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The Notch pathway is an ancient intercellular signaling system
with crucial roles in numerous cell-fate decision processes across
species. While the canonical pathway is activated by ligand-induced
cleavage and nuclear localization of membrane-bound Notch, Notch
can also exert its activity in a ligand/transcription-independent fashion, which is conserved in Drosophila, Xenopus, and mammals. However, the noncanonical role remains poorly understood in in vivo processes. Here we show that increased levels of the Notch intracellular
domain (NICD) in the early mesoderm inhibit heart development, potentially through impaired induction of the second heart field (SHF),
independently of the transcriptional effector RBP-J. Similarly, inhibiting Notch cleavage, shown to increase noncanonical Notch activity, suppressed SHF induction in embryonic stem cell (ESC)-derived
mesodermal cells. In contrast, NICD overexpression in late cardiac
progenitor cells lacking RBP-J resulted in an increase in heart size.
Our study suggests that noncanonical Notch signaling has stagespecific roles during cardiac development.

otch is an evolutionarily conserved signaling pathway
responsible for various cell-fate decisions throughout development. Notch signaling has been shown to be involved in
several aspects of heart development [1,2], including development of cardiac progenitor cells (CPCs) and cardiomyocytes
(CMs) [3-5], development of the cardiac conduction system [6]
and ventricular myocyte differentiation [7], whereas dysregulation of Notch signaling is associated with various congenital
heart abnormalities [8-11], the most common type of birth
defects.

N

The canonical Notch signaling cascade begins with the
binding of a Delta/Serrate/LAG-2 (DSL) family extracellular
ligand to a Notch Extracellular Domain, leading to the cleavage
of the Notch Intracellular Domain (NICD), which translocates
to the nucleus where it binds the transcription factor RBP-j
to initiate gene expression [12-15]. While NICD has generally been thought to be biologically inactive outside of this
canonical signaling cascade, several studies have demonstrated
how it is involved in biological processes in multiple systems
independent of ligand activation and/or RBP-j, suggesting
noncanonical roles of Notch [16-18]. Consistent with this, we
and others recently described how membrane-bound and cytoplasmic NICD post-translationally regulates the active form of
β-catenin independent of RBP-j [19-22], suggesting that Notch
may regulate multiple processes of early development by regulating Wnt signaling. Wnt signaling plays a key inductive role
in primitive streak and cardiac mesoderm formation [23-25],
and later a regulatory role in CPC development [26-31]. These
interactions can be recapitulated in vitro, where stage-specific
manipulation of Wnt activity aids in directed differentiation
of pluripotent stem cells to cardiomyocytes [31]. However,

the role of noncanonical Notch signaling in heart development
remains unknown. In this present study, we demonstrate that
noncanonical Notch signals inhibit heart development in early
development but increase heart size at later developmental
stages, suggesting its distinct and biphasic roles during cardiac
development.

Results
Increased levels of Notch Intracellular Domain decreases
heart size independent of RBP-j.

To investigate the role of Notch signaling during early cardiac
development, we activated NICD in precardiac mesoderm by
crossing Mesp1-Cre mice with mice harboring a loxP flanked
stop codon in front of NICD (NICDOE). The activation resulted in the absence of a linear heart tube at E8.5 (Fig. 1A),
leading to embryonic lethality at E9.0. The mutant embryos
had a cardiac crescent-like structure at E8.5, normally present
transiently from E7.5–8.0, but failed to progress to form a
heart tube (Fig. 1A). Additionally, the transverse sectioning
and staining with the CM marker Nkx2.5 showed a thickening of the cardiac crescent compared to control embryos
(Fig. 1A). Since NICD can affect cells without the obligatory
canonical Notch signaling transcription factor RBP-j [19-22],
we asked whether the observed cardiac phenotype was a result of canonical or noncanonical Notch signaling. To do this,
we simultaneously deleted RBP-j. Surprisingly, the resulting
embryos also showed the cardiac crescent at E8.5 with a reduced heart size, phenocopying NICDOE embryos with RBP-j
(Fig. 1A). This suggests that the observed phenotype results
from the biological activity of NICD outside of the canonical
Notch signaling pathway. The phenotypic similarity was further confirmed by Nkx2.5 staining (Fig. 1A). The heart tube
was formed normally in RBP-j knockout embryos (Fig. 1A),
indicating the NICDOE phenotype was not a result of RBP-j
deletion. These findings suggest that Notch can suppress heart
tube formation in a noncanonical manner.
Noncanonical Notch signaling inhibits SHF formation.

