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SUMMARY
Zebrafish regenerate heart muscle through division of pre-existing cardiomyocytes. To discover underlying
regulation, we assess transcriptome datasets for dynamic gene networks during heart regeneration and
identify suppression of genes associated with the transcription factor Tp53. Cardiac damage leads to fluctu-
ation of Tp53 protein levels, concomitant with induced expression of its central negative regulator,mdm2, in
regenerating cardiomyocytes. Zebrafish lacking functional Tp53 display increased indicators of cardiomyo-
cyte proliferation during regeneration, whereas transgenic Mdm2 blockade inhibits injury-induced cardio-
myocyte proliferation. Induced myocardial overexpression of the mitogenic factors Nrg1 or Vegfaa in the
absence of injury also upregulatesmdm2 and suppresses Tp53 levels, and tp53mutations augment themito-
genic effects of Nrg1. mdm2 induction is spatiotemporally associated with markers of de-differentiation in
injury and growth contexts, suggesting a broad role in cardiogenesis. Our findings reveal myocardial Tp53
suppression by mitogen-induced Mdm2 as a regulatory component of innate cardiac regeneration.
INTRODUCTION

Myocardial infarction (MI), a result of impaired blood flow to the

heart and subsequent death of cardiomyocytes (CMs), con-

tinues to cause significant morbidity and mortality (Go et al.,

2013). Enhancing the ability of MI victims to regenerate lost

CMs and restore cardiac function is a major focus within the field

of regenerative medicine (Sadek and Olson, 2020).

By contrast with mammals, adult zebrafish possess a high ca-

pacity to regenerate damaged or lost cardiac tissue following

injury, through proliferation of spared, injury-escaping CMs (Ki-

kuchi et al., 2010; Poss et al., 2002). Recently, a number of fac-

tors have been found to boost adult zebrafish CM proliferation if

experimentally modulated during regeneration (Gemberling

et al., 2015; Han et al., 2019; Karra et al., 2018; Missinato

et al., 2018; Wu et al., 2016; Zhao et al., 2019). A subset of these

factors, including Neuregulin1 (Nrg1), Vascular endothelial

growth factor a (Vegfa), and vitamin D analogs (Gemberling

et al., 2015; Han et al., 2019; Karra et al., 2018), have mitogenic

effects even in the absence of injury. How these factors in partic-

ular exert their effects can enlighten the field, as they possess

capacity as single entities to jumpstart a complex process of car-

diogenesis, angiogenesis, and epicardial expansion, all seem-

ingly without influences such as cell death, abrupt changes in tis-

sue tension, and inflammation.
Ce
This is an open access article under the CC BY-N
The tumor suppressor gene TP53, discovered 40 years ago, is

the most widely mutated gene in human cancers (Lane and

Crawford, 1979; Mantovani et al., 2019). Tp53 is a highly

conserved transcription factor with critical roles in a variety of

cell processes including cell cycle regulation, DNA repair,

apoptosis, and senescence (Belyi et al., 2010; Berghmans

et al., 2005; Fridman and Lowe, 2003; Hafner et al., 2019; Kruis-

wijk et al., 2015; Vousden and Lu, 2002). In CMs, Tp53 has been

implicated as a key regulator of the cardiac transcriptome, and

increased Tp53 levels have been shown to be associated with

cardiac hypertrophy and remodeling (Mak et al., 2017; Nomura

et al., 2018). Tp53 levels are typically kept low under homeostatic

conditions, primarily through the activity of an E3 ubiquitin ligase,

Mdm2. When Mdm2 is bound to Tp53 via its N-terminal Tp53

binding domain, its C-terminal ligase ubiquitinates Tp53 and tar-

gets it for proteosomal degradation (Chua et al., 2015; Michael

and Oren, 2003; Nomura et al., 2017). These interactions

between Tp53 and Mdm2 have been implicated in maintaining

cardiac homeostasis in mice (Stanley-Hasnain et al., 2017).

Mdm2-Tp53 binding has also been shown to physically inhibit

the transactivational domain of Tp53 (Oliner et al., 1993).

Following a cellular insult like ionizing radiation exposure, Mdm2

is prevented from binding to Tp53, allowing its accumulation

and activation of target genes (Guo et al., 2013; Wade et al.,

2013). As molecular damage resolves, Tp53 acts as its own
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negative regulator in a complex that directly increasesmdm2 tran-

scription (Berghmans et al., 2005; Chua et al., 2015; Pant et al.,

2013). Additional, Tp53-independent roles for Mdm2 have been

elucidated (Bohlman and Manfredi, 2014; Gu et al., 2009).

Here, a potential role of Tp53 during innate heart regeneration

in zebrafish arose after bioinformatic assessment indicated that

the network of Tp53-associated genes is suppressed during

heart regeneration. We show evidence that this suppression is

due to regulated induction of mdm2, which we observe in CMs

during muscle regeneration as well as other cardiogenic events.

Genetic reduction of Tp53 levels increased CM proliferation,

either during heart regeneration or upon direct mitogen stimula-

tion, whereas myocardial inhibition of Mdm2 decreased CM pro-

liferation. Our experiments indicate that zebrafish heart regener-

ation is enabled by a mechanism in which injury-induced

mitogens suppress Tp53.

