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SUMMARY

Previous studies demonstrate that the regenerative zebrafish heart responds to injury by
upregulating Notch receptors in the endocardium and epicardium. Moreover, global suppression of
Notch activity following injury impairs cardiomyocyte proliferation and induces scarring.
However, the lineage-specific requirements for Notch signaling and full array of downstream
targets remain unidentified. Here, we demonstrate that inhibition of endocardial Notch signaling
following ventricular amputation compromises cardiomyocyte proliferation and stimulates
fibrosis. RNA sequencing uncovered reduced levels of two transcripts encoding secreted Wnt
antagonists, Wifl and Notum1b, in Notch-suppressed hearts. Like Notch receptors, wifZ and
notum1b are induced following injury in the endocardium and epicardium. Small-molecule-
mediated activation of Wnt signaling is sufficient to impair cardiomyocyte proliferation and
induce scarring. Last, Wnt pathway suppression partially restored cardiomyocyte proliferation in
hearts experiencing endocardial Notch inhibition. Taken together, our data demonstrate that Notch
signaling supports cardiomyocyte proliferation by dampening myocardial Wnt activity during
zebrafish heart regeneration.
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In Brief

The highly regenerative zebrafish heart responds to injury by upregulating Notch receptors in the
endocardium and epicardium to support myocardial proliferation and regeneration. Zhao et al.
demonstrate that endocardial (EC) Notch signaling augments the expression of secreted
endocardial Wnt antagonists that dampen myocardial Wnt signaling to support regenerative
cardiomyocyte renewal.

INTRODUCTION

Hearts of adult zebrafish and neonatal mice exhibit remarkable regenerative capacities
following injury through robust cardiomyocyte proliferation (Gonzalez-Rosa et al., 2017,
Jopling et al., 2010; Kikuchi et al., 2010; Porrello et al., 2011; Poss et al., 2002; Raya et al.,
2003). By contrast, the adult human heart is largely non-regenerative (Gonzalez-Rosa et al.,
2017), which reflects the naturally low cardiomyocyte turnover rate throughout adulthood
(Bergmann et al., 2009, 2015). However rare, cardiomyocyte turnover does occur in adult
humans, which suggests that augmenting this process in the wake of acute insult might be
therapeutically beneficial. Thus, harnessing the cellular and genetic determinants that
stimulate cardiomyocyte proliferation in naturally regenerative organisms might serve as an
inroad for promoting heart regeneration in humans.
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One such determinant in zebrafish is the Notch signaling pathway (Minch et al., 2017; Zhao
etal., 2014). Notch receptors are upregulated in the endocardium (Miinch et al., 2017; Raya
et al., 2003; Zhao et al., 2014) and epicardium (Zhao et al., 2014) following ventricular apex
amputation (Raya et al., 2003; Zhao et al., 2014) or cryoinjury (Minch et al., 2017). In both
models, global suppression of Notch signaling impedes cardiomyocyte proliferation and
induces scarring. Following cryoinjury, dampened myocardial proliferation was attributed to
heightened inflammation and sustained endocardial expression of serpinel (Minch et al.,
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2017). Whether similar cellular and molecular mechanisms exist in the apex amputation
model, where inflammation is far less prominent, remains unknown.

Aside from inflammation, endocardial Notch signaling also regulates trabeculation in mice
by stimulating myocardial proliferation during embryonic development (D’Amato et al.,
2016; Grego-Bessa et al., 2007; Luxan et al., 2013; VanDusen et al., 2014). Endocardial
Notch signaling induces BMP10 expression in adjacent cardiomyocytes, which leads to a
proliferative response (Grego-Bessa et al., 2007; Luxan et al., 2016). In zebra-fish larvae,
endocardial Notch signaling is required for transdifferentiation of cardiomyocytes from an
atrial to ventricular fate following ventricular myocardial ablation (Zhang et al., 2013).
Whether comparable tissue-specific requirements and paracrine mechanisms are active in
the regenerating hearts of zebrafish remains unexplored.

Here, we report that endocardial-specific Notch inhibition dampens cardiomyocyte
proliferation and leads to regenerative failures following apex amputation. Furthermore, we
learned that the secreted Wnt antagonists, Wifl and NotumZ1b, are significantly
downregulated in Notch-suppressed hearts, suggesting that Notch-mediated Wnt pathway
suppression is required to enable cardiomyocyte renewal. Accordingly, hyperactivation of
Whnt signaling dampened cardiomyocyte proliferation and blocked heart regeneration.
Moreover, Wnt pathway inhibition partially rescued the myocardial proliferation deficit
observed in endocardial-specific Notch-suppressed hearts. Our studies provide mechanistic
links between endocardial Notch activation, myocardial Wnt suppression, and the promotion
of robust cardiomyocyte proliferation in the wake of acute cardiac injury in zebrafish.

Endocardial Notch Signaling Is Required for Zebrafish Heart Regeneration by Supporting
Cardiomyocyte Proliferation

