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Nrg1 Regulates Cardiomyocyte Migration and 
Cell Cycle in Ventricular Development
Joaquim Grego-Bessa , Paula Gómez-Apiñaniz, Belén Prados, Manuel José Gómez, Donal MacGrogan , José Luis de la Pompa

BACKGROUND: Cardiac ventricles provide the contractile force of the beating heart throughout life. How the primitive 
endocardium-layered myocardial projections called trabeculae form and mature into the adult ventricles is of great interest 
for biology and regenerative medicine. Trabeculation is dependent on the signaling protein Nrg1 (neuregulin-1). However, the 
mechanism of action of Nrg1 and its role in ventricular wall maturation are poorly understood.

METHODS: We investigated the functions and downstream mechanisms of Nrg1 signaling during ventricular chamber 
development using confocal imaging, transcriptomics, and biochemical approaches in mice with cardiac-specific inactivation 
or overexpression of Nrg1.

RESULTS: Analysis of cardiac-specific Nrg1 mutant mice showed that the transcriptional program underlying cardiomyocyte-
oriented cell division and trabeculae formation depends on endocardial Nrg1 to myocardial ErbB2 (erb-b2 receptor tyrosine 
kinase 2) signaling and phospho-Erk (phosphorylated extracellular signal-regulated kinase; pErk) activation. Early endothelial loss 
of Nrg1 and reduced pErk activation diminished cardiomyocyte Pard3 and Crumbs2 (Crumbs Cell Polarity Complex Component 
2) protein and altered cytoskeletal gene expression and organization. These alterations are associated with abnormal gene 
expression related to mitotic spindle organization and a shift in cardiomyocyte division orientation. Nrg1 is crucial for trabecular 
growth and ventricular wall thickening by regulating an epithelial-to-mesenchymal transition–like process in cardiomyocytes 
involving migration, adhesion, cytoskeletal actin turnover, and timely progression through the cell cycle G2/M phase. Ectopic 
cardiac Nrg1 overexpression and high pErk signaling caused S-phase arrest, sustained high epithelial-to-mesenchymal 
transition–like gene expression, and prolonged trabeculation, blocking compact myocardium maturation. Myocardial trabecular 
patterning alterations resulting from above- or below-normal Nrg1-dependent pErk activation were concomitant with sarcomere 
actin cytoskeleton disorganization. The Nrg1 loss- and gain-of-function transcriptomes were enriched for Yap1 (yes-associated 
protein-1) gene signatures, identifying Yap1 as a potential downstream effector. Furthermore, biochemical and imaging data 
reveal that Nrg1 influences pErk activation and Yap1 nuclear-cytoplasmic distribution during trabeculation.

CONCLUSIONS: These data establish the Nrg1-ErbB2/ErbB4-Erk axis as a crucial regulator of cardiomyocyte cell cycle 
progression and migration during ventricular development.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Ventricular chamber development entails transient 
morphogenetic changes that include the formation 
of trabeculae, their expansion and growth, and their 

subsequent incorporation into a compact muscular wall. 
In zebrafish, trabeculae form by cardiomyocytes extrusion 
and their radial extension along the inner curvature of the 
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heart and into the ventricular lumen.1 In mice, trabecula-
tion begins with oriented cell division perpendicular to 
the ventricular inner wall plane, and trabecular growth is 
driven by directional migration from the outer (epicardial) 
layer toward the inner (endocardial) layer.2 The process 
of trabeculae coalescence forms a dense meshwork that 
maximizes ventricular surface area for nutrient and gas 
exchange in the absence of a coronary circulation.3 This 

meshwork later differentiates into a specialized ventricu-
lar conduction system and is resolved by expansion of 
the compact myocardium (CM), with trapped endocardial 
cells giving rise to the coronary arteries.4

Trabecular development requires the signaling activ-
ity of the membrane glycoprotein Nrg1 (neuregulin-1).5 
This endocardial protein directly binds to ErbB4 (erb-b2 
receptor tyrosine kinase 4) on adjacent cardiomyocytes, 
triggering ErbB2 (erb-b2 receptor tyrosine kinase 2) 
ligand–stimulated heterodimerization and tyrosine phos-
phorylation, followed by downstream pathway activation,6 
including the phospho-Erk (phosphorylated extracellular 
signal-regulated kinase; pErk) intracellular signaling path-
way.7 Targeted mutation of zebrafish Erbb2 or nrg2a,8,9 or 
deletion of mouse Nrg1, ErbB2, or ErbB4,5,10,11 blocks tra-
beculation. Cardiomyocyte proliferation and contractility, 
required for trabeculation, are impaired in mutant ErbB4 
mice12 and erbb2 zebrafish,8 whereas potentiation of 
ErbB2 signaling in adult mouse cardiomyocytes promotes 
proliferation and myocardial regeneration.13 The essential 
role of Nrg1 in the initiation of trabeculation is well docu-
mented, but its role in trabecular growth, maturation, and 
resolution remains uncertain. In particular, understanding 
is limited about how morphological transitions occur and 
progress to yield a mature ventricular wall.

In this study, we used conditional cardiac mutants to 
demonstrate that Nrg1-induced Erk activation fosters 
trabecular growth and ventricular wall thickening. This 

Novelty and Significance

What Is Known?
• Myocardial trabeculae play important roles in ventricu-

lar chamber growth, development of the conduction 
system, and formation of the coronary arteries.

• Trabeculae are formed through oriented cell division, 
and their growth is driven by directional migration.

• The membrane glycoprotein Nrg1 (neuregulin-1) 
mediates cell-cell signaling and is essential for trabec-
ular development.

What New Information Does This Article 
 Contribute?
• Nrg1 governs a gene expression program involving 

cardiomyocyte polarity, cell adhesion, actin cytoskel-
eton dynamics, and mitotic spindle orientation, lead-
ing to oriented cell division, trabecular growth, and 
patterning.

• Nrg1 orchestrates the coordination between cell motil-
ity and cell cycle progression, ensuring proper ventric-
ular wall growth.

• Nrg1 is required for the initial growth of the compact 
myocardium but not for the formation of the coronaries 
or compaction.

• Ectopic Nrg1 expression results in excessive trabecu-
lation while impairing compaction. This phenotype is 
accompanied by hypermitogenic cell cycle arrest.

• Nrg1 modulates phospho-Erk (extracellular signal-
regulated kinase) and mitosis-associated Yap1 
(yes1-associated transcriptional regulator) S274 phos-
phorylation during trabeculation.

Our study reveals that Nrg1 regulates gene expression 
related to cardiomyocyte polarity, cell adhesion, actin 
cytoskeleton dynamics, and mitotic spindle orientation, 
facilitating oriented cell division and trabecular growth. 
Nrg1 also coordinates cell motility and cell cycle pro-
gression, ensuring proper ventricular wall development 
without impacting coronary formation or compaction. 
Aberrant Nrg1 expression leads to excessive trabecu-
lation and compromised compaction, associated with 
hypermitogenic cell cycle arrest. Our data highlight 
Nrg1’s modulation of specific signals like phospho-
Erk and Yap1 S274 phosphorylation during trabecula-
tion. This study illuminates Nrg1’s intricate role in heart 
development, specifically in trabeculation, offering 
valuable insights into its regulation through cell divi-
sion and signaling pathways.

Nonstandard Abbreviations and Acronyms

CM compact myocardium
EMT epithelial-mesenchymal transition
ErbB2/4 erb-b2 receptor tyrosine kinase 2/4
Erk extracellular signal-regulated kinase
F-actin filamentous-actin
pErbB2  phosphorylated erb-b2 receptor tyrosine 

kinase 2
pErk  phospho-extracellular signal-regulated 

kinase
pHH3 phospho-histone H3
pYap phosphorylated Yap
SMA smooth muscle actin
TM trabecular myocardium
Yap1 yes1-associated transcriptional regulator
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effect is achieved through the regulation of cell polar-
ity, mitotic spindle orientation, cytoskeletal dynamics, and 
cell cycle progression. Our analysis revealed significant 
overlap between Nrg1-dependent genes and those gov-
erned by ErbB2 and Lin9, both of which interact with 
the Hippo pathway, involving Yap1 (yes-associated 
protein-1). These findings suggest a complex interplay 
between Nrg1-ErbB2/4-Erk and Hippo-Yap1 signal-
ing, offering promise for future cardiac regeneration 
therapies.

