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Summary/Resumen

During embryonic development, cellular interactions are crucial to orchestrate the
processes that give rise to the final body plan. The heart is the first organ to form and function
during development. The formation of trabeculae, myocardial protrusions covered by
endocardium that grow towards the lumen of the ventricles, is the first sign of chamber
development, and occurs in response to signals from the endocardium that activate the overlying
myocardium. Trabeculae are crucial for increasing the internal ventricular surface, favouring

oxygen exchange and nourishment of the cardiomyocytes.

Previous studies in mice have shown that NEUREGULIN1 (NRG1), a ligand belonging
to the Epidermal Growth Factor family expressed in the endocardium, and its more widespread
receptors -ERBB2,4- are crucial for ventricular trabeculation, but the cellular processes affected
by Nrgl loss in the heart are not well understood. To gain an insight into the role of NRG1 in
heart development, we have used conditional loss- and gain-of-function mouse models. We have
found that endothelial-specific, Tie2““-mediated, Nrgl inactivation disrupts trabecular
morphology and patterning, and reduces ventricular cardiomyocyte proliferation, while
paradoxically, the compact myocardium appeared thickened. Global gene expression analysis in
embryonic hearts by RNA-seq revealed a dysregulation of apico-basal polarity marker genes. We
thus examined whether cellular polarity and oriented cell division were affected in chamber
cardiomyocytes. We observed a loss of polarity (LAMININS-ITGa6, PKC, N-CADHERIN) in
cardiomyocytes, and an increase in parallel divisions in chamber cardiomyocytes of
Nrg ™ Tie2“ mutants. This finding would explain the thickened compact myocardium and the
impaired trabeculation of these mice. In addition to trabeculation defects, Nrg/**; Tie2“* mutant
hearts show hypoplastic valves, due to impaired epithelial-mesenchyme transition (EMT) of
presumptive valve endocardial cells, presumably because binding and activation of the receptor

ERBB2,3 by NRG1 in this region is impaired.

To study the function of NRGI signalling at later stages of ventricular chamber
development, we have induced Nrg! deletion during compaction, using the Cdh5““**"? driver.
Late Nrgl inactivation in cardiac endothelium leads to a thinner compact myocardium, and
defective myocardial patterning and coronary vessel morphogenesis. We have also generated a
conditional gain-of-function transgenic line for NRG1. Tie2“*-mediated Nrgl overexpression
lead to thickened valves, and Nkx2.5¢-mediated Nrgl lead also to thickened valves, ventricular

septal defect and ventricular chamber dilation.

Our results indicate that NRG1 is essential from early to late stages of ventricular wall
development. NRGl is required for cardiomyocyte polarization and oriented cell division during
trabeculation, for endocardial cushion formation during valve development, and for chamber

maturation and coronary vessel formation during compaction.
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Summary/Resumen

Las interacciones celulares son cruciales para el desarrollo del corazon, que es el primer
organo que se forma y funciona durante la embriogénesis. La formacion de las trabéculas
ventriculares, protuberancias miocardicas recubiertas por el endocardio que crecen hacia el lumen
ventricular, es el primer signo de desarrollo de las camaras, y se produce en respuesta a sefiales
del endocardio que activan el miocardio. Las trabéculas son cruciales para aumentar la superficie

ventricular interna, favoreciendo el intercambio de oxigeno y la nutricion de los cardiomiocitos.

Estudios previos en ratones han demostrado que NEOREGULIN 1 (NRG1), un ligando
que pertenece a la familia del Factor de Crecimiento Epidérmico expresado en el endocardio, y
sus receptores -ERBB2,4- son cruciales para la trabeculacion ventricular, pero los procesos
celulares afectados por la pérdida de Nrg! en el corazon no se conocen bien. Para avanzar en el
conocimiento del papel de NRGI1 en el desarrollo cardiaco, hemos utilizado modelos
condicionales de pérdida y ganancia de funcién. Hemos encontrado que la inactivacion de Nrgl
en el endotelio cardiaco, mediada por Tie2“", altera la morfologia y el patrén trabecular, y reduce
la proliferacion de cardiomiocitos ventriculares, mientras que, paraddjicamente, el miocardio
compacto esta engrosado. El andlisis de la expresion génica global en corazones embrionarios
mediante RNA-seq mostrd una expresion alterada de genes marcadores de polaridad apico-basal.
Por lo tanto, examinamos si la polaridad celular y, en consecuencia, la division celular orientada,
estaban afectadas en estos mutantes. Observamos una pérdida de polaridad (LAMININAS-
ITGa6, PKC, N-CADHERINA), y un aumento en las divisiones paralelas de los cardiomiocitos
ventriculares de los mutantes Nrg/**;Tie2“”*. Este resultado explicaria el engrosamiento del
miocardio compacto y el defecto en trabeculacion observado. Los mutantes Nrgl™™;Tie2“"
muestran ademas valvulas hipoplasicas, debido a la alteracion de la transicion epitelial-
mesénquima (EMT) de las células endocardicas que daran lugar a la valvula, probablemente

porque la unién de NRG1 a los receptores ERBB2,3 en esta region esta afectada.

Para estudiar la funcion de NRG1 en etapas posteriores del desarrollo ventricular, hemos
inducido la inactivaciéon de Nrgl durante la compactacion, utilizando la linea Cdh5““**"?. La
inactivacion tardia de Nrgl en el endotelio cardiaco conduce a un miocardio compacto mas fino,
un patrén defectuoso del miocardio y un desarrollo de la vasculatura coronaria alterado. Hemos
generado también una linea transgénica de ganancia de funcion condicional para NRGI. La

sobreexpresion de Nrg/ mediada por Tie2* o Nkx2.5¢ da lugar al engrosamiento valvular,

septacion ventricular defectuosa, y dilatacion de la cavidad ventricular.

Nuestros resultados indican que NRGI es esencial para la polarizacion de los
cardiomiocitos y la division celular orientada durante la trabeculacion, para la formacion de los
primordios valvulares durante el desarrollo de la valvula, y para la maduracion de la camara y la

formacion de vasos coronarios durante la compactacion.

19






Index of contents

AGRADECIMIENTOS. ...ttt ettt ettt ettt et et eenteebeeeneeenee 7
SUMMARY/RESUMEN ..ottt ettt ettt ettt siee st e sine e eeeesnnes 15
INAEX OF COMEETIES. .....eeeitieeitie ettt ettt ettt e e e st e e st e e bt e e s beeeennee e e 21
Index of figures, schemes and tables............cocciiieirriiiire et e e eeree e e 25
ADDTEVIATIONS. 1. .ttt et ettt ettt e s et e e bt e ettt e eat e e bt e e st e e e at e ebeeeenbeeeaee 29
INTRODUCGCTION ..ottt ettt ettt ettt et e e e eate et e sseesnseenteenseesneeenee 31
Early heart devVelopmENnt..........ccccviiiiiriiiee ettt ee e tee e st ee e e erree e snnraeeeenenes 33
TTADECULALION ...ttt ettt ettt et e et e st e e nteesbeeeeneee e e 35
Compaction and coronary vessels development ............eeevvviireeriiieeerniiieeeiieeeeeieee e 36
Oriented cell division and polarity during trabeculation .............cccceeevecviereiniiereeniiee e 37
Ventricular trabeculation in zebrafish ............coooiiiiiiiiiiiii e 39
The NRG1-ERBB signalling pathway ............cccoeciireiriiiiieeniiieeiiiieeeeirieeesnneeessnneeeesnees 40
NRGI1 signalling in mouse heart development .............cccvvvevreiiieerriiee e e 42
NRGI1-ERBB signalling in cardiovascular diS€ase.............ccocueerieeriiiirniieiniieiieesieesieens 45
OBJIECTIVES. ...ttt ettt ettt ettt e s it e e n bt et e saaeenteeteesneeenee 47
MATERIALS AND METHODS ..ottt ettt 51
Mouse Strains and ZENOTYPINE .......cccercvrreeerrirreeerrrreeersirreeessrreeesssseeessssseeessssseesssssseeessnnsns 53
TISSUE PIOCESSITIZ .eeevevvreeeurrreeerirreeeestareeeessreeessssreeeasssaeesasssseessssssnessssssssesssssseessnsssesesnnnsns 55
IMMmMuNOfluOTESCENCE TN SECHIOMS ...eeiuviieiutiieiiie ittt et e st e e e 55
Histology, Alcian blue and in situ hybridization..............cceevevveeeiniiiee e 55

21



Role of Nrgl in mouse heart development

Whole-mount immunoflUOTESCEINCE .........uiiruriiiiiieiiiieriee ettt e 55
Proliferation analysis and quantifiCation .............cccueeeriiieeeriiieeeiriiieeeriieeeeeireeeeeereee e 57
Quantification of compact myocardium thickness and trabecular length................ccocceenee. 58
AVC area qQUANTITICATION . ... .uuiiiiiiiee ettt ettt e et e e eettte e s et eeeeetbreesessrbeeeesssseeesensseeesnnnnns 59
ITGOO QUANTITICATION ... .eeeieiiiiieeiiiieeeeeiiie e ettt e e et ee e ettt e e eetreeeeetaeeessntraeesensseeesnnsseeesnnnnns 59
N-CADHERIN qUantifiCation ...........ccccvvreeriuiireeririeeeisiiieeestrreeesssnreesssssseessssseesssssseeessnnnns 59
(10D Je |13 aLnbiTer: 1570 o WSS URPPPI 59
RIN A - S ettt ettt ettt ettt ettt e at e ettt e nnteenbeeteen 60
Quantitative RT-PCR 0f E9.5 hearts..........ccoooiiiiiiiiiiiiiiiiieeecieee e 60
CONTOCAL IMAZING......eeeeeeirireeiiiieeeiititeeesiiteeessttreeeesrteeessssseeesssseeeeasssseesssnsseeesssssaeessnsssees 61
Bright field IMaeS.......ceeeieuiiieiiiiiieeeeiiie ettt e et ee e et te e e et e e e s taeeesstraeeeenrbeeesensseeeennnnes 61
SIS TICS. 1+t e ettt ettt ettt ettt ettt ettt ettt et e ettt e ettt et e ettt e it e e bt e e bt e e ettt e bt e ettt e anbeeenaneas 61
RESULTS . .ttt ettt ettt ettt e b e e et et ess e eabeen bt e sseesneeenteenaeeeneeenne 63
Endothelial Nrgl deletion disrupts trabeculation.............cceevevveeerriiieeeriiiee e e 65
NRG1-ERBB2 signalling pathway activation is disrupted in Nrg ", Tie2“* embryos ........ 69
Myocardial patterning is lost after Nrgl deletion in the endocardium............ccccceevveennennne 71

22

Transcriptome analysis of E9.5 control and Nrg/"™; Tie2“” hearts indicates that NRG1-ERBB

signalling is implicated in EMT, proliferation and migration ..........ccccceeeeienieeenieenseeennnen. 75
Cardiomyocyte polarity is disrupted after Nrgl deletion ...........cooceeeniiiiiiiiniiiiniieniceee. 77
Perpendicular cardiomyocyte division is reduced in Nrg/"™; Tie2“" mutants....................... 83
Nrgl inactivation in early cardiac mesoderm progenitors disrupts trabeculation.................. 87

Tamoxifen-induced Nrgl deletion in the endothelium leads to defective chamber compaction



Index of contents

Nrgl deletion disrupts myocardial patterning during compaction.............cccceeerevveeerrvverennns 91
NRG1-ERBB2 pathway activation is impaired in Nrgl"*;Cdh5" embryos............c............ 93

Coronary arteries and veins morphology and identity is disrupted in Nrg /" ;Cdh5" embryos

NRGI regulates cardiomyocytes metabolic homeostasis during compaction....................... 96

Nrgl overexpression in the endocardium and/or ectopic expression in the myocardium leads to

larger valves and chamber defects ...........cccvvviiriiiiiiiniiie e 97
DISCUSSION. ...ttt ettt ettt et et 105
NRGI regulates cardiomyocyte polarity and oriented cell division during trabeculation.... 107
NRGT1 is implicated in ECM secretion, NOTCH signalling and myocardial patterning...... 111
NRG1 is required for valve development............cccvvveiriiiieiiiiiiieeeiiie e ereee e 113

NRGI1-ERBB2,4 signalling is required for myocardial patterning and metabolism, and for

coronary vessel development during COMPacCtion ............ceeevvererriiereeriiieeenrireeeerireeeeeenns 115
CONCLUSIONS/CONCLUSIONES .....c.otiiiitiiiiiteienteest ettt 119
BIBLIOGRAPHY ...ttt sttt ettt e 125
APPENDIX L.ttt ettt et ettt ettt et 137

23






Index of figures, schemes and tables

Figures

Figure 1. Heart development: INItIation ............cooouieiiiiiiiiieiiie et 34
Figure 2. Heart development: Trabeculation ............c.ceeeiiiiiiiiiniiieiiieeiee e 36
Figure 3. Heart development: COMPACHION..........ccevcuvirieriiiieeeriieeeiriieeeesireeeessraeeeesneneeesennns 37
Figure 4. Oriented cell division contributes to trabecular morphogenesis .............ccccecvvveeennnee. 38
Figure 5. NRG1 molecular structure and signalling pathway............ccccceeveiiieennciirenriieee e, 41
Figure 6. Structural and molecular basis underlying trabeculation.............c.ccccoecvvvreerirereennnnn, 44
Figure 7. After Nrgl deletion, the ventricular myocardium is underdeveloped........................ 65

Figure 8. Nrgl deletion in the endocardium impairs trabeculation and compact myocardium

APPEATS ThICKET ...eoiiiiiiiii ettt et et e 67
Figure 9. Nrg! deletion affects ECM SECTEtION .......cccuueiiiiiieiiiiiiiieeiiie e 69
Figure 10. NRG1 signalling pathway is inactivated in Nrg /", Tie2“* mutants ..................... 70
Figure 11. Myocardial patterning is disrupted after Nrg/ deletion in the endocardium............ 71
Figure 12. Compact myocardium proliferation is reduced in Nrg/"**; Tie2“ mutants............. 73

Figure 13. Global gene expression analysis by RNA-seq shows that affected genes are implicated
in ERBB2-ERBB3 signalling, EMT, cell cycle, and axonal guidance............ccccceevueennneennen. 75

Figure 14. Extracellular matrix molecules, chambers markers and N1ICD signalling are

downregulated in Nrg I/ Tie2 " MULANES ............coeevereeereeeeeeee s e en s 77
Figure 15. Cell polarity is affected in cardiomyocytes of Nrg /"™ Tie2“" mutant hearts.......... 79

Figure 16. ITGa6 positive area is reduced in trabecular myocardium of Nrg/"™; Tie2“" mutant

25



Role of Nrgl in mouse heart development

Figure 17. Perpendicular cardiomyocyte division is dramatically reduced after Nrg/ deletion in

The ENAOCATAIUINL. ...evveiee et e e e ettt e e e e e e e te e e eeeeeeeeasasaneeeeeeeanes 83

Figure 18. Parallel cardiomyocyte division is increased after Nrg/ deletion in the endocardium

Figure 19. Latero-basal N-CADHERIN re-distribution in cardiomyocytes is essential for

trabeculation and is impaired in Nrglﬂ‘”‘;T 127 MULANt NEATES ...vveevveeveeeeeeee e er e, 87

Figure 20. Nrg! deletion from early mesoderm causes similar phenotype during trabeculation88

Figure 21. Inducible Nrg! deletion disrupts trabecular and compact myocardium .................. 89
Figure 22. Inducible Nrg! deletion impairs COMPACLION ..........ceerueeeriiieriiieeniieeiee e 91
Figure 23. Inducible Nrg! deletion affects myocardial patterning during compaction............. 91

Figure 24. Nrgl deletion leads to reduced ERBB2 receptor activation in the endocardium and

coronary vessel eNdOtheliUM ...........ocovriiiiiiiiire e e e et e e e ree e e ennree s 93
Figure 25. Coronary artery and vein specification is altered in Nrg /", Cdh5"* mutants......... 94
Figure 26. Coronary vessel development is affected in Nrg/-inducible mutants...................... 95
Figure 27. NRG1 regulates cardiomyocyte metabolism during compaction..........c.cccevueeeen.e. 97
Figure 28. Gene targeting strategy of the R26Nrgl-iresGFP mouse line .............cccoceeenueennne. 98
Figure 29. Nrgl overexpression in the endocardium leads to thicker valves at E12.5............ 101

Figure 30. Nrgl overexpression in the endocardium and the myocardium leads to thickened

valves and defective myocardium at E14.5 .........ooiiviiiiiiiiie e 103

Figure 31. NRGI signalling cascade controlling orientation of cell division in cardiomyocytes

AUIING trabECULALION ......eiiiieeiiiiie e ettt ettt ee e e et ee e et eeeeserbeeeesssaeessnsnneeeanssseeannns 110

Figure 32. NOTCHI-NRG1-VEGFA interplay between endocardium and myocardium during

[521015Te101 P15 (o) o KUUURRRR TP PTTTRPRRRRR RPN 113

Figure 33. NRGI1 is involved in myocardium structure and patterning, and vessel development

26



Index of figures, schemes and tables

Schemes

Scheme 1. Scheme of Nrgl conditional knockout gene and deletion of Nrgl domains after CRE

recombination. (Cheret ef al., 2013) ....ooiiiiiiiieiieiiee ettt e e stree e e sraeeesssraeeeans 53
Scheme 2. Hearts procedure for 3D imMaging .........ccceeevevvereeriiiireeriiieeeseiieeeesireeeseserneeessenneeas 58
Tables

Table 1. PCR primers and conditions for genOtyPing ...........cccvvveereiveeerriiiereeniiireesrieeeesenness 54
Table 2. List of primary antibodies used for [F.............cccoviiiiiiiiiniiee e, 56
Table 3. List of secondary antibodies used for IF ..........cccccooviiiiiiniiiie i, 57
Table 4. Lethality phase Nrg % Tie2% @mMbIYOS........ccocvveeveeeeeeeeeeeeeeeeeeeeeeeeee e, 139
Table 5. Lethality phase Nrg % Mesp ] €mbBIYOS .........cocooveveveeeeeeeeeeeeeeeeeeeeeeeeeeenennn, 139
Table 6. Lethality phase Nrg % CdhS5® €MDIYOS ......c.cveeereeeeeeeeeeeeeeeeeeeeeeeeeee e, 140
Table 7. Lethality phase R26Nrgl GFP, Tie2 €MDbIYOS...........ocoeeueeeereeeeeeeeeeeeeeerreseeeennn, 140
Table 8. Lethality phase R26Nrgl GFP,Nkx2.5° €MbIYOS.........c.ccveeereeerereeseseerenenenenn, 141
Table 9. RNA-seq data from E9.5 control and Nrg ', Tie2° hearts. ............cococevervevenenne. 141

RNA-seq data and videos are provided in the digital format of the Thesis.

27






Abbreviations

AV: Atrioventricular

AVC: Atrioventricular canal

AVM: Arterio-venous malformations
CM: Compact myocardium

CV: Coronary vessels

CX40: Connexin 40

E: Embryonic day

ECD: Extracellular domain

ECM: Extracellular matrix

EMT: Epithelial-mesenchymal transition

ENCs: endocardial cells
HA: Hyaluronic acid

H&E: Hematoxylin & Eosin
IB4: Isolectin B4

IF: Immunofluorescence
ISH: In situ hybridization

lv: left ventricle

LVNC: Left ventricular non-compaction

mv: mitral valve

NI1ICD: Notchl intracellular domain
NuMa: Nuclear mitotic apparatus
NRGI1: Neuregulin 1

OCD: Oriented cell division
OFT: Outflow tract

PCP: Planar cell polarity

PFA: Paraformaldehyde

RTKs: Receptor tyrosine kinase
rv: right ventricle

s: somites

slv: semilunar valve

SMA: smooth muscle actin
SMC: smooth muscle cells
TM: trabecular myocardium
TSA: tyramide signal amplified
tv: tricuspid valve

VM: venous malformations

WGA: wheat germ agglutinin

29






INTRODUCTION







Introduction

Early heart development

The heart is the first organ to form and function during vertebrate embryogenesis. At around
mouse embryonic day 7.0 (E7.0), bilateral progenitors of the cardiac mesoderm, specified after
gastrulation, migrate rostrally to form the cardiac crescent (Abu-Issa and Kirby, 2007; Evans et
al.,2010) (Figure 1a). The first cardiac mesoderm marker described is Mesp! (Saga et al., 1996).
All cardiovascular lineages: myocardium, endocardium, endothelium and epicardium, segregate

from progenitors cells expressing MespI (Lescroart et al., 2018).

The initial cardiac progenitors located in the cardiac crescent constitute the first heart field (FHF),
that will give rise to the endocardium and myocardium of the primitive heart tube, left ventricle,
and part of the ventricular septum (Figure 1a). There is a second source of cardiac progenitors,
called the second heart field (SHF), which is more proliferative and is incorporated as a late
addition into the arterial and venous poles of the heart tube (Dyer and Kirby, 2009) (Figure 1a).
The SHF contributes to myocardial, endocardial, and mesenchymal cells that give rise to the right
ventricle, outflow tract (OFT), branchial arches, atria, and sinus venosus (Zaffran et al., 2004;

Verzi et al., 2005).

The SHF progenitors interact with other cell lineages, including cardiac neural crest cells (NCCs),
which are ectoderm-derived mesenchymal cells that originate from the dorsal neural tube, through
cellular interactions mediated by numerous signalling pathways including NOTCH, WNT,
fibroblast growth factor (FGF), BMP, and HEDGEHOG (Rochais, Mesbah and Kelly, 2009).

The primitive heart tube consists of an inner endocardial layer and an outer myocardial layer
separated by an extracellular matrix (ECM) termed cardiac jelly (Figure 1b). The heart tube grows
at both ends by addition of SHF progenitors into its anterior (arterial) and posterior (venous) poles
and, at the same time, undergoes rightward looping morphogenesis (Méanner, 2009) (Figure 1c).
The endocardium is a specialized endothelial subpopulation originated by vasculogenesis from

progenitor cells in the cardiac crescent (Grieskamp et al., 2011).

