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Investigating the role of NR2F2 in fibroblast during human heart development 

by 

Maria Gabriela de Oliveira Barbeta 

Congenital heart disease (CHD) is responsible for significant morbidity and mortality, but 
the aetiologies are poorly understood despite the impact of cardiac anomalies. Previous 
evidence shows that genetic mechanisms play a role in CHD, and recent data shows that a 
key gene involved in embryonic development, NR2F2, has a role in human disease. It was 
hypothesised that NR2F2 is part of a molecular network with a role in cardiogenesis, and 
its investigation could elucidate NR2F2 networks associated with heart development. 
Previous unpublished data showed that fibroblasts and endothelial cells from developing 
human hearts express NR2F2 mRNA. Transcriptomic analysis in genome editing models 
enables the investigation of gene expression patterns and transcription factors as 
regulators of pathways and genomic networks. We aimed to investigate the role of NR2F2 
by knocking out its transcription in primary cardiac fibroblasts and further analyse the 
consequent global transcriptomic changes by single-cell RNA sequencing. We isolated 
primary migrating cells from human foetal heart samples and characterized them by flow 
cytometry and single-cell RNA sequencing. We also assessed the expression of both NR2F2 
transcript and protein in those cells, and then protocols were optimized for CRISPR/Cas9. 
We knocked down NR2F2 in fibroblasts using the ribonucleoprotein (RNP) system and then 
a droplet-based single-cell RNA-sequencing was performed in knocked-down and control 
samples to compare the perturbations caused by the absence of NR2F2. Bioinformatic 
pipelines were applied to similar publicly available datasets of cardiac cells for comparison. 
These pipelines comprised known bulk and single-cell RNA sequencing tools for gene 
expression analysis, including limma and Scanpy. Thus, we could conclude that reduced 
activity of NR2F2 in human foetal fibroblasts interfere with several cardiac gene expression 
important for cardiogenesis, e.g. GATA6 and HEY1, and may also influence the activity of 
other transcription factors, e.g. NKX2-5, that were previously associated with CHD 
phenotypes. 

Keywords: cardiogenesis, cardiac fibroblasts, congenital heart diseases, CRISPR Cas9, 
gene editing, NR2F2, scRNA-sequencing. 
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Chapter 1 

1 

Chapter 1 Introduction 

1.1 Congenital Heart Diseases 

Congenital Heart Disease (CHD) is one of the most frequent congenital disorders and the 

leading cause of death in newborn babies (1,2). It has been reported that CHD afflicts 0.8-

1.2% of live births (1), reaching up to 10% if stillbirths are included (3,4). Cardiac 

malformations affect the structure of the heart, intra thoracic great vessels, and cause a 

loss of function in the cardiovascular system. The clinical severity varies depending on the 

defect but can result in intrauterine, childhood or adulthood death (5). 

1.1.1 Aetiologies of Congenital Heart Disease 

Despite the epidemiological relevance of CHDs, their aetiologies are poorly understood. 

Most congenital heart defects do not have a determined cause, and only 44% of the cases 

are attributed to a known aetiology (4). Genetic alterations are the main cause attributed 

to CHD (4,6). Of genetic causes, 3% are genetic disorders transmitted from parents, 8% are 

correlated to de novo mutations, 13% belong to aneuploidies, and 10% comprise copy 

number variation (CNV) causes (4,6). Environmental causes are only attributed to about 10% 

of CHD cases (4,6). 

1.1.1.1 Environmental causes of CHD 

Environmental causes encompass non-genetical factors, e.g. exposure to teratogens, 

pollution, and maternal illnesses. Although there are studies associating environmental 

factors with CHD, the mechanisms involved in this association are not well understood 

(7,8). 

Among the maternal factors implicated as causes of CHD, pregestational and gestational 

diabetes mellitus have a significant association with a range of CHD (9). Obesity was also 

shown to increase the risk of CHD. Women with body mass index (BMI) equal to or higher 

than 30 kg/m2 have an increased chance of having offspring with CHD, with an odds ratio 

increasing with BMI (10,11). Metabolic disorders in pregnant women are also associated 

with abnormal cardiac development. Maternal phenylketonuria increases the frequency of 

CHD 15-fold in their progeny (12). 
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Studies in several vertebrate models showed that exposure to environmental pollutants, 

such as dioxins, polychlorinated biphenyls (PCBs) and pesticides, are cardio-teratogenic, 

increasing cardiovascular apoptosis and decreasing cardiomyocyte proliferation (13). 

In addition, maternal risk factors such as alcohol, rubella infection and teratogenic drugs 

(e.g. thalidomide, valproate, and retinoic acid) are also known to increase the risk of 

offspring CHD (14). 

1.1.1.2 Genetic causes of CHD 

The understanding of CHD is increasing with the advances in genomic technologies such as 

next-generation sequencing (15). Genetic causes consist mainly, but are not limited to, 

chromosomal abnormalities, de novo, or inherited single gene variants. 

1.1.1.2.1 Chromosomal abnormalities causing CHD 

Chromosomal abnormalities are the most frequent genetic cause of CHD and include 

chromosomal aneuploidies, microdeletions, and duplications. Aneuploidies are defined by 

an abnormal number of chromosomes (trisomy or monosomy), usually caused by a defect 

of meiosis in a parental gonadal cell (16). An epidemiologic investigation of chromosomal 

aneuploidies showed a 100-fold frequency increase in CHD patients compared to control, 

found in 12.9% of CHD patients (17), an incidence which increases with maternal age (15). 

The most aneuploidies associated with CHD are trisomy 21 (Down Syndrome) and the 

complete or partial loss of chromosome X (X0, Turner Syndrome). 40-50% of children with 

trisomy 21 have cardiac malformation (18), and 20-50% of foetuses with Turner’s syndrome 

have significant heart and aorta defects (19). 

Table 1.1 list examples of chromosomal abnormalities that cause CHD, syndromic and non-

syndromic, the candidate genes that could be related to the CHD associated and the 

frequency of CHD in each alteration. 
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Table 1.1 Chromosomal abnormalities that cause CHD 

Chromosomal 
Abnormality 

Syndrome Candidate Gene for CHD CHD associated 
Frequency of 

CHD (%) 
Reference 

Trisomy 21 Down Unknown AVSD, VSD, ASD, PDA, ToF 40-50 (20–22) 

Trisomy 13 Patau Unknown SVAS, PPs, MVP, VSD, 57-85 (23,24) 

Trisomy 18 Edward Unknown VSD, ASD, AVSD, ToF, DORV, HLHS, CoA 80-95 (24) 

Monosomy X (45, X0) Turner Unknown BAV, HLHS, dilated Ao, CoA, ASD, VSD 20-40 (15,25) 

Tetrasomy 22p Cat eye N/A PVR, ToF, TA, VSD, ASD 50 (26) 

Tetrasomy 12p mosaic Pallister-Killian N/A PDA, ASD, VSD, BAV 39 (27) 

22q11.2 
deletion/duplication 

DiGeorge TBX1 ToF, PA, VSD, TA, IAA 75 (28–30) 

7q11.23 deletion 
Williams-
Beuren 

ELN SVAS, PPs, MVP, VSD 75 (31,32) 

11q terminal deletion Jacobsen ETS-1 HLHS, CoA, VSD, MVS, AoVS, BAV 56 (32,33) 

1q21.1 
deletion/duplication 

N/A GJA5 CoA, BAV, ASD, VSD, PVS, ToF, PDA, TA, IAA 30 (34) 
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Chromosomal 
Abnormality 

Syndrome Candidate Gene for CHD CHD associated 
Frequency of 

CHD (%) 
Reference 

8p23.1 deletion N/A GATA4 
AVC, ASD, VSD, DORV, PDA, LSVC, 

dextrocardia, PS, HLHS 
95 (35,36) 

15q terminal deletion N/A 
IGFR1, NR2F2, 

MEF2A 
ASD, VSD, CoA, PDA, HMV, LPAS N/A (37,38) 

1p36 deletion N/A 
SKI, RERE, PDPN, CASZ1, SPEN, ECE1, 

HSPG2, LUZP1 
ASD, VSD, PDA, CoA, ToF, valvular 

abnormalities 
71-75 (39,40) 

9q34.3 deletion Kleefstra EHMT1 
ASD, VSD, ToF, HLHS, CoA, DORV, Shone's 

complex 
41-50 (41) 

Abbreviations: Ao aorta, AoVS aortic valve stenosis, ASD atrial septal defect, AVSD atrioventricular septal defect, BAV bicuspid aortic valve, CoA coarctation of the aorta, DORV 
double-outlet right ventricle, HLHS hypoplastic left heart syndrome, HMV hypoplastic mitral valve, IAA interrupted aortic arch, LPAS left pulmonary artery stenosis, LSVC left 
superior vena cava, MVP mitral valve prolapse, MVS mitral valve stenosis, PA pulmonary atresia, PDA patent ductus arteriosus, PPS peripheral pulmonary stenosis, PS 
pulmonary valve stenosis, PVR pulmonary vascular resistance, TA tricuspid valve atresia, TOF tetralogy of Fallot, SVAS supravalvular aortic stenosis, VSD ventricular septal 
defect; N/A: not informed. 
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1.1.1.2.2 Monogenic causes of CHD 

Because of technological advances in mutation detection, smaller genomic alterations could 

be identified within single genes as causes of CHD. Causative mutations in a single gene have 

been found in ≈12% of patients with CHD (42), and may be responsible for either isolated CHD 

or the heart malformations as part of a syndrome. 

Although some syndromes are caused by mutations in one gene, they can present variable 

phenotypes of different features or severity (43). One example is the Adams-Oliver syndrome 

(AOS), which can be caused by mutations in the NOTCH1 gene. This syndrome is characterised 

by a range of abnormal features in cranial, limb and cardiac development (44). However, 

studies have shown that only 20% of AOS present CHD (45). On the other hand, there are 

syndromic CHD that can present similar phenotypical characteristics but mutation in different 

genes (43). For example, Alagille syndrome, a disorder caused by a disruption in Notch 

signalling, is most frequently associated with mutations in the JAG1 gene, but also mutation 

in NOTCH2 in a small proportion of cases (46). 

Table 1.2 lists syndromic CHD that could be associated with mutations in a single gene or in 

one gene of multiple possibilities. 
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Table 1.2 Syndromic CHD caused by single genes 

Mutated 
gene(s) Syndrome CHD associated Frequency of 

CHD (%) Reference 

PTPN11 
SOS1 
RAF1 
KRAS 
NRAS 
RIT1 

SHOC2 
SOS2 
BRAF 

Noonan PVS, ASD, PS, VSD, PDA 76 (47–49) 

JAG1 
NOTCH2 Alagille PA, ASD, VSD, ToF, PS, AoVS, CoA, 

HLHS 90 (46) 

TBX5 Holt–Oram ASD, VSD, PDA 75 (50,51) 

NOTCH1 Adams-Oliver AoVS, AoC, ASD, BAV, CoA, LVH, PA, 
ToF, VSD 20 (44,45,52) 

FOXC1 Axenfeld–Rieger ASD, AoVS, PS, ToF, BAV, TA N/A (53) 

CHD7 CHARGE ToF, IAA, DORV, PDA, AVSD 75-80 (54) 

FBN1 Marfan MVP 80 (55) 

TFAP2B Char PDA 68 (56,57) 

MEF2C MEF2C 
haploinsufficiency VSD, PDA, PS N/A (58,59) 

Abbreviations: AoVS aortic valve stenosis, ASD atrial septal defect, AVSD atrioventricular septal defect, BAV 
bicuspid aortic valve, CoA coarctation of the aorta, DORV double-outlet right ventricle, HLHS hypoplastic left 
heart syndrome, IAA interrupted aortic arch, LVH left ventricular hypertrophy, MVP mitral valve prolapse, PA 
pulmonary atresia, PDA patent ductus arteriosus, PS pulmonary valve stenosis, PVS pulmonary valve stenosis, TA 
tricuspid valve atresia, ToF tetralogy of Fallot, VSD ventricular septal defect; N/A: not informed. 

In addition to the syndromic cases of CHD, mutations in some genes can cause isolated CHD. 

About 70% of CHD cases are non-syndromic (60), and the associated genes can be grouped 

into broad categories, such as transcription factors, signalling molecules and structural 

proteins (42,61,62). Table 1.3 provides examples of selected genes with associated CHD 

phenotypes. 
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Table 1.3 Identified genes that cause non-syndromic CHD 

Gene CHD Phenotype Reference 

Transcription Factors 

CITED2 ASD, ToF, VSD (63) 

GATA4 ASD, VSD, AVSD, PS, TOF (64,65) 

GATA5 AoVS, PS, DORV, ToF, BAV, ASD, VSD (66) 

GATA6 DORV, VSD, PDA, PS, PTA, ToF (67,68) 

HAND1 ASD, AVSD, VSD, HLHS (69,70) 

HAND2 VSD, PS, DORV, ToF, PDA, PA, ASD (71,72) 

NR2F2 ToF, AVSD, AS, VSD, HLHS, CoA (73) 

NKX2-5 ASD, ToF, VSD, HLHS (74) 

NKX2-6 TA, PAS, VSD, CoA (75,76) 

TBX20 ASD, VSD, MVD (77) 

NFATC1 VSD (78) 

ZFPM2/FOG2 ToF, DORV, TA, MVP (79,80) 

Signalling molecules 

CRELD1 AVSD (81) 

FOXH1 DORV, ToF, PDA, ASD, VSD (82) 

HEY2 ASD, VSD, TA, MVP, HLHS (83,84) 

NODAL Heterotaxy, AVSD (85) 

SMAD2 Heterotaxy, DORV, ASD, VSD, PDA, 
valve anomalies (86) 

SMAD6 BAV (87,88) 

VEGFA ToF (89) 

Structural proteins 

ACTC1 ASD, AS, PS, VSD, LVNC (90,91) 

DCHS1 MVP (92) 
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Gene CHD Phenotype Reference 

MYH6 ASD (93) 

MYH7 Ebstein’s anomaly, HLHS, LVNC, 
DORV, VSD (94,95) 

MYH11 PDA (96,97) 

Abbreviations: AoVS aortic valve stenosis, ASD atrial septal defect, AVSD atrioventricular septal defect, BAV 
bicuspid aortic valve, CoA coarctation of the aorta, DORV double-outlet right ventricle, HLHS hypoplastic left 
heart syndrome, LVNC left ventricular noncompaction, MVD mitral valve disease, MVP mitral valve prolapse, PA 
pulmonary atresia, PDA patent ductus arteriosus, PS pulmonary valve stenosis, TA truncus arteriosus, ToF 
tetralogy of Fallot, VSD ventricular septal defect. 
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1.2 NR2F2 and its contribution to CHD 

NR2F2 is a gene encoding Nuclear Receptor subfamily 2, group F, member 2 (NR2F2), and it is 

implicated in heart development through several lines of evidence. In 1999, a study in mice 

showed that Nr2f2 homozygous knockout (Nr2f2-/-) resulted in lethality around 10 days of 

gestation, presenting secondary to neural and cardiac haemorrhage. One-third of Nr2f2+/- 

mice survived until after weaning and were smaller than wild-type littermates. Histological 

analysis revealed atria and vascular formation defects, indicating that Nr2f2 is involved with 

angiogenesis and heart development (98). In another study, Nr2f2 mutants developed 

cardiovascular defects that included atrioventricular septal defect, thin-walled myocardium, 

and poor angiogenesis (99). Endothelial-specific Nr2f2 deficient embryos presented 

endocardial cushion hypoplasia due to a failure in epithelial-mesenchymal transition (EMT) 

(99). 

Adding to rodent studies, studies have also identified NR2F2 mutations as a cause of human 

heart abnormalities. In 2011, a group reported a patient with ventricular and atrial septal 

defects and a 15q terminal deletion that included NR2F2. A comparison made with other 

reports of CHD associated with chromosomal deletions in the NR2F2 region suggested 

deletion of this gene was causative of heart malformations (100). Later, collaborative groups 

in the UK (University of Southampton and Sanger Institute, Cambridge) and Canada (Hospital 

for Sick Children, Toronto) carried out exome sequencing in 13 parent-offspring trios and 112 

unrelated individuals with atrioventricular septal defects. Their findings showed five rare 

missense variants in NR2F2 that were not identified in control groups. In addition, three 

families with CHD were found to have additional types of mutation in NR2F2, including a 

balanced de novo chromosomal translocation, a de novo substitution affecting a splice donor 

site and a 3-bp duplication, coming to a total of six exon variants of NR2F2 screened (101). In 

the same study, the NR2F2 activity was measured by a luciferase assay comparing a wild-type 

NR2F2 expression with all six variants found by the group, concluding that the mutations 

impact the transcriptional activity of the gene on target promoters. 

More recently, after sequencing 168 unrelated CHD-affected individuals, a group detected a 

de novo nonsense mutation in NR2F2 in one individual. Functional assays were carried out, 
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showing NR2F2 mutant protein losing transcriptional activity compared to unaltered protein 

(102). These findings strongly suggest that NR2F2 is a genetic cause of CHD and has an 

essential role in heart development. 

