
ARTICLE

A conserved HH-Gli1-Mycn network regulates heart
regeneration from newt to human
Bhairab N. Singh1, Naoko Koyano-Nakagawa1, Wuming Gong 1, Ivan P. Moskowitz2, Cyprian V. Weaver1,

Elizabeth Braunlin1, Satyabrata Das1, Jop H. van Berlo 1, Mary G. Garry1 & Daniel J. Garry1

The mammalian heart has a limited regenerative capacity and typically progresses to heart

failure following injury. Here, we defined a hedgehog (HH)-Gli1-Mycn network for cardio-

myocyte proliferation and heart regeneration from amphibians to mammals. Using a genome-

wide screen, we verified that HH signaling was essential for heart regeneration in the injured

newt. Next, pharmacological and genetic loss- and gain-of-function of HH signaling

demonstrated the essential requirement for HH signaling in the neonatal, adolescent, and

adult mouse heart regeneration, and in the proliferation of hiPSC-derived cardiomyocytes.

Fate-mapping and molecular biological studies revealed that HH signaling, via a HH-Gli1-

Mycn network, contributed to heart regeneration by inducing proliferation of pre-existing

cardiomyocytes and not by de novo cardiomyogenesis. Further, Mycn mRNA transfection

experiments recapitulated the effects of HH signaling and promoted adult cardiomyocyte

proliferation. These studies defined an evolutionarily conserved function of HH signaling that

may serve as a platform for human regenerative therapies.
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In contrast to mammals, lower vertebrates such as the adult
newt and zebrafish can achieve complete heart regeneration
following injury by activating developmental regulatory net-

works1–5. In these organisms, adult cardiomyocytes undergo
dedifferentiation to re-enter the cell cycle and, ultimately, dif-
ferentiation to facilitate tissue regeneration6,7. Using these model
organisms, studies have defined the activation of signaling path-
ways including: FGF, Notch, and BMP signals. However, little is
known whether these same factors promote cardiomyocyte pro-
liferation in mammals8–10. Recently, Aguirre et al. have shown
that activation of a conserved microRNA pathway in the injured
zebrafish heart can promote mammalian heart regeneration11.
While these findings support the existence of conserved regen-
erative programs, additional studies are urgently needed to define
and activate the dormant pathways in mammals.

The neonatal mammalian heart harbors a tremendous poten-
tial to promote cardiomyocyte proliferation to facilitate repair
and/or regeneration12. In the neonatal mouse, the cardiomyocyte
proliferative capacity diminishes rapidly within a 1-week period
following birth12–14. In contrast, only limited cardiomyocyte
turnover occurs in the adult mammalian heart, a capacity that is
insufficient to repair or regenerate the injured heart15,16. There-
fore, efforts have focused on the role of pathways and factors that
promote cardiomyocyte proliferation and tissue regeneration in
the adult mammalian heart that can prevent the progression of
heart failure and premature death following cardiac injury.

Transcriptional networks and signaling pathways that govern
embryonic heart development have received intense interest13,17–
22. Importantly, these networks and pathways likely serve as a
platform for cardiac regeneration following injury. Studies
focused on hedgehog (HH) signaling support the critical role of
this pathway during cardiovascular development in mammals23.
Deletion of either Smo (Smo−/−) or Ptc1 (Ptc1−/−), or double
knockouts of Shh;Ihh (Shh−/−; Ihh−/−) results in embryonic
lethality due to cardiovascular defects23. In addition, the hedge-
hog downstream effectors, Gli1, Gli2, and Gli3, function in a
redundant and reciprocal fashion to modulate hedgehog activity
in a context-dependent fashion during development. While the
role of HH signaling is described in cardiac development, its role
as a regulator of cardiomyocyte proliferation during heart
regeneration remains unknown.

Here, we used the newt, mouse, and human heart models to
discover important regulators of cardiomyocyte proliferation and
regeneration. We identified a previously undefined evolutionary
conserved role for HH signaling in the postnatal heart following
injury. Using pharmacological inhibitors, bioinformatics, genetic
gain- and loss-of-function strategies, we demonstrate a reciprocal,
functional, modulatory effect on the proliferative program in
cardiomyocytes. Mechanistically, we define a novel HH-Gli1-Mycn
gene regulatory network that regulates cardiomyocyte prolifera-
tion and promotes heart regeneration.

Results
HH signaling is induced upon injury and is essential for heart
regeneration in vivo. Multiple lines of evidence support the
conclusion that the adult newt harbors a tremendous regenerative
capacity following cardiac injury1,3,24. To identify signaling
networks during cardiac regeneration, we initially performed
ventricular apical resection studies in the adult newt and
defined its regenerative properties. Our analysis revealed com-
plete cardiac regeneration with functional restoration of the
resected (~25–30%) heart by 60 days postinjury (dpi) (Supple-
mentary Fig. 1a–c). Our initial histological examination revealed
mitotic cardiomyocytes in the regenerating newt heart tissue
following apical resection injury (Fig. 1a). An EdU incorporation

experiment labeled proliferating cardiomyocytes (desmin+-EdU+

cells) throughout the regenerating newt heart (Fig. 1b, c).
Quantitative analysis revealed desmin+-EdU+ cardiomyocytes in
the injured zone (20 ± 3%), border zone (6 ± 1%), and remote
zone (2.5 ± 0.5%) of the total cardiomyocyte pool at 21 dpi
(Fig. 1b, c and Supplementary Fig. 1d), suggesting a global
regenerative response following resection injury.

To investigate and define the molecular signals regulating
regeneration, we used the Bootstrap bioinformatics tool, and
analyzed the microarray datasets24 (http://newt-omics.mpi-bn.
mpg.de) from the regenerating newt heart at selected time periods
following apical resection injury. Gene set enrichment analysis
showed two distinct phases of response to injury. Multiple
inflammatory pathways were upregulated during the early
regenerative period (Fig. 1d and Supplementary Fig. 1e). By 7
dpi, inflammatory signals were downregulated with the subse-
quent activation of multiple signaling pathways including the
hedgehog (HH) signaling pathway (Fig. 1d and Supplementary
Fig. 1e). HH signals were sustained throughout the later stages of
regeneration (Fig. 1d). To validate these results, we performed
qPCR using RNA isolated from the regenerating heart at selected
time periods. Consistent with the Bootstrap analysis, the gene
encoding the ligand of the HH pathway, shh, and the HH target
and co-receptor Patched, ptc-1, were both upregulated at 4 dpi
and had sustained expression in the regenerating heart (Fig. 1e, f).
Further, qPCR using RNA isolated from the bulbous arteriosus
[BA (i)], atrial [AT (ii)], and ventricular [Ven (iii)] tissues,
showed maximal expression of shh and ptc-1 levels in the injured
ventricle and BA (Supplementary Fig. 1f–h). These results
supported the notion that the HH signaling pathway was
important for cardiac regeneration.

We initially tested the hypothesis that HH signaling was
essential for newt heart regeneration by ablating HH signals
in vivo using a potent Smoothened (Smo) antagonist, cyclopa-
mine (CyA)25. Continuous blockade of HH signals led to
complete ablation of heart regeneration and induction of scar
formation following injury (n= 8) (Fig. 1g, h). To further
characterize the perturbed regeneration upon HH signaling
inhibition, we examined cellular proliferation using an EdU-
labeling assay at multiple time periods following ventricular
resection. The EdU incorporation assay showed a twofold
reduction in cardiomyocyte proliferation upon inhibition of HH
signaling at 21 dpi and 30 dpi (n= 6; p < 0.05 and p < 0.01,
respectively) (Fig. 1i, j). Next, we evaluated whether other lineages
such as the epicardial cells were modulated by HH signaling
during the regenerative period. We observed that the Wt1+

epicardial cell population was activated and proliferated following
cardiac resection. Furthermore, the proliferation of the Wt1+

epicardial cell population was diminished with cyclopamine-
mediated HH signaling inhibition (Supplementary Fig. 2a–c).
These results showed the necessity of HH signaling for heart
regeneration in the newt following injury. Importantly, our
studies were further supported by others demonstrating the
permissive role of signaling pathways on the epicardium and
cardiovascular lineages in the regenerating zebrafish heart26.

Activation of HH signaling promotes mouse neonatal cardio-
myocyte proliferation in vitro. During mouse embryonic
development, HH signaling coordinates cardiac progenitor pro-
liferation, specification and coronary vascular development23,27.
This ligand-receptor pathway includes hedgehog ligands (Shh,
Ihh, Dhh) and membrane receptors [Smoothened (Smo) and
Patched1 (Ptc1)] to regulate the downstream effectors4,28. While
global deletion of Smo as well as Shh−/−/Ihh−/− results in
embryonic lethality due to cardiovascular defects23, its role in the
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Fig. 1 HH signaling is essential for heart regeneration. a Histological examination of the regenerating newt heart showing a mitotic cardiomyocyte in the
injured tissue. b, c Immunohistochemical (b) and quantitative analysis of the total EdU+ cells (c) in the regenerating newt heart. The white arrowheads
indicate the proliferating cardiomyocytes within the myocardium at specified time periods following injury. The boxed regions are magnified in the lower
panels. Quantitative analysis represents counts from four randomly selected fields at 20× magnification from four replicates at each time period. d Gene
set enrichment analysis using Bootstrap tools from regenerating newt heart tissue at the designated time periods postinjury. The color scale indicates the
scaled expression levels of signaling pathways following heart injury. e, f qPCR analysis for shh and ptc-1 transcripts during cardiac regeneration in the newt
(n= 4). g Schematic (top) of experimental protocol and whole-mount images of the regenerating heart obtained from control- and CyA-treated newts at 7
dpi and 30 dpi (n= 8 for each group). The dotted line represents the injured region of the heart. h Masson Trichrome staining of the regenerating hearts
from control- and CyA-treated newts at 7 dpi and 30 dpi (n= 8 for each group). The dotted line represents the injured region of the heart. i, j
Immunohistochemical staining (i) and quantification (j) of Desmin+-EdU+ cardiomyocytes in the regenerating heart from control- and CyA-treated newts
at the designated time periods following injury (n= 6). The dotted line in panel i represents the injured region of the heart and the tissue in the boxed
region is magnified in I′ and I″ panels. White arrowheads indicate the EdU+-cardiomyocytes. Data are presented as mean ± SEM (*p < 0.05; **p < 0.01)
(see also Supplementary Figs 1 and 2) and scale bars= 200 μm (panels a, b, h, i) and 500 μm (panel g). Statistical tests were done using two-tailed
unpaired Student’s t-test and one-way ANOVA
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postnatal proliferative myocardium and the perinatal regenerative
period is unknown. To analyze the expression of HH signaling in
the postnatal heart, we performed qPCR using RNA isolated from
P1-P28 mouse hearts. qPCR analysis using P1 ventricular tissue
revealed robust expression of the HH pathway transcripts, Smo
and Ptc1, and cell cycle transcripts, Ccnd1, Ccnd2, and Ccne1. All
of these transcripts were subsequently downregulated by P28
(Fig. 2a). In contrast, the cell cycle repressor gene, Cdkn1b, was
upregulated between the P7-P28 period compared to P1 (Fig. 2a).
The reduction in Smo, Ptc1, Ccnd1, Ccnd2, and Ccne1 transcripts
during the first week of postnatal development indicated con-
comitant downregulation of HH signaling and the proliferative
program as the heart loses its regenerative potential.

