynamically changed pathways during the first week of zebrafish heart

regeneration.

(G) Transcript levels of Myc target genes (electron transport chain genes) that are significantly upregulated in the

subpopulation of cluster 1 cardiomyocytes that are proliferating (pcna positive). *p < 0.05. Source data are provided as a

Data S2.

ll
OPEN ACCESS

10 iScience 25, 103574, January 21, 2022

iScience
Article



component of the Ragulator complex and a positive regulator of TOR (Cai et al., 2017), supporting our pre-

vious finding of the activation of TOR signaling during the first week of heart regeneration (Figure 3, S6, and

S7C). Consequently, cluster 1 encompassed cardiomyocytes from all time points, suggesting that cluster 1

also held the regenerating cardiomyocyte population.

Cluster 2 was present at uninjured and 7 dpi time points and was identified as the bulbus arteriosus due to

themarkersmyh11a and rgs5a (Figure S7D) (Singh et al., 2016). Cluster 2 had upregulated hallmark pathway

term associated with epithelial mesenchymal transition (EMT) (Table S9) (Singh et al., 2016). At 7 dpi, many

genes associated with cell migration and differentiation were upregulated, and interestingly, the gene

tgfb3, a secreted TGF ligand, was significantly upregulated (Figure S7E). It has been previously shown

that TGFb signaling is important for zebrafish cardiomyocyte proliferation and extracellular matrix remod-

eling (Choi et al., 2013; Chablais and Jazwinska, 2012). These data elucidate a potential role of the bulbus

arteriosus as part of the TGFb signaling that occurs during heart regeneration.

Cluster 3 was present at mainly the uninjured and 7 dpi time points and was identified as epicardial cells

due to the marker tcf21 (Figure S7F). At 7 dpi, cluster 3 had an activated epicardium signature with the

expression of postnb and mdka (Figure S7G), and fibroblast-like markers, col1a2 and dcn, arose at 7 dpi

(Figure S7H). The top hallmark pathway in cluster 3 was epithelial mesenchymal transition (Table S10),

and the top GO term was extracellular matrix organization (Table S11). The identified cell type in the un-

injured adult heart, nonactivated epicardial cell, and the identified cell type at 7 dpi, an activated epicardial

cell and transient fibroblasts, matched well with prior findings that showed epicardial cells (tcf21 positive)

undergo cell division, migration into the injuredmyocardium, and then differentiation into a transient fibro-

blast population (col1a2 positive), which promoted cardiomyocyte proliferation during zebrafish heart

regeneration (Figure S7H) (Sanchez-Iranzo et al., 2018; Cao et al., 2016; Marin-Juez et al., 2019). Further-

more, we identified the upregulation of mdka, an early regenerating signal that is expressed in epicardial

cells (Figure S7G) (Lien et al., 2006). These data identify cluster 3 cells as quiescent epicardium (uninjured

heart) and activated epicardium and fibroblasts (7 dpi) (Gonzalez-Rosa et al., 2012).

Cluster 4 was present at the uninjured and 3 dpi time points and was identified as endocardium at uninjured

and then activated endocardium at 3 dpi. The top hallmark pathway in cluster 4 was hypoxia, and the top

GO term was blood vessel development, suggesting the endocardium was responding to the disrupted

myocardium and vasculature (Tables S12 and S13). Cluster 4 had klf2a, a marker of differentiating endocar-

dium (Figure S7I) (Palencia-Desai et al., 2015). These data identify cluster 4 cells as quiescent (uninjured)

and activated (3 dpi) endocardium.

scRNA sequencing reveals Myc targets in proliferating cardiomyocytes

We compared themajor signaling pathways known during zebrafish heart regeneration against our scRNA-

seq data (Gonzalez-Rosa et al., 2017). We found that the majority of signaling pathways were identified in

our dataset, and because we have cell-specific clusters, we were able to identify which cell types were up-

regulating these specific genes (Table S14). Finally, we did not identify atrial cardiomyocytes due to the

isolation procedure (Figure S7J). Consequently, our data identify the majority of cell types found in the ze-

brafish heart and their molecular signature during regeneration.

One of the main events that occurs during zebrafish heart regeneration is the proliferation of cardiomyo-

cytes. We identified cluster 1 as having the strongest upregulation of pcna, indicating cellular proliferation

(Figure 4D). Cluster 1 was present at all time points and was identified as having multiple states, as seen by

the different transcriptomic signatures (the cells shift along PC1 and PC2) during the course of zebrafish

heart regeneration (Figure 4E). Within cluster 1, we wanted to distinguish the different molecular signatures

of the cardiomyocytes at the different days of regeneration. We found that at the uninjured adult state

there was a strong expression of mature cardiac genes (Figure 4F). However, in cardiomyocytes at 3 dpi

and 7 dpi, with single-cell resolution, we were able to re-affirm our previous findings showing that indeed,

cardiomyocytes first go through an upregulation of cell-cycle genes (3 dpi) and then later have a strong up-

regulation of metabolic and mitochondrial genes (7 dpi) (Figure 4F).

Finally, althoughwe showedWnt/b-catenin signaling was necessary for heart regeneration (Figures 1J–1O),

we did not have the resolution to identify which cell types were secreting Wnt ligands and which cells were

receiving those ligands. Importantly, the scRNA-seq data identified the activated endocardium, cluster 4,
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Figure 5. Wnt/b-catenin and mTORC1 are active in regenerating mouse and human cardiomyocytes

(A) Heatmap of significantly different amino acids and TCA cycle intermediates in mouse hearts.

