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ORIGINAL RESEARCH

Impaired Human Cardiac Cell Development due 
to NOTCH1 Deficiency
Shiqiao Ye,* Cankun Wang ,*  Zhaohui Xu ,*  Hui Lin, Xiaoping Wan, Yang Yu , Subhodip Adhicary , Joe Z. Zhang,  
Yang Zhou, Chun Liu , Matthew Alonzo , Jianli Bi, Angelina Ramirez-Navarro, Isabelle Deschenes, Qin Ma , Vidu Garg , 
Joseph C. Wu , Ming-Tao Zhao

BACKGROUND: NOTCH1 pathogenic variants are implicated in multiple types of congenital heart defects including hypoplastic 
left heart syndrome, where the left ventricle is underdeveloped. It is unknown how NOTCH1 regulates human cardiac cell 
lineage determination and cardiomyocyte proliferation. In addition, mechanisms by which NOTCH1 pathogenic variants lead 
to ventricular hypoplasia in hypoplastic left heart syndrome remain elusive.

METHODS: CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 genome editing was utilized to delete 
NOTCH1 in human induced pluripotent stem cells. Cardiac differentiation was carried out by sequential modulation of WNT signaling, 
and NOTCH1 knockout and wild-type differentiating cells were collected at day 0, 2, 5, 10, 14, and 30 for single-cell RNA-seq.

RESULTS: Human NOTCH1 knockout induced pluripotent stem cells are able to generate functional cardiomyocytes and 
endothelial cells, suggesting that NOTCH1 is not required for mesoderm differentiation and cardiovascular development in 
vitro. However, disruption of NOTCH1 blocks human ventricular-like cardiomyocyte differentiation but promotes atrial-like 
cardiomyocyte generation through shortening the action potential duration. NOTCH1 deficiency leads to defective proliferation 
of early human cardiomyocytes, and transcriptomic analysis indicates that pathways involved in cell cycle progression and 
mitosis are downregulated in NOTCH1 knockout cardiomyocytes. Single-cell transcriptomic analysis reveals abnormal cell 
lineage determination of cardiac mesoderm, which is manifested by the biased differentiation toward epicardial and second 
heart field progenitors at the expense of first heart field progenitors in NOTCH1 knockout cell populations.

CONCLUSIONS: NOTCH1 is essential for human ventricular-like cardiomyocyte differentiation and proliferation through balancing 
cell fate determination of cardiac mesoderm and modulating cell cycle progression. Because first heart field progenitors 
primarily contribute to the left ventricle, we speculate that pathogenic NOTCH1 variants lead to biased differentiation of 
first heart field progenitors, blocked ventricular-like cardiomyocyte differentiation, and defective cardiomyocyte proliferation, 
which collaboratively contribute to left ventricular hypoplasia in hypoplastic left heart syndrome.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cardiac lineage differentiation ◼ cardiomyocyte proliferation ◼ hypoplastic left heart syndrome ◼ induced pluripotent stem cells ◼ 
mesoderm ◼ NOTCH1 ◼ single-cell RNA-seq
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NOTCH signaling pathway is highly conserved across 
the animal kingdom and is widely utilized to regu-
late cell fate determination and cell proliferation 

in development.1,2 In mammals, the core components 
of the NOTCH signaling pathway include 4 receptors 

(NOTCH1-4) and 5 ligands (JAG1-2, DLL1, DLL3, and 
DLL4). Receptor-ligand interactions lead to proteolytic 
cleavage and release of the NOTCH intracellular domain 
from the membrane.3 The NOTCH intracellular domain 
then translocates to the nucleus and forms an activation 
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complex with RBPJ (also known as CBF1) by evicting 
a histone deacetylase corepressor. The activation com-
plex further recruits the histone acetyltransferase and 
MAML1, and triggers the transcriptional activation of 
NOTCH downstream target genes including the bHLH 
transcriptional repressors HEY1 and HEY2.4

NOTCH signaling pathway plays an essential role in cell 
fate determination and morphogenesis in the developing 

heart.5–7 During embryonic heart development, NOTCH 
receptors and ligands are primarily expressed in the devel-
oping endocardium and myocardium, respectively. NOTCH 
activation in the endocardium stimulates the transcription 
of EFNB2 (ephrin B2). EFNB2 then activates the secre-
tory protein NRG1 (neuregulin-1), which promotes the 
differentiation of adjacent cells into trabecular cardiomyo-
cytes.8,9 In parallel, NOTCH activation in the endocardium 
modulates BMP10 (bone morphogenetic protein 10) in 
the neighboring cardiomyocytes, promoting their prolif-
eration.8 During mouse ventricular chamber development, 
NOTCH signaling first connects endocardium and myo-
cardium to support trabeculation, then coordinates ven-
tricular patterning and compaction with coronary artery 
development to form the mature chamber.10

NOTCH signaling disruption leads to impaired myo-
cardial differentiation and proliferation, which are mani-
fested by ventricular malformations such as hypoplastic 
left heart syndrome (HLHS)11,12 and left ventricular non-
compaction cardiomyopathy in humans.13 HLHS is a 
severe type of congenital heart defect that occurs in 
approximately 1 out of 3841 live births.14 Typically, the 
left ventricle is under-developed in HLHS, accompanied 
by structural defects in the mitral valve, aortic valve, and 

Nonstandard Abbreviations and Acronyms

APD	 action potential duration
DEG	 differentially expressed genes
FHF	 first heart field
HLHS	 hypoplastic left heart syndrome
iPSC	 induced pluripotent stem cell
iPSC-CM	 iPSC-derived cardiomyocyte
iPSC-EC	 iPSC-derived endothelial cell
N1KO	 NOTCH1 knockout
SHF	 second heart field
WT	 wild type

NOVELTY AND SIGNIFICANCE

What Is Known?
•	 During development, NOTCH signaling is essential 

for cardiac cell fate determination and cardiovascular 
morphogenesis.

•	 Disruption of NOTCH signaling leads to impaired myo-
cardial differentiation and proliferation.

•	 Pathogenic variation in NOTCH1 is associated with 
hypoplastic left heart syndrome and aortic valve dis-
ease in humans.

What New Information Does This Article Con-
tribute?
•	 In human induced pluripotent stem cells (iPSCs), 

NOTCH1 disruption blocks human ventricular-like car-
diomyocyte differentiation but promotes atrial-like car-
diomyocyte generation.

•	 NOTCH1 deficiency leads to impaired proliferation of 
early human cardiomyocytes, possibly through down-
regulation of pathways that are involved in cell cycle 
progression and mitosis.

•	 Single-cell transcriptomic analysis reveals the abnor-
mal cell lineage specification and imbalanced differen-
tiation of the first heart field, second heart field and 
epicardial progenitors in NOTCH1 deficient iPSCs.

NOTCH signaling is an evolutionarily conserved path-
way and involved in multiple aspects of cell fate deter-
mination and proliferation during development. Though 
NOTCH signaling is essential for heart development in 
mammals, it remains unclear how NOTCH1 modulates 
human cardiac cell lineage specification during devel-
opment. By leveraging CRISPR/Cas9 genome editing 
technology, we generated multiple NOTCH1 knockout 
(N1KO) human iPSC lines. Human N1KO iPSCs can 
generate functional cardiomyocytes and endothelial cells, 
indicating that NOTCH1 is not required for mesoderm 
differentiation and cardiovascular development in vitro. 
However, NOTCH1 is required for human ventricular-like 
cardiomyocyte differentiation by limiting atrial-like cardio-
myocyte generation. Single-cell transcriptomics analysis 
reveals NOTCH1 modulates cell fate determination of 
early cardiac mesoderm towards the first heart field, sec-
ond heart field, and epicardial progenitors. Human N1KO 
iPSC-derived cardiomyocytes display cell proliferation 
defects, suggesting that NOTCH1 is required for cell 
cycle progression and mitosis during the early phases of 
cardiomyocyte proliferation in human heart development. 
As pathogenic NOTCH1 variants are associated with 
hypoplastic left heart syndrome in humans, this study 
provides novel insights on how NOTCH1 dysfunction 
may contribute to ventricular hypoplasia and structural 
anomalies in congenital heart defects.