To assess the role of HH signaling in the regenerating neonatal
mouse heart, we performed immunohistochemical analysis of Shh
and Smo in postnatal day 1 (P1) heart tissue sections. Shh was
strongly expressed in the non-myocyte cellular pool, including
the endothelium (Shh+-Endomucin+ cells) and smooth muscle
cells (Shh+-SM22+ cells) (Fig. 2b). Furthermore, immunohisto-
chemial analysis of Shh and Desmin demonstrated an absence of
co-labeled cells, suggesting that Shh was not expressed in
cardiomyocytes (Fig. 2b). In contrast, the immunohistochemical
analysis of Smo and Actinin revealed punctate expression of Smo
in Actinin-positive cardiomyocytes (Smo+-Actinin+ cells) as well
as strong expression in the non-myocyte cellular (Smo+-Actinin−

cells; white arrow) pool (Fig. 2b). Our analysis showed an
uniform staining of Smo in cardiomyocytes. To further verify the
expression of Smo in the cardiomyocytes, we undertook qPCR
analysis using FACS-sorted αMHC-mCherry+ cells (a transgenic
cardiomyocyte-specific promoter driving mCherry expression)
from P1 hearts. qPCR analysis revealed a robust expression of the
Smo transcripts in these mCherry+ cells (Fig. 2c). Based on these
results, we hypothesized that a Shh morphogen secreted by the
non-myocyte cellular pool signaled, in a paracrine manner, the
adjacent Smo-expressing cardiomyocytes.

We directly tested HH signaling activity using small molecule-
mediated activation and inhibition studies on isolated mouse
neonatal cardiomyocytes. In vitro administration of the HH
agonist (SAG) resulted in a dose-dependent increase in the
number of cultured neonatal cardiomyocytes (Fig. 2d and
Supplementary Fig. 3a). We then performed an EdU incorpora-
tion assay to monitor the proliferation indices of the cultured
neonatal cardiomyocytes. Compared to the controls, SAG
treatment resulted in a 2.5-fold (n= 4; p < 0.05) increase in α-
Actinin+-EdU+ cells. In contrast, cyclopamine (CyA)-mediated
inhibition of HH signaling resulted in a significant decrease in
cardiomyocyte proliferation (n= 4; p < 0.05) (Fig. 2e, f). To
validate these EdU incorporation results, we performed immu-
nostaining for Ki67 to examine the proliferating cardiomyocytes
following treatment with DMSO, SAG, and CyA. Very few
cardiomyocytes were stained for Ki67 (Ki67+-Actinin+ cells) in
the controls, whereas, we observed an increased number of Ki67
+-Actinin+ cells in the SAG-treated (n= 3; p < 0.05) cardiomyo-
cytes. In contrast, we did not detect any Ki67+-Actinin+ cells in
the CyA-treated groups (Fig. 2g, h). To evaluate whether HH
signaling has a protective function, we performed a live/dead
assay using the cultured cardiomyocytes following treatment with
DMSO and SAG for 48 h. We did not find any difference in the
live/dead assay between control- and SAG-treated cardiomyo-
cytes (n= 3) (Fig. 2i). These data indicated that activation of HH
signaling did not induce an anti-apoptotic pathway in the
cultured cardiomyocytes. Next, to investigate a pro-proliferative
impact of HH signaling, we treated the cultured cardiomyocytes
with SAG in the presence or absence of a pan-caspase inhibitor
and performed an EdU-incoporation assay. Pan-caspase-
mediated inhibition of apoptosis in the presence of SAG did

not result in any change in the EdU+ cardiomyocytes compared
to SAG alone (n= 3; p < 0.05) (Fig. 2j). These results demon-
strated a pro-proliferative impact of HH signaling in the
cardiomyocytes. Next, qPCR analysis for Ptc1, Ccnd2, Ccnd1,
and Ccne1 transcripts confirmed the induction of cell cycle
kinetics upon HH signaling activation (Fig. 2k, l and Supple-
mentary Fig. 3b, c). Further, fluorescence-activated cell sorting
(FACS) analysis of the α-Actinin+-EdU+ population demon-
strated increased cardiomyocyte proliferation (2.5-fold) upon
SAG treatment (n= 3; p < 0.05) (Fig. 2m, n). The increased
cardiomyocyte proliferation upon SAG treatment was also
evident in the serum-free conditions (n= 3; p < 0.05) (Supple-
mentary Fig. 3d, e). These results showed that activation of HH
signaling promoted the proliferation of postnatal neonatal
cardiomyocytes in vitro.

In vivo activation of HH signaling extends the cardiac regen-
erative window. We next investigated whether activation of HH
signals could modulate the cardiomyocyte proliferative potential
in vivo. To evaluate the role of HH signaling in vivo, we con-
ditionally activated HH signaling in cardiomyocytes by crossing
mouse models with a floxed allele of an active, Smo mutant
(SmoM2)29 with a cardiomyocyte-specific tamoxifen-inducible
Cre (αMHC-CreERT2 [αMHC-MerCreMer])30. Subcutaneous
injection of 4-hydroxytamoxifen (TM) in αMHC:CreERT2;
Rosa26-ZsGreen neonates at P0/P1 resulted in specific and effi-
cient (>95%) labeling of cardiomyocytes (Supplementary Fig. 4a,
b). Hearts from TM-treated αMHC:CreERT2;SmoM2-YFPfl/+

(SmoM2) mice demonstrated increased levels of Ptc1, Gli1, and
Gli2 transcripts following TM treatment by qPCR, confirming the
activation of the HH signaling cascade (Fig. 3a and Supplemen-
tary Fig. 4c–e).

Increased HH signaling in TM-treated αMHC:CreERT2;
SmoM2-YFPfl/+ (SmoM2) mice revealed cardiac enlargement
with increased ventricular wall thickness, heart weight to body
weight (HW/BW) ratio (n= 5; p < 0.05), and heart weight to tibia
length (HW/TL) ratio (n= 5; p < 0.05) (Fig. 3b, c, and
Supplementary Fig. 4f, g). To determine whether cardiac
enlargement was due to a hyperplastic or hypertrophic effect,
we analyzed cardiomyocyte proliferation between P2-P7 (regen-
erative period)12. EdU incorporation assays revealed an increased
percentage of EdU+ cells (n= 3; p < 0.05) and Nkx2-5+-EdU+

cardiomyocytes (n= 3; p < 0.05) in the SmoM2 hearts without
any detectable change in cardiomyocyte size relative to control
hearts (Fig. 3d–f, and Supplementary Fig. 4h, i). qPCR analysis
demonstrated increased levels of Ccnd2 and Ccne1 with reduced
expression of Cdkn1b (p27) in SmoM2 hearts (Fig. 3g). These
results support the notion that the activation of HH signaling
promotes cardiomyocyte proliferation. To further examine this
hypothesis, we conditionally deleted Smo in the cardiomyocyte by
crossing the αMHC:CreERT2;SmoL/L with Smo-floxed (SmoL/L)
mice at P0. Deletion of Smo in the cardiomyocyte resulted in
reduced levels of Ccnd2 and Ccne1 at P7 (Fig. 3h–k). Overall,
these results established that HH signaling regulated the
proliferation program of the neonatal cardiomyocyte population
in vivo.

Having established the role of HH signaling in the regenerative
period or window (<P7)12, we tested whether HH signaling
activation was able to promote cardiomyocyte proliferation in the
non-proliferative/non-regenerative window (>P7). We pulsed
SmoM2 pups with EdU between P7-P10 (Fig. 4a). As expected,
few proliferating cardiomyocytes were noted at P10 in the wild-
type control. In contrast, activation of Smo (SmoM2) resulted in
an increased percentage of Nkx2-5+-EdU+ cells (approximately
twofold) relative to control (n= 3; p < 0.05) (Fig. 4b, c). To
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confirm these in vivo findings, we isolated P7 cardiomyocytes
(>95% rod-shaped binucleated cardiomyocytes), treated them
with SAG and examined the cardiomyocyte proliferation.
Remarkably, SAG treatment resulted in an increased number of
α-Actinin+-EdU+ cardiomyocytes with a significant increase
(approximately threefold) in the number of mono-, bi-, and
multi-nucleated cardiomyocytes (n= 4; p < 0.05) (Fig. 4d–f). SAG

treatment of P7-isolated cardiomyocytes resulted in increased
expression of Ptc1, Ccne1, and Ccnd2, and reduced expression of
Cdkn1b (p27) as detected by qPCR (Fig. 4g–j). To further monitor
the HH signaling-mediated activation of cardiomyocyte cell
division, we undertook time-lapse microscopic experiments using
αMHC-mCherry+ cardiomyocytes isolated from P7 mice follow-
ing treatment with either DMSO (control) or SAG. It is important
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to note that P7 cardiomyocytes have a relatively low proliferative
ability as compared to P1–P2 cardiomyocytes. Similar to the
immunostaining results, we could not detect dividing P7
cardiomyocytes in the control conditions (Fig. 4k; Supplementary
Movie 1). Interestingly, we observed dividing αMHC-mCherry+

P7 cardiomyocytes in the SAG treatment condition (Fig. 4k;
Supplementary Movie 2). Overall, these findings clearly demon-
strated a proliferative role of HH signaling in the postnatal
cardiomyocytes. We next investigated the ability of HH signaling
to activate proliferation during the late juvenile stage (P28)
(Supplementary Fig. 5a). We observed a significant increase in
heart size (n= 4; p < 0.05) (Supplementary Fig. 5b–d), in the
number of EdU+ cells (twofold), and in the number of Nkx2-5
+-EdU+ cardiomyocytes (1.8-fold) (n= 3; p < 0.05) in TM-
treated SmoM2 mice (Supplementary Fig. 5e, f). Collectively,
these results demonstrated that HH signaling activation was
sufficient to extend cardiomyocyte proliferation during the non-
proliferative/non-regenerative window.