RESULTS

Tp53 Protein Levels Transiently Decrease after Heart
Injury
To uncover transcription factors that regulate gene expression

during heart regeneration, we performed additional analyses of

published RNA-sequencing (RNA-seq) datasets using Ingenuity

Pathway Analysis (IPA) software, a curated database of litera-

ture-derived information on biological interactions. Comparisons

were made between samples from hearts of uninjured zebrafish

and those of zebrafish receiving a genetic ablation injury that de-

stroys �50% of all CMs (Kang et al., 2016; Krämer et al., 2014;

Wang et al., 2011; Figures 1A, 1B, and S1A; Tables S1 and

S2). In this injury model, CM death occurs uniformly throughout

the heart over 5 to 7 days after incubation with tamoxifen (days

post injury [dpi]; Wang et al., 2011). Thus, 7 dpi is considered

an early post-injury stage and 14 dpi is more temporally removed

from injury, with each time point displaying high indices of CM

proliferation. The most significant activated upstream regulators

included factors involved in inflammation, such as tumor necro-

sis factor (TNF) and interleukin-6 (IL6; Table S1). ErbB2 and Vegf

signaling, known to impact CM proliferation (Bersell et al., 2009;

D’Uva et al., 2015; Gemberling et al., 2015; Karra et al., 2018; Lai

et al., 2017), were also found among the list of upstream regula-

tors (Table S1). Several transcription factors were identified as

possible suppressed upstream regulators (i.e., molecules whose

suppression results in the observed gene expression changes),

including KLF15 and RB1. Unexpectedly, among the most sup-

pressed upstream regulators at 7 dpi was the downstream tran-

scriptional network of Tp53 (Figures 1B and S1; Table S2). By 14

dpi, this was no longer the case (Table S2). To assess changes in

Tp53 levels during heart regeneration, we performed western

blotting on proteins isolated fromwhole hearts after CMablation.

Cardiac Tp53 levels trended as dynamic after injury, measuring

on average at �40% of uninjured levels at 7 dpi and recovering

to levels greater than those of uninjured fish at 14 dpi (Figure 1C).

Statistical tests reflected sample variability, but trends were

consistent with the analyses of our transcriptome data and

with a recent proteomics study assessing Tp53 levels by mass

spectrometry after resection of the zebrafish ventricle (Ma

et al., 2018).
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Mdm2 is the primary regulator of Tp53. Based on our previ-

ously published transcriptome datasets, mdm2 transcripts are

increased at 7 and 14 dpi at 1.7- and 2.6-fold those of uninjured

levels, respectively (Figure S2B; Goldman et al., 2017; Kang

et al., 2016). To visualize these changes, we performed in situ hy-

bridization (ISH) using injured and regenerating hearts. mdm2

was rarely detectable in uninjured hearts. By contrast, increased

mdm2 expression was detected in the cortical muscle layer near

the injury site at 7 days following resection of the ventricular apex

(days post amputation [dpa]), although variable and sometimes

difficult to detect (Figure 1D). mdm2 expression remained

detectable at 14 dpa but no longer by 30 dpa (Figure S2D). Addi-

tionally, induced genetic ablation of CMs led to mdm2 expres-

sion throughout the ventricular wall and trabecular compartment

by 7 dpi (Figure S2C).

To more clearly define the spatiotemporal pattern of mdm2

expressionduring heart regeneration,wegenerated aBAC trans-

genic reporter line containing long sequence stretches upstream

(80 kb) and downstream (122 kb) of the mdm2 start codon

and flanking an enhanced green fluorescent protein (EGFP)

cassette (TgBAC[mdm2:EGFPpd312], hereafter referred to as

mdm2:EGFP; Figure S2E). As expected, based on the known

requirement for Mdm2 during development (Chua et al., 2015),

mdm2:EGFP fluorescence was evident throughout the entire

bodies of developing larvae by 3 days post fertilization (dpf; Fig-

ure S2F). Adult mdm2:EGFP fish hearts displayed low or unde-

tectable EGFPexpression in theabsenceof injury, but EGFPfluo-

rescence was sharply increased in both compact and trabecular

muscle near the injury site upon ventricular resection at 7 and 14

dpa (Figures 1G and S2G). Thus, Tp53 levels, and ostensibly the

expression of its direct and indirect target genes, are transiently

suppressed during heart regeneration, concomitant with tran-

scriptional induction of the Mdm2 negative regulator.

Genetic Modulation of Tp53 Controls CM Proliferation
during Heart Regeneration
To investigate the function of Tp53 during regeneration, we re-

sected the ventricular apices of zebrafish with null mutations in

tp53 (tp53M214K) and quantified CM proliferation indices at 7

dpa (Berghmans et al., 2005). tp53M214K mutants showed a

more than doubling (123%) increase in their average CMprolifer-

ation index (n = 8, 9; Figures 2A–2C). Transcriptome sequencing

of uninjured and regenerating tp53M214K hearts revealed signifi-

cant expression changes from wild types in a relatively small

number of genes, 42 and 82, respectively, which represent a va-

riety of cellular processes as characterized by gene ontology

terms and IPA (Figure S2; Tables S3 and S4). These data suggest

a function for Tp53 in restricting CM proliferation during

regeneration.

To increase Tp53 activity in heartmuscle, we generated a trans-

genic line to express anMdm2 isoform lacking its C-terminal ubiq-

uitin ligase and shown to have dominant-negative activity in previ-

ous studies (Chua et al., 2015; Jones et al., 1995). We placed

this m2DN cassette downstream of an actin promoter and

a loxP-flanked fluorescent reporter gene and stop signal

(Tg[b�actin2:loxP-BFP-STOP-loxP-dnMdm2-2A-mCherry]pd313,

hereafter referred to as b�act2:BS-m2DN). Published homozy-

gous mdm2 mutants are embryonic lethal (Chua et al., 2015),



Figure 1. Zebrafish Tp53 and mdm2 Expression Are Dynamic upon Heart Injury

(A) Experimental design and bioinformatical data analysis.