Ye et al NOTCH1 Modulates Human Cardiac Cell Development

Original Research

Circulation Research. 2023;132:187–204. DOI: 10.1161/CIRCRESAHA.122.321398� January 20, 2023    189

ascending aorta.15 Although pathogenic NOTCH1 muta-
tions have been linked to HLHS and aortic valve dis-
ease,11,16–18 molecular and cellular etiologies underlying 
the ventricular hypoplasia remain unknown.19 In this study, 
we leveraged CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats)/Cas9 genome editing to 
generate NOTCH1 homozygous knockout (NOTCH1−/−, 
denoted as NOTCH1 knockout [N1KO] hereafter) 
human induced pluripotent stem cells (iPSCs). We dif-
ferentiated N1KO-iPSC into cardiomyocytes (iPSC-
CMs) and endothelial cells (iPSC-ECs), and profiled the 
transcriptional dynamics of differentiating cells at key 
developmental stages by single-cell RNA sequencing. 
We found that human cardiac lineage determination and 
cardiomyocyte proliferation were disrupted due to loss 
of function in NOTCH1. Our results provide mechanistic 
insights on how NOTCH1 mutations in humans lead to 
abnormal cardiomyocyte differentiation and proliferation, 
and contribute to the left ventricular hypoplasia in HLHS.

METHODS
Data Availability
Detailed methods and Major Resource Table are provided in 
the Supplemental Material. Data will be made available upon 
reasonable request, by contacting the corresponding author. 
Raw and processed RNA-seq and single-cell RNA sequencing 
data are available in the NCBI GEO database (GSE195559 
and GSE196632). The graphic abstract was generated using 
BioRender.com.

RESULTS
NOTCH1 Is Not Required for Mesodermal and 
Vascular Endothelial Differentiation of Human 
iPSCs
Notch signaling is essential for post-implantation embry-
onic development in mammals and homozygous Notch1 
knockout mouse embryos die by the mid-gestation.20 
Additional studies have shown that Notch1 knockout 
mouse embryos display severe defects in vascular mor-
phogenesis.21 To illustrate the regulatory role of NOTCH1 
in human cardiac development and congenital heart dis-
ease, we generated NOTCH1 homozygous knockout 
iPSC lines from 3 healthy subjects using CRISPR/Cas9 
genome editing. We designed sgRNA pairs (Table S1) that 
targeted NOTCH1 exon 1 and exon 2 to completely dis-
rupt the transcriptional initiation (Figure 1A). We utilized an 
EGFP-containing CRISPR vector PX45822 and enriched 
EGFP+ transfected cells by flow cytometry (Figure 
S1A). We designed pairs of primers within and flanking 
the deleted region to identify homozygous iPSC clones 
(Figure S1B). For homozygous knockouts, a smaller (409 
bp) PCR product would be amplified using outside prim-
ers and no PCR product generated using inside primers 

(Table S2). Sanger sequencing confirmed deletion of a 2.4 
kb NOTCH1 genomic segment in the N1KO iPSC clones 
(Figure S1C and S1D). Results from qPCR and West-
ern blotting confirmed the absence of NOTCH1 at both 
mRNA and protein levels in the homozygous N1KO iPSCs 
(Figure 1B and 1C; Figure S1E). All 3 N1KO human iPSC 
lines showed normal karyotypes (Figure S1F).

To test whether NOTCH1 deletion disrupted meso-
dermal and endothelial cell differentiation in human 
iPSCs, we differentiated homozygous N1KO iPSCs into 
endothelial cells by stimulation of the Wnt signaling path-
way using the small chemical CHIR99021. Homozygous 
NOTCH1 deletion did not block mesodermal differen-
tiation, as TBXT+ and TBX6+ mesodermal cells were 
present in N1KO cells at D2 of differentiation (Figure 
S2). We observed no significant difference in endothe-
lial differentiation efficiency between wild-type (WT) and 
N1KO as assessed by the percentage of CD31+ cells at 
D10 of differentiation (Figure 1D). Both WT and N1KO 
iPSC-ECs expressed endothelial cell-specific markers 
CD31 and CD144 (Figure 1E). Arterial endothelial-spe-
cific genes DLL4, EFNB, NOTCH1, NOTCH4, HEY1, and 
HEY2 were significantly downregulated in N1KO iPSC-
ECs compared with WT iPSC-ECs (Figure 1F and 1G). 
In contrast, expression levels of venous endothelial cell 
marker genes such as NR2F2 and EPHB4 were dramati-
cally increased in N1KO iPSC-ECs (Figure 1F). Collec-
tively, these results indicate that NOTCH1 is not required 
for mesoderm differentiation, but is essential for arterial 
endothelial cell specification of human iPSCs.

Next, we carried out RNA-seq to profile transcrip-
tomic changes in endothelial cells due to NOTCH1 
disruption. We identified 895 differentially expressed 
genes (DEGs; false discovery rate [FDR]<0.05, fold 
change >2) between N1KO and WT iPSC-ECs (Fig-
ure S3A). Principal component analysis indicated 
whole transcriptomic differences between N1KO and 
WT iPSC-ECs (Figure S3B). There were 451 upregu-
lated and 444 downregulated DEGs in N1KO iPSC-
ECs. Expression levels of NOTCH pathway ligands 
DLL4 and receptor NOTCH1, and downstream targets 
(HEY2, HEYL, and HES4) were significantly decreased 
in N1KO iPSC-ECs (Figure S3C). In contrast, tran-
scription factors NR2F2 and NKX2-5 were upregu-
lated in N1KO iPSC-ECs (Figure S3C), indicating 
the promotion of venous endothelial cell specification 
due to NOTCH1 dysfunction.23,24 Gene ontology path-
way enrichment analysis showed that the upregulated 
DEGs (in red) in N1KO iPSC-ECs were primarily asso-
ciated with cell-cell adhesion, extracellular matrix orga-
nization, and epithelial tube morphogenesis, whereas 
downregulated DEGs (in blue) were enriched in the 
neural crest cell migration, pulmonary valve morpho-
genesis, aortic valve development, atrioventricular valve 
development, and cardiac chamber development (Fig-
ure S3D). This is consistent with the role of NOTCH1 
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variants in CHD, in which disruption of these biologi-
cal pathways leads to bicuspid aortic valve, tetralogy of 
Fallot, and HLHS.11,16,18,25 QIAGEN Ingenuity Pathway 
Analysis (IPA) identified network interaction modu-
lated by NOTCH downstream regulator RBPJ (CBF1;  
Figure S3E).

Ventricular-Like Cardiomyocyte Differentiation 
Is Impaired Whereas Atrial-Like Cardiomyocyte 
Determination Is Promoted in N1KO iPSCs
We examined how NOTCH1 deficiency affects human 
cardiac differentiation using a small molecule-mediated 