1.2.1 NR2F2 roles in organogenesis 

Several studies have sought to determine the mechanisms and targets related to NR2F2. In 

reproductive system development, SOX9 is known to be a pro-testis gene, and WNT4 is a pro-

ovary gene (103). Independent animal studies showed NR2F2 negatively regulates Sox9 in 

osteogenic mesenchyme in mice (104) and positively regulates WNT4 in human endometrium 

(105), suggesting that NR2F2 participates in a female phenotype of reproductive organs 

(103,106). 

Skeletal muscle formation also depends on a dose-balanced expression of NR2F2 (107). It is 

required for myoblast proliferation in early mice development, but its expression level 

decreases along with the myoblast differentiation as Nr2f2 can inhibit the fusion of myoblasts 

into myotubes, a process required for skeletal muscle formation (107). The expression of 

Nr2f2 is also required for renal cell maturation. Lack of Nr2f2 in mice impaired metanephric 

mesenchyme formation, and deletion at later stages reduced the expression of several 

metanephric mesenchymal genes, e.g. Eya1, Pax2, Six2 and Wt1 (108). 

Cell fate decisions are critical during development and are controlled by transcription factor 

networks (109). In the cardiovascular system, NR2F2 is known to participate in angiogenesis 

(110). It is predicted to interact with PROX1 (111,112). PROX1 expression and maintenance 

are required to induce the endothelium towards a lymphatic vascular phenotype (111), and it 

was shown that NR2F2/PROX1 heterodimers would trigger lymphatic endothelial cell lineage, 

and NR2F2 homodimer would induce venous endothelial cell lineage and inhibit an arterial 

phenotype by binding to HEY1/HEY2 promoter regions (113). In the heart, NR2F2 also 

participates in atrial/ventricular cardiomyocyte identity decisions (109). In mice, 

immunoprecipitation experiments showed that Nr2f2 binds to the Tbx5 promotor stimulating 

its expression, which suggests that Tbx5 is a target of Nr2f2. This modulation could happen 

through interaction with Sp1, as its binding site is required for Nr2f2 to promote the 

expression of Tbx5. Interestingly, Nr2f2 could also suppress the expression of two pro-



Chapter 1 

11 

ventricular genes, Hey2 and Irx4, through direct biding to their genomic loci, which supports 

the proposal that NR2F2 is required for decisions between atrial or ventricular cardiomyocyte 

cell fate (109,114). 

1.2.2 NR2F2 Mutations 

NR2F2 is essential during embryonic development for the heart and other organs. A mice 

model showed homozygous deletion of Nf2f2 in the mesentery caused diaphragmatic hernia, 

herniation of the liver and stomach in the thoracic cavity and asplenia. The findings suggested 

that Nr2f2 could have a role in the formation of the diaphragm and attachment of the post-

hepatic mesenchymal plate to the body wall (115). Asplenia and congenital diaphragmatic 

hernia are phenotypes that can also be found in humans with NR2F2 variants (116,117). Other 

features associated with NR2F2 in humans include testicular or ovotesticular differences in 

sex development, virilization of the external genitalia, dysmorphic features, developmental 

delay, and underdeveloped limbs (103,117–119). 

The most clinically severe disorders associated with NR2F2 mutations relate to the heart. 

NR2F2 variants can lead to several isolated heart defects (118). Table 1.4 and Figure 1.1 

summarizes the main cardiac phenotypes associated with NR2F2 variants, with the effect of 

the mutation. 

 
Figure 1.1 NR2F2 mutations and their positions in the canonical isoform 
In this schematic representation of the NR2F2 protein, it is indicated the location of each described mutation in 
Table 1.4. Each coloured square represents a protein domain: AF-1 (activation function 1; blue), DBD (DNA-
binding domain; light blue), hinge (yellow), LBD (ligand-binding domain; green) and AF-2 (activation function 2; 
red). NH2 is the amino terminus and the COO- is the carboxyl terminus of the protein. Created with 
BioRender.com. 
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Table 1.4 Cardiac phenotypes associated with NR2F2 variants 

Phenotype DNA Mutation Protein Alteration Mutation Type Reference 

ToF 

c.220_222dup p.Gln75dup in-frame duplication 

(73) 

AVSD 

AS, VSD 

AVSD c.1022C>A p.Ser341Tyr missense 

AVSD c.614A>T p.Asn205Ile missense 

AVSD c.753G>C p.Glu251Asp missense 

AVSD c.1234G>T p.Ala412Ser missense 

AVSD c.509A>T p.Asp170Val missense 

HLHS c.970þ1G>A N/A splice donor 

CoA t(14;15)(q23;q26.3) N/A balanced translocation 

Coa, PFO, PDA c.856dupG p.Val286Glyfs*23 frameshift (118) 

ASV c.92_98delGCCCGC p.Pro33Alafs*77 frameshift (116) 

CoA del(15)(q26.1) N/A unbalanced translocation (120) 

DORV, VSD c.247G>T p.G83X nonsense (102) 

Abbreviations: ASD atrial septal defect, AVSD atrioventricular septal defect, CoA coarctation of the aorta, DORV 
double-outlet right ventricle, HLHS hypoplastic left heart syndrome, PDA patent ductus arteriosus, PFO patent 
foramen ovale, ToF tetralogy of Fallot, VSD ventricular septal defect. N/A not applicable 

1.2.3 Genomic structure of NR2F2 

The NR2F2 gene (previously known as Chicken Ovalbumin Upstream Promoter Transcription 

Factor II, COUP-TFII) is located at chromosome 15 (15q26.2: 96,326,046-96,340,263) (Figure 

1.2Error! Reference source not found.) (121,122). The genomic structure of NR2F2 was 

described in 1995, and it is composed of 6 exon regions (123). Each transcript of NR2F2 is 

formed by 3 exons, and 3 different protein isoforms (a, b and c) of NR2F2 were identified as 

splicing products of those 4 transcripts (NCBI, Gene ID: 7026) (122,123). According to the NCBI 

database, the transcript variant NM_021005.4 is canonical and encodes the longest isoform 
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(a) of NR2F2. Both transcript variants NM_001145156.1 and NM_001145157.2 encode the 

same protein isoform (c) (122). 

 
Figure 1.2 NR2F2 genomic location and structure of transcripts 
NR2F2 is located at Chromosome 15 (15q26.2). There are 6 exon regions in the gene that initiate transcription 
of 4 transcripts: NM_021005.4, NM_001145155.2, NM_001145156.1 and NM_001145157.2 (nomenclature from 
NCBI ID 7026) formed by 3 exons each (represented by rectangles). The canonical transcript is the NM_021005.4 
(golden) and it is formed by the exons 2, 5 and 6. The other three transcript variants (blue) share the exons 5 and 
6 with the canonical variant but differ in the first exon of each (exons 1, 3 and 4 compared to exon 2). The NR2F2 
DNA structure is represented in red, and it is contained between the 96,326,046 and 96,340,263 base positions 
in the genome. The white arrows show the direction of transcription. 

1.2.4 NR2F2 protein structure and function 

The canonical isoform (a) of NR2F2 protein is formed by 414 amino acids and has an N-

terminal DNA-binding domain (DBD), a C-terminal ligand-binding domain (LBD), and two 

activation function domains: AF1 and AF2 (124) (Figure 1.3). The NR2F2-DBD is composed of 

two zinc fingers that are similar to the structure of other members of the protein family. The 

DNA binding function of NR2F2 is considered promiscuous due to its ability to recognize direct 

repeats and palindromes of the GGTCA motif with different spacings (1-5bp) (125). This 

property allows NR2F2 to interact with many targets. For functional DNA-binding, two GGTCA 

half-sites accommodate the activated dimer form of NR2F2 that undergoes structural 

adaptation to recognise the interspaced GGTCA motifs (125). The NR2F2-LBD domain 

comprises 10 α-helices that fold into a 3-layered helical sandwich, a known conformation for 
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NRs. The N-terminal portion of helix α10 is primarily responsible for dimer formation by 

hydrophobic interaction, which is crucial for the whole activity of the protein (126). As a 

transcription factor, NR2F2 acts by modulating gene expression, and it has been suggested 

that it requires the presence of hydrophobic molecules, which have yet to be identified to 

bind into the LBD ligand site. In the absence of a ligand, the C-terminal portion of helix α10 

collapses into the ligand-binding site showing an auto-repressed conformation of NR2F2. 

Alteration in the AF-2 portion at the C-terminal end of the NR2F2-LDB showed a significant 

reduction in NR2F2 activity, demonstrating that an intact structure of this region is also 

required for NR2F2 activation. Considering the importance of NR2F2-LDB for its activation, all 

the NR2F2 isoforms contain this portion and, therefore, can play a role in NR2F2 function 

regulation. Compared to the longest isoform (a), isoforms b and c have shorter N-terminus 

because of the differences in the 5’UTR and coding sequences of their first exon (122). 

The transcriptional activity of NR2F2 can occur through several mechanisms. It can form a 

homodimer or heterodimer with other transcription factors to activate or repress its target 

(127,128). To active target genes, NR2F2 binds directly into hormone response elements, 

indirectly as an accessory factor or via protein-protein interaction. It can repress gene 

expression by binding directly into the target’s promoter region, indirectly by competing for 

occupancy of other transcription factors binding sites or competing with other nuclear 

receptors for heterodimerization with retinoid X receptors (RXR), and by transrepression 

(127,128). This last mechanism of repression is defined by a transcription factor binding 

directly to the LBD of other nuclear receptors preventing their activation (127,128). 

Transrepression could be the predominant mechanism used by NR2F2 to suppress gene 

expression (127,129). 

Although NR2F2 is still considered an orphan nuclear hormonal receptor, some molecules can 

modulate its transcription activity in vitro. Retinoic acids were described as activators of 

NR2F2 in a higher concentration than physiological levels (126), whereas a synthetic naphthol 

compound was described as an inhibitor of it (130). Recently, a screening of 516 metabolic 

enzymes alongside their substrates and products found that non-canonical alanine-based 

sphingolipids (1-deoxysphingosines) bind to NR2F2 and NR2F1 LBDs and modulate by 

increasing their transcriptional activity in vitro at physiological concentrations, but not NR2F6 
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– the third member of the NR2F family (131). Interestingly, the group that described 1-

deoxysphingosines as ligands of NR2F2 could not identify any enzymes or retinoids that belong 

to the retinoic acid pathway able to modulate transcriptional activity of NR2F2/1, conflicting 

with previous data showing unphysiological concentrations of retinoic acids could put NR2F2 

in an activation conformation, capable of recruiting co-activators (126). 

 

Figure 1.3 Protein structure of NR2F2 
NR2F2 protein is composed by 5 domains: AF-1 (blue), DBD (light blue), hinge (yellow), LBD (green) and AF-2 
(red). AF-1/2: activation function 1/2; DBD: DNA-binding domain; LBD: ligand-binding domain. NH2: amino 
terminus. COO-: carboxyl terminus. Created with BioRender.com. 

1.2.4.1 Homology between NR2F-family members 

The molecular structure of human NR2F family members (NR2F2, NR2F1 and NR2F6) is highly 

conserved. NR2F2 and NR2F1 share the highest degree of homology among the members of 

the NR2F-family (132). When aligned using Clustal Omega, the protein sequence of NR2F2 (ID 

Uniprot: P24468) shows ≈89% of similarity with NR2F1 sequence (ID Uniprot: P10589), in 

comparison to NR2F6 (ID Uniprot: P10588) with only 66% similarity with NR2F2 sequence. 

Looking at binding domains and comparing NR2F2 and NR2F1, DBD and LBD have 97% and 99% 
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homology, respectively (Figure 1.4) (123,133). However, the homology between them in the 

AF1 portion is lower (45%), indicating that they can bind in similar elements on the DNA but 

may provide distinct functions between them (134). Between NR2F2 and NR2F6, the amino 

acids that match in DBD and LBD sites correspond to 86% and 76%, respectively (Figure 1.4). 

NR2F2 is also highly conserved between species. Its homologous proteins can be found in 

several members of Metazoa (135). NR2F2 orthologues are found in mice (123,136), chicken 

(137), Xenopus frog (138), and zebrafish (139,140). They form a group in the phylogenic tree 

of the NR2F-family with a high percentage of similarity (>95%) (124). 

 

Figure 1.4 NR2F protein homology in humans 
The figure shows protein structure of human NR2F1 (top), NR2F2 (middle) and NR2F6 (bottom). The numbers 
represent the amino acid positions. The percentages in the blue rectangle indicate the similarity of DBDs in 
relation to DBD-NR2F2. The percentage in green rectangle indicates the similarity of LBDs in reference to LBD-
NR2F2. Created with BioRender.com. 

1.3 Cellular composition of the heart 

The mammalian heart is composed mainly of cardiomyocytes, fibroblasts, endothelial cells, 

and smooth muscle cells (141). Cardiomyocytes are responsible for the contraction of the 

heart, but other non-cardiomyocyte cells play other important roles in the heart. They are 

responsible for vascularisation, extracellular matrix organisation, cell-to-cell communication, 

and other tasks related to cardiac homeostasis and development (142). 

Several studies show that the cellular composition of the mammalian heart can differ between 

species and ages of development. Rodent studies demonstrated that the murine adult heart 

is composed of 56% cardiomyocytes and 44% non-cardiomyocyte cells (143), contrasting with 
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previous reports of the rat adult heart presenting only 30% of cardiomyocytes and 70% of 

non-cardiomyocyte cells (144). Banerjee et al. also analysed the cellular constituents in 

different developmental stages of rat and mouse hearts. Similarly, they observed differences 

in the proportion of cardiomyocytes and non-cardiomyocyte cells in different stages of 

development, increasing postnatally until adulthood (from ≈10% to ≈30% in mice and from 

≈30% to ≈60% in rats) (143,145). 

Recently, single-cell transcriptomic analysis has been unveiling the cellular diversity in the 

human heart. It has been revealed that cardiomyocytes comprise ≈36% of the cells, and 

regarding nonmyocyte cells, ≈30% are related to fibroblasts (146,147). In human foetal heart 

studies, this figure changes to 45% and 12% related to cardiomyocytes and fibroblasts, 

respectively (148). 

1.3.1 Noncellular composition of the heart: the extracellular matrix 

The extracellular matrix (ECM) is formed by fibrillar and nonfibrillar proteins secreted by the 

cardiac tissue's resident cells and organised in a tridimensional network (149,150). Although 

it is known for its scaffolding function, the ECM is also a dynamic component of the heart. A 

cell-mediated turnover determines its composition, which leads to biomechanical, electrical, 

and chemical responses between the cardiac cells and the microenvironment (149,151). 

The cardiac ECM is composed mainly of collagen fibres (I, III and IV), fibronectin, laminin, 

proteoglycans, glycosaminoglycans, and elastins (150) distributed in two major regions: 

interstitial space and basal membrane (152). The interstitial space is between the myocardium 

and the endocardium, separated from the cellular layer by the basal membrane (153). It is 

formed 80% by collagen I and 10% of collagen III (150); the remaining portion is formed by an 

amorphous substance made by proteoglycans and glycoproteins (154,155). The basal 

membrane is placed in the pericellular region of the cardiac tissue (153), and it is mainly 

composed by fibronectins, laminins, perlecans, nidogens, and collagen IV (156). 

1.4 Role of Fibroblasts in Cardiogenesis 

Fibroblasts are essential for maintaining the structural integrity of the heart. They are 

responsible for remodelling the ECM, communicating with immune cells, and participating in 
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electrical conductivity and rhythmicity of the cardiac muscle (143,157). Fibroblasts are also 

responsible for the fibrotic and inflammatory first response during injury of an adult heart 

(158). However, because of their heterogeneity and lack of specific markers, the study of the 

origin and role of fibroblasts during human embryonic development remains challenging. 

Studies showed that after heart looping, cells from the primitive epicardium undergo 

epithelial-to-mesenchymal transition (EMT) and migrate to the myocardium (159) and later 

give rise to most interstitial and adventitial cardiac fibroblasts and vascular smooth muscle 

cells (160). This process is controlled by a specific set of proteins at specific time points in the 

EMT. Before the EMT, the transcription factor 21 (Tcf21) expression is important for cell 

migration, and this is evident in Tcf21-null mice with epicardial cells unable to undergo EMT 

(161). After the transition, interactions between growth factors and transcription factors 

control later processes. For example, interruptions in fibroblast growth factor 10 (Fgf10) 

cascade signalling reduce heart size by the reduced migration rate of cardiac fibroblasts to the 

myocardium (162). 

Although most cardiac fibroblasts are of epicardial origin, a small percentage is derived from 

the endothelium that coats the inner lumen of the heart (i.e. endocardium). The endothelial 

cells that form the endocardium undergo an endothelium-to-mesenchymal transition 

(EndoMT) (155,156). The fibroblasts generated by this process can be found in the 

atrioventricular septum and left ventricle. Lastly, a smaller subset of cardiac fibroblasts is 

derived from the neural crest. Fibroblasts derived from the neural crest are necessary for 

outflow tract development and valve formation (163,164). It has been estimated that about 

80% of fibroblasts from the adult heart are Wnt1-positive cells, indicating they are of 

epicardial origin, around 18% come from the endocardium, and the remaining percentage 

arise from the neural crest (163). Studying the origin of fibroblasts and the processes of EMT 

and EndoMT is crucial not only to understanding normal cardiogenesis but also to abnormal 

development and CHD (155). 