(B) Selected top transcription factors acting as upstream regulators of differentially expressed genes in adult hearts 7 days after initiation (dpi) of CM ablation.

(C) Western blot on protein extract of control (b-actin2:loxp-mCherry-STOP-loxp-DTApd36), 7 dpi and 14 dpi (cmlc2:CreER; b-actin2:loxp-mCherry-STOP-loxp-

DTApd36) ventricles, with quantification of Tp53 protein. n = 8–10 pooled hearts per sample. Data show mean ± SEM (unpaired t test).

(D) ISH for mdm2 expression (violet) in sections of uninjured and 7 days after resection (dpa) ventricles. Arrows identify sites of increased mdm2 expression

following ventricle amputation.

(E) Section images of uninjured and 7 dpa mdm2:EGFP hearts. ‘‘Tnnt’’ marks CMs. Boxes correspond to the region magnified in the right panels. Scale bars:

100 mm.
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Figure 2. Tp53 or Mdm2 Modulation Alters CM Proliferation during Heart Regeneration

(A and B) Images of tp53+/+ and tp53�/� hearts at 7 days post ventricular apex (dpa) resection. Arrows indicate Mef2+/EdU+ nuclei.

(C) Quantification of CM proliferation at 7 dpa indicating an increased proliferation index in tp53�/� mutants. n = 8 and 9 for tp53+/+ and tp53�/�, respectively.
(D and E) Images of b-act2:BS-m2DN and cmlc2:CreER; b-act2:BS-m2DN hearts at 7 dpa and 10 days post tamoxifen (dpt) administration. Arrows indicate

Mef2+/PCNA+ nuclei.

(F) Quantification of CM proliferation showing a reduction in the proliferation index animals expressing a dominant-negative Mdm2. n = 12 and n = 15 for CreER�

and CreER+, respectively. Scale bars: 100 mm. Data show mean ± SEM (Mann-Whitney U test).
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as were newmdm2pd314mutants that we generated by CRISPR-

based deletion, with no larvae surviving past 1 dpf (Figure S3). To

evaluate the effects of inhibiting Mdm2 function on CM prolifera-

tion, we crossed b�act2:BS-m2DNwith cmlc2:CreER fish, for 4-

Hydroxytamoxifen (4-HT)-inducible, Cre-mediated release of

m2DN expression in CMs (Figures 2D–2F and S3C). Adult

cmlc2:CreER; b�act2:BS-m2DN and b�act2:BS-m2DN control

clutchmates were treated with 4-HT 3 days before ventricular

resection. cmlc2:CreER; b�act2:BS-m2DN animals demon-

strated a�50% reduction in CM proliferation at 7 dpa compared

to controls (n = 12, 15; Figures 2D–2F). Together, these data indi-

cate that suppression of Tp53-mediated gene regulation, at least

in part by programmed induction of Mdm2, boosts CM prolifera-

tion upon cardiac injury in zebrafish.

CM Mitogens Trigger mdm2 Induction
Cardiac damage is amassive biologic insult, resulting in a constel-

lation of cellular events including and not limited to inflammation,

fibrinogenesis, angiogenesis, muscle de-differentiation, CM pro-

liferation, and muscle patterning (González-Rosa et al., 2017; Sa-

dek and Olson, 2020; Tzahor and Poss, 2017; Vujic et al., 2020).

Previously, we reported that the extracellular factor Nrg1 causes

overt CM proliferation when ectopically expressed in the adult

heart (Gemberling et al., 2015). In this way, adult cardiogenesis

is uncoupled from injury, enabling assessment of the impact of

the mitogenic signal itself. To determine effects of Nrg1 overex-
4 Cell Reports 32, 108089, September 1, 2020
pression on expression of mdm2, we first performed ISH on

cmlc2:CreER; b-act2:BSNrg1 fish 14 days after induction of the

nrg1 transgene. Whereas mdm2 was undetectable in control

hearts as described above, nrg1 overexpression for 14 days led

to strong and consistent mdm2 expression in CMs within the

cortical wall by ISH (Figure S4A). Similarly, when themdm2:EGFP

transgene was crossed into the cmlc2:CreER; b-act2:BSNrg1

background, 14 days of nrg1 overexpression strongly induced

EGFP throughout the cortical layer (Figure 3A).

Tp53 and Mdm2 are part of an autoregulatory feedback loop,

conserved in zebrafish, with Tp53 binding to an upstream regula-

tory element ofmdm2 to activate transcription (Berghmans et al.,

2005; Pant et al., 2013). To test whether mdm2 induction with

mitogenic stimulation reflects this mechanism of regulation, we

first quantified proteins isolated from cmlc2:CreER;

b-act2:BSNrg1 hearts and controls, finding that Tp53 protein

levels were reduced upon 14 days of ectopic Nrg1 expression

(Figures S4B and S4C). We then performed mdm2 ISH using

cmlc2:CreER; bact2:BSNrg1; tp53M214K mutant zebrafish. As in

wild-type zebrafish, ectopic Nrg1 expression increased mdm2

transcript levels throughout the outer cortical muscle layer in the

presence or absence of functional Tp53 (Figure S4A; Berghmans

et al., 2005). Taken together, these results suggest that mitogen

stimulation induces mdm2 in a Tp53-independent fashion.