METHODS
Full Methods are provided in the Supplemental Material.

Data Availability
The authors declare that all supporting data are available within 
the article and its Supplemental Material.

RESULTS
Nrg1-ErbB2/4-pErk Signaling in Trabeculae 
Growth
We used Nrg1flox mice14 and the Tie2Cre driver line15 to 
inactivate Nrg1 in endothelial and endocardial cells start-
ing from E7.5 (Methods). E8.5 control and Nrg1flox;Tie2Cre 
embryos both showed a bilayered myocardial epithelium 
(Figure S1A and S1C). E9.5 controls displayed nascent 
trabeculae and a double-layered CM (Figure 1A; Figure 
S1B), whereas Nrg1flox;Tie2Cre mutants had fewer tra-
becular projections and thicker CM (Figure 1B and 1C; 
Figure S1D). E10.5 control trabeculae became more 
complex, whereas Nrg1flox;Tie2Cre mutants had rudimen-
tary trabeculae and thicker CM (Figure S1E through 
S1H). Three-dimensional reconstructions confirmed dif-
ferences in CM thickness and trabecular network size 
and complexity (Figure 1D through 1F; Figure S1I and 
S1J; Videos S1 and S2). E9.5 Nrg1flox;Tie2Cre hearts had 
reduced endocardial Nrg1 expression (Figure 1G and 
1H) and weak myocardial expression of phosphorylated 
ErbB2 (pErbB2; Figure 1I and 1J) and pErk (Figure 1K 
through 1M). Nrg1flox;Tie2Cre embryos did not survive 
beyond E12.5 (Table S1, sheet 1).

We examined Nrg1 transcription during cardiac devel-
opment by in situ hybridization. At E10.5, Nrg1 was 
transcribed throughout the endocardium (Figure S2A). 
Between E12.5 and E16.5, it persisted in scattered 
endocardial cells (Figure S2B through S2E). We also 
assessed pErk expression as an Nrg1-pErbB2 activ-
ity readout13 (Figure S2F through S2J). From E9.5 to 
E11.5, pErk was detected in the myocardium, particu-
larly at trabeculae tips (Figure S2F and S2G). At E12.5, 
pErk expression shifted to the base of trabeculae (Figure 
S2H), suggesting involvement in endocardium-derived 
coronary vessels development. At E13.5, pErk was 

detected in a few myocardial cells and nascent coronar-
ies (Figure S2I). At E16.5, pErk expression was mostly 
restricted to coronary endothelium (Figure S2J). pErk 
expression is consistent with an Nrg1 role in trabecular 
myocardium (TM) between E9.5 and E12.5 and in coro-
nary endothelium thereafter.

Nrg1 Requirement for Cardiac Developmental 
Patterning and Proliferation
We examined the ECM (extracellular matrix), required for 
cardiomyocyte migration and trabeculae formation.16 At 
E8.5, Alcian blue staining revealed ECM glycosamino-
glycans in control and Nrg1flox;Tie2Cre hearts (Figure S3A 
and S3C). At E9.5 and E10.5, staining was reduced in 
Nrg1flox;Tie2Cre hearts (Figure S3B through S3F), indicat-
ing a trabeculation defect.

RNA sequencing analysis of E9.5 identified 1219 dif-
ferentially expressed genes (P<0.05; Table S2, sheets 1 
and 2) between control and Nrg1flox;Tie2Cre hearts. Mutant 
hearts showed reduced expression of Nrg1 and key tra-
becular genes, including Bmp10, Hand1, Irx3, and Sema3a 
(Figure 1N and 1O; Figure S3I through S3L). Additionally, 
Has2, involved in cardiac jelly synthesis,16 was decreased 
and limited to rudimentary trabeculae (Figure 1N; Fig-
ure S3G and S3H). Itgα6 (integrin alpha 6) expression 
was also reduced in Nrg1flox;Tie2Cre mutants (Figure S3M 
through S3O). In contrast, Hey2 transcription increased 
in the CM of Nrg1flox;Tie2Cre mutants (Figure 1O), indicat-
ing disruption in trabeculation and chamber myocardium 
patterning due to Nrg1-ErbB2/4 signaling abrogation.

Enrichment analysis of HALLMARK gene sets (false 
discovery rate, q<0.05),17 uncovered cellular stress path-
ways (HYPOXIA and REACTIVE_OXYGEN_SPECIES; 
Figure 1P), associated with p53 activation (Figure 1P). 
The leading-edge genes of the P53_PATHWAY were 
related to cell cycle, DNA damage response, apopto-
sis, and p53 response processes (Figure S4A).18 Other 
enriched pathways included proliferation and growth 
(ESTROGEN_RESPONSE_EARLY, MYC_TARGETS_V2, 
MTORC1_SIGNALING, and E2F_TARGETS; Figure 1P; 
Table S2, sheet 3), with E2F_TARGETS representing 
genes involved in cell cycle regulation, chromatin homeo-
stasis, DNA repair and replication, mitosis, and cytoskel-
etal regulation (Figure S4B). To elucidate this defect, we 
measured bromodeoxyuridine (BrdU) incorporation as an 
S-phase marker from E8.5 and E10.5 (Figure 1Q; Fig-
ure S5). At E8.5, proliferation was similar in control and 
Nrg1flox;Tie2Cre hearts (Figure S5A, S5B, and S5E). How-
ever, at E9.5, there was a 10% reduction in proliferation 
in the CM of Nrg1flox;Tie2Cre hearts (Figure S5C through 
S5E). This difference persisted in E10.5 CM but not in 
the endocardium or TM (Figure 1Q and 1S). Examination 
of E2F_TARGET genes revealed increased expression of 
cell cycle inhibitors, including p21/Cdkn1a, p27/Cdkn1b, 
p18/Cdkn2c, and CIP2/Cdkn3 (Figure S4). Cdkn1b 
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Figure 1. Nrg1 (neuregulin-1)-ErbB2 (erb-b2 receptor tyrosine kinase 2)- phospho-Erk (phosphorylated extracellular signal-
regulated kinase; pErk) signaling requirement for trabeculation initiation and expansion.
Immunofluorescence (IF) against SMA (smooth muscle actin; red) and IB4 (isolectin B4; white) in sections from E9.5 control (A) and 
Nrg1flox;Tie2Cre hearts (B). Yellow lines mark compact myocardium (CM) thickness. DAPI counterstained (blue). C, Quantification of CM thickness 
and trabecular myocardium (TM) length in E9.5 control and Nrg1flox;Tie2Cre left ventricles (n=4 embryos per genotype, ≥3 sections per embryo). D 
and E, Three-dimensional reconstruction of SMA-stained E10.5 control and Nrg1flox;Tie2Cre left ventricles. F, Quantifications of CM thickness and 
TM length (n=7 embryos per genotype, ≥3 sections per embryo). G through L, IF for Nrg1, pErbB2, and pErk in E9.5 control (G, I, and K) and 
Nrg1flox;Tie2Cre embryos (H, J, and L). SMA, red; IB4, white. DAPI counterstained. Arrows mark endocardium; arrowheads mark (Continued )
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encodes for cyclin-dependent kinase inhibitor p27Kip1 
protein, which binds and blocks cyclin-CDK to arrest 
the cell cycle and organismal growth.19 Consistent with 
reduced BrdU measurements, p27 protein expression 
was increased in Nrg1flox;Tie2Cre CM but did not change in 
TM (Figure 1R and 1T).

Pathways previously linked to trabeculation in zebraf-
ish,1 such as KRAS_SIGNALING_UP, APICAL_SUR-
FACE, and epithelial-to-mesenchymal transition (EMT), 
were also affected (Figure 1P; Figure S4C and S4D; 
Table S2, sheet 3). These processes, involving the cyto-
skeleton, cellular motility, and ECM, tended to be depleted 
(false discovery rate, q<0.5; Figure 1P; Figure S4C and 
S4D). Overall, our data indicate that Nrg1-ErbB2/4 sig-
naling is required for both patterning and emergence of 
trabeculae, and CM cardiomyocyte proliferation. Despite 
reduced proliferation, cardiomyocytes contributing to tra-
beculae formation remained within the myocardium of 
Nrg1flox;Tie2Cre mutants, resulting in abnormal ventricular 
thickening.