To understand the lineage-specific requirements for Notch signaling in zebrafish heart
regeneration, we evaluated the consequences of endocardial-specific Notch inhibition
following cardiac injury. To achieve tissue-specific, inducible suppression of Notch
signaling, we created a conditional transgene that can be recombined by Cre recombinase to
express a GFP-tagged version of the previously validated (Zhao et al., 2014) murine Notch
inhibitor DN-MAML (dominant-negative mastermind like) from the zebrafish heat shock
promoter (Figure 1A). In addition, we employed the previously validated kdr/-CreER™?
driver line (Harrison et al., 2015; Zhao et al., 2014), which expresses 4-hydroxytamoxifen
(4-HT)-inducible Cre recombinase in endothelial/endocardial cells (Jin et al., 2005; Zhao et
al., 2014). To validate the system, we exposed double-transgenic embryos to EtOH or 4-HT
between 20 hr post-fertilization (hpf) and 40 hpf, heat shocked the animals once at 45 hpf,
and fixed them for immunostaining with a GFP antibody 5 hr later. Embryos exposed to
EtOH were devoid of GFP expression (Figures SLA-S1B"), whereas those treated with 4-
HT displayed GFP expression in endocardial and endothelial cells (Figures SIC-S1D’). To
confirm that heat shock inducibility of DN-MAML persisted into adulthood, we raised
EtOH- and 4-HT-treated ( 7g(hsp70/:DN-MAML )Edocardial Cell. ahhreviated Tg(DN-
MAML)FS) animals to 6 months of age, heat shocked again, and examined cardiac sections
immunostained for GFP. Only those animals treated with 4-HT during embryogenesis
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displayed GFP expression specifically in the endocardium of the adult heart (Figures 1B and
1C).

Next, we performed ventricular apex amputations on control and 7g(DN-MAML)EC
zebrafish at approximately 6 months of age (Figure 1D). Injured animals were heat shocked
daily for 1 hr over the course of 30 days to inhibit Notch signaling in endothelial/endocardial
cells during the regenerative window. Thereafter, we examined cardiac sections
immunostained with the myocardial-specific MF20 antibody. We also quantified scar size in
sections stained with Acid Fuschin-Orange G (AFOG). While control hearts consistently
contained regenerated muscle and minimal fibrosis (Figures 1E, 1G, SIE-H, SIM-S1P, and
S1U), Tg(DN-MAML)EC hearts displayed myocardial deficits (Figures 1F and S11-S1L)
and prominent scar tissue where the ventricle was wounded (Figures 1H and S1Q-S1U).

Because heat shocking Tg(DN-MAML)EC animals induces DN-MAML expression not only
in the endocardium, but also in vascular endothelial cells (Figures SIC-S1D"), we evaluated
injured and heat-shocked 7g(DN-MAML )EC animals for coronary artery abnormalities
(Figure S2A-S2H") and for evidence of surface bleeding (Figure S21-S2S) to predict the
likelihood that a vessel defect might contribute to the regenerative failures. However, no
phenotypes were observed, thereby minimizing the likelihood that endothelial Notch
inhibition contributes to the regenerative deficiencies.

New heart muscle derives from cardiomyocytes along the wound edge that undergo
proliferative expansion (Jopling et al., 2010; Kikuchi et al., 2010). Because global Notch
inhibition suppresses cardiomyocyte proliferation (Miinch et al., 2017; Zhao et al., 2014),
we tested whether endocardial-specific Notch inhibition similarly impairs cardiomyocyte
renewal. We compared the percentages of wound edge cardiomyocytes expressing the DNA
replication marker PCNA in heat-shocked control and 7g(DN-MAML )€ animals on 7 days
post-amputation (dpa) (Figure 1D) and observed a 27% reduction in the proliferative index
(Figures 11-1K). Together, these data indicate that endocardial Notch signaling performs
non-cell-autonomous role in myocardial regeneration by promoting cardiomyocyte
proliferation, likely by stimulating the production of a paracrine signal.

Injury-Induced Notch Signaling Regulates Expression of Transcripts Encoding the
Secreted Wnt Antagonists, Wifl and Notuml1b

To identify candidate signals, we performed RNA sequencing on wound edge tissue
collected from wild-type animals and those induced to express DN-MAML globally (i.e.,
To(hsp70I:DN-MAML J*biquitous: ghpreviated Tg(DN-MAML)“PY (Zhao et al., 2014). After
daily heat shocking of both groups following injury, we performed expression profiling on 5
dpa, which corresponds to early cardiomyocyte proliferation (Poss et al., 2002). Using a
strict significance threshold (p < 0.0001), we identified 131 downregulated and 123
upregulated transcripts in Notch-suppressed hearts (Figures 2A and S3A; Table S1).
Consistent with the non-regenerative nature of heat-shocked 7g(DN-MAML)“! hearts
(Zhao et al., 2014), gene ontology (GO) enrichment analysis identified “mitosis,” “cell
cycle,” and “chromosome segregation” categories as overrepresented in the downregulated
gene cluster (Figures 2B and S3B). We surveyed the list of downregulated genes to identify
secreted factors whose production relies on Notch signaling (Figures S3A and S3C; Table
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S1) and were intrigued to find transcripts encoding the secreted Wnt antagonists Wifl and
Notum1b (Figures 2C, S3A, and S3C; Table S1). Using qPCR, we confirmed significant
declines in wifl and notum1b expression when Notch signaling is globally suppressed
(Figure 2D).

To learn whether wif1 and notum1b are normally upregulated by cardiac injury, we
compared their expression levels between uninjured and 7 dpa hearts from wild-type animals
and observed ~1.4-fold increases of each following injury (Figure 2E). Using /n situ
hybridization, we learned that both transcripts appear scattered in the endocardium (Figures
2F, 2F’, 2G, and 2G") and are more prominent in the epicardium covering the wound
(Figures 2F and 2G), a pattern reminiscent of Notch receptor expression (Miinch et al.,
2017; Raya et al., 2003; Zhao et al., 2014). To achieve increased sensitivity, we
immunostained 7 dpa cardiac sections with commercially available antibodies predicted to
recognize Wifl and Notum1b. In both cases, prominent staining was observed adjacent to
the ventricular myocardium (Figures 2H-21") in what we confirmed to be endocardial cells
through colocalization with a transgenic reporter (Figures S4A-S4B”). In addition, we
observed significant overlap between each Wnt antagonist and pan-cytokeratin+ (PCK+)
epicardial cells both proximal (Figures S4H-S4H” and S4J-S4J”) and distal (Figures S41—
S41” and S4K-S4K”) to the wound. Last, we learned that neither protein is co-expressed
with collagen, type I, alpha 1 (Collal) (Figures S4L-S4M””), which marks wound
fibroblasts (Gonzalez-Rosa et al., 2012). Overall, these data demonstrate that endocardial
and epicardial cells, but not fibroblasts, are sources of Wifl and Notum1b during zebrafish
heart regeneration.