It is clear that fibroblasts contribute to the three-dimensional organization of the four-

chambered heart during embryonic development, but their roles are not limited to the 

structural framework of the heart. They can interact with cardiomyocytes stimulating 



Chapter 1 

19 

proliferation via ß-integrin signalling (165). Also, although non-contractile cells, they 

contribute to electrical coupling by contacting with cardiomyocytes via connexins (166,167). 

Moreover, the importance of fibroblasts remains after birth. Murine neonatal hearts increase 

the thickness of ventricular walls due to higher systolic pressure. This enlargement of heart 

wall size is attributed to a double number of fibroblasts postnatally which remodels the 

extracellular matrix providing distributions of the mechanical distress (166). 

1.5 The combined strategy: gene perturbation and transcriptomic analysis 

Gene editing strategies associated with transcriptomics analysis can be used to investigate 

gene networks. Several groups have combined gene perturbations via CRISPR/Cas9 with 

single-cell RNA sequencing and developed methods to elucidate gene function and 

interactions. In December 2016, three groups released studies describing similar techniques 

using this approach: CRISPR-seq and Perturb-seq. CRISPR-seq was applied in mice samples to 

trace different functions of two transcription factors in immune cells in response to pathogens 

(167). Perturb-seq, on the other hand, was used by two groups to knock out multiple 

transcription factors regulated by cell immune response to lipopolysaccharide and investigate 

aftereffects (168), and to suppress genes involved in cell response to endoplasmic reticulum 

stress (169). More recently, a study using primary human Langerhans cells combined CRISPR 

knockout with single-cell Drop-seq RNA sequencing. The group aimed to elucidate the 

genomic network responsible for context-dependent immune responses of those cells (170). 

Although these methods share numerous similarities, their distinct experimental design and 

analysis pipelines demonstrate flexibility in dealing with a wide range of biological 

interrogations. 

In this manner, considering the importance of NR2F2 and fibroblasts in the process of 

cardiogenesis, the present work will betake this combining methodology of causing gene 

perturbation in foetal cardiac fibroblasts through CRISPR/Cas9 technology and evaluate these 

gene expression changes using single-cell RNA sequencing to investigate the role of NR2F2 in 

those cells during the heart development. 
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1.6 Hypothesis and Aims 

1.6.1 Hypothesis 

NR2F2 interacts with genes related to cardiogenesis pathways in cardiac fibroblasts. 

1.6.2 Aims 

We aim to investigate the molecular pathway involving NR2F2 during heart development 

using a gene editing technique in primary foetal fibroblasts combined with transcriptomic 

analysis. 

1.6.2.1 Specific Aims 

i. Establish a protocol to isolate and characterize primary foetal cardiac 

fibroblasts  

ii. Perform NR2F2 knockout in primary foetal cardiac fibroblasts using 

CRISPR/Cas9 technology 

iii. Perform single-cell RNA sequencing in NR2F2 knocked-out primary foetal 

cardiac fibroblasts 

iv. Identify the specific targets downstream of NR2F2 involved in heart 

development 
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Chapter 2 Material and Methods 

2.1 Tissue Handling and Cell Culture 

2.1.1 Heart Sample Collection 

Ethics approval for using of foetal tissues was obtained from NRES Committee North East - 

Newcastle & North Tyneside 1 (REC reference: n08/H0906/21+5 by the Newcastle HDBR. With 

informed consent and signed permission, human embryonic/foetal material from the 

developmental period of 6-13 weeks post-conception was provided by the Joint 

MRC/Wellcome Trust (grant #099175/2/12/2) Human Developmental Biology Resource 

(www.hdbr.org). All protocols follow the University of Southampton health and safety policy 

and governance (ERGO #9962). 

2.1.2 Foetal Heart Dissection 

In total, fourteen hearts were processed. The foetal hearts were embedded in Dulbecco’s 

Phosphate Buffered Saline (DPBS, Sigma). Five hearts were processed without dissection, and 

nine hearts were dissected in the atria, outflow tract and ventricles using micro-dissection 

scissors before processing. The atria and outflow track were dissected from the heart, and the 

three parts (ventricles, atria, and outflow tract) were processed independently. Either the 

whole heart or each part was chopped into cubicle pieces of 1 mm3 (McIlwain Tissue Chopper, 

Campden Instruments) and used to isolate migrating cardiac cells. 

2.1.3 Isolation of Migrating Cells 

6-well plates were treated with 1 mg/ml of gelatin (Sigma) for at least 30 minutes at 37 °C. 

Then, the gelatin was removed, and the wells were washed with sterile DPBS. Gelatin coating 

was used only during the isolation step. The cubicle pieces of tissues were plated 3-4 in each 

of the gelatin-treated wells and cultivated with 3 ml of Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco) supplemented with 10% of Foetal Bovine Serum (FBS, Sigma) and 1% of 

Penicillin/Streptomycin (P/S, Gibco). The media was changed after five days to ensure 

adherence to the explants. The migrating cells were harvested in culture after 7-10 days using 

a filtering method. 
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2.1.4 Purification of Migrating Cells 

Once the cells migrated, the media was removed, and the cells were washed with sterile DPBS. 

700 μl of 0.25% Trypsin-EDTA (Sigma) was added to each well to detach the cells and tissue 

explants adhered to the plate. After 5 minutes at 37°C, the process was halted by adding 1 ml 

of culturing media to each well, and the content was collected in a 15 ml tube. A filtering 

method was used to separate the migrating cells from the tissue explant. The media 

containing the cells and explants was filtered using a 70 μm filter, separating single cells from 

the tissue explant retained on the filter. The cellular filtrate was then centrifuged for 5 minutes 

at 300 g. The resulting pellet was re-suspended in DMEM supplemented with 10% FBS and 1% 

P/S and plated in T-75 flasks to expand. The media was changed every 3 days, and the cells 

were expanded until the first passage before being frozen. 

2.1.5 Primary Cells Culture 

Primary cardiac foetal cells were plated in T-25 flasks at a cell density of 1x105 cells per flask. 

Once totally confluent, the cells were transferred to T-75 flasks to continue to expand. The 

media used throughout this process was DMEM supplemented with 10% FBS, which was 

changed every 2 days. 

2.1.6 MRC-5 Cells Culture 

MRC-5 (ATCC CLL-171) is a primary lung fibroblast cell line from foetal origin. MRC-5 cells were 

plated in T-75 flasks at a cell density of 3x105 cells per flask. No gelatin coating was used to 

treat flasks for MRC-5 culturing at any time. The media used was DMEM supplemented with 

10% FBS and changed every 2 days until total confluency. 

2.2 Migrating Cells Characterisation by Flow Cytometry 

The characterisation of cells isolated from the heart was performed through flow cytometry 

by using the measure of fibroblast markers (CD90 and Vimentin), endothelial (CD31) and 

cardiomyocytes (αMyHC) markers. The cells were harvested using 0.25% Trypsin-EDTA and 

centrifuged at 500 g at 4 °C for 5 minutes. The pellet was re-suspended in DPBS. Cells were 

washed twice more with DPBS using the last centrifugation setup to remove all residual 

protein in the solution. Viable cells were stained using Zombie Violet Fixable Viability Kit 

(BioLegend) in the proportion of 1:100 in DPBS for 30 minutes at room temperature in the 
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dark. After viability staining, 1 ml of DPBS containing 0.5% FBS was added to chelate the 

remaining amine-reactive fluorescent dye in the solution, and one more centrifugation step 

was performed. Cell surface markers staining was performed using 1:20 of CD90-PercP/Cy5.5 

(BD Pharmingen) and 1:200 of CD31-APC (ImmunoTools) at room temperature for 45 minutes. 

Paraformaldehyde (PFA) was added to a final concentration of 1% to fixate the cells for 30 

minutes at 4 °C. The cells were washed and re-suspended in 5% FBS in DPBS containing 0.1% 

saponin for 20 minutes at room temperature, aiming to permeabilise and permit intracellular 

staining. For intracellular staining, Vimentin-Alexa Fluor 488 (BD Pharmingen) and Myosin4-

eFluor 660 (αMyHC, eBioscience) were used at a proportion of 1:20 and 1:200, respectively, 

and the staining process occurred at room temperature for 45 minutes. The fluorescence 

measurement was carried out on BD FACSAria II (BD Biosciences). 

2.3 Identification of NR2F2 in Cardiac Cells 

2.3.1 NR2F2 Transcripts Detection by Quantitative Polymerase Reaction Chain 

2.3.1.1 RNA Extraction 

Extraction of total ribonucleic acid (RNA) from cells was performed using a phenol-chloroform 

protocol. For RNA extraction, cells were harvested once confluent using 0.25% Trypsin-EDTA 

and pelleted at 300 g for 5 minutes. The pellet was then washed in DPBS, transferred to 1.5 

ml microcentrifuge tubes and centrifugated at 600 g for 5 minutes. After removal of the 

supernatant, the cells were re-suspended in 750 µl of TRIzol LS, mixed by vortexing and left at 

room temperature for 5 minutes. 200 µl of chloroform was added to induce phase separation, 

in which proteins are in the organic phase, DNA resolves in the interface, and RNA remains in 

the aqueous phase. The sample was mixed vigorously by vortexing and left at room 

temperature for 5 minutes. The aqueous phase was carefully collected after centrifuging the 

samples 9,600 g at 4 °C for 20 minutes. For RNA precipitation, half of the solution volume of 

isopropanol was added along with 1 µl of glycogen, mixed by vortexing and left at -80 °C for 

20 minutes. 

The samples were centrifuged at 17,000 g at 4 °C for 30 minutes, and the supernatant 

containing isopropanol was carefully removed and discarded. 500 µl of 75% ethanol was 

added, followed by centrifugation of 17,000 g at 4°C for 5 minutes. The ethanol was removed, 
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and the pellet was air-dried. 20 µl of RNAse free water was then added, and the RNA was 

measured by wavelength absorbance (A260) using spectrophotometry (Nanodrop, Thermo 

Scientific). 

2.3.1.2 cDNA Synthesis 

The extracted RNA was used as a template to synthesise corresponding complementary 

deoxyribonucleic acid (cDNA) by reverse transcription reaction. For this experiment, 100ng of 

RNA from each sample was used. A mix of components of the High-Capacity cDNA Reverse 

Transcription Kit (4368814, Applied Biosystems) was added according to Table 2.1. The final 

volume per reaction was 10µl. The samples were loaded at the thermocycler to activate the 

reaction following the setup in Table 2.2. 

Table 2.1 Content of Reverse Transcription Master Mix 

Reagent Volume Concentration 

RT Buffer (10x) 1 µl 1x 

Random Hexamers (10x) 1 µl 1x 

dNTP (100 mM) 0.4 µl 4 mM 

RNAse inhibitor (40 U/µl, Promega) 0.5 µl 2 U/µl 

MS Reverse Transcriptase (50 U/µl) 0.5 µl 2.5 U/µl 

RNA + H2O 6.6 µl 100 ng of RNA 

Table 2.2 Thermocycler set-up for cDNA synthesis 

 Primer annealing cDNA synthesis Enzyme deactivation Hold 

Temperature 25 °C 37 °C 85 °C 4 °C 

Time 10 min 120 min 5 min ∞ 

2.3.1.3 Quantitative PCR 

Quantitative Polymerase Chain Reaction (qPCR) was carried out to identify the expression of 

NR2F2 in each sample. TaqMan technology was used to quantify the expression of the 

transcripts. TaqMan technology delivers a fluorescent probe together with the primer that 
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accumulates during the PCR cycles. The accumulated fluorescence was detected by the 

7900HT Fast Real-Time PCR System (Applied Biosystems). The cDNA was diluted in a 

proportion of 1:10 using RNAse and DNAse-free distilled H2O (ddH2O, Gibco). A commercial 

primer for NR2F2 was used (Hs00819630_m1, Thermo Fisher) to identify the canonical NR2F2 

transcript (NM_021005.3). 2.5 µl of TaqMan Universal Master Mix II (Applied Biosystems) with 

0.25 µl NR2F2 TaqMan Gene Expression Assay (Applied Biosystems) were prepared for each 

reaction, completed with 1.25 µl of ddH2O. 1 µl of diluted cDNA was added to the designed 

well along with 4 µl of the mix. The total reaction volume was 5 µl per well. GAPDH 

(Hs04420632_g1, Thermo Fisher) and ACTB (Hs01060665, Thermo Fisher) were the 

housekeeping genes used as an endogenous control. The program used to perform the PCR is 

demonstrated in Table 2.3. 

Table 2.3 Thermocycler setup for qPCR 

2.3.2 NR2F2 Protein Detection by Flow Cytometry 

For analysis of NR2F2 at the protein level, cells were harvested using 1x TrypLE Express (Gibco), 

centrifuged at 300 g at 4 °C for 5 minutes, and the pellet was re-suspended in DPBS. Two 

washed with DPBS were made using the previous centrifugation setup. Viable cells were 

stained using Zombie Violet™ Fixable Viability Kit (Bio Legend) in the proportion 1:100 for 30 

minutes at room temperature in the dark. 3 ml of DPBS containing 0.5% Bovine Serum 

Albumin (BSA, Sigma) was added, and cells were centrifuged at 300 g at 4 °C for 5 minutes. 

The pellet was re-suspended in 1% PFA to fix the cells for 30 minutes at 4 °C. The cells were 

washed and re-suspended in 5% FBS in DPBS containing 0.1% saponin for 20 minutes at room 

temperature for permeabilisation. For primary staining, the cells were incubated for 1 hour 

with 1:100 recombinant Anti-NR2F2 antibody [EPR18443] (Abcam) at room temperature, 

followed by two washes with 5% FBS in DPBS containing 0.1% saponin. For secondary staining, 

Initial Steps PCR – 40 cycles 

 UNG Activation Polymerase 
Activation Denaturation Annealing/Extension 

Temperature 50 °C 95 °C 95 °C 60 °C 

Time 2 min 10 min 15 s 1 min 
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1:10,000 Chicken anti-Rabbit IgG (H+L) Cross-Adsorbed- Alexa Fluor 647 antibody (Invitrogen) 

was added to the cells for 30 minutes. The sample was washed twice using 5% FBS in DPBS 

with 0.1% saponin. The cells were re-suspended in 5% FBS in DPBS and analysed on BD 

FACSAria II (BD Biosciences). 

2.4 Insertion of CRISPR guide RNAs into Cas9 Vectors 

2.4.1 Plasmids Digestion and Dephosphorylation 

Two different vectors were used in the gene editing assays, depending on the delivery method 

of those vectors.  

pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid #62988; 

http://n2t.net/addgene:62988; RRID:Addgene_62988) (171). This plasmid was digested using 

FastDigest BpiI (Thermo Scientific™) restriction enzyme. This restriction enzyme is an 

isoschizomer of BbsI and cleavage at the GAAGAC(2/6)^ site of the vector, the same as BbsI. 

1 µg of plasmid was digested adding 1 µl of restriction enzyme in a 1.5 ml microtube containing 

5 µl of 10x Reaction Buffer (Thermo Scientific) diluted in up to 20 µl of ddH2O. The digestion 

reaction was carried out for 30 minutes at 37 °C. After digestion, the linearised plasmid was 

dephosphorylated to avoid re-ligation. 0.6 units of Shrimp Alkaline Phosphatase (rSAP, New 

England Biolabs) were added to the same microtube. The dephosphorylation reaction was 

carried out for 30 minutes at 37 °C. All the enzymes were deactivated at 65 °C for 5 minutes 

after the reactions. The linearised plasmid yield was purified using column separation steps 

(from step 6 – Handbook) from the QIAquick Gel Extraction Kit (Qiagen). The pure linearised 

DNA yield was measured by wavelength absorbance (A260) using spectrophotometry 

(Nanodrop, Thermo Scientific).  

The second vector, lentiCRISPR v2, was a gift from Feng Zhang (Addgene plasmid #52961; 

http://n2t.net/addgene:52961; RRID:Addgene_52961) (172). This plasmid was digested using 

FastDigest BsmBI (Thermo Scientific) restriction enzyme. After the digestion, the same oligos 

can be used as before for ligation because both restriction enzymes leave the same sticky end 

in both vectors. For 5 µg of plasmid were added 3 µl of restriction enzyme (BsmBI), 3 units of 

Shrimp Alkaline Phosphatase (rSAP, New England Biolabs), 6 µl of 10x FastDigest Buffer, and 

ddH20 up to 60 µl. The reaction was carried at 37 °C for 30 minutes, and the restriction enzyme 

http://n2t.net/addgene:62988
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was deactivated at 65 °C for 5 minutes. The linearised plasmid ran in 1% agarose gel diluted 

in Tris-acetate-EDTA (TAE) for 60 minutes at 100 V. Before gel polymerisation, 0.25 µg/ml of 

Nancy-520 (Sigma-Aldrich) was added. A 1 kb ladder was used as a DNA size reference. The 

linearised plasmid band was purified using QIAquick Gel Extraction Kit (Qiagen). The purified 

band had approximately 12 kb in size, as expected. The pure linearised DNA yield was 

measured by wavelength absorbance (A260) using spectrophotometry (Nanodrop, Thermo 

Scientific). After this, all steps were the same for both plasmids unless said otherwise. 