(B) Abundance of glutamine in mouse hearts. *p < 0.05 versus control, one-way ANOVA performed. N = 2–4 biological replicates.
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as the main cell type secreting a Wnt ligand, wnt11r, at 3 dpi (Figure S7K). We previously showed that a

target of Wnt/b-catenin signaling, Myc, had a large number of predicted gene targets, specifically ones

with metabolic relevance, change during zebrafish heart regeneration (Figure 2D). We have now identified

the proliferating cardiomyocytes, pcna positive, in cluster 1 as having Myc targets related to ETC/meta-

bolism being upregulated (Figure 4G) (Morrish and Hockenbery, 2014). These data suggest that prolifer-

ating cardiomyocytes are recipients of Wnt/b-catenin signaling via the activation of Myc resulting in

the upregulation of genes associated with ETC and metabolism during the first week of zebrafish heart

regeneration.

Glutamine enrichment is found in the proregenerative neonatal mouse heart

Because injured adult zebrafish hearts use Wnt/b-catenin and amino acids to stimulate TOR signaling dur-

ing regeneration, we next examined these components in young mouse hearts, which, similar to zebrafish,

are able to regenerate when damaged. Strikingly, the zebrafish heart can regenerate into adulthood,

whereas the mouse heart can regenerate only during the first week of life. Indeed, through metabolic anal-

ysis we showed that, similar to the primed proregenerative adult zebrafish heart, proregenerative young

P0.5 mouse hearts possessed higher amounts of glutamine, suggesting that they are also primed for regen-

eration. This correlation between glutamine and regeneration is also evident by examining adult mouse

hearts that have lost their ability to regenerate and that display lower amounts of glutamine (Figures 5A

and 5B). We postulate that high levels of glutamine keep the neonatal heart in a primed state for regener-

ation so that activation of mTORC1 via the export of glutamine for the import of leucine happens readily

leading to heart regeneration.

Supportingly, RNA sequencing of young P0 mouse heart showed higher Wnt/b-catenin activity than an

adult mouse heart (Figure 5C) (O’Meara et al., 2015). At the cusp of potential mouse heart regeneration,

P7, we see a downward trend of Wnt ligand and Wnt/b-catenin target gene expression until it reaches

the adult levels (Figure 5C). These data suggest that, just as in regeneration-competent adult zebrafish,

a young mouse heart is primed for mTORC1 activity jointly through amino acid and Wnt/b-catenin

signaling. This hypothesis is further supported by comparing RNA-sequencing data using a time course

of ex vivo cardiomyocyte de-differentiation assay from O’Meara et al. (Figure S8A) (O’Meara et al.,

2015). As adult murine cardiomyocytes de-differentiated, they showed greater proliferation andWnt/b-cat-

enin signaling activity, coupled with a depressed metabolic signature (Figures S8B and S8C), similar to 3

dpi zebrafish hearts. These data suggest that a mammalian cardiomyocyte requires Wnt/b-catenin

signaling, priming of mTORC1, and remodeling of several metabolic pathways to de-differentiate and

re-enter the cell cycle.

Wnt/b-catenin and mTORC1 signaling pathways regulate proliferation in human

cardiomyocytes

We next sought to understand howWnt/b-catenin and mTORC1 signaling pathways interacted to regulate

cardiomyocyte proliferation. For these studies we used human embryonic stem-cell-derived cardiomyo-

cytes (hESC-CM) as a model system (Figure 5D). We first showed that stimulation of Wnt/b-catenin

signaling by recombinant Wnt3A increased hESC-CM proliferation, whereas inhibiting the pathway with

XAV939 decreased hESC-CMproliferation. Moreover, mTORC1 inhibition through rapamycin treatment in-

hibited hESC-CM proliferation, which was rescued by increased Wnt/b-catenin signaling (Figures 5E and

5F). Immunoblotting for key protein targets of Wnt/b-catenin and mTORC1 signaling identified that

Figure 5. Continued

(C) Heatmap of Wnt ligands and targets in mouse hearts.

(D) Schematic of stem-cell-derived cardiomyocyte (hPSC-CM) generation.

(E) Purity of cardiomyocytes after Wnt activation, inhibition, and/or mTORC1 inhibition as determined by FACs. One-way ANOVA performed. N = 3

biological replicates.

(F) Percentage of proliferating hESC-CMs after Wnt activation, inhibition, and/or mTORC1 inhibition as determined by FACs. *p < 0.05, **p < 0.01, ***p <

0.001, one-way ANOVA performed. N = 3 biological replicates.

(G) Protein analysis of hPSC-CMs after Wnt activation, inhibition, and/or mTORC1 inhibition.

(H) Protein analysis of hPSC-CMs mTORC1 activation after glutamine transporter inhibition via GPNA. N = 3 biological replicates.

(I) Quantification of p-S6/S6 blots in (H). *p < 0.05, two-tailed t test performed.

(J) Schematic of amino acid primed proregenerative cardiomyocyte and the signaling cascade that Wnt/b-catenin drives to turn on mTORC1, Lin28, andMyc

to bring about zebrafish heart regeneration. Bar graphs show individual data points with error bars representing standard error of the mean. Source data are

provided as a Data S2.
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Wnt3A induced phosphorylation of the co-receptor LRP6 and stimulated pS6 and c-Myc.

Moreover, inhibition of mTORC1 by rapamycin inhibited pS6 and c-Myc, which was also observed by inhib-

iting Wnt/b-catenin signaling by XAV939 (Figure 5G). Furthermore, we showed that this activation of

mTORC1 in hiPSC-CMs is in part due to amino acid signaling and that using a glutamine transport inhibitor

(g-L-Glutamyl-p-nitroanilide hydrochloride, GPNA) (Nicklin et al., 2009) we could inhibit pS6 (Figures 5H, 5I

and S8D). Together, these data indicate that the Wnt/b-catenin and mTORC1 signaling axes cooperate to

promote cardiomyocyte cell-cycle re-entry following terminal differentiation.