Because we identified wifl and notum1b as downregulated transcripts in hearts experiencing
global Notch suppression (Figures 2A-2D), we sought to determine whether endocardial-
specific Notch inhibition also lowers wifl and notumib levels and, if so, whether this
decrease occurs preferentially in the endocardium. We used qPCR to compare the relative
expression levels of wif1 and notum1b between 5 dpa control and Tg(DN-MAML)EC
animals in two regions of the injured ventricle that contain proportionally more epicardium
or endocardium (Figure S5A). Specifically, we analyzed gene expression in the epicardium-
enriched wound or the tissue adjacent to the amputation plane, which contains relatively
more endocardium. We observed significant declines in wifZ and notum1b levels exclusively
in the tissue adjacent to the wound (Figures S5B and S5C). Therefore, like global Notch
pathway suppression (Figures 2C and 2D), endocardial-specific Notch pathway inhibition
also results in significant decreases in wifl and notumib levels (Figures SSA-S5C), which
is likely confined to the endocardium of the heart.

Inhibition of Notch Signaling Augments Myocardial Wnt Signaling following Cardiac Injury

A previous report demonstrated that Wnt signaling activity, as monitored by a transgenic
reporter, is observed at the wound edge in regenerating zebrafish hearts (Stoick-Cooper et
al., 2007). To gain lineage resolution, we analyzed injured hearts from the independent Wnt
reporter strain 7g(7XTCF.eGFP) (Moro et al., 2012). Cardiac sections from 5 dpa animals
were double immunostained for GFP and the myocardial-specific MF20 antibody (Figures
3A and 3C-3C”). We corroborated the previous report that Wnt signaling is detectable near
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the wound edge (Stoick-Cooper et al., 2007) and learned that signaling is evident
preferentially in the myocardium (Figures 3A and 3C-3C”).

Considering that cardiac injury stimulates Notch-dependent expression of two Wnt
antagonists, we hypothesized that Wnt signaling might be augmented by global Notch
pathway suppression. We treated 7g(7XTCF.eGFP) fish daily with the Notch antagonist N-
[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and compared
the brightness and distribution of GFP fluorescence to that observed in DMSO-treated
hearts. Although GFP remained localized to the myocardium, levels were qualitatively
higher and broader in Notch-inhibited hearts (Figures 3A-3D"), demonstrating that Notch
signaling tempers myocardial Wnt pathway activation during the regenerative window.

To evaluate Wnt signaling in hearts with endocardial Notch inhibition, we used gPCR to
measure the relative abundances of three previously validated Wnt targets in 5 dpa control
and Tg(DNMAML)EC hearts. While one target, mycn (Alexander et al., 2014), showed
highly variable expression between replicates, the other two targets, axin2 (Alexander et al.,
2014) and ccndI (Nery et al., 2014), were found to be significantly increased in injured
T9(DN-MAML )EC hearts (Figure S6A), suggesting that endocardial Notch signaling
functions to restrain Wnt signaling during heart regeneration.

Suppression of Wnt Signaling Is Required for Zebrafish Heart Regeneration

Because cardiac injury stimulates expression of Wnt antagonists and a blunting of this
response in Notch-inhibited animals is associated with regenerative failures, we
hypothesized that Wnt pathway suppression might be a natural requirement for myocardial
regeneration in zebrafish. Therefore, we modulated Wnt activity following injury in wild-
type animals using the small-molecule antagonist IWR-1-endo (IWR) (Chen et al., 2009;
Huang et al., 2009) or agonist 6-bromoindirubin-3-oxime (BIO) (Polychronopoulos et al.,
2004; Sato et al., 2004). Injections of IWR or BIO into uninjured animals caused axinZ,
ccndl, and mycn levels to drop or increase, respectively, by approximately 50% (Figure
S6B), which validates the use of these small molecules to modulate Wnt signaling during
regeneration.

We performed ventricular apex resection and injected injured animals with vehicle (DMSO),
IWR, or BIO every other day for 30 days (Figure 4A). Cardiac sections were stained with
MF20 or AFOG to assess myocardial renewal and fibrosis, respectively. While the majority
of DMSO-treated (87.5%; Figures 4B, 4E, S6C-F, S60-S6R, and S6AA) and Wnt-inhibited
(IWR treated; 57%; Figures 4C, 4F, S6G-S6J, S6S-S6V, and S6AA) hearts contained
regenerated segments of muscle with minimal fibrosis, 75% of those with augmented Wnt
signaling (BIO treated; Figures 4D, 4G, S6K-S6N, and S6W-S6AA) failed to regenerate as
evidenced by discontinuities in the myocardial wall (Figure 5D) that were filled with fibrin
and collagen (Figure 4G). Thus, hyperactivating Wnt signaling in the wake of cardiac injury
creates an impediment to myocardial renewal and is consistent with the notion that Wnt
signaling must be lowered to enable natural heart regeneration.

Next, we injured wild-type animals and injected them with DMSO, IWR, or BIO on 5 and 6
dpa before quantifying cardiomyocyte proliferation on 7 dpa (Figure 4A). Remarkably, we
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learned that the inhibition of Wnt signaling is sufficient to increase cardiomyocyte
proliferation (Figures 4H-41" and 4K), demonstrating that endogenous Wnt signaling
naturally tempers the pace at which cardiomyocytes are produced during regeneration. By
contrast, Wnt hyperactivation reduced myocardial proliferation by 42% (Figures 4H, 4H’,
4),4)’, and 4K), consistent with the lack of regeneration observed at 30 dpa (Figures 4D,
4G, S6K-S6N, and SBW-S6AA). Together, these data demonstrate that suppression of Wnt
signaling is necessary and sufficient to drive cardiomyocyte proliferation during zebrafish
heart regeneration.