2.4.2 gRNA Oligos Annealing  

Four pairs (top and bottom strands) of oligos were designed to be cloned into Cas9 vectors, 

each pair corresponding to one single-guide RNA (gRNA) (Table 2.4). The top and bottom 

strands were designed separately, and an annealing step was necessary before ligating the 

vectors. A phosphate group was added onto the 5’-end of each strand prior ligation step. The 

phosphorylation and annealing were performed in the same tube. 10 µM of top and 

corresponding bottom strands were added to a 1.5 ml microtube containing 1x T4 DNA Ligase 

Buffer (New England Biolabs) and 1000 units/ml of T4 Polynucleotide Kinase (PNK, New 

England Biolabs) diluted in ddH2O in a final volume of 10 µl. The mixture was incubated at 

37 °C for 30 minutes. For annealing, the oligos were incubated at 95 °C for 5 minutes and 

cooled down 0.1 °C/s to 25 °C. 

Table 2.4 Sequences of guide RNAs cloned into CRISPR vectors 

Name Oligo Strands DNA Oligo Sequence 

gRNA 1 
top 
bottom 

CACCGGACATTTGCGAACTGGCC 
AAACGGCCAGTTCGCAAATGTCC 

gRNA 2 
top 
bottom 

CACCGGTATATCCGGACAGGTAC 
AAACGTACCTGTCCGGATATACC 

gRNA 3 
top 
bottom 

CACCGGCTCCAGGTGAGGCGAA 
AAACTTCGCCTCACCTGGAGCC 

gRNA 4 
top 
bottom 

CACCGGCCTGCCCCTCTGCACCG 
AAACCGGTGCAGAGGGGCAGGCC 

2.4.3 Ligation of CRISPR guides into CRISPR vectors 

The ligation reaction was performed by adding 50 ng of the digested plasmids (Methods 2.4.1) 

in a microtube containing 1x T4 Ligase Buffer (New England Biolabs). 376.1 pg of annealed 
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guide for the pSpCas9(BB)-2A-Puro (PX459) and 270 pg of annealed guide for LentiCRISPR v2 

were added to the microtubes in a final volume of 10 µl diluted using ddH2O. The mixture was 

incubated for 10 minutes at room temperature. After incubation, 4000 U of T4 DNA Ligase 

(New England Biolabs) were added to the mixture, and the reaction was carried out for 30 

minutes at room temperature. The enzyme was heat-inactivated at 65 °C for 10 minutes. 

2.4.4 Bacterial Transformation 

E. coli XL1-Blue Subcloning-Grade Competent Cells (Agilent) were transformed with cloned 

CRISPR vectors (Methods 2.4.3). During the process, the bacteria were maintained in ice to 

avoid loss of competency. 25 ng of plasmid was added to 50 µl of bacterial suspension and left 

on ice for 20 minutes. The bacteria were heat-shocked at 42 °C for 45 seconds to create a 

pored membrane and allow plasmid transformation into the cell. After, the cells cooled down 

in ice for 20 minutes. 150 µl of Super Optimal broth with Catabolite repression media (SOC 

media, Sigma) were added, and the cells were shaken at 800 rpm at 37 °C for 2 hours on 

Thermomixer (Eppendorf). 

2.4.5 Bacterial Culture 

Following transformation, the competent cells were plated in Lysogeny broth (LB) agar 

containing 100 µg/ml of Carbenicillin (Fisher Scientific) and incubated at 37 °C for 16 hours. 

10 random colonies were collected and expanded in LB broth containing 100 µg/ml of 

Carbenicillin and shaking at 250 rpm at 37 °C for 16 hours. The expanded colonies underwent 

Colony PCR. The colonies that presented the expected band size were purified by Miniprep Kit 

(Qiagen) following the manufacturer's instructions to extract their plasmid. Purified plasmids 

from each guide RNA were sent for Sanger Sequencing (Source Bioscience) analysis to verify 

correct ligation. Colonies presenting correct ligation were expanded using 1 ml of bacterial 

suspension in 500 ml of LB broth containing 100 µg/ml of Carbenicillin, and their plasmids 

were purified by Maxiprep Kit (Qiagen) to further cell transfection. 

2.4.6 Colony PCR 

Colony PCR was performed on colonies of bacteria after the transformation of CRISPR-cloned 

plasmids. The primer pairs were designed to anneal forward primer (3’-

GTGGAAAGGACGAAACACCG-5’) on the U6 promoter and reverse primer on guides (bottom 
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sequence, Table 2.4). 1 µl of bacterial suspension was added into a microtube containing 10 

µl of Taq 2x Master Mix (New England Biolabs), 3 µM of the forward primer and 3 µM of the 

reverse primer diluted in 5 µl of ddH2O. The samples were incubated at 94 °C for 1 minute, 

followed by 35 cycles of 94 °C for 20 seconds, 58 °C (annealing temperature) for 10 seconds 

and 72 °C for 1 kb/minute. Electrophoresis was performed to confirm the presence of 95 bp 

product for the pSpCas9(BB)-2A-Puro (PX459) and 260 bp for LentiCRISPR v2. The samples ran 

through a gel made of 1% agarose diluted in Tris-borate-EDTA (TBE) for 60 minutes at 100 V. 

Before gel polymerisation, 0.25 µg/ml of Nancy-520 (Sigma-Aldrich) was added to it. A 100 bp 

ladder was used as a DNA size reference. Positive samples related to each guide RNA were 

sent to Sanger Sequencing (Source Bioscience) using hU6-F (3’-GAGGGCCTATTTCCCATGATT-

5)’ as a sequencing primer. The traces and quality of sequencing were analysed and aligned 

using Geneious Prime 2020.0.5 software (Geneious). A reference sequence was created for 

each guide RNA to analyse the position of the insert using SnapGene software. The vector, 

guide RNA sequences, and the restriction enzyme used for cloning were input for the software, 

which simulated the correct cut position and direction of the insert to use as a reference for 

the sequencing analysis. 

2.5 Transfection of GFP and CRISPR Vectors 

Five different reagents were assessed to optimise the CRISPR vector transfection. The cells 

were used at 70-80% of confluency. TransIT-LT1 (Mirus), TransIT-X2 (Mirus), VIROMER RED 

(Mirus), VIROMER PLASMID (Mirus) and Lipofectamine 3000 (Invitrogen) were used following 

the respective manufacturer’s protocol for each reagent. We measured the efficiency of 

transfection through GFP expression of pVmTHL (Addgene) and pmaxGFP (Lonza) plasmids. 

For electroporation, the 4D-Nucleofector System was applied using P3 Primary Cell 4D-

Nucleofector X Kit (Lonza) and following the manufacturer’s protocol. The program used for 

electroporation was the DC-100, as suggested by the company. The proportion used for 

transfecting cells was 3 µl of transfection reagent to 1 µg of DNA, and GFP was measured after 

48 hours by fluorescence microscopy and flow cytometry in all assessments. Viable cells were 

stained using SYTOX AADvanced Dead Cell Stain Kit (Invitrogen) following the manufacturer’s 

protocol. 
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2.6 Transduction of CRISPR Lentiviral particles to Fibroblasts 

2.6.1 HEK293 transfection for Lentiviral packaging 

HEK293 cells were plated in T-75 flasks and expanded in DMEM supplemented with 10% FBS. 

The media was changed every 2 days. When confluent, the cells were plated in two 100 mm2 

plates at a cell density of 1x106 cells per plate 24 hours before transfection. For transfection, 

two tubes with 500 µl of Opti-MEM each were used to dilute the reagents. In the first tube, 

45 µl de Lipofectamine 3000 (Invitrogen) was diluted. In the second tube, 15 µg total of vector 

DNA was diluted (Table 2.5). In addition to the LentiCRISPR plasmid, lentivirus packaging 

vectors were added to the mixture (pVSVg and pPAX2). The control group was transfected 

with only LentiCRISPR v2 undigested, and the knockout group was transfected with four 

plasmids in equal parts, one for each single-guide RNA. Then, 30 µl of P3000 Reagent was 

added to the diluted plasmid DNA and mixed well. The mixture was added to the diluted 

Lipofectamine 3000 and incubated for 15 minutes at room temperature, forming a 

transfection master mix. Lastly, 1 ml transfection master mix was carefully added by drops 

and cells were incubated for 24 hours. After 24 hours, 5 ml of DMEM supplemented with 10% 

FBS was added to the plate without removing the media to complete 6 ml, and the cells were 

incubated for another 24 hours. 

Table 2.5 Amount of plasmid DNA added to transfection 

Plasmid DNA Amount 

LentiCRISPR 6.6 µg 

pVSVg 3.4 µg 

pPAX2 5 µg 

2.6.2 Fibroblast transduction with Lentiviral particles 

2 ml, 1 ml, and 0.5 ml of HEK293 supernatant were added to fibroblasts to optimise the 

volume of supernatant-containing lentivirus particles used for transduction (data not shown). 

No multiplicity of infection was calculated, and the transduction efficiency was qualitatively 

measured by comparing the rate of survival between the transduced cells (surviving cells) and 
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untreated cells (no surviving cells) after Puromycin selection. Considering the results, the 

volume of 2 ml of supernatant containing lentivirus particles was set for transduction. 

Fibroblasts were plated in 6-well plates at a cell density of 5x104 cells per well 24 hours before 

transduction. 3 wells were used to be transduced with the CRISPR vector (single-guide RNA 

cloned vector), and 3 wells were used as negative controls being transduced with empty 

vector (no single-guide RNA cloned vector). On the day of transduction, the cell media was 

changed to DMEM with 10% FBS supplemented with 10 µg/ml polybrene and placed back in 

the incubator. In the meantime, the 6 ml supernatant from transfected HEK293 was collected 

into 15 ml centrifuge tubes and centrifuged at 800 g for 15 minutes to pellet cell debris from 

the supernatant. The supernatant was carefully collected and supplemented with 10 µg/ml 

polybrene. The media in the 6-well plate was removed, and 2 ml per well was added to the 

corresponding 3-well set of experiment (treatment or negative control). The 6-well plate 

containing the fibroblasts in the supernatant was centrifuged at 975 g for 90 minutes at 37 °C. 

Once the centrifugation finished, the 6-well plate was incubated for 2 hours at 37 °C. Finally, 

the supernatant was changed to fresh DMEM with 10% FBS. The process was repeated 24 

hours later. Next, transduced cells were selected using 1 µg/ml Puromycin added to the media. 

The duration of the selection was determined by adding the same concentration of Puromycin 

to untreated cells, and when all untreated cells were dead, the selection media (DMEM with 

10% FBS and 1 µg/ml Puromycin) was replaced by fresh growth media (DMEM with 10% FBS). 

Once the transduced cells were selected, they were cultured in growth media for 1 week to 

recover and expand. At the end of the week, cells were collected for downstream analysis. 

2.7 Nucleofection of CRISPR Ribonucleoprotein to Fibroblasts 

Primary cardiac foetal cells from one donor (14597) and MRC-5 cells were harvested and 

counted. Each nucleofection reaction requires 1x105 cells, and it was performed in duplicates. 

Before nucleofection, 200µl of RPMI-1640 medium (Sigma) for each well to be used were pre-

warmed to 37°C in two duplicated 48-well plates. Cells on the first plate were used for CRISPR 

validation assays. The cells of the second plate were used for single-cell transcriptomic 

analysis and banking. For this assay, Gene Knockout Kit v2 (Synthego) was used following the 

manufacturer’s protocol. Briefly, ribonucleoprotein (RNP) complexes were assembled using 

120pmol of 3 gRNA mix (Table 2.6) and 20pmol of Cas9 in a gRNA:Cas9 ratio of 6:1. The RNP 
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complex was made in P3 Primary Cell Nucleofector Solution (Lonza) in a total volume of 15µl 

per reaction. The cells were resuspended in 5µl per reaction at a concentration of 2x104 

cells/µl, added to the RNP complex mix and incubated for 10 minutes at room temperature. 

For negative control, only Cas9 was delivered to cells. The pmaxGFP vector (Lonza) was used 

instead of the RNP complex to analyse the efficiency of transfection. The program used for 

electroporation was EN-150 in primary cardiac fibroblasts and DC-100 in MRC-5 cells. After 

nucleofection, cells were recovered, and plates in pre-warmed RPMI-1640 supplemented with 

10% FBS. Media was changed every two days, and cells were passaged to 24, 12 and 6-well 

plates when 90% confluence was reached. 

Table 2.6 Sequences of guide RNA used in CRISPR RNP system 

gRNA Sequences 

CCGUGGGUCGGCUGGGUCGG 

UAUUUCCCUGCUGUUGCGCG 

UCGAUACCCAUGAUGUUGUU 

2.8 CRISPR Validation Assays 

Cells were collected in 500 µl of Tryzol for nucleic acid extraction. The extraction of DNA and 

RNA from the same samples was done by using the Direct-zol DNA/RNA Miniprep kit (Zymo 

Research) following the manufacturer’s instructions. The nucleic acid concentrations were 

measured by wavelength absorbance (A260) using spectrophotometry (Nanodrop, Thermo 

Scientific). RNA was stored at -80 °C, and the DNA was stored at -20 °C. For protein extraction, 

cells were lysed using 8 M Urea with 1% CHAPS Detergent (Thermo Scientific) and scraped 

from the plate after 20 minutes at room temperature. The lysate was then vortexed and 

centrifuged at 14,000 g for 15 minutes. For measuring protein concentration, the supernatant 

was taken and analysed using Pierce 660 nm Protein Assay Reagent (Thermo Scientific) 

following the manufacturer’s instructions and the plate was read at Multiskan FC Microplate 

Photometer (Thermo Scientific). 
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2.8.1 NR2F2 Knockdown Detection 

2.8.1.1 PCR amplification of the targeted region 

The targeted region aimed by the designed guide RNAs is exon 5 of NR2F2. A pair of primers 

was designed to amplify the region in transfected cells with cloned LentiCRISPR v2. The 

forward (3’ - TGGTCATTAACTGTGGAG - 5’) annealed 39 bp before the beginning of the exon, 

and the reverse (3’- ACTTTAAGTTGCACTCAA - 5’) annealed 113 bp after its end. The product 

for this amplification was 698 bp. For cells electroporated with RNP complexes, the NR2F2 

region was amplified using 3’ – GACTCCAGCTCTGTGGCAG – 5’ as forward and 3’ – 

GCGCCGCATTCAACACAAA – 5’ as reverse primers, with an amplification product of 479 bp. 

The input of DNA was 100 ng, and PCR was performed using the Taq 2X Master Mix (New 

England Biolabs) following the manufacturer’s protocol (Table 2.7). 

Table 2.7 PCR protocol for genomic DNA amplification 

Reagent Volume Concentration 

Taq 2x Master Mix 12.5 µl 1x 

Primer Forward (10µM) 0.5 µl 0.2 µM 

Primer Reverse (10µM) 0.5 µl 0.2 µM 

DNA input --- 100 ng 

H2O Up to 25 µl --- 

The samples were loaded at the thermocycler to activate the reaction following the setup in 

Table 2.8. After the DNA amplification, the products were purified using the AMPure XP 

system by adding 0.6x beads to the DNA amplification product and pipetting up and down 20 

times. The mixture of DNA and beads was incubated for 5 minutes at room temperature, 

allowing the beads to bind the DNA. Next, the mixture was exposed to a strong magnet for 2 

minutes, causing the DNA-beads complexes to be pushed towards the wall of the microtube. 

The supernatant was then removed, and the DNA-beads complexes were washed twice with 

200 µl of 80% ethanol solution. The tubes were taken from the magnet, and the DNA was 

eluted using 20 µl of DNA Elution Buffer (10 mM Tris, pH 8.5, 0.1 mM EDTA). Following the 

elution, the microtubes were exposed again to the magnet causing the DNA solution to 
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separate from the free beads. The supernatant containing the DNA was then transferred to a 

clean microtube and measured by wavelength absorbance (A260) using spectrophotometry 

(Nanodrop, Thermo Scientific). 

Table 2.8 Thermocycler set-up for CRISPR PCR 

 Initial Denaturation PCR – 30 cycles Final Extension 

  Denaturation Annealing Extension  

Temperature 95 °C 95 °C 42 °C 68 °C 68 °C 

Time 30 s 15 s 15 s 1 min 10 min 

2.8.1.2 Detection of mutation in amplified DNA targeted region 

Two assays were performed to detect mutation at the DNA level of samples. The first assay 

uses a T7 Endonuclease that cleaves double-strand DNA mismatches. For this, 200 ng of DNA 

input is added in 19 µl of 1x NEBuffer 2 (New England Biolabs). The DNA was submitted to a 

denaturation and hybridization cycle in a thermocycler, following the setup in Table 2.9. 1 µl 

of T7 Endonuclease I (New England Biolabs) was added to the mix after the hybridization step 

and incubated for 15 minutes at 37 °C. The reaction was stopped using 1.5 µl of 0.25 M EDTA. 

The analysis of the fragmented PCR products was performed on an Agilent Bioanalyzer using 

the High Sensitivity DNA kit (Agilent). 

Table 2.9 Hybridization Condition 

STEP TEMPERATURE RAMP RATE TIME 

Initial Denaturation 95 °C  5 minutes 

Annealing 
95-85 °C -2 °C/second  

85-25 °C -0.1 °C/second  

Hold 4 °C  ∞ 

The second method to detect mutation was through Sanger sequencing. 50 ng of PCR product 

from each sample was sent to sequencing (Source Bioscience) using 3’-

TGGTCATTAACTGTGGAG-5’ for LentiCRISPR transfected samples and 3’-
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GCGCCGCATTCAACACAAAC-5’ for RNP electroporated samples. The traces and quality of 

sequencing were analysed and aligned using Geneious Prime 2020.0.5 software (Geneious) 

and ICE Analysis Software (Synthego). 