Next, we sought to determine how NICD activation affects
precardiac mesoderm. While NICDOE embryos formed the
cardiac crescent, referred to as the first heart field (FHF), it is
unclear if NICDOE affects the second heart field (SHF) that
gives rise to the outflow tract and right ventricle. To test
this, we examined expression of FHF/SHF genes in NICDOE
embryos at E8.0 in cells of the Mesp1 lineage, specifically.
Interestingly, the FHF gene Tbx5 was not affected; though,
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Fig. 1. Noncanonical Notch inhibits heart development in Mesp1+ CPCs A. E8.5 embryos whole mount and transverse sectioning showing decreased heart size in
NICDOE embryos, independent of RBP-j. Cardiac crescent (CC) develops normally, but looping heart (HT) with visible left ventricle (LV) and outflow tract (OT) are not present
in mutant embryos (n=10). White scale bars represent 300µm. B. Relative gene expression of FHF/SHF genes from embryos dissected at E8.0. FHF marker Tbx5 shows no
significant difference and FHF marker Gata4 shows a slight upregulation in NICDOE embryos. SHF markers Six2 and Tbx1 both show significant downregulation in NICDOE
embryos (n=9). C. Representative flow cytometric analysis plots quantifying GFP+/RFP+ cells after DAPT treatment. Percentage of RFP+ (SHF) cells significantly decreases
with DAPT treatment. D. DAPT treatment in CPCs during induction leads to decrease in Wnt activity. D. DAPT treatment in CPCs during induction leads to decrease in Wnt
activity.

Gata4 expression was slightly upregulated (Fig. 1B). However,
the SHF genes Tbx1 and Six2 were significantly downregulated
(Fig. 1B). This result suggests that noncanonical Notch signals
negatively regulate SHF genes.
To determine if the noncanonical signals affect heart
field induction, we utilized our recently developed precardiac organoid system which harbors green and red fluorescent protein under the control of the FHF gene Hcn4
and the SHF gene Tbx1, respectively [33,34]. Cardiac
differentiation was done as described [32].
We previously reported that noncanonical NICDOE phenotype is
recapitulated by increasing the levels of membrane-bound
Notch, which can be done by blocking Notch cleavage with
the small molecule N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2phenyl]glycine-1,1-dimethylethyl ester (DAPT) [21]. Thus, we
treated ESC-derived precardiac organoids with DAPT and
analyzed the formation of the FHF and SHF through fluorescence flow cytometric analysis (Fig. 1C). Interestingly, we
saw a significant decrease in SHF CPC formation in DAPT
treated precardiac organoids when compared to controls (Fig.
1C). These results support our in vivo findings and suggest
that noncanonical Notch activity inhibits SHF induction.
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Previous studies have reported several factors regulating
the two heart fields. While both FHF and SHF cells are
regulated by FGFs [35,36] and BMPs [37], Wnt/β-catenin
signaling was shown to selectively regulate SHF cells [26,38].
Given that noncanonical Notch negatively regulates Wnt/βcatenin signaling in a conserved fashion [16], we hypothesized
that the decrease in SHF induction could be a result of a
decrease in Wnt signaling. To test this, we treated ESC-derived
mesodermal cells with DAPT during the cardiac induction
period and performed a dual-luciferase TOPflash reporter
assay to measure Wnt activity. The treatment greatly reduced
Wnt/β-catenin activity (Fig. 1D), correlating with the decrease
in SHF cells. These data suggest that noncanonical Notch
signaling may suppress SHF formation via inhibition of Wnt/βcatenin signaling, and the suppression may be associated with
the decreased number of cardiomyocytes observed in vivo.
Activation of noncanonical Notch in Nkx2.5+ CPCs leads to
an increase in heart size.