Suppressing Wnt Signaling in Tg(DN-MAML)EC Animals Partially Rescues Cardiomyocyte

Proliferation

Next, we tested the hypothesis that attenuating Wnt signaling in heat-shocked 7g(DN-
MAML )E€ animals would rescue their cardiomyocyte proliferation deficit (Figures 11-1K).
We resected the ventricular apices of control and 7g(DN-MAML )EC zebrafish and exposed
them to daily heat shock from 1 to 7 dpa (Figure 5A). On 5 and 6 dpa, animals were injected
intraperitoneally with DMSO or the Wnt antagonist and wound edge cardiomyocyte
proliferation was quantified on 7 dpa (Figure 5A). Consistent with previous experiments
(Figures 11-1K, 4H-41", and 4K), wild-type animals treated with IWR and 7g(DN-
MAML )EC animals treated with DMSO exhibited augmented (Figures 5B-5C” and 5F) and
restrained (Figures 5B, 5B’, 5D, 5D’, and 5F) cardiomyocyte proliferation, respectively.
Consistent with our hypothesis, suppression of Wnt signaling in 7g(DN-MAML )€ animals
boosted cardiomyocyte proliferation by 44%, from 7.65% t011.03% (Figures 5E, 5E’, and
5F), which represents a partial phenotypic rescue. Although the combination of prolonged
heat shocking with small-molecule treatments proved too toxic to assess myocardial
regeneration at 30 dpa, our data support a model in which myocardial Wnt signaling
functions as a negative regulator of myocardial proliferation downstream of endocardial
Notch signaling during zebrafish heart regeneration (Figure 5G).

DISCUSSION

We demonstrate that endocardial Notch signaling is required for heart regeneration in
zebrafish and identify the secreted Wnt antagonists, Wifl and Notum1b, as downstream
targets of Notch signaling in this context. Whether Notch is also required in the epicardium
remains to be tested. Although Wifl and Notum1b both function extracellularly to inhibit
Whnt signaling, they do so through different mechanisms. Specifically, Wifl binds directly to
Whnt ligands to prevent their interaction with cell surface receptors (Hsieh et al., 1999), while
Notum1b is a carboxylesterase that renders Wnt ligands inactive (Kakugawa et al., 2015).
This type of multimodal repressive mechanism suggests that injury-induced cardiomyocyte
proliferation requires fine-tuning of Wnt activity, which is controlled at least in part by
endocardial Notch signaling.

Precedence for this type of antagonistic cross talk between the Notch and Wnt pathways
exists in other biological contexts where the balance between cellular proliferation and
differentiation is tightly regulated (Boulter et al., 2012; Gu et al., 2013; Huang et al., 2014;
Kwon et al., 2011; Li et al., 2015; Nicolas et al., 2003; Tian et al., 2015). For example,
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Notch signaling in mouse intestinal stem cells dampens Wnt activity to maintain the
progenitor pool (Tian et al., 2015). In the mouse epidermis, Notch signaling also represses
Whnt, but in this case to maintain the differentiated keratinocyte fate (Nicolas et al., 2003).
Although heart regeneration occurs primarily through a stem cell-independent mechanism
(Gonzélez-Rosa et al., 2017; Jopling et al., 2010; Kikuchi et al., 2010; Porrello et al., 2011),
our data suggest that opposing Notch and Wnt signals might balance the proportion of
proliferating and working cardiomyocytes to promote effective organ renewal while
simultaneously sustaining cardiac output, respectively.

The influence of Whnt signaling on cardiomyocyte proliferation appears to be context
dependent. While studies employing cultured rat cardiomyocytes and embryonic mice have
demonstrated that Wnt/B-catenin signaling is a positive regulator of cardiomyocyte
proliferation in the absence of insult (Buikema et al., 2013; Heallen et al., 2011; Ozhan and
Weidinger, 2015; Tseng et al., 2006; Ye et al., 2015), our data have uncovered an injury-
dependent inhibitory role during zebrafish heart regeneration. This function is likely to be
conserved in mammals as inhibition of Wnt signaling following experimental myocardial
infarction in mice stimulated cardiomyocyte proliferation and improved outcomes
(Bastakoty et al., 2016; Yang et al., 2017).

Overall, our findings reinforce the importance of endocardialmyocardial cross talk during
zebrafish heart regeneration (Kikuchi et al., 2011) and highlight a potential inroad for
therapeutic intervention. Interestingly, transgenic mice harboring a fluorescent Notch
reporter showed strong upregulation of Notch activity in the endocardium and epicardium
following induced myocardial infarction (Russell et al., 2011). Although the adult
mammalian heart ultimately becomes fibrotic, it might be possible to repurpose this natural
injury response to stimulate myocardial proliferation instead of scarring.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, C. Geoffrey Burns (gburns@cvrc.mgh.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish embryos, larvae, and adults were grown and maintained according to standard
protocols approved by the Massachusetts General Hospital Institutional Animal Care and
Use Committee. Experimental and control animals of the same age, weight, underlying
health, and sex ratios were analyzed in parallel. Zebrafish from 6 to 12 months of age were
used for ventricular resection surgeries as described (Poss et al., 2002). Published strains
used in this study include: wild-type AB; wild-type TuAB, Tg(hsp70/-DN-MAML )04
(published as fb10 in (Zhao et al., 2014) but changed to fb14 on ZFIN),
To(kdrl:CreERT2)™13 (Zhao et al., 2014), Tg(7XTCF-Xla.Siam:GFP) (Moro et al., 2012),
and Tg(karl:mCherry-ras)*¢%¢ (Chi et al., 2008). Animal density was maintained at four fish
per liter. Live embryos or adults were anesthetized in standard E3 media containing 0.4%
tricaine (ethyl 3-aminobenzoate methanesulfonate salt; Sigma-Aldrich).
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METHOD DETAILS