HH signaling regulates mammalian heart regeneration fol-
lowing injury. Having established that HH signals could mod-
ulate cardiomyocyte proliferation both in vitro and in vivo, we
directly evaluated the role of HH signaling during heart regen-
eration following injury. To determine whether HH signaling is
required for heart regeneration during the regenerative window
(<P7), we tested whether conditional deletion of floxed-Smo
(SmoL/L) resulted in impaired neonatal heart regeneration. We
injected 4-hydroxytamoxifen (TM) in the αMHC:CreERT2;SmoL/
L (Smo CKO) neonatal pups at P0 and P1, and performed myo-
cardial infarction (MI) injury by ligating the left anterior des-
cending (LAD) coronary artery at P2 (regenerative period)
(Fig. 5a). Previous studies have shown a robust regenerative
potential in the P2 heart following injury12. Regeneration in TM-
treated Smo CKO and control mice was analyzed at P21 following
MI (Fig. 5a). While the control hearts regenerated normally, Smo
CKO hearts showed impaired regeneration and scar tissue for-
mation at 21 days post-MI (n= 5; p < 0.01) (Fig. 5b, c). To further
validate these results, we undertook a functional analysis of the
control and Smo CKO regenerating hearts. Echocardiographic
data analysis revealed decreased cardiac function at 21 days post-
MI (n= 5; p < 0.05) (Fig. 5d). Next, we performed an EdU-
labeling assay using the regenerating tissues from control and
Smo CKO hearts. Smo CKO mice showed a reduced percentage of
Nkx2-5+-EdU+ cardiomyocytes relative to controls (n= 4; p <

0.05) using immunohistochemical analysis (Fig. 5e, f). These
results indicated that HH signaling is required for cardiomyocyte
proliferation and heart regeneration in vivo.

Based on these results, we next hypothesized that HH signaling
activation may promote the regenerative response in vivo during
the non-regenerative period (>P7). We examined the effect of HH
signaling activation following MI injury by ligating the LAD
coronary artery at P7 (Fig. 6a). Activating HH signaling in TM-
treated SmoM2 mice led to a significant improvement in cardiac
function following MI compared to controls at 21 dpi and 42 dpi
(n= 4; p < 0.05) (Fig. 6b). We found extensive scarring and loss of
myocardial tissue in the control hearts. In contrast, TM-treated
SmoM2 hearts revealed cardiac regeneration with a significantly
reduced fibrotic area (n= 4; p < 0.05) (Fig. 6c, d). Immunohis-
tochemical analysis of the regenerating tissue was performed to
visualize the cellular proliferation upon HH activation. SmoM2-
expressing hearts revealed increased Desmin+-EdU+ cardiomyo-
cytes (2.1-fold; n= 3; p < 0.05) with a higher percentage of
Desmin+-PCNA+ cardiomyocytes (fourfold; n= 3; p < 0.05) and
Desmin+-pH3+ (twofold; n= 3; p < 0.05) cardiomyocytes com-
pared to controls (Fig. 6e, f, and Supplementary Fig. 6a–d).
Furthermore, we observed a significantly higher percentage of
Mef2a+-PCNA+ cardiomyocytes (greater than twofold; n= 3; p
< 0.05) in the injured, border, and remote areas of the SmoM2-
expressing hearts relative to controls (Fig. 6g, h). Next, lineage
tracing experiments were performed to monitor the contribution
of pre-existing cardiomyocytes to the regenerating tissue (Fig. 6i).
These experiments demonstrated that SmoM2-expressing hearts
induced the proliferative response in pre-existing cardiomyocytes,
and that largely (>80%) contributed to the regenerating heart
(Fig. 6j, k). These results indicated that HH signaling was able to
extend the temporal window for heart regeneration in vivo.

To determine the regulatory role of Smo during adult mouse
heart regeneration, we examined Smoothened (Smo) transcript
expression using RNA obtained from the isolated cardiomyocytes
at P2, P7, and P60 stages and performed qPCR analysis. We
found robust expression of Smo in the P2 FACS-sorted αMHC-
mCherry+ cardiomyocytes (Fig. 7a). The level of Smo transcripts
were decreased at subsequent stages with limited expression in
isolated P60 cardiomyocytes (Fig. 7a). To examine the expression
of Smo transcripts following injury, we performed LAD coronary
artery ligation injury in the adult mouse heart and isolated
cardiomyocytes at 7 dpi following injury. qPCR analysis of the
freshly isolated adult cardiomyocytes at 7 dpi revealed increased

Fig. 2 HH signaling regulates proliferation in mouse neonatal cardiomyocytes. a qPCR analysis of Smo, Ptc1, Ccnd1, Ccnd2, Ccne1, and Cdkn1b (p27)
transcripts using RNA isolated from P1-P28 mouse heart tissue (n= 3 for each time point). b Immunostaining of Shh and Smo proteins with Endomucin
(endothelial), SM22 (smooth muscle), Desmin (cardiomyocytes), and α-Actinin (cardiomyocytes) in P1 mouse heart sections. The boxed region is
magnified in the right panel. The white arrow indicates the staining of Smo in the vascular structure. Note the punctate staining of Smo in the
cardiomyocytes. c qPCR analysis for Smoothened transcripts using RNA isolated from whole heart and FACS-sorted αMHC-mCherry+ cells (a transgenic
cardiomyocyte-specific promoter driving mCherry expression) from P1–P2 pooled hearts. d Quantitative analysis of cultured neonatal cardiomyocytes
following treatment with various concentration of SAG. e, f Immunohistochemical images (e) and quantification (f) of α-Actinin+-EdU+ isolated neonatal
cardiomyocytes following exposure to control (white bar), SAG (gray bar), or CyA (dark gray bar) and pulsed with EdU. Quantitative analysis represents
the counting of four different fields at 10× from four replicates (n= 2000 cardiomyocytes for each condition). g, h Immunohistochemical images (g) and
quantification (h) of α-Actinin+-Ki67+ isolated neonatal cardiomyocytes following exposure to control (white bar), SAG (gray bar), or CyA (dark gray bar).
Quantitative analysis represents the counting of three different fields at 10× from three replicates (n= 2000 cardiomyocytes for each condition). Open
arrowhead indicate non-cardiomyocytes and closed arrowhead cardiomyocyte positive for Ki67 protein. i Live/Dead assay using the isolated neonatal
cardiomyocytes following exposure to control (white bar) and SAG (gray bar). Quantitative analysis represents the counting of three different fields at 10×
from three replicates. j Quantification of α-Actinin+-EdU+ isolated neonatal cardiomyocytes following exposure to DMSO (Control), pan-caspase inhibitor
(Cas I), SAG and (SAG+Cas I) for a 48 h period. Quantitative analysis represents the counting of eight different fields at 10× from three replicates. k, l
qPCR analysis for Ccnd2 and Ccnd1 transcripts from isolated neonatal cardiomyocytes exposed to DMSO, SAG or CyA. m, n FACS analysis (m) and
quantification (n) for α-Actinin+-EdU+ cardiomyocytes in control (white bar), SAG (gray bars) and CyA (dark gray bars) treated conditions. Quantification
involved the analysis of cardiomyocytes (n= 30,000) from three replicates. Data are presented as mean ± SEM (*p < 0.05; **p < 0.01) (see also
Supplementary Fig. 3) and scale bars= 100 μm. Statistical tests were done using two-tailed unpaired Student’s t-test
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expression of Smo in the injured cardiomyocytes relative to
uninjured cardiomyocytes (Fig. 7b). To monitor whether
activated Smoothened could modulate regeneration capacity of
the adult mouse heart, we isolated adult mouse cardiomyocytes,
treated them with SAG, and performed EdU incorporation assays.
We observed no or minimal α-Actinin+-EdU+ cardiomyocytes in
the control or untreated adult cardiomyocytes. Notably, SAG-
mediated activation of HH signaling led to an increased number
of α-Actinin+-EdU+ cardiomyocytes (n= 3; p < 0.05) (Fig. 7c, d).
These results demonstrated that HH signaling activation was
sufficient to induce proliferation in the mature cardiomyocytes.
Next, we evaluated the role of HH signaling during adult heart

regeneration following injury. Initially, we investigated the
expression of Shh transcripts following myocardial injury (LAD
ligation). qPCR analysis revealed a fourfold increase in the levels
of Shh transcripts in the injured heart tissue relative to uninjured
tissue (Fig. 7e). To evaluate the source of Shh transcripts, we
sorted CD31+ cells (endothelial lineage) and CD90+ cells
(fibroblast population) from the injured heart tissue and
performed qPCR experiments at 7 dpi. Our analysis revealed
robust expression of Shh in both CD31+ and CD90+ lineages,
indicating that these cells could be the major source of Shh
morphogen (Fig. 7f). To interrogate the functional role of HH
signaling during following injury in the adult heart, we used adult
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αMHC:CreERT2;SmoM2-YFPfl/+ (SmoM2) mice, and activated
HH signaling in cardiomyocytes by subcutaneous injection of
4-hydroxytamoxifen (TM) at P56 (8 weeks (8W) old). Following
corn oil/TM-injection, the animals were allowed to recover for 1
week and MI injury was performed at 10W of age (Fig. 7g).
Whole-mount image analysis revealed an enlarged heart with
increased heart weight to body weight ratio in the TM-treated
SmoM2 mice following injury at 42 dpi (Fig. 7h, i). Subsequent
analysis of the whole-mount images demonstrated the presence of
scar tissue in the control animals, whereas TM-treated SmoM2
mice showed relatively less scarring (Fig. 7h). Further, histological
examination showed extensive scarring and loss of myocardial
tissue in the control hearts, correlating with the lack of
regeneration in the adult tissue (Fig. 7j). Remarkably, TM-
treated SmoM2 hearts revealed significantly reduced fibrotic area
following ischemic injury (n= 3; p < 0.05) (Fig. 7j, k). Impor-
tantly, activation of HH signaling in TM-treated SmoM2 mice led
to a significant improvement in ejection fraction (EF) as
compared to controls at 42 dpi (n= 3; p < 0.05) (Fig. 7l). To
determine whether the decreased fibrosis in the TM-treated
SmoM2 hearts was due to increased cardiomyocyte proliferation,
we undertook immunohistochemical analysis using Ki67-
antibodies. We observed an increased number of Ki67+-Actinin
+ cells in the SmoM2 hearts as compared to control tissue (n= 3;
p < 0.05) (Fig. 7m, n). To further validate these results, we pulsed
the LAD-ligated animals with EdU (i.p.) every 3 days post-MI
and performed an EdU incorporation assay at 42 dpi following

injury (Fig. 7o). TM-treated SmoM2-expressing hearts revealed
an increase in the number of Actinin+-EdU+ cardiomyocytes
(1.8-fold; n= 3; p < 0.05) compared to controls (Fig. 7p, q).
These experiments demonstrated that SmoM2-expressing
hearts induced the proliferative response following injury in
the adult animals. Previous reports have suggested that Shh
may have a global anti-apoptotic as well as neovascularization
roles in the injured heart31. To determine whether
cardiomyocyte-specific SmoM2 expression is associated with
increased neovascularization following MI, we performed endo-
mucin staining at 42 days post-MI. Our immunofluorescent
analysis showed a mild increase in the vascular structures in the
SmoM2-expressing hearts as compared to control hearts (Fig. 7r).
We next performed cleaved caspase-3 immunostaining and found
low numbers of α-Actinin+-caspase-3+ cardiomyocytes (n= 3)
in the SmoM2-expressing hearts as compared to control hearts
(Fig. 7s). These results provide compelling evidence for the
essential role of HH signaling during heart regeneration in adult
animals.