At E9.5, a mass of progenitors located at the venous pole of the heart, the proepicardium,
undergoes epithelial to mesenchymal transition (EMT) and mesenchymal cells spread over the
myocardium to form the primitive epicardial epithelium that covers the outer side of the heart

(von Gise, 2013) (Figure 1d).

Valve formation begins at mouse E9.5 in the atrioventricular canal (AVC) and one day later in

the OFT (Figure 1d), when endocardial-derived mesenchymal cells invade the cardiac jelly by
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EMT, in response to NOTCH signalling from the endocardium (Timmerman et al., 2008;
MacGrogan et al., 2016) and to BMP2 and/or BMP4 signalling in the myocardium (Shirai et al.,
2009) (Figure 1d). The cardiac jelly is ECM composed of proteoglycans and hyaluronan acid
(HA) (Day and Prestwich, 2002). HAS2 appears to be the major enzyme responsible for HA
synthesis (Weigel, Hascall and Tammi, 1997). In the absence of the cardiac jelly, the endocardial
cushions are unable to form (Camenisch et al., 2000). Cardiac valves are populated by smooth
muscle cells, fibroblasts and myofibroblasts intercalated between the ECM layers (Taylor ef al.,
2003).
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Figure 1. Heart development: Initiation

a) Cardiac progenitors migrate antero-laterally in the embryo after emerging from the primitive
streak (PS) at approximately embryonic day 7 (E7.0) in mice and at embryonic day 15-17 in
humans (hE15.0-hE17.0). Cardiogenic regions of the lateral plate mesoderm fuse at the
embryo ventral midline and form the cardiac crescent (E7.5), containing first heart field (FHF)
and second heart field (SHF) progenitors. b) The primitive heart is a linear myocardial tube
lined by endothelial cells (endocardium) and with cardiac jelly between them. The heart tube
expands by addition of SHF cardiac progenitors to arterial pole (AP) and venous pole (VP). c)
As the heart tube elongates, it undergoes rightward looping (E8.5). The outflow tract (OFT) is
formed at the AP (E9.5-10), and regions at the outer curvatures of the heart tube proliferate
extensively to form the future atrial (A) and ventricular (V) chambers, which are separated by
the atrioventricular canal (AVC). d) Cardiac chambers expand by proliferation of
cardiomyocytes and trabeculae meshwork is well formed. Proepicardium-derived cells
contribute to atrioventricular canal (AVC) cushion mesenchyme and will form the epicardium
through epithelial to mesenchymal transition (EMT) (From: MacGrogan, Miinch and de la
Pompa, 2018)
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Trabeculation

At around E9.0, trabeculation begins in mice, when cardiomyocytes form myocardial protrusions
towards the ventricular lumen that ultimately will give rise to a complex meshwork (Phillips e?
al., 2013) (Figure 2). Trabeculae are the first sign of chamber differentiation and are formed by
endocardial cells which overlie the myocardium, both cell types are separated by ECM.
Trabecular cardiomyocytes and endocardium are close to each other, especially at the base of the
forming trabecula, and the crosstalk between both tissue layers regulates trabecular growth and

patterning (Sedmera et al., 2000; Moorman and Christoffels, 2003).

The function of trabeculae is to increase the myocardial mass, facilitating oxygen and nutrients
exchange in the embryonic myocardium before coronary vascularisation (Sedmera et al., 2000;
Phillips et al., 2013). Failure in trabeculac formation is embryonic lethal (H. Chen, 2004;
Gassmann et al., 1995). Cells at the tip of the trabeculae are more differentiated than those at the
base (Sedmera and Thompson, 2011). Consequently, cardiomyocytes from the trabecular region
(inner layer) proliferate very little and show a mature sarcomere structure in comparison with the
compact myocardium cardiomyocytes (outer layer), which facilitates ventricular contractility

(Phillips et al., 2013).

The heart beats from the early heart tube stage, and cardiac rhythm and electrical propagation are
regulated by the cardiac conduction system (CCS). The ventricular conduction system (VCS)
forms on the subendocardial surface of the ventricular myocardium. The entire VCS is derived
from common myogenic progenitor cells, with cardiomyocytes in the FHF and SHF contributing
to it (Miquerol et al., 2013). A biphasic mode of development, lineage restriction followed by
limited outgrowth, underlies establishment of the mammalian VCS (Miquerol et al., 2010). Rapid
transmission of electrical impulse is favoured by CONNEXIN 40 (CX40, also known as GJAS)
and CONNEXIN 43 (CX43, also known as GJA1) gap-junctions channels or connexons, which
are strongly expressed in the trabecular myocardium, and will give rise to the Purkinje fibre
network (Christoffels & Moorman, 2009; Moorman & Christoffels, 2003; Stacey Rentschler et
al.,2001).

BRG], a chromatin remodelling protein, is essential for ECM establishment and for trabeculation.
BRGI1 repress ADAMTSI1, a secreted matrix metalloproteinase, in the endocardium which
controls the degradation of the cardiac jelly and prevents excessive trabeculation (Stankunas et
al., 2008). Recently, the HAND?2 transcription factor has been shown to be an important
downstream regulator of NOTCH-dependent endocardium-myocardium signalling mechanism

active in trabeculation, and a direct regulator of Nrg/ (VanDusen ef al., 2014).
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Figure 2. Heart development: Trabeculation

Cartoons depicting the initial stages of trabeculation beginning at E8.5, when the heart tube is
formed by an inner endocardium and a slowly proliferative epithelial myocardium. At E9.0,
the first myocardial protrusions covered by endocardium, growing towards the ventricular
lumen, appear. At E9.5-E10.5, a growing trabecular network is formed by oriented cell
division, cardiomyocyte migration, EMT-like process, and proliferation. A rapidly dividing
outer layer of compact myocardium and a slowly dividing inner trabecular myocardium are
defined at this stage. (From: MacGrogan, Miinch and de la Pompa, 2018)

Compaction and coronary vessels development

Trabeculae gradually become part of papillary muscles, the interventricular septum, and cardiac
conductions system cells (Sedmera et al., 1997). At around E13.5 in mice, trabeculae compressed
within the ventricular wall through the process of compaction, contributing to the thickness of the
myocardium (Sedmera et al., 2000) (Figure 3). The compacting ventricular wall is formed by the
subendocardial inner myocardial wall or trabecular myocardium (TM), a medial hybrid
myocardial zone or intermediate myocardium (IM) (D’Amato et al., 2016a; Zhang et al., 2016)

and an outer compact myocardium (CM), or outer myocardial wall (Figure 3).

As the ventricular wall expands by proliferation of the compact myocardium, and the trabeculae
coalesce during compaction, an hypoxic environment facilitates the invasion of coronary vessels
to nourish the increasingly thickened compact myocardium of the ventricular wall. At the same
time, trapped endocardial cells transform into vascular endothelial cells to form the vascular

supply for the newly compacted myocardium (Tian et al., 2014) (Figure 3).

At around E11.5 in mouse, the primitive coronary plexus giving rise to the coronary vessels
invades the subepicardial layer on the heart surface by angiogenic sprouting from the sinus
venosus (Tian ef al., 2014), and enters the myocardium to differentiate into coronary arteries,
whereas few of the remaining subepicardial vessels differentiate into coronary veins at the heart

surface (Red-Horse et al., 2010; Tian et al., 2013). The sinus venosus sprouting model proposed
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that coronary arteries are re-specified from subepicardial veins (Tian et al., 2014). It has been

demonstrated that subepicardial endothelial precursors form most coronary arteries (Tian et al.,
2013).

The epicardium has a minimal contribution of endothelial cells to the coronaries, and does not
appear to be the primary source of the coronary endothelial cell layer, but rather it gives rise to
most coronary smooth muscle cells and provides trophic factors that support coronary growth

(Zhou et al., 2010; S. P. Wu et al., 2013).

Ventricular wall endocardium constitutes a third source of coronary endothelium and contributes
to most ventricular septum arteries (Wu et al., 2012; Tian et al., 2014). Endocardium is
incorporated into the myocardial wall during compaction by trabecular coalescence (Tian et al.,
2014) and it was originally said that these endocardial cells contribute to the majority of the

intramyocardial coronary arteries (Leslie ef al., 2012).
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Figure 3. Heart development: Compaction

At E11.5, trabeculae form a complex network, and at around E13.5, compaction begins and
trabeculae integrate into the CM. In parallel, coronary vessels begin to form to nourish the
thickening CM. At E15.5, the TM or inner myocardial wall (IMW), the intermediate
myocardium (IM) or hybrid myocardial zone (HMZ), and the CM or outer myocardial wall
(OMW) can be distinguished. Compaction continues postnatally, and approximately concludes
at P28 in mice. (From: MacGrogan, Miinch and de la Pompa, 2018)

Oriented cell division and polarity during trabeculation

Clonal analysis has shown that during ventricular chamber development, myocardial cells
undergo two growth phases. One with cell dispersion, leading to the separation of clonally-related
cell clusters, and another in which cells remain close after division, thus favouring the formation

of a cluster (Meilhac, 2003). Later studies in the embryonic heart, showed that the growth of the
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myocardium is oriented in a planar or transmural shape (Meilhac ef al., 2004). Image analysis of
3D confocal scans show that neighbouring cells are already locally coordinated in the mouse
embryonic myocardium. The myocardium grows in a plane parallel to the outer surface of the
heart and also thickens transmurally, which contributes to trabeculae formation (Le Garrec et al.,

2013).

The early chamber myocardium has apico-basal polarity in both mice and zebrafish. Cell polarity
is essential for oriented cell division to occur during chamber development and trabeculae

formation (J. Li et al., 2016; Jiménez-Amilburu et al., 2016; Passer et al., 2016) (Figure 4).

Previous studies have shown that in the mouse heart, cardiomyocytes undergo oriented cell
division (OCD) and directional migration during cardiac trabeculation in a N-CADHERIN-
regulated manner. The geometric location of the different signals involved may cause asymmetric
distribution of “patterning” mRNAs (Hey2 and Bmp10) in perpendicular divisions, that contribute

to cardiomyocyte regional specification towards trabeculae (J. Li et al., 2016) (Figure 4).

OCD single cell lineage treacing

a
b Control

. o

| N-CAD

| Midbody * Hey2mRNA | ECM

Figure 4. Oriented cell division contributes to trabecular morphogenesis

a) Both oriented cell division (OCD) and directional migration contribute to cardiac trabecular
initiation from compact myocardium (CM). N-CADHERIN regulates these processes in a cell-
autonomous manner. b) Perpendicular OCD is an extrinsic asymmetric cell division and
contributes to trabecular regional specification (differential Hey2 mRNA distribution). Cardiac
jelly (ECM) and endocardium (EC) might provide instructive cues for trabecular
cardiomyocyte regional specification. (From: J. Li ef al., 2016)

Passer et al 2016 described that the PAR polarity complex machinery (PAR3, PAR6 and PRKCi

-protein kinase C iota-) coordinates normal cellular differentiation by facilitating perpendicular
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cell division and promoting the differentiation of trabecular myocardium from compact
myocardium in mice. NuMA (Nuclear Mitotic Apparatus) directs trabecular formation by
orienting the mitotic spindle, so that the cell division plane is perpendicular to the heart’s lumen.
Disruption of the polarity complex or its downstream interacting partner NuMA, results in
aberrant mitotic spindle alignment, loss of polarized cardiomyocyte division and lack of
trabeculation in mice (Passer et al., 2016). These studies use SURVIVIN to analyse OCD.
SURVIVIN is essential for mitotic spindle establishment and localizes to different components
of the mitotic apparatus, including centromeres in prophase, kinetochores of the metaphase and

anaphase spindle, and the midbody during cytokinesis (Uren et al., 2000; Caldas et al., 2005).

Ventricular trabeculation in zebrafish

Image analysis of fixed and live zebrafish samples during trabecular morphogenesis in zebrafish
has shown that nrg signalling from the endocardium is required for trabeculation (Peshkovsky,
Totong and Yelon, 2011). Qian et al 2015 have shown that cardiac contraction is required for
trabeculation and for nofchlb transcription in ventricular endocardium. These authors propose a
model in which cardiac contraction initiates flow, which is detected by primary cilia on
endocardial cells to activate the regulatory notchl-efnb2a-nrgl pathway and promote cardiac
trabeculation (Qian et al, 2015). In zebrafish cardiomyocytes, erbB2 contributes to both
proliferation and migration of cardiomyocytes, to form a relatively thin layer of myocardium and

to initiate cardiac trabeculation (Liu et al., 2010).

A combination of clonal analysis and live cell imaging showed that zebrafish heart
cardiomyocytes first extend luminal protrusions, then constrict their abluminal surface and move
their cell body into the trabecular layer. The neighbouring cardiomyocytes move into the space
left behind to maintain a cohesive compact layer (Staudt ef al., 2014). This view has been refined
to suggest that cardiomyocytes undergo apical constriction before depolarization in order to
delaminate in a nrgl-erbb2-dependent manner, suggesting that trabeculation is an EMT-like
process (Jiménez-Amilburu et al, 2016). They postulate that the “basal” region of
cardiomyocytes faces the cardiac jelly, and the “apical” represents the abluminal side of
cardiomyocytes close to the epicardium. Later in vivo imaging experiments, demonstrated that is
nrg2a, and not nrgl, the one essential for trabeculation in zebrafish heart (Rasouli and Stainier,

2017).

Initially, cdh2 (n-cadherin) was observed to be expressed along the lateral sides of embryonic
cardiomyocytes, in an evenly distributed pattern, and with the occasional appearance of punctate

signal. Delaminating cardiomyocytes accumulate cdh2 on the surface facing the basal side of
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compact layer cardiomyocytes, thereby allowing tight adhesion between these layers. ErbB2
signalling is required for the re-colocalization of cdh2 from the lateral to the basal side of

cardiomyocytes along the membrane (Cherian ef al., 2016).

Time-lapse imaging analysis showed that cardiomyocyte proliferation in zebrafish is essential for
trabecular growth, but not initiation. Cardiomyocytes mostly divide in parallel to the myocardial
wall. This proliferation relies on nrg-erbb signalling and is more frequent in the trabecular layer.
In contrast, tgfP signalling functions to inhibit cardiomyocyte division in both layers (Uribe et al.,

2018).

Recent in vivo imaging studies shows that cardiomyocyte polarity regulation is essential for
trabeculation in zebrafish heart. Crb2a is expressed in all ventricular cardiomyocytes in tight and
adherens junctions, and re-localizes to the apical side of compact layer cardiomyocytes before
cardiomyocyte delamination on a nrg-erbb2 dependent manner (Jiménez-Amilburu and Stainier,

2019).

The NRG1-ERBB signalling pathway

The NEUREGULINS (NRGS) are cell-cell signalling proteins that are ligands for receptor
tyrosine kinases of the ERBB family. NRG1 proteins are released from the endocardium into the
extracellular space and, then, bind to their ERBB2,4 receptors in the myocardium, acting as

paracrine signals (Falls, 2003; Parodi and Kuhn, 2014).

The Nrgl gene expands 1400 Kb and is located in chromosome 8p12. It has various promoter
sequences and undergoes alternative splicing that produces several NRG1s isoforms (Holmes e?
al., 1992; Chen et al, 1994; Meyer and Birchmeier, 1995; Falls, 2003) (Figure 5a). The
differences in the biological functions of NRG1 isoforms are determined by the type of EGF-like
domain (a- or B), which is common for all isoforms and binds to the ERBB receptor, the N-
terminal sequence and the transmembrane (TM) or non-membrane localization signal of the
protein (Falls, 2003) (Figure 5a, b). The active form of NRGI is released after proteolytic
cleavage at the juxta membrane (JM) region lying on the carboxy-terminal side of the EGF-like

domain previous to the TM domain (Fleck ef al., 2013) (Figure 5a, b).

Type 1 isoforms contain an Ig-like domain, an EGF-like domain (a- and B-), a proteolysis site
(black arrows, Figure 5b), a hydrophobic domain suggested to act as internal signal sequence for

secretion of the factor and additional C-terminal sequences (Meyer et al., 1997) (Figure 5b).
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Figure 5. NRG1 molecular structure and signalling pathway

a) NRG1 genetic loci. b) NRGI1 protein isoform composition, with the extracellular (N-
terminal), the transmembrane (TM) and the intracellular domains (C-terminal). Arrows indicate
proteolytic sites. (From: Parodi and Kuhn, 2014) ¢) In cardiomyocytes, NRG1 stimulates the
activation of MAPK/ERK 1/2 that may induce myofilament organization and hypertrophy in
adult cardiomyocytes. NRG1 regulates PI3-KINASE/AKT pathway, which protects cardiac
myocytes against cell death and regulates metabolism and growth. AKT is implicated in cell
survival, enhances glucose uptake and AKT-dependent activation of eNOS (endothelial Nitric
Oxide Synthase), triggering changes in mitochondrial respiration, which may also regulate cell
survival in the setting of metabolic stress. FAK is critical for the formation of focal adhesion
complexes. FAK is a substrate for the adaptor protein SRC and is involved in the maintenance
of sarcomeres and cell survival. (modified from Pentassuglia and Sawyer, 2009 and Odiete,
Hill and Sawyer, 2012)
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Type I NRG1 is the predominant isoform expressed in early embryogenesis. Type I NRG1 is
essential for development of neural crest-derived sensory neurons in cranial ganglia as well as for

trabeculation of the cardiac ventricles (Meyer et al., 1997).

The ERBB family of receptor tyrosine kinases (RTKSs) consists of four receptors: ERBB1-4.
These receptors are composed with an extracellular ligand-binding domain (ECD), a
transmembrane domain and a cytoplasmic tyrosine kinase domain (Odiete, Hill and Sawyer,
2012). ERBB signal transduction occurs upon binding of a ligand to the ECD, promoting hetero-
or homodimerization, which results in activation of their cytoplasmic tyrosine kinase domain
(ERBB2 and ERBB4), and transphosphorylation of intracellular tyrosine residues (Riese and
Stern, 1998). NRG1 binds to ERBB3 and ERBB4. ERBB2 acts as a co-receptor which enhances
and stabilizes dimerization with other ERBB receptor to initiate signal transduction, but does not

have a direct ligand itself (Horan ef al., 1995).

Receptor transphosphorylation favours the recruitment of signalling proteins leading to activation
of different downstream pathways: the extracellular signal-regulated kinase 1/2 (ERK1/2), and
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathways (Sanchez-Soria and
Camenisch, 2010) (Figure 5c). These pathways are implicated in the regulation of cell
proliferation, differentiation, migration, survival and death (Iwamoto and Mekada, 2006). The
mitogen-activated protein kinase (MAPK)/ ERK1/2 is a multi-kinase cassette which acts as a
transcription factor promoting cell growth and cardiac hypertrophy (Heineke and Molkentin,
2006; Wang, 2007) (Figure 5c). Ras-MAPK pathway is also important during valve development
because it regulates differentiation, migration and proliferation of cells during EMT. The
activation of the PI3-kinase/AKT pathway is involved in the protection of cardiomyocytes against
cell death, as well as in the regulation of metabolism and growth (Pentassuglia and Sawyer, 2009)
(Figure 5c¢). ERBB also interacts with the SRC-FAK signalling pathway, implicated in focal
adhesion contact and lamellipodia formation (Figure 5c). These interactions are crucial for

maintenance of electrical coupling (Kuramochi, Guo and Sawyer, 2006).

NRGT signalling in mouse heart development

Mice deficient for NRGI, expressed in the endocardium, or mutant for ERBB2 and ERBB4,
expressed in myocardium, die at around E10.5 due to severe defects in trabeculation (Gassmann
et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995). Embryos deficient for ERBB2 or

NRGT1 also exhibit underdeveloped cushion and valve tissue.
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ERBB2 is expressed in the myocardium and endocardium of the AVC region, and in the invading
mesenchymal cells within the cushion matrix. ERBB3 is expressed in endocardial cells that
undergo EMT but its phosphorylation is predominantly detected in the invading mesenchymal
cells. HA interacts with and activates ERBB2-ERBB3 receptors, initially, to promote EMT and
then to limit the extent of endocardial cell delamination and transformation. In vitro studies
suggest that ERBB3 is specifically required for transformation and not activation of the AVC
endocardium (Camenisch et al., 2002). ErbB3” mice die by E13.5, and have hypoplastic cardiac
cushions (Erickson et al., 1997).

As described before, the CCS is a complex network of cells within the heart that generates and
conducts electrical impulses to coordinate heart contraction. NRG1 are ligands responsible for
inducing murine embryonic cardiomyocytes to differentiate into cells of the conduction system
(Rentschler et al., 2002). NRG1 induces expression of several conduction specific markers such
us Cx40 and Cx45 (Patel and Kos, 2005). NRG1 is required to maintain the cardiac transcription

factor program in both trabecular and non-trabecular myocardium (Lai et al., 2010).

NRGI1 and NOTCH signalling interact during trabeculation. Targeted mutants for the NOTCHI1
receptor or the effector transcription factor RBPJ show defective trabeculation, while expression
and epistasis analysis showed that Nrg! transcription depends at least in part on NOTCH activity
(Grego-Bessa et al., 2007) (Figure 6a). Recently, knowledge about the interplay between NRG1
and NOTCH signalling during trabeculation has been refined. It has been suggested that NOTCH
signalling promotes ECM degradation, whereas NRG1 promotes ECM synthesis necessary for
trabecular rearrangement and growth (del Monte-Nieto et al., 2018) (Figure 6b). This confirms
that ECM dynamics are necessary for individualization and organization of trabecular units (del

Monte-Nieto et al., 2018).

Later in development, pERBB?2 is activated in coronary endothelium. ERBB2 partners with
NEUROPILIN 1 (NRP1) to form a functional receptor for the vascular guidance molecule
SEMA3d; NRP1 loss leads to abnormal patterning of the coronary veins, a phenotype
recapitulated by endothelial loss of ERBB2 (Aghajanian ef al., 2016).