Figure 1. Generation of NOTCH1 knockout (N1KO) human induced pluripotent stem cells (iPSCs) and endothelial 
differentiation.
A, Schematic overview of deleting a 2.4-skb segment including exon 1 and exon 2 in the NOTCH1 gene using CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats)/Cas9 genome editing. B, Quantitative PCR (qPCR) analysis shows mRNA levels in N1KO iPSCs (t test, 
n=3). C, Western blot indicates the absence of NOTCH1 in the homozygous N1KO iPSCs at the protein level. GAPDH is used as an internal 
control. D, Endothelial differentiation efficiency measured by the percentage of CD31+ cells at D10 of differentiation (1-way ANOVA, n=6). E, 
Expression of endothelial markers CD31 and CD144 in wild-type (WT) and N1KO iPSC-ECs. F, qPCR analysis shows reduced expression of 
arterial endothelial genes (DLL4 and EFNB2) and enhanced expression of venous endothelial genes (NR2F2 and EPHB4) in homozygous N1KO 
iPSC-ECs. G, qPCR data indicate downregulation of NOTCH1, NOTCH4, HEY1, and HEY2 in N1KO compared with WT iPSC-ECs (t test, n=3). 
All bar graphs show mean±SEM. *P<0.05, **P<0.01, ***P<0.001. Scale bars = 50 μm. EC indicates endothelial cell.
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cardiac differentiation protocol.26 N1KO did not delay 
cardiac differentiation as illustrated by similar onset of 
beating (days 8 and 9) for N1KO and WT iPSCs (Fig-
ure  2A). N1KO and WT iPSC-CMs displayed typical 
sarcomere structures with intercalated distribution of 
cardiac troponin T (TNNT2) and α-actinin (Figure 2B). 
Because iPSC-CMs are a mixed population of ventricu-
lar-, atrial-, and nodal-like cells,27,28 we assessed whether 
NOTCH1 knockout influenced the specification of these 
cardiac subtypes. NOTCH1 deficiency resulted in signifi-
cantly downregulated ventricular cardiomyocyte-specific 
genes myosin regulatory light chain 2, ventricular muscle 
isoform (MYL2) and Iroquois-class homeodomain protein 
IRX4 (Figure 2C and 2D). Interestingly, NOTCH1 disrup-
tion enhanced expression of genes that are enriched 
in human atria (eg, nuclear receptor NR2F2; potassium 
channel KCNJ3; and myosin regulatory light 2 chain 2, 
atrial isoform MYL7) in iPSC-CMs (Figure 2E through 
2G). In addition, immunofluorescence staining using anti-
bodies against TNNT2 and MYL2 showed significantly 
lower percentage of MYL2+TNNT2+ ventricular-like 
cardiomyocytes in N1KO (~10%) compared with WT 
iPSC-CMs (~70%) at D45 (Figure 2H and 2I). Notably, 
the percentages of cardiac troponin T (TNNT2+) car-
diomyocytes were not significantly different between 
N1KO and WT iPSC-CMs as assayed by flow cytometry 
(Figure 2J), suggesting that NOTCH1 minimally affects 
cardiomyocyte differentiation efficiency in human iPSCs.

In contrast, the proportion of atrial-like cardiomyo-
cytes, which were labeled by COUP-TFII (encoded by 
NR2F2), was significantly increased in N1KO iPSC-CMs 
(Figure  2K). Because mitochondrial oxidative capacity 
is higher in ventricular myocardium in explanted human 
heart compared with atrial myocardium, we compared 
the mitochondrial respiration in iPSC-CMs using the 
oxygen consumption rate as an indicator. At maximal 
respiration level, the oxygen consumption rate was sig-
nificantly lower in N1KO compared with WT iPSC-CMs 
(Figure 2L). ATP production was also significantly down-
regulated in N1KO iPSC-CMs (Figure  2M), possibly 
due to reduced mitochondrial respiration capacity, which 
is likely associated with fewer ventricular-like cardio-
myocytes in the population. MitoTracker assay further 
showed that mitochondria mass was lower in N1KO than 
WT iPSC-CMs, indicating reduced number of mitochon-
dria due to NOTCH1 disruption (Figure S4). Collectively, 
these results indicate that ventricular-like cardiomyocyte 
differentiation is compromised whereas atrial-like cardio-
myocyte differentiation is promoted due to NOTCH1 dis-
ruption during human cardiac lineage commitment.

Next, we performed RNA-seq to profile gene expres-
sion changes in response to NOTCH1 knockout. Principal 
component analysis plot revealed that N1KO iPSC-CMs 
were separated from WT iPSC-CMs at a global tran-
scriptional level (Figure S5A). We identified 860 DEGs 
between N1KO and WT iPSC-CMs (FDR<0.05 and 

fold change>2; Figure S5B), with 408 upregulated and 
452 downregulated in N1KO versus WT cells. The top 
enriched pathways upregulated in N1KO iPSC-CMs 
were involved in cardiac muscle cell differentiation, heart 
contraction, and muscle system process (Figure S5C). 
In contrast, downregulated pathways enriched in N1KO 
iPSC-CMs were associated with ventricular cardiac mus-
cle tissue morphogenesis, action potential, and epithelial 
tube morphogenesis (Figure S5C). Gene ontology cel-
lular component enrichment showed the upregulation of 
voltage-gated sodium channel complex and downregula-
tion of cell-cell junction, sarcomere, myofibril, contractile 
fiber, Z disc, and I band in N1KO iPSC-CMs (Figure S5D). 
In addition, top upstream regulators predicted by IPA 
analysis included HEY2, CTNNB1 (β-catenin), NKX2-5, 
BMP4, and WNT3A (Figure S5E). Together, these results 
suggest an essential role of NOTCH1 in transcriptional 
modulation of human cardiac differentiation.

Electrophysiological Characterization of N1KO 
Cardiomyocytes
During mouse heart development, ectopic Notch activa-
tion in cardiomyocytes triggers Purkinje-like state and 
leads to prolongation of action potential duration through 
modulation of voltage-gated potassium (K+) currents.29,30 
To elucidate how NOTCH1 disruption interferes with 
electrophysiological behaviors of human cardiomyocytes, 
we employed optical mapping to classify cardiac sub-
types by measuring ASAP2 fluorescence dynamics.31 We 
grouped iPSC-CMs into 3 categories: ventricular-like, 
atrial-like, and nodal-like cardiomyocytes (Figure 3A) 
based on EP characterization. Under regular cardiac dif-
ferentiation protocol using small molecules CHIR99021 
and IWR-1, the majority (57.8%) of D45 WT iPSC-CMs 
showed ventricular-like electrophysiological behavior, 
while the remaining cardiomyocytes were classified as 
atrial-like (37.8%) or nodal-like (4.4%) cardiomyocytes 
(Figure 3B), consistent with previous reports.32,33 In con-
trast, most (92.9%) N1KO iPSC-CMs displayed atrial-like 
EP characteristics, with a small percentage of nodal-like 
cardiomyocytes (7.1%) and no detectable ventricular-like 
cardiomyocytes (Figure 3B). These results further dem-
onstrate that homozygous NOTCH1 deletion blocks the 
differentiation of human ventricular-like cardiomyocytes 
and promotes atrial-like EP phenotypes in iPSC-CMs.