2.8.2 NR2F2 mRNA Detection 

qPCR for NR2F2 was performed to detect knockdown at the transcriptomic level, using the 

same protocol as stated before in Methods 2.3.1.2 and 2.3.1.3. However, only GAPDH was 

used as the housekeeping gene. The analysis of these results was made by calculating the 

relative expression (2-∆∆CT) of NR2F2. 

2.8.3 NR2F2 Protein Detection 

The detection of NR2F2 proteins was made by Western Blot analysis. 12 µg of total lysate 

proteins were separated by electrophoresis in Bolt 10% Bis-Tris gels (Invitrogen) using 1x Bolt 

MOPS SDS Running Buffer (Invitrogen), and the run was set up for 1 hour and 30 minutes on 

100 V for the first hour and 150 V for the last 30 minutes. Proteins were transferred to a 

Polyvinylidene difluoride (PVDF) membrane using 1x Bolt Transfer Buffer (Invitrogen) at 20 V 

for 1 hour and 30 minutes. The quality of transfer was checked by staining the membrane with 

Ponceau solution. After transfer, the membrane was blocked using 5% non-fat milk in 1x Tris-

buffered saline with Tween 20 (TBST, 25 mM Tris, 0.15 M NaCl, 0.05% Tween-20, pH 7.5) at 

4 °C overnight. For staining, the primary antibodies diluted 1:1000 in blocking buffer were 

incubated for 1 hour and 30 minutes shaking at room temperature, and the secondary 

antibodies diluted 3:7000 in blocking buffer were incubated for 1 hour shaking at room 

temperature. The antibodies used are listed in Table 2.10. For revelation, the membrane was 

embedded in HRP Substrate Solution for 3 minutes and exposed to chemiluminescence using 

ChemiDoc XRS+ Gel Imaging System (Bio-Rad). 
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Table 2.10 List of antibodies used in Wester Blotting 

Antibody Host Brand 

Recombinant Anti-NR2F2 [EPR18443] Rabbit Abcam (ab211777) 

GAPDH Monoclonal [1E6D9] Mouse Proteintech (60004-1-IG) 

Polyclonal Goat Anti-Rabbit 
Immunoglobulins/HRP (affinity isolated) 

Goat Agilent Dako (P044801-2) 

Polyclonal Goat Anti-Mouse 
Immunoglobulins/HRP (affinity isolated) 

Goat Agilent Dako (P044701-2) 

2.9 Single-Cell RNA Sequencing 

2.9.1 Cell Preparation and Encapsulation 

Cells were harvested using 1x TrypLE Express (Gibco) and counted and checked for viability 

using the TC20 automated cell counter (Bio-Rad). After counting, cells were added to a FACS 

tube and washed in PBS 1%BSA. The cells were resuspended in 50 µl of Cell Staining Buffer 

(Biolegend) and added 5 µl Human TruStain FcX (Fc Receptor Blocking Solution, Biolegend). 

After an incubation of 10 minutes on ice, 5 µl of hashtag antibodies (TotalSeq-A Antibodies 

and Cell Hashing, Biolegend) were added to each sample, followed by a 45 µl Cell Staining 

Buffer (Biolegend). The hashtag antibodies allow combination and subsequently deconvolute 

samples in the downstream bioinformatic analysis. Following the antibody staining, the cells 

were washed twice with 3 ml of Cell Staining Buffer (Biolegend). On the last wash, cells were 

resuspended in 1 ml of PBS 1% BSA. Cells were again counted and pooled together in equal 

numbers. This pooled sample was filtered in a 40 µm Flowmi Cell Strainer (SP Bel-Art) and 

counted again. After the last counting, cells were resuspended in a concentration of ≈1.0-

1.3x106 cells/ml. Chromium Next GEM Single Cell 3ʹ v3.1 with Feature Barcoding technology 

for Cell Surface Protein User Guide (Document number CG000206 Rev D, 10x Genomics) was 

followed as protocol from the generation of Gel Bead-in Emulsions (GEMs) to library 

construction. Briefly, a Reverse Transcription (RT) Master Mix was prepared on ice containing 

18.8 µl of RT Reagent B (10x Genomics), 2.4 µl of Template Switch Oligo (10x Genomics), 2µl 

of Reducing Agent B (10x Genomics) and 8.7µl of RT Enzyme C (10x Genomics). 31.8 µl Master 

Mix was added into each tube of a PCR 8-tube strip on ice with 43.2 µl of the cell suspension 
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to achieve ≈20.000 cells recovered in sequencing. Assemble of Chromium Next GEM Chip G 

(10x Genomics) was followed by attaching it to a Chromium Next GEM Secondary Holder and 

loading unused wells with 50% Glycerol. One well from row 1 was loaded with the 

combination of the Master Mix with single cell suspension previously prepared. At row 2, one 

well was filled with Chromium Single Cell 3’ v3.1 Gel Beads (10x Genomics) previously vortex 

for 30 seconds, along with Partitioning Oil (10x Genomics) in one well of row 3. During this 

process, all reagents were carefully pipetted to avoid the presence of bubbles in any well of 

the chip. The chip was covered by a 10x Gasket and loaded into the Chromium Controller (10x 

Genomics) for GEMs formation. At the end of 18 minutes run, the chip was removed, and the 

GEMs were carefully transferred to a PCR tube strip on ice. A reverse transcription reaction 

was then performed in a thermocycler at 53 °C for 45 minutes, followed by 85 °C for 5 minutes, 

holding at 4 °C. 

2.9.2 Post GEM-RT clean-up and cDNA Amplification  

Following the reverse transcription reaction, a step of cDNA clean-up was performed using 

125 µl of Recovery Agent (10x Genomics) and retaining the aqueous phase. Barcoding 

reagents were then removed by using Dynabead MyOne SILANE beads (10x Genomics) clean-

up protocol, and cDNA was eluted in Elution Buffer I (DNA Elution Buffer, 0.1% Tweet 20 and 

1% Reducing Agent B, 10X Genomics). cDNA amplification was performed by adding 65 µl of 

Amplification Master Mix (Table 2.11) into 35 µl of sample and incubating in a thermal cycler 

following the program: 98 °C for 3 minutes, and 10 cycles of 98 °C for 15 seconds, 63 °C for 20 

seconds, 72 °C for 1 minute, then a last step of 72 °C for 1 minute, holding at 4 °C. SPRIselect 

reagent size-selection using 0.6x bead:sample ratio (60 µl) was performed to separate the 3’ 

Gene Expression library from the Cell Surface Protein library. A magnet was used to separate 

the beads bonded to cDNA retained at the pellet from the supernatant containing the Cell 

Surface Protein library. The pellet was treated with 2 washes of 80% ethanol, and cDNA was 

eluted in 40 µl of DNA Elution Buffer. The supernatant was cleaned using 70 µl (2.0x) of 

SPRIselect reagent, followed by 2 washes of 80% ethanol in a magnet and eluted in 40 µl of 

DNA Elution Buffer. cDNA quality control and quantification were performed using a 

Bioanalyzer High Sensitivity chip (Agilent). 
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Table 2.11 cDNA Amplification Master Mix 

cDNA Amplification Reagents (10x Genomics) Volume 

Amp Mix 50 µl 

Feature cDNA Primers 2 14 µl 

HTO Additive Primer v2 (0.2 µM) 1 µl 

2.9.3 3’ Gene Expression and Cell Surface Protein Library Construction 

The library construction begins with the fragmentation of the cDNA from 3’ Gene Expression 

followed by an A-tailing. For the Fragmentation Mix, 10 µl of Fragmentation Enzyme (10x 

Genomics) was added to 5 µl of Fragmentation Buffer (10x Genomics). 25% of the cDNA was 

mixed with 15 µl of Fragmentation Mix and DNA Elution Buffer up to 50 µl and incubated in a 

4 °C pre-cooled thermal cycler with the following protocol: 32 °C for 5 minutes for 

fragmentation, 65 °C for 30 minutes for DNA end repair and A-tailing. Post fragmentation, a 

double-sided sized selection clean-up was carried out. 30 µl (0.6x) SPRIselect reagent was 

added to cDNA for the first step. The supernatant was transferred to a new PCR tube, and a 

second selection was carried in the supernatant using 10 µl (0.8x) of SPRIselect reagent. The 

beads containing the bound DNA were eluted in 50 µl of DNA Elution Buffer. Following clean-

up, the Adaptor Ligation Mix was prepared using 20 µl of Ligation Buffer (10x Genomics), 10 

µl of DNA Ligase (10x Genomics) and 20 µl of Adaptor Oligos (10x Genomics). 50 µl of Adaptor 

Ligation Mix was added to the sample and incubated at 20 °C for 15 minutes. After ligation, 

another clean-up step using 80 µl (0.8x) SPRIselect reagent was done, and DNA was eluted in 

30 µl DNA Elution Buffer at the end of this process. The final step of library construction is 

Indexing which allows multiplexed sequencing to run with both Cell Surface Protein and 3’ 

Gene Expression libraries. For this step, 60 µl of Sample Index PCR mix was added to 30 µl of 

each library. Then, 10 µl of an individual Single Index from Single Index Plate T Set A well ID 

(10x Genomics). After, the samples were incubated in a thermocycler with the protocol stated 

in Table 2.12. Steps 2, 3 and 4 were done in cycles. For the primary fibroblasts’ characterization, 

it was used 12 cycles, and for the edited fibroblasts’ analysis, it was used 11 cycles. Lastly, a 

double-sided sized selection clean-up was carried out. 60 µl (0.6x) SPRIselect reagent was 

added to each library after PCR. The supernatant was transferred to a new PCR tube, and a 
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second selection was carried in the supernatant using 20 µl (0.8x) of SPRIselect reagent. The 

beads containing the bound DNA were eluted in 35 µl of DNA Elution Buffer. At the end of the 

library preparation, their quality was assessed by the Bioanalyzer High Sensitivity chip 

(Agilent). 

Table 2.12 Thermal cycler protocol for Sample Index PCR 

Temperature Time 

98 °C 45 seconds 

98 °C 20 seconds 

54 °C 30 seconds 

72 °C 20 seconds 

72 °C 1 minute 

2.9.4 Data Sequencing 

Cell Surface Protein and 3’ Gene Expression libraries were diluted to 2 nM in ddH2O. 15 µl of 

Cell Surface Protein diluted library was pooled together with 85 µl of 3’ Gene Expression 

library. DNA from the pooled library was denatured by hydrogen bond break using 0.2 N of 

NaOH (Sigma) for 5 minutes at room temperature. The reaction was neutralised using 200 mM 

of Tris-HCl (pH 7). The denatured library was diluted to 20 pM using prechilled HT1 solution 

(Illumina) and, again, until final dilution to 2 pM in 1.3 ml of solution. The library was then 

sequenced using NextSeq 500 platform (Illumina) set up to paired-end read with 28 cycles for 

Read 1, 8 cycles for Index 1 and 52 cycles for Read 2. No cycles were run in Index 2. 

2.9.5 Data Processing 

Codes are described in Appendices A.1 and C.1 for primary migrating cells and CRISPR/Cas9 

edited fibroblasts samples, respectively. 

2.9.5.1 Read Alignment and Demultiplexing 

The raw base calls (BCL) files obtained from the sequencer were demultiplexed into FASTAQ 

files using bcl2fastaq v2.20 software (Illumina). For the gene expression matrix readout, the 

reads were aligned to the genome using the Cell Ranger 6.1.2 (10x Genomics) pipeline 
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generating a “cell x genes” count matrix. For the hashtag’s matrix readout, the hashtag reads 

were aligned to a reference file containing the antibodies identification and the nucleotide 

sequence for each, using the kallisto -bustools scRNA-seq workflow (173). Briefly, the ‘kallisto 

bus’ command was used to pseudoalign the reads against a reference index. The output is a 

BUS file entry for every unique feature barcode, UMI and set combination. Finally, the BUS file 

is converted to a “cells × hashtag” count matrix by collapsing counts from each feature 

barcode with those corresponding to its Hamming distance 1 mismatch. 

To demultiplex the samples pooled together during cell preparation, Hashsolo (174) was used 

to label each cell to the hashtag assigned to its sample. Table 2.13 shows the assigned hashtag 

to the samples sequenced to determine the phenotype of migrating cells from heart explants. 

Table 2.14 shows the assigned hashtags to the samples sequenced to analyse perturbations 

after NR2F2 knockout via CRISPR-Cas9. 

Table 2.13 Hashtags assigned to each sample sequenced to determine cell types in migrating 
cell population of heart explants 

Sample Hashtag 

Atria TotalSeq™-A0259 anti-human Hashtag 9 (BioLegend) 

Ventricle TotalSeq™-A0260 anti-human Hashtag 10 (BioLegend) 

Outflow Tract TotalSeq™-A0262 anti-human Hashtag 12 (BioLegend) 

Whole heart TotalSeq™-A0263 anti-human Hashtag 13 (BioLegend) 

Table 2.14 Hashtags assigned to each sample sequenced for CRISPR-Cas9 knockout 
perturbation analysis 

Sample Hashtag 

MRC-5 CNTRL TotalSeq™-A0259 anti-human Hashtag 9 (BioLegend) 

MRC-5 KD TotalSeq™-A0260 anti-human Hashtag 10 (BioLegend) 

PFB CNTRL TotalSeq™-A0262 anti-human Hashtag 12 (BioLegend) 

PFB KD TotalSeq™-A0263 anti-human Hashtag 13 (BioLegend) 
PFB: primary fibroblasts from foetal hearts; MRC-5: foetal lung fibroblast cell line; CNTRL: control; KD: NR2F2-
knockeddown.  
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2.9.5.2 Data Filtering and Normalisation 

The pre-processing and data visualisation was done using Scanpy (175) toolkit. Firstly, cell 

doublets were identified by Scrublet (176) and subsequently filtered out. After hashing, 

“ambient” RNA was taken out using EmptyDrops (177), and the cell count matrix was filtered 

to remove low-quality cells. Genes expressed in less than 5 cells were also excluded and 

stressed or dying cells were filtered out based on fraction counts of mitochondrial genes (10% 

or more). The normalisation of counts and highly variable genes selection were carried out 

using analytic Pearson residuals (178). 

2.9.5.3 Clustering and Visualisation 

Graph-based clustering was performed using the Leiden-based method (179) on a 

neighbourhood graph (n_neighbours=10) projected from a number of principal components 

(n_PCA) of a Principal Component Analysis (PCA) on the data log-transformed normalised 

counts. The data was dimensionally reduced and visualised by Uniform Manifold 

Approximation and Projection (UMAP) (180). Table 2.15 summarises the settings used in the 

data processing steps. 

Table 2.15 Summary of settings used in scRNA-sequencing data processing 

Sample Read count filtering Gene count  
filtering n_PCA Leiden 

resolution 

Primary migrating cells Min: 500 
Max: 25,000 Min: 500 20 0.1 

CRISPR/Cas9 edited 
fibroblasts 

Min: 500 
Max: 50,000 Min: 500 50 0.2 

Min: minimum of read or gene counts to consider good quality cells for downstream analysis; Max: minimum of 
read or gene counts to consider good quality cells for downstream analysis; n_PCA: number of principal 
components selected for clustering the data. 

2.10 Public Dataset Analysis 

2.10.1 Bulk RNA-sequencing 

A public dataset (Accession Number: GSE81585) was obtained from GEO as a series matrix. 

This dataset was generated in a study using cardiomyocytes derived from induced pluripotent 

stem cells (iPS-CMs)(181). The expression matrix was analysed using BioJupies (182). For data 

normalisation, raw counts were normalised to log10-Counts Per Million (logCPM) by dividing 
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each column by the total sum of its counts, multiplying it by 106, followed by the application 

of a log10-transform. The differentially expressed genes (DEGs) analysis was carried out using 

the limma R package (183), and the genes were selected based on log fold-change (logFC) of 

the group of perturbed samples in contrast with the control group (|logFC|≥ 1.5). The gene 

ontology of the DEGs was assessed by ShinyGO (v0.76.1)(184). Proteins related to DEGs were 

used as input to the Search Tool for Retrieval of Interacting Gene/Proteins database (STRING 

v11) to evaluate protein-protein interactions. STRING database gives the protein-protein 

interaction network of the input list by combining information from publicly available sources 

with computational predictions (185). All interactions were set at a medium level of 

confidence (all interaction sources active; combined score ≥ 0.40). According to STRING, a 

score of 0.5 indicates that every second interaction is a false positive. For Gene Ontology 

Enrichment analysis, STRING uses the defined functional categories of the Clusters of 

Orthologous Groups of proteins (COGs) database, and the terms are ranked by the false 

discovery rate (FDR). 