Nrgl expression is variable from early stages of development until adulthood. It is shown that
Nrgl expression is restricted to the endocardial endothelium and the cardiac microvascular
endothelium (CMVE), but it is absent in larger coronary arteries and veins and in aortic

endothelium in adult heart (Lemmens et al., 2006).
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Figure 6. Structural and molecular basis underlying trabeculation

a) Scheme of the molecular pathway downstream of NOTCH signalling during trabeculation.
The inner layer of endocardium (blue) produces signals that induce myocardium (green)
development. N1ICD signalling is stronger in the endocardial cells (red nuclei) close to the
base of the growing trabeculae (light green), but N1ICD signalling decays towards the tip (pink-
white nuclei). N1ICD signals to the trabecular myocardium to promote proliferation (yellow
arrow) through BMP10, and differentiation (black arrow) through EPHRINB2 and NRG1
activation in the endocardium. (modified from Grego-Bessa et al., 2007) b) Cartoon with
morphology and pathway changes during early trabeculation. Touchdowns occur at E8.0—ES8.5
as endocardial projections progress through cardiac jelly and establish the first anchor points
with CM. Endocardial ridges then form between touchdowns, creating endocardial domes that
segment the ventricular chamber into multiple matrix-rich areas (ECM bubbles), thus
encapsulating the TM and defining the initial trabecular architectural units. Lateral ingression
occurs from E8.5 as endocardial touchdowns expand laterally, isolating trabecular units.
Trabecular assembly occurs at E8.5—E9.0 as trabecular cardiomyocytes rearrange into a radial
disposition. Finally, trabecular extension occurs from E9.5 when trabeculae undergo radially
oriented cardiomyocyte growth and ECM bubbles are progressively reduced in a basal-to-
apical manner. (From: del Monte-Nieto ef al., 2018)
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Both NRG1 and ERBB receptors are expressed in vascular endothelial cells, and stimulation of
endothelial cells in vitro or in vivo induces an angiogenic response similar to and independent of
VEGF (vascular endothelial growth factor) (Strong Russell et al., 1999). NRG1 also can induce

angiogenesis via enhanced expression of Vegf (Bagheri-Yarmand et al., 2000).

NRG1-ERBB signalling in cardiovascular disease

The NRGI1-ERBB signalling cascade has also been described to be involved in adult heart
homeostasis. Cardiac AKT can activate the mammalian target of rapamycin (mTOR), promoting
protein synthesis and hypertrophy (Kemi et al., 2008). MAPK/ERK1/2 is implicated in cellular
proliferation and hypertrophy in cardiomyocytes (Ueyama ef al., 2000) (Figure 5c).

NRGI1-ERBB activity is implied in myocardial metabolism, inducing cardiac myocyte glucose
uptake in a PI3K-dependent manner (Cote et al., 2005). Metabolic stress, as seen in ischemic
heart disease and chronic heart failure, also disrupts NRG1-ERBB signalling via effects on heat
shock protein 90 chaperone activity (Chiosis et al., 2001).

Cardiac myocytes from conditional ErbB4 deletion mice exhibit both delayed conduction and
impaired contractility (Garcia-Rivello, 2005). Intravenous administration of recombinant NRG1
improved cardiac function and prolonged survival in animal models of ischemic, dilated and viral

cardiomyopathy (Wadugu and Kuhn, 2012).

ERBB2 is necessary for NRG1 induced cardiomyocyte proliferation during embryonic/fetal and
neonatal stages (D’Uva et al, 2015). ERBB2-deficient mutant mice show dilated
cardiomyopathy, including wall thinning and decrease contractility. Transient reactivation of
ERBB?2 signalling facilitates heart regeneration after myocardial infarction as a result of
cardiomyocyte dedifferentiation and proliferation with neovascularization, followed by re-
differentiation, tissue replacement with reduced scar formation and repair of left ventricle
function (D’Uva et al., 2015). ERBB2 signalling in cardiomyocytes is therefore essential for the
prevention of dilated cardiomyopathy (Crone et al., 2002; D’Uva et al., 2015).

The importance of ERBB signalling in heart is highlighted by the associated cardiotoxicity in
cancer patients treated with Trastuzumab (Herceptin). The monoclonal antibody trastuzumab
targets ERBB2 receptor, as it is overexpressed in several breast cancer patients. Trastuzumab has
been a successful therapy in reducing mortality rates for breast cancer patients (Romond et al.,

2005). The inhibition of ERBB2 pro-survival signal has a detrimental effect on myofibrils
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structure and cardiomyocyte viability, leading to dilated cardiomyopathy, left ventricular systolic

dysfunction and heart failure (Rohrbach et al., 1999).

The finding that expression of one component of the NRGI signalling system is increased in
cancers suggest that the therapeutic application of recombinant NRG1 for cardiac therapy may

unintentionally stimulate proliferation of non-cardiac cells (Parodi and Kuhn, 2014).

These studies collectively demonstrate the importance of an intact NRG1-ERBB signalling axis

in adult cardiomyocytes for adaptation of cardiac structure and function.
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Objectives

Heart development is essential for embryonic viability. Several studies describe the importance
of a high number of signalling pathways implicated in heart development, whose function is also

required in adulthood and necessary to prevent heart diseases.

Previous studies in our laboratory showed that NRG1 signalling is downregulated in NOTCH
targeted mutants with defective ventricular trabeculation. Likewise, NRG1-ERBB signalling
inactivation disrupts trabeculation, but the molecular mechanisms and cellular processes involved

are poorly understood.

The objectives of this thesis were:

1) To study the role of NRG1-ERBB2.4 signalling in cardiac development, identifying the
affected molecular mechanisms and cellular processes.

2) To study the role of NRG1-ERBB2,4 signalling in compaction and coronary vessel
development.

3) To study the effect of Nrgl overexpression in heart development, to better understand its

normal function.

In this thesis we have used targeted mutant and transgenic NRG1 mouse lines to study NRG1
function during trabeculation and compaction. We have observed alterations in cardiomyocyte
polarity and OCD, defective coronary vessel morphogenesis, and affected myocardial patterning

and metabolism.
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Materials and methods

Mouse strains and genotyping

Nrgl mutant mouse was obtained from Carmen Birchmeier laboratory (Cheret ef al., 2013).
Nrgl™: LoxP sequences (green arrowheads) are located upstream and downstream of exons
encoding the o, B and isotype 3 of the EGF domain of Nrgl gene (Scheme 1). CRE-mediated
recombination prevents transcription of the complete EGF common domain, and introduces

frameshifts that result in the early termination of all Nrg! transcripts.

OL\ [|3/3 4 1 ™
—E.D]_/? D : I_ Nrg1ﬂOX
Cre S
S — Nt

Scheme 1. Scheme of Nrgl conditional knockout gene and deletion of Nrgl domains after
CRE recombination. (Cheret ef al., 2013)

We used the following CRE driver mouse strains: Tie2" (Kisanuki et al., 2001), Mesp1“" (Y
Saga et al., 1999), Cdh5 "2 (Wang et al., 2010) and Nkx2.5* (Stanley et al., 2002).

In order to early (E7.5) conditional deletion of Nrg! in the endothelium/endocardium, we crossed
the Nrgl™ line with the Tie2“* driver line to generated the double heterozygous
Nrg"™" :Tie2“", and then, crossed it with a Nrgl""** mouse with the aim of analysing the

phenotype during early embryonic development of the Nrg/"**/x; Tie2“r*

embryos (from now
on, Nrg"™:Tie2“"). To further confirmed the effect of Nrg/ deletion in heart development, we
generated a double heterozygous for Nrg /™" :Mesp®“* and crossed it with a Nrg/**/** mouse

]Cre/+ embryos (from now on, N}"g]ﬂox;Mesp] Cre). TO

to analyse the phenotype of Nrg "/ Mesp
avoid the lethal effect of Nrgl deletion during trabeculation, we used the inducible
Cadherin5 R (Cdh5°) line, which is active in the endocardium and coronary vessels (Luna-
zurita et al., 2010; Wang et al, 2010). We generated a double heterozygous for
Nrg """ :Cdh5“*"* and crossed it with a Nrg/""** mouse. After 4-hidroxitamoxifen (H6278,
Sigma) administration at E10.5 and E11.5, we induce Nrgl deletion in the endothelium during
compaction. Then, we examined the phenotype of Nrg "/ Cdh5eERT/

on, Nrgl"*;Cdh5°°) at E16.5.

embryos (from now

For the generation of R26PA-Nrgl-iresGFP transgenic line a complete cDNA from mouse Nrg/
(2103 bp) was obtained from clone IMAGE 100064088. The sequence was PCR-amplified with
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Phusion High-Fidelity DNA Polymerase (NEB). The product of the PCR was digested with Nhel
and was cloned into a pBigT-IRESeGFP plasmid previously generated by cloning a Sa/l IRES-
eGFP fragment into the Xhol site of pBigT. The loxP-PGK-Neo-3X-STOP-loxP-Nrgl-IRES-
eGFP fragment obtained from the ligation of the digested Nrg/ cDNA and the pBigT-IRESeGFP
plasmid was cloned into Pacl and Ascl sites of pROSA26PA plasmid (Soriano, 1999) (Figure
28a). The final construct was linearized with Pvul and electroporated into G4 mESCs derived
from a cross of 129S6/SvEvTac and C57BL/6Ncr mice (Vintersten, Testa and Stewart, 2004).
After G418 (200 pg/ml) selection for 7 days, 168 clones were picked. Homologous recombination
was identified by Southern blot of EcoRV-digested DNA and hybridized with 5° and 3’ probes
(Figure 28b).

About 6 % of the clones were positive, and we selected three clones to confirm karyotype. One
positive clone was injected into C57/BL6C blastocysts to generate chimaeras that transmitted the
transgene to their offspring. The resulting founders were genotyped by PCR of tail genomic DNA
samples using primers in the R26 locus before and after the cloning site and in the polyA signal

of the transgene.

We crossed this new line with the endothelial driver Tie2“ to analyse the phenotype of the
R26PA-Nrgl-iresGFP”*Tie2“*" (from now on, R26NrglGFP,;Tie2?) or with the
endocardial/myocardial driver Nkx2.5 to analyse the phenotype of the R26PA-Nrgl-iresGFP
" :Nkx2.5*"* (from now on, R26Nrgl GEP;Nkx2.5).

Genotyping of the different genes was performed using the primers listed in Table 1.

Table 1. PCR primers and conditions for genotyping

Gene Oligos 5'to 3’ Annealing Product
Temperature
()
Nrg 17oxox 5 TCC TTT TGT GTG TGT TCA GCA CCG G 3’ 68° 400 bp mutant
5" GCA CCA AGT GGT TGC GAT TGT TGC T 3’
250 bp WT
Tie2Cre 5" GGG AAG TCG CAA AGT TGT GAG TT 3’ 60° 500 bp
5" CTA GAG CCT GTT TTG CAC GTT C 3’
Mesp1©* 5-TGA CG GTG GGA GAA TGT TAA T-3' 57° 286 bp (CRE)
5'-GCC GTA AAT CAA TCG ATG AGT-3'
Cdh5CreERT2 5'CTG GGA TGC TGA AGG CAT CAG 3 55° 760 bp
5" TTG CGA ACC TCA TCA CTC GTT 3
R26Nrgl-iresGFP | 5’AAAGTC GCT CTG AGT TGT TAT 3’ 62° 585 bp WT
5'GGA GCG GGA GAA ATG GAT ATG 3’ 853 T
5'TGC CCG ACA ACC ACT ACC TGA G 3' g
Nioc2. 5Cre 5 GCG CAC TCA CTT TAA TGG GAA GAG 3’ 60° 583 bp
5 GAT GAC TCT GGT CAG AGA TAC CTG 3’

(WT) While Type; (Tg) Transgenic; (bp) base pairs.
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Tissue processing

Dissected early embryos (E8.0-E10.5) were selected depending on number of somites to perform
all the experiments in control and mutant embryos with a comparable developmental stage.
Embryos were fixed in 4% paraformaldehyde (PFA) at 4°C. For immunostaining, early embryos
(E8.5 and E9.5) were fixed for 2 hours at 4°C, E10.5 embryos were fixed 4h at 4°C and older
embryos were fixed overnight (O/N) at 4°C. For in sifu hybridization (ISH), Hematoxylin and
Eosin (H&E) and Alcian blue studies all embryos were fixed O/N. Embedding was performed
following a dehydration using a graded ethanol series, xylene washes and a final paraffin-
embedding step at 65°C. For cryosections, embryos were fixed in 4% PFA for 1h on ice, then
washed in sucrose 30% and embedded in Optimal Cutting Temperature (OCT) medium at -80°C.

Immunofluorescence in sections

Paraffin-embedded 7 um-sections or OCT-embedded 10 um-sections of embryonic hearts were
blocked in histoblock solution or in 5% FBS in PBS 0.3% triton, respectively, and incubated O/N
with primary antibodies, followed by 1h incubation with a fluorescent-dye-conjugated secondary
antibody. NFATCI1, CD31, NRG1 and pERBB2 immunostainings were performed using
tyramide signal amplified (TSA) coupled to Cy3 or to fluorescein (NEL744 or NEL741 Perkin
Elmer; 1:100) (Del Monte et al., 2011). N1ICD- and BrdU- immunostainings were amplified with
biotinilated secondary antibody, ABC (Vectastain Kit) and TSA. Nuclei were counterstained with
DAPI. Cryosections samples were used to perform immunofluorescence (IF) for NRGI,
pERBB2, PRKCi, ITGa6, and SURVIVIN. All the primary and secondary antibodies used are
listed in Table 2 and 3, respectively.

Histology, Alcian blue and in situ hybridization

H&E and Alcian blue staining’s were performed on sections according to standard protocols. ISH

was performed as described (de la Pompa et al., 1997; Kanzler ef al., 1998).

Whole-mount immunofluorescence

Embryos were fixed for 2 hours (E10.5) or O/N (E16.5) at 4°C in PFA 4% and, then kept in PBS
at 4°C. Permeabilization was performed for lh in 0.5% Triton X-100/PBS and subsequently
embryos were blocked for 1h in 10% FBS in 0.5% Triton X-100/PBS. E10.5 embryos were
stained with the following primary antibodies: anti-alpha smooth muscle actin-Cy3 (SMA-Cy3)
and Isolectin-B4-AlexaFluor647 (1B4-647).
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Table 2. List of primary antibodies used for IF

oa-smooth  muscle CM/SMc 1:200 mouse Sigma Aldrich C6198

actin-Cy3

Isolectin-B4- Endo/CV 1:200 Invitrogen 132450

AlexaFluor647

Nfatcl Endo 1:250 mouse Enzo ALX-804-

022

Anti-CD31 Endo/CV 1:100 rat BD Bioscience 550274

(PECAM)

BrdU BrdU 1:100 rat Abcam ab6326

NI1ICD Endo 1:100 rabbit Cell signaling 4147S

Laminin BM 1:300 rat Sigma Aldrich L9393

N-Cadherin CM 1:100 mouse Invitrogen 333900

WGA-Rhodamine All cells 1:100 Vector RL-1022
Laboratories

c¢TnTl1 CM 1:50 rabbit Abcam Ab58544

Endomucin Endo/Veins 1:200 rat Santa Cruz Sc-65495
Biotechnology

Glutl CM 1:100 rabbit ~ Merck Millipore 07-1401

MF20 CM 1:20 mouse DSHB

Neuregulin 1 Endo/CV 1:100 mouse Santa Cruz sc-393006
Biotechnology

pErbB2 CM/Endo/CV 1:100 rabbit Cell signaling 2247

Prkci/aPKC CM 1:100 mouse Santa Cruz sc-17804
Biotechnology

Itga6 ™ 1:500 rat Invitrogen 14-0495-82

Survivin PC 1:300 rabbit Cell signaling 2808P

DAPI All cells 1:1.000 Sigma Aldrich D9542

(CM) cardiomyocytes; (SMc) smooth muscle cells; (Endo) endocardium; (CV) coronary vessels;
(Mc) mesenchymal cells; (BM) basement membrane; (TM) trabecular myocardium; (PC)

proliferating cells.

E16.5 hearts were stained with the following primary antibodies: MF20, anti-CD31 (PECAM),
ENDOMUCIN and IB4. The secondary antibodies used are listed in Table 3. After several washes
in PBS-T (PBS, 0.1% Tween-20) embryos were mounted on a slide with the following procedure
(Scheme 2): in order to image the inside of the chamber, E10.5 and E16.5 hearts were dissected
and placed on a petri dish with PBS, then a piece of the ventricular wall was cut to visualize the
trabecular network inside the ventricle. The cut heart was mounted on a slide with 2 or 3 small
glasses, respectively, in each side of the tissue to keep it immobile. Fluoromount medium was

used to mount the tissue and a cover slide was placed on the top. Additionally, to visualize the
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coronary vasculature of the E16.5 hearts the procedure was similar but with the dorsal or ventral
side of the heart facing up, so the coronary vessel plexus could be scanned. 3 glasses were used
to make the reservoir a bit deeper. For details of the procedure see the material and methods

sections in (Mukouyama et al., 2012).

Table 3. List of secondary antibodies used for IF

anti mouse-HRP 1:100 DakoCytomation P0447
anti rabbit-HRP 1:100 DakoCytomation P0448
anti rat-HRP 1:100 Thermo Fisher Scientific 31470
anti rabbit-AlexaFluor488 1:100 Thermo Fisher Scientific A-11034

1

1

1

anti rat-AlexaFluor4 88 1100 Thermo Fisher Scientific A-11006
anti mouse-alexaFluor4 88 1100 Thermo Fisher Scientific A-11029

anti rabbit-alexaFluor647 :100 Invitrogen A-21245
anti mouse-alexaFluor594 1:100 Thermo Fisher Scientific A-21203
anti rat-AlexaFluor555 1:200 Invitrogen A-21434
anti rabbit-biotinilated 1:100 Jackson ImmunoResearch 111-066-003
anti rat-biotinilated 1:100 Vector Laboratories BA-4001

Proliferation analysis and quantification

Cell proliferation in the developing heart was evaluated by 5-bromo-2'-deoxyuridine (BrdU)
incorporation. Pregnant females were intraperitoneally injected with 300 pl of BrdU (10 mg/ml).
Two hours later control and Nrg/"*;Tie2“* embryos (ES.5, E9.5 and E10.5) were collected in
PBS and processed for IF. BrdU was detected by staining with a rat anti-BrdU monoclonal
antibody (1:100, abcam, ab6326) followed by anti-rat-biotinilated secondary antibody (1:100,
Biotin-SP-AffiniPure F(ab")2 Fragment Rabbit Anti-rat IgG, Vector laboratories, BA-4001). The
signal was amplified with tyramide coupled with Flourescein (ES8.5, E9.5, E10.5). Sections were
then stained with a-SMA-Cy3 (1:200, Sigma-Aldrich, C6198) and 1B4-647 (1:200, Invitrogen,
132450). Total cells (DAPI) and BrdU-positive cells in the myocardium or in the endocardium of
developing hearts were counted on non-consecutive sections (= 3) in 4-5 control and 4-5
Nrgl™™: Tie2“" embryos using Fiji (Image J plugging). Statistical analyses were performed using
unpaired two-tailed Student’s #-test. Data are presented as means = SD. Differences were

considered statistically significant at P <0.05.
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Quantification of compact myocardium thickness and trabecular length

We analysed 7 pm paraffin sections from E9.5 (n=4) and E10.5 (n=5) control and Nrg**; Tie2"*
hearts were stained with a-SMA-Cy3 and 1B4-647 to allow identification of ventricular
structures. In E16.5 (n=5) control and Nrg **;Cdh5" hearts, endocardial cells were stained with
anti-ENDOMUCIN and myocardial cells with anti-cTNT. Quantification of the compact
myocardium thickness was performed using Fiji (ImageJ plugging). Right and left ventricles were
quantified separately. 4 regions of each ventricle (at E9.5 and E10.5) were counted in 3 non-
consecutive sections for control and Nrgl"™:Tie2“ hearts. For E16.5 control and
Nrg"**:Cdh5“" embryos, 6 regions of each ventricle were counted. The mean was expressed in
pum. The quantification of the trabecular length was done at E9.5 and E10.5 in 3 non-consecutive
sections for control and Nrg 1", Tie2“"* mutants of the same embryos. Data are presented as mean

+ SD. A P value of <0.05 was considered significant.

Hearts procedure for 3D IMAGING

E10.5 L .
Imaging inner myocardium
E16.5 Imaging inner myocardium M
(x2-3)
__: __% -
(x2-3)
E16.5 Imaging outer coronary plexus

. Yy /

Scheme 2. Hearts procedure for 3D imaging
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AVC area quantification

With Alcian blue staining we were able to distinguish the area of mesenchymal cells that form
the endocardial cushions of the heart valves. We performed the quantification of 4 control and 4
Nrg " Tie2“* embryos at E9.5 and E10.5 analysis. We quantified 3 non-consecutive sections in
each heart using Fiji (ImageJ pluggin). The final results are shown in area (mm?). Data are

presented as mean + SD. A P value of <0.05 was considered significant.

ITGa6 quantification

We used the IF of ITGa6, a-SMA, IB4 and DAPI at E9.5 control and Nrgl”™; Tie2“"* embryos to
do the quantification. The area of ITGa6 was measured using Fiji (ImageJ plugging). The region
of interest was selected considering the area with myocardial marker staining (a-SMA), a
threshold was stablished to select the area to measure the signal of ITGa6 (positive green signal
in the myocardial region). This was done in 3 embryos per genotype, in 3 non-consecutive
sections, and in 3 comparative myocardial regions per section (from right, medium and left
regions of the ventricle). The final results are shown in area (mm?). Data are presented as mean =

SD. A P value of <0.05 was considered significant.

N-CADHERIN quantification

We used the IF of N-CADHERIN, WGA, IB4 and DAPI at E8.5 and E9.0 control and
Nrg "% Tie2“" embryos to do the quantification. We quantified the area of N-CADHERIN signal
in the basal region of cardiomyocytes compared with the total basal section of cardiomyocytes.
We use WGA signal to have a reference of the cardiomyocyte membrane along the basal region
of each section. This was done in 3 control and 4 Nrg}"**; Tie2“"* embryos, in 3 non-consecutive
sections, and in 3 comparative compact myocardium regions per section (from right, medium and
left regions of the ventricle). The area was measured using Fiji (ImageJ plugging). The final
results are shown in percentage. Data are presented as mean £ SD. A P value of <0.05 was

considered significant.