DISCUSSION

Myocardial infarction (MI) as a result of cardiovascular disease continues to be a top cause of mortality in

the United States (Go et al., 2013). Due to the limited ability of the mammalian heart to regenerate, there

has been considerable interest in developing strategies to repair the heart. For example, human stem-cell-

derived cardiomyocyte cell therapies are being developed to remuscularize the heart (Laflamme and

Murry, 2011; Chong et al., 2014), and progress has been made toward transdifferentiating scar tissue

into cardiomyocytes (Chen et al., 2012; Song et al., 2012) and advancement in microRNA-based endoge-

nous cardiomyocyte proliferation therapies (Gabisonia et al., 2019). In addition, much work has been done

in understanding the pathways that turn on during cardiac regeneration in model organisms (Han et al.,

2019), yet the initial events that start this process are not well understood, hence hard to recapitulate in

mammalian therapies (Tzahor and Poss, 2017). We now show through metabolic and functional analysis

that adult zebrafish cardiomyocyte regeneration of the heart is a result of amino acid primed TOR activation

and early stage Wnt/b-catenin signaling (Figure 5J).

Previous findings have shown that in order for heart regeneration to commence in the zebrafish, miRNAs

Let7a/c and 99/100 must be repressed (Aguirre et al., 2014). Wnt/b-catenin signaling has been shown in

some context to stimulate Lin28 expression, which is a known repressor of the Let7 family of microRNAs

(Yao et al., 2016). We now show that Wnt/b-catenin signaling is an early responder after zebrafish heart

injury. One possibility is that Wnt/b-catenin signaling is activated during the early stages of zebrafish

heart regeneration as a direct consequence to a loss of cell-cell junctions. After cell-cell junctions are

lost in response to cardiomyocyte ablation, p-120 catenin may no longer be localized to intercalated

disks (Gutstein et al., 2003) and is free to bind to ZTB33 (Kaiso), a known repressor of Wnt/b-catenin

signaling and of b-catenin target genes such as Myc (Park et al., 2005; Del Valle-Perez et al., 2011). Inter-

estingly, it has been previously shown that inhibition of Wnt/b-catenin signaling was necessary

to promote cardiomyocyte proliferation at later stages of zebrafish heart regeneration, starting the

Wnt/b-catenin inhibition at 5 days postamputation (Zhao et al., 2019). In this study, we found that acti-

vating Wnt/b-catenin before and during the initial 3 days of regeneration was beneficial to adult zebra-

fish cardiomyocyte proliferation. Although the two injury models were different, it is exciting to postulate

that careful Wnt/b-catenin activation and subsequent repression is required during the first week of heart

regeneration to orchestrate a full regenerative response [12]. In fact, this exact biphasic Wnt/b-catenin

signaling, activation, and then repression is shown to be essential for zebrafish and mouse cardiac devel-

opment (Ueno et al., 2007; Naito et al., 2006) and has thereby been adapted in well-defined hPSC-CM

differentiation protocols (Lian et al., 2013).

We also reveal a strong correlation between metabolic remodeling and zebrafish heart regeneration. In

particular, using single-cell sequencing, metabolomics, and microscopy we show dramatic mitochondrial

and metabolomic remodeling during the early stages of regeneration. Glutamine/leucine levels and the

amino acid transporters that control mTORC1 activation are dramatically changed during the early regen-

eration process. Furthermore, mTORC1 activity is essential for epicardial activation and cardiomyocyte

regeneration. We propose that Wnt/b-catenin signaling, in conjunction with amino acid priming, activates

themTORC1 pathway to initiate epicardial activation and CMproliferation (Inoki et al., 2006), leading to the

initiation of heart regeneration. It is plausible that mTORC1 activity in turn results inWnt/b-catenin pathway

inhibition, observed previously in later stages of regeneration (Zeng et al., 2018; Zhao et al., 2019).

Similar to zebrafish, we showed that regeneration-competent neonatal mouse cardiomyocytes also display

elevated glutamine levels, predisposing them to amino-acid-driven activation of mTORC1. Because acti-

vating Wnt/b-catenin and mTORC1 signaling in human cardiomyocytes also leads to a proliferative state,

these data reveal a common mTORC1 primed stage as the prerequisite for heart regeneration in zebrafish

and mammals and paves a way to new regenerative therapies.
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Limitations of the study

In this manuscript we identify keymetabolic changes in zebrafish hearts 3 days postinjury. This analysis does

not distinguish the cell type in the heart in which the observed metabolic changes occur. Future methods

development is required to allow metabolic analysis on a single-cell level. Another technical limitation is

the inhibition of glutamine transport in 3 days postinjury fish hearts. In this manuscript, we identified gluta-

mine as a key amino acid for heart regeneration as it primes a cardiomyocyte for mTORC1

pathway activation. To prove this concept, we applied glutamine transporter inhibitor (g-L-glutamyl-p-

nitroanilide hydrochloride, GPNA) in hiPSC and observed mTORC1 inhibition by pS6 reduction. We at-

tempted to prove glutamine necessity by GPNA injection prior to fish heart injury; however, our trials failed

due to high mortality of the fish at the time of injury. We believe future generation of genetic mutations in

glutamine transporters are required to solve this issue. Nevertheless, the technical caveats presented here

have not deterred from the key findings in the manuscript.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Rabbit MEF2 Santa Cruz SC-313

Anti-Mouse PCNA Santa Cruz sc-56

Anti-Rabbit p-S6(Ser235/236)

(IHC)