Construction of Tg(hsp70l:mKate2STOPf°*DN-MAML) Transgenic Line—To
generate the Tg(hsp70l-loxPmKate2STOPIoxPDN-MAML-GFP)?24 conditional strain,
abbreviated Tg(hsp70l:mKate2STOPTOX DNMAML )24, the transgene was engineered using
Gateway technology (Life Sciences). An LR recombination reaction was conducted with
P5E-hsp70l (Kwan et al., 2007), pME-loxP-mKate2-Stop-loxP (Han et al., 2016), p3E-DN-
MAML-GFP (Han et al., 2016) entry vectors, and the pDestTolZ2pAZ2 (Kwan et al., 2007)
destination vector. This plasmid was injected into one-cell stage wild-type embryos together
with 7o/2transposase mMRNA (Kwan et al., 2007). One founder was isolated and propagated.

4-HT treatments and heat shock induction—At 24 hour post-fertilization (hpf),
embryos from heterozygous crosses between Tg(kdr/-CreERT2)13 and

T9(hsp70l:mKate2S TOPoX DN-MAML )24 were treated with E3 medium containing 5 pM
4-hydroxytamoxifen (4-HT; Sigma-Aldrich) for 24 hours. Control embryos were treated
with E3 medium containing 0.05% vehicle (ethanol, EtOH) over the same time period. At 48
hpf, treated embryos were washed in E3 multiple times and those expressing the selectable
cerulean lens marker from the 7g(karl:CreERT2)™13 transgene were isolated. To learn
which animals also carried the Tg(hsp70l:-mKate2STOP0XDN-MAML )24 transgene, the
cerulean+ embryos were heat-shocked in a 38°C waterbath in 50ml Falcon tubes containing
25 mL E3 medium. After 45 minutes, embryos were transferred to a 28°C incubator for
additional 4 hours. Embryos with EGFP expression throughout the blood vessels and
endocardium were selected to propagate. In the EtOH-treated group, double transgenic
embryos exhibited whole body red fluorescence that resulted from mKate2 expression
without EGFP expression. Both control and experimental double transgenic strains were
raised to adulthood for heart regeneration analyses.

Adult heat-shock treatments were performed as previously described (Zhao et al., 2014).
Briefly, adult ventricles were injured by resection surgery and allowed to recover overnight
in the aquatics facility. Animals were exposed to automated daily increases in temperature
from 26°C to 38°C for one hour followed by gradual decreases in temperature to 26 C. In all
experiments, hearts were harvested 5 hours after the final heat shock treatment.

Histological analysis and imaging—Cryosectioning was performed as previously
described (Zhao et al., 2014). In brief, hearts were dissected and fixed in 4%
paraformaldehyde (PFA) in PBS overnight at 4°C, washed in PBS, embedded in 1.2% (wt/
vol) agarose in 5% (wt/vol) sucrose-PBS solution, equilibrated in 30% (wt/vol) sucrose-PBS
solution overnight at 4°C, and frozen for cryosectioning on a Leica cryostat (CM3050S,
Leica). 10 um cryosections were used in all experiments.

Acid Fuchsin-Orange G (AFOG) staining was performed as described (Poss et al., 2002). /n
situhybridization experiments for wifl and nofum1b were carried out using Digoxygenin-
labeled RNA probes with Tyramide Signal Amplification (TSA) plus DIG Reagent kit
(PerkinElmer) according to the manufacturer’s instructions. Fragments of wifZ (1.2 kb) and
notum1b (0.6 kb) were cloned from a 24-72 hpf zebrafish embryonic cDNA library using
oligos as detailed in Table S2.
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For immunofluorescence, cryosections were immersed in boiling citric acid buffer (10mM)
for antigen retrieval. Following PBS washes, sections were permeabilized with 0.5% Triton
X-100 in PBS, blocked in blocking buffer (5% BSA, 5% goat serum, 20mM MgCl>,) for 1 h
at room temperature, and incubated with primary antibodies in PBS containing 5% BSA
overnight at 4°C. Sections were incubated in secondary antibodies at room temperature for 1
h and mounted with Vectashield medium (Vector Laboratories).

Cardiomyocyte proliferation indices were quantified by manually counting Mef2+ and
Mef2+/PCNA™ cells in injury regions. To determine the proliferation index of each heart,
data from 4-6 sections with the largest ventricular wound area were averaged.

Primary antibodies used in this study include anti-mCherry (mouse, 1:200; Abcam); anti-
EGFP (rabbit, 1:100; Abcam), anti-myosin heavy chain monoclonal antibody (MF20,
mouse, 1:50; Developmental Studies Hybridoma Bank), anti-Wif1 (rabbit, 1:100, GeneTex),
anti-Notum (rabbit, 1:100, GeneTex), anti-Mef2 (rabbit, 1:50; Santa Cruz Biotechnology),
anti-PCNA (mouse, 1:200; Sigma-Aldrich), anti-GFP (chicken, 1:800, Abcam), anti-pan
Cytokeratin (mouse, 1:100, Abcam) and anti-Collagen Type |, SP1.D8 (mouse, 1:20,
Developmental Hybridoma Bank). Secondary antibodies (1:200; Life Technologies) used in
this study include Alexa Fluor 488 goat anti-mouse IgG (H+L), Alexa Fluor 488 goat anti-
rabbit IgG (H+L), Alexa Fluor 546 goat anti-mouse 1gG2b, Alexa Fluor 633 goat anti-
chicken IgY(H+L), Alexa Fluor 555 goat anti-mouse 1gG (H+L), Alexa Fluor 568 goat anti-
mouse 1gG1, Alexa Fluor 568 goat anti-rabbit 1gG (H+L), Alexa Fluor 647 goat anti-mouse
lgG2b.