2.10.2 Single-cell RNA-sequencing 

A public dataset (BioProject ID: PRJNA576243) was obtained from Sequence Read Archive 

(SRA). This dataset comprised transcriptomes of 3 healthy foetal human hearts of ages 19 and 

22 gestational weeks sequenced at the single-cell level (148). Cell barcode error correction 

was performed using the 10x barcode whitelist (186). Subsequently, sequenced reads were 

processed with kallisto-bustools’ scRNA-seq workflow (173). The sequencing quality control 

and analysis were made using the Scanpy toolkit (175). 5861 cells were obtained after 

filtration. Genes expressed in less than 10 cells were excluded. Stressed or dying cells were 

filtered based on fraction counts of mitochondrial genes (10% or more). The batch effects 

were removed by BBKNN (187). Counts were normalised using scran (188). UMAP 

(n_neighbours=20; n_pca=20) was run for visualisation, and the clustering of each cell type 

was performed using the Leiden-based method (189) at a resolution = 0.5. Clusters 4, 5, 7 and 

9 from Leiden clustering had their resolution increased by 0.1. Clusters 0, 10 and 14 were 

excluded due high expression of ambient mRNA of erythroblast genes, as was done in the 

original paper (148). Cell types were identified by known marker genes from the original study 

(148).
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Chapter 3 Results 

Isolation and Characterisation of Migrating Cells from Foetal Hearts 

3.1 Introduction 

3.1.1 Identifying cells of the heart 

The heart is formed by a complex heterogeneous population of cells. Its tissues are composed 

of four main cardiac cell types: endothelial cells, fibroblasts, smooth muscle cells and 

cardiomyocytes (142,190). The identification of this diverse group of cells is made through 

morphology, location in the tissue, genetic blueprint, and protein expression. 

Cardiomyocytes are contracting cells responsible for the rhythmical beating of the heart. Their 

morphology in culture is marked by a polygonal flatten shape, with cytoplasmatic protrusions 

(191). Ultra-structurally, cardiomyocytes are characterised by sarcomeres and express the 

sarcomeric proteins Myosin-6 (αMyHC), and Troponins T (TnT) and I (TnI) which are 

frequently used to identify these cells (148,192). Regarding transcriptomic signature, studies 

in the adult human heart define the cardiomyocyte population from other cell types by 

enrichment of myosin and troponin genes (MYL2, MYL3, MYL4, MYL7, MYL9, MYH7, MYH7B, 

MYH6), and Ca+2, Na+ and K+ channels genes (SLC8A1, CACNA1C, KCNA6) (146,147,157). These 

ion channels participate in the polarization and depolarisation of the cell membrane that 

triggers cell contraction (193). Transcription factors involved in the regulation of cardiogenesis 

and cardiomyocyte differentiation from cardiac progenitors such as Nkx2-5, Tbx5 and Gata6 

are also frequently detected in these cells, although they are not specific to them (194). 

In addition to cardiomyocytes, the non-myocyte cell types play important roles in the heart 

like vascularisation, extracellular matrix organisation, and cell-to-cell communication, among 

other tasks related to heart homeostasis and development (195). 

Endothelial cells are responsible for the inner lining of vessels and heart chambers. Although 

their morphology and markers can vary, endothelial cells share common features. Pan-

markers for endothelial cells include platelet endothelial cell adhesion molecule (PECAM‐1, 

CD31) (196), a transmembrane glycoprotein located at the intercellular clefts that participate 



Chapter 3 

 
44 

in the establishment and maintenance of the vascular barrier, and cadherin-5 (CDH5), an 

adhesion molecule involved in e cytoskeleton organisation in cells (197–200). Another 

common element in endothelial cells is Weibel–Palade bodies, organelles that can also be 

used to identify these cells in culture and are responsible for the storage of von Willebrand 

factor (VWF) that is secreted by endothelial cells (201). In the human developing heart, other 

endothelial cell markers are related to vasculogenesis such as TEK receptor tyrosine kinase 

(TEK), Vascular endothelial growth factor receptor 2 (VEGFR2) and E-selectin (SELE) (202). 

Smooth muscle cells are in the tunica media of vessel walls and are responsible for vasculature 

structure, smooth muscle contraction and extracellular matrix production (203). Because of 

their contractility, smooth muscle cells express muscle-contracting proteins such as smooth 

muscle myosin (MYH11), caldesmon (CALD1), myocardin (MYOCD) and vascular smooth 

muscle actin (αSMA, ACTA2) (203,204). Other markers are related to cytoskeleton 

organisation: Transgelin (TGLN) is ubiquitously expressed in smooth muscle cells and an early 

marker of smooth muscle differentiation (205). 

Fibroblasts play an important role in cardiac tissue integrity by organizing the extracellular 

matrix. However, their identification is challenging due to their phenotype heterogeneity and 

lack of a specific marker. Morphologically, cardiac fibroblasts present an oval nucleus, a 

spindle-shaped form, and a flat granular cytoplasm with multiple sheet-like extensions 

(206,207). Vimentin (VIM) has been commonly used to identify fibroblast populations (208–

210). Despite its wide use, Vimentin is vastly expressed in endothelial cells and smooth muscle 

cells (201,211). Like vimentin, thymocyte differentiation antigen 1 (THY1) is broadly used as a 

marker but is also present in other cell types, such as endothelial cells and leukocytes (212–

214). Therefore, fibroblast identification is made based on morphology and a combination of 

unspecific markers and the exclusion of markers specific to other cell types. 

3.1.2 NR2F2 expression in the developing heart  

NR2F2 is a transcription factor that plays a key role during organogenesis, including the heart. 

In E8 mice, Nr2f2 is detected in early embryonic structures as the cardiac crescent and the 

lateral mesoderm (99). Later, it is expressed in other heart structures, including the sinus 

venosus and common atria, endocardium and myocardium of the atrium, endocardium of the 

ventricle and atrioventricular canal (99). The expression in the atria and ventricles is seen 
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throughout cardiac development (99). In human foetal hearts, areas of the cardiovascular 

system expressing NR2F2 comprise the atria, aorta, and coronary and lymphatic vessels (101). 

These data suggest that NR2F2 has a role from early cardiogenesis until late septation, 

valvulogenesis and coronary vasculature formation.  

At the cellular level, NR2F2 is co-localized with markers of endothelial cells, smooth muscle 

cells and cardiomyocytes (101). Also, unpublished transcriptomic data from our group showed 

mRNA for NR2F2 being highly expressed in fibroblasts and endothelial cells compared to other 

cardiac residing cell types (Wilson DI, 2018, personal communication). 

Thus, this chapter aims to isolate migrating cells from the heart and assess their phenotypes 

and NR2F2 levels of expression to investigate further the NR2F2 role in fibroblasts during heart 

development and disease. 

3.2 Cardiac migrating cells are isolated from tissue explant.  

Human foetal tissue was provided by the Newcastle HDBR (Methods 2.1.1). Tissue was 

obtained from 14 hearts. In 9 hearts, dissection was performed that enabled separate 

chambers to be cultured, and in 5 hearts, culture was performed using the whole heart 

(Methods 2.1.2). The foetal ages of these hearts are shown in Table 3.1.  

Cardiac migrating cells were isolated from foetal hearts using a protocol that combines the 

expansion of migrating cells from tissue explant and isolation by a filtering method (215). The 

tissue explants were cultured for 7 to 10 days in media to allow the cells to migrate out of it 

(Methods 2.1.3). After this, the tissue explants were filtered out and migrating cells were 

maintained in culture for expanding and downstream analysis (Methods 2.1.4 and 2.1.5). 

Migrating cells were visible after 3 days of explant culture (Figure 3.1A). The cells had an 

elongated flattened form when in monolayer (Figure 3.2B). Interestingly, cells isolated from 

atria, ventricle and outflow tract presented different morphology between them (Figure 3.2). 
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Table 3.1 Foetal heart summary information  

Sample ID Foetal Age Outflow Tract Atria Ventricles Whole Heart 

14552 L8pcw + + + - 

14553 9pcw + + + - 

14555 9pcw + + + - 

14562 9pcw + + + - 

14576 L8pcw + + + - 

14579 CS23 - - - + 

14578 10pcw - - - + 

14577 11pcw - - - + 

14580 9pcw - - - + 

14590 CS23 - - - + 

14591 L8pcw + + + - 

14592 CS21 + + + - 

14596 L8pcw + + + - 

14597 11pcw + + + - 

-/+ indicates which area of the heart or if the entire heart was used to isolate migrating cells. CS: Carnegie Staging; 
L: late; pcw: post conception weeks. 
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Figure 3.1 Isolation of Migrating Cells from Cardiac Tissue 
(A) A ring of cells migrating out of the tissue explant after 3 days in culture using a gelatin-covered plate. (B) After cardiac tissue explant removal, cells have a spindle-shaped 
morphology with protrusions and flatted cytoplasm at day 5. Plates were not treated with gelatin during expansion. N=14. Scale bars: 200µm 



Chapter 3 

 
48 

 

Figure 3.2 Migrating cells from cardiac explant derived from atria, ventricles, and outflow tract 
(A) Atrial cells (n=1) (B) Ventricular (n=1), and (C) Outflow tract cells (n=1) cultivated in T-25 plates with no gelatin-coating treatment. Scale bars: 200µm. 
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3.3 Determining the cellular phenotype of the migrating cells  

To determine the cellular composition of migrating cells - in particular, to assess the fraction 

of fibroblasts, cardiomyocytes, and endothelial cells - flow cytometry analysis was performed 

(Methods 2.2). Cells from 5 heart samples and a lung fibroblast cell line (MRC-5) were 

analysed. Figure 3.3A show the gating strategy used to identify the population of viable cells. 

Singlets were identified based on the height (FSC-H) and area (FSC-A) of the signal produced 

by the event size. From the singlets gate, cells were identified based on event size (Forward 

Scatter, FSC) and granularity (Side Scatter, SSC). Viable cells were selected based on the 

negative signal of Zombie Violet™ Fixable Viability staining (Live/Dead). Figure 3.3B 

demonstrate the gating strategy to assess the expression of cardiac cell markers Thy-1 (CD90), 

Vimentin, Myosin-6 (αMyHC) and PECAM-1 (CD31).  

 
Figure 3.3 Gating strategy to determine cardiac cell populations by flow cytometry 
(A) FSC-A x FSC-H was used to define singlets, FSC-A x SSC -A was used to identify the cellular population and 
SSC-A x Live/Dead to select viable cells – negative population. (B) Cell type populations were determined by co-
expression of Thy-1(CD90) and Vimentin, and from gating, the co-expression of Thy-1 (CD90) and endothelial 
(CD31) or cardiomyocyte (αMyHC) markers.  
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To determine the fibroblast population, the expression of CD90 and Vimentin was assessed 

by flow cytometry in each of the 5 migrating cell samples tested, and MRC-5 cells. Fibroblasts 

are determined by the populations CD90+ Vim+ and CD90-Vim+. Figure 3.4 and Table 3.2 show 

the results of this assessment. Vimentin was highly expressed in all samples, and CD90 was 

present in most samples, including MRC-5. However, CD90 was virtually absent in FB14590 

and expressed in lower frequency in FB14580. 

Table 3.2 Percentage of CD90+ Vim+ and CD90- Vim+ populations in migrating cells 

 Sample ID CD90+ Vim+ CD90-Vim+ 

FB14577 78.7 18.4 

FB14579 73.9 25.9 

FB14580 25.9 68.8 

FB14590 1.22 97 

FB14562 99.1 0.38 

MRC-5 92.8 6.82 

 
Figure 3.4 Migrating cells and MRC-5 expression of CD90 and Vimentin proteins 
The bars represent the percentage of live cells (y-axis) in each population (x-axis). The legend shows the colours 
of the bar that are related to each sample analysed. Vim: Vimentin. 

Since fibroblasts do not have specific protein markers, other cell types’ specific protein 

markers are used to rule out their presence. To assess the presence of endothelial cells and 

cardiomyocytes, the expression of CD31 and αMyHC, respectively, was measured in the 
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previous populations (CD90+Vim+CD31+, CD90+Vim+αMyHC+ and CD90-Vim+αMyHC+). Table 

3.3 and Figure 3.5 show the results of this assessment. The lung fibroblast cell line (MRC-5) 

and 2 of the primary cardiac samples (FB14577 and FB14580) had fibroblasts as the 

predominant cell type identified by the cell markers. FB14579 and FB14590 had cells 

presenting cardiomyocyte markers, in contrast to FB14562 having cells with endothelial 

markers. 

Table 3.3 Percentage of CD31 and αMyHC expressed in CD90+Vim+ and CD90-Vim+ populations 

 

Figure 3.5 Expression of CD31 and αMyHC proteins in the CD90+Vim+ and CD90-Vim+ 
populations of migrating cells, and MRC-5 
The bars represent the percentage of cells (y-axis) expressing CD31 or αMyHC in CD90+Vim+ or CD90-Vim+ 
populations (x-axis). The legend shows the colours of the bar that are related to each sample analysed. Vim: 
Vimentin.  

 
From CD90+Vim+ population From CD90-Vim+ population 

Sample ID CD31+ αMyHC+ αMyHC+ 

FB14577 0 0.29 0.028 

FB14579 16.1 56.9 85.8 

FB14580 0.32 2.02 4.65 

FB14590 6.45 34.1 35.6 

FB14562 58.4 0 10.8 

MRC-5 0 0.19 0 
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To assess the abundance of different cell types by transcript profile, single-cell RNA 

sequencing was performed. Figure 3.6 demonstrates the schematic workflow analysis for this 

assessment (Methods 2.9.5.1). The binary base call (BCL) files generated by the sequencer 

were converted into FASTAQ files to be used for count matrices writing after transcriptome 

alignment. Sequentially, the cells with read count lower than 500 and higher than 25,000, and 

gene detection lower than 500 were filtered out due to low quality. Genes expressed in less 

than 5 cells were also filtered out. After normalization, the data was dimensionally reduced 

and clustered (Methods 2.9.5.2). Graph-based clustering was performed using the Leiden-

based method (179) projected from the first 20 PCA on this dataset of log-transformed 

normalised counts. The reduced data was plotted in Uniform Manifold Approximation and 

Projection (UMAP) graphs (Methods 2.9.5.3). Figure 3.7 shows the results of these steps that 

precede the cell type assessment in the migrating cell populations. Cells from two foetal 

hearts were used (14562 and 14597). From 14562, cells from atria, ventricles and outflow 

tract were cultured and handled separately; from 14597 the entire heart was used to isolate 

cells for single-cell RNA sequencing. 

 
Figure 3.6 Workflow of the scRNA-sequencing analysis in cardiac migrating cells  
In the pre-processing step, the raw data (BLC files) is converted into Fastaq files (1). After the file conversion, 
the Fastaq files are used to align the reads into the human transcriptome reference (2) generating a count matrix 
with gene ID in the row and cell ID in the columns (3). To visualise the data, the filtering and normalization were 
carried out to remove low-quality cells and sequencing depth bias, respectively (4), followed by clustering and 
UMAP plotting (5). The final step is the analysis of the data by assessing the abundance of each cell type in the 
dataset (6). Created with BioRender.com.  
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In total, 7700 cells and 20528 genes passed the filtering criteria and were used in the 

downstream pipeline. The cells and the genes were evenly distributed among the four 

samples - Atria, Outflow tract, Ventricle and Whole heart (Figure 3.7A-C, Table 3.4). 

PanglaoDB (216) was used to annotate cell clusters. PanglaoDB is a prior knowledge database 

of cell gene markers accessed via the Decoupler library (217). To determine the annotation 

of each cell, Decoupler runs Fisher’s exact tests that measure the enrichment of gene markers 

from a cell type in each cell from the dataset. This analysis selects the top expressed genes 

for each cell and tests if a collection of marker genes from cell types are enriched resulting in 

a score based on the p-value.  

The automatic annotation of PanglaoDB showed that the cells were mostly fibroblasts when 

compared to the other main cardiac cells, in all samples analysed (whole heart, outflow tract, 

atria, and ventricles) (Figure 3.8). Leiden r=0.1 was used as a clustering method and the 

clusters could be visualised in UMAP plots (Figure 3.7F).  

