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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 a multi-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 the mechanisms 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
(Fogliaand 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
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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 (Ul), 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 um, area of inset: 200 umz, scale bar in insets: 25 pm. 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 Ul and 3 dpi hearts for Wnt targets Axin, c-Myc, and Pcna.

(1) 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 um. 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.

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 between Wnt/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 through multi-omics analysis that Wnt/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 STA and S1B), which generates a cytotoxic reduced form of the antibiotic metronidazole
(MT2), 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 (Ul), 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
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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 amputation model 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 GSK3p inhibitor, (2'Z,3'E)-6-Bromoindirubin-3’-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 11), 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-1l). This regeneration process requires Wnt/B-catenin activity,
because genetically inhibiting Wnt/B-catenin signaling through overexpressing Dickkopf 1 (Dkk7b) (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, 10, 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 (Ul-young), Ul 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 Ul, 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 <10x10% nm?, whereas Ul and 12 dpi has depletion in area bin <10x10% nm?. p < 2.2x107'°.

(
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(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 ST 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 TH and 1),
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 1l).

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-
PHQOS, 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 Il 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
3dpior7dpiorboth (Figure 2J). However, one amino acid, glutamine, was highly abundant at the uninjured
adultstate and was depleted over the first week of heart regeneration (Figure 2K). Glutamine has many 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 SLC7AS5, 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 glutamine may 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 (pS6é) of Sé, 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 Sé). 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 5’ AMP-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.
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Figure 3. Continued

(C) Protein analysis of TOR activity monitored via the phosphorylation of S6 in regenerating adult zebrafish hearts that have Wnt/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 (l), injured (+MTZ) with no rapamycin (J), or injured (+MTZ) with rapamycin (K). Images have scale bars with a 25 um 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 pSé 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 um. Bar graphs show individual data points with error bars representing standard error. Source data are provided as a Data S2.

activation in zebrafish via Wnt/B-catenin signaling by inhibiting Wnt/B-catenin signaling via overexpression
of Dkk1b. Repression of Wnt/B-catenin signaling by Dkk1b led to reduced pSé 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 pSé 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 pSé 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 a mTORC1 target, phosphorylation of S6.
There was a significant increase in pSé protein in cardiomyocytes (as determined via MF20 expression or
mCherry-NTR expression) upon injury (Figures 3L-30, S6F-S6l, and S6K-S6M). Rapamycin treatment
significantly reduced pSé 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 pSé. 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 cmlcT and
myl7 (Figure 4C). Cluster 1 had hallmark pathway term associated with myogenesis and GO biological
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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 Ul, 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 Ul, 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.

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 and myl7, a
subset of the cells was positive for the ventricular myocyte markers hspb 17 and vmhcl (Figure S7B) (Singh
et al.,, 2016). Moreover, cluster 1 cardiomyocytes at 7 dpi showed a striking upregulation of lamtor5, a
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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, Sé, 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
the markers myh11aand rgsba(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 TGFp 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 injured myocardium, 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 S71) (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 the major 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, although we showed Wnt/B-catenin signaling was necessary for heart regeneration (Figures 1J-10),
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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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.

(1) 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 mTORCI1, Lin28, and Myc
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.

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 forregen-
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 PO 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 and Wnt/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 how Wnt/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-CM proliferation. 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
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Wnt3A induced phosphorylation of the co-receptor LRPé and stimulated pSé and c-Myc.
Moreover, inhibition of mMTORC1 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
(y-L-Glutamyl-p-nitroanilide hydrochloride, GPNA) (Nicklin et al., 2009) we could inhibit pSé (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 (Ml) 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
the mTORC1 pathway to initiate epicardial activation and CM proliferation (Inoki et al., 2006), leading to the
initiation of heart regeneration. It is plausible that mTORC1 activity in turn results in Wnt/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 key metabolic 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 mTORCI1
pathway activation. To prove this concept, we applied glutamine transporter inhibitor (y-L-glutamyl-p-
nitroanilide hydrochloride, GPNA) in hiPSC and observed mTORC1 inhibition by pSé 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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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) Cell Signaling 4857
(IHC)
Anti-Mouse MF20 DSHB P13538
Anti-Rabbit S6 Cell Signaling 22175
Anti-Rabbit c-MYC Cell Signaling 5605S
Anti-Rabbit Axin1 Cell Signaling 2087S
Anti-Rabbit H3K27Me3 Active Motif 39158
Anti-Rabbit P-Sé (Ser235/236) Cell Signaling 4858S
(Western)
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 MitoSciences MS604
(Complex I)
Anti-Rabbit LRP6 Cell Signaling 33955
Anti-Rabbit LRP6 pS1490 Cell Signaling 25685
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 (MT