Cell Signaling 4857

Anti-Mouse MF20 DSHB P13538

Anti-Rabbit S6 Cell Signaling 2217S

Anti-Rabbit c-MYC Cell Signaling 5605S

Anti-Rabbit Axin1 Cell Signaling 2087S

Anti-Rabbit H3K27Me3 Active Motif 39158

Anti-Rabbit P-S6 (Ser235/236)

(Western)

Cell Signaling 4858S

Anti-Rabbit GAPDH Cell Signaling 5174S

Anti-Rabbit b-Actin Cell Signaling 4970S

Anti-Rabbit b-Catenin Cell Signaling 9562S

Anti-Rabbit a-Tubulin Cell Signaling 2144S

Anti-Mouse Total OXPHOS

(Complex I)

MitoSciences MS604

Anti-Rabbit LRP6 Cell Signaling 3395S

Anti-Rabbit LRP6 pS1490 Cell Signaling 2568S

Anti-Mouse MYH7 Santa Cruz sc-53090

Anti-Rabbit SDHAF3 (ACN9) ThermoFisher PA5-24526

Anti-Rabbit Lin28 Abcam ab46020

Goat anti-mouse IgG HRP Bio-Rad 1706516

Goat anti-rabbit IgG HRP Bio-Rad 1706515

Anti-Rabbit p-ULK1 Cell Signaling 14202

Chemicals, peptides, and recombinant proteins

Rapamycin Sigma-Aldrich 553210

metrodinazole (MTZ) Sigma-Aldrich M3761-100G

Dapi Thermo Fisher Scientific D1306

Trizol Thermo Fisher Scientific 15596026

Matrigel Corning 356231

DMEM Thermo Fisher Scientific 11995065

B27 supplement Thermo Fisher Scientific 12587-010

GlutaMAX Thermo Fisher Scientific 35050-061

b-mercaptoethanol Thermo Fisher Scientific 21985-023

Rocki Y27632 R & D Systems (R&D) 1254

FGF4 Life technologies PHG0263

BSA New England Biolabs B9000S

Versene Invitrogen (Gibco/BRL Life Tech) 15040-066

syber Fisher Scientific 4367659

PMSF Fisher Scientific PI-36978

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lysis Buffer Our Lab N/A

EtOH Fisher Scientific 04-355-222

chloroform Fisher Scientific C298500

isopropanol Fisher Scientific BP2618-4

PFA Electron Microscopy Science 15710-S

BSA VWR Scientific 0332-100G

PBS Genesee Scientific 18-116

Triton Sigma-Aldrich T9284

Click-iT� EdU Cell Proliferation

Kit for Imaging, Alexa Fluor�
488 dye

ThermoFisher Scientific C10337

GPNA (L-Glutamic acid g-(p-

nitroanilide) hydrochloride)

MP Biomedicals 02151495-CF

Critical commercial assays

Click-iT� Plus TUNEL Assay for

In Situ Apoptosis Detection,

Alexa Fluor� 488 dyeGreen

features

ThermoFisher Scientific C10617

Deposited data

RNA-Seq GEO GSE188243 This Study

RNA-Seq Cryoablation

Zebrafish Heart

GSE71755 Bednarek et al. (2015)

Proteomics Zebrafish Heart

Regeneration

PXD011791 This Study

Metabolomics Data Data S2 This Study

RNA-Seq juvenile mouse hearts GSE64403 O’Meara et al. (2015)

Single Cell RNA-Seq GSE184914 This Study

Experimental models: Cell lines

WTC-11 Coriell Institute GM25256

RUES2 Rockefeller University hESC-09-0013

Experimental models: Organisms/strains

Mice C57BL/6 Charles River N/A

Zebrafish AB/Wild Type Zebrafish International Resource Center,

Eugene, OR, USA

N/A

Zebrafish hsWnt8:GFP

Tg(hsp70l:Wnt8a-GFP)w34

Randall Moon’s Lab N/A

Zebrafish hsDKK1:GFP

[Tg(hsp70l:DKK1b-GFP)w32
Randall Moon’s Lab N/A

Zebrafish vmhc:mCherry-NTR

[Tg(vmhc:mCherry-Eco.NfsB)

Neil Chi’s Lab N/A

Oligonucleotides

gata4 GGCTCCTCTGAAGGTCAGTC CAGGCTGTTCCACACTTCAC

nkx2.5 GGGATGGTAAACCGTGTCTG TTGCTGTTGGACTGTGAAGG

b-actin AAGCAGGAGTACGATGAGTC TGGAGTCCTCAGATGCATTG

pdk2a AGTTTGTCGCTGCTCTGGTC ACTGGATTTGTGGCTCCATC

pdk2b TGATAGAGGCGGTGGAGTTC TACAGACGGGAGATGGGAAG

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Hannele Ruohola-Baker (hannele@u.washington.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

RNA-sequencing, single cell RNA-sequencing, and proteomics data have been deposited at GEO and are

publicly available as of the date of publication. This paper also analyzes existing, publicly available data.

These accession numbers for the datasets are listed in the key resources table. GC-MS metabolite data

are available in the source data file. Microscopy data reported in this paper will be shared by the lead con-

tact upon request.