As a proof-of-concept of the automatic annotation, individual gene markers for 

cardiomyocytes, endothelial cells, fibroblasts, and smooth muscle cells were assessed. The 

gene markers were determined by a study in human foetal hearts (age 19-22 pcw) (148), and 

they are listed in Table 3.5. It observed an even level of expression of the gene markers 

through the dataset. Also, all the presented fibroblast gene markers were expressed. One 

gene marker for Cardiomyocytes (MYL9) and two gene markers for smooth muscle cells (TGLN 

and ACTA2) were also expressed in the cardiac migrating cells. No gene marker of endothelial 

cells was expressed in these cells (Figure 3.9).   
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Table 3.4 Age and number of cells per sample 

Sample ID ID (age) Number of cells 

Ventricle 14562 (9pcw) 2996 

Outflow Tract 14562 (9pcw) 2141 

Atria 14562 (9pcw) 1425 

Whole Heart 14597 (11pcw) 1138 

Pcw: post conception weeks 

Table 3.5 Gene markers used to identify cardiac cell types 

Cell type Marker genes 

Cardiomyocytes MYL3, MYL4, MYL7, MYL9, MYH7B, TNNT2, TNNC1, RYR2, TTN, PLN 

Endothelial cells CDH5, PECAM-1 

Fibroblasts COL1A1, COL1A2, COL3A1, COL1A2, TGFBI, DCN, LUM, FN1, BGN 

Smooth muscle cells ACTA2, TAGLN, RGS5 
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Figure 3.7 Quality control and visualisation of cardiac migrating cell single-cell RNA-sequencing dataset.  
(A-C) Violin plots show the distribution of UMI counts (A), genes (B) and mitochondrial gene fraction (C) in each cell. Each black dot is a cell and the values for these parameters 
are plotted on the y-axis. The sample ID is on the x-axis. (D) After normalisation, most of the marker genes (black dots) were selected as highly variable genes (red dots). (E-
F) To visualise the data, UMAP was used to reduce it and plot it in two dimensions. Leiden (r=0.1) was used to calculate the clusters (F) and the deconvolution of the hashtag 
staining during cell preparation was applied to identify the cells from each sample (E). (G) UMAP visualisation of NR2F2 expression across each cell (dots). The expression 
abundance is coloured according to the colour bar and the expression values show the normalised counts of NR2F2. 
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Figure 3.8 Distribution of heart cell type in cardiac migrating cell dataset.  
(A) UMAP plots of selected cardiac cell types. Each cell (dots) is coloured according to Fisher’s exact test score (-log10[p-value]) for fibroblasts, endothelial cells, 
cardiomyocytes, and smooth muscle cells. (B) Heatmap plot colours representing Fisher’s exact test scores for each cell clustered by regions of the foetal heart from where 
the cells were isolated. 
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Figure 3.9 Expression of gene markers of cardiac cell types in migrating cardiac cells 
Dot plot showing the expression of gene markers to identify cardiomyocytes, endothelial cells, fibroblasts, and 
smooth muscle cells. Each dot represents the percentage of cells (size of the dot) expressing the gene (x-axis) 
and the mean expression (intensity of the colour) within each cluster (y-axis).  

3.4 NR2F2 mRNA transcripts are expressed in migrating cells from foetal 

heart 

Two housekeeping genes, GAPDH and ACTB, were assessed as endogenous control and the 

data is shown in Figure 3.10. ACTB expression was variable between samples, but GAPDH had 

consistent levels and was therefore used as the control housekeeping gene for NR2F2 qPCR 

assays. The CT values of this assessment are shown in Table 3.6. 

Table 3.6 CT values from qPCR to compare housekeeping genes (GAPDH and ACTB) used to 
measure NR2F2 mRNA relative expression 

 NR2F2 GAPDH ACTB 

Sample CT1 CT2 CTMean CT1 CT2 CTMean ∆CT 2-∆CT CT1 CT2 CTMean ∆CT 2-∆CT 

MRC-5 29.0 28.3 28.7 22.8 22.1 22.4 6.2 0.013 25.5 24.2 24.8 3.8 0.069 

FB14578 28.5 28.7 28.6 22.2 21.7 22.0 6.7 0.010 24.4 23.9 24.2 4.4 0.046 

FB14579 28.4 28.2 28.3 21.8 21.4 21.6 6.7 0.010 22.6 22.2 22.4 5.9 0.017 

FB14580 28.3 28.4 28.3 22.0 22.1 22.0 6.3 0.013 21.9 22.1 22.0 6.3 0.013 

FB14590 37.5 36.6 37.1 30.0 30.6 30.3 6.8 0.009 29.8 29.8 29.8 7.3 0.007 
CT: Number of cycles required for the florescent signal of the amplified gene to exceed baseline; Cycle Threshold; 
CTMean = (CT1+CT2) ÷ 2; CT1: CT value of the duplicate 1; CT2: CT value of duplicate 2; ΔCT = NR2F2 CTMean - 
Housekeeping gene (GAPDH/ACTB) CTMean; 2-∆CT: Relative Expression of NR2F2 mRNA for each housekeeping 
gene. These are the values represented in Figure 3.10.  
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Figure 3.10 Comparison of two Housekeeping Genes for measuring NR2F2 expression 
analysis by qPCR 
NR2F2, in comparison with GAPDH, presented a lower, but more homogenous expression rate (0.009-0.013) 
compared to NR2F2 expression normalised by ACTB (0.006-0.069). Bars and error bars represent Median-IQR.  
N = 5. 

qPCR was performed to determine the presence of NR2F2 transcripts (RefSeq NM_021005.3) 

in the migrating cells and MRC-5 cells, the data is shown in Figure 3.11. NR2F2 mRNA was 

detected in cardiac cells from 6 migrating cell samples tested, and MRC-5 cells. To calculate 

the relative mRNA expression, the 2-∆Ct method was used (Methods 2.3.1). Compared with 

MRC-5, the cardiac cells had similar levels of NR2F2 mRNA expression. MRC-5 cells had an 

NR2F2 mRNA a median expression of 0.011 (IQR 0.006), in contrast with cardiac cells showing 

median expression of 0.010 (IQR 0.003) (Figure 3.11). The CT values of this assessment are 

shown in Table 3.7. 
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Table 3.7 CT values from qPCR to measure NR2F2 mRNA relative expression 

  NR2F2 GAPDH  

Sample CT1 CT2 CTMean CT1 CT2 CTMean ∆CT 2-∆CT 

FB14578 28.5 28.7 28.6 22.2 21.7 22.0 6.7 0.010 
FB14579 28.4 28.2 28.3 21.8 21.4 21.6 6.7 0.010 
FB14580 28.3 28.4 28.3 22.0 22.1 22.0 6.3 0.013 
FB14562 28.7 28.8 28.7 22.4 22.3 22.3 6.4 0.012 
FB14597 27.9 27.9 27.9 21.4 21.4 21.4 6.5 0.011 
FB14590 37.5 36.6 37.1 30.0 30.6 30.3 6.8 0.009 

MRC-5 (1) 29.0 28.3 28.7 22.8 22.1 22.4 6.2 0.013 
MRC-5 (2) 29.5 29.3 29.4 22.3 22.5 22.4 7.1 0.007 
MRC-5 (3) 29.3 29.4 29.3 22.8 22.9 22.8 6.5 0.011 

CT: Number of cycles required for the florescent signal of the amplified gene to exceed baseline; Cycle Threshold; 
CTMean = (CT1+CT2) ÷ 2; CT1: CT value of the duplicate 1; CT2: CT value of duplicate 2; ΔCT = NR2F2 CTMean - 
Housekeeping gene (GAPDH) CTMean; 2-∆CT: Relative Expression of NR2F2 mRNA normalised by the housekeeping 
gene (GAPDH). These are the values represented in Figure 3.11. 

 

 
Figure 3.11 NR2F2 mRNA expression in cells migrating from the foetal heart 
Migrating cells showed similar expression of NR2F2 mRNA compared to MRC-5. For this analysis, GAPDH was 
used as housekeeping gene. For MRC-5, N=3. For cardiac primary cells, N=6. Each dot represents one 
measurement. Bars and error bars represent Median-IQR. 
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3.5 NR2F2 is detected at protein level in foetal heart’s migrating cells 

Flow cytometry was carried out to identify NR2F2 at the protein level in the foetal heart’s 

migrating cells and MRC-5 cells (Methods 2.3.2). The gating strategy is shown in Figure 3.12. 

Singlets were identified based on the FSC-H vs FSC-A. From the singlets gate, cells were 

identified based on FSC vs SSC. Viable cells were selected based on the negative signal of 

Zombie Violet™ Fixable Viability staining (Live/Dead). 

The MRC-5 assessment showed 74% of singlets events of which 68.9% were cells. From the 

identified cells, 92.6% were viable. 90.5% of the live/dead events were positive for NR2F2 

(Figure 3.12). In the assessment of cardiac cells, the same gating strategy to select viable cells 

was adopted. The MRC-5 presented a median of 49.95% of cells positive for NR2F2 (IQR 55.7%). 

The primary cells had a median of 23.9% of NR2F2+ cells (IQR 32.95%) (Figure 3.13). 

 

Figure 3.12 MRC-5 expressed NR2F2 at protein level 
Gating strategy used to define singlets (FSC-A x FSC-H), cell population (FSC x SSC) and live cells (SSC x DAPI). The 
histogram shows the fluorescence intensity of the unstained (orange) cells, i.e., no antibody addition, secondary 
control sample (red), i.e., cells only stained with secondary antibody, and cells stained with anti-NR2F2 (blue) 
and secondary antibodies.  
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Figure 3.13 Percentage of positive cells for NR2F2 in foetal cardiac migrating cells. 
The bar chart shows the percentage median of positive cells expressing NR2F2 protein. The MRC-5 (righthand 
side) has a median of 49.95% NR2F2+ (IQR 55.7%), N=2. The migrating cardiac cells (lefthand side) present a 
median of 23.9% NR2F2+ cells (IQR 32.95%), N=5. Bars and error bars indicate Median-IQR. 

3.6 Discussion 

Previous unpublished data from our group showed expression of NR2F2 in fibroblasts and 

endothelial cells isolated from human foetal hearts, suggesting that altering the NR2F2 

expression in these cell types has the potential to be related to heart malformations. In 

support of this, we isolated migrating cells from the heart in the early stages of development 

to further assess the role of NR2F2 in fibroblasts. 

Fibroblasts in vitro present a selective adhesion preference to culture plate surface (218), and 

they can migrate out of tissue explants. However, using an isolation protocol based on 

differential migration rates, it is possible to have the presence of other cell types (215). 

Therefore, further characterisation of the phenotypes of the cells that migrated out of heart 

explants was necessary. A panel of biomarkers was assessed by flow cytometry, and single-

cell transcriptomic profiling was used to determine the identity of the migrating cells. In flow 

cytometry, 2 out of the 5 samples from foetal hearts had a similar pattern as MRC-5 – a foetal 

lung fibroblast cell line. The presence of a population CD90-VIM+αMHC- could suggest the 

presence of vascular smooth muscle cells (219,220) or that fibroblasts may have changed their 

phenotype to myofibroblasts losing the Thy-1 expression during cell culture (212,221). Thy-1 
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(CD90) can also be expressed in endothelial cells (213), so a specific marker for endothelial 

cells – Pecam-1 – was also assessed to exclude this cell type. 3 samples showed CD31 (Pecam-

1) expression, indicating the presence of endothelial cells. In addition, 4 samples had cells 

positive for αMyHC indicating the presence of cardiomyocytes. Unexpectedly, these cells were 

also positive for Thy-1 (CD90) or Vimentin. Previous studies in cardiac progenitor cells 

extracted from adult and foetal human hearts reported that the cells that express Thy-1, 

although present lower cardiomyogenic potential, could co-express sarcomeric proteins, such 

as αMyHC (222,223), which is consistent with population showing a CD90+αMyHC+ population. 

This could indicate that this CD90+αMyHC+ population are representing immature 

cardiomyocytes. Moreover, a study from 2007 in rats showed that cardiac fibroblasts can 

influence the phenotype of cardiomyocytes in vitro. They observed that cardiomyocytes 

cultured for 6 days using conditioned media from fibroblasts increased expression of Vimentin 

over time (224), which may explain the presence of the VIM+αMyHC+ population. These data 

confirmed the importance of using exclusion criteria using cell markers specific for other cell 

types to determine fibroblast presence in the samples due to the lack of fibroblast-specific 

markers.  

In the study that developed the migration-based and filtration protocol to isolate and purify 

fibroblasts from heart explants, Ieda et al. isolated cells from transgenic mice hearts. These 

mice would express GFP driven by the αMyHC promoter, which means only cardiomyocytes 

would express GFP (215). In their population of migrating cells, they could confirm no 

expression of GFP or other proteins specific for cardiomyocytes by flow cytometry. However, 

they did not assess cell markers for smooth muscle cells or endothelial cells. Recently, a group 

compared the three most used isolation techniques: (1) selective adhesion (same principle 

used in this thesis) following enzymatic digestion, (2) cell sorting using fluorescence, and (3) 

magnetic bead separation to isolate adult fibroblasts and myofibroblasts from rodent hearts 

(218). Looking into the purity of each isolated cell population, they concluded that the only 

method with high purity was the cell sorting fluorescence. In this technique, they used a 

transgenic mouse with the GFP expression driven by the α-smooth muscle actin promoter, as 

their goal was to isolate myofibroblasts. Although could be an efficient alternative to obtain a 

pure cell population, it presents an obvious limitation for human samples: recombination 

technique is necessary. Based on these several pieces of evidence, it is possible to obtain an 
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enriched population of fibroblasts from foetal hearts, however, it is important to assess the 

phenotype of each sample as there are varying degrees of heterogeneity of the isolated cells 

and a highly purified population of fibroblasts may not be possible with the protocols used in 

human samples. 

Regarding the single-cell transcriptomic data, it was observed that fibroblasts specific genes 

were enriched throughout the entire dataset. However, when the expression of gene markers 

was looked at individually, two genes of smooth muscle cells presented significant expression: 

TAGLN and ACTA2, in contrast to RGS5. Transgelin (TAGLN) and α-smooth muscle actin (ACTA2) 

are known to be genes involved in the contractility of myofibroblasts (225). When the diseased 

heart starts its fibrotic process, TGF-β activates resident fibroblasts into myofibroblasts, which 

express those genes (145). It is also known that, in normal culture conditions, primary 

fibroblasts can still differentiate into myofibroblasts, even in the absence of TGF-β or serum 

(226). This combined knowledge could lead one to believe that the high z-score for smooth 

muscle cell genes presented in this data can be a consequence of the activation of fibroblasts 

into myofibroblasts due to the limitations of those cell cultures in vitro apart from the 

presence of smooth muscle cells itself. In addition, those markers were not localised into a 

specific cluster, they were co-expressed with fibroblast markers in most cells, which 

contribute to the hypothesis of the presence of activated fibroblasts rather than smooth 

muscle cell contamination. In corroboration, only one gene from cardiomyocytes had its 

expression observed in the migrating cells: MYL9. Although it is present in cardiomyocytes as 

part of their contractile machinery, this myosin light chain gene is also known to be a 

contractile factor in activated fibroblasts (227,228). 

The data presented in this chapter also shows that NR2F2 can be detected by flow cytometry 

and qPCR in all migrating cell samples isolated from foetal hearts, similarly to the fibroblast 

cell line – MRC-5. However, the expression of NR2F2 presented a wide intra sample variability 

in MRC-5 in both mRNA and protein levels (Figure 3.11 and Figure 3.13). This could be 

attributed to the lack of serum starvation of those cells prior to analysis. Serum starvation is 

shown to synchronise cell cycle in fibroblasts, which would result in a metabolic homogeneous 

cell population (229). 
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Thus, although the isolation of a purified population of fibroblasts from human foetal hearts 

is challenging, it is possible to obtain a cell population enriched for fibroblasts and NR2F2 can 

be detected, at both transcript and protein levels in them, which makes these samples a 

coherent model of study. 
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Chapter 4 Results 

Transcriptomic analysis of public datasets from foetal cardiac cells  

4.1 Introduction 

4.1.1 Methods of transcriptomic analysis 

Over the past 20 years, approaches to investigate gene expression in a genome-wide manner 

became available with the evolution of microarray techniques that permitted high-throughput 

transcriptomic analysis. Initially, microarrays were designed to measure gene expression 

levels, but soon became possible to do differential expression analysis between samples (230). 

However, microarrays present several limitations, e.g. a limited dynamic range of detection 

due to high backgrounds and saturation of the signals (231).  

RNA sequencing (RNA-seq) is a sequencing-based technology (versus the hybridization-based 

method of microarrays) that allowed high sensitivity, low to no background as the reads map 

unambiguously to the genome, and high dynamic range of detection on the gene expression 

levels (231). Several studies comparing microarrays and RNA-seq showed that, while 

microarrays had results with a degree of confidence, RNA-seq presented as being highly 

reproducible, better estimates of transcript expression, and better detections of low 

abundance transcripts (232–234). 

Although RNA-seq changes the way that genomic biology is investigated, it cannot be applied 

in heterogenous cell populations as it measures the average of expression across a pool of 

cells of mixed phenotypes. Single-cell RNA sequencing (scRNA-seq) brought the resolution 

necessary to investigate complex multicellular systems and discover new cell types or 

subpopulations. There are several methods to obtain RNA from a unique cell in a high-

throughput approach. The first paper sequencing transcriptome from a unique mouse 

blastomere isolated cells using a glass capillary. As result, they identified 5,270 more genes 

compared with DNA microarrays from hundreds of blastomeres. They also identified, 

previously unknown splice junctions and expression patterns of transcript variants in the 

blastomere (235). 
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The landmark paper described a droplet-based single-cell RNA sequencing (Drop-seq) 

reporting the analysis of the human retina (236). Retinal tissue was disaggregated, 

transcriptome-wide single-cell data was obtained, and the group was able to identify 39 

distinct clusters of cells using two-dimensional representation (tSNE). De novo clustering of 

44,808 single-cell transcriptomes demonstrated for the first time that the human retina was 

comprised of 39 different cell types (236).  

In this chapter, NR2F2 expression was investigated using two public datasets: bulk RNA-

sequence (181) and single cell RNA sequence data (148). The bulk RNA-sequence dataset was 

generated from cardiomyocytes derived from induced pluripotent cells (iPS-CM) that were 

NR2F2 knocked-out by CRISPR/Cas9 technology. The single-cell RNA sequencing was 

generated from human foetal hearts, and we used this dataset to evaluate the expression of 

NR2F2 in the cell types. 