Wnt/β-catenin signaling was shown to have a biphasic role
in cardiac development, promoting cardiac lineage commitment in early mesoderm while inhibiting cardiogenesis in later
development [29]. Given the conserved interaction between
Miyamoto et al.
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Fig. 2. Noncanonical Notch increases heart size in Nkx2.5 CPCs A. NICDOE embryos show increased heart size independent of RBP-j. Of note, LV is enlarged in NICDOE
embryos compared to control (n=8/11;n=6/9). White scale bars represent 300µm. B. Tbx5 staining reveals an expansion of LV in transverse sections of NICDOE embryos.
White scale bars represent 300µm. C. Ink injection experiments show disrupted circulation in NICDOE embryos independent of RBP-j (n=10/12).

noncanonical Notch and Wnt/β-catenin signaling, we tested
whether noncanonical Notch signaling also plays a biphasic
role during cardiac development. To do this, we activated
NICD in late CPCs with a Nkx2.5-Cre driver [39]. Surprisingly, in contrast to the early activation of NICD in precardiac
mesoderm, the late activation resulted in a dramatic increase
in heart size at E9.5, and was similarly enlarged in NICDOE
embryos with simultaneous knockout of RBP-j (Fig. 2A).
Further examination of mutant embryos showed an increase
in size of the left ventricle, a FHF-derived chamber. Transverse sections stained for the FHF marker TBX5 showed an
expansion of the left ventricle in NICD activated embryos (Fig.
2B), supporting this notion. We next looked at the functional
capability of control and mutant embryos to circulate through
embryo ink injection experiments. Interestingly, we observed
an increased level of vascular defects in Nkx2.5-Cre NICDOE
embryos in both RBP-j control and knockout conditions (Fig.
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2C), suggesting defective vasculature formation or cardiomyocyte contractility in NICDOE embryos. Taken together, these
results support that NICD can play a stage-specific role in
CPCs during cardiac development.

Discussion
This study provides in vivo and in vitro evidence for distinct
roles of a noncanonical Notch signaling pathway. Our findings
suggest that noncanonical Notch signaling plays a biphasic role
in CPCs through inhibition of the second heart field in early
development and promotion of cardiomyocyte proliferation in
later development. Given the involvement of Notch signaling
in numerous developmental and disease processes, it would
be of great importance to revisit its noncanonical roles and
to determine its context-dependent interactions with Wnt/βcatenin signaling.
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Methods
Mouse work. Mesp1-Cre; NICD and Nkx2.5-Cre; NICD embryos were generated by crossing Mesp1/Nkx2.5-Cre mice
[40,39] with mice harboring a NICD sequence downstream
of a stop sequence flanked by loxP sites in the Rosa locus
[41]. Simultaneous RBP-j knockout was achieved by crossing
with mice harboring RBP-j sequence flanked by loxP sites [42].
Embryos were harvested from E8.0-E9.5 and were dissected
using forceps under a Zeiss Discovery V8 microscope. Embryos intended for immunostaining were fixed in 4% PFA for
1 hour, maintained in 30% sucrose, embedded in OCT and
sectioned. Immunostainings were completed using NKX2.5
antibody (Santa Cruz), TBX5 antibody, and DAPI (Life Technologies). Stained sections were imaged using a Keyence
BZ-X700 microscope and post-imaging processing completed
in Adobe Photoshop. Embryos intended for RT-qPCR analysis were harvested and placed in Trizol for RNA isolation.
Standard RNA isolation protocols were completed. cDNA was
created using the high-capacity cDNA RT kit. qPCR was
completed using Sybr Select qPCR mix with primers indicated
and gene expression was normalized to GAPDH. Dissected
yolk sac was used for genotyping embryos.
Cell Culture Maintenance and Differentiation. Mouse ESCs