All original code has been deposited at GitHub and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Zebrafish. Wild-type (AB; Zebrafish International Resource Center, Eugene, OR, USA), , hsWnt8:GFP

[Tg(hsp70l:Wnt8a-GFP)w34] and hsDKK1:GFP [Tg(hsp70l:DKK1b-GFP)w32] (Stoick-Cooper et al., 2007) and

vmhc:mCherry-NTR [Tg(vmhc:mCherry-Eco.NfsB)] (Zhang et al., 2013) were used and maintained using

standard procedures (Westerfield, 2000) in accordance with the Institutional Animal Care and Use Commit-

tee-approved protocols IACUC 2057-01 & 4364-02. Reverse osmosis system water is used and the water

chemistry was adjusted to a temperature of 27.5�C, pH of 7.5, conductivity of 800 mS, hardness of 140

ppm, alkalinity of 35 ppm, dissolved oxygen content of 7.8 mg/L, and a total gas pressure of 101%. The

average nitrate level is 55 ppm, the average nitrite level is 0.05 ppm, and the average ammonium level

is 0.01 ppm. Larval feed starting at 5 days post fertilization (dpf) is a rotifer polyculture supplemented

with the Zeigler larval diet, at 12 dpf live artemia is added to the diet, and at 60-90 dpf the fish are started

on the Zeigler adult diet supplemented with live artemia once per day. The health status of the colony

showed low presence of pseudoloma neurophilia and an extremely low presence of mycobacterium

spp. with no major clinical or subclinical findings of significance.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pdk3a ATTCGTCAGCTCCAACATCC ACACCATCTTAGCGGTTTCG

pdk4 TATCGACCCAAACTGTGACG TCCACAGTTGCTCTCATTGC

myl7 ACCGGGATGGAGTTATCA CTCCTGTGGCATTAGGG

cpt1b ATGCTGCAGTATCGCCGTAA GGAAACTTCTGAGTGTCATCTAGGA

cd36 GTCCAAACCTGTGTTGGTGC CTAGGCTCAAAGGTGGCTCC

Software and algorithms

R The R Foundation https://www-r-project-org.offcampus.lib.

washington.edu/

Image J NIH https://imagej-nih-gov.offcampus.lib.

washington.edu/ij/

Microsoft office Microsoft https://products.office.com

Github Yuliang Wang’s GitHub for Zebrafish Heart Regeneration

Project

https://github.com/yuliangwang/zebrafish-

heart-regeneration-expression-data-analysis-
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Young hearts were obtained from 3-day old larvae. Adult heart regeneration studies were performed on

fish 3 months to 2 years of age. A mix of genders was used.

Mouse. All animal experiments were performed with the approval of the Institutional Animal Care and

Use Committee of the University of Washington. Mice with C57BL/6 background were purchased from

Charles River. Mice were maintained on standard chow diet and water was available ad libitum in a vivarium

with a 12-hr light-dark cycle at 22�C. Adult mouse hearts were males with an age of 3-12 months. Neonatal

mice hearts were generated from a mix of genders.

Cell culture

Human embryonic stem cells (RUES2, Rockefeller University; hESC-09-0013) and hiPSC line WTC #11, pre-

viously derived in the Conklin laboratory (Hofsteen et al., 2016; Palpant et al., 2015; Kreitzer et al., 2013).

METHOD DETAILS

Chemical ventricular cardiomyocyte ablation of the heart ventricle and young 3-day old heart

isolation

All chemical ventricular cardiomyocyte (VCM) ablation were conducted on adult Zebrafish (�5-12 months

old). For chemical mediated VCM ablation, fish were treated with 5 mMMetronidiazole (MTZ; Sigma) con-

taining 0.1% dimethyl sulfoxide (DMSO) or vehicle control (0.1% DMSO) for 48 hours protected from light

and refreshed every 24 hours. For Wnt and DKK heat shock heterozygous animals, 7.5 mM MTZ was used.

Following chemical treatment fish were placed back in original aquaria and hearts were collected at 0 (prior

to MTZ), 3, 7, 12 and 30 days post injury (dpi). Larval hearts (72 hpf) were isolated by repeatedly expelling

juvenile fish through a 19-gauge needle, 1.5 inches long, regular bevel and a 6mL syringe into a 1.5mL mi-

crocentrifuge tube (Burns and MacRae, 2006).

Zebrafish heat shock

Heterozygous Tg(hsp70l:DKK1b-GFP)w32 and Tg(hsp70l:Wnt8a-GFP)w34 x Tg(vmhc:mCherry-NTR)+/+ fish

were used to inhibit and induce canonical Wnt/b-catenin signaling respectively (Stoick-Cooper et al.,

2007; Ueno et al., 2007; Weidinger et al., 2005). Wnt8a and Dkk1b induction was achieved by exposing

fish to water slowly increased from 28�C to 37�C. Fish remained at 37�C for 60 minutes and were slowly

brought back to normal water temperature. Fish were exposed to this heat shock protocol for 2 days prior

to MTZ treatment. For the MTZ treatment, fish were heat shocked for 60 minutes, transferred to MTZ over-

night and transferred back to heat shock tanks for the 2 days of treatment. Fish were subsequently heat

shocked for 3 days post MTZ treatment and hearts were harvested at 3 dpi for analysis.

Rapamycin treatment of zebrafish

Homozygous vmhc:mCherry-NTR fish were treated with rapamycin to determine how TOR inhibition

affected heart regeneration. An immersion solution of system water and a final concentration of DMSO

(vehicle control) or rapamycin at 0.4 mM was prepared. Fish were put in the water for 48 hours, replacing

the water and rapamycin or DMSO every 24 hours. On day 3, the fish were exposed to DMSO or rapamycin

and a final concentration of 5mMMTZ. The water was replaced, and the same conditions were repeated for

day 4. On day 5, fish were treated with DMSO or rapamycin with fresh water and drug replaced every 24

hours. At 3 dpi hearts were harvested.

Mouse heart isolation for GC-MS

Adult mice were anesthetized with sodium pentobarbital (150 mg/kg intraperitoneally) prior to heart isola-

tion. Ventricles were removed and freeze clamped in liquid nitrogen. P0.5 and P7 mice were euthanized by

decapitation. The hearts were removed and trimmed of atrial tissue, rinsed with PBS to remove blood, and

snap frozen in liquid nitrogen. The hearts were stored at �80�C until analysis.