Conserved role of HH signaling in the regulation of cardio-
myocyte proliferation. Having described the role of HH signal-
ing in the regulation of cardiomyocyte proliferation and
regeneration in both newt and mouse (Figs. 1–7), we examined
the conserved function of HH signaling using human-induced
pluripotent stem cell (hiPSC)-derived cardiomyocytes (hiPSC-
CMs). We differentiated hiPSCs using a protocol that yields

�MHC:CreERT2;SmoL/L SmoL/L

S
m

o 
C

K
O

C
on

tr
ol

S
m

o 
C

K
O

C
on

tr
ol

Smo CKO
Control

Smo CKO
Control

7

*

6

N
kx

2-
5+

E
dU

+
 C

M
 (

%
)

5
4
3
2
1
0

16 60

50

40

S
F

 (
%

)

30

20

10

0

**

*12

F
ib

ro
tic

 a
re

a 
(%

)

8

4

0

Exon1

Pups

X

EdU injection (i.p.)
4-OHT

P0-P1 P2 P7 P21

Analysis

DAPI-merged Nkx2-5-EdU

E′

E′′

Regenerative period

M
I

lox
P

lox
P

a b c d

e f

Fig. 5 Conditional deletion of Smoothened (Smo CKO) results in impaired neonatal heart regeneration following myocardial injury. a Schematic of
cardiomyocyte-specific conditional deletion of the floxed-Smo allele and heart regeneration analysis following MI. The MI was performed on P2. b, c
Masson trichrome staining of representative sections (B) and fibrotic area quantification (c) of heart sections at 21 days postinjury (n= 5 for each group). d
Echocardiographic measurements (SF) of cardiac function from control and Smo CKO at 21 days post-MI (n= 5 per group). e, f Immunostaining (e) and
quantification (f) of Nkx2-5+-EdU+ cardiomyocytes from control and Smo CKO at 21 days post-MI (n= 4 per group). The boxed region in the middle panel
of “e” is magnified in panels E′ and E″. Arrowheads indicate EdU+ cardiomyocytes. Quantitative analysis represents counting of three random fields at 20×
magnification from four biological replicates in each group. Data are presented as mean ± SEM (*p < 0.05, **p < 0.01) and scale bars= 100 μm. Statistical
tests were done using two-tailed unpaired Student’s t-test

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06617-z ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:4237 | DOI: 10.1038/s41467-018-06617-z | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


functional cardiomyocytes32. Using this protocol, we obtained
robustly beating cardiomyocytes with high efficiency (>78% cTnT
+cardiomyocytes) at day 60 (Supplementary Fig. 7a, b). We
examined the effect of increased HH signaling on the prolifera-
tion of terminally differentiated hiPSC-CMs (Supplementary
Fig. 7c–f). Administration of SAG to day 60 hiPSC-CMs resulted
in increased α-Actinin+-EdU+ cardiomyocytes (twofold; n= 3;

p < 0.01) and α-Actinin+-Ki67+ cardiomyocytes (approximately
threefold; n= 3; p < 0.01), respectively (Supplementary Fig. 7c–f).
In contrast, CyA-treatment resulted in a significant decrease (n=
3; p < 0.05) in the proliferation of day 60 hiPSC-CMs (Supple-
mentary Fig. 7c–f). These findings support an evolutionary con-
served role for HH signaling in the regulation of cardiomyocyte
proliferation.
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Gli1-Mycn cascade regulates the cardiomyocyte proliferative
response. To decipher the mechanism by which HH signaling
mediates cardiomyocyte proliferation, we analyzed the expression
of the downstream effectors Gli1 and Gli3 from the P1-P28
mouse heart. We observed robust Gli1 expression at P1, which
was essentially extinguished by P28; conversely, Gli3 expression
was low at P1 and increased significantly by P28 (Supplementary

Fig. 8a, b). Activation of HH signaling by SAG treatment induced
Gli1 and reduced Gli3 expression. Conversely, CyA-treatment
caused reduced Gli1 and increased Gli3 expression in isolated
mouse neonatal cardiomyocytes (Supplementary Fig. 8c, d). To
further explore Gli1-dependent regulation of cardiomyocyte
proliferation, we performed lentiviral-mediated overexpression
and knockdown of Gli1 in neonatal cardiomyocytes (Fig. 8a and

P2 CM
P7 CM
Adult CM

S
m

o/
G

ap
dh

S
m

o/
G

ap
dh

0.005

0.004

0.003

0.002

0.001

0.000

0.020

0.015

0.010

0.005

0.000

**
*

7dpi CM
Uninjured CM Control ControlSAG

SAG

*

M
er

ge
d

A
ct

in
in

-E
dU

E
dU

+
 c

ar
di

om
yo

cy
te

s 
(%

) 0.006

0.005

0.004

0.003

0.002

0.001

0.000

5

4

3

2

1

0

S
hh

/G
ap

dh

S
hh

 e
xp

re
ss

io
n 

(f
ol

d)
H

W
/B

W
 r

at
io

 (
m

gg
m

–1
)

0.0003

0.0002

0.0001

0.0000

*

7dpi Ht
7dpi CD31+ sort

Uninjured Ht

Control

7dpi Ht

SmoM2

C
on

tr
ol

S
m

oM
2

7dpi CD90+ sort

5

6

4

3

2

1

0

Control

Control

X

Adult

SmoM2
MerCreMer(+/+)
Myh6 R26

7dpi8W 42dpi

4-OHT lox
P

lox
P

10W
(baseline)

(MI)

SmoM2

SmoM2
Control

40

30

20

10

0

E
F

 (
%

)

F
ib

ro
tic

 a
re

a 
(%

)

100

80

60

40

20

0

SmoM2

Stop

*

**
ns

Bas
eli

ne 7d
pi

42
dp

i

Control

*

K
i6

7+
C

M
 (

%
)

0.010

0.008

0.006

0.004

0.002

0.000

SmoM2

X

Adult

EdU (i.p.)

SmoM2MerCreMer(+/+)
Myh6 R26

7dpi8W 42dpi

4-OHT lox
P

lox
P

10W
(baseline)

(MI)

Stop

C
on

tr
ol

C
on

tr
ol

S
m

oM
2

S
m

oM
2

C
on

tr
ol

S
m

oM
2

EdU-Actinin

C
on

tr
ol

S
m

oM
2

Ki67-ActininDAPI-Merged

Casp3-ActininEndomucin DAPI-Merged
Control

0.008

0.006

0.004

0.002

E
dU

+
C

M
+
 (

%
)

0.000

SmoM2

*

a b c d

e f g h

i j k l

m n o p

q r s

*

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06617-z ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:4237 | DOI: 10.1038/s41467-018-06617-z | www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Supplementary Fig. 8e, f). Overexpression of Gli1 by lentiviral
particles resulted in increased α-Actinin+-EdU+ cardiomyocytes
(twofold; n= 3; p < 0.05) with higher levels of Ccnd2 and Ccne1
transcripts (Fig. 8b–e). In contrast, Gli1-knockdown (shGli1) led
to impaired cardiomyocyte proliferation (n= 3; p < 0.05) and
reduced expression of cyclins with a concomitant increase in
Cdkn1b (p27) levels (Fig. 8b–f).

Next, to identify downstream targets of Gli1, we used
Gli1-ChIPseq data sets33 and examined putative candidates
based on their expression in the cardiomyocyte, ChIPseq
binding proximity, and proliferative function. Using these
criteria, we prioritized the candidates and identified Mycn
as the top-ranked candidate (Supplementary Table 1).
Notably, Mycn transcripts paralleled Gli1 expression with
increased expression in the P1 heart and extinguished
expression by P28 (Fig. 8g). The Mycn transcripts were
increased following SAG treatment, whereas CyA-treatment
resulted in reduced expression in isolated mouse neonatal
cardiomyocytes (Fig. 8h). Lentiviral-mediated Gli1 overexpres-
sion or knockdown in isolated neonatal cardiomyocytes led to
an increase or decrease in Mycn transcripts, respectively
(Supplementary Fig. 8g, h), suggesting that the function of
Gli1 was mediated through Mycn.

We examined the direct effect of Mycn on neonatal
cardiomyocyte proliferation using lentiviral-mediated overexpres-
sion and knockdown of Mycn (Fig. 8j and Supplementary Fig. 8i,
j). Induction of Mycn led to a significant increase in the number
of α-Actinin+-EdU+ cardiomyocytes (3.5-fold; n= 3; p < 0.05)
with increased Ccnd2 transcript expression (Fig. 8j–l). Conver-
sely, the knockdown of Mycn resulted in a decreased proliferative
response and increased Cdkn1b (p27) levels in the cardiomyocytes
(Fig. 8j–m). To examine Gli1–Mycn interaction in vivo, we
performed chromatin immunoprecipitation (ChIP)-PCR for
endogenous Gli1 proteins using isolated neonatal cardiomyocytes
and demonstrated Gli1 binding to theMycn promoter (Fig. 8n–p).
To further define the Gli1-Mycn regulatory pathway, we

performed combinatorial lentiviral infection studies using Gli1,
shGli1, Mycn, and shMycn viral particles in isolated neonatal
murine cardiomyocytes (Fig. 8q). Co-expression of Gli1 and
Mycn resulted in a robust increase (fivefold; n= 3; p < 0.01) in the
EdU+-cardiomyocytes, suggesting an additive role of these two

factors (Fig. 8r, s). Importantly, induction of Mycn together with
Gli1-knockdown or vice-versa resulted in impaired proliferative
index in isolated cardiomyocytes as compared to Gli1 or Mycn by
itself (Fig. 8r, s). To determine the proliferative role of Mycn in
the adult mouse myocardium, we examined the expression
analysis of Mycn transcripts using isolated cardiomyocytes from
three postnatal stages (P2, P7, and P60). Our qPCR analysis
revealed robust expression of Mycn in the P2 FACS-sorted
αMHC-mCherry+ cardiomyocytes (p < 0.01) (Fig. 9a). Low levels
of Mycn transcripts were detected at subsequent stages with
limited expression in the P60 isolated cardiomyocytes (Fig. 9a).
Next, we examined the expression of Mycn transcripts following
LAD coronary artery ligation injury in the adult heart at 7 dpi.
qPCR analysis at 7 dpi showed a nonsignificant change in the
levels of Mycn in the injured hearts as compared to uninjured
tissue (n= 3) (Fig. 9b). To evaluate whether the levels of Mycn
transcripts were altered following activation of HH signaling, we
performed LAD ligation injury in control- and TM-treated
SmoM2-expressing hearts and analyzed its expression at 7 dpi.
qPCR analysis revealed a significant increase in the Mycn
transcripts in the SmoM2-expressing hearts as compared to
control injured hearts (n= 3; p < 0.05) (Fig. 9c). These results
further supported the notion that HH signaling is upstream of the
Mycn regulatory network in vivo. To monitor whether over-
expression of Mycn could recapitulate the impact of HH signaling
as a stimulator of adult cardiomyocyte proliferation (Fig. 7c, d),
we undertook Gfp and Mycn mRNA transfection experiments
and performed the proliferative assay. The number of transfected
GFP+ cells did not change until 48 h post-transfection (Supple-
mentary Fig. 9a, b). We examined cardiomyocyte proliferation
using the mitosis marker pH3 (phosphorylated histone H3)
and α-Actinin antibodies. We were unable to detect any
pH3+-Actinin+ cells in the Gfp transfected controls, indicating
low or no proliferative capacity of the adult mature cardiomyo-
cytes. mRNA-mediated overexpression of Mycn resulted in a
significant induction of cardiomyocyte proliferation as measured
by the increased percentage of pH3+-Actinin+ cells relative to the
Gfp transfected cells (n= 3 experiments; p < 0.05) (Fig. 9d, e).
Remarkably, Mycn transfections led to a significant increase
(~1.9-fold) in the number of mono-nucleated cardiomyocytes,
with no significant changes in the bi- and multi-nucleated