OCD quantification

We used the IF of SURVIVIN (a marker of the mitotic plate), SMA, IB4 and DAPI at E8.5 and
E9.5 control and Nrgl™; Tie2"* embryos to do the quantification. To better show the mitotic

cells, a discontinuous white line surrounds each cardiomyocyte in mitotic phase. A yellow line
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indicates the orientation of the cardiomyocyte division, and a white line indicates the basal surface
of cardiomyocyte to the lumen. The measurement of the angle between both lines will indicate
the OCD type. Division plane oriented between angles of 70-90° to the basement membrane were
classified as perpendicular, those between 20-70° as oblique, and those between 0-20° as parallel.
The software used for measuring was Fiji (ImageJ plugging). Cardiomyocytes (a-SMA) in
mitosis were carefully analysed in all epithelial myocardium at E8.5 or in the compact
myocardium at E9.5. We quantified all cardiomyocytes in anaphase, telophase or cytokinesis, as
it was easy to identify the orientation of the division. The final results are shown as percentage of

each type of divisions (parallel, oblique and perpendicular) both at ES.5 and E9.5.

RNA-Seq

Embryos were dissected in PBS and rapidly kept in ice-cold. Hearts of E9.5 control and
Nrg "%, Tie2“" embryos were separated from the rest of the body. Then RNA was extracted using
the PicoPure RNA isolation kit (Thermofisher). We compared 4 pools of 6 hearts each pool.
Libraries were sequenced in an Illumina HiSeq 2500 System sequencer using a 75bp single end
elongation protocol. Sequenced reads were QC and pre-processed using Cutadapt v1.6 (Martin,
2011) to remove adaptor contaminants. Resulting reads were aligned against a mouse reference
transcriptome, and gene expression quantified, using RSEM v1.2.3 (Li and Dewey, 2011). The
reference transcriptome was based on release 91 of Ensemble gene annotations for genome
assembly GRCm38. Differential gene expression was evaluated with the EdgeR package from
Bioconductor (Robinson, McCarthy and Smyth, 2009). Genes showing altered expression with
Benjamini-Hochberg adjusted P value <0.05 were considered to be differentially expressed. For
the sets of differentially expressed genes, functional analyses were performed using Ingenuity
Pathway Analysis software (Li and Dewey, 2011) and interested significantly enriched processes
were selected according to their relevance for the biological processes under study. The R package
GOPlot (Walter, Sanchez-Cabo and Ricote, 2015), was used to generate circular plots

representing the relationships between genes and selected enriched processes.

Quantitative RT-PCR of E9.5 hearts

E9.5 control and Nrg}™**; Tie2“" hearts were isolated and pooled into 3 replicates containing 6
hearts each replicate. RNA-seq samples were used to synthesize the cDNAs. First-strand cDNAs
were synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems); each reaction was conducted with 0.5 pg total RNA per replicates and per genotype.

Quantitative PCR was performed with Power SYBR Green Master Mix (Applied Biosystems,
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4367659).  Oligonucleotide  sequences of  Mouse-Nrgl are the  following:
GCCAGAGAAACCCCTGACTC (forward primer) and ATTTCCGAAGGGGGCGATTT
(reverse primer). We used Mouse-S-actin as a housekeeping gene and the oligonucleotide
sequences are the following: CTAAGGCCAACCGTGAAAG (forward primer) and
ACCAGAGGCATACAGGGAC (reverse primer). Experiments were performed with triplicate
samples. Statistical analyses were performed using unpaired two-tailed t-test to assess differences
between two groups. Data are presented as mean £ SD. A P value of <0.05 was considered

significant.

Confocal imaging

Confocal images of whole-embryos and tissue sections were acquired with a Nikon A1R laser
scanning confocal microscope with a 10X, 20X and 60X objectives, and with a Zeiss 780 confocal
microscope fitted with a 20X objective with a dipping lens with a NIS-Element SD Image
Software. Images of N-CADHERIN, SURVIVIN, ITGa6 and the whole mounts (WM) were
collected as Z-stacks. Z-stacks of WM were taken every 2 um (E10.5 hearts) or every 1-10 pm
(E16.5 hearts). Z-projections and 3D images were assembled using Fiji (ImageJ plugging) and
with IMARIS software (Bitplane Scientific Software). Images were processed in Adobe
Photoshop Creative Suit 5.1 and Fiji (ImagelJ plugging).

Bright field images

Images of the H&E, Alcian blue and ISH staining’s were acquired with an Olympus BX51
coupled to a Nikon DP71 camera and cellSens software.

Statistics

Statistical analyses were performed using Student’s t test inGraph Pad (Prism 5.0). Data are
presented as mean = S.D., unless otherwise indicated. Differences were considered statistically

significant at P value of <0.05.
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Endothelial Nrgl deletion disrupts trabeculation

NRGI1 is essential for trabeculation (Gassmann et al., 1995; Lee et al., 1995; Meyer and
Birchmeier, 1995). We have used a conditional knock-out mouse line for Nrg/ that harbours /oxP
sites flanking exons 9-11 of the Nrgl gene (Cheret et al., 2013). To study the biological function
of NRG1, we have disrupted Nrg! in the endocardium and vascular endothelium using the Tie2"*
driver line (Kisanuki et al., 2001). We have analysed the viability of the Nrg1"*; Tie2“"* embryos
and found that this genotype is embryonic lethal at E11.5 (Table 4).

C ontr Ol N rg 1 flox/ﬂox; Tle 2 Cre/+
~ e} d L 3

E10.5

H&E

Figure 7. After Nrgl deletion, the ventricular myocardium is underdeveloped

a-f) H&E staining in transversal paraffin sections. a and b) E8.0 and E9.5 control hearts. ¢ and
d) E8.0 and E9.5 Nrgl™, Tie2“* mutant hearts, with no trabeculae in the ventricle at E9.5. e
and f) E10.5 control and Nrglﬂox;T je2¢" hearts, insets are magnifications of ave, rv and lv.
Asterisk in avc inset indicates shorter area of endocardial cushions. Arrowheads in the
magnifications indicate the prominent trabeculae in control heart and the small myocardial

rotrusions in Nrgl”*;Tie2“" ventricle. s, somites; H&E, Hematoxylin & Eosin; lv, left
p g Y

ventricle; rv, right ventricle; avc, atrioventricular canal. Scale bars: 100 pm (a-f and insets).

Histological analysis by H&E staining at E8.0 showed no obvious abnormalities in the
myocardium or in the endocardium (Figure 7a and c). At E9.5, trabeculae were poorly developed
in the Nrg1"**; Tie2“* mutant heart (Figure 7d) compared with the control (Figure 7b). At E10.5,
developing trabeculaec were evident in the control heart (Figure 7e, rv and lv insets), but

trabeculation defects were clear in Nrg**; Tie2“"* mutants (Figure 7f, rv and lv insets).
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Figure 8. Nrgl deletion in the endocardium impairs trabeculation and compact
myocardium appears thicker

a-f) Immunofluorescence (IF) in heart paraffin sections of SMA to detect myocardium (red),
IB4 for endocardium (white) and DAPI for nuclei (blue). Control and Nrg/™; Tie2“" mutant
hearts at E8.5 (a and b), E9.5 (c and d) and E10.5 (e and f). Insets shows magnification of the
myocardium at E8.5 (a” and b”), of Iv at E9.5 and of the rv and Iv at E10.5. Arrowheads indicate
the trabeculae in the ventricles. Yellow line represents the thickness of the CM region. g and
h) Quantification of the thickness of the CM, the length of the trabeculae and the number of
nuclei in control and Nrg ™ Tie2“"* mutant hearts at E9.5 and E10.5, respectively. Asterixs
indicate significant result (*, P<0.05; **, P<0.01; ***, P<(0.0001). SMA, smooth muscle actin;
IB4, Isolectin B4; s, somites; lv/LV, left ventricle; rv/RV, right ventricle; CM, compact
myocardium; TM, trabecular myocardium; ns, no significant. Scale bars: 50 um (a, b), 10 um
(a’, b’, and c and d insets), 100 um (c, d, e, f), 25um (insets of e, f).

We observed less cellularized AVC cushion mesenchyme in E10.5 Nrg1"*; Tie2“" hearts (Figure

71, avc inset) compared with AVC region in control hearts (Figure 7e, avc inset).

In order to examine if the myocardium and endocardium of Nrgl™;Tie2“* mutant embryos
express tissue identity markers, we performed IF for the myocardium marker alpha-smooth
muscle actin (a-SMA) and the endothelial marker Isolectin B4 (IB4) during early embryonic
stages. At E8.5, Nrgl™ Tie2“* mutant embryos showed no apparent malformations in the
myocardium or the endocardium (Figure 8b and b") compared with control embryos (Figure 8a
and a"). In contrast, at E9.5 ventricular chamber in Nrg/**; Tie2“"* mutants showed very small or
collapsed trabeculae (Figure 8d and lv inset), compared with the growing trabeculae in control
ventricles (Figure 8c and lv inset). Myocardium thickness was significantly increased in E9.5
Nrgl™:Tie2“ mutant hearts and presented significantly shorter trabeculae (Figure 8g). This
phenotype was even more evident at E10.5, when a trabecular network was well developed in
control ventricles (Figure 8e and insets), but Nrg"**; Tie2“" mutants showed severely reduced
trabeculation (Figure 8f and insets). At this stage, the compact myocardium in Nrgl"; Tie2“"
embryos was significantly thicker in mutant ventricles, that also showed significantly reduced
trabecular length (Figure 8h). The quantification of the number of nuclei tended to be increased
in the mutant compact myocardium at E9.5, and was significantly reduced in trabecular
cardiomyocytes, which was consistent with the shortened trabeculae (Figure 8g). At E10.5, the
number of nuclei was significantly increased in the left compact myocardium, which normally
presents a stronger phenotype, and was significantly reduced in both right and left trabecular

myocardium (Figure 8h).
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We then performed IF of the myocardium and endothelial markers SMA and IB4 in WM embryos
at E10.5, to get a better impression of the chamber phenotype of mutant hearts. Control hearts
showed a well-developed trabecular meshwork (Figure 9a and lv insets). In contrast, trabeculae
were underdeveloped and the ventricular lumen was almost devoid of trabeculae in

Nrg ™™ Tie2“* mutant hearts (Figure 9b and lv insets).

NRGI is implicated in extracellular matrix (ECM) secretion (del Monte-Nieto ef al., 2018). Based
on the important role of ECM in the trabeculation process, we analysed the cardiac jelly,

predicting a decrease in ECM region in Nrg**; Tie2“ mutants.
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Figure 9. Nrgl deletion affects ECM secretion

a-b) Whole mount (WM) IF at E10.5 (35ps) with SMA for myocardium (red) and B4 for
endocardial cells (white). a) Control heart is a Z-projection of 114 pum, region of lv is a Z-stack
of 204 um. b) E10.5 Nrgl"*; Tie2“"* mutant heart is a Z-projection of 126 pm, region of lv is
the Z-stack of 176 um. The different channels are shown separately. c-h) Alcian blue staining
in paraffin sections. c¢) E8.5 control heart with the ECM similar to Nrg/**; Tie2 mutant heart
(e). d and f) E9.5 control and Nrg/"™; Tie2“" mutant heart, asterix indicates the AVC region. g
and h) E10.5 control and Nrg /"™, Tie2“" mutant hearts, the inset shows a magnification of the
lv. Arrowheads indicate the ECM of the trabeculae, very reduced in Nrg ™, Tie2“"* mutant. i
and j) Graphs representing the area of the AVC of the E9.5 and E10.5 hearts. Asterixs indicate
significant result (*, P<0.05). s, somites; lv, left ventricle; SMA, smooth muscle actin; B4,
Isolectin B4; ns, no significant. Scale bars: 100 pm (lv insets of a and b, images c-h), 200 pm
(a and b).

Alcian blue staining showed that ECM appeared normal at E8.5 in control and Nrgl"*; Tie2“"
embryos (Figure 9c and e, respectively). At E9.5-E10.5, the ECM in the AVC region was reduced
in Nrgl™:Tie2“ hearts (Figure 9f, h) compared with control hearts (Figure 9d, g), being
significantly reduced at E10.5 (Figure 9j) but not at E9.5 (Figure 91). Alcian blue staining revealed
a difference in the ECM distribution in the ventricles beginning at E9.5 (Figure 9d and f), that
was more evident at E10.5 (Figure 9g, h and insets). These data indicate that Nrg/ inactivation in

the endocardium cause defective trabeculation and reduced ECM secretion.

NRG1-ERBB2 signalling pathway activation is disrupted in Nrg"*; Tie2“* embryos

To confirm that Nrgl deletion was effective we examined NRG1 expression in Nrg/*; Tie2"*
mutant embryos. We first showed by qRT-PCR that Nrg! transcription was markedly reduced in
mutant hearts (Figure 10a). Immunostaining revealed that NRGI1 was expressed in the
endocardium of control hearts (Figure 10b and lv insets), and was almost lost in Nrg}"**; Tie2“"
mutants (Figure 10c and lv insets). NRG1 pathway activation occurs via the phosphorylation of
the ERBB2 receptors in the myocardium after NRG1 release from the endocardium, and
subsequent ERBB2-ERBB4 receptors dimerization (Riese and Stern, 1998). Immunostaining
showed pERBB2 expression in the myocardium of E9.5 control hearts, as revealed by
colocalization with the SMA myocardium marker (Figure 10d and lv insets). Expression was
severely reduced in Nrg " Tie2“"* mutant hearts (Figure 10e and lv insets). These data confirmed
that ERBB2 signalling activation in the myocardium was disrupted after Nrgl deletion in the

endocardium.
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Figure 10. NRG1 signalling pathway is inactivated in Nrg"*; Tie2“* mutants

a) Graph representing the RNA relative expression of Nrgl in E9.5 Nrgl";Tie2“* mutant
hearts measured by qPCR. Asterix indicates significant result (*, P<0.05). b and c) NRG1 IF
on cryosections in control and Nrg**; Tie2"* hearts at E9.5. Insets are magnifications of lv,
and the different channels are shown separately, NRG1 (green), IB4 (white) and merge with
SMA (red) and DAPI (blue). White arrowheads indicate NRG1 signal in the endocardium. d
and e) pERBB2 signal in control and Nrgl™,Tie2“* mutant hearts at E9.5. Insets are
magnifications of lv, pERBB2 (green), SMA (red) and merge with IB4 (white) and DAPI
(blue). White arrowheads indicate ERBB2 activation the myocardium. SMA, smooth muscle
actin; IB4, Isolectin B4; s, somites; lv, left ventricle; NRG1, NEUREGULINI. Scale bar: 100
um (b, c, d and e), 50 um (all insets).
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Myocardial patterning is lost after Nrg! deletion in the endocardium

We then examined whether endocardial identity was affected after Nrgl deletion in the

endocardium.
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Figure 11. Myocardial patterning is disrupted after Nrg!/ deletion in the endocardium

a and b) NFATcI IF at E10.5 in control and Nrg/"™;Tie2Cr paraffin sections. White arrows
indicate nuclear signal. Insets are magnifications of lv. c-f) E9.5 and (g-j) E10.5 in situ
hybridization (ISH) on paraffin sections. Insets are magnifications of lv. Hey2 in control hearts
(c, g and insets), arrow indicates the signal restricted to the CM. Arrows in Nrgl™; Tie2“"*
mutant embryos (d, h and insets), show Hey2 expression in the small projection in mutant
ventricle. Bmp10 signal in TM in control (e, i and insets) and Nrgl"; Tie2“" mutant (f, j and
insets) hearts. Arrows indicate trabecular signal in control hearts and signal in the tip of the
trabeculae in mutants. lv, left ventricle. Scale bars: 100 um (a-j), and 50 um (all insets).
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Figure 12. Compact myocardium proliferation is reduced in Nrg**; Tie2“"* mutants

a-f) IF of BrdU (green), SMA (red), IB4 (white), and DAPI (blue) in control and Nrg 1, Tie2"*
mutant hearts paraffin sections at E8.5 (a and b), E9.5 (c and d) and E10.5 (e and f). Insets
show ventricle magnification in a” and b” or rv and lv magnifications in c-f. White arrows
indicate proliferating endocardial cells, yellow arrowheads indicate proliferating CM cells and
white arrowheads indicate proliferating TM cells. g-i) Quantification of the BrdU incorporation
% in endocardium and myocardium are represented in g (E8.5), h (E9.5) and i (E10.5). Asterixs
indicate significant result (**, P<0.01; *** P<0.0001). SMA, smooth muscle actin; 1B4,
Isolectin B4; rv, right ventricle; lv, left ventricle; s, somites; ns, no significant. Scale bars: 100
um (a, b, ¢, d, e and f), 25 pm (all insets).

We performed IF for NFATcl, that is the earliest endocardial differentiation marker (De La
Pompa et al., 1998; Ranger et al., 1998) and we noticed similar nuclear distribution throughout
both chamber and valve endocardium, both in control and Nrgl"*,; Tie2“* hearts at E10.5 (Figure

11a and b and insets), indicating that endocardial identity is unaffected in Nrg ", Tie2“ mutants.

To analyse whether myocardial patterning was affected in Nrgl"**; Tie2"* embryos, we examined
by in situ hybridization (ISH) the expression of early compact and trabecular markers. Hey2, a
compact myocardium marker (Koibuchi and Chin, 2007) was expanded into the small trabecular
projections of Nrg 1", Tie2“" mutant embryos, both at E9.5 and E10.5 (Figure 11d, h and insets),
compared to control embryos (Figure 11c and g). In contrast, expression of the trabecular marker
Bmpl0 (Chen, 2004) was limited to the tip of the few trabeculae present in E9.5-10.5
Nrgl™: Tie2“ mutants (Figure 11f, j and insets) compared to its strong trabecular expression in
control hearts (Figure 11e and i and insets). These changes suggest that NRG1-ERBB?2 signalling

inactivation disrupts myocardial patterning during trabeculation.

As trabecular development and compact myocardium thickness were altered, we examined
cardiac proliferation during trabeculation (E8.5-10.5) in Nrg/"*;Tie2“* mutant embryos. 5-
bromo-2'-deoxyuridine (BrdU) incorporation analysis showed that endocardial and myocardial
proliferation was relatively normal in E8.5 embryos (Figure 12a, a’, b, b” and g). At E9.5,
proliferation in the compact myocardium was reduced in Nrgl™*; Tie2“"* mutant hearts (Figure
12d, insets and h) compared with control hearts (Figure 12c, insets and h). At E9.5-E10.5, we did
not detect significant changes in proliferation of the endocardium, nor in the trabecular
myocardium (Figure 12h and i). By E10.5, we detected significantly reduced proliferation in
Nrgl™:Tie2“* mutant compact myocardium (Figure 12f, insets and i) compared with the
compact myocardium in control embryos (Figure 12e, insets and i). In these images of the
proliferative ventricle, it can also be detected the increased thickness of the compact myocardium

in Nrg 1™ Tie2“" mutants (Figure 12f, rv and lv insets). Thus, the diminished proliferation in the
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compact myocardium of the Nrg/*; Tie2“"* mutant embryos could be involved in the defective
trabeculation of these mice.
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Transcriptome analysis of E9.5 control and Nrgl™;Tie2“* hearts indicates that NRG1-
ERBB signalling is implicated in EMT, proliferation and migration

To identify the genes whose expression depends on NRG1-ERBB signalling during cardiac
development, we carried out a RNA sequencing experiment (RNA-seq) with E9.5 control and
Nrg " Tie2“ mutant hearts. We found 1,166 differentially expressed genes in Nrgl'*; Tie2“"
mutants (651 upregulated, 515 downregulated; P < 0.05, Figure 13a). Ingenuity Pathway Analysis
(IPA) revealed that several genes whose expression was significantly altered belonged to the
NRG1-ERBB signalling pathway, including Nrg! (Figure 13b, c). Other affected pathways were
involved in cell cycle regulation, EMT and axonal guidance (Figure 13c). In addition, IPA
analysis revealed that several genes involved in functions such as cardiovascular system
development, heart ventricle, S phase of cell cycle, maturation of cells, differentiation of
endothelial cells, formation of focal adhesions, guidance of axons and cell movements, were
altered in Nrgl";Tie2“* mutant embryos (Figure 13d). Interestingly, the dysregulation of
molecules implicated in cell cycle is compatible with our previous results showing reduced

proliferation of the compact myocardium in Nrg"*; Tie2“" mutants (Figure 12).

Endocardium-myocardium communication involves the ECM (Camenisch et al., 2002; del
Monte-Nieto et al., 2018) and several ECM markers were downregulated in Nrg /" Tie2"*
mutant hearts (Figure 14a). We validated by ISH the expression of Has2, whose expression was
reduced in the endocardium and myocardium of Nrgl™,Tie2* mutants (Figure 14d, e and
insets). We confirmed that specific markers for trabeculae were diminished in Nrg/"™*; Tie2"*
mutant hearts in the RNA-seq, such as Bmp10, Handl, ltga6, Irx3, Thbs4 and Siit2 (Figure 14b).
We have previously observed the downregulation of Bmp 10 by ISH (Figure 11f, j and insets). In
addition, Irx3 expression was nearly absent in trabecular myocardium in Nrgl"; Tie2“"* mutants

compared with control hearts (Figure 14f, g).

Figure 13. Global gene expression analysis by RNA-seq shows that affected genes are
implicated in ERBB2-ERBB3 signalling, EMT, cell cycle, and axonal guidance

a) Chart showing the number of deregulated genes (P<0.05) in E9.5 Nrg " Tie2“" hearts; red,
UP and blue, DOWN. b) RNA-seq data graph showing Nrgl downregulation in Nrg /"**; Tie2“"
mutants at E9.5. c) Circular plot of 24 differentially expressed genes, simultaneously
representing a detailed view of the relationships between expression changes (left semicircle
perimeter) and canonical pathways (right semicircle perimeter). d) Circular plot of 37
differentially expressed genes, simultaneously presenting a detailed view of the relationships
between expression changes (left semicircle perimeter) and diseases and biofunctions (right
semicircle perimeter).
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RNA-seq data showed downregulation of Sema3a and Sema3c in Nrg/**; Tie2“* mutants (Figure
14c). By ISH, we confirmed that Sema3a was expressed in the endocardium and myocardium in

E9.5 control ventricles (Figure 14h and inset), by contrast expression was almost lost in
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Figure 14. Extracellular matrix molecules, chambers markers and N1ICD signalling are
downregulated in NrgF"**; Tie2“* mutants

a-c) Graphs representing several markers dysregulated in the RNA-seq data from E9.5 hearts.
ECM molecules (a) and trabecular markers (b and c) are downregulated in Nrgl™; Tie2“"
embryos. d-k) ISH in E9.5 paraffin sections in controls and Nrg ™ Tie2“" mutants of Has2 (d
and e), Irx3 (fand g), Sema3a (h and 1), and Gpr126 (j and k). The insets show a magnification
of the lv. Black arrowheads indicate the signal in the myocardium and black arrows in the
endocardium. 1 and m) IF of N1ICD (red), MF20 (green), IB4 (white) and DAPI (blue) at E9.5
in control and Nrgl™, Tie2“"* mutant paraffin sections, region of the lv is represented. Yellow
arrows indicate the signal in the endocardium. n) Quantification of N1ICD in the endocardium
at E9.5. Asterix indicates significant result (*, P<0.05). lv, left ventricle; IB4, Isolectin B4.
Scale bar: 100 pm (d-k and insets), 50 um (1 and m)

Nrgl™: Tie2“ mutant ventricle (Figure 14i and inset), suggesting a crosstalk between NRG1-
ERBB and SEMAPHORINS signalling during trabeculation.