Gas chromatography-mass spectrometry (GC-MS)

Frozen zebrafish heart tissue (20–25 mg) specimens were mixed with a 1.2 mLmixture of cold methanol and

chloroform (1:2 v/v; 4�C) and homogenized using tissue teAror homogenizer and sonicated for 20 seconds

(Marney et al., 2013). A further 800 mL cold chloroform/distilled water solution (1:1 v/v) was added, the sam-

ple was then vortexed and the set aside for 30 minutes on ice to separate the solvent layers. Next, after
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centrifugation (2000 rpm), the aqueous (top) layer was separated and filtered using 1.5 mL 0.2 mm syringe

filter and freeze dried.

To prepare the samples for GC/MS analysis, 30 uL of 20 mg/mL methoxyamine hydrochloride dissolved in

pyridine was added to the dried aqueous metabolites, and samples were incubated at 37�C for 90 minutes.

MTBSTFA (70 uL) was subsequently added and incubated at 37�C for 30 minutes. Samples were run on an

Agilent 5977A Series GC/MSD system.

N = 2 for adult mouse heart, N = 3 for P7 mouse heart and N = 4 for P0.5 mouse heart.

N = 2 for adult uninjured zebrafish heart, N = 2 for 3 dpi and N = 2 for 7 dpi. Each sample for zebrafish hearts

was a pool of n = 4–6 hearts. One-way ANOVA was performed to determine significantly changed

metabolites.

Bulk RNA-sequencing and bioinformatics

RNA-sequencing samples generated by this study and Bednarek et al. ((Bednarek et al., 2015), accession

number GSE71755) were aligned to Ensembl GRCz10 using Tophat ((Trapnell et al., 2009), version

2.0.13). Gene-level read counts were quantified using htseq-count (Anders et al., 2015) using Ensembl

GRCz10 gene annotations. Genes with at least 10 normalized read counts summed across RNA-seq sam-

ples were kept for further analysis. prcomp function from R was used to for Principal Component Analysis.

DESeq (Anders and Huber, 2010) was used for differential gene expression analysis. Genes with Benjamin-

Hochberg adjusted False Discovery Rate <0.1 and fold change >2 were considered differentially ex-

pressed. topGO R package (Alexa et al., 2006) was used for Gene Ontology enrichment analysis.

For young, 3-day old zebrafish heart samples, we sequenced N = 2 with about n = 500 hearts pooled. For

the adult heart samples, we sequenced N = 2 hearts at UI, 3 and 7 dpi with each n = 4–6 pooled hearts. A

negative binomial test was performed to determine significantly changed genes. Around 20,000 genes

were found. These data can be found in the Data S1.

Single cell RNA-sequencing and bioinformatics

Cells were resuspended in PBS containing 0.04% BSA at a concentration of 2600 cells/33.8 mL solution. In

total, 2600 cells per sample were loaded into each well of a 10X Chromium single cell capture chip with a

recovery of 272 cells for uninjured heart, 141 cells for 3 days post injury and 368 cells for 7 days post injury

sample. The captured cells then underwent lysis, reverse transcription, cDNA amplification, and library

preparation with indexing per the manufacturer’s protocol (10X Genomics). The libraries were sequenced

together on an Illumina HiSeq 4000 (Illumina Inc., San Diego, CA) using a high output 150 cycle kit with read

lengths recommended by 10X Genomics. Raw data processing: Cellranger V1.2 was used to process the

raw fastq files and to generate unique molecular identifiers (UMI) counts for each gene in each cell.

Monocle version 3 alpha was used for single cell RNA-seq data analysis and visualization (Trapnell et al.,

2014). We kept cells with at least 200 expressed genes, and 1000 Unique Molecular Identifiers (UMIs),

and less than 40% readsmapped tomitochondrial transcripts. We used preprocessCDS function to prepro-

cess single cell RNA-seq data before clustering, with parameter num_dim = 50. reduceDimension function

was used to produce low dimensional representation of the single cell RNA-seq data, and the UMAP option

was used. UMAP was recent shown to have superior performance compared to tSNE (Becht et al., 2018).

clusterCells function was used for clustering, with method = ’louvian’, resolution = 1e-6. differentialGeneT-

est function was used to identify differentially expressed genes. Genes with adjusted p-value <0.1 were

defined as differentially expressed. Hallmark gene sets (Liberzon et al., 2015) and topGO (Alexa et al.,

2006) were used for pathway enrichment testing.

6 hearts, 3 males and 3 females, were isolated from Adult UI, 3 dpi and 7 dpi zebrafish. Each group had 2

sets of samples of 3 hearts each for the digestion process. Each set of 3 hearts were single celled by pooling

three harvested adult hearts into a microcentrifuge tube with a digestion buffer (12.5mM CaCl2 plus colla-

genase II and IV at 5mg/mL each) for 2 hours at 32�C shaking at 800 rpm. After digestion, flick the tube to

break apart any pieces of large tissue. Next, wash the cells in 7 subsequent buffers of increasing CaCl2 con-

centration by gently pipetting up and down with a p1000 and spinning for 5 minutes at 4�C between each

buffer (Sander et al., 2013). All cells per group were then pooled and sent for sequencing. The number of
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cells sequenced per group was: Adult UI - 272 cells; 3 dpi - 114 cells; 7 dpi - 368 cells. 754 cells in total. A

negative binomial test was used to determine significant genes.

Proteomics

Proteins were suspended in 1M urea, 50mM ammonium bicarbonate, pH 7.8, and heated to 50�C for 20 mi-

nutes. Denatured proteins were reduced with 2 mM DTT, alkylated with 15 mM iodoacetamide, and di-

gested overnight with trypsin. The resulting peptides were desalted on Waters Sep-Pak C18 cartridges.