To illustrate how NOTCH1 deletion affects ion cur-
rents in human cardiomyocytes, we conducted whole-
cell patch clamp on single iPSC-CMs. We found that 
NOTCH1 deletion significantly shortened action potential 
durations at both action potential duration 90 (APD90) 
and APD50 in iPSC-CMs (Figure  3C). However, the 
ratio (APD90/APD50) was significantly increased in 
N1KO iPSC-CMs compared with that in WT controls 
(Figure 3D). Compared with WT cardiomyocytes, N1KO 
iPSC-CMs showed a shortened phase of repolarization 
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Figure 2. NOTCH1 deficiency suppresses ventricular-like cardiomyocyte differentiation and promotes atrial-like cardiomyocyte 
differentiation of human induced pluripotent stem cells (iPSCs).
A, Days until onset of cardiomyocyte beating in the differentiation of NOTCH1 knockout (N1KO) and wild-type (WT) iPSCs (t test, n=8). B, 
Sarcomere structure is visualized by co-staining with antibodies against cardiac troponin T (TNNT2, in red) and α-actinin (in green). Nuclei are 
labeled by DAPI (in blue). Scale bars = 20 μm. C–G, Quantitative PCR (qPCR) analysis indicates that ventricular cardiomyocyte-specific marker 
genes (MYL2 [myosin regulatory light chain 2], IRX4 [iroquois homeobox protein 4]) are downregulated whereas atrial cardiomyocyte-specific 
marker genes (NR2F2, KCNJ3, MYL7) are upregulated in N1KO versus WT iPSC-CMs (t test, n=3 for each group). H, Ventricular-like iPSC-
derived cardiomyocytes (iPSC-CMs) are identified by immunocytochemistry staining with antibodies against ventricular cardiomyocyte-specific 
marker MYL2 (in green) and pan-cardiomyocyte marker TNNT2 (in red). Nuclei are labeled by DAPI (in blue). Scale bars = 50 μm. I, Quantitative 
analysis of MYL2+TNNT2+ ventricular-like cardiomyocytes in N1KO and WT iPSC-CMs (t test, n=5). J, Percentages of TNNT2+ cardiomyocytes 
in the population of N1KO and WT iPSC-CMs revealed by flow cytometry (t test, n=3). K, Flow cytometry analysis shows the percentage of 
atrial-like cardiomyocytes (COUP-TFII+) is elevated in N1KO versus WT iPSC-CMs (t test, n=3). L, Seahorse analysis indicates that maximal 
respiration capacity is decreased in N1KO versus WT D30 iPSC-CMs. M, ATP production is reduced in N1KO compared with WT D30 iPSC-
CMs (t test, n=16). All bar graphs and dot plots show mean±SEM. *P<0.05, **P<0.01. n.s. indicates not significant.
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Figure 3. NOTCH1 disruption alters electrophysiological behaviors of human induced pluripotent stem cell-derived 
cardiomyocytes (iPSC-CMs) by shortening action potential durations.
A, Representative ventricular-, atrial-, and nodal-like electrophysiological characteristics in iPSC-CMs inferred by optical mapping. B, Percentages 
of ventricular-, atrial-, and nodal-like cardiomyocytes in wild-type (WT) and NOTCH1 knockout (N1KO) iPSC-CMs. C and D, APD90, APD50, 
and APD90/APD50 in wild-type (WT; n=20) and N1KO (n=20) iPSC-CMs measured by whole-cell patch clamp (t test, n=20). E, Patch clamp 
analysis shows shortened repolarization phase in N1KO versus WT iPSC-CMs. F and G, Transient outward K+ current is increased in N1KO (F) 
compared with WT (G) iPSC-CMs. H – J, Delayed rectifier K+ current (IKr tail current) is increased in N1KO (H) versus WT (I) iPSC-CMs. K – M, 
Inward Na+ currents are reduced in N1KO (K) compared with WT (L) iPSC-CMs across different member potentials. N and O, Amplitudes of 
inward Ca2+ currents are decreased in N1KO (N) versus WT (O) iPSC-CMs. Data are presented as mean±SEM. *P<0.05, **P<0.01.
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that was similar to the EP characteristics of atrial-like 
cardiomyocytes (Figure  3E). As the initial repolarizing 
force, Ito (transient outward K+ current) was upregulated 
in the N1KO CMs and contributed to the shortened 
action potential duration (Figure 3F and 3G). Based on 
the current traces, N1KO iPSC-CMs exhibited stronger 
tail currents of IKr (delayed rectifier K+ current) than WT 
iPSC-CMs at different depolarizing membrane potentials 
(Figure 3H through 3J), which was likely to complete the 
repolarization phase and result in the shortened action 
potential duration. Inward Na+ currents were downregu-
lated in N1KO-CMs compared with WT-CMs across 
the different membrane potentials (Figure  3K through 
3M), which narrowed the depolarizing phase and thus 
produced the shortened action potential duration. The 
influx of Ca2+ through the voltage-gated Ca2+ channel 
can extend the repolarization stage. N1KO CMs dis-
played a decreased amplitude of inward Ca2+ currents 
(Figure 3N and 3O; Figure S6A), which further acceler-
ated the repolarizing process and led to shortened action 
potential duration.

To explore whether NOTCH1 knockout affects genes 
involved in the regulation of action potential duration, 
we compared gene expression profiles between WT 
and N1KO iPSC-CMs. Our RNA-seq data revealed 
that N1KO-CMs showed a reduced expression level of 
SCN5A (Figure S6B) which encodes the α subunits of 
voltage-gated Na+ channel 1.5 (Nav1.5), a significant 
contributor to depolarization. Downregulation of inward 
Na+ currents in the N1KO-CMs was possibly caused by 
the reduced expression of Nav1.5. Furthermore, N1KO-
CMs exhibited significant upregulation of KCNIP2 
(Figure S6C), which encodes an accessory subunit of 
Kv4.2/Kv4.3, the primary mediators of Ito in the repolar-
izing phase. The expansion of Ito in N1KO-CMs could be 
attributed to the increased proportion of voltage-gated 
K+ channels on the plasma membrane through KCNIP2-
mediated channel trafficking and gating.34–36 The expres-
sion level of KCNJ3, which encodes the α subunit of 
Kir3.1, was nearly 8 times higher in the N1KO-CMs 
than WT-CMs (Figure S6D). As KCNJ3 is predominantly 
expressed in the atrium,37 these results further demon-
strate the prevalence of atrial-like cardiomyocytes in the 
population of N1KO iPSC-CMs.

To elucidate the potential downstream regulation in 
response to NOTCH1 disruption, we administered DAPT 
during cardiac differentiation to mimic the genetic dele-
tion of NOTCH1 in control iPSC lines. DAPT blocks 
NOTCH pathway by inhibiting γ-secretase, which is 
responsible for the cleavage of NOTCH receptors. 
Compared with vehicle controls, DAPT treatment led 
to reduced percentage of ventricular-like cardiomyo-
cytes in the population of iPSC-CMs, as shown by the 
immunofluorescence staining using an antibody against 
ventricular marker MYL2 (Figure S7A and S7B). In addi-
tion, whole-cell patch clamp recordings indicate that 

DAPT-treated iPSC-CMs displayed decreased APD90 
and APD50, and shorted action potential duration (Figure 
S7C through S7E), which are similar to the electrophysi-
ological characteristics of N1KO iPSC-CMs. Together, 
these results suggest that pharmacological blockage 
of NOTCH signaling pathway interferes with ventricular 
cardiomyocyte differentiation and highlight the essential 
role of NOTCH pathway in cardiac subtype specification.

NOTCH1 Knockout Leads to Defective 
Proliferation of Human Early Cardiomyocytes
To understand how loss of NOTCH1 impacts human car-
diomyocyte proliferation, we set up an in vitro assay to 
quantify the percentage of dividing cardiomyocytes (Fig-
ure S8A). Because human cardiomyocytes do not divide 
frequently,38 we utilized a small molecule, CHIR99021, 
to stimulate the proliferation of early iPSC-CMs.32,39 
We used TNNT2 to identify cardiomyocytes and Ki67 
to label dividing cells. TNNT2+ Ki67+ cells were con-
sidered proliferating cardiomyocytes. In the presence of 
CHIR99021, there was a significant increase of pro-
liferating WT cardiomyocytes (Figure S8B), from ~1% 
without to ~9% with CHIR99021 treatment (Figure 
S8C). Although CHIR99021 promoted the robust pro-
liferation of early iPSC-CMs in WT controls, it failed to 
stimulate the proliferation of N1KO iPSC-CMs. The per-
centage of dividing cardiomyocytes in N1KO iPSC-CMs 
was significantly lower than WT controls with and without 
CHIR99021 treatment when Ki67 was used to quan-
tify dividing cardiomyocytes (Figure 4A through 4C). In 
addition, we used other cell cycle regulators, cyclin D1 
and pRB (phosphorylated retinoblastoma protein), to 
label dividing cardiomyocytes, as both are required for 
cell cycle progression from G1 phase towards S phase. 
Similar to Ki67 labeling, we observed robust increase 
in the proliferation of WT iPSC-CMs in the presence of 
CHIR99021 using Cyclin D1 or pRB to identify divid-
ing cardiomyocytes, respectively (Figure S9). However, 
the proliferation of early cardiomyocytes was signifi-
cantly diminished in N1KO iPSC-CMs, resulting in a sig-
nificantly lower percentage of dividing cardiomyocytes in 
N1KO cells (Figure 4D through 4G). These results indi-
cate that NOTCH1 disruption leads to defective human 
cardiomyocyte proliferation, possibly through impairing 
cell cycle progression.