were maintained and differentiated as described [33,34]. Mouse
ESCs were maintained on gelatin-coated dishes in 2i inhibitor
containing: Glasgow minimum essential medium supplemented
with 10% fetal bovine serum, 3 µM Chir99021 and 1 µM
PD98059, 1000 U/ml ESGRO, Glutamax, Sodium Pyruvate,
MEM non-essential amino acids. For differentiation of mouse
embryonic stem cells, cells were plated in 3:1 IMDM/Ham’s
F12 with B27, N2, Pen/Strep, Glutamax, BSA, L-ascorbic
acid, and MTG for embryoid bodies (EBs) formation. After 50
hours, EBs were induced for 46 hours with BMP4 and Activin
A. DAPT (CAS 208255-80-5 - Calbiochem) was administered
at a concentration of 12.5 µM. Flow cytometrical analysis was
carried out using a SH800 Cell sorter (Sony Biotechnologies).
Luciferase assays consisted of transfecting cells in single cells
suspensions with TOPFlash and Renilla constructs, and were
analyzed as described [32].
Statistical analyses. The two-tailed Student t-test, type II,
was used for data analyses. P<0.05 was considered significant.

Acknowledgements
The authors thank the Kwon laboratory members for
helpful discussion. This work was supported by grants
from NIH (R01HL111198, R01HD086026), MSCRF (2015MSCRFI-1622), AHA (15GRNT25700066, 17GRNT33670432,
18IPA34170446), and The Magic that Matters Fund.

Author Contributions
M.M. designed and carried out this work and wrote the
manuscript. P.A., E.S., X.L., S.K., S.M, L.N., W.M., E.T.,
and H.U. assisted in animal work. X.L., S.M. and P.A. assisted
in stem cell work. P.A. performed image analysis, prepared
images, and conducted flow cytometry. S.M. assisted in compiling the manuscript. P.A., N.H., H.U. designed this work.
C.K. designed and supervised this work and wrote manuscript.
4