Peptides were separated using a heated 50�C 30 cm C18 columns in a 180 min gradient of 1% to 45%

(vol/vol) acetonitrile with 0.1% (vol/vol) formic acid. Peptides were measured on a Thermo Scientific Lumos

Orbitrap operated in data-dependent mode with the following settings: 60000 resolution, 400-1600m/z full

scan, Top Speed of 3 seconds, and a 1.8 m/z isolation window. Identification and label free quantification of

proteins was done with MaxQuant 1.5 using a 1% false discovery rate (FDR) against the Danio rerio prote-

ome dataset downloaded from Uniprot on July 1st, 2016. Peptides were searched using a 5 ppmmass error

and a match between run window of 2 minutes. 2787 proteins were identified and quantified across 2 bio-

logical samples per condition (each biological sample was a pool of 8 hearts), and 3 technical replicates per

each biological sample. Proteins that were significantly regulated between conditions were identified in

Perseus 1.4.1.3 using either a two-way ANOVA with a permutation-based FDR of 5% for PCA plots, or a

two-sided permutation-based Student’s t-test with an S0-1 for volcano plots. The mass spectrometry pro-

teomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al.,

2016) partner repository with the dataset identifier PXD011791.

Cryopreservation

Adult zebrafish hearts were collected at 0, 3, 7, and 30 dpi, rinsed in cold fish fix buffer (recipe below). Hearts

were fixed in fish fix buffer with 4% paraformaldehyde (PFA) at 4�C overnight, rinsed with fish fix buffer

without PFA and incubated in 30% sucrose in PBS overnight. Hearts were then frozen in Tissue Freezing

MediumTM (General Data Healthcare) and sectioned on a Leica CM1850 Cryostat at�26�C. 10 mm sections

were placed on SuperfrostTM slides (Fisher Scientific) and stored at �80�C.

Immunofluorescence

Sections were allowed to thaw at room temperature and circled with a hydrophobic pen (Fisher Scientific).

Slides were soaked in 10% SDS (Sigma-Aldrich) and rinsed in PBS containing 0.2% Triton-X 100 (PBS-T,

Sigma-Aldrich). Slides were blocked at room temperature for 1 hour in blocking buffer: a solution of

PBS-T containing 5% normal goat serum (NGS) (MP Biomedicals) and 1% Bovine Serum Albumin (BSA,

VWR). Slides were incubated with primary antibodies overnight at 4�C in blocking buffer at the concentra-

tions listed in Table S15. Slides were rinsed with PBS-T and incubated with secondary antibodies: DAPI

(0.02 mg/mL, Molecular Probes), goat anti-rabbit 488, and goat anti-mouse 647 (1:500, Molecular Probes)

for 2 hours at room temperature in blocking buffer. (NTR was visualized using endogenous mCherry

expression). Slides were mounted with Vectashield� (Vector Labs) and imaged using a Leica TCS-SPE

confocal microscope at 10x ,40x, or 63x. Quantification of Mef2c and PCNA positive nuclei were performed

using ImageJ. Antibodies used can be found in Table S15.

Images were opened in Image J as a maximum projection of Z planes. Images were smoothed to reduce

noise and split into separate channels. Each channel was made binary using the threshold tool to allow for

quantification of particles. Co-localization was assessed by multiplying binary images to achieve a new bi-

nary image with values for overlapping pixels. Nuclei were quantified in the multiplied binary image by us-

ing the automated particle analysis tool in ImageJ. Particles less than 5 sq mm and greater than 100 sq mm

were eliminated. The area of the ventricle was analyzed by drawing a region of interest around the ventricle

and measuring the area in ImageJ.

For MTZ only experiments N=2 hearts for Adult UI, 3 hearts for 3 dpi, 7 dpi, and 30 dpi. 2-3 images per heart

were quantified and a one-way ANOVA was used to determine significance.

For rapamycin Mef2c and Pcna experiments quantification was done using image semi automation calcu-

lations on ImageJ and verified by manual hand counts of sampled data. For rapamycin pS6 and mCherry

experiments hand counting was performed. N=5 Hearts for adult 3 dpi - average of 2 images/heart were

quantified. N=1 heart for adult UI – 3 images/heart were quantified.
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For whole mount heart images, spinning disc imaging was used for zebrafish vmhc:mCherry-NTR expres-

sion. 6-12 months old zebrafish were euthanized using standard operation procedure. Hearts were har-

vested and washed 3 times in 1x PBS. Finally, hearts were submerged in 1x PBS in optical glass bottom

chamber and imaged using a Live-Cell Inverted Widefield/Spinning Disk Confocal microscope using 2x

magnification. Images were processed using image J software. The same 6–12-month-old zebrafish hearts

that were imaged for ventricular mCherry-NTR expression were also imaged using a standard stereoscope

under bright light.

Cell culture and cardiomyocyte directed differentiation

hESCs were plated onmatrigel (BD) coated tissue culture plates andmaintained with irradiatedmouse em-

bryonic fibroblast conditioned media containing 5 ng/mL human bFGF (Peprotech, 100-18B). High density

hESC directed differentiation towards cardiomyocyte was conducted. hiPSCs were cultured on Matrigel

growth factor-reduced basement membrane matrix (Corning) in mTeSR media (StemCell Technologies).

A monolayer-based directed differentiation protocol was followed to generate hESC-CMs and hiPSC-

CMs, as done previously (Palpant et al., 2017). Cardiomyocytes from a single line were harvested on day

25 of the protocol, pooled and randomly re-plated in a 24-well tissue culture plates at a seeding density

of 200k cells/well in 1 mL of RMPI (Invitrogen) containing B27 supplement. Cardiomyocytes were allowed

to recover for 4 days until they were exposed to recombinant Wnt3A (100 ng/mL, R&D Systems) or

CHIR99021 (5mM, Cayman Chemicals), Rapamycin (200 nM, Selleck Chemicals), and XAV-939 (5 mM, Tocris)

for 2 days prior to collection for flow cytometry or protein.