Fig. 7 Constitutively active Smoothened mutant (SmoM2) promotes adult heart regeneration. a qPCR analysis of Smoothened (Smo) transcripts using RNA
obtained from isolated cardiomyocytes at P2, P7, and P60 mouse hearts (n= 3 for each time period). b qPCR analysis of Smoothened (Smo) transcripts
using RNA obtained from isolated cardiomyocytes from adult uninjured and injured heart tissue at 7 dpi (n= 3 for each sample). c, d Immunohistochemical
images (c) and quantification (d) of α-Actinin+-EdU+ isolated adult cardiomyocytes following exposure to control (white bar) and SAG (gray bar) and
pulsed with EdU. Quantitative analysis represents the counting of four different fields at 10× from three replicates (n= 1500 cardiomyocytes for each
condition). e qPCR analysis of Shh transcripts using RNA obtained from adult uninjured and injured heart tissue at 7 dpi (n= 3). f qPCR analysis of Shh
transcripts using RNA obtained from adult injured heart tissue, FACS-sorted CD31+ and CD90+ cells at 7 days post-MI (n= 3). g Schematic outlining the
experimental design for Smo activation (SmoM2) and cardiac regeneration analysis following myocardial injury. h Whole-mount images of representative
control and SmoM2 hearts following MI. Control mice were injected with corn oil. i Heart weight to body weight (HW/BW) ratio in control and SmoM2
adult mice at 42 dpi (n= 3 for each group). j, kMasson trichrome staining (j) and fibrotic area quantification (k) of representative heart sections at 42 days
postinjury from control and SmoM2 hearts. l Time series echocardiographic measurement of ejection fraction (EF%) of control and SmoM2 mice following
MI (n= 3 per group). m, n Immunostaining (m) and quantification (n) of α-Actinin+-Ki67+ cardiomyocytes in control and SmoM2 hearts. Arrowheads
indicate Ki67+ labeled cardiomyocytes and arrows indicate Ki67+ labeled non-cardiomyocytes. Quantitative analysis represents counting three different
fields at 20× magnification. The boxed region is magnified and shown in the right panel. o Schematic outlining the EdU-pulse experiment and cardiac
regeneration analysis following myocardial injury. p, q Immunostaining (p) and quantification (q) of Actinin+-EdU+ cardiomyocytes in control and SmoM2
hearts. Arrowheads indicate EdU labeled cardiomyocytes. Quantitative analysis represents counting three different fields at 20× magnification near the
injured area. The boxed region is magnified and shown in the right panel. r Immunostaining of control and SmoM2-expressing heart tissue sections using
endomucin antibodies at 42 dpi. The boxed region is magnified and shown in the right panel. s Immunostaining of control and SmoM2-expressing heart
tissue sections using α-Actinin and cleaved caspase-3 antibodies at 42 dpi. The white arrows indicate α-Actinin+-caspase-3+ cardiomyocytes. The boxed
region is magnified and shown in the right panel. Data are presented as mean ± SEM (*p < 0.05) and scale bars= 100 μm. Statistical tests were done using
two-tailed unpaired Student’s t-test and one-way ANOVA
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myocytes (n= 3; p < 0.05) (Fig. 9f–h). These results clearly
support the notion that Mycn is one of the downstream effectors
of Gli1 in cardiomyocyte proliferation and regeneration both
in vitro as well as in vivo (Fig. 9i).

Discussion
Evolutionary conserved mechanisms that govern development
and cellular proliferation have been well described4,11,13,34,35.
These studies have uncovered important mechanisms in lower
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organisms such as the fly, zebrafish, frogs, and newt, and have
been used to interrogate and modulate pathways in mammalian
organs1–3,11,24,36,37. These strategies have led to discoveries
including Hippo signaling, Wnt signaling, Notch signaling, and
other pathways that regulate tissue regeneration in lower organ-
isms, and have been shown to harbor a similar role in mamma-
lian organisms38,39. Several signaling factors, transcription
factors, and microRNAs have been shown to regulate cardio-
genesis, however, their roles in the postnatal heart following
injury are unclear. In the present study, we used the power of the
regenerating newt heart, genomics, and pharmacological pertur-
bations, as well as genetic perturbations to show the impact of
HH signaling on cardiomyocyte proliferation from newt to mouse
to human. We also made three important discoveries.

First, we defined the role of hedgehog signaling as a promoter
of cardiomyocyte proliferation. Moreover, our studies demon-
strated a pro-proliferative effect of HH signaling without
impacting the apoptotic pathway. The hedgehog signaling path-
way has been shown to have essential roles during
embryogenesis29,36. Previous studies from our laboratories and
others have identified a role for the HH signaling pathway in
regulating progenitor cell proliferation and angiogenesis4,5,40.
Global deletion of the ligand, Sonic hedgehog, and/or its G
protein-coupled receptor, Smoothened (Smo), resulted in early
embryonic lethality and perturbed cardiogenesis in the mouse23.
Similarly, gene disruption studies of the HH downstream effec-
tors (Gli1/Gli2/Gli3) demonstrated perturbed cardiogenesis41.
Previous studies have shown that the role and expression of the
Gli transcription factors are context dependent42,43. These studies
support the notion that Gli1 and Gli2 have overlapping functions
as transcriptional activators, whereas Gli3 functions, in a context-
dependent fashion, to repress HH signaling. Our studies support
the hypothesis that HH/Gli1-dependent developmental mechan-
isms that govern embryogenesis are also operational during the
regenerative process and are important mechanistic drivers for
the regeneration of postnatal tissues. Therefore, we have expan-
ded our understanding of the role of Gli1 from its role during
development to its role in cardiac repair.

Our second discovery defined the role of Mycn as a down-
stream target of Gli1. Mycn is a proto-oncogene that encodes a
protein that has a basic helix-loop-helix DNA-binding domain44.
Mycn mutations are associated with Feingold syndrome, which is
a disorder associated with congenital heart defects45. Global as
well as cardiac-specific deletion of Mycn locus results in lethality
by midgestational age and displays growth retardation and

perturbed cardiogenesis46,47. While there are functional redun-
dancies associated with Myc family members, the overall
homology between Mycn and c-Myc is only about 30%, sug-
gesting that specific domains harbor critical functions for these
proteins for the growth and development of specific lineages48. In
the present study, we defined Mycn as a direct downstream target
of Gli1. Moreover, we defined the impact of a hedgehog-Gli1-
Mycn cascade as an inducer of cardiomyocyte proliferation and a
facilitator of heart regeneration following injury.

Our third discovery emphasized the essential nature of evolu-
tionary conserved signaling pathways that can be deciphered
using emerging bioinformatics algorithms, which can then be
coupled with pharmacological and genetic technologies in
mammalian organisms. In the present study, we used the Boot-
strap algorithm to interrogate cardiac regeneration in the adult
newt. This strategy was used to identify candidate factors/path-
ways that were induced and had sustained expression during
cardiac regeneration. While this bioinformatics strategy success-
fully identified the hedgehog signaling pathway, other signaling
pathways were also identified and warrant further examination.
The present studies also used the neonatal mouse heart, hiPSC-
derived cardiomyocytes, and genetic mouse models, which are
powerful models to examine the impact of evolutionary con-
served factors and their impact on cardiomyocyte proliferation.
The neonatal mouse heart has a tremendous regenerative capacity
which is rapidly extinguished by P7 following birth12. This
regenerative model may serve as an extension of the develop-
mental programs expressed during embryogenesis and is a
powerful model to define regulators that promote cardiomyocyte
proliferation. We took advantage of the regenerative and non-
regenerative windows/periods during the postnatal heart devel-
opment to interrogate and demonstrate the impact of hedgehog
signaling and cardiomyocyte proliferation. Previous reports have
described additional roles for HH signaling in the regulation of
neovascularization and/or anti-apoptotic process following
myocardial injury31,49. Based on our study as well as others, it is
possible that HH signaling has multiple roles including pro-
liferation, vasculogenesis, and protective functions following
injury. Our data indicated that Shh was expressed and secreted as
a morphogen by both CD90+- and CD31+-cell populations fol-
lowing injury. Therefore, we propose that Shh morphogen may
function in an autocrine as well as paracrine manner, however,
overexpression of Shh alone in these cells may not be sufficient to
drive the pathway for effective repair. In the present study, we
have provided a new mechanistic, proliferative pathway mediated

Fig. 8 HH-Gli1-Mycn network regulates cardiomyocyte proliferation. a Schematic of Gli1 overexpression and knockdown experiments in the neonatal
cardiomyocytes. b, c Immunostaining (b) and quantification of α-Actinin+-EdU+ cells (c) from control, Gli1, and shGli1 lentiviral infected cardiomyocytes.
Quantitative analysis represents counting from four randomly selected fields at 10× magnification from three biological replicates. d–f qPCR analysis of
Ccnd2, Ccne1, and Cdkn1b (p27) following lentiviral Gli1 overexpression or knockdown (shGli1) in the P1 cardiomyocytes. g qPCR analysis ofMycn transcripts
using RNA isolated from P1 and P28 wild-type heart tissue (n= 3). h qPCR analysis of Mycn transcripts using RNA isolated from control, SAG, and CyA
treated isolated neonatal cardiomyocytes (n= 3 replicates from each group). i Schematic of Mycn overexpression and knockdown experiments in the P1
cardiomyocytes. j, k Immunostaining (j) and quantification of α-Actinin+-EdU+ cells (k) from control, Mycn, and shMycn lentiviral infected neonatal
cardiomyocytes. Quantification was performed from three biological replicates. l, m qPCR analysis of Ccnd2 and Cdkn1b (p27) in the cultured
cardiomyocytes following Mycn overexpression and knockdown (shMycn) conditions (n= 3 for each group). n Schematic showing the Mycn genomic
locus (top panel) harboring evolutionary conserved Gli1 binding motifs. o ChIP-PCR and quantification (p) for the Mycn promoter region following
immunoprecipitation for endogenous Gli1 using isolated neonatal cardiomyocytes. q Schematic of combinatorial lentiviral infection studies using Gli1, shGli1,
Mycn, and shMycn viral particles. r, s Immunostaining (r) and quantification of α-Actinin+-EdU+ cells (s) from control, Gli1, shGli1, Mycn, and shMycn (using
Clone A; see Supplementary Fig. 8j) infected using isolated neonatal cardiomyocytes. Quantitative analysis represents counting of three random fields from
three replicates (n= 1000 cardiomyocytes for each condition). Arrowheads indicate EdU+ labeled cardiomyocytes Data are presented as mean ± SEM (*p
< 0.05; **p < 0.01; #represents significance (p < 0.05) between Gli1+shMycn compared Gli1 conditions; δrepresents significance (p < 0.05) between shGli1
+Mycn compared to Mycn conditions) (see also Supplementary Fig. 8) and scale bars= 200 μm. Statistical tests were done using two-tailed unpaired
Student’s t-test and one-way ANOVA
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via Mycn. Since the levels of both Smoothened and Mycn were
low in the adult myocardium, gene therapy and/or mRNA-
mediated overexpression of these factors could promote adult
heart regeneration following injury.