|

References
[1] D. MacGrogan, J. Münch, and J. L. de la Pompa, “Notch
and interacting signalling pathways in cardiac development, disease, and regeneration,” Nature Reviews Cardiology, vol. 15, no. 11. Nature Publishing Group, pp.
685–704, 01-Nov-2018, doi: 10.1038/s41569-018-0100-2.
[2] M. Miyamoto, H. Gangrade, and E. Tampakakis, “Understanding Heart Field Progenitor Cells for Modeling
Congenital Heart Diseases,” Curr. Cardiol. Rep., vol. 23,
no. 5, p. 38, May 2021, doi: 10.1007/s11886-021-01468-5.
[3] C. Kwon, L. Qian, P. Cheng, V. Nigam, J. Arnold, and D.
Srivastava, “A regulatory pathway involving Notch1/βcatenin/Isl1 determines cardiac progenitor cell fate,” Nat.
Cell Biol., vol. 11, no. 8, pp. 951–957, 2009, doi:
10.1038/ncb1906.
[4] L. Zhao et al., “Notch signaling regulates cardiomyocyte
proliferation during zebrafish heart regeneration,” Proc.
Natl. Acad. Sci., vol. 111, no. 4, pp. 1403–1408, Jan.
2014, doi: 10.1073/pnas.1311705111.
[5] E. S. Bardot et al., “Notch Signaling Commits Mesoderm
to the Cardiac Lineage,” bioRxiv, p. 2020.02.20.958348,
Feb. 2020, doi: 10.1101/2020.02.20.958348.
[6] S. Rentschler et al., “Myocardial Notch signaling reprograms cardiomyocytes to a conduction-like phenotype.,”
Circulation, vol. 126, no. 9, pp. 1058–66, Aug. 2012, doi:
10.1161/CIRCULATIONAHA.112.103390.
[7] P. Han et al., “Coordinating cardiomyocyte interactions
to direct ventricular chamber morphogenesis,” Nature, vol.
534, no. 7609, pp. 700–704, Jun. 2016, doi: 10.1038/nature18310.
[8] V. Garg et al., “Mutations in NOTCH1 cause aortic valve
disease,” Nature, vol. 437, no. 7056, pp. 270–274, Sep.
2005, doi: 10.1038/nature03940.
[9] S. H. McKellar, D. J. Tester, M. Yagubyan, R. Majumdar,
M. J. Ackerman, and T. M. Sundt, “Novel NOTCH1
mutations in patients with bicuspid aortic valve disease
and thoracic aortic aneurysms,” J. Thorac. Cardiovasc.
Surg., vol. 134, no. 2, pp. 290–296, Aug. 2007, doi:
10.1016/j.jtcvs.2007.02.041.
[10] S. A. Mohamed et al., “Novel missense mutations
(p.T596M and p.P1797H) in NOTCH1 in patients with
bicuspid aortic valve,” Biochem. Biophys. Res. Commun., vol. 345, no. 4, pp. 1460–1465, Jul. 2006, doi:
10.1016/j.bbrc.2006.05.046.
[11] M. D. Durbin et al., “Hypoplastic Left Heart Syndrome
Sequencing Reveals a Novel NOTCH1 Mutation in a Family with Single Ventricle Defects,” Pediatr. Cardiol., vol.
38, no. 6, pp. 1232–1240, Aug. 2017, doi: 10.1007/s00246017-1650-5.
[12] B. De Strooper et al., “A presenilin-1-dependent γsecretase-like protease mediates release of Notch intracellular domain,” Nature, vol. 398, no. 6727, pp. 518–522,
Apr. 1999, doi: 10.1038/19083.
Miyamoto et al.