Nrg1 Requirement for Polarity Gene Expression 
and Cytoskeletal Organization
Cell polarity and cytoskeletal dynamics are interlinked 
processes implicated in altered trabeculation in mice and 
zebrafish.1,20 Genes associated with cytoskeletal actin 
remodeling (Arf4, Dock2, Sh3bp1, and Arf6) and orga-
nization (Rac1 and Rac2), cell polarity (Amotl1, Pard3, 
Nek3, Dlg1, Sipa1l3, Stk11, and Wnt11), cell division ori-
entation (Sapcd2), motility (Kif26b and Actr2), and Fgf-
Erk signaling (Spry2 and Fgf10) were dysregulated in 
Nrg1flox;Tie2Cre hearts (Figure 2A).

In E8.5 controls, filamentous-actin (F-actin) staining 
showed even circumferential distribution at the plasma 
membrane (Figure 2B and 2C; Videos S3 and S5), while 
Nrg1flox;Tie2Cre hearts exhibited nonuniform F-actin distri-
bution concentrated at cell junctions (Figure 2B and 2C; 
Videos S4 and S6), indicating the disruption of the actin 
cortical network. This defect was consistent with the 
aberrant expression of gene sets related to cytoskeleton 
(Gene Ontology [GO]: 0005856) and regulation of actin 
polymerization (GO: 0008064) in Nrg1flox;Tie2Cre mutants 
(Figure S6A and S6B).

Nrg1flox;Tie2Cre hearts displayed reduced Pard3 (Par-3 
Family Cell Polarity Regulator; Figure 2A; Table S2, sheet 
2). Pard3 inactivation disrupts apicobasal polarity in epi-
thelial cells21 and causes planar polarity defects in endo-
thelial cells.22 En face immunofluorescence staining of 
Pard3 in E8.5 control hearts showed even distribution 
at the apical/abluminal pole of ventricular cardiomyo-
cytes (Figure 2D, left; Figure 2E). However, Pard3 was 
diminished in Nrg1flox;Tie2Cre hearts (Figure 2D, right; 
Figure 2E). While E8.5 and E9.5 control cardiomyocytes 
exhibited Pard3 at the apical/abluminal pole (Figure 2F), 
it was notably lacking in trabecular cardiomyocytes (Fig-
ure S7A, S7C, and S7C’), aligning with loss of apicobasal 
polarity in these cells.1 In contrast, Pard3 was severely 
depleted in E8.5 and E9.5 Nrg1flox;Tie2Cre ventricles (Fig-
ure 2F; Figure S7B, S7D, and S7D’), suggesting altered 
apicobasal cardiomyocyte polarity. Crumbs2 (Crumbs Cell 
Polarity Complex Component 2)—essential for cardio-
myocyte apicobasal polarity in zebrafish23—was located 
at the apical pole of E8.5 control CM cardiomyocytes 
(Figure S7E and S7F) but was depleted in Nrg1flox;Tie2Cre 
mutants (Figure S7G and S7H), indicating a potential 
loss of polarity in Nrg1flox;Tie2Cre cardiomyocytes. Thus, 
loss of Nrg1 is linked to decreased expression of cell 
polarity proteins and actin cytoskeleton disorganization.

Nrg1 Requirement for Oriented Division During 
Trabeculation
The interaction between polarity complexes and the 
cytoskeleton determines mitotic spindle positioning and 
cell division orientation.24 Abnormal expression of genes 
related to mitotic spindle assembly, such as Cep250, 
Aurka, Katnb1, Dlg1, Tubgcp2, Kif1b, and Kif5b, was 
observed in Nrg1flox;Tie2Cre mutants (Figure 2G). More-
over, spindle orientation during trabeculation has been 
linked to the function and cellular distribution of adhesion 
complexes.25 Additionally, alterations in adhesion mol-
ecules were indicated by changes in cell adhesion (GO: 
0007155) and regulation of cell-matrix adhesion (GO: 
0001952) gene sets (Figure S6C and S6D). These 
data support Nrg1-ErbB2-pERK signaling requirement 
in gene regulation of cell polarity, adhesion, and spindle 
orientation during trabeculation.

Figure 1 Continued. myocardium. M, Western blot of pErk in E9.5 ventricles (pool of n=3 per genotype). N, Heatmap of differentially expressed 
genes (DEGs) in E9.5 control vs Nrg1flox;Tie2Cre hearts. The color code represents normalized gene expression from −2 to +2. O, Hey2, Bmp10, 
and Hand1 in situ hybridization (ISH) in E9.5 control and Nrg1flox;Tie2Cre embryos. Arrows, TM; arrowheads, CM. P, Gene set enrichment analysis 
(GSEA) for E15.5 Nrg1flox;Tie2Cre vs control against Hallmark gene sets. The bubble plot represents enrichment data for a selection of 19 Hallmark 
gene sets at false discovery rates (FDRs) of q<0.1 and q<0.5, for gene sets with positive or negative enrichment score, respectively. Scale bar 
indicates normalized enrichment score (NES) from −2 to +2. Gene count is the number of genes at the intersection between the complete 
collection of genes used as input for the analysis and the complete list of genes included in the gene set, according to the corresponding 
database. Q, Bromodeoxyuridine (BrdU) IF in E10.5 control and Nrg1flox;Tie2Cre embryos. Arrows, myocardium; arrowheads, endocardium. R, p27 
IF in E9.5 control and Nrg1flox;Tie2Cre embryos. Arrows, myocardium. S, Quantification of BrdU incorporation in E10.5 control (n=5, ≥3 sections per 
embryo) and Nrg1flox;Tie2Cre embryos (n=4, ≥3 sections per embryo). T, Quantification of p27 IF in E9.5 control and Nrg1flox;Tie2Cre embryos (n=3 
embryos per genotype). P values obtained by the Mann-Whitney U test. Scale bars, 200 µm (low magnification in A, B, and O), 50 µm (D and E), 
20 µm (high magnification in A, B, and G through L, Q, and R), and 10 µm (high magnification in Gi and Hi). En indicates endocardium; LV, left 
ventricle, and RV, right ventricle.
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Figure 2. Nrg1 (neuregulin-1) requirement for polarity gene expression and cytoskeletal organization during trabeculation.
A, Panther enrichment analyses of 1219 differentially expressed genes (DEGs) in Nrg1flox;Tie2Cre vs control comparison identified establishment 
or maintenance of cell polarity (Gene Ontology [GO]: 0007163) as enriched (P=0.0064). Heatmap shows relative expression of DEGs associated 
with this GO term. B, Whole-mount phalloidin staining Z-stack projections of apical (0–4 µm) and basolateral (5–9 µm) regions of outer compact 
myocardium (CM) in E8.5 control and Nrg1flox;Tie2Cre heart sections. C, Pixel intensity quantification along a 10-pixel-wide trace (white lines in B). 
Red lines indicate similar background intensities in control and Nrg1flox;Tie2Cre heart sections. Green asterisks indicate values above gray intensity 
of 100 (green lines). D, Whole-mount immunofluorescence (IF) for Pard3 (Par-3 Family Cell Polarity Regulator). E, Pixel intensity quantification 
along a 10-pixel-wide trace (white lines between arrowheads). Red lines indicate similar background intensities in control and (Continued )
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Cardiomyocytes divide obliquely or perpendicular to 
the lumen to form the nascent trabeculae, whereas those 
that divide in parallel contribute to the CM2,20 (Figure 2H). 
Survivin immunofluorescence allows visualization of the 
mitotic cleavage furrow and division axis during telophase 
(Figure 2I and 2J; Figure S7I through S7O). In E8.5 con-
trols, 46.2% cardiomyocyte mitosis were parallel (between 
0° and 20°) to the ventricular lumen (Figure 2I, i and 2J), 
26.9% were oblique (between 20° and 70°; Figure 2J and 
2K), and 26.9% were perpendicular (between 70° and 90°; 
Figure 2J and 2M). In somite-matched E8.5 Nrg1flox;Tie2Cre 
mutants, parallel divisions significantly increased (76.7%; 
Figure 2I, ii and 2J), with reductions in oblique (16.7%; 
Figure 2J and 2L) and perpendicular divisions (6.7%; Fig-
ure 2J and 2N). In E9.5 controls, parallel divisions still pre-
vailed (61.4%) compared with perpendicular (14%) and 
oblique divisions (24.6%; Figure S7I, S7K, S7M, and S7O). 
Yet, in E9.5 Nrg1flox;Tie2Cre mutants, up to 83.6% of divi-
sions were parallel, 14.5% were oblique (Figure S7J, S7L, 
and S7O), and perpendicular divisions dropped to 1.8% 
(Figure S7N and S7O). Thus, cardiomyocyte-oriented 
cell division is disrupted in Nrg1flox;Tie2Cre mutants. Biased 
parallel division in Nrg1flox;Tie2Cre mutants might offset 
the observed reduction of proliferation at E9.5, leading to 
increased CM thickness.