Next, we carried out RNA-seq to profile transcriptomic 
difference between WT and N1KO cardiomyocytes at 
D13, D20, and D20 with CHIR99021 treatment (D20-
C). Using FDR <0.05 and fold change >2, we identified 
1866 DEGs in D13 iPSC-CMs between WT and N1KO 
samples (Figure 4H). Of these DEGs, 779 were upreg-
ulated and 1087 genes were downregulated in N1KO 
versus WT D13 iPSC-CMs. We then performed gene 
set enrichment analysis and found that the top enriched 
downregulated pathways were cell cycle checkpoint, 
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Figure 4. Loss of function in NOTCH1 leads to defective proliferation of early cardiomyocytes.
 A and B, Immunofluorescence staining identifies dividing cardiomyocytes (Ki67+ TNNT2+) in wild-type (WT; A) and NOTCH1 knockout (N1KO; 
B) induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). Arrows indicate proliferating cardiomyocytes. TNNT2 is labeled in red 
whereas Ki67 is marked in green. Nuclei are stained with DAPI in blue. Scale bars = 100 μm. C, Quantitative analysis of ratios of Ki67+ TNNT2+ 
versus TNNT2+ cardiomyocytes with and without CHIR99021 in WT and N1KO iPSC-CMs (t test, n=4 for baseline, n=7 for CHIR). D and E, 
Detection of dividing cardiomyocytes using antibodies against pRB and TNNT2 in WT (D) and N1KO (E) iPSC-CMs. Scale bars = 50 μm. F, 
Quantitative analysis of ratios of pRB+ TNNT2+ versus TNNT2+ cardiomyocytes in the presence of CHIR99021 in WT and N1KO iPSC-CMs 
(t test, n=5). G, Quantitative analysis of ratios of Cyclin D1+ TNNT2+ versus TNNT2+ cardiomyocytes in the presence of CHIR99021 in WT 
and N1KO iPSC-CMs (t test, n=5). H, Heatmap of 1866 differentially expressed genes between N1KO and WT D13 iPSC-CMs (fold change 
>2, false discovery rate [FDR]<0.05). I, Gene Set Enrichment Analysis (GSEA) shows pathways that are associated with differentially expressed 
genes (DEGs) between N1KO and WT D13 iPSC-CMs. Upregulated pathways (NES>0) are marked in red whereas downregulated (NES<0) 
pathways are labeled in blue. J, Downregulation of NOTCH and WNT signaling components in N1KO versus WT D13 iPSC-CMs (q-value 
<0.01, n=3). K, Two hundred twenty-six differentially expressed genes are identified between N1KO and WT D20 iPSC-CMs (fold change >2, 
FDR<0.05). L, Relevant pathways associated with upregulated and downregulated genes in N1KO versus WT D20 iPSC-CMs inferred by GSEA. 
M, Downregulation of WNT2B in N1KO versus WT D20 iPSC-CMs (q-value <0.01, n=3). Normalized counts are log10 transformed, and median 
values of WT samples are used for baseline transformation for each gene. Data are presented as mean±SEM. **P<0.01, ***P<0.001.
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mitotic metaphase and anaphase, G2-M phase check-
points, DNA replication, separation of sister chromatids, 
and mRNA splicing (Figure 4I). NOTCH signaling down-
stream targets (HES5 and HES6) and WNT signaling 
components (WNT1 and WNT3A) were among those 
genes with significant fold changes (downregulated in 
N1KO; Figure 4J). These results suggest that genes and 
pathways related to cell cycle progression and cell prolif-
eration are downregulated in N1KO iPSC-CMs (D13) at 
the transcriptional level.

We then examined the transcriptional profiles of D20 
iPSC-CMs that were more differentiated and less pro-
liferative compared with D13 cardiomyocytes. Interest-
ingly, there were fewer DEGs (226, FDR <0.05 and fold 
change >2) between N1KO and WT iPSC-CMs at D20 
than those at D13 (Figure 4K). The top enriched upregu-
lated pathways were respiratory electron transport ATP 
synthesis and citric acid TCA cycle (Figure 4L). NOTCH 
signaling component (NOTCH1) and WNT pathway mem-
ber (WNT2B) remained downregulated in D20 N1KO 
iPSC-CMs (Figure 4M). In contrast, cell cycle progression 
and cell proliferation pathways were not enriched at D20. 
Next, we explored whether CHIR99021 treatment could 
alter the transcriptional difference between N1KO and 
WT iPSC-CMs. CHIR99021 treatment greatly reduced 
the transcriptional disparity between N1KO and WT 
samples, to only 55 DEGs identified in the presence of 
CHIR99021 (Figure S10A and S10B). Principal compo-
nent analysis plotting indicated that a transcriptional shift 
was induced by CHIR99021 treatment in both WT and 
N1KO iPSC-CMs (Figure S10C and S10D). Reactome 
analysis showed that the top enriched pathways were 
associated with respiratory electron transport, complex 
I biogenesis, and glycogen metabolism (Figure S10E). 
WNT pathway elements WNT2B, DKK2, and FRZB were 
downregulated in N1KO versus WT iPSC-CMs (Figure 
S10F). Across developmental stages (D13 versus D20 
cardiomyocytes), NOTCH and WNT pathways were 
both downregulated in N1KO iPSC-CMs, regardless of 
CHIR99021 treatment (Figure 4J and 4M; Figure S10F). 
Together, these results reveal the developmental stage-
dependent transcriptional dynamics of defective cardiac 
proliferation in N1KO iPSC-CMs, which may be attributed 
to the dysregulation of cell cycle regulators.

Single-Cell Transcriptomic Analysis Reveals 
That Loss of Function in NOTCH1 Alters Cardiac 
Cell Lineage Determination
To elucidate how cardiac lineage determination is altered 
due to NOTCH1 disruption, we performed single-cell 
RNA sequencing at multiple developmental stages on 
differentiating cells collected at D0 (iPSC), D2 (meso-
derm), D5 (cardiac mesoderm), D10 (cardiac progenitor), 
D14 (early cardiomyocyte), and D30 (fetal cardiomyo-
cyte) during stepwise cardiac differentiation (Figure 5A). 

In total, we profiled the transcriptomes of 32 189 single 
cells including iPSCs, intermediate differentiating cells, 
and cardiomyocytes. Uniform manifold approximation 
and projection plot showed the topological structure of 
the 12 samples, with D0 and D2 cell populations distin-
guished from more differentiated cells (Figure 5B). Sub-
sequently, we annotated 13 cell populations based on 
cell type-specific marker genes (Figure S11A): iPSC, dif-
ferentiating iPSC, mesoderm, cardiac mesoderm, epicar-
dial progenitor, first heart field (FHF) progenitor, second 
heart field (SHF) progenitor, early cardiomyocyte, cardiac 
fibroblast, atrial cardiomyocyte, ventricular cardiomyo-
cyte, pacemaker cell, and vascular smooth muscle cell 
(Figure 5C). Cell-type specific markers that were used 
for identification of cell types are summarized in Table 
S4.

Next, we compared single-cell transcriptomic profiles 
between N1KO and WT at each developmental stage. 
On D2 of cardiac differentiation, the majority of cells 
were at mesodermal stage, which were labeled by early 
mesoderm marker MIXL1 (Figure S11B and S11C). 
Most differentiating cells started to express mesoderm 
markers, while a small portion (9%) of cells developed 
into cardiac mesoderm in WT but not in N1KO samples 
(Figure S11D through S11F). On D5, the majority of 
differentiating cells were cardiac mesoderm precursors 
(MESP1+PDGFRA+), whereas a small percentage of 
SHF progenitors (ISL1+NKX2-5+) were detected in 
both WT and N1KO cells (Figure S11G). More cardiac 
mesoderm cells were present in N1KO cells compared 
with WT on D5 (Figure S11H and S11I). On D10, beat-
ing cardiomyocytes and early cardiac progenitors includ-
ing FHF, SHF, and epicardial progenitors were present 
(Figure 5D). The proportion of early cardiomyocytes was 
similar between N1KO and WT cells (Figure 5E and 5F). 
However, the percentage of SHF progenitors (19% in 
WT versus 26% in N1KO) and epicardial progenitors 
(9% in WT versus 41% in N1KO) were higher in N1KO 
compared with WT cells. In contrast, the proportion of 
FHF progenitors was lower in N1KO (5%) than WT 
(13%) cells (Figure  5E and 5F). Immunofluorescence 
staining using antibodies against these progenitor cell 
lineage markers confirmed the elevated percentages of 
epicardial and SHF progenitors and reduced percent-
age of FHF progenitors in N1KO versus WT D10 cells 
(Figure S12). Together, these results indicated that cell 
lineage differentiation of cardiac mesoderm was biased 
towards epicardial and SHF progenitors at the expense 
of FHF progenitors.