To examine effects of a second CM mitogen, we experimen-

tally induced myocardial Vegfa overexpression, which



Figure 3. Mitogens Activatemdm2Regulato-

ry Sequences and Have Increased Potency in

tp53�/� Mutants

(A and B)mdm2:EGFP expression is activated in the

ventricular wall after induced nrg1 (A) or vegfaa (B)

overexpression (dpt, days post tamoxifen adminis-

tration). High-magnification views only shown in (B).

(C) Quantification of CM EdU incorporation indices

in ventricular walls of control (CreER�) or nrg1-

overexpressing hearts at 14 dpt in tp53+/+ and

tp53�/� backgrounds. n = 9 and n = 7 for tp53+/+

CreER� and CreER+, respectively. n = 7 and n = 12

for tp53�/� CreER� and CreER+, respectively.

(D–G) Section images of ventricular walls from

groups in (C), indicating greater Nrg1-induced EdU

incorporation in Mef2+ cells in tp53�/� ventricles.

Boxes correspond to the region magnified in adja-

cent panels. Arrows indicate Mef2+EdU+ cells CMs.

Scale bars: 100 mm. Data show mean ± SEM

(Mann–Whitney U test).
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Figure 4. mdm2 Induction Is Associated with Highly Cardiogenic Areas during Heart Development and Regeneration

(A) Section confocal images of 7-dpa regenerating ventricles indicating co-localization of gata4- and mdm2-directed fluorescent reporter proteins. Boxes

correspond to the region magnified in the panels.

(B) Whole mount images of juvenile hearts at 4 and 7 weeks post fertilization (wpf) showing gata4- andmdm2-directed fluorescence at the ventricular base at 4

wpf, and expanding on the surface muscle by 7 wpf.

(C) Cartoon showing co-localization of mdm2 and gata4 domains in emerging and proliferating CMs of the juvenile cortical wall.

(legend continued on next page)
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hypervascularizes the adult zebrafish heart in the absence of

injury but also has mitogenic effects on CMs (Karra et al.,

2018). Visualization of EGFP in cmlc2:CreER, b-act2:BSVegfa,

and mdm2:EGFP hearts revealed analogous findings as with

nrg1 overexpression, with mdm2:EGFP fluorescence activated

in areas of proliferating CMs (Figure 3B). Thus, two independent

mitogens, having unique receptors and presumed mechanisms,

lead cascades that trigger activation of myocardial transcription

of mdm2 in the absence of injury.

To determine whether presence of Tp53 functionally impacts

mitogen-stimulated CM proliferation, we crossed cmlc2:CreER;

b-act2:BSNrg1 transgenes into the tp53M214K background. We

found that, whereas 14 days of induced nrg1 overexpression

sharply increased the cortical CM proliferation index in wild-

type animals from baseline levels to �24%, the index in

tp53M214K animals was�37%, representing a�54% higher level

(n = 7, 12; Figures 3C–3G). Together, these findings indicate that

mitogen presence, either experimentally expressed or injury-

induced, induces mdm2 and suppresses the Tp53 signaling

network, and that this suppression of Tp53 has the effect of

boosting CM proliferation.

mdm2 Regulation Occurs in Multiple Cardiogenic
Contexts
Activation of regulatory sequences for the cardiogenic transcrip-

tion factor gene gata4 is a visual marker for de-differentiatedmus-

cle in zebrafish (Kikuchi et al., 2010).gata4activationalsomarksan

emergent population of juvenile CMs fromwhich the cortical mus-

cle of the adult ventricular wall is derived (Gupta et al., 2013;Gupta

and Poss, 2012), as well as CMs stimulated to proliferate upon

transgenic Nrg1 stimulation (Gemberling et al., 2015). Sequence

analysis revealed multiple predicted GATA4 binding sites in the

mdm2promoter region (Figure S4D). To determine ifmdm2 induc-

tion isageneral featureofhighlycardiogenic tissue inzebrafish,we

assessed co-localization between mdm2- and gata4-directed

fluorescence in several contexts. We found that mdm2-directed

EGFP fluorescence closely co-localized with gata4-directed

dsRed fluorescence after ventricular resection injury (Figure 4A).

mdm2:EGFP was also expressed in the same region as the form

ofmyosin heavy chain that is prominent in embryonic heartmuscle

butdiminished inadultsupon resection (Sallinetal., 2015),but they

were expressed in adjacent CMs and did not colocalize to the

same expressing cells (Figure S4E). Moreover, mdm2-directed

fluorescence was consistently present in a small domain at the

base of the juvenile 4 weeks post fertilization (wpf) ventricle that

partially overlaps with gata4-directed fluorescence. By 7 wpf,

mdm2-directed EGFP fluorescence was evident in emerging and

expanding cortical gata4+ CMs (Figures 4B and 4C). In addition,

mdm2- and gata4-directed fluorescence were tightly co-localized

in adult cmlc2:CreER; b-act2:BSNrg1; mdm2:EGFP; gata4:dsRed

fish after 14 days of nrg1 overexpression (Figure 4D). These find-

ings suggest a broad role for Tp53 suppression andmdm2 induc-

tion during particularly active cardiogenesis.
(D) mdm2:EGFP and gata4:DsRed fluorescence are activated and co-localized

14 days of tamoxifen-induced overexpression. Controls (without the cmlc2:CreE

muscle. Scale bars: 100 mm.