Nrg1 Requirement for Ventricular Wall 
Formation but Not Coronary Development
To bypass Nrg1flox;Tie2Cre lethality (Table S1, sheet 1), 
we bred Nrg1flox and Cdh5CreERT2 mice26 to generate mice 
with inducible pan-endothelial Nrg1 deletion. Adminis-
tering consecutive 4-hydroxytamoxifen doses at E10.5 
and E11.5 inhibited TM and CM growth in E13.5 Nrg1
flox;Cdh5CreERT2 mice (Figure S8A and S8B), resulting in 
thinner TM and CM at E16.5 (Figure 3A through 3C). 
Altered expression of the ventricular conduction system, 
trabecular and CM markers Gja5, Bmp10, and Hey2, 
revealed loss of trabeculae patterning and CM expansion 
in mutants (Figure 3D; Figure S8C through S8F). Nrg1f

lox;Cdh5CreERT2 mice survived until E18.5 (Table S1, sheet 
2). Later, 4-hydroxytamoxifen induction (E12.5–E13.5) 
did not cause ventricular abnormalities at E18.5 (Figure 
S8G through S8K), indicating that Nrg1-pErk require-
ment precedes E13.5.

We performed RNA sequencing on E15.5 control 
and Nrg1flox;Cdh5CreERT2 hearts (Table S3, sheets 1 and 

2). Differentially expressed genes (Benjamini-Hochberg 
[B-H], P<0.05) were associated with angiogenesis, 
migratory processes (Cxcr4, Vegfb, Aplnr1, Edn1, Ednrb, 
and Angpt1; Figure 3E), and ventricular conduction sys-
tem development (Sema3a, Efna1, Nkx2-5, Etv1, and 
Ache; Figure 3E). In mice, coronary arteries are located 
deep within the myocardial wall, whereas the veins are 
superficial, beneath the epicardium.27 The organiza-
tion and complexity of coronary arteries, as well as the 
venous tree organization, were unaffected in E16.5 Nrg1f

lox;Cdh5CreERT2 mutant hearts (Figure S9A, S9B, S9D, S9E, 
S9F, and S9H). Similar results were obtained with the 
vascular endothelial-specific PdgfiCreERT2 Cre driver line28 
(Figure S9C, S9D, S9G, and S9H).

Further in situ hybridization for coronary veins (CoupT-
FII), arteries (Dll4), coronaries (Fapbp4), and endothelial 
markers (Cdh5) in E16.5 Nrg1flox;Cdh5CreERT2 mutants and 
control littermates did not reveal discernible differences 
(Figure S9I through S9P). To assess the relative number 
of endothelial cells in the E16.5 heart’s CM, we quantified 
IB4 (isolectin B4)-positive signal percentage but found 
no distinction between Nrg1flox;Cdh5CreERT2 and controls 
(Figure S10A through S10C), indicating the absence of 
coronary vascular defects in Nrg1 mutants. Furthermore, 
SM22 (smooth muscle cell-specific cytoskeletal protein) 
and Notch3 immunofluorescence showed unaffected 
coronary vessel smooth muscle cell differentiation and 
pericyte coverage in Nrg1flox;Cdh5CreERT2 hearts (Figure 
S10D and S10E). Thus, lack of an inner compact wall 
does not affect coronary development in Nrg1flox;Cdh5Cre

ERT2 hearts, suggesting that any reduced endocardial con-
tribution to coronary vasculogenesis in these mutants is 
compensated for by alternative endothelial cells sources.

Nrg1 Regulates Motility and G2/M Progression 
During Ventricular Wall Growth
Further analysis identified depleted HALLMARK gene 
set was EMT (−log[false discovery rate], P<0.05; Fig-
ure 3F; Table S3, sheet 3). The leading-edge depleted 
genes were associated with cell cytoskeleton, ECM 
composition, and adhesion molecules (Figure S11A 
and S11B). Other depleted gene sets evoked cell 
shape and polarity (APICAL_SURFACE and API-
CAL_JUNCTION) and promigratory signaling path-
ways (WNT_BETA_CATENIN_SIGNALING and 
HEDGEHOG_SIGNALING; Figure 3F). Furthermore, 

Figure 2 Continued. Nrg1flox;Tie2Cre heart sections. Green asterisks represent values above gray intensity of 30 (green lines). F, Pard3 IF 
in transverse sections of E8.5 control and Nrg1flox;Tie2Cre embryos (green). Arrowheads in insets mark the apical domain of the CM. DAPI 
counterstained (blue). G, Heatmap of DEGs for components and mitotic spindle regulators. Color code represents normalized gene expression 
from −1.5 to +1.5. H, Schematic of mitotic spindle orientation analysis relative to the cardiac lumen: parallel (0°–20°), oblique (20°–70°), or 
perpendicular (70°–90°). I through N, Representative IF images of mitotic cells stained for survivin (green) and SMA (smooth muscle actin; red) 
in control and Nrg1flox;Tie2Cre heart sections at E8.5. DAPI counterstained. A general view of E8.5 hearts is shown in the top (I, insets i and ii). 
White lines in i and ii and K through N indicate the reference plane of the cardiac lumen. Yellow lines indicate mitotic spindle orientation. J, OCD 
quantification in E8.5 control (n=3 embryos; n=26 mitotic figures) and Nrg1flox;Tie2Cre hearts (n=3 embryos; n=30 mitotic figures). P values 
obtained by Fisher exact test. P<0.05. Scale bars, 20 µm (B, D, and F), 15 µm (D), and 10 µm (I–N).
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Figure 3. Nrg1 (neuregulin-1) role in trabecular growth and inner ventricular wall formation.
A and B, Itga6 (integrin α6) and Tnnt2 (troponin T2) immunofluorescence (IF; A) and phalloidin (F-actin; B) staining in E16.5 control and Nrg
1flox;Cdh5CreERT2 heart sections. Dotted lines mark the compact myocardium (CM)–trabecular myocardium (TM) separation. C, Quantification of 
CM and TM thickness (n=4 embryos per genotype and ≥3 sections per embryo). D, Gja5 ISH in E16.5 control and Nrg1flox;Cdh5CreERT2 embryos. 
Arrows mark TM. E, Heatmap of representative differentially expressed genes (DEGs) in E15.5 control vs Nrg1flox;Cdh5CreERT2 hearts. The color 
code represents normalized gene expression from −1.5 to +1.5. F, Gene set enrichment analysis (GSEA) for E15.5 Nrg1flox;Cdh5CreERT2 vs control 
against Hallmark gene sets. The bubble plot represents enrichment data for a selection of 14 Hallmark gene sets with false discovery rate 
(FDR) q<0.25. Scale bar indicates normalized enrichment score (NES) from −2 to +2. Gene count is the number of genes at the intersection 
between the complete collection of genes used as input for the analysis and the complete list of genes included in the gene set, according to the 
corresponding database. G, Left, Phospho-histone 3 (pHH3) IF on E16.5 control and Nrg1flox;Cdh5CreERT2 heart sections (n=3 per genotype). G, 
Right, Boxed regions magnified. H, Quantification of %pHH3+ cardiomyocytes (n=3 per genotype and ≥3 sections per embryo). I, (Continued )
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CHOLESTEROL_HOMEOSTASIS depletion aligns with 
Nrg1-ErbB4’s role in cholesterol metabolism.29 Con-
versely, overrepresented pathways like G2/M_CHECK-
POINT and E2F_TARGETS point to a proliferative defect 
(Figure 3F), involving associated cell cycle, chromatin, 
DNA repair, replication, and mitosis-related genes (Fig-
ure S11C), whereas nuclear transport and transcription 
regulation pathways and, importantly, the cytoskeleton 
(Figure S11B and S11C) emphasize the nucleus-cyto-
skeleton connection.