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455692; this version posted August 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[13] F. M. Lu and S. E. Lux, “Constitutively active human Notch1 binds to the transcription factor CBF1
and stimulates transcription through a promoter containing a CBF1-responsive element.,” Proc. Natl. Acad.
Sci., vol. 93, no. 11, pp. 5663–5667, May 1996, doi:
10.1073/pnas.93.11.5663.
[14] D. Pan and G. M. Rubin, “Kuzbanian Controls Proteolytic Processing of Notch and Mediates Lateral Inhibition during Drosophila and Vertebrate Neurogenesis,”
Cell, vol. 90, pp. 271–280, Jul. 1997, doi: 10.1016/S00928674(00)80335-9.
[15] E. H. Schroeter, J. A. Kisslinger, and R. Kopan, “Notch-1
signalling requires ligand-induced proteolytic release of
intracellular domain,” Nature, vol. 393, no. 6683, pp.
382–386, May 1998, doi: 10.1038/30756.
[16] P. Andersen, H. Uosaki, L. T. Shenje, and C. Kwon, “Noncanonical Notch signaling: Emerging role and mechanism,”
Trends in Cell Biology, vol. 22, no. 5. Trends Cell Biol,
pp. 257–265, May-2012, doi: 10.1016/j.tcb.2012.02.003.
[17] G. Bush, G. diSibio, A. Miyamoto, J.-B. Denault, R.
Leduc, and G. Weinmaster, “Ligand-Induced Signaling
in the Absence of Furin Processing of Notch1,” Dev.
Biol., vol. 229, no. 2, pp. 494–502, Jan. 2001, doi:
10.1006/dbio.2000.9992.
[18] G. Shawber, C Nofziger, D Hsieh, J.J-D Lindsell, C Bogler,
O Hayward, D Weinmaster, “Notch signaling inhibits muscle cell differentiation through a CBF1-independent pathway,” Development, 1996, doi: 10.1242/dev.122.12.3765.
[19] H. Acosta, S. L. López, D. R. Revinski, and A. E. Carrasco, “Notch destabilises maternal β-catenin and restricts
dorsal-anterior development in Xenopus,” Development,
vol. 138, no. 12, pp. 2567–2579, Jun. 2011, doi:
10.1242/dev.061143.
[20] P. Hayward et al., “Notch modulates Wnt signalling by
associating with Armadillo /β-catenin and regulating its
transcriptional activity,” Development, vol. 132, no. 8,
pp. 1819–1830, Apr. 2005, doi: 10.1242/dev.01724.
[21] C. Kwon et al., “Notch post-translationally regulates βcatenin protein in stem and progenitor cells,” Nat. Cell
Biol., vol. 13, no. 10, pp. 1244–1251, Oct. 2011, doi:
10.1038/ncb2313.
[22] P. G. T. Sanders, S. Muñoz-Descalzo, T. Balayo, F.
Wirtz-Peitz, P. Hayward, and A. M. Arias, “LigandIndependent Traffic of Notch Buffers Activated Armadillo
in Drosophila,” PLOS Biol., vol. 7, no. 8, p. e1000169,
Aug. 2009, doi: 10.1371/JOURNAL.PBIO.1000169.
[23] S. J. Arnold, J. Stappert, A. Bauer, A. Kispert, B. G.
Herrmann, and R. Kemler, “Brachyury is a target gene of
the Wnt/beta-catenin signaling pathway.,” Mech. Dev.,
vol. 91, no. 1–2, pp. 249–58, Mar. 2000. 24. C.
Kwon, K. R. Cordes, and D. Srivastava, “Wnt/β-catenin
signaling acts at multiple developmental stages to promote
mammalian cardiogenesis,” Cell Cycle, vol. 7, no. 24.
Taylor and Francis Inc., pp. 3815–3818, 15-Dec-2008, doi:
10.4161/cc.7.24.7189.
Miyamoto et al.

[24] J. A. Rivera-Pérez and T. Magnuson, “Primitive streak
formation in mice is preceded by localized activation of
Brachyury and Wnt3,” Dev. Biol., vol. 288, no. 2, pp.
363–371, Dec. 2005, doi: 10.1016/j.ydbio.2005.09.012.
[25] C. Kwon, J. Arnold, E. C. Hsiao, M. M. Taketo, B. R.
Conklin, and D. Srivastava, “Canonical Wnt signaling
is a positive regulator of mammalian cardiac progenitors,” Proc. Natl. Acad. Sci. U. S. A., 2007, doi:
10.1073/pnas.0704044104.
[26] M. J. Marvin, G. Di Rocco, A. Gardiner, S. M. Bush, and
A. B. Lassar, “Inhibition of Wnt activity induces heart
formation from posterior mesoderm,” Genes Dev., vol. 15,
no. 3, pp. 316–327, Feb. 2001, doi: 10.1101/gad.855501.
[27] S. L. Paige, T. Osugi, O. K. Afanasiev, L. Pabon, H.
Reinecke, and C. E. Murry, “Endogenous Wnt/β-Catenin
Signaling Is Required for Cardiac Differentiation in Human Embryonic Stem Cells,” PLoS One, vol. 5, no. 6, p.
e11134, Jun. 2010, doi: 10.1371/journal.pone.0011134.
[28] V. A. Schneider and M. Mercola, “Wnt antagonism initiates cardiogenesis in Xenopus laevis.,” Genes Dev., vol. 15,
no. 3, pp. 304–15, Feb. 2001, doi: 10.1101/gad.855601.
[29] S. Ueno et al., “Biphasic role for Wnt/beta-catenin
signaling in cardiac specification in zebrafish and embryonic stem cells.,” Proc. Natl. Acad. Sci. U. S.
A., vol. 104, no. 23, pp. 9685–90, Jun. 2007, doi:
10.1073/pnas.0702859104.
[30] Q. Yue, L. Wagstaff, X. Yang, C. Weijer, and A. Münsterberg, “Wnt3a-mediated chemorepulsion controls movement patterns of cardiac progenitors and requires RhoA
function.,” Development, vol. 135, no. 6, pp. 1029–37,
Mar. 2008, doi: 10.1242/dev.015321.
[31] X. Lian et al., “Directed cardiomyocyte differentiation
from human pluripotent stem cells by modulating Wnt/βcatenin signaling under fully defined conditions,” Nat.
Protoc., vol. 8, no. 1, pp. 162–175, Dec. 2012, doi:
10.1038/nprot.2012.150.
[32] P. Cheng et al., “Fibronectin mediates mesendodermal
cell fate decisions,” Dev., vol. 140, no. 12, pp. 2587–2596,
Jun. 2013, doi: 10.1242/dev.089052.
[33] P. Andersen et al., “Precardiac organoids form two heart
fields via Bmp/Wnt signaling,” Nat. Commun., vol. 9, no.
1, p. 3140, Dec. 2018, doi: 10.1038/s41467-018-05604-8.
[34] E. Tampakakis, M. Miyamoto, and C. Kwon, “In vitro
generation of heart field-specific cardiac progenitor cells,”
J. Vis. Exp., vol. 2019, no. 149, p. e59826, Jul. 2019,
doi: 10.3791/59826.
[35] R. Ilagan et al., “Fgf8 is required for anterior heart
field development,” Development, vol. 133, no. 12, pp.
2435–2445, Jun. 2006, doi: 10.1242/dev.02408.
[36] F. Reifers, E. C. Walsh, S. Leger, D. Y. Stainier,
and M. Brand, “Induction and differentiation of the
zebrafish heart requires fibroblast growth factor 8
(fgf8/acerebellar),” Development, vol. 127, no. 2, pp.
225 LP – 235, Jan. 2000.
bioRxiv