RNA-seq data also showed that.Jag/, aligand for NOTCH, was downregulated in Nrg}"**; Tie2“"
mutant hearts (Figure 13d), thus we stained for NOTCH signalling activity, using an antibody
against the activated NOTCHI1 receptor (N1ICD). We performed IF for N1ICD at E9.5, and we
observed a significant downregulation of N1ICD in the endocardium of Nrg/"™*; Tie2“* mutant
hearts (Figure 141, m and n). In addition, the G protein coupled receptor Gpri26, expressed in
chamber endocardium (Waller-Evans et al., 2010), functions downstream of NOTCH signalling
during trabeculation (D’Amato et al., 2016). We analysed whether Gpri26 expression was
affected after Nrgl deletion. ISH of Gpri26 at E9.5 showed a weak signal in Nrg/"™; Tie2“"
mutant endocardium (Figure 14k and inset) compared to the control (Figure 14j and inset). These
data suggest that NRG1, signalling to the myocardium, affects NOTCH signalling activity in the

endocardium.

Cardiomyocyte polarity is disrupted after Nrgl deletion

Planar cell polarity (PCP) is the mechanism by which epithelial tissues become polarized in planes
orthogonal to the apical-basal axis, and the PCP pathway is required for heart morphogenesis
(Henderson and Chaudhry, 2011). E9.5 RNA-seq data provided us the intriguing result that the
expression of PCP and cell polarity markers was deregulated in Nrg /", Tie2“ mutants (Figure
15a and a’). Fzd5, Vangll and Dvll, involved in the PCP pathway, were upregulated in
Nrgl™™: Tie2“ mutant hearts (Figure 15a). On the contrary, expression of the PCP members
Wntll, Rspo3 and Wnt4, was downregulated in Nrgl™*;Tie2“* mutants (Figure 15a). These
results suggest that NRG1-ERBB signalling may regulate PCP molecules during trabeculation.
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The PAR complex genes, Pard3 and Prkce, involved in the establishment of cell polarity
necessary for normal tissue generation and morphogenesis (Watts et al., 1996), were
downregulated in Nrgl™; Tie2“"* mutant hearts (Figure 15a"), suggesting defective polarity in the
heart of Nrgl™; Tie2“* mutant embryos. PKC is one of the components of the PAR Complex
that orchestrate cell polarity (Watts et al., 1996).
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Figure 15. Cell polarity is affected in cardiomyocytes of NrgF"*; Tie2“ mutant hearts

a and a”) Graphs from RNA-seq data analysis that show components of the PCP Pathway and
cell polarity markers dysregulated in Nrg/*; Tie2“* mutants. b and c¢) PRKCi expression in
control and Nrgl"*, Tie2“* mutant heart cryosections at E8.5. Insets show a magnification of
the ventricle (b” and ¢”), yellow arrowheads indicate the expression of PRKCi. d-g) LAMININ
IF (green) in paraffin sections, SMA (red), IB4 (white) and DAPI (blue). d-d"” and e-e”") Basal
LAMININ staining in a 7-9 s control and Nrg/"™;Tie2“ mutant embryo. f and g) 19-21 s
control and Nrg ™, Tie2“" mutant embryo. Yellow arrowheads indicate LAMININ signal in
the rv and Iv magnification (insets of f and g). SMA, smooth muscle actin; B4, Isolectin B4;
rv, right ventricle; lv, left ventricle. Scale bars: 100 um (b, ¢, d, e, f and g), 25 um (b’, ¢’, d’,
e’,d”’, e’ insets fand g).

Interestingly, expression of Cdc42, target protein of PKC proteins (Macara, 2004), was also
downregulated in Nrg/"™;Tie2“* mutants (Figure 15a"). It is described that the PAR complex
localizes to the apical cortex in invertebrate and vertebrate epithelial cells (Doe and Siller, 2009).
Then, we examined the distribution of PRKCi in the E8.0 heart, and found that was localized to
the apical region of cardiomyocytes (facing the epicardium) in control hearts as expected (Figure
15b and b"). By contrast, PRKCi was absent in Nrg ", Tie2“" mutant hearts, consistent with the

RNA-seq data (Figure 15c and ¢’), suggesting polarity defects.

Other molecules of interest were Cadherins (Cadhi3 and Cdh3) and Cregl (cellular repressor of
ElA-stimulated genes 1) that are involved in adherent junction formation between
cardiomyocytes (Liu et al., 2016) and were found upregulated in Nrg "**; Tie2“"* embryos (Figure
15a"). These results suggest that the adherent junctions between cardiomyocyte were not well
established in mutant ventricles and, as a consequence, cardiomyocyte movement during

trabeculation was affected.

LAMININS are major components of basement membranes, that are essential for embryonic
implantation, induction and maintenance of cell polarity, tissue morphogenesis, and
organogenesis (Miner and Yurchenco, 2004). We also observed a dysregulation of Laminins
expression in the RNA-seq data, as Lama4 was downregulated, while Lama5 was upregulated in
Nrg ™™ Tie2“" mutant hearts (Figure 15a”). In contrast, Lama4 was highly expressed in relation
to Lamal in E9.5 control hearts (Figure 15a"). We carried out LAMININ IF and detected protein
staining in the basement membrane of cardiomyocytes in E8.0 control hearts (Figure 15d, d” and
d’"). In contrast, LAMININ staining was patchy in Nrgl"; Tie2“* mutants (Figure 15e, ¢ and
e’’). At E9.0, LAMININ expression was localized to the basement membrane of cardiomyocytes
in control hearts (Figure 15f, Iv and rv insets) but it was almost absent in Nrg/"**; Tie2“"* mutant

cardiomyocytes (Figure 15g, Iv and rv insets).
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Results

Figure 16. ITGa6 positive area is reduced in trabecular myocardium of Nrg"™;Tie2“"
mutant hearts

a) Integrin membrane receptors changed in RNA-seq at E9.5 ventricles. b) Quantification of
the area of ITGa6 in E9.5 hearts. Asterixs indicate significant result (**, P<0.01). c-f) IF in
cryosections of I[TGa6 IF (green), SMA (red), IB4 (white) and DAPI (blue) in 7-9 s (E8.0) (¢
and d) and 28s (E9.5) (e and f) in control and Nrgl"*; Tie2“"* mutant hearts. Magnification of
c and d shows a region of the ventricle (c’, d’, ¢’” and d"") and magnification of e and f shows
a region of the lv, with a merge of ITGa6, SMA, IB4 and DAPI, or ITGa6 alone. Yellow
arrowheads indicate ITGa6 signal. g and h) IF of ITGa6 (white), pPERBB2 (green), SMA for
myocardium (red) and DAPI for nuclei (blue) in 25s (E9.5) control and Nrg 1", Tie2“"* mutant
cryosections, rv region is represented. The different channels are shown separately. ITGa6 and
pERBB2 merge in g'(control) and h'(Nrgl™;Tie2“). Yellow arrowheads indicate double
staining for both ITGa6 and pERBB2. pERBB?2 in control (g'") and Nrgl™;Tie2 (h"").
ITGo6 in control (g'"") and Nrgl™, Tie2* (h’""). SMA, smooth muscle actin; IB4, Isolectin
B4; s, somites; lv, left ventricle; rv, right ventricle. Scale bars: 100 um (c, d, e, f, g and h), 50
um (c’, ¢, d’,d"”’, insets of e, f, g and h).

These observations indicate that Laminin mRNA expression and LAMININ protein distribution

in the cardiomyocytes of Nrg "% Tie2" mutant embryos was impaired.
y g ry p

The INTEGRINS, the LAMININ receptors, are transmembrane receptors that promote the
attachment and migration of cells on the surrounding ECM through cytoskeleton regulation
(Ahmed et al., 2005; Arnaout, Mahalingam and Xiong, 2005). Several integrins were
downregulated in the RNA-seq (Figure 16a). We analysed ITGa6 because it is specific for
trabecular cardiomyocytes (G. Li et al., 2016) and it colocalizes with ERBB2 (Pentassuglia and
Sawyer, 2013). We performed ITGa6 IF with the myocardium marker SMA, and the endothelial
marker IB4 in E8.0-E9.5 control and mutant embryos. ITGa6 was not detectable at ES.0 (7-9 s)
both in control and Nrg"**; Tie2“" mutant hearts, as trabeculation has not yet started (Figure 16c,
¢’, ¢’ for controland d,d’, d”” for Nrglﬂ‘”‘; Ti ie2c’e). When trabeculae have already emerged (E9.5,
28 s), ITGa6 expression was clear in control trabecular cardiomyocytes, especially in the
membrane where receptors for ECM molecules are located (Figure 16e and lv inset). In contrast,
in Nrg 1™ Tie2“" mutants at E9.5, ITGa6 distribution was restricted to the membrane of the few
cardiomyocytes that were forming short projections to the lumen (Figure 16f and lv inset).
Overall, there was a significant decrease of ITGa6 signal at E9.5 in the ventricular myocardium

of Nrg ' Tie2“” mutant hearts compared with control embryos (Figure 16b).

We were able to show ITGa6 and pERBB2 co-staining in trabecular cardiomyocytes that were

positive for both markers in E9.5 control hearts (Figure 16g, g"). This colocalization was not
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obvious in Nrgl":Tie2“* mutant hearts (Figure 16h, h’), suggesting impaired interaction

between both receptors, ITGa6 and pERBB2, in mutant cardiomyocytes.

These results suggest that NRG1-ERBB2,4, INTEGRINS and PKC pathways interact to
coordinate trabeculation. These data also indicate that NRG1-ERBB2,4 signalling may control
cell polarity and OCD.
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Perpendicular cardiomyocyte division is reduced in Nrg"*; Tie2“"* mutants

Regulation of OCD is crucial for trabeculation, as oblique and perpendicular cell division leads
to trabecular growth towards the ventricular lumen (J. Li et al., 2016; Jiménez-Amilburu et al.,
2016; Passer et al., 2016) (Figure 17a). When cardiomyocytes divide in parallel to the ventricular
lumen, this promotes growth of the compact layer (Passer et al., 2016) (Figure 17a). We used a
SURVIVIN antibody to analyse OCD in developing chambers, as we wanted to examine whether
OCD was altered in cardiomyocytes of Nrgl"**; Tie2“"* mutant embryos. SURVIVIN co-localizes
with the mitotic spindle of dividing cardiomyocytes at E8.5 (Passer ef al., 2016) (Figure 17a).

In E8.5 control hearts, we found cardiomyocytes dividing in parallel (Figure 17b), obliquely
(Figure 17d), or perpendicularly (Figure 17f) with respect to the ventricular lumen. In
Nrg 1" Tie2 mutant hearts, we found cardiomyocytes dividing in parallel (Figure 17c),
obliquely (Figure 17e), and perpendicularly (Figure 17g) towards the ventricular lumen.
Quantification at E8.5 showed that parallel cardiomyocyte division was increased in
Nrgl™™:Tie2 mutant hearts (Figure 17h, light blue bar). In contrast, oblique cardiomyocyte
division was reduced in Nrg/"*; Tie2“* mutants compared with control (Figure 17h, grey bar).
Furthermore, perpendicular cardiomyocyte division was dramatically diminished in

Nrg ", Tie2“" mutants compared with control hearts (Figure 17 h, black bar).

We performed a similar analysis at E9.5, when trabeculation is well in progress. We analysed
dividing cardiomyocytes in the compact myocardium of control embryos and we found
cardiomyocytes dividing in parallel (Figure 17i), obliquely (Figure 17k) and perpendicularly to

the ventricular lumen (Figure 17m).

Figure 17. Perpendicular cardiomyocyte division is dramatically reduced after Nrgl
deletion in the endocardium

a) Simplified model of the cardiomyocyte division orientation. b-n) IF on cryosections of
control and Nrg ™ Tie2“"* embryos at E8.5 (b-g) and E9.5 (i-n) of SURVIVIN (green), SMA
(red) and DAPI (blue). White lines represent the orientation of the basal region of
cardiomyocytes towards the lumen. Yellow lines follow the division of one cardiomyocyte into
two daughter cells. The angle formed between these two lines represents the orientation of the
cardiomyocyte division. E8.5 control embryos (b, d, f) and Nrgl"™:Tie2“* (c, e, g)
cardiomyocytes. Cardiomyocytes are dividing in parallel (b, c), obliquely (d, e) and
perpendicularly (f, g) to the lumen. E9.5 control embryos (i, k, m) and Nrgl" Tie2“" (j, 1, n)
cardiomyocytes. Cardiomyocytes are dividing in parallel (i, j), obliquely (k, 1) and
perpendicularly (m, n) to the lumen. h and o) Quantification of the percentage of each type of
division in control and Nrg ", T ie2¢"* mutant hearts at E8.5 and E9.5. SMA, smooth muscle
actin. Scale bar: 10 pm (b-g, i-n).
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In Nrgl";Tie2“* mutant hearts, we found cardiomyocytes dividing in parallel (Figure 17j),

obliquely (Figure 171), and perpendicularly (Figure 17n). The percentage of parallel

cardiomyocyte division was significantly higher in Nrgl"*, Tie2“* mutants than in control hearts

(Figure 170, light blue bar). Similarly, to what we observed at E8.5, oblique and perpendicular
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Figure 18. Parallel cardiomyocyte division is increased after Nrgl deletion in the
endocardium

a-d) IF on cryosections of control and Nrgl”"*, Tie2“"* hearts at E8.5 (a and b) and E9.5 (c and
d). The insets show a cardiomyocyte in a perpendicular division (a, ¢), and parallel division (b,
d). The different channels are shown separately: SURVIVIN (green, a’, b’, ¢’, d"), SMA (red,
a’’, b, ¢, d”") and merge with DAPI (blue, a””’, b""’, ¢’"’, d”""). White lines represent the
orientation of the basal region of cardiomyocytes towards the lumen. Yellow lines follow the
division of one cardiomyocyte into two daughter cells. e) Quantification showing that 46,15%
of the cardiomyocyte divide in parallel, 27% in oblique and 26,92% perpendicular angles at
E8.5 control hearts. Analysis made in 7 embryos and 26 cardiomyocytes in anaphase, telophase
or cytokinesis. f) Quantification showing 76,66% of parallel, 16,66% oblique and 6,66%
perpendicular divisions at E8.5 mutant hearts. Analysis made in 8 embryos and 30
cardiomyocytes. g) The percentages of the different divisions at E9.5 in control hearts are
represented in the graph, 62,66% parallel division, 22,66% oblique division and 14,66%
perpendicular division. Analysis was made in 4 embryos and 75 cardiomyocytes. h)
Quantification of the different divisions at E9.5 in Nrgl™ Tie2 mutant hearts, 83,63%
parallel, 14,54% oblique and 1,81% perpendicular division. Analysis was made in 3 embryos
and 55 cardiomyocytes. SMA, smooth muscle actin; IB4, Isolectin B4. Scale bars: 100um (a,
¢, d, g), 10um (all insets).

cardiomyocyte divisions were reduced in Nrgl"*; Tie2“" mutants at E9.5 (Figure 170, grey and

black bars respectively) compared to controls.

We further analysed the most representative type of division in mutant hearts. In the E8.5 control
heart (Figure 18a) we observed SURVIVIN staining (Figure 18a”) in a perpendicular
cardiomyocyte division in which the nuclei invaded the ventricular lumen (Figure 18a"",a"""). At
E8.5, quantification was made in 7 different control embryos and the measurement of the angle
was done in 26 dividing cardiomyocytes, which showed all types of divisions (Figure 18e). At
E8.5, the more frequent division in Nrg/"; Tie2“" heart was parallel to the ventricular lumen
(Figure 18b, b", b"’, and b"""), in which the nuclei integrated with the compact myocardium. At
this stage we quantify 30 cardiomyocytes in 8 Nrgl*; Tie2“* embryos (Figure 18f).

The difference in the percentage of each type of division was even clearer at E9.5, when parallel
divisions in Nrgl"*: Tie2“ mutant cardiomyocytes (Figure 18d, d’, d"", and d""") were increased
compared to control hearts (Figure 18c, ¢’, ¢’’, and ¢’’"), and, consequently, oblique and
perpendicular divisions were dramatically reduced in Nrgl/™™;Tie2* mutant cardiomyocytes
(Figure 18g for controls and h for Nrg/*; Tie2“"). These results confirmed that perpendicular
cardiomyocyte division, essential for trabeculac development was severely impaired in
Nrg ™ Tie2“" mutant embryos. In addition, increased parallel division appeared to be the cause

of the increased compact myocardium thickness in Nrg"*; Tie2“" mutant embryos.
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As described in the /ntroduction, functional and imaging studies in zebrafish have shown that
during trabeculation n-cadherin undergoes a re-localization, so that prior to cardiomyocyte
delamination to the lumen, it is re-distributed from the lateral side of the cardiomyocyte to the
basal region, to favour cardiomyocyte delamination. This process is dependent on erbb2

signalling (Cherian et al., 2016).
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Figure 19. Latero-basal N-CADHERIN re-distribution in cardiomyocytes is essential for
trabeculation and is impaired in Nrgl"™;Tie2“* mutant hearts

a-d) IF of N-CADHERIN (green), WGA (red), IB4 (white) and DAPI (blue) in paraffin sections
of control and Nrg ", Tie2“" mutant hearts at ES.5 (11 s) (a and b), and E9.0 (18-19 s) (c and
d). Insets are magnifications of lv, and the different channels are shown separately, N-
CADHERIN signal, N-CADHERIN and WGA, and merge with DAPI. White arrows indicate
basal location of N-CADHERIN and white arrowheads indicate lateral signal of N-
CADHERIN in cardiomyocytes. Quantification of the percentage of basal region in
cardiomyocyte positive for N-CADHERIN at E8.5 (e) and E9.0 (f). Asterixs indicate
significant result (*, P<0.05; **, P<0.01). WGA, Wheat germ agglutinin; IB4, Isolectin B4; s,
somites; lv, left ventricle. Scale bars: 100 um (a, b, ¢ and d), 25 um (all insets).

We wanted to determine if N-CADHERIN undergoes changes on its localization during
trabeculation in mice. We performed N-CADHERIN IF in E8.5 hearts (11 s), when trabeculation
has not started yet (Figure 19a-b). Control cardiomyocytes showed N-CADHERIN distribution
laterally and basally (Figure 19a and lv insets) but in Nrgl/™™,Tie2“* mutant hearts, N-
CADHERIN distribution persisted in the lateral side of the cardiomyocytes (Figure 19b and lv
insets). Basal N-CADHERIN localization was dramatically reduced in Nrg/"; Tie2“" mutants at
E8.5 (Figure 19e). This analysis was performed in more advanced embryos (E9.0, 18-21 s), when
trabeculation has progressed. We observed the same pattern of N-CADHERIN distribution, with
lateral N-CADHERIN in Nrgl™*;Tie2“* mutant hearts (Figure 19d and lv insets), unlike the
lateral and basal N-CADHERIN distribution in controls (Figure 19c and lv insets). At E9.0, N-
CADHERIN localization was almost absent from the basal side of the cardiomyocyte in
Nrg "%, Tie2“" mutants embryos (Figure 191). These results indicate that N-CADHERIN latero-
basal re-distribution in cardiomyocytes is relevant for trabeculation in mice, and that this is a

conserved process that depends on NRG1-ERBB2,4 signalling.

Nrgl inactivation in early cardiac mesoderm progenitors disrupts trabeculation

Expression of the MESP1 transcription factor identifies the earliest cardiac mesoderm progenitors
in the mouse embryo at E7.5 (Yumiko Saga ef al., 1999). To compare the phenotypic severity of

Nrg "%, Tie2“ mutants with that of mice with pan-mesodermal deletion of Nrgl, we bred Nrg ™
g p

]Cre ]Cre

mice with the Mesp1“” driver line, to generate Nrg ™ Mesp1“" mutant embryos.

Histological analysis at E9.0 showed defective trabeculation in the Nrgl™;Mesp1“"

embryos
(Figure 20b and lv inset) compared with the developing trabeculae of control embryos (Figure

20a and lv inset). At E10.5, H&E staining revealed a complex trabecular network in control
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embryos (Figure 20c and lv inset), but trabeculae were clearly underdeveloped in

Nrg ™ :Mesp1“"* mutant hearts (Figure 20d and lv inset).

To better distinguish the various cardiac tissues, we performed IF for the myocardium (SMA) and
for the endocardium (IB4) at E10.5 (Figure 20e-f). SMA-positive trabeculae were very prominent
in the control heart (Figure 20e and lv inset) but were reduced in Nrgl™ :Mespl“* mutants
(Figure 20f and v inset). In addition, the lethality phase of Nrg /™ ;Mesp1“"* mutant embryos was
very similar to that of the Nrg/"™*; Tie2“" mutants, with no viable mutant embryos beyond E11.5
(Table 5). Thus, the phenotype of Nrg /™ Mesp1“" embryos fully recapitulated the trabeculation
defects observed in Nrg **; Tie2“* mice (Figures 7 and 8), suggesting that in both genotypes, the
mutant phenotypes represent the complete abrogation of NRG1-ERBB signalling in the heart.