Cell type composition at D14 was primarily early car-
diomyocytes and cardiac fibroblasts in both N1KO and 
WT cells (Figures S11J through S11L), which were 
identified by TNNT2 (Figure S11M) and DDR2 (Fig-
ure S11N), respectively. At D30, cardiomyocytes were 
more committed and can be classified into atrial-like, 
ventricular-like, and nodal-like subtypes (Figure  5G). 
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For WT, ventricular-like cardiomyocytes were the pre-
dominant cell type (83%), with the remainder atrial-
like cardiomyocytes (9%), pacemaker cells (4%), and 

cardiac fibroblasts (4%; Figure  5H). In contrast, atrial-
like cardiomyocytes (64%) were predominant whereas 
ventricular-like cardiomyocytes comprised only 17% of 

Figure 5. Single-cell transcriptomic analysis uncovers that NOTCH1 disruption alters cell lineage differentiation during human 
cardiac differentiation.
A, Schematic summary showing sample collections during cardiac differentiation of human induced pluripotent stem cells (iPSCs) for scRNA-
seq. B and C, Uniform manifold approximation and projection (UMAP) plotting shows the topological structures of D0, D2, D5, D10, D14, and 
D30 cell populations clustered by samples (B) and cell types (C). D, UMAP plotting of D10 wild-type (WT) and NOTCH1 knockout (N1KO) cells, 
which include epicardial progenitors, first heart field (FHF) progenitors, second heart field (SHF) progenitors, and committed cardiomyocytes. 
E and F, Percentages of various cell types in WT (E) and N1KO (F) differentiating cells at D10. G, UMAP plotting of D30 WT and N1KO cells 
which include ventricular-like cardiomyocytes, atrial-like cardiomyocytes, pacemaker-like cells, cardiac fibroblasts, and vascular smooth muscle 
cells. H and I, Percentages of respective cell types in WT (H) and N1KO (I) D30 cells. J and K, UMAP plotting shows the expression of pan-
cardiomyocyte marker TNNT2 and ventricular cardiomyocyte marker MYL2 in WT (J) and N1KO (K) D30 cell populations.
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the population in N1KO-CMs at D30 (Figure 5I). Non-
cardiomyocytes, including vascular smooth muscle cells 
(5%) and cardiac fibroblasts (10%) were more prevalent 
in D30 N1KO than WT cells (Figure  5I). The different 
proportions of ventricular-like cardiomyocytes were iden-
tified by the co-expression of ventricle-specific marker 
MYL2 and pan-cardiomyocyte marker TNNT2 (Figure 5J 
and 5K). These results suggest that ventricular-like car-
diomyocyte differentiation is compromised in early cell 
fate determination due to NOTCH1 disruption, which 
may alternatively boost atrial-like cardiomyocyte differ-
entiation. The increase in non-cardiomyocytes (ie, vas-
cular smooth muscle cells and cardiac fibroblasts) may 
be caused by the enhanced differentiation of epicardial 
progenitors at an earlier developmental stage (D10) in 
N1KO cells.

We explored how NOTCH1 disruption alters the 
developmental trajectory dynamics during cardiac dif-
ferentiation using RNA velocity.40,41 Velocity pseudo-
time was inferred based on the rate of mRNA splicing 
during cardiac differentiation. Diffusion map prediction 
based on single-cell transcriptomic profiles42 in each cell 
type coincided with the cardiac differentiation trajectory: 
from undifferentiated iPSCs to mesoderm, cardiac pro-
genitors, and terminally differentiated atrial-, ventricular-, 
and pacemaker-like cardiomyocytes (Figure 6A through 
5C). Pseudotime order also reflected the cellular differ-
entiation status across time points, with D30 (cardio-
myocyte) and D2 (mesoderm) samples were plotted at 
distal ends of developmental trajectories (Figure  6C). 
Next, we assessed the divergent developmental trajec-
tories between WT and N1KO cells at adjacent transition 
stages. Uniform manifold approximation and projection 
plotting showed that developmental pseudotime disparity 
in the first transition phase (D0 to D2; iPSCs to meso-
derm) was quite distant (Figure S13A through S13C), 
with pluripotent stem cells and mesoderm cells located 
at distinct developmental states. In the second transition 
phase (D2 to D5), cellular differentiation paths between 
WT and N1KO cells converged at the end (Figure S13D 
through S13F). In the third transition phase (D5 to D10), 
developmental trajectories of WT and N1KO cells were 
both poised toward a more advanced stage (early car-
diomyocyte; Figure S13G through S13I). In the fourth 
transition phase (D10 to D14), developmental trajecto-
ries converged between WT and N1KO cells and moved 
toward more differentiated cardiomyocytes (Figure S13J 
through S13L). Finally, in the fifth transition phase (D14 
to D30), WT and N1KO cells followed divergent cellu-
lar differentiation pathways. D30 WT cells were at more 
developmentally advanced stages compared with D30 
N1KO cells based on pseudotime prediction (Figure 
S13M through S13O). Collectively, these developmental 
trajectory prediction results indicate that N1KO and WT 
cellular differentiation routes differ in the early transi-
tion phase, converge in the middle phases, and diverge 

toward different mature cell types at the end of cardiac 
differentiation.

NOTCH1 Deficiency Leads to Differential 
Gene Expression Profiles in Human Cardiac 
Mesoderm, Progenitors, Cardiomyocytes, 
and Cardiac Fibroblasts Across Cardiac 
Differentiation
Using at least 2 markers for each cell type, we found 
differences in the expression levels and percentages 
of positive cells between N1KO and WT samples (Fig-
ure 6D and 6E). We selected the top 3 highest expressed 
genes in each cell type (Figure S14A and S14B). Tran-
scriptional profiles were similar in the early phase of 
differentiation (ie, mesoderm), then differed gradually 
during differentiation. Next, we examined DEGs and 
their associated pathways in a given cell type during 
cardiac differentiation between N1KO and WT cells. In 
D5 cardiac mesoderm (MESP1+ PDGFRA+), several 
transcription factors associated with cardiac develop-
ment including GATA6, MEF2A, TBX5, HAND1, ISL1, 
and HAND2 were upregulated; in contrast, cell cycle rel-
evant genes PCNA1, CDC6, CCND1, CCNB1, CCNB2, 
and CDK4 were downregulated in N1KO versus WT cells 
(fold change >2, FDR <0.05, Figure  6F). Gene ontol-
ogy analysis showed that the top enriched pathways for 
upregulated genes in N1KO cells were heart develop-
ment, respiratory electron transport, circulatory system 
development, regulation of cell migration, and cardiac 
ventricle morphogenesis (FDR<0.05; Figure S14C). In 
contrast, the top enriched pathways for downregulated 
genes in N1KO versus WT were ribosome biogenesis, 
DNA replication/repair, G1/S transition of mitotic cell 
cycle, and mitotic cell phase transition (Figure S14C). 
These results suggest that cardiogenesis initiates ear-
lier in N1KO cardiac mesoderm and NOTCH1 deficiency 
leads to reduced cell proliferation ability.