AFOG staining and /7 situ hybridization images were captured using a Nikon Eclipse 80i
compound microscope (Nikon) and Excelis AUBOOHDS HD Camera & Monitor System
(Accu-Scope Inc. Commack, NY). Sections of PCNA/Mef2 antibody staining were imaged
using a Nikon Eclipse 80i compound microscope with 20x objective and a QImaging Retiga
2000R CCD camera (QImaging). Whole heart bright field and fluorescence images were
captures using a Nikon Eclipse 80i compound microscope with 4x objective and a Qlmaging
Retiga 2000R CCD camera (QImaging). Other immunofluorescence images were taken
using a Nikon Al (Adaptor Set with Eclipse Ti) confocal microscope (Nikon).

Quantification of Scar Tissue in Regenerated Hearts—Quantification of scar area
in regenerated hearts at 30 dpa was performed as described previously (Chablais et al., 2011;
Gonzéalez-Rosa et al., 2018; Schnabel et al., 2011). Serial sections of AFOG-stained hearts
were imaged using a Nikon 80i compound microscope (Nikon) with a 4x objective and
Excelis AUGOOHDS HD Camera & Monitor System (Accu-Scope Inc. Commack, NY).
Whole ventricular area and scar area [fibrin (red) + collagen (blue)] were measured using
Fiji software. The scar area was normalized to the whole ventricular area to calculate the
percentage of the scar size for each heart. Scar percentage data were collected for 6-10
sections per heart and averaged to generate each data point.

Alkaline phosphatase staining—Alkaline phosphatase staining was performed as
previously described (Jung et al., 2016; Lai et al., 2017) with modifications. Hearts were
fixed in 4% paraformaldehyde (PFA) in PBS for 1 h at room temperature. Prior to washing
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in PBS (three times for 10 each), the atria were removed with forceps. Hearts were then
equilibrated in alkaline buffer (100 mM Tris, pH 9.5, 50 mM MgCI2, 100 mM NacCl, 0.1%
Tween 20 — 2 washes, 5 min each) and stained with BCIP (3.5 pl/ml) and NBT (4.5 pl/ml) in
alkaline buffer in the dark. To stop the reaction, hearts were washed in PBS three times and
fixed and stored in 4% PFA at 4°C. Hearts were imaged in 100% glycerol. Images were
acquired with a Leica MZ12 microscope (Leica) and SPOT Insight QE CCD camera (SPOT
Imaging).

Quantification of vessel leakiness—Adults were anesthetized and imaged with a Leica
MZz12 microscope (Leica) and SPOT Insight QE CCD camera (SPOT Imaging). Bleeding in
each area of every fish was calculated as described previously (Zaucker et al., 2013).

RNA sequencing and transcriptomic analysis—RNA sequencing of 5 dpa ventricles
from Tg(hsp70l:DN-MAML“0)P14 [ahbreviated Tg(DN-MAML)“?] and non-transgenic
wild-type siblings was performed. Specifically, adult ventricles were amputated and exposed
to daily heat shocking until 5 dpa. The apical portions of 5 resected ventricles were
harvested and pooled for each sample approximately 6 hours after the final heat shock. For
both experimental groups, 3 samples were collected. Total RNA was extracted using RNeasy
Plus Micro Kit (QIAGEN) as per the manufacturer’s instructions. cDNA libraries were
prepared and sequenced at the PCPGM on an Illumina HiSeq 2000 sequencer. Differentially
expressed genes (p < 0.0001) were selected for transcriptomic analysis (see Table S1). A
heatmap was generated by ClustVis (Metsalu and Vilo, 2015) online tools (https://
biit.cs.ut.ee/clustvis/). Gene Ontology enrichment and clustering calculation were analyzed
using PANTHER (Mi et al., 2017) (http://www.pantherdb.org/). The accession number for
the raw RNA-Sequencing data reported in this paper has been deposited in NCBI Gene
Expression Omnibus Database: GSE107228.

Small molecule treatments—To detect potential changes in the expression of Wnt target
genes by quantitative PCR, the GSK-3 inhibitor 6-Bromoindirubin-3-oxime (BI1O, Sigma-
Aldrich) or the Wnt antagonist IWR-1-endo (IWR, Sigma-Aldrich) was dissolved in DMSO
to a final concentration of 10 mM and wild-type adult zebrafish were injected
intraperitonealy twice in a 24 hour period with 25 pL of IWR (10 uM in PBS), BIO (10 uM
in PBS), or DMSO (0.1% in PBS). Ventricles were dissected 5 hours after the second
injection for quantitative PCR as described below.

To test whether modulation of Wnt signaling affects myocardial proliferation and
regenerative capacity, ventricles from wild-type animals were amputated and allowed to
recover for 2 days in the aquatics facility. These animals were injected intraperitoneally with
25 pL of IWR (10 uM in PBS), BIO (10 uM in PBS), or DMSO (0.1% in PBS). The
injection was performed at 5 dpa and 6 dpa for CM proliferation analysis at 7 dpa. For 30
dpa regeneration analysis, drugs were injected once every two days from 2 dpa throughout
30 dpa.