In summary, our studies support the power of using multiple
organisms to uncover evolutionary conserved networks that
impact cardiomyocyte proliferation and regeneration1–3. Our
studies also emphasize the importance of examining essential
development pathways that are reexpressed following injury and
function to promote regeneration. Moreover, we uncovered a
novel HH-Gli1-Mycn regulatory mechanism that facilitates

cardiomyocyte proliferation and enhances our understanding of
just one of the keys that unlock the myocardial regeneration
program. The highly conserved nature of these newly discovered
mechanisms suggest the importance of this pathway in promoting
cardiac regeneration. Successful induction of this molecular
pathway holds unique potential for induction of cardiac regen-
eration following injury in humans.

Methods
All animal handling and experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of the University of Minnesota. Ethical
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Fig. 9 Mycn recapitulates HH signaling-mediated adult cardiomyocyte proliferation. a qPCR analysis of Mycn transcripts using RNA obtained from isolated
cardiomyocytes at P2, P7, and P60 mouse hearts (n= 3). b qPCR analysis of Mycn transcripts using RNA obtained from adult uninjured and injured heart
tissue at 7 days post-MI. c qPCR analysis of Mycn transcripts using RNA obtained from control and SmoM2-expressing heart tissue following 7 days post-
MI. d, e Immunohistochemical images (d) and quantification (e) of α-Actinin+-pH3+ isolated adult cardiomyocytes following transfection with Gfp and
Mycn mRNAs at 48 h. Quantitative analysis represents the counting of ten different fields at 10× from three replicates (n= 450 cardiomyocytes for each
condition). f–h Quantitative analysis of the number of mono-, bi-, and multi-nucleated cardiomyocytes from Gfp and Mycn mRNAs transfected adult
cardiomyocytes. Quantitative analysis represents the counting from multiple fields at 10× magnification from three replicates. i Schematic model depicting
the Shh-Gli1-Mycn regulatory network and cardiomyocyte proliferation. Gli1 transcription factor is induced as a downstream effector of HH signaling upon
the binding of the Shh morphogen to its membrane receptor. Gli1 and Gli3 function in an antagonistic fashion as Gli1 promotes proliferation whereas Gli3
acts to repress the proliferative program and induces maturation. Activated Gli1 transactivates its downstream target, Mycn, to regulate the proliferative
response in cardiomyocytes. Data are presented as mean ± SEM (*p < 0.05; **p < 0.01). Scale bars= 200 μm. Statistical tests were done using two-tailed
unpaired Student’s t-test
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approval was obtained and adherence to ethical guidelines related to the animal
studies were followed. Adult newt heart resection injury studies were performed
using male and female newts. All the mouse-related experiments were performed
using male mice. All experiments were repeated at least three times and the data
represent the mean ± SEM.

Newt husbandry and heart resection surgery. All experiments were performed
according to the University of Minnesota IACUC guidelines. Adult red-spotted
newts, Notophthalmus viridescens, were housed as previously described5. For heart
resection surgery, adult newts were anesthetized in 0.1% MS-222 solution for 10
min. Each newt was placed in a supine position under a stereomicroscope. The
outer skin was wiped using 70% ethanol-chlorhexidine solution and the pericardial
sac was opened to expose the heart. The apex of the ventricle was resected
(~25–30%) using iridectomy scissors. Following resection, the blood flow was
controlled by the formation of the blood clot. The resected heart was maneuvered
carefully into the pericardial sac and sutured using 8.0 ethilon monofilament
sutures. Following resection surgery, newts were allowed to recover in an isolated
tank containing sulfmerazine antibiotic solution and later placed in their desig-
nated aquariums. The resected ventricular mass was measured using a Sartorius
weighing balance. Cyclopamine (CyA; LC laboratories) was dissolved in 100%
ethanol to a stock concentration of 10 mg/ml. CyA-mediated inhibition of HH
signaling was achieved by daily treatment of the resected newts at 2 µg/ml diluted
in the aquarium water. At specified time periods, animals were sacrificed and
tissues were collected for further processing. For EdU labeling, the resected newts
were injected intraperitoneally (i.p.) with 100 μg/gm of EdU for a 7 day period
prior to sacrifice and harvested for immunohistochemical analysis.

Echocardiography. Newts were anesthetized using a 0.1% MS-222 solution and
echocardiograms were obtained by placing the probe adjacent to the pericardial sac
using a Vevo2100 echocardiographic machine. Diastolic and systolic dimensions
were measured in a blinded fashion and the average values were used to calculate
the fractional shortening at each time point. Echocardiographic analyses were
performed using multiple newts for each time period.

Histology and immunohistochemistry. For histological analysis, animals were
euthanized at specified time periods and tissues were fixed in 4% paraformalde-
hyde. Histological sectioning, hematoxylin-eosin (H&E) staining and Masson
Trichome staining were performed as previously described5. Immunohistochem-
istry was performed on cryosections (10 µm thick) using standard procedures5,50–
52. Briefly, sections were rehydrated, permeabilized, and blocked with 10% normal
donkey serum (NDS), 0.1% Triton X-100 in PBS at room temperature and incu-
bated overnight at 4 °C with primary antibodies: α-actinin (Abcam; 1:300), desmin
(Novus biologicals; 1:300), Shh (Santa Cruz Biotechnology; 1:200), cleaved caspse-3
(Cell Signaling; 1:300), endomucin (Abcam; 1:100), SM22 (Abcam; 1:400), α-
phospho-Histone H3 (Ser10) (Millipore; 1:100), Ki67 (Abcam; 1:200), PCNA
(Santa Cruz Biotechnology; 1:100), Mef2a (Santa Cruz Biotechnology; 1:100),
Smoothened (Abcam; 1:200), Nkx 2–5 (Santa Cruz Biotechnology; 1:100), and GFP
(ThermoFisher Scientific; 1:300) sera. Sections were rinsed and incubated with
combinations of secondary antibodies (1:400) including Alexa 488, Alexa 594, Cy3,
and Cy5 (Jackson ImmunoResearch Laboratories). EdU staining was performed
using the EdU labeling kit (Life Technologies).

Genetic mouse models. All experiments were performed according to the Uni-
versity of Minnesota IACUC guidelines. To activate HH signaling in a
cardiomyocyte-specific fashion, we used the αMHC:CreERT2 (MerCreMer) mouse
strain30 and crossed the mice with Rosa26-SmoM2-YFPfl/+ mice29. Injection of 4-
hydroxytamoxifen led to constitutive expression of the Smo/EYFP fusion gene and
increased HH signaling in the Cre-expressing tissues. To delete Smoothened (Smo
CKO), we crossed the αMHC:CreERT2;SmoL/L mouse model with the Smo-floxed
(SmoL/L) mouse lines and subcutaneously injected 4-hydroxytamoxifen (80 µg/gm)
in neonates at P0/P1 stage. For the late juvenile stage, we injected 4-
hydroxytamoxifen in neonates at P0, P3, and P6. Control and SmoM2-YFPfl/+ mice
received intraperitoneal (i.p.) injections of EdU (25 µg/g) daily until P7. For the late
juvenile stage, EdU injections were delivered every 3 days from P11 to P28. Heart
tissues were excised following perfusion using 30 mM KCl solution followed by
phosphate-buffer saline perfusion. Excised heart tissues were immersion-fixed in
4% paraformaldehyde overnight at 4 °C, and rinsed in cold PBS and processed for
cryosectioning.

MI and echocardiography. MI in neonatal (P2), juvenile (P7), and adult (P66)
mice were performed by ligation of the LAD coronary artery as previously
described53,54. Neonates and P7 mice were anaesthetized by cooling on an ice bed
for 1–2 min. Lateral thoracotomy at the fourth intercostal space was achieved by
blunt dissection of the intercostal muscles following skin incision. A tapered needle
(C-1) attached to a 6–0 prolene suture (Ethicon) was passed through the mid-
ventricle below the origin of the LAD coronary artery and ligated to induce MI.
Following ligation, thoracic wall incisions were sutured with 6.0 non-absorbable
silk sutures, and the skin wound was closed. Pups were then warmed under a heat
lamp for several minutes until recovery and injected with buprenorphine-SR (i.m.).

Adult LAD ligation experiments were performed as described previously54. Briefly,
hair was removed from the surgical site and disinfected with 70% isopropyl alcohol
and povidone iodine solution. Adult mice were anesthetized with inhaled 2–5%
isofluorane and intubated to the level of the carina and an adequate level of
anesthesia was maintained using a Harvard ventilator. Using sterile procedures, a
thoracotomy was performed to expose the heart and the proximal LAD coronary
artery was permanently ligated below the middle region of the heart to obtain
moderate injury using 6–0 silk sutures. The thoracic wall was closed using 3–0 silk
sutures and the mice were extubated. After LAD ligation injury, mice were
maintained on a heating platform (37 °C) and continuously monitored until they
were fully recovered and ambulating about the cage. The hearts were collected for
analysis at the designated end points. For echocardiography, conscious mice were
restrained in a supine position and echocardiograms were obtained by placing the
probe adjacent to the pericardial sac using a Vevo2100 machine.

RNA isolation and qPCR. RNA isolation and qPCR analysis from newt tissue was
performed as previously described5. For chamber based qPCR analysis, the
regenerating heart including BA, AT, and ventricle was harvested and rinsed in
PBS to remove blood cells. Subsequently, the BA, AT, and ventricle were collected
from heart tissue (n= 12) for further processing. RNA isolation from cultured
cardiomyocytes was performed using a standard protocol as per the manufacturer’s
instructions. Total RNA was isolated using the miRVANA kit (Ambion) and
cDNA was made using SuperScript Reverse Strand Synthesis-III kit (Invitrogen).