We examined E16.5 Nrg1flox;Cdh5CreERT2 mutants for 
changes in the G1/S and G2/M cell cycle phases using 
BrdU incorporation and the mitosis marker phospho-
histone H3 (pHH3). At E16.5, these mutants showed a 
higher proportion of pHH3-positive (pHH3+) cardiomyo-
cytes, especially in TM (Figure 3G and 3H), and this dif-
ference was already noticeable at E12.5 (Figure S12A, 
S12B, and S12R). There was no change in the propor-
tion of BrdU+ cells in CM or TM, either at E13.5 (Fig-
ure S12C, S12D, and S12G) or at E16.5 (Figure S12E, 
S12F, and S12G). Ki67 staining, which marks the S-G2 
phases, also confirmed that Nrg1 depletion did not affect 
proliferation at E12.5 or E16.5 (Figure S12H through 
S12K and S12R). These findings suggest that Nrg1 
mutants experience a delay or prolongation in cell cycle 
progression through the G2/M phase, while the G1/S 
phase remains unaffected.

We examined p27Kip1 protein expression, known both 
as a pERK effector30 and a cell cycle regulator.31 At 
E12.5, p27 expression increased in Nrg1flox;Cdh5CreERT2 
CM and TM (Figure S12L, S12M, and S12R), aligning 
with elevated pHH3 and a potential G2/M delay. This dif-
ference persisted in CM at E16.5, although p27 staining 
was greatly reduced in both control and mutant by then 
(Figure S12N through S12Q and S12R). This analysis 
indicates that Nrg1 regulates trabecular growth and 
chamber formation by coordinating cell migration and 
G2/M progression.

Ectopic Nrg1 Expression Induces Trabeculation
For further insight, we generated a transgenic line 
bearing a Rosa26-floxNeoSTOPflox-Nrg1-eGFP 
expression cassette (Figure S13A and S13B; 

Methods). Nkx2-5Cre-mediated32 removal of the Neo-
STOP sequences led to the expression of both GFP 
(Figure S13C and S13D) and Nrg1 (Figure S13E and 
S13F). E16.5 R26Nrg1GOF;Nkx2-5Cre hearts were devel-
opmentally arrested, resembling E12.5 controls (Figure 
S14A and S14B). This was evident in the presence of 
a double-outlet right ventricle, overriding aorta (Figure 
S14A), and ventricular septal defect (Figure S14B). 
Additionally, E16.5 R26Nrg1GOF;Nkx2-5Cre hearts exhib-
ited superficial outgrowths resembling fistulae (Figure 
S14Ci and S14Cii), likely due to direct communication 
between the endocardium and epicardium caused by CM 
thinning (Figure 3I and 3L). R26Nrg1GOF;Nkx2-5Cre mice 
die by E18.5 (Table S1, sheet 3).

At E16.5, transgenic epicardium had 3 to 4 cell lay-
ers instead of one (Figure S14D). The subepicardial 
layer had infiltrated endothelial cells but lacked coher-
ent large vessel conduits (Figure 3I; Figure S14D). 
Cardiomyocyte shape (roundness) in the outer CM of 
R26Nrg1GOF;Nkx2-5Cre hearts resembled control TM 
more than the corresponding CM (Figure 3J, 3K, and 
3M). Additionally, Itgα6 expression expanded in E10.5 
R26Nrg1GOF;Nkx2-5Cre hearts from TM to CM (Figure 
S14E and S14F). Thus, Nrg1 overexpression transforms 
CM into trabecular like.

RNA sequencing analysis on E15.5 transgenic 
hearts identified >4500 differentially expressed 
genes in R26Nrg1GOF;Nkx2-5Cre hearts (false discovery 
rate, q<0.05; Table S4, sheets 1 and 2). As expected, 
the expression of a subset of His-Purkinje–specific 
genes33 was upregulated (Figure 3N). In situ hybridiza-
tion revealed expanded Gja5 transcription toward the 
CM (Figure 3O), consistent with the role of Nrg1 as a 
ventricular conduction system differentiation driver.34 
Gene set enrichment analysis revealed the enrichment 
for promigratory processes (EMT, APICAL_JUNCTION, 
and KRAS_SIGNALING_UP) in R26Nrg1GOF;Nkx2-5Cre 
hearts (Figure 3P), involving expression of the EMT tran-
scription factors Snail and Twist (Figure S15A; Table S4, 
sheets 2 and 3) and EMT signaling pathways, including 
TGFβ (TGF_BETA_SIGNALING) and BMP (Figure 3P; 
Figure S15B and S15C; Table S4, sheets 2 and 3).

Conversely, metabolic pathways (OXPHOS, FATTY_
ACID_METABOLISM, and ADIPOGENESIS), associated 

Figure 3 Continued. IB4 (isolectin B4) and DAPI staining in E16.5 control and R26Nrg1GOF;Nkx2-5Cre transverse heart sections. Double-
headed arrows indicate myocardium thickness. Dotted lines demark the CM-TM separation. J and K, WGA (wheat germ agglutinin)-FITC staining 
on transverse sections of CM and TM in E16.5 control and R26Nrg1GOF;Nkx2-5Cre hearts. Quantification of CM and TM thickness (L) and cell 
roundness (M) in E16.5 control and R26Nrg1GOF;Nkx2-5Cre heart sections (n=3 embryos per genotype and ≥3 sections per embryo). N, Heatmap 
of DEG in E15.5 R26Nrg1GOF;Nkx2-5Cre vs control hearts. The color code represents NES from −1.5 to +1.5. O, Gja5 ISH in E16.5 control and 
R26Nrg1GOF;Nkx2-5Cre hearts. P, GSEA for E15.5 R26Nrg1GOF;Nkx2-5Cre vs control against Hallmark gene sets. The bubble plot represents 
enrichment data for a selection of 14 Hallmark gene sets with FDR q<0.05. Scale bar indicates NES from −3 to +3. Gene count is the number 
of genes at the intersection between the complete collection of genes used as input for the analysis and the complete list of genes included in 
the gene set, according to the corresponding database. Q, Left, Bromodeoxyuridine (BrdU)-positive IF on E16.5 control and R26Nrg1GOF;Nkx2-
5Cre hearts (n=3 per genotype). Q, Right, Boxed regions magnified. R, Quantification of %BrdU incorporation in CM and TM in control and 
R26Nrg1GOF;Nkx2-5Cre hearts (n=3 per genotype and ≥3 sections per embryo). P values obtained by the Mann-Whitney U test. Scale bars, 100 µm 
in A, D, and O; 50 µm in B; 200 µm in G; 50 µm in G, inset; 20 µm in I through K; 200 µm in Q; and 50 µm in insets. lv, left ventricle
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Figure 4. Cytoskeletal dynamics mediate ventricular patterning.
A through F, Phalloidin (filamentous-actin [F-actin]) staining and SMA (smooth muscle actin) immunofluorescence (IF) in E16.5 left ventricular 
sections from control (A and D), Nrg1flox;Cdh5CreERT2 (B and E), and R26Nrg1GOF;Nkx2-5Cre hearts (C and F). Yellow lines mark the position of the 
trabecular myocardium (TM)–compact myocardium (CM) morphological border. The border shifts in Nrg1flox;Cdh5CreERT2 and R26Nrg1GOF;Nkx2-5Cre 
hearts. The arrow marks strong SMA immunostaining in TM relative to CM in Nrg1flox;Cdh5Cre hearts (E). Note also reduced SMA expression in 
R26Nrg1GOF;Nkx2-5Cre CM (F). G through L, Hey2 and Bmp10 ISH in E16.5 left ventricular sections from control (G and J), Nrg1flox;Cdh5CreERT2 (H 
and K), and R26Nrg1GOF;Nkx2-5Cre hearts (I and L). Pink lines mark the position of the TM-CM morphological border. The border shifts in Nrg1flox;
Cdh5CreERT2 and R26Nrg1GOF;Nkx2-5Cre hearts. Arrows mark ectopic Hey2 and Bmp10 expression in Nrg1flox;Cdh5CreERT2 and (Continued )
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with MYC activity (MYC_TARGET_V1 and MYC_TAR-
GET_V2; Figure 3P; Table S4, sheets 2 and 3), were 
depleted, revealing impaired cardiac metabolic matura-
tion. Intermediate filament genes have been implicated 
in lineage determination and organ maturation.35 Lamins, 
nestin, and keratin genes were differentially regulated in 
R26Nrg1GOF;Nkx2-5Cre hearts (Figure S15D). In E16.5 
controls, Nestin expression was weak in TM but strong in 
endothelium and epicardium (Figure S14Gi and S14Gi’). 
In contrast, R26Nrg1GOF;Nkx2-5Cre hearts displayed Nes-
tin expression in TM and in the expanded subepicardium, 
devoid of SMA (smooth muscle actin) staining (Figure 
S14Hii and S14Hii’). Overall, Nrg1 overexpression alters 
the relative proportion of ventricular wall cell types and 
causes the CM to become trabecular-like