For rescue of myocardial proliferation in Notch-inhibited animals,
To(karl-CreERT2)™13: Tg(hsp70I:DN-MAML0X )24 embryos were treated with 4-HT or
EtOH as previously described during embryogenesis and raised to adulthood. Following

Cell Rep. Author manuscript; available in PMC 2019 February 07.


https://biit.cs.ut.ee/clustvis/
https://biit.cs.ut.ee/clustvis/
http://www.pantherdb.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 12

ventricular amputation, the fish were heat shocked daily from 1 dpa to 7 dpa. On days 6 and
7, the fish were injected intraperitoneally three hours after heat shock with 25 uL of IWR
(10 mM in PBS) or DMSO (0.1% in PBS).

Quantitative PCR—Apical ventricular wound regions, uninjured ventricular spared
regions, or whole ventricles of 3-5 hearts were collected in TRIzol for each biological
replicate. Three biological replicates were analyzed per experimental group. Total RNA was
extracted from each sample using Trizol reagent (Invitrogen) and chloroform (Sigma-
Aldrich), and reverse transcription carried out using the Super Script 111 first-Strand
Synthesis System (Life Technologies) according to the manufacturer’s protocol. Quantitative
PCR was performed in triplicate with the Applied Biosystems 7500 Fast or Quant Studio3
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific) with Fast SYBER
Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific). Threshold cycles
(Cts) for selected transcripts were normalized to eflalpha (McCurley and Callard, 2008)
prior to calculating fold differences in gene expression between experimental groups. A
complete list of the primers used in this study is provided in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes, statistical tests, and P values are indicated in the figures or figure legends. The
experiments were not randomized, and the investigators were not blinded to allocation
during experiments and outcome assessment. All statistical values are displayed as mean £
standard deviation. An unpaired two-tailed t test with unequal variance using Microsoft
Excel (Microsoft) was used to assess all comparisons. Statistical significance was assigned
at p < 0.05. Scatterplots in Figures 1K, 3K and 4F were generated using GraphPad Prism 6.
Boxplots in Figures S1U and S6AA and volcano plot in Figure S3A were generated using
RStudio.

DATA AND SOFTWARE AVAILABILITY

The RNA-seq data reported in this study is available under accession number GSE107228 at
the Gene Expression Omnibus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
EC Notch signaling is required for regenerative cardiomyocyte proliferation.

EC Notch augments expression of secreted Wnt antagonists notum1b and
wifl.

Hyperactivated Wnt signaling suppresses regenerative cardiomyocyte
proliferation.

Whnt inhibition boosts cardiomyocyte proliferation in EC Notch-suppressed
hearts.
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Figure 1. Endocardial Notch Signaling Is Required for Cardiomyocyte Proliferation during
Zebrafish Heart Regeneration

(A) Schematic diagram of the transgene, and its Cre-dependent recombination, used to
achieve tissue-specific, heat shock-inducible inhibition of Notch signaling. (B and C) Single
confocal slices of cardiac sections from Tg(karl-CreERZ), Tg(hsp70l: mKate2STOPTXDN-
MAML ) animals treated during embryogenesis with EtOH (CRTL) (B) or 4-HT
(Tg(hsp70l:DN-MAML)EC; abbreviated Tg(DNMAML)EC) (C), raised to adulthood, heat
shocked once, and sacrificed 5 hr later for analysis. Sections were double immunostained for
MF20 (magenta) and GFP (green) and counterstained with DAPI (blue). Greater than three
sections from more than 5 hearts per group were examined. Little to no variation was
observed. (D) Double-transgenic strain and experimental strategy employed to inhibit Notch
signaling specifically in endocardial cells during zebrafish heart regeneration. (E-J) Cardiac
sections from kdrl:CreERZ, hsp70l:mKate2STOPTXDN-MAMIL animals treated during
embryogenesis with EtOH (CRTL) (E, G, and 1) or 4-HT ( Tg(hsp70l-DN-MAMLEC),
abbreviated Tg(DN-MAML)EC) (F, H, and J), raised to adulthood, subjected to ventricular
apex amputation, and heat shocked daily. (E and F) Single confocal slices of cardiac sections
from 30 days post-amputation (dpa) animals immunostained for MF20 (magenta) and
counterstained with DAPI (blue). Dashed lines approximate the amputation planes. The
asterisk in (F) highlights a gap in the myocardial wall. (G and H) Cardiac sections from 30
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dpa animals stained with AFOG to detect muscle (brown), fibrin (red), and collagen (blue).
The asterisk in (H) highlights collagen-rich scar tissue (H). Myocardial regeneration
occurred in 10/10 CTRL and 1/16 Tg(DN-MAML)FC hearts. (I and J) Compound
microscopic images of cardiac sections from 7 dpa CTRL and Tg(DN-MAML ) animals
double immunostained to detect cardiomyocyte nuclei (a-Mef2 antibody; red) and cycling
cells (a-PCNA antibody; green). (K) Bar graph showing cardiomyocyte proliferation indices
on 7 dpa in CTRL (n = 6) and 7g(DM-MAML)EC (n = 5) hearts. Proliferation data were
collected for 4-6 sections per heart and averaged to generate each data point. Statistical
significance was determined using a Student’s t test. Error bars: £1 SD. **p < 0.01. Scale
bars: 50 pm.
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Figure 2. Identification of Secreted Wnt Signaling Antagonists as Candidate Notch Targets in the
Endocardium during Zebra-fish Heart Regeneration
(A) Heatmap showing 254 differentially expressed genes (p < 0.0001) in wild-type (CTRL;