At D10 of cardiac differentiation, we assessed DEGs 
of epicardial, FHF and SHF progenitors, and early car-
diomyocytes. Epicardial progenitors (WT1+ TBX18+) 
contribute to coronary smooth muscle, coronary endo-
cardium, cardiac fibroblasts, and a small portion of car-
diomyocytes.43,44 Upregulated DEGs in N1KO epicardial 
progenitors were involved in regulation of cell prolif-
eration, mitotic cytokinesis, G2/M transition of mitotic 
cell cycle, and mitotic cytokinesis (Figure 6G), implying 
enhanced cell proliferation capacity in epicardial pro-
genitors due to NOTCH1 deficiency. In contrast, mRNA 
splicing, gene expression, and translational activity were 
downregulated in N1KO epicardial progenitors (Fig-
ure  6G). FHF progenitors (NKX2-5+ ISL1-) primarily 
give rise to the left ventricle and part of the atria (atrial 
myocytes) whereas SHF progenitors (NKX2-5+ ISL1+) 
contribute to the right ventricle (RV) and conduction 
myocytes, part of the atria (atrial myocytes), and outflow 
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Figure 6. Divergent developmental trajectories and differential gene expression profiles in cardiac mesoderm, cardiac 
progenitors, and early cardiomyocytes during differentiation of wild-type (WT) and NOTCH1 knockout (N1KO) induced 
pluripotent stem cells (iPSCs).
A – C, Uniform manifold approximation and projection (UMAP) plotting of overall developmental trajectories from induced pluripotent stem cells 
(iPSCs) to cardiomyocytes (D2 through D30) predicted by RNA velocity and clustered by samples (A), cell types (Continued )
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tract.44 Upregulated DEGs in N1KO FHF cells were asso-
ciated with heart development, extracellular matrix orga-
nization, respiratory electron transport chain, and cardiac 
ventricle morphogenesis whereas downregulated DEGs 
were involved in ribosome biogenesis, ncRNA process-
ing, and protein targeting to ER (Figure  6H). Upregu-
lated pathways in N1KO SHF progenitors (D10) were 
mitochondrial ATP synthesis coupled electron transport, 
muscle contraction, myofibril assembly, and ventricular 
cardiac muscle tissue morphogenesis, whereas down-
regulated DEGs were associated in mRNA splicing, 
mitotic cell cycle phase transition, and DNA repair (Fig-
ure 6I). Next, we ran gene regulatory network analysis 
and identified top ranked TFs in D10 SHF progenitors 
by regulon specificity scores using the IRIS3 Web server. 
Top 3 ranked TFs were TAL1, WT1, and PITX2 for WT 
D10 SHF progenitors, whereas top 3 ranked TFs were 
IRF3, PURA, and STAT3 for N1KO D10 SHF progeni-
tors (Figure S15A and S15B). There were 2 common 
TFs for WT and N1KO SHF progenitors (Figure S15C): 
VEZF1 and PRDM6, which play essential roles in cardiac 
structure and function, cardiac development, and angio-
genesis during heart development.45–49 Interestingly, 
VEZF1 and PRDM6 regulate a group of DEGs between 
N1KO and WT SHF cells, including upregulated genes 
associated with cardiac structure and physiological func-
tions (MYBPC3, MYH6, ACTN2, and KCNIP2) and down-
regulated genes involved in cell cycle regulation (TOP2A, 
BIRC5, and CENPF). Taken together, these data suggest 
that NOTCH1 disruption triggers enhanced cell prolifera-
tion in epicardial progenitors and promotes cardiac mor-
phogenesis and cellular differentiation in both FHF and 
SHF progenitors.

Next, we probed gene expression differences in 
committed cardiomyocytes (D10), early cardiomyocytes 
(D14), and fetal cardiomyocytes (D30). For committed 
cardiomyocytes (D10), upregulated DEGs in N1KO cells 
were related to ribosome biogenesis, cardiac muscle 
contraction, muscle filament sliding, and myofibril assem-
bly; downregulated pathways in N1KO were involved in 
mRNA splicing via spliceosome, mitotic cell cycle phase 
transition, DNA replication, and regulation of G2/M tran-
sition of mitotic cell cycle (Figure 6J). For early cardiomyo-
cytes (D14), top-enriched pathways in upregulated DEGs 
in N1KO cells were associated with extracellular matrix 
organization, regulation of cell migration, heart devel-
opment, Wnt signaling pathway, and ventricular septum 

development, whereas downregulated DEGs in N1KO 
were involved in muscle contraction, muscle filament 
sliding, and myofibril assembly (Figure S14D). For D30 
atrial-like cardiomyocytes (NR2F2+MYH6+TNNT2+), 
upregulated pathways were mitochondrial ATP synthesis 
coupled electron transport, Wnt signaling pathway, mito-
chondrial translational elongation, muscle contraction, 
and negative regulation of mitotic cell cycle phase transi-
tion, whereas downregulated pathways included mRNA 
splicing, chromatin remodeling, and mRNA process-
ing in N1KO versus WT (Figure S14E). In N1KO ven-
tricular-like cardiomyocytes (MYL2+MYH7+TNNT2+), 
increased pathway activity included extracellular matrix 
organization, cardiac right ventricle morphogenesis, and 
atrial septum morphogenesis, and decreased pathway 
activity in N1KO included ribosome biogenesis, respira-
tory electron transport chain, cardiac muscle contrac-
tion, and ventricular cardiac muscle tissue development 
(Figure S14F). N1KO D30 nodal-like cardiomyocytes 
(HCN4+TNNT2+) had upregulated pathways involved 
in mitochondrial ATP synthesis coupled electron trans-
port, muscle contraction, mitochondrial translational 
elongation, and heart development, and downregulated 
pathways involved in mRNA splicing, mRNA processing, 
mRNA transport, and translation (Figures S14G). Taken 
together, these results suggest that NOTCH1 disruption 
leads to decreased cell cycle progression and cell prolif-
eration in early cardiomyocytes, elevated mitochondrial 
ATP synthesis in atrial- and nodal-like cardiomyocytes, 
and enhanced cardiac right ventricle morphogenesis in 
ventricular-like cardiomyocytes, respectively.

Cardiac fibroblasts are essential for maintaining heart 
function and cardiac remodeling.50 Thus, we surveyed 
gene expression prolife changes in cardiac fibroblasts 
caused by NOTCH1 deficiency. Despite comprising a 
minor fraction of cardiac cell types identified on D14 and 
D30, cardiac fibroblasts might be required for cardiomyo-
cyte proliferation and differentiation. Upregulated DEGs 
in N1KO D14 cardiac fibroblasts (DDR2+ TCF21+) were 
primarily associated with extracellular matrix organiza-
tion, cardiac ventricle morphogenesis, ventricular septum 
development, and outflow tract septum morphogenesis, 
whereas downregulated DEGs were involved in mRNA 
splicing, mitotic sister chromatic segregation, mitotic cell 
cycle phase transition, mitotic cytokinesis, and centro-
mere complex assembly (Figure S14H). Upregulated 
pathways in N1KO D30 cardiac fibroblasts included 

Figure 6 Continued. (B), and pseudotime (C). D and E, Differential gene expression levels of cell type-specific markers and percentages of 
marker gene-positive cells in individual cell types in WT (D) and N1KO (E) samples. F, Heatmap of representative differentially expressed genes 
in D5 cardiac mesoderm between WT and N1KO. G through J, Upregulated and downregulated pathways that are enriched in D10 epicardial 
progenitors (G), first heart field (FHF) progenitors (H), second heart field (SHF) progenitors (I), and early cardiomyocytes (J) in N1KO versus 
WT samples. The x-axis shows the ratio of enriched pathways versus background. The y-axis represents the term of enriched pathways that are 
upregulated (in red) or downregulated (in blue). The sizes of the dots indicate the number of target genes in a given pathway whereas colors of 
the dots reflect log-transformed adjusted P. K, Graphic summary of this study. NOTCH1 disruption leads to skewed cardiac lineage differentiation 
and defective cardiomyocyte proliferation, possibly through balancing the cell fate determination of cardiac mesoderm towards epicardial, FHF, 
and SHF lineages, and modulating mitotic cell cycle progression in the early phase of cardiomyocyte expansion.
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mitochondrial ATP synthesis coupled electron transport, 
ribosome biogenesis, extracellular matrix organization, 
and regulation of apoptotic process, whereas downregu-
lated pathways were involved in mRNA splicing, mRNA 
processing, chromatin remodeling, cell cycle regulation, 
and DNA repair (Figure S14I). Collectively, these data 
indicate that cardiac fibroblasts share common pathways 
(enhanced outflow tract morphogenesis, mitochondrial 
ATP synthesis, and extracellular matrix organization) with 
cardiomyocytes and that both were impacted by defects 
in mitotic cell cycle progression and cell proliferation at 
their respective developmental stages due to NOTCH1 
dysfunction.