|

August 9, 2021

|

5

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455692; this version posted August 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[37] T. M. Schultheiss, J. B. Burch, and A. B. Lassar, “A
role for bone morphogenetic proteins in the induction
of cardiac myogenesis.,” Genes Dev., vol. 11, no. 4, pp.
451–62, Feb. 1997, doi: 10.1101/GAD.11.4.451.
[38] E. D. Cohen et al., “Wnt/β-catenin signaling promotes expansion of Isl-1–positive cardiac progenitor cells through
regulation of FGF signaling,” J. Clin. Invest., vol. 117,
no. 7, pp. 1794–1804, Jul. 2007, doi: 10.1172/JCI31731.
[39] E. G. Stanley et al., “Efficient cre-mediated deletion
in cardiac progenitor cells conferred by a 3’UTR-iresCre allele of the homeobox gene Nkx2-5,” Int. J. Dev.
Biol., vol. 46, no. 4 SPEC., pp. 431–439, 2002, doi:
10.1387/ijdb.12141429.
[40] Y. Saga, S. Miyagawa-Tomita, A. Takagi, S. Kitajima,
J. I. Miyazaki, and T. Inoue, “MesP1 is expressed in the
heart precursor cells and required for the formation of a
single heart tube,” Development, vol. 126, no. 15, pp.
3437–3447, Aug. 1999.
[41] L. C. Murtaugh, B. Z. Stanger, K. M. Kwan, and D.
A. Melton, “Notch signaling controls multiple steps of
pancreatic differentiation,” Proc. Natl. Acad. Sci.,
vol. 100, no. 25, pp. 14920–14925, Dec. 2003, doi:
10.1073/pnas.2436557100.
[42] K. Tanigaki et al., “Notch–RBP-J signaling is involved
in cell fate determination of marginal zone B cells,” Nat.
Immunol. 2002 35, vol. 3, no. 5, pp. 443–450, Apr. 2002,
doi: 10.1038/ni793.

6

|

Miyamoto et al.