Ectopic Nrg1 Expression Causes Cell Cycle 
Arrest and a Prosenescence Phenotype
The metabolic defect was also associated with upregula-
tion of cytotoxic stress, proinflammatory, and prosenes-
cence gene sets (Figure 3P; Figure S15E and S15F; 
Table S4, sheet 3). Activation of cellular stress pathways 
suppresses cell division and promotes senescence and 
has been associated with hypermitotic cell cycle arrest.36 
Indeed, depletion of cell cycle–related gene sets (E2F_
TARGETS and G2M_CHECKPOINT; Figure 3P) sug-
gested a proliferation defect. We examined E12.5 and 
E16.5 R26Nrg1GOF;Nkx2-5Cre hearts for cell cycle altera-
tions. The proportion of BrdU+ cells was lower in both 
the CM and TM of E16.5 R26Nrg1GOF;Nkx2-5Cre hearts 
(Figure 3Q and 3R), suggesting reduced proliferation 
or delayed G1/S progression. This was confirmed by 
Ki67 staining (Figure S16A through S16D). However, 
pHH3+ indexes in CM were unaffected in E12.5 and 
E16.5 R26Nrg1GOF;Nkx2-5Cre hearts (Figure S16E, S16F, 
and S16I). In TM, pHH3+ staining increased at E12.5 
but not at E16.5 (Figure S16E, S16F, and S16I). These 
findings suggest reduced ventricular wall proliferation 
in R26Nrg1GOF;Nkx2-5Cre hearts, aligning with the sug-
gested trabeculation of the CM.

Analysis of E2F_TARGET genes revealed changes 
in key cell cycle regulators, with increased cdkn1a/p21 
and decreased cdkn1b/p27, cdkn2c/p18 (Figure S15G), 
potentially contributing to the growth delay. p27 expres-
sion was higher in both CM and TM of R26Nrg1GOF;Nkx2-
5Cre hearts (Figure S16G and S16I), correlating with 
reduced BrdU labeling (Figure 3Q and 3R) and a 

potentially delayed G1/S phase. Cdkn1b transcription 
did not match protein expression, likely due to posttran-
scriptional regulation of p27.37 Increased p27 expression 
persisted in CM but not TM at E16.5 (Figure S16H and 
S16I). These data indicate that Nrg1 overexpression pro-
motes cell cycle arrest and a prosenescence phenotype.

Nrg1 Regulates Ventricular Patterning Mediated 
by Cytoskeletal Dynamics
TM and CM marker analysis in Nrg1flox;Cdh5CreERT2 and 
R26Nrg1GOF;Nkx2-5Cre hearts revealed changes in ven-
tricular patterning (Figure 4A through 4L). At E16.5, SMA 
typically marks immature proliferative CM38 (Figure 4D). 
However, in Nrg1flox;Cdh5CreERT2 hearts, SMA extended 
along the trabeculae (Figure 4E), indicating defective 
maturation and expanded CM identity. Conversely, SMA 
was reduced in the CM of R26Nrg1GOF;Nkx2-5Cre hearts 
(Figure 4F), indicating loss of CM identity and acquisi-
tion of a trabecular one. In support, in situ hybridization 
showed Hey2 expression abnormally extended into TM 
of Nrg1flox;Cdh5CreERT2 hearts, contrasting its normal CM 
restriction (Figure 4G and 4H), and was almost absent 
from R26Nrg1GOF;Nkx2-5Cre ventricles (Figure 4G and 
4I), reflecting loss of CM identity. In contrast, Bmp10 
transcription was reduced in TM of Nrg1flox;Cdh5CreERT2 
mutants (Figure 4J and 4K) and extended into CM in 
R26Nrg1GOF;Nkx2-5Cre embryos (Figure 4J and 4L), 
reflecting acquisition of TM identity. In summary, Nrg1 
loss of function leads to a compact-like TM, while Nrg1 
gain of function results in a trabecular-like CM.

Tissue patterning partly relies on the cytoskeleton.39 We 
investigated actin cytoskeleton changes possibly contribut-
ing to patterning defects by analyzing F-actin (phalloidin) 
and α-actinin (Figure 4M through 4O). In E10.5 controls, 
phalloidin staining was notably higher in TM compared with 
CM, while α-actinin showed similar intensity (Figure 4M 
and 4N). However, phalloidin staining in TM was similar 
to CM in E10.5 Nrg1flox;Tie2Cre mutants, and CM staining 
resembled TM in E10.5 R26Nrg1GOF;Nkx2-5Cre hearts (Fig-
ure 4M and 4N). This indicated that the contrast in F-actin 
staining intensity, characteristic of TM and CM, disappeared 
in both Nrg1flox;Tie2Cre and R26Nrg1GOF;Nkx2-5Cre hearts, 
in line with the loss of TM and CM identities. Immunofluo-
rescence against α-actinin (Figure 4O) showed that the 
sarcomeres in trabecular cardiomyocytes of E16.5 con-
trol, Nrg1flox;Cdh5CreERT2, and R26Nrg1GOF;Nkx2-5Cre hearts 
displayed well-organized striation pattern (Figure 4Oi). In 

Figure 4 Continued. R26Nrg1GOF;Nkx2-5Cre hearts. Note also reduced Hey2 expression in CM of R26Nrg1GOF;Nkx2-5Cre hearts. M, F-actin 
(phalloidin) and α-actinin staining in E10.5 control, Nrg1flox;Tie2Cre, and R26Nrg1GOF;Nkx2-5Cre hearts. Yellow arrows, TM; arrowheads, CM. N, 
Quantification of phalloidin and α-actinin staining and phalloidin/α-actinin ratios in heart sections from E10.5 control, Nrg1flox;Cdh5CreERT2, and 
R26Nrg1GOF;Nkx2-5Cre embryos (n=3 embryos per genotype and 4 measurements per embryo). P values were obtained by the Mann-Whitney U 
test. O, α-Actinin and α-SMA immunodetection in E16.5 control, Nrg1flox;Cdh5CreERT2, and R26Nrg1GOF;Nkx2-5Cre hearts. i, ii, and iii show high-
magnification views of TM, inner CM, and outer CM, respectively. P through R, Detail of F-actin and α-actinin double IF at E16.5 in inner CM (ii) 
and outer CM (iii). Yellow arrows mark Z bands and highlight aberrant Z-band structures in Nrg1flox;Cdh5CreERT2 and R26Nrg1GOF;Nkx2-5Cre hearts. 
Scale bars, 100 µm in A through I, and O; 20 µm in M; 10 µm in Oi through Oiii; and 5 µm in P through R.
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Figure 5. Nrg1 (neuregulin-1)-mediated phospho-Erk (extracellular signal-regulated kinase; pErk) and phosphorylated Yap1 
(yes1-associated transcriptional regulator; pYap1) regulation in chamber development.
A through C, pErk immunofluorescence (IF) in E9.5 (A and B) and E11.5 embryos (C and D). Arrowheads indicate labeled cardiomyocytes in 
trabecular myocardium (TM) and compact myocardium (CM). E and F, Gene set enrichment analysis (GSEA) for E15.5 Nrg1flox;Cdh5CreERT2 vs 
control (E) and R26Nrg1GOF;Nkx2-5Cre vs control (F), against gene sets of ERBB2OE vs control and Lin9KO vs control, or direct YAP1 target genes. 
Bubble plots showing enrichment data at false discovery rate (FDR) q<0.25, with color scale indicating NES from −3 to +3. G, pYAP S274 IF in 
E9.5 control and (H) Nrg1flox;Tie2Cre heart sections. Arrows mark cytoplasmic signal, and arrowheads mark nuclear signal. I, Western blot analysis 
and quantification of pYAP S274 and pMOB1-Thr35 in E9.5 control and Nrg1flox;Tie2Cre ventricles (pool of n=3 per genotype), (Continued )
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control CM, cardiomyocytes had 2 distinct fiber patterns: 
inner CM with circular striation (Figure 4Oii) and outer 
CM with fiber orientation similar to TM (Figure 4Oiii). Sar-
comere fiber orientation in Nrg1flox;Cdh5CreERT2 hearts was 
defective in the inner CM (and similar to the outer CM), 
while the outer CM remained normal (Figure 4Oii and 
4Oiii). Conversely, CM in R26Nrg1GOF;Nkx2-5Cre ventricles 
had sarcomere fiber orientation resembling TM (Fig-
ure 4Oi through 4Oiii). Nrg1flox;Cdh5CreERT2 CM showed dif-
fuse sarcomeres with ring-like structures (Figure 4P, 4Qii, 
and 4Qiii), suggesting disrupted Z-line alignment. This 
striated sarcomere structure was also evident in F-actin 
staining, with ring-like structures in Nrg1flox;Cdh5CreERT2  
hearts (Figure 4Qii and 4Qiii), indicating misalignment of 
F-actin branching. Similar ring-like structures were observed 
in CM sarcomeres of R26Nrg1GOF;Nkx2-5Cre hearts (Fig-
ure 4Rii and 4Riii). Thus, altered Nrg1 expression disrupts 
ventricular patterning and is associated with changes in 
F-actin organization and sarcomere Z-line positioning.