Wheat germ agglutinin (WGA) staining. Cryosections were rinsed 3 times in
PBS and incubated with a primary antibody against WGA conjugated to Alexa
Fluor 488 (50 μg/ml, Invitrogen, CA) for 1 h at room temperature. Slides were then
rinsed in PBS and DAPI staining was performed for 10 min and mounted with
Vectashield mounting medium (Vector Labs, CA). Stained tissues were imaged
using a LSM 510 meta confocal microscope and images were processed using
Photoshop CS6 software.

Lineage tracing studies. For lineage tracing, we used the αMHC:CreERT2 mouse
strain and crossed the mice with Rosa26-SmoM2/YFP mice. To lineage label the
pre-existing cardiomyocytes, we injected 4-hydroxytamoxifen in neonates at P0,
P3, and P6 prior to MI. Following TM-injection, all the cardiomyocytes express
EGFP and were labeled green. Control and SmoM2-YFPfl/+ mice received intra-
peritoneal injections of EdU (25 µg/g) and sacrificed at the time periods described.
Immunohistochemical techniques were performed to detect the lineage-labeled
cells as described above.

Mouse ventricular cardiomyocyte isolation. Ventricular cardiomyocytes were
isolated using previously published protocols55. Briefly, ventricles were dissected
from P1 pups, minced in CBFHH (calcium and bicarbonate-free Hanks with
Hepes) buffer. Subsequently, the minced ventricles were digested in CBFHH buffer
containing 1.75 mg/ml of trypsin and 20 µg/ml of DNaseII (Sigma-Aldrich). Cells
were preplated for 1 h (3 times) onto 100-mm primaria (Corning Life Sciences)
dishes in culture medium containing 10% serum to remove fibroblasts. Unattached
cardiomyocytes were plated at a desired density. Using this protocol, we routinely
obtained >85–90% cardiomyocytes (confirmed using immunohistochemical tech-
niques and an α-actinin antibody). After 12 h, the culture medium was changed
and cells were subjected to the different treatments (SAG; 4 µg/ml and CyA; 5 µg/
ml) and analyzed. For apoptotic pathway inhibition, neonatal cardiomyocytes were
treated with SAG with or without the cell permeable small molecule inhibitor (Z-
VAD-FMK; R&D Systems). For the EdU incorporation assay, cardiomyocytes were
incubated with 20 µM EdU for 48 h and fixed using 4% PFA for 10 min at room
temperature. P7 cardiomyocytes were isolated using a similar protocol as that of
the P1 cardiomyocyte isolation protocol with modifications including the perfusion
based tissue digestion using collagenase type 2 enzyme solution. We consistently
obtained >95% rod-shaped binucleated cardiomyocytes using this protocol. For
qPCR and FACS analysis, cells were harvested using trypsin and processed for
further analysis. For the time-lapse microscopic experiments, isolated P7 mCherry
+ cardiomyocytes were plated on a glass-bottom Petri dish coated with fibronectin.
After 2 h of attachment, the medium was changed (containing DMSO or SAG) and
the Petri dish was placed in the environmental chamber for imaging. Adult car-
diomyocyte isolation was performed as described previously53. Briefly, the adult
heart tissue was dissociated by perfusion of a collagenase type 2 enzyme solution.
Isolated cardiomyocytes were cultured in 1% serum medium in the presence of
DMSO or SAG. For the EdU incorporation assay, cardiomyocytes were incubated
with 20 µM EdU for 48 h and fixed using 4% PFA for 10 min at room temperature.

Synthesis and Transfection of Mycn and Gfp mRNAs. PCR products with the T7
promoter site in the 5′ end for Mycn (Primers: Mycn T7 forward: TAATACGACT
CACTATAGGGCACCATGCCCAGCTGCACCGCGTC, Mycn reverse: TTAGCA
AGTCCGAGCGTGTTCGAT) and GFP (Primers: GFP T7 forward: AATACGAC
TCACTATAGGGCACCATGAGCGGGGGCGAGGAGCTG, GFP reverse:
TTATCTGAGTCCGGACCTGTACAG), coding sequences were amplified from
the respective plasmids (Mycn:Origene; MR207382L2, Gfp:Origene;TR30023).
PCR products were purified and 500 ng of the PCR template was used for the
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in vitro synthesis and capped using the mMESSAGE mMACHINE T7 Ultra Kit
(ThermoFisher # AM1345). The capped transcription reaction was performed at
37 °C for 14 h followed by the poly(A) tailing reaction. RNA was recovered using
the mirVana miRNA isolation kit (ThermoFisher # AM1560). 1.5 μg of the purified
RNA was used for the transfection experiment using isolated adult cardiomyocytes.

Lentiviral constructs and infection. Lentiviral particles to overexpress Gli1
(Origene; MR227023L2), Mycn (Origenes; MR207382L2) were generated using
standard protocols56. To knockdown Gli1 and Mycn, we obtained four unique 29-
mer shRNA for Gli1 (Origene; TL500820) and Mycn (Origene; TL514180) and
tested each of them using transient transfection assays in C2C12 myoblasts. The
most efficient constructs were used to generate lentiviruses using standard proto-
cols56. Cultured cardiomyocytes were infected with lentiviruses using Lentiblast
reagent (OZBiosciences) as per the manufacturer′s instruction. After 12 h of
infection, cells were washed twice using pre-warmed culture medium and EdU (20
µM) was added for an additional 36 h time period. Cells were fixed using 4% PFA
for 10 min at room temperature and processed as described above using immu-
nocytochemistry and qPCR techniques.

hiPSC differentiation. The human iPSCs were commercially obtained from iPierian,
Inc. The hiPSC differentiation protocol was adapted from the protocol described by
Zhang et al. with slight modifications57. Briefly, cultured hiPSCs were plated on
matrigel containing RPMI/B27 minus insulin, Actinin A, and CHIR-99021 for one
day. The medium was then changed with RPMI/B27 minus insulin and BMP4, and
FGF from d1 to d2. On d3, the medium was changed with RPMI/B27 minus insulin
and IWP-4. The differentiated cells were maintained in RPMI/B27 with insulin
medium from d5 to d60. Beating cardiomyocytes were observed by day 10 of dif-
ferentiation. For HH signaling activation and inhibition, the differentiation medium
was changed containing SAG and CyA together with EdU (20 µM) for 48 h.
Immunohistochemical analysis was performed as described previously58.

Bootstrap-based gene set analysis. The microarray dataset consisting of 18,560
genes and 9 time points (2, 6, 24, 48 h, 4 days, 7 days, 14 days, 21 days, and
35 days) from the regenerating newt heart following injury was downloaded from
Newt-Omics (http://newt-omics.mpi-bn.mpg.de). For each gene, the expression
levels across allM time points were scaled to a mean of zero and standard deviation
of one. To examine whether a gene set S with the size of |S| is dynamically
expressed postinjury, we computed the Euclidean distance between the mean
expression profile of genes in set S, and the background expression profile, that is,
the mean expression of all genes, as d. To generate a null distribution for d, we also
computed the distance between the mean expression profile of randomly sampled |
S| genes and the background expression profile, and repeated 1000 times. The
bootstrapped distribution of the distance to background expression profile was
represented as d0. Thus, the p-value was computed as:

P1000
n¼1 H d0n > d

� �þ 1

1000 þ 1

where H(x)= 1, if x > 0, otherwise 0. We reported the significantly changed gene
sets with an adjusted p-value < 0.05.

ChIP-PCR assay. The ChIP-PCR assay for endogenous Gli1 was performed as
previously described19. Briefly, the cultured neonatal cardiomyocytes were har-
vested in lysis-buffer and the DNA-protein complex was immunoprecipitated
using biotinylated anti-Gli1 antibody (R&D Systems), followed by streptavidin-
conjugated magnetic beads. PCR was performed to detect the target region using
the following primers; Fwd: 5′-CTTCGCAAGTACCGCTTC-3′; Rev: 5′-ATAT
CCCCCGAGCTTCAA-3′.

Statistical analysis. Statistical significance was determined using the Student’s t-
test and one-way ANOVA (non-parametric) test and a p-value < 0.05 was con-
sidered a statistically significant change.

Additional details regarding experimental procedures can be found in
the Supplementary Information section.

Data availability
All data will be made available by the corresponding author upon reasonable request.

Received: 19 December 2017 Accepted: 15 August 2018

References
1. Singh, B. N., Koyano-Nakagawa, N., Garry, J. P. & Weaver, C. V. Heart of

newt: a recipe for regeneration. J. Cardiovasc Transl. Res 3, 397–409 (2010).

2. Poss, K. D., Wilson, L. G. & Keating, M. T. Heart regeneration in zebrafish.
Science 298, 2188–2190 (2002).

3. Witman, N., Murtuza, B., Davis, B., Arner, A. & Morrison, J. I. Recapitulation of
developmental cardiogenesis governs the morphological and functional
regeneration of adult newt hearts following injury. Dev. Biol. 354, 67–76 (2011).

4. Singh, B. N. et al. Hedgehog signaling during appendage development and
regeneration. Genes (Basel) 6, 417–435 (2015).

5. Singh, B. N., Doyle, M. J., Weaver, C. V., Koyano-Nakagawa, N. & Garry, D. J.
Hedgehog and Wnt coordinate signaling in myogenic progenitors and regulate
limb regeneration. Dev. Biol. 371, 23–34 (2012).

6. Kikuchi, K. et al. Primary contribution to zebrafish heart regeneration by gata4
(+) cardiomyocytes. Nature 464, 601–605 (2010).

7. Jopling, C. et al. Zebrafish heart regeneration occurs by cardiomyocyte
dedifferentiation and proliferation. Nature 464, 606–609 (2010).

8. Kawakami, Y. et al. Wnt/beta-catenin signaling regulates vertebrate limb
regeneration. Genes Dev. 20, 3232–3237 (2006).

9. Kikuchi, K. et al. Retinoic acid production by endocardium and epicardium is
an injury response essential for zebrafish heart regeneration. Dev. Cell. 20,
397–404 (2011).

10. Lee, Y., Grill, S., Sanchez, A., Murphy-Ryan, M. & Poss, K. D. Fgf signaling
instructs position-dependent growth rate during zebrafish fin regeneration.
Development 132, 5173–5183 (2005).

11. Aguirre, A. et al. In vivo activation of a conserved microRNA program
induces mammalian heart regeneration. Cell. Stem. Cell. 15, 589–604 (2014).

12. Porrello, E. R. et al. Transient regenerative potential of the neonatal mouse
heart. Science 331, 1078–1080 (2011).

13. Xin, M., Olson, E. N. & Bassel-Duby, R. Mending broken hearts: cardiac
development as a basis for adult heart regeneration and repair. Nat. Rev. Mol.
Cell Biol. 14, 529–541 (2013).

14. van Amerongen, M. J. & Engel, F. B. Features of cardiomyocyte proliferation and
its potential for cardiac regeneration. J. Cell. Mol. Med. 12, 2233–2244 (2008).