(E) Model of Mdm2-Tp53 regulation and its impact on CM proliferation after card
DISCUSSION

Here we report transient Tp53 suppression as a regulatory event

that underlies and contributes to the strong cardiac regenerative

response of adult zebrafish. Our findings indicate a mechanism

in which mitogens present in injury sites activate myocardial

expressionof thenegativeTp53 regulatorMdm2,which transiently

reduces Tp53 levels and facilitates cell cycle entry (Figure 4E).

Tp53 has been implicated in other settings relevant to heart

regeneration, most notably salamander limb regeneration (Yun

et al., 2013). During limb regeneration, Tp53 protein levels are

transiently suppressed early as the regeneration blastema forms,

before recovering as new tissue is patterned. Moreover, modu-

lation of Tp53 activity reduced the ability of limb cells to form a

blastema and differentiate properly, with the authors proposing

that Tp53 suppression helps post-mitotic limb cells re-enter

the cell cycle (Yun et al., 2013). A direct relationship between

Tp53 levels and cellular differentiation was also reported in the

context of cellular reprogramming, when Tp53mutant mouse fi-

broblasts showed increased capacity to undergo conversion to

pluripotent cells (Hong et al., 2009; Kawamura et al., 2009; Li

et al., 2009; Marión et al., 2009; Utikal et al., 2009). Furthermore,

human somatic cells more readily undergo reprogramming upon

acquisition of mutations in TP53 (Merkle et al., 2017). Our find-

ings parallel these findings, as Tp53 suppression marked by

mdm2 expression closely associates with markers of CM de-dif-

ferentiation and division after injury. Thus, evidence is building

toward a model in which Tp53 suppression broadly promotes

de-differentiation across species and contexts.

Many potential regulators of Tp53 expression or activity exist in

cardiac injury sites, including macromolecular damage, inflamma-

tion, and hypoxia. Each stimulus would be predicted to increase

Tp53 levels and promote cell cycle arrest or apoptosis (Helton

and Chen, 2007; Muñoz-Fontela et al., 2016; Williams and Schu-

macher, 2016). We speculate that an innate ability to counter this

effect and reduce Tp53 impact, for instance by enhancing Mdm2

presence in response to injury, can facilitate division of sourcecells

to an extent that it outcompetes scarring. Importantly, however,

while injury itself might constitute a regulatory influence on Tp53

levels, we also show that mitogens can inducemdm2 expression

and repress the Tp53 network. In fact, assessment of multiple

cardiogenic contexts revealedmdm2 expression spatiotemporally

localized with the areas of most active cardiogenesis. Mdm2 has

pro-oncogenic effects that include Tp53 regulation but also other

mechanisms (Marine and Lozano, 2010), and it is possible that in-

duction ofmdm2expressionand the suppressionof its targets that

facilitate de-differentiation during heart or limb regeneration are

vestiges of the regulation that supports mammalian tumorigenic

de-differentiation and cell division. Illuminating howmdm2 expres-

sion is regulated at the transcriptional level upon cardiac injury or

mitogen stimulation can help resolve how key regenerative events

like de-differentiation occur naturally without the threat of

tumorigenesis.
in the ventricular walls of cmlc2:CreER; b-act2:BSNrg1 (right) ventricles by

R transgene) are shown at left. Dashed lines delineate cortical from trabecular

iac injury.
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Our findings along with those of others suggest that Tp53 oc-

cupies an important position in the transition of cell differentia-

tion states, where it can play a crucial role during innate regener-

ation. As suppression of Tp53 can augment CM proliferation

following injury or growth factor stimulation, we speculate that

applications to safely and transiently reduce Tp53 network activ-

ity in CMs of MI patients might help provoke clinically significant

regeneration.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

Rabbit monoclonal anti-Mef2 Abcam Cat# ab197070

Rabbit polyclonal anti-dsRed Clontech Cat# 632475

Chicken polyclonal anti-GFP Aves Labs Cat# GFP-1020

Rabbit polyclonal anti-GFP Thermo Fisher Scientific Cat # A-11122

Mouse monoclonal anti-GAPDH Proteintech Cat # 60004-1-IG

Rabbit polyclonal anti-p53 GeneTex Cat# GTX128135

Mouse monoclonal anti-Myosin heavy

chain

Developmental Studies Hybridoma Bank N2.261

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

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

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

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

Alexa Fluor 488 Goat anti-Chicken IgG

(H+L)