DISCUSSION
In this study, we demonstrate that NOTCH1 is dispens-
able for mesodermal and cardiovascular differentiation 
of human iPSCs. NOTCH1 disruption leads to enhanced 
atrial-like cardiomyocyte differentiation but compromised 
ventricular-like cardiomyocyte generation from human 
iPSCs. In addition, NOTCH1 deficiency causes defective 
cardiomyocyte proliferation and downregulated path-
ways associated with mitotic cell cycle progression and 
cellular proliferation in N1KO cardiomyocytes. Single-cell 
transcriptomic analysis indicates skewed differentiation 
of epicardial, FHF, and SHF progenitors from cardiac 
mesoderm due to NOTCH1 disruption. Developmental 
trajectory prediction suggests that cellular differentiation 
routes converge and diverge throughout cardiac differen-
tiation between N1KO and WT cells. Our study provides 
novel insights into the mechanisms by which NOTCH1 
mutations impair human ventricular-like cardiomyocyte 
differentiation and proliferation, suggesting a potential 
mechanism for the left ventricular hypoplasia in HLHS.

In mammals, the NOTCH signaling pathway plays 
essential roles in patterning embryonic endocardium 
into prospective regions for valve and cardiac chamber 
development in early embryonic stages, and modulating 
the late developmental processes involving cardiac valve 
morphogenesis, outflow tract formation, and trabeculae 
compaction in the ventricular chamber.51 Defined roles 
of NOTCH1 in human early heart development remain 
unknown. Here, using single-cell transcriptomic analysis, 
we have found that NOTCH1 disruption promotes epi-
cardial and SHF cell fate determination, but inhibits the 
differentiation of FHF progenitors from cardiac meso-
derm. A recent study shows that noncanonical NOTCH 
signaling pathway suppresses SHF formation in the pre-
cardiac mesoderm of mouse embryos.52 NOTCH1 inhibi-
tion within SHF leads to abnormal migration of cardiac 
neural crest cells and defective endothelial-mesenchy-
mal transition within the outflow tract endocardial cush-
ions.53 Epicardial NOTCH1 is required for coronary artery 
development and smooth muscle cell differentiation.54,55 
In this study, NOTCH1 deficiency not only stimulates 

human epicardial lineage differentiation but also pro-
motes the proliferation of epicardial cells, suggesting a 
cell type-specific response to NOTCH signaling during 
embryonic heart development. The enhanced epicar-
dial progenitor differentiation and proliferation in N1KO 
cardiac mesoderm may underlie the abnormal coronary 
artery in HLHS.56,57

In this study, NOTCH1 disruption leads to enhanced 
atrial-like cardiomyocyte differentiation, compromised 
ventricular-like cardiomyocyte differentiation, and short-
ened action potential duration. During embryonic heart 
development, NOTCH signaling exhibits stage-specific 
effects on ventricular chamber development including 
trabeculation and compaction.10 Early studies indicated 
that NOTCH pathway is a crucial regulator of cardiac dif-
ferentiation in human embryonic stem cells.58 Chemical 
inhibition of NOTCH signaling promotes cardiac meso-
derm differentiation and cardiomyocyte generation of 
human and murine PSCs.59,60 NOTCH1 disruption in 
cardiac differentiation leads to upregulation of the tran-
scription factor COUP-TFII that promotes vein identity in 
the vasculature development61 and determines the atrial 
identity in the heart.62 In vitro deletion of the NOTCH 
pathway downstream target gene HEY2 significantly 
increases the proportion of atrial-like cardiomyocytes 
during cardiac differentiation of human iPSCs.63 Our 
findings highlight that modulation of NOTCH pathway 
could be potentially used for enriching atrial- or ventric-
ular-like cardiomyocytes from patient-specific iPSCs.28 
Conditional NOTCH1 knockout and expression rescue 
experiments in human iPSCs would be the next step 
to illustrate how NOTCH1 impacts cardiac cell lineage 
determination and cardiomyocyte proliferation at differ-
ent developmental stages.

Originally identified as a proto-oncogene in T-cell 
acute lymphoblastic leukemia, NOTCH1 can serve as 
both an oncogene and a tumor suppressor in cancer 
development.64 NOTCH signaling modulates G1/S phase 
progression in human T cells through regulating cyclin 
D3, CDK4, and CDK6.65 In this study, we uncover that 
NOTCH1 disruption leads to defective cell proliferation 
and mitotic cell cycle progression in cardiac mesoderm, 
cardiac progenitors, and early cardiomyocytes. During 
mammalian heart development, endocardial NOTCH 
intracellular domain activation induces BMP10 in the 
underlying myocardium, which promotes cardiomyocyte 
proliferation by suppressing the cell cycle inhibitor, p57. 
Conditional deletion of Notch1 in the endocardium of 
mouse embryos leads to defective cardiomyocyte prolif-
eration and impairs cardiac differentiation in ventricular 
chambers.7,8 Ectopic Notch activation in neonatal car-
diomyocytes triggers cell cycle reentry and proliferation 
through transcriptional regulation of cyclin D, whereas 
Notch inhibition prevents the proliferation of embryonic 
cardiomyocytes through apoptosis.66,67 Following stud-
ies reveal that non-canonical NOTCH signaling interacts 
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with Wnt pathway to regulate the proliferation and dif-
ferentiation of cardiac progenitors in mouse embryos.68,69 
Notch1 deficiency results in enhanced proliferation Isl1+ 
cardiac progenitors and inhibits their cardiac differen-
tiation, which can be rescued by stabilizing β-catenin.70 
However, WNT pathway activation by CHIR99021 can’t 
stimulate the proliferation of N1KO iPSC-CMs (Fig-
ure 4). Therefore, we speculate that RBPJ/CBF1 depen-
dent canonical NOTCH pathway may be involved in the 
cell cycle regulation in human early cardiomyocytes.

In HLHS, several structures on the left side of the 
heart are not full developed, including the left ventricle, 
mitral valve, aortic valve, and ascending portion of the 
aorta. Pathogenic NOTCH1 variants seem to be respon-
sible for a spectrum of developmental defects in the left 
side of the heart in HLHS.11 Our study provides infor-
mative insights on how NOTCH1 dysfunction may con-
tribute to HLHS. (1) We reveal that NOTCH1 disruption 
suppresses ventricular-like cardiomyocyte differentia-
tion and inhibits cardiomyocyte proliferation, which could 
contribute to left ventricle hypoplasia in HLHS patients 
with NOTCH1 mutations. (2) NOTCH1 knockout disrupts 
the differentiation of cardiac mesoderm and partially 
blocks the generation of FHF progenitors which primar-
ily contribute to left ventricle. This could help explain the 
developmental etiology of HLHS. (3) Genome-edited 
human iPSC lines could provide a versatile platform to 
investigate how endocardial-myocardial communication 
is dysregulated in HLHS due to NOTCH1 mutations. 
Future studies using HLHS patient-derived iPSCs with 
NOTCH1 mutations are needed to elucidate detailed cel-
lular and developmental etiologies of HLHS.

In conclusion, NOTCH1 is required for human ventric-
ular-like cardiomyocyte differentiation through balancing 
cell fate determination of early cardiac mesoderm toward 
epicardial, FHF, and SHF lineages and by limiting atrial-
like cardiomyocyte generation (Figure  6K). In addition, 
NOTCH1 modulates cell cycle progression and prolif-
eration of cardiac progenitors and early cardiomyocytes 
during human cardiac differentiation, possibly through a 
RBPJ dependent canonical NOTCH pathway. Given that 
NOTCH1 variants are linked to HLHS and aortic valve 
disease, our data will provide insights into the underly-
ing genetic and developmental mechanisms by which 
NOTCH1 dysfunction contributes to ventricular hypopla-
sia and abnormal structures of outflow tract in congenital 
heart disease.

LIMITATIONS OF STUDY
While this study using genome-edited N1KO iPSCs 
provides some mechanistic insights on how disruption 
of NOTCH1 interferes with human cardiac cell lineage 
determination and cardiomyocyte proliferation, future 
studies using HLHS patient-specific iPSCs that har-
bor pathogenic variants in NOTCH1 could provide more 

direct insights about the genetic contribution of patho-
genic variation in NOTCH1 to the pathogenesis of HLHS. 
Furthermore, we acknowledge the limitations of using 
monolayers of iPSC-derived cardiomyocytes to study nor-
mal cardiac development and congenital heart disease. 
Future work using iPSC-derived 3D cardiac organoids is 
warranted to elucidate the 3D structural mechanisms of 
cardiac cell lineage commitment and intercellular commu-
nication under normal and diseased conditions.
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