15. Bergmann, O. et al. Evidence for cardiomyocyte renewal in humans. Science
324, 98–102 (2009).

16. Senyo, S. E. et al. Mammalian heart renewal by pre-existing cardiomyocytes.
Nature 493, 433–436 (2013).

17. Rasmussen, T. L. et al. ER71 directs mesodermal fate decisions during
embryogenesis. Development 138, 4801–4812 (2011).

18. Ferdous, A. et al. Nkx2-5 transactivates the Ets-related protein 71 gene and
specifies an endothelial/endocardial fate in the developing embryo. Proc. Natl
Acad. Sci. USA 106, 814–819 (2009).

19. Singh, B. N. et al. The Etv2-miR-130a network regulates mesodermal
specification. Cell Rep. 13, 915–923 (2015).

20. Koyano-Nakagawa, N. et al. Etv2 is expressed in the yolk sac hematopoietic
and endothelial progenitors and regulates Lmo2 gene expression. Stem Cells
30, 1611–1623 (2012).

21. Gong, W. et al. Dpath software reveals hierarchical haemato-endothelial
lineages of Etv2 progenitors based on single-cell transcriptome analysis. Nat.
Commun. 8, 14362 (2017).

22. Singh, B. N. et al. Etv2-miR-130a-Jarid2 cascade regulates vascular patterning
during embryogenesis. PLoS One 12, e0189010 (2017).

23. Zhang, X. M., Ramalho-Santos, M. & McMahon, A. P. Smoothened mutants
reveal redundant roles for Shh and Ihh signaling including regulation of L/R
asymmetry by the mouse node. Cell 105, 781–792 (2001).

24. Borchardt, T. et al. Analysis of newly established EST databases reveals
similarities between heart regeneration in newt and fish. BMC Genom. 11, 4
(2010).

25. Chen, J. K., Taipale, J., Cooper, M. K. & Beachy, P. A. Inhibition of Hedgehog
signaling by direct binding of cyclopamine to Smoothened. Genes Dev. 16,
2743–2748 (2002).

26. Choi, W. Y. et al. In vivo monitoring of cardiomyocyte proliferation to
identify chemical modifiers of heart regeneration. Development 140, 660–666
(2013).

27. Washington Smoak, I. et al. Sonic hedgehog is required for cardiac outflow
tract and neural crest cell development. Dev. Biol. 283, 357–372 (2005).

28. Robbins, D. J., Fei, D. L. & Riobo, N. A. The Hedgehog signal transduction
network. Sci. Signal. 5, re6 (2012).

29. Jeong, J., Mao, J., Tenzen, T., Kottmann, A. H. & McMahon, A. P. Hedgehog
signaling in the neural crest cells regulates the patterning and growth of facial
primordia. Genes Dev. 18, 937–951 (2004).

30. Sohal, D. S. et al. Temporally regulated and tissue-specific gene manipulations
in the adult and embryonic heart using a tamoxifen-inducible Cre protein.
Circ. Res. 89, 20–25 (2001).

31. Kusano, K. F. et al. Sonic hedgehog myocardial gene therapy: tissue repair
through transient reconstitution of embryonic signaling. Nat. Med. 11,
1197–1204 (2005).

32. Lian, X. et al. Directed cardiomyocyte differentiation from human pluripotent
stem cells by modulating Wnt/beta-catenin signaling under fully defined
conditions. Nat. Protoc. 8, 162–175 (2013).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06617-z ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:4237 | DOI: 10.1038/s41467-018-06617-z | www.nature.com/naturecommunications 17

http://newt-omics.mpi-bn.mpg.de
www.nature.com/naturecommunications
www.nature.com/naturecommunications


33. Peterson, K. A. et al. Neural-specific Sox2 input and differential Gli-binding
affinity provide context and positional information in Shh-directed neural
patterning. Genes Dev. 26, 2802–2816 (2012).

34. King, B. L. & Yin, V. P. A conserved microRNA regulatory circuit is
differentially controlled during limb/appendage regeneration. PLoS One 11,
e0157106 (2016).

35. Weaver, C. V. & Garry, D. J. Regenerative biology: a historical perspective and
modern applications. Regen. Med. 3, 63–82 (2008).

36. Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A. & Scott, M. P.
Conservation of the hedgehog/patched signaling pathway from flies to mice:
induction of a mouse patched gene by Hedgehog. Genes Dev. 10, 301–312
(1996).

37. Kragl, M. et al. Cells keep a memory of their tissue origin during axolotl limb
regeneration. Nature 460, 60–65 (2009).

38. Xin, M. et al. Hippo pathway effector Yap promotes cardiac regeneration.
Proc. Natl. Acad. Sci. USA 110, 13839–13844 (2013).

39. Xin, M. et al. Regulation of insulin-like growth factor signaling by Yap governs
cardiomyocyte proliferation and embryonic heart size. Sci. Signal. 4, ra70
(2011).

40. Dyer, L. A. & Kirby, M. L. Sonic hedgehog maintains proliferation in
secondary heart field progenitors and is required for normal arterial pole
formation. Dev. Biol. 330, 305–317 (2009).

41. Kim, P. C. & Mo, R. & Hui Cc, C. Murine models of VACTERL syndrome: Role
of sonic hedgehog signaling pathway. J. Pediatr. Surg. 36, 381–384 (2001).

42. Hu, M. C. et al. GLI3-dependent transcriptional repression of Gli1, Gli2 and
kidney patterning genes disrupts renal morphogenesis. Development 133,
569–578 (2006).

43. Park, H. L. et al. Mouse Gli1 mutants are viable but have defects in SHH
signaling in combination with a Gli2 mutation. Development 127, 1593–1605
(2000).

44. Knoepfler, P. S., Cheng, P. F. & Eisenman, R. N. N-myc is essential during
neurogenesis for the rapid expansion of progenitor cell populations and the
inhibition of neuronal differentiation. Genes Dev. 16, 2699–2712 (2002).

45. Marcelis, C. L. et al. Genotype-phenotype correlations in MYCN-related
Feingold syndrome. Hum. Mutat. 29, 1125–1132 (2008).

46. Harmelink, C. et al. Myocardial Mycn is essential for mouse ventricular wall
morphogenesis. Dev. Biol. 373, 53–63 (2013).

47. Charron, J. et al. Embryonic lethality in mice homozygous for a targeted
disruption of the N-myc gene. Genes Dev. 6, 2248–2257 (1992).

48. Malynn, B. A. et al. N-myc can functionally replace c-myc in murine
development, cellular growth, and differentiation. Genes Dev. 14, 1390–1399
(2000).

49. Lavine, K. J., Kovacs, A. & Ornitz, D. M. Hedgehog signaling is critical for
maintenance of the adult coronary vasculature in mice. J. Clin. Invest. 118,
2404–2414 (2008).

50. Singh, B. N., Rao, K. S., Ramakrishna, T., Rangaraj, N. & Rao Ch, M.
Association of alphaB-crystallin, a small heat shock protein, with actin: role in
modulating actin filament dynamics in vivo. J. Mol. Biol. 366, 756–767 (2007).

51. Adhikari, A. S., Singh, B. N., Rao, K. S. & Rao Ch, M. alphaB-crystallin, a small
heat shock protein, modulates NF-kappaB activity in a phosphorylation-
dependent manner and protects muscle myoblasts from TNF-alpha induced
cytotoxicity. Biochim. Biophys. Acta 1813, 1532–1542 (2011).

52. Singh, B. N., Rao, K. S. & Rao Ch, M. Ubiquitin-proteasome-mediated
degradation and synthesis of MyoD is modulated by alphaB-crystallin, a small
heat shock protein, during muscle differentiation. Biochim. Biophys. Acta
1803, 288–299 (2010).

53. Mahmoud, A. I. et al. Meis1 regulates postnatal cardiomyocyte cell cycle
arrest. Nature 497, 249–253 (2013).

54. D’Uva, G. et al. ERBB2 triggers mammalian heart regeneration by promoting
cardiomyocyte dedifferentiation and proliferation. Nat. Cell Biol. 17, 627–638
(2015).

55. Collesi, C., Zentilin, L., Sinagra, G. & Giacca, M. Notch1 signaling stimulates
proliferation of immature cardiomyocytes. J. Cell. Biol. 183, 117–128 (2008).

56. Tiscornia, G., Singer, O. & Verma, I. M. Production and purification of
lentiviral vectors. Nat. Protoc. 1, 241–245 (2006).

57. Zhang, J. et al. Extracellular matrix promotes highly efficient cardiac
differentiation of human pluripotent stem cells: the matrix sandwich method.
Circ. Res. 111, 1125–1136 (2012).

58. Koyano-Nakagawa, N. et al. Feedback Mechanisms Regulate Ets Variant 2
(Etv2) Gene Expression and Hematoendothelial Lineages. J. Biol. Chem. 290,
28107–28119 (2015).

Acknowledgements
We thank Yi Ren for assistance with the FACS experiments (FACSCore, LHI) and Tanya
Casta for histological support. We acknowledge the assistance of Maggie-Robledo Vil-
lafane, Stefen Kren, Qinglu Li, and Debra Kulhanek for animal husbandry, cardiomyo-
cyte isolation, animal surgeries, and echocardiography.

Author contributions
B.N.S., C.V.W., W.G., N.K.N., E.B., S.D., J.H.vB., M.G.G. and D.J.G: Conception,
experimental design, collection, assembly, data analysis, and manuscript preparation. I.
M.: Experimental design and manuscript writing. D.J.G.: Experimental design, data
interpretation, manuscript writing, and financial support. All authors approved the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-06617-z.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06617-z

18 NATURE COMMUNICATIONS |  (2018) 9:4237 | DOI: 10.1038/s41467-018-06617-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-06617-z
https://doi.org/10.1038/s41467-018-06617-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	A conserved HH-Gli1-Mycn network regulates heart regeneration from newt to human
	Results
	HH signaling is induced upon injury and is essential for heart regeneration in�vivo
	Activation of HH signaling promotes mouse neonatal cardiomyocyte proliferation in�vitro
	In vivo activation of HH signaling extends the cardiac regenerative window
	HH signaling regulates mammalian heart regeneration following injury
	Conserved role of HH signaling in the regulation of cardiomyocyte proliferation
	Gli1-Mycn cascade regulates the cardiomyocyte proliferative response

	Discussion
	Methods
	Newt husbandry and heart resection surgery
	Echocardiography
	Histology and immunohistochemistry
	Genetic mouse models
	MI and echocardiography
	RNA isolation and qPCR
	Wheat germ agglutinin (WGA) staining
	Lineage tracing studies
	Mouse ventricular cardiomyocyte isolation
	Synthesis and Transfection of Mycn and Gfp mRNAs
	Lentiviral constructs and infection
	hiPSC differentiation
	Bootstrap-based gene set analysis
	ChIP-PCR assay
	Statistical analysis

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