Thermo Fisher Scientific Cat# A-11039

Goat anti-Mouse IgG (H+L) Secondary

Antibody, HRP

Thermo Fisher Scientific Cat# A-31430

Goat anti-Rabbit IgG (H+L) Secondary

Antibody, HRP

Thermo Fisher Scientific Cat# 65-6120

Chemicals, Peptides, and Recombinant Proteins

Metronidazole Sigma-Aldrich Cat#M1547

5-ethynyl-2-deoxyuridine Thermo Fisher Scientific Cat#A10044

DAPI Thermo Fisher Scientific Cat#D3571

Alexa Fluor 488 Azide Thermo Fisher Scientific Cat#A10270

Alexa Fluor 594 Azide Thermo Fisher Scientific Cat#C10617

Deposited Data

RNA Sequencing GEO database GSE146859

Experimental Models: Organisms/Strains

Zebrafish: Tg(b-actin2:loxP-mTagBFP-

STOP- loxP-dnmdm2)pd313
This paper pd313

Zebrafish: TgBAC(mdm2:EGFP)pd312 This paper pd312

Zebrafish: Tg(tp53)M214K Berghmans et al., 2005 M214K

Zebrafish: Tg(b-actin2:loxp-mCherry-

STOP-loxp-DTA)pd36
Wang et al., 2011 pd36

Zebrafish: Tg(b-actin2:loxp-mTagBFP-

STOP-loxp-nrg1)pd107
Gemberling et al., 2015 pd107

Zebrafish: Tg(b-actin2:loxp-mTagBFP-

STOP-loxp-vegfaa)pd262
Karra et al., 2018 pd262

Zebrafish: Tg(cmlc2:CreER)pd10 Kikuchi et al., 2010 pd10

Zebrafish: Tg(gata4:EGFP)ae1 Heicklen-Klein and Evans, 2004 ae1

Zebrafish: Tg(gata4:dsRed2)pd28 Karra et al., 2015 pd28

Software and Algorithms

Tophat2 Kim et al., 2013 Version 2.1.1

Biostrings Bioconductor Version 2.56.0

DESeq2 Bioconductor Version 1.26.0

Ingenuity Pathway Analysis QIAGEN, Krämer et al., 2014 830011
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kenneth

Poss (kenneth.poss@duke.edu).

Materials Availability
Unique reagents generated in this study are available upon request.

Data and Code Availability
RNA-seq data is deposited in NCBI GEO database under accession number GSE146859.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type or transgenic zebrafish of the EK/AB strain were used for all experiments. b-actin2:loxp-mCherry-STOP-loxp-DTApd36

(Wang et al., 2011), b-actin2:loxp-mTagBFP-STOP-loxp-nrg1pd107 (Gemberling et al., 2015), b-actin2:loxp-mTagBFP-STOP-loxp-

vegfaapd262 (Karra et al., 2018), cmlc2:CreERpd10 (Kikuchi et al., 2010), gata4:EGFP (Heicklen-Klein and Evans, 2004), gata4:ds-

Red2pd28 (Karra et al., 2015), tp53M214K (Berghmans et al., 2005) transgenicmutant or fish have been previously described. Resection

of �20% of the cardiac ventricular apex was performed as described previously (Poss et al., 2002). To induce expression of nrg1 or

vegfaa in CMs, adult cmlc2:CreER; b-act2:BS-nrg1 or b-actin2:loxp-mTagBFP-STOP-loxp-vegfaa zebrafish were treated for 24

hours with 5 mM tamoxifen. To induce recombination in adult cmlc2:CreER; bact2:BS-m2DN fish, animals were bathed 3 sequential

days in 5 mM 4-HT (Sigma) for 10-12 hours. Heart injuries were performed 3 days after the final 4-HT treatment. To induce ablation of

CMs, adult ZCAT animals were treated for 24 hours with 0.5 - 1.0 mM tamoxifen titrated for ablation of�50%CMs (Wang et al., 2011).

For EdU-incorporation experiments 10 mM EdU (Sigma) was injected intraperitoneally once daily for 3 days before collection. Pro-

cedures involving animals were approved by the Institutional Animal Care and Use Committee at Duke University.

METHOD DETAILS

Ingenuity pathway and gene ontology analyses
Pathway analysis of was performed using Ingenuity Pathway Analysis (IPA) software on the following published datasets: ventricle 7

dpi versus sham GSE75894 (Kang et al., 2016), ventricle 14 dpi versus sham GSE81865 (Goldman et al., 2017). Mouse orthologs of

differentially expressed genes with p < 0.01 and �1 < log2FC < 1, retrieved via www.ensembl.org/biomart/martservice, were

analyzed to find upstream regulators and pathways showing differential modulation upon injury. IPA analyses were performed

with the following settings: Expression Value Type (Exp Log Ration), Reference set (Ingenuity Knowledge Base), Relationships to

consider (Direct and Indirect Relationships), Interaction networks (70 molecules/network; 25 networks/analysis or 30 molecules/

network; 25 or 10 network/analysis), Data Source (all), Confidence (Experimentally Observed), Species (Human, Mouse, Rat), Tissue

& Cell Lines (all), Mutations (all) (Krämer et al., 2014). P values in Figure 1Ameasure the statistical significance of the overlap between

differentially expressed genes and the genes under predicted control of a regulator, and activation scores infer the activation state of

a regulator, either activating (positive) or inhibiting (negative). Gene Ontology analyses were performed with The PANTHER database

(Protein Analysis Through Evolutionary Relationships, http://pantherdb.org).

RNA extraction and sequencing
Zebrafish ventricles were collected and placed in cold PBS while still pumping to help decrease intra-ventricular blood. Atrium and

outflow tract were removed and ventricles (5 per sample) were homogenized in Trizol using a Tissue Lyser II (QIAGEN). RNA was

extracted using the standard Trizol protocol, genomic DNA removed using RNA clean and Concentrator Kit (Zymo Research) and

processed for preparation of libraries. Single-end 50-bp sequencing, with 30 million reads/sample was performed at BGI. RNA-

Seq reads were trimmed by Trim Galore (0.6.4, with -q 15) and then mapped with TopHat (v 2.1.1, with parameters–b2-very-sensi-

tive–no-coverage-search and supplying the UCSC danRer10 refSeq gene annotation) (Kim et al., 2013). Gene-level read counts were

obtained using the htseq-count (v1.6.1) by the reads with MAPQ greater than 30. DESeq2 (v 1.26.0) was employed for differential

expression analysis. Bioconductor package Biostrings software (v 2.56.0) was used to analyze predicted transcription factor binding

motifs. The RNA-Seq data generated in this study have been deposited in the NCBI GEO database under accession number

GSE146859.