Nrg1 Modulates pErk-Dependent Yap1 S274 
Phosphorylation During Trabeculation
pErk expression in developing hearts is a Nrg1 signal-
ing readout (Figure 1K through 1M; Figure S2F and 
S2G). In E9.5 control hearts, pErk was expressed in tra-
beculae and nearby (Figure 5A) and in some epicardial 
cells at E11.5 (Figure 5C). In contrast, E9.5 to E11.5 
R26Nrg1GOF;Nkx2-5Cre hearts showed ectopic pErk 
expression in CM and subepicardial layers (Figure 5B 
and 5D). From E13.5 onward, pErk was absent in control 
myocardium (Figure S2I and S2J) but present in coro-
nary endothelial cells (Figure S17A), akin to Nrg1flox;Ca
dh5CreERT2 hearts (Figure S17B). By E16.5, ectopic pErk 
expression in R26Nrg1GOF;Nkx2-5Cre myocardium has 
subsided (Figure S17C).

We examined pErbB2 and pErbB4 expression dur-
ing compaction. In E16.5 controls, pErbB2 and pErbB4 
were expressed in coronary endothelium, sparsely in 
endocardium, and absent from myocardium (Figure 
S17D and S17G). pErbB2 was also found in epicardium 
(Figure S17D). In Nrg1flox;Cadh5CreERT2 hearts, coronary 

endothelial and endocardial expression persisted (Fig-
ure S17E and S17H). In R26Nrg1GOF;Nkx2-5Cre hearts, 
pErbB2 and pErbB4 were expressed in both endo-
thelium and endocardium but remained absent from 
myocardium (Figure S17F and S17I). Thus, during com-
paction, myocardial expression of pErbB2 and pErbB4 
diminishes, and Nrg1 cannot induce their expression in 
this tissue.

The R26Nrg1GOF;Nkx2-5Cre gene signature closely mir-
rored those found in adult mouse hearts overexpressing 
ErbB2 (ErbB2OE)40 and in fetal hearts deficient for the 
activator MuvB core complex component Lin9 (Lin9KO, 41;  
Figure S17J and S17K). Notably, the EMT and OXPHOS 
gene signatures were respectively enriched and depleted 
in the 3 transcriptomes, whereas the opposite change 
occurred after Nrg1 inactivation (Figure 3F; Figure S17L). 
ErbB2-mediated cardiac regenerative effects involve 
Yap1,40 and there was significant overlap between the 
Yap1-regulated and Lin9-dependent gene signatures.42 
Gene set enrichment analysis revealed that many differ-
entially expressed genes in ErbB2OE and Lin9KO hearts 
exhibited significant alterations in the Nrg1 transcrip-
tomes (Figure 5E and 5F; Figure S17L). Moreover, the 
E15.5 R26Nrg1GOF;Nkx2-5Cre transcriptome displayed 
significant overlap with the Yap1 target gene signature43 
(Figure S18A), potentially linking Yap1 downstream of 
Nrg1-pERK in the signaling cascade.

ErbB2 signaling via Erk elicits cytoskeletal changes 
with an altered mechanical state and downstream Yap 
S274 phosphorylation, resulting in phosphorylated Yap 
(pYap) activation and nuclear localization.40 Given the 
enrichment of Yap1 target genes in R26Nrg1GOF;Nkx2-5Cre  
hearts, we examined the Nrg1 mutants for Hippo 
(Mob1)-dependent Yap1 phosphorylation on S112 
(S127 in human) and pErk and mitosis-associated 
Yap1 phosphorylation on S274 (S289 in human).44 
Control E9.5 expressed pYap S112 in the cytoplasm of 
endocardial cells and weakly in some cardiomyocytes 
(Figure S18B). In Nrg1flox;Tie2Cre hearts, pYap S112, 
while maintained in the endocardium, was not visible in 
cardiomyocytes (Figure S18C). pMob1-Thr35 expres-
sion was also below normal (Figure 5I), suggesting 

Figure 5 Continued. pYAP S274, pERK 42/44, and pMOB1-Thr35 in E16.5 control and Nrg1flox;Cdh5CreERT2 (J), and control and 
R26Nrg1GOF;Nkx2-5Cre ventricles (K). n=1 embryo per genotype; n=2 to 3 replicas (J and K). P values were obtained by the Mann-Whitney U 
test. α-Tubulin was used as gel-loading control and for normalization in quantifications. Scale bars: 100, 20, and 10 µm in A and B (low- to 
high-magnification view); 100, 30, and 10 µm in C and D; 50 um in G and H; 10 um in i and ii. L, Proposed Nrg1 function in ventricular chamber 
development and maturation. E8.5 to E10.5: wild type, Nrg1 released from the endocardium (green) activates phosphorylated ErbB2 (erb-b2 
receptor tyrosine kinase 2; pErbB2) and pErk in TM (blue), promoting nuclear pYap S274 (pYap S274act). Signaling involves actin cytoskeleton 
activation, apical-basal (A-B) polarity loss, epithelial-mesenchymal transition (EMT)–like phenotype, OCD, directional migration, and patterning 
(CM vs TM). Nrg1 loss of function (LOF; E8.5–E10.5): disrupted Nrg1 signaling affects OCD, causing CM thickening and underdeveloped 
trabeculae, associated with A-B polarity marker depletion, disorganized actin cytoskeleton, low pErk, and pYap S274 inactivation (pYap S274inact). 
E10.5 to E16.5: wild-type trabeculae elongate via directional migration from outer CM (beige) to inner CM (blue). Nrg1 is crucial for ventricular 
conduction system (VCS) specification (brown) but not compaction. Nrg1 LOF (E10.5–E16.5) results in Nrg1 depletion, low pErk, and TM 
expressing CM genes, leading to rudimentary mispatterned trabeculae, reduced inner myocardial wall growth, and hypomitogenic cell cycle 
arrest. Nrg1 gain of function (GOF; E10.5–E16.5), cardiac Nrg1 overexpression, high pErk, trabeculation of CM, and impaired compaction. 
Hypermitogenic signaling causes cell cycle arrest and senescence onset. Both Nrg1 LOF and GOF disrupt ventricular chamber maturation and 
cardiac developmental progress.
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that Hippo-dependent Yap1 nuclear localization would 
be higher in E9.5 Nrg1flox;Tie2Cre hearts. However, at 
E13.5, pYap S112 was found exclusively in endocar-
dial cells in both control and Nrg1flox;Cadh5CreERT2 hearts 
(Figure S18D and S18E), and the same restriction was 
observed at E16.5 in control and R26Nrg1GOF;Nkx2-5Cre  
hearts (Figure S18F and S18G). Thus, pYap S112 
expression and Hippo-regulated Yap activity are depen-
dent on Nrg1 at E9.5 but independent of Nrg at E13.5 
or E16.5.