Control

Figure 20. Nrgl deletion from early mesoderm causes similar phenotype during
trabeculation

a-d) H&E staining in paraffin sections in control and Nrg /"™ ;Mesp1“ hearts at E9.0 (a and b)
and E10.5 (c and d). Insets show lv magnification and arrows indicate the trabecular region. e
and f) E10.5 IF of a control and Nrg/™™;Mesp1“ mutant heart in paraffin sections with SMA
for myocardium (red), IB4 for endocardium (white) and DAPI for nuclei (blue). SMA, smooth
muscle actin; IB4, Isolectin B4; s, somites; lv, left ventricle. Scale bars: 100 um (a, b, c, d, e,
f, and insets of e and f), 50 um (insets of a, b, ¢ and d).
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Tamoxifen-induced Nrgl deletion in the endothelium leads to defective chamber

compaction

To study the role of NRG1-ERBB signalling at later stages of heart development, and prevent the

relatively early death caused by Tie2“

-mediated Nrgl inactivation, we bred our conditional
Nrgl™ allele with the endothelial-specific tamoxifen-inducible Cdh5" line (Luna-zurita et al.,
2010; Wang et al., 2010). We carried out two consecutive tamoxifen injections in Nrg "*;Cdh5"*

females at E10.5 and E11.5 of pregnancy.

To examine the chamber phenotype of mice at the compaction stages, we dissected embryos at
E16.5. Upon dissection, hearts did not show any obvious alteration, but histological analysis
revealed that while control hearts had trabeculae in the process of compaction and thick
ventricular walls (Figure 21a, rv and lv insets), Nrgl"*; Cdh5“ mutant embryos showed poorly
developed trabeculae, thinner compact myocardium and somewhat dilated ventricles and

coronary vessels (Figure 21b, rv and lv insets), that leads to postnatal lethality (Table 6).

E16.5
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Figure 21. Inducible Nrgl deletion disrupts trabecular and compact myocardium

a and b) H&E staining at E16.5 control and Nrg/"™*;Cdh5“" heart. Insets show rv and lv
magnification. Black brackets represent CM thickness. Black arrows indicate dilated coronary
vessels. rv, right ventricle; lv, left ventricle; H&E, Hematoxylin & Eosin. Scale bars: 100 pm.

To quantify the chamber phenotype of Nrgl;Cdh5“* mutants, we carried out IF for the
myocardium marker cardiac TROPONIN T (¢TNT) and the endocardial marker ENDOMUCIN,
to distinguish well both cell types (Figure 22a, b and insets). In comparison with control hearts
(Figure 22a, rv and lv insets), Nrg"™;Cdh5“ mutant hearts showed thinner ventricles, and thin

trabeculae (Figure 22b, rv and lv insets).
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The quantification of the thickness of compact myocardium in both right and left ventricles,

5Cre

showed thinner compact myocardium in Nrgl"*;Cdh5 mutants (Figure 22c).

To better observe the structure of the ventricle, we performed WM staining of the E16.5 heart
with MF20 to stain the myocardium, and CD31 for the endothelium (Figure 22d and ¢). Confocal
imaging reconstruction showed that CD31-expressing coronary vessels and endocardium were
embedded in the thick ventricular walls and underlying trabeculae of control embryos (Figure
22d"), while CD31-positive cells delineated the thin walls and trabeculae of NrgF"*;Cdh5"*

mutant hearts (Figure 22¢").
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Figure 22. Inducible Nrgl deletion impairs compaction

a-b) IF in paraffin sections of cTNT for the myocardium (white), ENDOMUCIN for the
endocardium (green) and DAPI for nuclei (blue) at E16.5 in control (a) and Nrg/™™;Cdh5"
(b) heart sections. Insets show magnifications of the rv and lv. Yellow brackets indicate the
CM thickness. ¢) Quantification of the CM thickness at E16.5 in rv and lv separately. Asterixs
indicate significant result (*, P<0.05). d and e) IF in WM E16.5 control (Z-stack=100 pm
represented in 3D) and Nrg/"**; Cdh5“" mutant heart (Z-stack=50 pum represented in 3D), with
MF20 for myocardium (green) and CD31 for endothelium (red) (e’, f). Images represent lv
magnifications. White brackets indicate CM thickness. ¢cTNT, cardiac Troponin T; rv, right
ventricle; lv, left ventricle; CM, compact myocardium; TM, trabecular myocardium;
CD31=PECAM, Platelet and Endothelial Cell Adhesion Molecule. Scale bars: 200 pm (a and
b) and 100 pm (e, ¢’, f, ', and insets of a and b).

Nrgl deletion disrupts myocardial patterning during compaction

In order to characterize myocardial patterning during compaction in Nrg ™, Cdh5““mutants, we
performed ISH of myocardium markers. We found that in E16.5 control hearts, Hey2 was
expressed in the compact myocardium (Koibuchi and Chin, 2007) (Figure 23a and rv inset), while
it was extended to trabecular cardiomyocytes in Nrg*;Cdh5“* mutant hearts (Figure 23b and

v inset).

E16.5 Control

N,-g-, f/ax/ﬂox!- th5 Cl'e ERT2/+
wwuHey2 | '

™

Figure 23. Inducible Nrgl deletion affects myocardial patterning during compaction

a-d) ISH at E16.5 in paraffin sections, insets show magnifications of the rv. a) Hey2 in CM
(yellow line) in control heart (rv inset, arrowhead), and in the IM in Nrg/™™;Cdh5"* mutant
(b, rv inset, green line, arrowheads). ¢) Bmpl0 in TM in control (rv inset, black arrowheads
and yellow arrow), and in the tip of the trabeculae in Nrg**; Cdh5"* mutants (d, rv inset, black
arrowhead); yellow arrow shows the IM without Bmp10 signal in Nrg "™ Cdh5“"* mutants (d,
rv inset). rv, right ventricle; CM, compact myocardium; TM, trabecular myocardium; 1M,
intermediate myocardium. Scale bars: 100 pm.
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Complementary to that result, Bmp10, a trabecular marker (Chen, 2004) (Figure 23c and rv inset),

was restricted to the tip of the trabeculae, but was lost in the rest of the trabecular-like myocardium

(Figure 23d and rv inset) in Nrg1”"*; Cdh5“" embryos. This altered expression pattern of chambers

markers was reminiscent of previous results from the laboratory with NOTCH mutants, in which

compaction is affected (D’Amato et al., 2016), and suggested that the morphological trabeculae

expressing Hey2 in Nrgl"*;Cdh5“* mutants could be the so called “intermediate myocardium”

described in NOTCH mutants (Figure 23b, rv inset). These results show that NRG1 is involved

in cardiomyocyte patterning during compaction.
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Figure 24. Nrgl deletion leads to reduced ERBB2 receptor activation in the endocardium
and coronary vessel endothelium

a) Nrgl ISH in a E13.5 control heart, insets show magnifications of rv and lv. Black arrows
indicate Nrgl in the endocardium and black arrowhead in coronary endothelium. b-e) NRG1
IF in E16.5 cryosections. Control (b, ¢) and Nrgl™**;Cdh5“ (d, e) heart showing lv region.
White arrows highlight NRG1 signal in the endocardium and the white arrowheads indicate
positive signal in coronary endothelium. Insets show magnifications of the Iv. The different
channels are shown separately. NRG1 in coronary veins endothelium (yellow arrowheads) and
in coronary artery endothelium (yellow arrows) (¢” and e”), IB4 and NRGI1 (¢”” and e”"),
ENDOMUCIN and NRG1 (¢””" and e"""). f and g) pERBB2 IF in E16.5 control and
Nrglﬁ‘”‘;th5C’e mutant heart sections. Yellow arrows indicate signal in the endocardium.
Insets show magnifications of the lv. The different channels are shown separately; NRG1 (f’
and g’), white arrowheads indicate pERBB2 signal in a big coronary artery and pink
arrowheads indicate pERBB2 in coronary veins, and pERBB2, IB4 (white) and ENDOMUCIN
(green) in control and Nrgl*;Cdh5“ mutant heart (f and g'’). lv, left ventricle; IB4,
Isolectin B4. Scale bars: 100 pm (a, b-g”"), 50 pm (insets of a)

NRG1-ERBB2 pathway activation is impaired in Nrg"*; Cdh5“ embryos

Nrgl is expressed in the endocardium and the coronary endothelium in control heart from E13.5
(Figure 24a). In order to examine the extent of Cdh5“°-mediated Nrgl deletion in
Nrgl™:Cdh5“* mutant embryos, and to describe NRG1 localization during compaction, we
performed NRG1 IF, with ENDOMUCIN to stain endocardium and veins, and IB4 for
endothelium at E16.5. NRG1 was expressed in the endocardium and in both coronary arteries and
veins in control hearts (Figure 24b-c”""), and its expression was attenuated in coronary vessels of

Nrg"*:Cdh5°" mutants, especially in veins (Figure 24d-e""").

We examined activation of the NRG1-ERBB pathway by IF staining of pERBB2, also with
ENDOMUCIN and IB4 antibodies. Figure 24f-f"’shows pERBB2 expression in endocardium and
coronary vessels and capillaries. In contrast, a markedly reduced pERBB2 expression was found

5Cre

in endocardium and coronary vessels of Nrg/*;Cdh5“* mutant hearts (Figure 24g-g""). These

observations suggest that NRG1-ERBB2,4 signalling was impaired in Nrgl"*; Cdh5°" hearts.
Coronary arteries and veins morphology and identity is disrupted in NrgF"*;Cdh5“*
embryos

To better characterize the coronary vessel phenotype observed in the H&E at E16.5
Nrg"*:Cdh5“* mutant hearts (Figure 21b), we performed Fabp4 (Fatty acid binding protein)

ISH, a general marker of metabolically active endothelium (Saavedra et al., 2015), to delineate
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Figure 25. Coronary artery and vein specification is altered in Nrg™;Cdh5“ mutants

a-h) ISH in E16.5 paraffin sections. Control and Nrgl™;Cdh5“* mutant hearts stained for
endothelial Fapp4 (a and b), arterial D//4 (c and d), arterial Cx40 (e and f) and vein Couf-TF2
(g and h). Insets represent lv magnification, black arrows or arrowheads indicate positive
coronary endothelium. lv, left ventricle. Scale bars: 100 pm (a-h), 50 um (insets of a-h).

the coronary endothelium. E16.5 control heart sections showed Fabp4 expression in both
coronary arteries and veins (Figure 25a). Nrg™;Cdh5“ mutants expressed Fabp4 in coronary
vessels that, specially the veins, were dilated (Figure 25b and lv inset). DI//4 (Duarte et al., 2004)
and Cx40 (Van Kempen and Jongsma, 1999) are specific markers for arteries (Figure 25c and e

5 mutant

and lv insets, respectively), and their expression was almost lost in Nrg/"™;Cdh
ventricles (Figure 25d and f and lv insets, respectively), indicating defective arterial identity after
Nrgl deletion in the endothelium. We examined whether vein identity was affected using the vein
marker Coup-TF2 (S. Wu et al., 2013). Coup-TF2 expression was strong in endothelium
embedded in the compact myocardium, close to the endocardium in control hearts (Figure 25g
and lv inset). In contrast, Coup-TF2 was reduced across the ventricles of Nrg**; Cdh5° mutants
(Figure 25h and lv inset). These results suggest that NRG1 signalling is regulating coronary artery

and vein identity during compaction.

94



Results

To better visualize the morphology of coronary vessels in Nrg/"*; Cdh5“"* mutants, we performed
WM IF in hearts at E16.5, with ENDOMUCIN to stain veins (Klotz et al., 2015), and IB4
(Laitinen, 1987) as a pan-endothelial marker (Figure 26).
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Figure 26. Coronary vessel development is affected in /Nrgl-inducible mutants

a-d) WM IF for ENDOMUCIN (green) to stain veins and IB4 (white) to stain endothelium at
E16.5. Tile scan capture of the heart (a, b, ¢ and d). a and b) Dorsal 3D view of control (Z-
projection of 194 um) and Nrg "*; Cdh5" heart (196 um). Insets show rv magnification of 66
um (a) and 73 pm (b). Yellow arrowheads indicate AVM. ¢ and d) Ventral 3D view of control
(189 um) and Nrg"**;Cdh5"* mutant (183 pm) hearts. Insets show Iv magnification, Z-stack
of 41 pum (c) and 42 um (d). IB4, Isolectin B4; rv, right ventricle; lv, left ventricle; MCV, major
caudal cardiac vein; LCV, left cardiac vein; RCV, right cardiac vein. Scale bars: 300 pum (a, b,
c and d), 50 um (all insets).
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A dorsal view of the heart showed a nice pattern of major developing coronary veins (Figure 26a),
while the Nrglﬂ‘”‘;th5C’e mutant heart maintained the major veins but had aberrant terminal
structures resembling arteriovenous malformations (AVM) (Figure 26b, rv inset of
ENDOMUCIN). Arterial ramification (IB4 staining) in compact myocardium showed less
branching comparing Nrg"*; Cdh5“"* hearts (Figure 26b, rv inset of IB4) with controls (Figure
26a, rv inset of IB4), and we did not observe arteries up to the edge of the ventricular wall in
Nrgl™:Cdh5“ hearts (Figure 26b, rv inset of IB4). Vein sprouting reached the ventral side of
the heart in control embryos (Figure 26c, lv inset of ENDOMUCIN) but was defective in
Nrgl™:Cdh5“ hearts (Figure 26d, lv inset of ENDOMUCIN). These results suggest that NRG1

is required for coronary plexus formation during compaction.

NRGI1 regulates cardiomyocytes metabolic homeostasis during compaction

We then examined whether the vascular defects and the thinner compact myocardium observed
in Nrgl™™;Cdh5“° mutant hearts, were associated with altered myocardial metabolism during

compaction.

Glutl, a HIF1 direct target gene, is the main embryonic glucose transporter (Menendez-Montes
et al., 2016). GLUT1 was expressed in compact myocardium, and staining was stronger in the
right ventricle and interventricular septum in control hearts at E16.5 (Figure 27a, rv and lv insets).

5Cre

In contrast, GLUT1 was strongly expressed in trabecular myocardium in Nrg**; Cdh5"* mutant

hearts which is even clearer in the right ventricle (Figure 27b, rv and lv insets), suggesting that

5Cre

trabecular cardiomyocytes are glycolytically active in Nrg ™ ; Cdh5“* mutants.

Vegf (Tomanek et al., 1999) was moderately expressed in the trabecular myocardium of the E16.5
control heart (Figure 27c and lv inset), and was upregulated in this tissue in Nrg /" ;Cdh5"
mutants (Figure 27d, Iv inset). This result suggests an hypoxic environment in the heart of

Nrgl™:Cdh5“° mutant hearts, likely due to their defective coronary vessel development.

The glycolytic gene Pdkl (pyruvate dehydrogenase kinase I) (Menendez-Montes et al., 2016)

was expressed in compact myocardium in control hearts at E16.5 (Figure 27¢ and lv inset), but

5Cre

its expression was increased and extended to the trabecular region in Nrg/";Cdh mutants

(Figure 27f and lv inset). Together, these results suggest an altered gene expression program of

5Cre

glucose-based metabolism in Nrgl™*;Cdh mutant myocardium, likely due to the hypoxia

associated to impaired coronaries development.
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Figure 27. NRG1 regulates cardiomyocyte metabolism during compaction

a and b) GLUT1 IF in paraffin sections at E16.5 control and Nrgl";Cdh5“ hearts. The
different channels are shown separately; GLUT]1 signal (green), and merge with MF20 (red)
for myocardium, B4 (white) for endothelium and DAPI (blue) for nuclei. Insets show rv and
lv magnifications. White arrowheads indicate GLUT1 in CM in control (a, insets) and in TM
in Nrgl™;Cdh5“° mutant (b, insets). c-f) E16.5 ISH in paraffin sections in control and
Nrgl"*:Cdh5“° mutant heart for Vegf (c and d) and for Pdkl (e and f). Insets show Iv
magnifications. Black arrowheads indicate positive signal. IB4, Isolectin B4; rv, right ventricle;
lv, left ventricle; CM, compact myocardium; TM, trabecular myocardium. Scale bars: 200 um
(a and b), 100 um (insets of a and b, c-f and their insets).

Nrgl overexpression in the endocardium and/or ectopic expression in the myocardium leads

to larger valves and chamber defects

We have shown using loss- of function models that NRGI-ERBB signalling is involved in
cardiomyocyte proliferation and patterning, polarity and OCD. This pathway is also required for
AVC cushion development (Meyer and Birchmeier, 1995; Camenisch et al., 2002), and later for

coronary vessel development.
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To obtain a complementary view of the function of NRG1-ERBB signalling in heart development,
we have generated a transgenic mouse model in which we targeted into the ROSA26 locus
(Soriano, 1999), an expression cassette with JoxP sites flanking a PGK-neo-PGK-polyA
sequences followed by three transcriptional STOPS, followed by the Nrgl cDNA, and an /RES-

GFP reporter gene to visualize Nrgl expression after CRE recombination (Figure 28).

a Targeting strategy into the ROSA 26 locus
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Figure 28. Gene targeting strategy of the R26/Nrgl-iresGFP mouse line

a) Gene targeting strategy in mouse G4 ESCs. The floxed PGK-NEO-pA STOP cassette
followed by the Nrgl cDNA and an /RES-eGFP were targeted into the ROSA26 locus. The
blue arrows indicate the position of the PCR primers used for genotyping. Black arrows indicate
flanking loxP sites. b) Positive ESC clones analysed by Southern blot of EcoRV-digested
genomic DNA using 5’ and 3’ probes that identify a 4.2Kb and a 14.2Kb transgenic bands,
respectively.

98



Results

First, we bred our new mouse line, named R26NrglGFP, with the endocardium/endothelium
Tie2“* driver line (Kisanuki et al, 2001). We analysed GFP expression in E9.5
R26Nrgl GFP; Tie2“ double heterozygous embryos by direct confocal imaging, that showed
GFP expression in the endocardium of transgenic hearts (Figure 29b, b") compare with the lack

of GFP in control hearts (Figure 29a, a”).

To analyse the structure of the heart in these embryos, we performed H&E staining at E9.5.
R26Nrgl GFP; Tie2“" transgenic embryos showed a prominent trabecular network in the left
ventricle (Figure 29d and lv inset), similar to the trabecular myocardium in control embryos
(Figure 29c and lv inset). Interestingly, we noticed that the endocardium was distant from the
myocardium in the R26Nrgl GFP; Tie2“"* transgenic ventricle (Figure 29d and lv inset) compared
to control hearts, suggesting increased ECM synthesis in R26Nrgl GFP,Tie2"* transgenic
embryos. To examine this possibility, we performed Alcian blue staining at E9.5, and noticed
increased ECM secretion, not only in the AVC cushions, but also in the ventricles of
R26Nrgl GFP; Tie2“ transgenic embryos (Figure 29f and 1v inset). In contrast, the ECM was
restricted to the AVC region and lining the trabeculae in control hearts (Figure 29¢ and lv inset).
This increased ECM phenotype was likely due to the overexpression of Nrg! in the endocardium
of the transgenic heart, and was in agreement with data indicating that NRG1 is involved in ECM

synthesis (del Monte-Nieto et al., 2018).

To further confirm NRG1 expression in the endocardium (Figure 29b) we carried out NRG1 IF.
We observed NRG1 in the endocardium of control hearts at E10.5 (Figure 29g and g’), and
stronger expression in the endocardium of E10.5 R26Nrgl GFP; Tie2" transgenic hearts (Figure
2%9h and h").

We then performed histological analysis in more advanced embryos, to examine their valve and
chamber phenotype. Control E12.5 AVC valves (tricuspid and mitral) were nicely delineated
(Figure 29i, tv and mv inset), while they were abnormally large in R26Nrgl GEP; Tie2“" embryos
at E12.5 (Figure 29j, tv and mv inset). To better appreciate the ECM in the valvular region, we
performed Alcian blue staining, that showed enlarged endocardial cushions in E12.5
R26Nrgl GFP; Tie2“" transgenic hearts (compare Figure 29k, 1 and insets). These results suggest
that persistent Nrgl expression in the endocardium and cushions leads to thicker valves in

R26Nrgl GFP; Tie2“" embryos. Most transgenic embryos do not survive beyond E14.5 (Table 7).
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Figure 29. Nrgl overexpression in the endocardium leads to thicker valves at E12.5

a and b) Control and R26NrglGFP;Tie2“ transgenic littermate WM embryos at E9.5,
transgenic GFP signal is shown separately, and colocalizing with the bright field (a” and b").
White arrows indicate GFP in the avc and white arrowhead in the ventricular endocardium. ¢
and d) H&E in paraffin sections at E9.5 in a control and R26Nrgl GFP; Tie2“” heart. Insets
show lv magnification, the black arrowheads indicate TM and black arrow signals the distant
between myocardium and endocardium in R26Nrgl GFP; Tie2“" (lv inset). e and f) Alcian blue
paraffin staining in a control and R26Nrgl GFP; Tie2“" heart at E9.5. ECM is prominent in the
AVC and around trabeculae in control heart (e, lv inset) but extended from the AVC region to
the chamber in R26Nrgl GFP; Tie2“" heart (f, asterisk, lv inset). g and h) IF of NRG1 (green)
in cryosections at E10.5 control and R26Nrgl GFP; Tie2“" hearts, lv section with positive signal
in the endocardium (white arrowheads). Merge with SMA (red) for the myocardium, [B4
(white) for the endocardium and DAPI (blue) (g, h"). i and j) H&E paraffin staining in E12.5
control and R26Nrgl GFP; Tie2"* heart, the region of the tv and mv is magnified in the insets.
Asterisk indicates huge endocardial cushions area in the transgenic. k and 1) Alcian blue
paraffin staining in E12.5 control and R26Nrgl GFP; Tie2“" heart, the region of the tv and mv
is magnified in the insets. Asterisk indicates huge endocardial cushions area in the transgenic.
GFP, Green Fluorescence protein; avc, atrioventricular canal; v, ventricle; H&E, Hematoxylin
& Eosin; lv, left ventricle; IB4, Isolectin B4; SMA, smooth muscle actin; tv, tricuspid valve;
mv, mitral valve. Scale bar: 100 um.