Western blotting
Zebrafish ventricles were collected and placed in cold PBS while still pumping to help decrease intra-ventricular blood. Atrium and

outflow tract were removed and ventricles (8-10 per sample) were homogenized in RIPA buffer containing Proteinase and Phospha-

tase inhibitor (Thermo Fisher Scientific #78442) and Phenylmethanesulfonyl fluoride solution (Sigma #93482). Samples were dena-

tured at 95�C for 5 min, quantified and tissue lysates were analyzed on Mini-Protein tetra cell (Bio-Rad) using sodium dodecyl sulfate
Cell Reports 32, 108089, September 1, 2020 e2
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polyacrylamide gel electrophoresis (SDS-PAGE) in Tris/glycine/SDS buffer. After electrophoresis proteins were transferred to a PVDF

membrane using theMini-Protein tetra cell in Tris/glycine buffer (v/v). Membraneswere blocked for 1 h at room temperature using 5%

BSA in Tris-buffered saline and Tween-20 (TBST), thenwere incubatedwith primary anti-Tp53 antibody (GTX128135, 1:500) and anti-

GAPDH (Proteintech 60004-1-IG, 1:500) overnight at 4�C. Membranes were incubated with appropriate HRP-conjugated secondary

antibodies (Thermo Fisher Scientific), washed in TBST and developed with Pierce ECL western blotting substrate. Western blot sig-

nals were quantified as described in Davarinejad (2017).

Generation of transgenic zebrafish
A 2A-mCherry fragment was amplified from a g4DN template described previously (Gupta et al., 2013), generated using the

primer sequences 2A-mCherry forward: CCGGCGCGCCT GCTACGAACTTCTCTCTGTTAAAGCAAGCAGGGGACGTGGAA

GAAAACCCTGGTCCTATGGTGAGCAAGGGCGAGGAGGACAAC; 2A-mCherry reverse: GATATCGCGGCCGCTTACTTGTACA

GCTCGTCCATGCC. The PCR product was ligated into the AscI/NotI site of the b-act2:loxP-TagBFP-STOP-lox-Pvector (Gupta

et al., 2013). Mdm2 cDNA lacking the C-terminal RING finger domain was amplified using the primer sequences mdm2 forward:

ATGGCAACAGAGAGTTGTTTAAGCAG; mdm2 dominant negative reverse: GCACGTAGCGGGAAGGC. The PCR product was

ligated into the AgeI/AscI site of the b-act2:loxP-TagBFP-STOP-lox-P2A-mCherry. The full name of this transgenic line is Tg(b-ac-

tin2:loxP-mTagBFP-STOP- loxP-dnmdm2)pd313.

mdm2:EGFP. The translational start codon ofmdm2 in the BAC clone CH211-209G11 (BACPAC Resources Center) was replaced

with the EGFP sequence by Red/ET recombineering technology (GeneBridges) as described in Kikuchi et al. (2011). The entire

construct was flanked with I-SceI sites allowing meganuclease mediated transgenesis as previously described (Thermes et al.,

2002). After purifying the final BAC with nucleobond BAC 100 kit (Clontech) the BAC was co-injected along with I-SceI into one-

cell embryos. A single founder was isolated and propogated. The full name of this transgenic line is TgBAC(mdm2:EGFP)pd312.

mdm2pd314 mutants were generated using injection of CRISPR/Cas9 and gRNAs at the one-cell stage as previously described

(Tornini et al., 2017). Exon 3 was targeted using oligo 50-GCGTAATACGACTCACTATAGGGCAATTGAAAAGCCTGTTAGAGGGTTT

TAGAGCTAGAAATAGC-30 (target sequence underlined). Intron 3 was targeted using oligo 50-GCGTAATACGACTCACTA

TAGGGGGTGGGGTTTTACAACAACAGGGTTTTAGAGCTAGAAATAGC-30 (target sequence underlined) resulting in a 1.7 kb

deletion. Deletion lines were genotyped using primers: mdm2_KO_for 50- GCAGTTCTCAGATCAGCAAGGTTG-30; mdm2_prom_rev

50- GCTGAAAAGTGACCTTCGCCATC-30; andmdm2_geno_rev 50-GGCAAATATCCAGATAGTGCCACC-30. Wild-type embryos yield

an expected amplicon of 455 bp, with homozygousmutants containing a single 180 bp amplicon. Heterozygotes produce 455 bp and

180 bp amplicons.

Histological analysis and imaging
Primary and secondary antibody staining for immunofluorescence was performed as described in Kikuchi et al. (2011). Antibodies

used in this study were anti-troponin T (mouse; Lab Vision, 1:200), anti-Mef2 (rabbit; Abcam, 1:100), anti-EGFP, (rabbit; Thermo

Fisher Scientific, 1:200), anti-EGFP (chicken; Aves Labs, 1:1000), anti-dsRed (rabbit; Clontech, 1:200), anti-myosin heavy chain

N2.261 (mouse; Developmental Studies Hybridoma Bank, 1:50), Alexa Fluor 488 (chicken and rabbit; Life Technologies,1:200), Alexa

Fluor 594 (mouse and rabbit; Life Technologies, 1:200). Confocal imaging was performed using a Zeiss LSM 700 or a Zeiss LSM 880

microscope. Tissue for CM proliferation was placed immediately into ice-cold 30% sucrose in PBS before being transferred to cold

TFM (VWR). Hearts were flash frozen in dry ice ethanol bath. After sectioning hearts were fixed for 15 min with 3.7% formaldehyde

(Sigma). Sections were stained for EdU, washed with PBS + 0.2% Triton (Sigma). Staining for Mef2, imaging, and counting were per-

formed as previously described (Kikuchi et al., 2011). Proliferation indices were quantified using 3 sections per heart. Hearts for whole

mount imaging were collected and fixed overnight in 4% paraformaldehyde at 4�C and imaged as previously described (Gupta et al.,

2013).

mdm2 mRNA injections
Dominant negativemdm2 cDNA was transcribed and subcloned into the multicloning site of a pCS2+ vector containing an SP6 pro-

motor and poly-A tail using ClaI and EcoRI restriction sites. mRNA was generated using the SP6 mMachine mMessage kit (Ambion)

and 200 ng/uL was injected into single-cell embryos as described (Rosen et al., 2009).