Reverse transcriptase-quantitative PCR (RT-qPCR)

RNA was isolated from young (3 days old), adult (�6 months old), and regenerating (3 and 7 dpi) zebrafish

hearts as per manufacturers’ protocol (TRIzol, ThermoFisher). Complementary DNA (cDNA) was synthe-

sized using the Superscript III enzyme kit (Invitrogen). RT-qPCR was conducted using the sensimix SYBR

PCR Kit (Bioline) on a 7900HT Fast-Real-Time PCR system (Applied Biosystems). Transcript abundance

were normalized to the house keeping gene b-actin and primers are listed in Table S16.

Western blotting

Adult zebrafish hearts were collected at adult UI and 3 dpi, washed in cold phosphate buffered saline

(PBS), and frozen using dry ice. Human embryonic stem cell (hESC) derived cardiomyocytes (CM) were

washed with ice cold PBS prior to collection and flash freezing. Hearts and hESC-CMs were lysed using

ice cold cell lysis buffer (Cell Signaling, 9803) containing protease/phosphatase inhibitor cocktail (Cell

Signaling, 5872) and cellular debris were separated by centrifugation. Protein concentration was quanti-

fied and normalized using a BCA Protein Assay Kit (ThermoFisher). Primary and secondary antibodies are

listed in Table S17.

Western blots were quantified using the ImageJ gel analysis toolbar. The area under the curve for peak in-

tensity was normalized to Ac-a-Tubulin or b-actin for each sample, with the exception of pS6 which was

normalized to S6 for all samples. Samples were divided by the mean of the controls (-MTZ, -hsDkk1b,

-hsWnt8a, -Rapamycin) to calculate fold change relative to control. A two-tailed student’s t-test was per-

formed to determine significance between control and experimental groups for each protein.

Western blots of adult zebrafish UI and 3 dpi consisted of N = 3 with each n = 4–6 pooled hearts. hsWnt8a

and hsDkk1b N = 3–4 with each n = 4 pooled hearts. Rapamycin experiments used N = 3 with each n = 3

pooled hearts. Proteomics validation of Sdhaf3 consisted of UI, 3 dpi, and 7 dpi N = 1 with each n = 4–6

pooled hearts. hPSC-CM protein consisted of N = 2 for Figure 5G and N = 3 for Figure 5H.

Cardiomyocyte purity assay

Cells were labeled for flow cytometry using cardiac troponin T (Thermo Scientific) or an IgG corresponding

isotype control. Cells were analyzed using a BD FACSCANTO II (Beckton Dickinson, San Jose, CA) with

FACSDiva software (BD Biosciences). Instrument settings were adjusted to avoid spectral overlap. Data

analysis was performed using FlowJo (Tree Star, Ashland, Oregon). Only CM with greater than 70% purity

were used.
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Glutamine starvation assay

hESC-CMs were cultured in RPMI + B27 insulin supplement media until day 30. Cells were then cultured for

24 hours in RPMI + B27 no insulin media. Next cells were starved for 6 hours using RPMI that had no gluta-

mine and no B27 supplement. Finally, cells were treated for 2 hours with each of the test conditions 1) RPMI

media containing glutamine + B27 insulin supplement + vehicle (DMSO), 2) RPMI media with no glutamine

and no supplement with the drug GPNA (L-Glutamic acid g-(p-nitroanilide) hydrochloride, MP Biomedi-

cals) at a final concentration of 5mM and 3) media containing RPMI no glutamine and no supplement +

vehicle (DMSO). Following the 2 hour treatment, cells were harvested for protein.

EdU (5-ethynyl-2’-deoxyuridine) assay

Cardiomyocytes were exposed to 10 mM EdU (DMSO) for 24 hours one day prior to collection for flow cy-

tometry. Samples were trypsinized to obtain single cells and fixed for 10 minutes with 4% paraformalde-

hyde. Staining procedures for EdU incorporation were performed using the Click-iT EdU Flow Cytometry

Cell Proliferation Assay kit using an Alexa Fluor 647 antibody (ThermoFisher).

Transmission electron microscopy (TEM)

Hearts were fixed in 4% glutaraldehyde in sodium cacodylate buffer, post fixed in osmium tetroxide, en

bloc stained in 1% uranyl acetate, dehydrated through a series of ethanol, and embedded in Epon Araldite.

70 nm sections were cut on a Leica EM UC7 ulta microtome and viewed on a JEOL 1230 TEM. Statistical

analysis of mitochondrial area was performed using a Chi-squared test.

TUNEL assay

6–12-month-old zebrafish were treated with MTZ or DMSO (control) for 2 days and were immediately

collected using standard euthanizing protocol. Hearts were harvested, rinsed in cold fish fix buffer and

sectioned exactly as described above. To detect cardiomyocyte cell death, we used Click-iT� Plus TUNEL

Assay for In Situ Apoptosis Detection, Alexa Fluor� 488 dye (Thermofisher C10617). Sections were treated

following the manufacturer’s protocol. Briefly, sections were permeabilized using a Proteinase K solution

for 45 minutes followed by a 2-hour terminal deoxynucleotidyl transferase (TdT) reaction mixture incuba-

tion. Sections were then treated with 1x Click-iT� Plus reaction solution for 1h, washed and finally imaged

using SP8 confocal at 64x magnification. Images were processed using image J software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All of the statistical methods for each experiment can be found in the Figure legends as well as in the

method details section. P-values and individual data points for the main figures can be found in the

Data S2.
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