NRGI1-ERBB2,4 signalling pathway is activated in the myocardium during trabeculation
(Gassmann et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995). Thus, we wanted to study
if the ectopic expression of Nrg! in embryonic cardiomyocytes disrupts myocardial development.
We crossed the R26Nrgl GFP mouse line with the Nkx2.5 line (Stanley et al., 2002) to

conditionally overexpress Nrg/ in endocardial cells, and ectopically in the myocardium.

We analysed GFP expression in E9.5 R26Nrgl GFP; Nkx2.5 double heterozygous embryos by
direct confocal imaging, that showed GFP expression in the myocardium of transgenic hearts

(compare Figure 30a, a” with Figure 30b, b").

H&E staining at E9.5 showed a developing trabecular meshwork in the ventricle of control
embryos (Figure 30c and lv inset), while R26Nrg! GFP;Nkx2.5" transgenic hearts had a thin
compact myocardium and primitive trabeculae (Figure 30d, and lv inset). Alcian blue staining of
control and transgenic hearts showed that the ECM was restricted to the endocardial cushions and
tightly lining the trabeculae in control hearts (Figure 30e and lv inset), while ECM appeared
distant of cardiomyocytes in the ventricles of E9.5 R26Nrgl GFP;Nkx2.5 transgenic hearts
(Figure 30f, and lv inset). This result again supports the implication of NRG1 in ECM secretion
during trabeculation (del Monte-Nieto ef al., 2018).
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Figure 30. Nrgl overexpression in the endocardium and the myocardium leads to
thickened valves and defective myocardium at E14.5

a and b) Control and R26Nrgl GFP;Nkx2.5¢ transgenic littermate WM embryos at E9.5,
transgenic GFP signal is shown separately, and colocalizing with the bright field (a” and b").
White arrows indicate GFP in the ventricular myocardium. ¢ and d) H&E paraffin at E9.5 in a
control and transgenic heart. Insets show a lv magnification, the black arrowheads indicate TM
region, and black arrow signals the distant between myocardium and endocardium. e and f)
Alcian blue paraffin staining in a control and R26Nrg! GFP,;Nkx2.5 transgenic heart at E9.5.
ECM is extended from the AVC region to the chamber in the transgenic (f, asterisk, v inset).
g and h) IF in cryosections of NRG1 (green) in a E10.5 control and R26Nrgl GFP;Nkx2.5"
heart, 1v section with positive signal in the endocardium (g, h, white arrowheads) and in the
myocardium (h, white arrows). SMA (red) for myocardium, IB4 (white) for endocardium and
DAPI (blue) (g°, h). i and j) H&E staining at E12.5 in a control and R26Nrg! GEP;Nkx2.5"
transgenic paraffin section, the tv and mv region is increased (asterisk), and rv and lv are
magnified (insets). The yellow lines indicate the CM thickness. k and 1) H&E staining at E14.5
in a control and R26Nrgl GEP;Nkx2.5“" transgenic paraffin section, rv and lv are magnified
(insets). Valves are bigger (I, asterisk) and there is VSD in the R26Nrgl GFP;Nkx2.5*
transgenic ventricles (I, black arrowhead). Black arrows indicate the trabecular region and
yellow lines the CM thickness in rv and lv insets. GFP, Green Fluorescence protein; v,
ventricle; H&E, Hematoxylin & Eosin; B4, Isolectin B4; SMA, smooth muscle actin; lv, left
ventricle; rv, right ventricle; tv, tricuspid valve; mv, mitral valve; VSD, Ventricular Septal
Defect. Scale bar: 100 um.

We examined by IF NRG1 overexpression and observed normal NRGI1 expression in the
endocardium of E10.5 control heart (Figure 30g, g"), while NRG1 was strongly expressed in the
endocardium and in the myocardium of R26Nrg! GFP;Nkx2.5 embryos (Figure 30h, h").

At E12.5, H&E staining showed that the AVC valve region was larger in R26Nrg! GFP; Nkx2. 5"
hearts and ventricular walls were less developed (compare Figure 301 with Figure 30j, rv and v
insets). This phenotype was more obvious at E14.5, when R26Nrgl GFP;Nkx2.5* transgenic
embryos showed larger AVC region, ventricular septum defect and thinner compact myocardium
(compare Figure 30k with Figure 301, rv and lv insets). These results indicate that Nrgl
overexpression in the endocardium and ectopic expression in the myocardium disrupts valve and
chamber development in R26Nrgl GFP;Nkx2.5 transgenic embryos, that do not progress
beyond E16.5 (Table 8).

In summary, Tie2“*- and Nkx2.5““-mediated overexpression of Nrg! in the endocardium and/or
myocardium impairs valve and chamber development, leading to embryonic lethality between

E14.5-16.5.
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Discussion

Cardiac development is a fascinating process in which a primitive pumping heart tube undergoes
tightly coordinated cellular proliferation, differentiation and morphogenesis, to give rise to the
fully functional adult four-chamber heart. The endocardium is a crucial source of signals that
guide and pattern the differentiation of the overlying myocardium and coronaries, and there is a
close signalling interplay between endocardium and myocardium throughout heart development.
In this PhD thesis project, we have used NRG1 loss- and gain-of-function mouse models to study
the role of the NRG1-ERBB2,4 signalling pathway in the heart, that connects the endocardium

and the myocardium to regulate multiple cardiac development processes.

NRGI1 regulates cardiomyocyte polarity and oriented cell division during trabeculation

Previous reports showed that NRG1-ERBB2,4 signalling is required for ventricular chamber
development (Gassmann et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995). Our data
show that conditional inactivation of Nrgl with an endothelial driver (or a pan-mesodermal one),
severely impairs ventricular trabeculation, without affecting endothelial or myocardial
specification, while the compact myocardium appeared thickened, although paradoxically,

cardiomyocyte proliferation was significantly reduced.

The PCP pathway is essential for cellular polarity and tissue organization. PCP components are
expressed during heart development (Hua et al., 2011). We have found a dysregulation of PCP
pathway molecules in the RNA-seq of E9.5 Nrg /"™, Tie2“" mutant embryos. Thus, Fzd5, Vangll
and Dvl] are genes implicated in establishing cell polarity (Henderson and Chaudhry, 2011), and
we found them to be upregulated in Nrgl/'™; Tie2“* mutants. These changes in gene expression
suggests the implication of NRG1-ERBB2,4 signalling in the establishment of the apico-basal

polarity of cardiomyocytes, which is essential for trabeculation.

CADHERINS are components of the adherent junctions that allow the organization of cells in
tissues and are essential for embryonic development (Stepniak, Radice and Valeri, 1971; Luo and
Radice, 2005; J. Li et al., 2016). By RNA-seq we found an upregulation of Cdh3 and Cdhl3 at
E9.5 in Nrgl™; Tie2“* embryos. CDH3/P-CADHERIN is involved in establishing cell polarity,
and favours collective cell migration in tumour cells (Plutoni et al., 2016), while CDH13/T-
CADHERIN is also involved in cell polarity and has been related to neural syndromes (Franke,
Neale and Faraone, 2009). These results reinforce the idea that cellular polarity is affected in

Nrg " Tie2“" mutants.

In vivo imaging experiments in zebrafish have shown that during the onset of trabeculation, n-

cadherin redistributes from the lateral to the basal side of cardiomyocytes, to induce the
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delamination of the cardiomyocytes to form trabecular-like projections in an erbb2-dependent
manner (Cherian et al., 2016). N-Cadherin expression was not significantly affected in our RNA-
seq, unlike the expression of Cregl, which was upregulated. CREG1 binds to N-CADHERIN and
localizes in intercalated discs of cardiomyocytes (Liu et al., 2016). The observation that Cregl
transcription was upregulated in the heart of E9.5 Nrgl™;Tie2“* mutants, suggests that
cardiomyocytes do not progress into a trabecular-like structure because an excessive cell-cell
adhesion may prevent their invasion towards the ventricular lumen to form trabeculae. When we
analysed N-CADHERIN localization in E8.5 mouse hearts, prior to the onset of trabeculation, we
observed that Nrg ™*; Tie2“* mutant embryos persistently maintained N-CADHERIN expression
in the lateral side of ventricular cardiomyocytes. This result suggests that similar to the situation
in zebrafish (Cherian ef al., 2016), N-CADHERIN redistribution from the lateral to the basal side
of cardiomyocytes is essential for trabeculation, and that this process is NRGI1-ERBB2,4
signalling dependent. Interestingly, the PCP member Wnt11 knockout mouse embryos show less
trabeculation and disturbed patterning of N-CADHERIN and B-CATENIN expression in
cardiomyocytes (Nagy et al., 2010). Wntll was downregulated in the RNA-seq of E9.5
Nrgl™™: Tie2“"* embryos and may be the cause of the alteration in N-CADHERIN redistribution
prior to trabeculation, by affecting cell adhesion between cardiomyocytes. WNT11 controls the
directional movements of the maturing cardiomyocytes in the ventricular wall by modulating cell
adhesion with changes in the cytoskeleton actin filaments (Nagy et al., 2010; Cherian et al., 2016).
These data suggest an implication of WNTI1 in cytoskeleton rearrangement during
cardiomyocytes migration during trabeculation, being potentially involved in the trabeculation

defects of Nrg/"™; Tie2“" mutants.

Thus, our data suggesting that NRG1-ERBB2,4 signalling regulates cardiomyocyte polarity in
the mouse heart, is consistent with previous results in the zebrafish heart. Cardiomyocyte apico-
basal polarity in the fish is regulated by nrg-erbb signalling and blood flow/cardiac contraction,
both being essential for the onset of trabeculation (Jiménez-Amilburu et al., 2016). This result
indicates that the role of NRG1-ERBB2,4 signalling in the regulation of cardiomyocyte polarity

is conserved during vertebrate evolution.

Cell polarity and mitotic spindle orientation are coupled through the PAR polarity complex, that
controls cell polarity necessary for normal tissue generation and morphogenesis (Passer ef al.,
2016). We observed a downregulation of molecules of the PAR complex (Prkce and Pard3) in
the RNA-seq of E9.5 Nrg 1", Tie2"* mutant hearts, suggesting that defective polarity may impact
on the orientation of the mitotic spindle. The apical localization of prkci has been shown to be
essential for trabeculation in zebrafish (Jiménez-Amilburu et al., 2016). Thus, the loss of PRKCi

in the apical region of Nrgl'*;Tie2“* mutant ventricles, could contribute to explain the
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trabeculation defects of these embryos. Moreover, Cdc42 expression was downregulated in the
RNA-seq of E9.5 in Nrgl"*; Tie2“* embryos. CDC42 is involved in the structure and function of
the mitotic spindle (Doe and Siller, 2009), suggesting an implication of CDC42 in the alteration
of cardiomyocyte OCD in Nrgl™, Tie2“* embryos. The PAR complex member PAR3 (Passer et
al., 2016), indirectly controls NuMA, which interacts with the mitotic spindle through DYNEIN
to control its orientation, and thus the plane of cell division (Doe and Siller, 2009). Altered PAR
complex expression may contribute to the altered pattern of OCD in the E9.5 Nrg}"; Tie2“"
mutant trabecular cardiomyocytes. Specifically, the decreased frequency of perpendicular
cardiomyocyte division in Nrg/™™;Tie2“" mutants could underlie their defective trabeculation,
and the increased frequency in parallel cardiomyocyte division may contribute to thickening of
the compact myocardium. The increased compact myocardium thickness of Nrgl™;Tie2“"
mutants is in concordance with the multi-layered compact myocardium phenotype shown in
recent in vivo imaging studies in zebrafish, in which the disruption of cardiomyocyte polarity due
to mutations in the adherens junction protein crb2a, impairs trabeculation and myocardium
structure (Jiménez-Amilburu and Stainier, 2019). Interestingly, zebrafish studies show that
cardiomyocytes divide predominantly in parallel both in compact and trabecular myocardium, but
the division mostly occurs in trabecular cardiomyocytes (Uribe et al., 2018). In contrast, what is
described in the mouse model, and we corroborate, is that cardiomyocytes in the compact
myocardium divide perpendicularly to the lumen to form trabeculae (J. Li ef al., 2016; Jiménez-
Amilburu et al., 2016; Passer et al., 2016). Overall, our results suggest that NRG1-ERBB2,4
signalling, orchestrates OCD of cardiomyocytes through PAR complex molecules regulation,

which is essential for trabeculation (Figure 31).

LAMININS are components of the basement membrane that contact ECM with cardiomyocyte
receptors (Miner and Yurchenco, 2004). We observed a reduction of LAMININ expression in
Nrg ™ Tie2“" mutants, both at the RNA and protein levels, suggesting an impaired endocardial-
myocardium crosstalk through ECM in Nrg ™, Tie2“"* mutant hearts. Constitutively active AKT,
activated by receptor tyrosine kinases, induces the synthesis of LAMININ-1 and COLLAGEN
IV isotypes, and causes their translocation to the basement membrane (Li et al., 2001). This
reduction of LAMININ could be explained because of a severely attenuated NRG1-ERBB-AKT

cascade in Nrg % Tie2“" mutants.
g

The receptors for LAMININS in the membrane, the INTEGRINS, mediate cell adhesion,
morphology, proliferation, survival, migration, and invasion (Eckert et al., 2009). We analysed
the specific ITGa6 distribution in trabecular cardiomyocytes (G. Li et al., 2016b), and observed

a reduced myocardial ITGa6 expression in E9.5 Nrg "™, Tie2“* mutants.
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Control Nrg1flox/flox; Tie2Cre/+

Myocardium Nuclei Nuclei in mitosis SURVIVIN ~ N-CADHERIN

b
Endocardial cell ‘

Cardiomyocyte

NRG1 PAR Complex
Chromosomes

ERBB4 YpERBBZ ITGa6 TGba ——— Microtubules

p o> N-CADHERIN

Figure 31. NRGI1 signalling cascade controlling orientation of cell division in
cardiomyocytes during trabeculation

a) In E8.5-E9.5 control heart, cardiomyocytes (red) divide parallelly, obliquely and
perpendicularly towards the lumen. SURVIVIN (green) protein in the mitotic spindle indicates
the orientation of the division. N-CADHERIN (brown) is distributed in the lateral and basal
side of cardiomyocytes prior to trabeculation (arrow). In Nrg **; Tie2“"*, when NRG1 (orange)
is deleted from the endocardium (grey), OCD is mostly parallel and N-CADHERIN maintains
its lateral localization. b) NRG1 (orange), from the endocardium, binds to ERBB4 receptor
(green) in cardiomyocyte that dimerizes with ERBB2 (blue), which is phosphorylated. This
activation regulates INTEGRINS (yellow-green) and PAR complex (purple) signalling, which
is going to indirectly regulate the cardiomyocyte OCD. N-CADHERIN from adherent junctions
will move from the lateral side to the basal side of cardiomyocytes. All this regulation is
abrogated since Nrg/ is deleted from the endocardium in Nrg ™, Tie2“* embryos.

110



Discussion

ITGa6-ITGB4 associates with ERBB2 in several breast carcinoma cells (Aplin, Howe and
Juliano, 1999), but it is not clear if this is the case in cardiac tissue (Pentassuglia and Sawyer,
2013). Interestingly, we noticed that in E9.5 control hearts, ITGa6 and pERBB2 were co-
expressed in regions of trabecular cardiomyocytes, unlike in Nrg/"™; Tie2" mutant hearts. This
result suggests that Nrgl deletion in the endocardium impairs ITGa6-pERBB2 membrane
receptor interaction in cardiomyocytes, disrupting downstream signalling, and impacting on

trabeculation.

Phosphorylation of ITGB4 can be mediated by PKC-a, which induces the interaction with ERBB2
receptors and the regulation of ACTIN filaments during tumour progression (Soung, Clifford and
Chung, 2010). Our results suggest that these ERBB-ITGa6-PKC-a interactions can occur in
cardiomyocytes to orchestrate cardiomyocyte migration during trabeculation, but these

interactions are abrogated in Nrg/**; Tie2“" mutants, inducing trabeculation defects (Figure 31).

Considering our results, we propose a model in which Nrg! deletion in the endocardium impairs
the activation of ERBB2,4 receptors in cardiomyocytes, so that downstream INTEGRIN
signalling is disrupted. Subsequently, the PAR complex is delocalized from the apical side of
cardiomyocytes, PKC and PARD3 are downregulated, and are not able to control the mitotic
spindle through CDC42 and NuMA, and cardiomyocyte OCD is disrupted. The alteration of
OCD, leads to a predominance of parallel cardiomyocyte division, causing an increase in compact
myocardium thickness and defective trabeculation in Nrgl'™ Tie2“ mutant embryos. As
discussed above, after Nrgl deletion in the endocardium, N-CADHERIN redistribution from the
lateral to the basal side of cardiomyocytes is disrupted. This hypothesis is represented in Figure
31. Both, NRG1 (Gassmann et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995) and cell
polarity (J. Li et al., 2016; Jiménez-Amilburu et al., 2016; Passer et al., 2016) have been described
independently to be crucial for trabeculation. Here, we conclude that NRG1-ERBB2,4 is a key

regulator of cardiomyocyte polarity and OCD during trabeculation in mouse heart development.

NRGTI is implicated in ECM secretion, NOTCH signalling and myocardial patterning

The ECM plays a key role in endocardium-myocardium crosstalk during heart development
(Sedmera et al., 2000). In particular, ECM remodelling plays a crucial role in trabeculation, where
a crosstalk between NOTCH and NRGI1-ERBB2,4 signalling, controls the spatio-temporal
regulation of ECM secretion and degradation (del Monte-Nieto et al., 2018). NOTCH has been
suggested to promote ECM degradation during the formation of endocardial projections that are
critical for individualization of trabecular units, whereas NRG1-ERBB2,4 promotes myocardial

ECM synthesis, which is necessary for trabecular rearrangement and growth (del Monte-Nieto ef
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al., 2018). We found that Has2 expression and thus ECM deposition was diminished in
Nrg ™ Tie2“" mutant ventricles, which supports the role of NRG1 in promoting ECM secretion.
NRGT1 has been proposed to regulate N1ICD in the endocardium trough VEGFA, to orchestrate
trabecular organization (del Monte-Nieto et al., 2018). In agreement with these findings, we
observed a decrease of N1ICD in the endocardium of the Nrgl*; Tie2“"* mutant hearts at E9.5,
supporting a NRG1-mediated N1ICD regulation. On this regard, NOTCH has been shown to be
required for Nrgl expression and the cardiac phenotype of cultured NOTCH mutant embryos can
be partially rescued adding NRG1 to the media (Grego-Bessa et al., 2007), suggesting that the
interplay between NRG1 and NOTCH is complex.

Considering the crosstalk between NRG1 and N1ICD during trabeculation (Grego-Bessa et al.,
2007; del Monte-Nieto et al., 2018), we examined whether other molecules related with NOTCH1
were affected, and we found Jag! to be downregulated in our E9.5 RNA-seq data of
Nrg ™ Tie2“" mutants. Previous work in the laboratory showed that Gpr126 was downregulated
in the endocardium of DIl4 /*;Tie2“ mutant embryos which show severely impaired
trabeculation (D’ Amato et al., 2016b). It was also shown that Gpr126 inactivation in mice causes
hypotrabeculation and ventricular wall thinning (Waller-Evans et al., 2010). Thus, we tested
whether Gpr126 expression in the endocardium was affected in Nrg/"™; Tie2“* mutant hearts.
ISH showed that this was indeed the case. These results suggest that NRG1-ERBB2,4 and
NOTCH signalling work together to coordinate the expression of genes essential for
trabeculation. Interestingly, as NRG1 activates its receptor and signalling in cardiomyocytes,
while NOTCH signalling is active in the endocardium, it would be of interest to identify the
molecule(-s) besides VEGFA (del Monte-Nieto et al., 2018) that may be connecting both cell
types (Figure 32).

Developmental analysis of ventricular myocardium markers showed that both compact (Hey2)
and trabecular myocardium (Bmpl0) expression was disrupted in Nrgl™;Tie2“ mutants,
indicating loss of ventricular myocardium identity. Additional trabecular markers like /rx3 and
Semaphorins (Sema3a and Sema3c) (Behar et al., 1996; Kim et al., 2012), were downregulated
in £9.5 Nrgl”, Tie2“* mutant hearts, both by RNA-seq and by ISH. How these impairments in
trabecular patterning relate with the defective OCD leading to severely defective trabeculation,

remains to be studied.

These results indicate that NRG1-ERBB2,4 signalling influences N1ICD signalling, ECM

secretion and myocardial patterning during trabeculation.
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Figure 32. NOTCHI1-NRG1-VEGFA interplay between endocardium and myocardium
during trabeculation

NRGI (orange) from the endocardium (grey) binds to the ERBB2,4 receptors (light green and
blue) in the myocardium (red) where activates Vegfa transcription (pink). Then, VEGFA
interacts with its FLK1 (purple) endocardial receptor which regulates NOTCHI(brown)
signalling through DLL4 (dark green) that induces NRG1 expression in the endocardium. It is
possible that VEGFA and NOTCHI also regulate other signalling pathways during
trabeculation. (modified from Grego-Bessa et al., 2007 and del Monte-Nieto et al., 2018)

NRGT1 is required for valve development

The ERBB2,3 is the heterodimeric receptor of NRG1 in the endocardial cushion mesenchyme

during formation of the valve primordia (Camenisch et al., 2002). In addition to the defective

2Cre

trabeculation in Nrgl*; Tie2“* mutant embryos, we observed a reduction of the AVC area in

these mutants at E10.5. This result suggests an inactivation of the NRG1-ERBB2,3 signalling in

2Cre

the valve region after Nrg/ deletion in the Nrgl”*; Tie2“" mutant hearts.
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We wanted to analyse if Nrg! tissue-specific overexpression would affect heart development. For
this purpose, we generated a CRE-/oxP-based transgenic mouse line in which Nrgl expression is
under the control of the ROSA26 promoter (Soriano, 1999). Considering that NRGI is
endogenously expressed in the endocardium (Meyer and Birchmeier, 1995), we conditionally
overexpressed Nrg! in this tissue under the control of the Tie2“" driver. We observed normal
trabeculation in E9.5 R26Nrgl GFP; Tie2“" transgenic embryos, but excessive ECM secretion in
the AVC and chambers, in agreement with the proposed role of NRG1 in ECM synthesis (del
Monte-Nieto et al., 2018). Interestingly, at E12.5, R26NrglGFP;Tie2“ embryos showed
thickened AVC valves, suggesting an overactivation of ERBB3 in the mesenchymal region of the
endocardial cushions that should be confirmed. Thus, Nrgl overexpression in the endocardium

induces valve developmental defects that leads to embryonic lethality at E14.5.