In E9.5 controls, pYap S274 was localized in cardio-
myocyte nuclei (Figure 5G) but was mostly cytoplasmic 
in Nrg1flox;Tie2Cre hearts (Figure 5H). In agreement, West-
ern blot revealed below-control pYap S274 expression 
in Nrg1flox;Tie2Cre hearts (Figure 5I). Consistent with the 
dependence of pYap S274 on Erk phosphorylation.40 
pErk expression was also below control (Figure 1M). 
In contrast, at E16.5, pYap S274 immunofluorescence 
labeled only scattered cells in the myocardium of control,  
Nrg1flox;Cdh5CreERT2, and R26Nrg1GOF;Nkx2-5Cre hearts 
(Figure S18H through S18J), although Western blot 
detected above control-level expression of pMob1-
Thr35 in both Nrg1 loss-of-function and gain-of-function 
mutants (Figure 5J and 5K). These data suggest that 
Erk phosphorylation, pYap S274 cellular distribution, and 
Hippo/Mob1 activity in cardiomyocytes are dependent 
on Nrg1 during trabeculation but not during compaction.

DISCUSSION
Trabeculation is a dynamic process, involving transient 
disruption of the myocardial cell layer integrity and a dis-
tribution of polarized morphologies and division dynamics 
across the ventricles (Figure 5L). In zebrafish, this mani-
fests as an EMT-like process involving actin cytoskel-
eton changes, resulting in actomyosin polarization, apical 
constriction, depolarization, and delamination without 
division.1,8,45 In mice, realignment of the division axis of 
cardiomyocytes undergoing trabeculation involves tran-
sient disruption and repositioning of polarity, focal cell, 
and matrix adhesion complexes.2,20 Spindle orientation 
and directional migration are guided by intracellular sig-
naling cascades, which shape the contractile actomyosin 
network and impact force transmission.24

We demonstrate that Nrg1 regulates gene expres-
sion crucial for cell shape and morphology, including key 
polarity complex components, with depletion of the api-
cal junction and polarity proteins Pard3 and Crumbs2, 
related with oriented cell division and trabeculation20,23 
(Figure 5L). These changes were also linked to ventricu-
lar wall defects and modified expression of cell junction 
components essential for myocardial structural integ-
rity.2,25 Disrupted actin organization in Nrg1flox;Tie2Cre car-
diomyocytes causes a failure to acquire the motile and 
invasive behaviors required for correct orientation of the 
mitotic spindle and orthogonal cardiomyocyte division. 

Later, trabecular growth relies on EMT-like migration of 
cardiomyocytes from the outer compact layer to the tra-
beculae (Figure 5L).

Initial thickening of the inner myocardial wall depends 
on the formation of a mixed trabecular/compact zone near 
the source of Nrg1. The outer CM starts with 2 to 3 layers 
but attains a thickness of about 15 to 20 cell layers by the 
end of trabeculation (Figure 5L), likely through differential 
growth.46 The inner CM may serve as a feeder for trabecu-
lar growth,2 consistent with studies identifying migrating 
cell clones spanning transmural locations during chamber 
development.2,47 These EMT-like processes disrupt cell-
cell interactions and polarity complexes, accompanied by 
actin filament rearrangement to bestow invasive behaviors 
required for cellular motility.48 However, they occur with-
out canonical EMT transcription factors or mesenchymal 
marker acquisition, suggesting a partial or incomplete 
EMT.48 Thus, Nrg1 regulates CM and TM spatial distribu-
tion by generating molecularly distinct myocardial layers 
and establishing trabecular boundaries (Figure 5L).

Therefore, Nrg1 promotes TM and inner CM develop-
ment while limiting the growth of outer CM proliferative 
cardiomyocytes. Analogously to lung airway epithelium,49 
parallel cardiomyocyte division may represent the default 
orientation for myocardial growth. Nrg1-ErbB2/4-Erk 
signaling might act as a switch to override this default 
orientation, not by offering an orientation cue but by 
determining a cell’s responsiveness to such cues. Cell 
polarity pathways, vital for spindle angle control in epi-
thelial tissues, may fulfill these roles.24 Besides tran-
scriptional regulation, an Nrg1-pErbB2/4-pErk kinase 
cascade may also impact centrosomal components or 
cytoskeletal elements that control centrosome position 
and spindle orientation.50

Nrg1 overexpression profoundly alters CM cellular 
composition, increasing endothelial and epicardial cell 
proportions compared with cardiomyocytes. This sug-
gests that, as development proceeds, patterning and 
growth of the outer CM no longer depends on Nrg1, as 
cardiomyocytes lose sensitivity to endocardial signals, 
and pErk downstream effector activity is suppressed in 
the myocardium, likely through ErbB2/4 downregulation. 
This aligns with a limited spatiotemporal role during the 
trabeculation phase of ventricular development. Due to 
their higher proliferation rate, CM cardiomyocytes even-
tually outgrow trabecular cardiomyocytes during com-
paction.51 TM versus CM specification could hinge on 
cardiomyocyte proximity to Nrg1’s source, with its impact 
primarily affecting endocardial-proximal cardiomyocytes 
responsible for subendocardial ventricular myocardium 
and Purkinje fibers.33 (Figure 5L).

Our studies highlight the coordination between cell 
division and migration in shaping tissue growth and mor-
phogenesis patterns and boundaries.52 Nrg1 not only 
impacts morphogenesis and EMT-like processes but 
also regulates genes related to cell cycle progression, 
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including mitosis, DNA processes, and the cytoskel-
eton.53 The link between cytoskeleton organization, cell 
adhesion, and the cell cycle54 is evident in actin-regu-
lated G2/M checkpoint mechanisms.55 Our interpretation 
that Nrg1-pErk signaling is required for G2/M phase 
progression aligns with earlier research highlighting 
ERBB2 (HER2) and ERK1/2 as key regulators of the 
G2/M checkpoint response to genotoxic stress.56 Two 
types of cell cycle arrest are highlighted here36: (1) clas-
sical (hypomitogenic) growth arrest caused by growth 
factor withdrawal, resulting in cell cycle exit characterized 
by inactivation of both upstream (Ras-Mapk signaling) 
and downstream proliferation factors; (2) hypermitogenic 
cell cycle arrest, resulting from active mitogen-activated 
pathways and impaired cell cycle progression, leading to 
a senescence-like phenotype.

The available evidence indicates that (1) Nrg1 acti-
vates endogenous ErbB4 to induce Yap1 target genes in 
breast cancer cells29; (2) ErbB2 drives mitosis during car-
diac regeneration via pErk-dependent Yap1 activation40; 
(3) interaction of Yap1 with the Myb-MuvB complex pro-
motes mitotic gene expression in fetal cardiomyocytes41; 
and (4) Yap1-driven cardiac regeneration relies on the 
transcription of cell cycle, adherens-junction, and cyto-
skeletal genes.43,57,58 Given the significant overlap involv-
ing EMT-like genes between Nrg1, ErbB2 and Yap1 
gain-of-function, and Lin9 inactivation gene signatures, 
and Nrg1 requirement for Yap1 S274 nuclear localization 
during trabeculation (but not during compaction), Yap1 
could act as an Nrg1 downstream effector during tra-
beculation (Figure 5L)

Trabeculation defects, reduced intertrabecular spac-
ing, and underdeveloped CM are key morphological 
features of left ventricular noncompaction cardiomyopa-
thy.59 Experimental human cell data suggest that left ven-
tricular noncompaction cardiomyopathy may result from 
faulty cardiomyocyte proliferation.60 In contrast, mouse 
data indicate that the persistence of postnatal trabeculae 
could be attributed to either excessive TM proliferation61 
or reduced CM proliferation.51 Our studies suggest that 
left ventricular noncompaction cardiomyopathy could be 
associated with disrupted asymmetrical growth and dif-
ferentiation throughout the ventricular wall, resulting in 
defective trabecular patterning and cardiomyocyte pro-
liferation. The extensive overlap of cell division and mor-
phogenesis complicates distinguishing their separate 
roles in TM and CM growth. The potential for multiomic 
measurement at a single-cell level offers an exciting 
opportunity for future research.
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