n = 3 replicates) and 7g(hsp70/:DN-MAML) (n = 3 replicates) hearts on 5 dpa with daily
heat shocking. (B) Bar graph showing —log10 p values for GO terms significantly
overrepresented in the down-regulated gene category. (C) Bar graph showing the log2 fold-
change values for transcripts encoding wifI and notumi1b from (A). (D) Bar graph showing
the relative expression levels of wifZ and notum1bin hearts of CTRL and Asp70/:DN-
MAML animals on 5 dpa with daily heat shocking as measured by qPCR. (E) Bar graph
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showing the relative expression levels of wifl and notum1bin hearts of wild-type animals
without injury and on 7 dpa as measured by gPCR. (D and E) 3 technical replicates of each
of 3 biological replicates were performed. Statistical significance was determined using a
Student’s t test. Error bars: 1 SD. ****p < 0.0001. *p < 0.05. (F-G") /n situhybridization
for wifl and notum1b in cardiac sections of wild-type hearts on 7 dpa. Boxed regions in (F)
and (G) are enlarged in (F") and (G”). Arrowheads highlight endocardial signals. 6-8
sections from 4-6 hearts were analyzed. Little to no variation was observed. (H-1")
Immunohistochemical analysis of Wifl (H and H”; yellow) and Notum (I and |”; cyan) in
cardiac sections of wild-type hearts on 7 dpa costained with the MF20 antibody (magenta) to
visualize myocardium. Single confocal slices are shown. Dashed lines highlight approximate
amputation planes. 6-8 sections from 4-6 hearts were analyzed. Little to no variation was
observed. Scale bars: 50 pm.

Cell Rep. Author manuscript; available in PMC 2019 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al. Page 22

Control Notch |nh|b|t|on

DMSO
Tg(7XTCF:eGFP)

Figure 3. Notch Inhibition Boosts Wnt Signaling in the Myocardium of Injured Zebrafish Hearts
(A and B) Confocal slices of cardiac sections from 5 dpa 7g(7xTCF.eGFP) animals injected

daily with DMSO (A) or N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT) (B). Animals were double immunostained to detect GFP (green) and
myocardium (MF20 antibody; magenta) and counterstained with DAPI (blue). (C-D”)
Boxed regions in (A) and (B) are shown at higher magnification in (C) and (D). Split
channels are shown in (C’), (C”), (D), and (D”). Arrows point to myocardial cells with
active Wnt signaling. n = 3 hearts per experimental group. At least 3 sections were examined
per heart. Little to no variability was observed between animals in each experimental group.
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Figure 4. Inhibition of Wnt Signaling Is Required for Zebrafish Heart Regeneration by
Bolstering Myocardial Proliferation

(A) Experimental strategy used to inhibit or augment Wnt signaling during the regenerative
window. Injured animals were injected intraperitoneally (IP) with DMSO, IWR, or BIO on 5
and 6 dpa before cardiomyocyte proliferation was measured on 7 dpa. Myocardial
regeneration was examined on 30 dpa followed by IP injection of DMSO, IWR, or BIO
every other day throughout 2-30 dpa. (B—-G) Cardiac sections from 30 dpa wild-type
animals injected with DMSO (B and E), IWR (C and F), or BIO (D and G). Single confocal
slices of sections immunostained with MF20 (magenta) and counterstained with DAPI
(blue) are shown in (B)—(D). Sections stained with AFOG to visualize muscle (brown),
fibrin (red), and collagen (blue) are shown in (E)—(G). Asterisks in (D) and (G) highlight
gaps in the myocardial wall filled with collagen-rich scar tissue. Heart regeneration occurred
in 7/8 DMSO-treated, 4/7 IWR-treated, and 2/8 BIO-treated animals. (H-J") Cardiac
sections from 7 day post-amputation wild-type animals treated with DMSO (H and H),
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IWR (I and 1"), and BIO (J and J”) were double immunostained to detect cardiomyocyte
nuclei (Mef2 antibody; red) and cycling cells (a-PCNA antibody; green). Compound
microscopic images are shown. (K) Bar graph showing cardiomyocyte proliferation indices
for the indicated experimental groups (DMSO, n = 4; IWR, n = 4; BIO, n = 5). 4-6 sections
per heart were analyzed and averaged to generate each data point. Statistical significance
was determined using a Student’s t test. Error bars: £1 SD. *p < 0.05. ***p < 0.001. Scale
bars: 50 pm.
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Figure 5. Wnt Inhibition Partially Rescues Cardiomyocyte Proliferation Deficits Caused by
Impaired Endocardial Notch Signaling

(A) Double-transgenic strain and schematic diagram of experimental timeline used to inhibit
Wht signaling in animals with compromised endocardial Notch signaling. (B-E”)
Compound microscopic images of cardiac sections from kar/-CreER™Z, hsp70I:
mKate2STOPXDN-MAMIL animals treated during embryogenesis with EtOH (CTRL) (B—
C’) or 4-HT (hsp70l:DN-MAMLEC) (D-E”), raised to adulthood, and subjected to
ventricular apex amputation. Thereafter, animals were heat shocked daily and treated with
DMSO (B, B’, D, and D") or the Wnt inhibitor IWR-1 (C, C’, E, and E”) before
cardiomyocyte proliferation analysis on 7 dpa. Sections were double immunostained to
detect cardiomyocyte nuclei (Mef2 antibody; red) and cycling cells (PCNA antibody; green).
Boxed regions in (B), (C), (D), and (E) are enlarged in (B"), (C"), (D"), and (E”). (F) Bar
graph showing the cardiomyocyte proliferation indices for the indicated experimental groups
(CTRL, n = 6; Wnt Inhib, n = 10; NotchEC Inhib, n = 6; NotchEC and Whnt Inhib, n = 10). 4-
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6 sections per heart were analyzed and averaged to generate each data point. Statistical
significance was determined using a Student’s t test. Error bars: £1 SD. ***p < 0.001. ****p
< 0.0001. **p < 0.01. Scale bars: 50 um. (G) Schematic diagram showing the influence of
endocardial Notch on Wnt signaling and cardiomyocyte proliferation.
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