As the NRG1-ERBB2,4 signalling pathway is activated in the myocardium of the chambers in
early heart development (Lee ef al., 1995), we ectopically expressed Nrg!l in the myocardium and
overexpressed it in the endocardium using the Nkx2.5 driver. R26Nrgl GFP;Nkx2.5° mutant
embryos developed primitive trabeculae and increased ECM secretion in AVC cushions and in
the chambers at E9.5. We observed thicker AVC valves in R26Nrgl GEP;Nkx2.5 embryos at
E12.5, but the increased size was not as dramatic as in the R26NrglGFP;Tie2 embryos,
probably because Nkx2.5° line (Stanley et al, 2002) is poorly expressed in the AVC
endocardium. At E14.5, R26Nrgl GFP;Nkx2.5 transgenic embryos developed VSD, associated
to mesenchymal alterations. The chambers showed also thinner compact and trabecular
myocardium. The severe R26Nrgl GFP;Nkx2.5 phenotype leads to embryonic lethality at
E16.5, likely due to valve development defects. We obtained similar results in terms of valve and

chambers alterations, with the ¢7nT" driver line.

These results suggest that NRG1-ERBB2,3 signalling pathway is involved in the regulation of
valve cushion development, in agreement with previous reports (Lee et al., 1995; Meyer and
Birchmeier, 1995; Camenisch et al., 2002). The phenotype observed in both transgenic lines
(R26Nrgl GFP;Tie2 and R26Nrgl GFP;Nkx2.5°) is similar to the thicker valves and VSD
observed after BMP2 overexpression in the myocardium of R26Bmp2GFP;Nkx2.5 transgenic
embryo (Prados et al., 2018), suggesting that overexpression of signals involved in AVC cushion

formation leads to valve malformation and embryonic lethality.

Previous studies have described that excessive NRG1 produce cardiomyocyte hypertrophy and
dilated cardiomyopathy (Hertig et al., 1999; Ozcelik et al., 2002; Pimental ef al., 2017). Using

our new conditional mouse model, we want to analyse in the near future whether myocardial
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patterning is altered and whether NRG1 1is controlling cardiomyocyte polarity in

R26Nrgl GFP; Tie2“" transgenic embryos.

NRG1-ERBB2,4 signalling is required for myocardial patterning and metabolism, and for

coronary vessel development during compaction

NRG1 is released from the endocardium into the ECM, and binds to the ERBB2,4 receptors in
the myocardium (Falls, 2003; Parodi and Kuhn, 2014). The interplay between endocardium and
myocardium is crucial for ventricular chamber development and maturation (Luxan et al., 2016).
Endothelial inactivation of NRG1 leads to relatively early embryonic lethality (Meyer and
Birchmeier, 1995; Lai ef al., 2010; del Monte-Nieto et al., 2018; and this report), so the role of
NRGI1-ERBB2,4 signalling in late chamber development (compaction) has not been studied
before. We found that NRG1 is expressed in the endocardium and in the endothelium of the
developing coronary vessels from E13.5 onwards, so that time-controlled Nrg/ inactivation in the
endothelium (Cdh5“*-mediated) would reveal its role at later cardiac development stages.
Endothelial Nrgl inactivation from E10.5 onwards leads to heart dilation, and thin ventricular
walls and trabeculae. Interestingly, patterning of the ventricular myocardium is affected in
Nrgl"*:Cdh5“* mutants, so that expression of compact myocardium markers (i.e.: Hey2) is
expanded to the base of the morphological trabeculae, while expression of trabecular markers
(Bmp10) is confined to the distal tip of trabeculae (Figure 33). This molecular phenotype is similar
to that of mice with NOTCH signalling inactivation caused by combined JAG1 and JAG2 ligand
abrogation in the myocardium (D’Amato et al., 2016), or by deletion of their upstream regulator
MIBI in this tissue (Luxan ef al., 2013). In the report by D’ Amato et al., it was suggested that
NOTCH inactivation leads to a loss of patterning in trabecular myocardium, so that only the
distal/older region of the trabeculae, expressed a trabecular marker, while the adjacent
morphological trabecular myocardium has lost patterning, abnormally expressed a compact
myocardium marker and was termed intermediate myocardium, while the outer myocardium or
compact myocardium, was defined by the normal expression of Hey?2. In this setting, NOTCH is
active in chamber endocardium and may exert a non-cell autonomous patterning effect on

chamber myocardium, so that NOTCH inactivation leads to a patterning loss in cardiomyocytes.

In the NRG1-ERBB2,4 situation, inactivation is induced after E10.5, when signalling occurs from
endocardium to myocardium and, after E12.5, the pathway is predominantly active in developing
coronaries. This suggest that the patterning defects observed in the ventricles of E16.5
Nrgl™:Cdh5“° mutants are likely due to NRGI-ERBB2,4 signalling inactivation in the

myocardium, while the defects in coronary vessel development occur later. To support this
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hypothesis, it will be important to examine when the loss of chamber myocardium patterning
occurs in Nrgl™; Cdh5"* mutants, to establish if patterning really depends on myocardial NRG1

signalling.

Control Nrg1flox/flox; Cdh5CreERT2/+

Myocardium Veins Arteries NRG1 pERBB2

Figure 33. NRG1 is involved in myocardium structure and patterning, and vessel
development

In E16.5 control heart, NRG1 (brown) is expressed in the endocardium (grey) and in the
coronary endothelium (veins-light blue and arteries-dark blue) where ERBB2 receptor (green)
is activated. The ventricle is formed by compact myocardium (CM) that expresses Hey2 and
trabecular myocardium (TM) with Bmp10 expression. In Nrg /"™ ; Cdh5“*heart, NRG1 (brown)
deletion form the endothelium (endocardium-grey, coronary veins-light blue and coronary
arteries-dark blue) induces reduced phosphorylation of ERBB2 (green) in the endocardium
(grey) and in the endothelium of coronary arteries (dark blue) and veins (light blue). This
produces a thinner CM and 3 differentiated regions in the ventricular wall: CM and
Intermediate myocardium (IM) that show Hey2 expression, and TM with Bmp 10 expression.

While the ventricular wall is growing and trabeculae mature, more active metabolism is necessary
for cardiomyocyte oxygenation and function, thus shifting from glycolysis to respiration. The
compact myocardium is characterized by its glycolytic metabolism induced by HIF1c, compared
to the mitochondrial switch that occurs in the trabecular region (Menendez-Montes et al., 2016).
In agreement with these findings, we observed that in E16.5 Nrgl™;Cdh5 mutant hearts,
expression of the glycolytic markers GLUT1 and Pdkl was expanded to the trabecular region,
suggesting altered cardiomyocyte metabolism, with extended glycolysis to the trabeculae of
Nrg"*:Cdh5“° mutants. Interestingly, it has been described a crosstalk between the NRG1-
ERBB2,4 pathway and metabolism. Thus, in isolated cardiomyocytes, inhibition of glycolysis or
mitochondrial respiration causes heat shock protein 90 to rapidly dissociate from ERBB2 (Peng

et al., 2005). This, in turn, leads to degradation of ERBB2 and reduced NRG1 activation of
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extracellular signal-regulated kinase and AKT signalling. These findings indicate that a crosstalk
between NRG1-ERBB2,4 signalling and cardiac metabolism is crucial for adult heart function.
Nrgl™:Cdh5“° mutant hearts show strong Vegfa upregulation in trabecular myocardium,
suggesting that cardiomyocytes are hypoxic, probably due to their defective coronary vessel
formation, with impaired arterial and venous development and vascular malformations. Not only
vein morphology and identity, with loss of Couf-TF2 expression, was altered in Nrgl";Cdh5"
mutants, but also arterial identity, as suggested by the downregulation of D//4 (Duarte et al., 2004)
and Cx40 (Van Kempen and Jongsma, 1999). These results indicate that NRG1-ERBB2,4
signalling is implicated in coronary vessels development, and suggest that the defective

5 mutants results from the

compaction and thin ventricular walls observed in Nrg/";Cdh
combined effect of endothelial Nrgl deletion on chamber cardiomyocyte differentiation and
patterning, and in the impaired development of the coronary vessels that should support and
nourish the growing ventricular wall. Compaction phenotypes associated to abnormal coronaries

development have been previously reported (D’ Amato ef al., 2016a; Rhee ef al., 2018).

We thus can suggest that NRG1-ERBB2,4 signalling during compaction regulates myocardial
patterning and metabolism, compact myocardium thickness, and coronary vessel morphology and

identity (Figure 33).

On this study we have contributed to understanding the function of NRG1 in heart development,
identifying its role in the regulation of cardiomyocyte polarity and oriented cell division during
trabeculation. Additionally, we have shown that NRG1 is involved in AVC cushion development
and that NRG1-overexpressing transgenic mice cause embryonic lethality associated to severely
dysmorphic valves. At later developmental stages, NRG1-ERBB2,4 signalling is required for
compaction, regulating cardiomyocyte patterning and metabolism, and coronary vessel
development. Overall, these results would allow us to better understand heart development and

the possible causes of heart diseases during adulthood after gene regulatory network alteration.
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Conclusions/Conclusiones

1) Tie2““-mediated NRGI-ERBB2,4 signalling inactivation disrupts trabeculation, induces
g

thickened compact myocardium, and causes embryonic death at E11.5.

2) NRGI-ERBB2,4 signalling is necessary for maintenance of apico-basal cardiomyocyte
polarity.

3) NRG1-ERBB2.4 signalling is required for oriented cell division (OCD) of cardiomyocytes

during trabeculation.

4) Altered OCD of cardiomyocytes disrupts maintenance of chamber myocardium patterning and

growth, but not early endocardial or myocardial differentiation.

5) Early endothelial NRG1 inactivation affects N1ICD signalling and ECM secretion in both

chamber and valve tissues.

6) Cdh5““**?_mediated NRG1-ERBB2,4 signalling inactivation affects compaction and chamber

myocardium patterning, leading to early perinatal lethality.

7) Defective compaction is accompanied by defective coronary vasculature development, reduced

expression of artery and vein differentiation markers, and vascular malformations.

8) Cdh5“***?_mediated NRG1-ERBB2,4 signalling inactivation disrupts metabolic progression

in the myocardium.

9) Tie2“*-mediated endothelial NRG1 overexpression disrupts endocardial cushion development,

and leads to lethality at E14.5.

10) Nkx2.5“*-mediated endothelial NRG1 overexpression and myocardial ectopic expression
disrupts endocardial cushion development, produces VSD, alters ventricular chambers

morphology, and leads to embryonic lethality at E16.5.
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1) La inactivacion de la sefializacion NRG1-ERBB2,4 mediada por Tie2“ interrumpe la
trabeculacion, induce un incremento en el grosor del miocardio compacto y causa letalidad

embrionaria a E11.5.

2) La sefializacion NRG1-ERBB2,4 es necesaria para mantener la polaridad apico-basal de los

cardiomiocitos.

3) La sefializacion NRG1-ERBB2,4 se requiere para la orientacion de la division celular de los

cardiomiocitos durante la trabeculacion.

4) La alteracion de la orientacion de la division de los cardiomiocitos interrumpe el
mantenimiento del patréon y del crecimiento del miocardio de las camaras, pero no la

temprana diferenciacion del endocardio o el miocardio.

5) La inactivacion temprana de NRG1 en el endotelio afecta a la sefializacion de N1ICD y a la

secrecion de matriz extracelular tanto en las camaras como en el tejido valvular.

6) La inactivacion de la sefializacion NRG1-ERBB2,4 mediada por Cdh5““**? afecta a la

compactacion y al patron del miocardio, induciendo la pronta letalidad perinatal.

7) El defecto en compactacion va acompafiado de fallos en el desarrollo de la vasculatura
coronaria, reduccion en la expresion de marcadores de diferenciacion arterial y venosa, y

malformaciones vasculares.

8) La inactivacion de la sefializacion NRG1-ERBB2,4 mediada por Cdh5“***™ interrumpe la

progresion metabolica en el miocardio.

9) La sobreexpresion de NRG1 en el endotelio mediada por Tie2“ afecta al desarrollo de los

colchones endocardicos y produce letalidad embrionaria a E14.5.

10) La sobreexpresion de NRG1 en el endotelio y su expresion ectopica en el miocardio mediada
por Nkx2.5¢ afecta al desarrollo de los colchones endocardicos, produce defectos en el
septo interventricular, altera la morfologia de las camaras ventriculares e induce letalidad

embrionaria a E16.5.
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Table legends

Red embryonic stages indicate embryonic lethality, the mutant or transgenic NRG1 embryos at

these stages which were found necrotic are indicated in brackets.

Table 4. Lethality phase Nrg ™, Tie2“ embryos

Genotype Extra information

Embryonic | Nrgl™; | Nrg1f¥fes; | Nrgl™; Nrglfe¥flox, | N°of  Resorptions ~ N° of

Stage +/+ ‘ +/+ Tie2®* ‘ Tie2“* pups litters
E8.5 141 139 136 161 577 14 84
%E8.5 24.44 24.09 23.57 27.9
E9.5 288 189 165 263 905 59 170
%E9.5 31.82 20.88 18.23 29.06
E10.5 193 182 153 171 699 19 99
%E10.5 27.61 26.04 21.89 24.46
E11.5 8 12 10 12 (n=7) 42 4 7
%E11.5 19.05 28.57 23.81 28.57

Table 5. Lethality phase Nrg "™, Mesp1“* embryos
. Genotype Extra information

Embryonic | Nrgl™; | Nrg1f¥fes;, | Nrgl™*; Nrglfe¥flox, | N°of  Resorptions ~ N° of

Stage +/+ ‘ +/+ Mespl“" | Mespl“®" | pups litters
E8.5 1 2 3 1 7 1 1
%ES8.5 14.29 28.57 42.86 14.29
E9.5 3 6 8 3 20 0 3
%E9.5 15 30 40 15
E10.5 8 7 10 7 32 5 4
%E10.5 25 21.88 31.25 21.88
E12.5 9 6 6 5 (n=3) 26 0 3
%E12.5 34.62 23.08 23.08 3.85
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Table 6. Lethality phase Nrg™™,Cdh5° embryos

Genotype Extra information

Embryonic | Nrgl™*; | Nrg]fo¥/fes, Nrg1™¥; Nrg] fox/flox, N°of Resorptions N°of

Stage +/+ +/+ Cdh5Cre™ ™" | Cdh5Cre®™®™* | pups litters
E13.5 4 8 2 5 19 4 4
%E13.5 21.05 42.11 10.53 26.32
E15.5 34 33 18 31 116 8 18
%E15.5 29.31 28.45 15.52 26.72
El16.5 40 42 37 32 136 10 23
%E16.5 29.41 30.88 27.21 23.53
E17.5 3 5 3 4 15 0 2
%E17.5 20 33.33 20 26.67
E18.5 5 4 3 3 15 6 3
%E18.5 33.33 26.67 20 20

Table 7. Lethality phase R26Nrgl GFP, Tie2“" embryos
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Genotype Extra information

Embryonic +/+; R26Nrgl-iresGFP/+; | N°of N° of

Stage Tie2“* Tie2“* pups litters
E9.5 4 2 6 1
%E9.5 66.67 33.33
E10.5 4 4 8 1
%E10.5 50 50
E12.5 4 4 8 1
%E12.5 50 50
E14.5 3 5 (n=3) 8 1
%E14.5 37.5 62.5
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Table 8. Lethality phase R26Nrgl GFP,Nkx2.5° embryos

Genotype Extra information

Embryonic +/+; R26Nrgl-iresGFP/+; | N°of N° of

Stage Nkx2.5* Nkx2.5* pups litters
E9.5 17 18 35 3
%E9.5 48.57 51.43
E10.5 12 17 29 3
%E10.5 41.38 58.62
E12.5 15 20 35 4
%E12.5 42.86 57.14
E14.5 4 7 11 2
%E14.5 36.36 63.64
E16.5 12 16 (n=4) 28 3
%E16.5 42.86 57.14

Table 9. RNA-seq data from E9.5 control and Nrg ™, Tie2“" hearts.

KOvsWT original) This sheet contains the original data from the analysis. Up-down significantly
changed) This sheet shows the genes that are significantly changed in Nrgl™, Tie2“ mutants
order from the most upregulated to the more downregulated. Canonical pathways IPA) This sheet
contains the information about the canonical pathways and the genes involved extracted from the
IPA software. Diseases and Biofunctions IPA) This sheet shows all the diseases and biofunctions
related with the significantly changed genes in Nrg ™, Tie2“ mutants. Yellow cassettes indicate

the ones represented in the circular plots.

Video legends

Video 1. WM IF at E10.5 of a control heart representing the lv region. The myocardium is stained
in red with SMA and the endocardium in white with IB4. The 3D represents a region of the left

ventricle of 204um and the Z-stack is scanned each 2um.

Video 2. WM IF at E10.5 of Nrgl™/°*:Tie2““" heart representing the lv region. The
myocardium is stained in red with SMA and the endocardium in white with IB4. The 3D

represents a region of the left ventricle of 176um and the Z-stack is scanned each 2um.

Video 3. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
ventricular myocardium shows dividing cardiomyocyte in prophase, anaphase and telophase.

10pum section.
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Video 4. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
closer view of the ventricular myocardium shows a cardiomyocyte in parallel division in

anaphase. 10 pm section.

Video 5. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
closer view of the ventricular myocardium shows a cardiomyocyte in parallel division in

anaphase. 10 pm section.

Video 6. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
closer view of the ventricular myocardium shows a cardiomyocyte in a perpendicular division in

anaphase. 10 pm section.

Video 7. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
closer view of the ventricular myocardium shows a cardiomyocyte in a parallel division in

cytokinesis. 10 pm section.

Video 8. SURVIVIN IF in cryosection in E8.5 heart. The myocardium is stained in red with SMA,
nuclei in blue with DAPI and SURVIVIN is stained in green to localize the mitotic spindle. The
closer view of the ventricular myocardium shows a cardiomyocyte in oblique division in

telophase. 10 pm section.

Video 9. N-CADHERIN IF in paraffin section in E8.5 heart. The cardiomyocyte membrane is
stained in red with WGA, nuclei in blue with DAPI and N-CADHERIN in green. N-CADHERIN
shows a punctuate signal in the lateral side of cardiomyocytes in the epithelial myocardium. 7 pm

section.

Video 10. N-CADHERIN IF in paraffin section in E8.5 heart. The cardiomyocyte membrane is
stained in red with WGA, nuclei in blue with DAPI and N-CADHERIN in green. N-CADHERIN
is redistributed to the basal side of the cardiomyocyte previous to the trabecular onset. 7 pm

section.

Video 11. N-CADHERIN IF in paraffin section in E8.5 heart. The cardiomyocyte membrane is
stained in red with WGA, nuclei in blue with DAPI and N-CADHERIN in green. After the first
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cardiomyocyte has invaded the lumen after perpendicular division, N-CADHERIN localizes in

the lateral and basal side of the cardiomyocyte. 7 um section.

Video 12. N-CADHERIN IF in paraffin section in E8.5 heart. The cardiomyocyte membrane is
stained in red with WGA, nuclei in blue with DAPI and N-CADHERIN in green. When trabecula
is growing, N-CADHERIN localizes in the lateral side of these cardiomyocytes. 7 um section.

Video 13. WM IF at E16.5 of a control heart representing v magnification. The myocardium is
stained in green with MF20, the endocardium in red with CD31 and the nuclei in blue with DAPL

The 3D represents a region of the left ventricle of 100 pm and the Z-stack is scanned each 1 um.

Video 14. WM IF at E16.5 of a Nrgl™™;Cdh5* heart representing lv magnification. The
myocardium is stained in green with MF20, the endocardium in red with CD31 and the nuclei in
blue with DAPI. The 3D represents a region of the left ventricle of 50 pm and the Z-stack is

scanned each 1 pm.

Video 15. WM control embryo at E10.5. We have focused on the heart region seen in bright field
and no endogenous GFP. The consecutive heart sections show the left ventricle with 120 um thick

and the Z-stack is scanned each 10 um.

Video 16. WM R26Nrgl-iresGEP; Tie2“" embryo at E10.5. We have focused on the heart region
seen in bright field and endogenous GFP in the endocardium that represents NRG1 expression.
The consecutive heart sections show the left ventricle with 120 pm thick and the Z-stack is

scanned each 10 um.

Video 17. WM control embryo at E10.5. We have focused on the heart region seen in bright field
and no endogenous GFP. The consecutive heart sections show the left ventricle with 90 pm thick

and the Z-stack is scanned each 10 um.

Video 18. WM R26Nrgl-iresGFP;Nkx2.5 embryo at E10.5. We have focused on the heart
region seen in bright field and endogenous GFP in endocardium and myocardium that represents
NRGI expression. The consecutive heart sections show the left ventricle with 90 pm thick and

the Z-stack is scanned each 10 pum.

The images of videos 1-2 and 15-18 were captured with the Zeiss 780 confocal microscope fitted

with a 20X objective with a dipping lens.

The images of videos 3-12 were captured with the Nikon A1R laser scanning confocal microscope

with a 60x objective.
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The images of videos 13-14 were captured with the Nikon AIR laser scanning confocal

microscope with a 20x objective.
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Cover page: Whole mount IF in a E10.5
control embryo showing a magnified region of
the left ventricle. The myocardium is stained
in red with SMA-Cy3 and the endocardium in
white with 1B4-647, that allow us to
differentiate the trabecular network closely
enveloped by the endocardial layer. The

images are captured as a Z-stack of 204 pm

and are represented in a maximum projection.

Back cover: IF in E9.5 control heart in
cryosection. SURVIVIN is stained in green to
appreciate  the mitotic  spindle, the
myocardium is stained in red with SMA-Cy3,
and the nuclei in blue with DAPL. A
cardiomyocyte from the compact myocardium
is dividing perpendicularly towards the lumen

inducing trabecular growth.