QUANTIFICATION AND STATISTICAL ANALYSIS

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

analysis. All experiments other than western blots were performed with at least two biological replicates. All statistical values are dis-

played as Mean ± Standard Deviation or Mean ± Standard Error of the Mean, as indicated in the figure legends. Statistical tests were

calculated using two-tailed Student’s t tests or Mann-Whitney U tests.
e3 Cell Reports 32, 108089, September 1, 2020
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Figure S1 (related to Figure 1). mdm2 expression is induced after heart injury. (A) 

Analysis of transcriptome data of 7 dpi regenerating zebrafish published by Kang et al., 

2016. Solid arrows indicate direct and dashed arrow indicates indirect interactions. 

Predictions on the direction and intensity of activation and inhibition by TP53 were made 

by IPA knowledgebase, based on published literature. (B) Genome browser tracks 

indicating expression of mdm2 7 days and 14 days after induced CM ablation (dpi), versus 

uninjured ventricles. (C) In situ hybridization for mdm2 (violet) in sections of control (no 

CreER) and injured (7 dpi) ventricles, 7 days after tamoxifen adminstration. (D) In situ 

hybridization for mdm2 in ventricular sections at different time points after resection of the 

ventricular apex (dpa). Dashed lines approximate the resection plane. Scale bars: 100 

μm. (E) Cartoon showing the mdm2:EGFP BAC transgene. (F) Larval mdm2-directed 

fluorescence, shown at 3 day post fertilization (dpf). (G)  Images showing mdm2-directed 

EGFP at different time points after resection of the ventricular apex. Tnnt marks CMs. 

Dashed lines approximate resection plane. Scale bars: 100 μm. 

  



 
 

 
 

  



 
 

Figure S2  (related to Figure 2). tp53+/+ and tp53-/- transcriptomic data. (A) Heatmap 

showing 42 genes differentially modulated in uninjured ventricles (Table S5). Black bars, 

tp53-/-. Grey bars, tp53+/+. (B, C) Barplot showing different biological processes assessed 

by GO analysis (B), and a list of selected differentially modulated canonical pathways 

assessed by Ingenuity Pathway Analysis (C; Table S7). (D) Top gene network composed 

by genes differentially modulated between uninjured tp53-/- and tp53+/+ ventricles. (E) 

Heatmap showing 82 genes differentially modulated between tp53-/- and tp53+/+ ventricles 

at 7 days after genetic CM ablation (Table S6). (F, G) Barplot showing different biological 

processes assessed by GO analysis (F), and a list of selected differentially modulated 

canonical pathways assessed by Ingenuity Pathway Analysis (G; Table S8). (H) Top gene 

network composed by genes differentially modulated in regenerating tp53-/- and tp53+/+ 

ventricles. 

  



 
 

 
  



 
 

Figure S3 (related to Figure 2). Effects of mdm2 deletion mutations and dn-mdm2 

construct expression in zebrafish embryos. (A, B) Images showing mdm2+/+, mdm2+/-

, and mdm2-/- embryos from an mdm2+/- cross at 24 hours post fertilization (hpf). (C) 

Cartoon schematic of b-act2:BSm2DN transgene. Mutations within or loss of this Mdm2 

critical domain have been demonstrated both to phenocopy and fail to rescue mdm2 

mutant mice or zebrafish. (D) Percentage of larvae recapitulating the mdm2-/- mutant 

phenotype upon injection of m2DN mRNA into single-cell embryos. This construct had 

limited effects in tp53 mutant embryos. (E, F) Images showing m2DN-injected tp53-/- and 

tp53+/+ larvae 24 hours post fertilization (24 hpf). Asterisks indicate embryos with gross 

morphological defects. 

 

  



 
 

 



 
 

Figure S4 (related to Figures 3 and 4). Modulation of Tp53 and mdm2 in Nrg1-

overexpressing hearts, and localization of embMHC with mdm2-directed 

fluorescence. (A) In situ hybridization for mdm2 on ventricular sections with (right) or 

without (left) Nrg1 overexpression in tp53+/+ and tp53-/- animals. mdm2 is similarly induced 

in both tp53 genotypes, at the peripheral edge of cortical muscle. Scale bars: 100 μm. (B) 

Western blot to detect Tp53, from control cardiac proteins and proteins extracted 14 days 

after Nrg1 induction. (C) Quantification of western blot protein bands. Eight to 10 hearts 

were pooled per sample. Data are represented as mean ± SEM (unpaired t-test). (D)  

Schematic of the mdm2 promoter region showing potential binding sites for the 

transcription factor Gata4. Region shown is from 3 kb upstream to 2,226 bp downstream 

of the mdm2 transcriptional start site. (E) Immunofluorescence staining for EGFP and 

embMHC at 7 dpa indicates co-expression but not co-localization of the two markers. 

Dashed line indicates approximate injury plane. Right panels are high-mag views of box. 

Scale bars: 50 μm. 
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