4.2 Absence of NR2F2 causes perturbation in other cardiogenic genes  

A public dataset of bulk RNA sequencing from cardiomyocytes derived from iPS-CM was 

analysed (Methods 2.10.1)(181). This dataset comprised transcriptome of iPS-CM sequenced 

after 30 days of cardiac differentiation protocol followed by NR2F2 edited from these cells 

using CRISPR/Cas9 system. DEG analysis was carried out using the limma R package. 

Differential gene expression analysis identified 114 upregulated genes (Appendix B.2), and 45 

downregulated genes in NR2F2 knockout (Appendix B.3). Among the upregulated genes 

(log10(FC) ≥ 1.5), it is possible to see cardiogenic genes as SOX9 (237,238) and BMP4 (239). In 

the downregulated gene set (log10(FC) ≤ -1.5), genes correlated to heart development were 

also listed, as NKX2-5 (240,241), which contributed for the biological processes enriched by 

the downregulated genes are liked with cardiac cell development. The top 10 biological 

processes enriched in the upregulated and downregulated gene sets are demonstrated in 

Table 4.1 and Table 4.2, respectively. Looking into normalised counts of each sample, the 

NR2F2 presented log10(FC)=0.06 when its expression in the knocked-out iPS-CM (Mean of 

normalised counts = 2.61, n=6) was compared with the control group (Mean of normalised 

counts = 2.27, n= 4). 
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Table 4.1 Top 10 Biological Processes enriched in the upregulated gene set of NR2F2 knocked-out iPS-CM (public dataset) 

Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.21E-05 4.82 Positive regulation of locomotion SERPINE1 BMP4 SOX9 TUBB2B THBS1 SPHK1 FBLN1 FN1 TGFB2 AMOT 
ANXA1 EDN1 NEDD9 CD99 CEMIP CYR61 SEMA6B 

1.42E-05 4.02 Circulatory system development 
SERPINE1 CCL2 BMP4 SOX9 APOE THBS1 FREM2 SPHK1 NKX2-6 FN1 

TGFB2 CTGF ANKRD1 AMOT ID1 EDN1 COL2A1 CPE CYR61 ACTA2 ROBO1 
ADM 

1.25E-05 3.97 Cell adhesion 
EPDR1 CCL2 SOX9 THBS1 PCDH10 ADD2 ITGA9 FREM2 SLC7A11 IGFBP7 

CTNND2 FN1 TGFB2 CTGF ID1 ANXA1 NEDD9 CD99 CYR61 CLSTN2 
ROBO1 TENM2 CDH8 

1.25E-05 3.94 Biological adhesion 
EPDR1 CCL2 SOX9 THBS1 PCDH10 ADD2 ITGA9 FREM2 SLC7A11 IGFBP7 

CTNND2 FN1 TGFB2 CTGF ID1 ANXA1 NEDD9 CD99 CYR61 CLSTN2 
ROBO1 TENM2 CDH8 

2.21E-05 3.87 Regulation of cell migration 
SERPINE1 CCL2 BMP4 SOX9 APOE SULF1 THBS1 SPHK1 FBLN1 DPYSL3 

FN1 TGFB2 AMOT ANXA1 EDN1 NEDD9 CD99 CEMIP CYR61 ROBO1 
SEMA6B 

7.73E-06 3.79 Regulation of anatomical structure 
morphogenesis 

SERPINE1 CCL2 BMP4 SOX9 APOE TUBB2B SULF1 THBS1 ETV5 MAP6 
SPHK1 FBLN1 FN1 APCDD1 TGFB2 AMOT ID1 ANXA1 EDN1 NEDD9 LZTS1 

ROBO1 ADM KIF1A SEMA6B MYC 
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Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.21E-05 3.64 Regulation of cellular component 
movement 

SERPINE1 CCL2 BMP4 SOX9 APOE TUBB2B SULF1 THBS1 SPHK1 FBLN1 
DPYSL3 FN1 ATP1A2 TGFB2 AMOT ANXA1 EDN1 NEDD9 CD99 CEMIP 

CYR61 ROBO1 SEMA6B 

2.21E-05 3.31 Locomotion 
CCL2 BMP4 DCLK1 TUBB2B THBS1 ADD2 ITGA9 SLC7A11 GPC2 TUBB3 
CRMP1 FN1 APCDD1 ATP1A2 TGFB2 CTGF AMOT ID1 ANXA1 NEDD9 

CD99 LIMA1 CYR61 ROBO1 TENM2 SEMA6B 

2.21E-05 2.89 Neurogenesis 
NNAT CCL2 BMP4 SOX9 APOE DCLK1 TUBB2B UCHL1 GPC2 MAP1A ETV5 
MAP6 CTNND2 TUBB3 CRMP1 DPYSL3 FN1 APCDD1 TGFB2 ANKRD1 ID1 

ANXA1 ID4 LZTS1 ROBO1 TENM2 ADM KIF1A SEMA6B ENC1 

2.21E-05 2.81 Tissue development 

BMP4 SOX9 SULF1 STC2 FREM2 SLC7A11 MYOZ2 NKX2-6 TUBB3 ENO3 
FN1 APCDD1 ACTA1 TGFB2 CTGF ANKRD1 ID1 ANXA1 ID4 EDN1 COL2A1 

TNFRSF19 ODAM ACTG2 CYR61 ACTA2 ROBO1 TAGLN ADM SEMA6B 
MYC 

FDR: False discovery rate. FDR is calculated based on the nominal p-value, which states the likelihood of enrichment by chance. The fold enrichment is the percentage of 
genes in the list of differentially expressed genes belongs to the biological process, indicating the overrepresentation. The biological processes are ranked by Fold Enrichment.  
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Table 4.2 Top 10 Biological Processes enriched in the downregulated gene set of bulk RNA-sequencing 

Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.06E-06 41.21 Cardiac cell development TGFBR3  MYL2  CSRP3  ALPK3  NKX2-5  LRRC10 

7.11E-07 25.01 Muscle cell development TNNT1  MYL2  CSRP3  ALPK3  LMOD2  MYOZ2  NKX2-5  LRRC10 

7.68E-07 17.15 Striated muscle cell differentiation TNNT1  MYL2  SMYD1  CSRP3  ALPK3  LMOD2  MYOZ2  NKX2-5  LRRC10 

7.11E-07 14.34 Muscle cell differentiation TNNT1  MYL2  SMYD1  CSRP3  ALPK3  NPNT  LMOD2  MYOZ2  NKX2-5  
LRRC10 

3.63E-06 13.01 Muscle contraction TNNT1  MYL2  CSRP3  TRIM63  NPNT  LMOD2  DES  NKX2-5  FXYD1 

4.51E-06 12.50 Striated muscle tissue development TGFBR3  MYL2  BMP5  SMYD1  CSRP3  ALPK3  MYOZ2  NKX2-5  LRRC10 

5.98E-06 11.92 Muscle tissue development TGFBR3  MYL2  BMP5  SMYD1  CSRP3  ALPK3  MYOZ2  NKX2-5  LRRC10 

2.08E-06 11.65 Muscle system proc. TNNT1  MYL2  CSRP3  TRIM63  NPNT  LMOD2  MYOZ2  DES  NKX2-5  
FXYD1 

3.28E-06 9.16 Muscle structure development TGFBR3  TNNT1  MYL2  SMYD1  CSRP3  ALPK3  NPNT  LMOD2  MYOZ2  
NKX2-5  LRRC10 

1.25E-05 8.95 Heart development TGFBR3  MYL2  BMP5  SMYD1  CSRP3  ALPK3  SFRP2  DHRS3  NKX2-5  
LRRC10 

FDR: False discovery rate. FDR is calculated based on the nominal p-value, which states the likelihood of enrichment by chance. The fold enrichment is the percentage of 
genes in the list of differentially expressed genes belongs to the biological process, indicating the overrepresentation. The biological processes are ranked by Fold Enrichment. 
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Protein-protein interaction analysis of DEG-related set of proteins was performed using 

STRING. The network had significantly more interactions than expected for a random set 

of proteins of similar size, indicating that the proteins are at least partially biologically 

related (p < 10-16). NR2F2 was added to the list of genes at STRING analysis, and this manual 

input modification did not drastically alter the results (data not shown). From the 159 DEGs, 

the network presented 148 nodes (i.e., proteins that have at least 1 association) and 288 

protein-protein associations (Figure 4.1). GO evaluation of this network (Table 4.3) 

highlighted developmental process (FDR = 1.09 x 10-16) as biological process. Protein 

binding (FDR = 1.78 x 10-6) and extracellular region part (FDR = 1.24 x 10-6) were enriched 

as molecular function and cellular component, respectively. Two of the 114 upregulated 

genes interact with NR2F2: SOX9 (log10FC = 4.89) and BMP4 (log10FC = 1.61). From 

downregulated genes, 2 genes out of 45 also interacted to NR2F2: NKX-2.5 (log10FC = -2.01) 

and NPNT (log10FC = -1.55).  

Considering genes associated with NR2F2, we created a second network with SOX9, BMP4, 

NKX2-5, NPNT and NR2F2 using the same parameters as before, and this network also had 

significantly more interactions than expected (p = 5.59 x 10-8). Biological processes 

highlighted positive regulation of stem cell differentiation, muscle structure development 

and tube morphogenesis. Cellular components enriched only nuclear transcription factor 

complex (Table 4.4).  
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Table 4.3 Top 5 enriched terms of biased GO analysis for DEGs using STRING 

Biological Process 

GO-term Description FDR 

GO:0032502 developmental process 1.09E-16 

GO:0007275 multicellular organism development 1.74E-16 

GO:0048856 anatomical structure development 2.02E-16 

GO:0048731 system development 6.00E-16 

GO:0032501 multicellular organismal process 8.70E-16 

Molecular Function 

GO-term Description FDR 

GO:0005515 protein binding 1.78E-06 

GO:0008092 cytoskeletal protein binding 1.69E-05 

GO:0005102 signalling receptor binding 0.00018 

GO:0005488 binding 0.0011 

GO:0003779 actin binding 0.002 

Cellular Component 

GO-term Description FDR 

GO:0005576 extracellular region 1.24E-06 

GO:0005615 extracellular space 1.24E-06 

GO:0044421 extracellular region part 1.24E-06 

GO:0044449 contractile fibre part 1.25E-06 

GO:0099512 supramolecular fibre 1.25E-06 

FDR: false discovery rate. GO-term: gene ontology term. 
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Table 4.4 GO enrichment analysis of up and down regulated transcription factors that 
interact with NR2F2 

Biological Process 

GO-term Description FDR 

GO:0007507 heart development 2.86E-06 

GO:0014706 striated muscle tissue development 2.86E-06 

GO:0055002 striated muscle cell development 2.86E-06 

GO:0055006 cardiac cell development 2.86E-06 

GO:0061061 muscle structure development 2.86E-06 

Cellular Component 

GO-term Description FDR 

GO:0044798 nuclear transcription factor complex 0.0425 

FDR: false discovery rate. GO-term: gene ontology term. 

 

Figure 4.1 Protein-protein interaction network of up and down regulated transcription 
factors that interact with NR2F2 
The lines indicate association between proteins. The red lines are the interactions between NR2F2 (yellow 
node) and SOX9, NPNT, BMP4 and NKX2-5 (yellow nodes). p = 5.59 x 10-8. Red nodes are indicating the 
upregulated genes (SOX9 and BMP4). The blue nodes show the downregulated genes (NPNT and NKX2-5).  
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4.3 NR2F2 expression pattern in human foetus heart 

A second public dataset of single-cell RNA sequencing of 3 healthy foetal hearts (ages 19 

and 22 gestational weeks) was analysed to understand the expression trend of NR2F2 in 

the developing heart (148) (Methods 2.10.2). 5861 cells were obtained after filtration. 

Following pre-processing and QC steps, UMAP calculation with Leiden clustering (r=0.5), 12 

clusters were annotated by the expression of the cell-type specific genes cited in the 

original study (Figure 4.3). Cardiomyocytes were identified by co-expression of myosin light 

(MYL2, MYL3, and MYL4) and heavy chains (MYH7, MYH7B, and MYH6) along to troponins 

(TNNT2, TNNI1, TNNI3, and TNNC1), encoding forming the contractile apparatus of those 

cells. A variety of immune cells populations were also captured. From the lymphoid lineage, 

T cells were identified by the expression of LTB and IL7R, natural killer (NK) cells presented 

NKG7, GNLY expression, and B cells were differentiated by MS4A1 expression. Myeloid 

lineage cell included Mast cells with expression of TPSB2 and GATA2. Monocytes expressed 

CD68, LYZ and S100A8, and macrophages were identified by presence of MS4A4 transcripts. 

CD1C+ Dendric cells were also identified as an individual cluster. Endothelial cells were 

clustered by the expression of PECAM1 and CDH5. Some genes in the endothelial cells 

cluster were shared with fibroblasts such as COL3A1, COL1A2, and FN1, indicating that 

those cells are undergoing endothelial-mesenchymal transition (EndoMT) (148), crucial for 

endocardial cushion and valves formation (242). Individually, fibroblasts expressed DCN, 

DLK1, and LUM, and smooth muscle cells expressed uniquely TAGLN, RGS5 and ACTA2 

(Figure 4.2). Table 4.5 shows the number of cell counts presented in each cluster. 

Table 4.5. Number of cells per annotated cluster 

Cluster Cell count Cluster Cell count Cluster Cell count 

Cardiomyocytes 987 Mesothelial cells 91 NK cells 233 
Endothelial cells 1198 B cells 269 Mast cells 181 

Fibroblasts 1049 T cells 476 Macrophages 408 
Smooth muscle cells 357 Monocytes 353 Dendritic cells 259 
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Figure 4.2 Cell populations of human foetal heart 
UMAP visualization of 5861 cells from3 healthy foetal heart samples coloured by cell identity (left): 
cardiomyocytes fibroblasts, endothelial cells, smooth muscle cells, natural killer cells, T cells, B cells, mast 
cells, macrophages, monocytes and CD1C+ dendritic cells. On the righ-hand side, UMAP clustered by each 
foetal heart (H1, H2, H3). Scanpy, UMAP plot: Leiden r = 0.5, n_pcs=20, n_neighbours =20. 

 

Figure 4.3 Cardiac cells expressed specific gene markers for each cell type.  
Violin-plot of expression levels of cell-type specific gene markers in cells dissociated from foetal hearts. The 
x-axis contains the cell-type clusters, the left y-axis contains the gene markers, and colour bar represents the 
median of normalized counts for each gene.  
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Looking at NR2F2 mRNA expression at single cell level, it was observed that NR2F2 was 

mainly expressed in fibroblasts, smooth muscle cells and endothelial cells, which the least 

expressing higher levels (Figure 4.4). It was also observed lower expression in the cluster of 

cardiomyocytes and mesothelial cells (Figure 4.4).  

Since the data analysis of NR2F2 knockout iPS-CM (Results 4.2) identified 4 DEGs interacting 

with NR2F2 (SOX9, BMP4, NKX2-5 and NPNT), we investigated if their expressions co-

localised in the clusters with NR2F2 (Figure 4.5). From the four genes, only SOX9 and BMP4 

had similar expression pattern as NR2F2 mainly localised in fibroblasts population. BMP4 

was also expressed in endothelial cells. 

 
Figure 4.4 Expression of NR2F2 across the cell types in human foetal heart 
(A) UMAP plots of coloured cell-type clusters (left) and NR2F2 expression across the clusters (right). (B) Violin 
plot of NR2F2 expression across the cell-type clusters. The y-axis indicates the normalised counts of NR2F2 in 
each cell (black dots). In the x-axis are plotted the clusters identified at the dataset. 
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Figure 4.5 Expression pattern of NR2F2, SOX9, BMP4, NPNT and NKX2-5 in the developing 
heart 
(A) UMAP visualisation of 5861 cells in three foetal hearts coloured by cell type. Expression abundance 
(coloured bar in the right) of (B) NR2F2, (C) SOX9, (D) BMP4, (E) NKX2-5 and (F) NPNT in the heart. NR2F2 is 
mostly expressed by endothelial cells, fibroblasts, smooth muscle cells and mesothelial cells. SOX9 and BMP4 
are expressed in fibroblasts and smooth muscle cells. The latter is also expressed in endothelial cells. NKX2-5 
is mainly present in cardiomyocytes. NPNT is lowly present in cardiomyocytes.  
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4.4 Discussion 

To understand the importance of NR2F2 in the developing heart, we used published 

datasets and applied transcriptomic analysis. Firstly, a dataset generated from a bulk RNA 

sequencing of NR2F2 knocked out iPS-CM via CRISPR/Cas9 was analysed (181).  

NR2F2 did not emerge as a differentially expressed gene in the comparison between NR2F2 

knockout and wild-type cells (log10FC=0.06), although the original study has shown NR2F2 

depletion in these cells through genomic DNA analysis – Sanger sequencing, and genomic 

DNA PCR (181). However, no mRNA analysis was carried out by original paper’s group, 

which makes difficult to determine the baseline levels of NR2F2 mRNA in the samples. Also, 

some 4 out of 6 knocked out samples had the editing in the NR2F2 loci, but only produced 

heterozygous mutation, which could be a limitation for the sensitivity of the bulk RNA 

sequencing not being high enough to detect a greater decrease of a lowly expressed gene 

in a heterozygous population. Moreover, looking into the normalised counts of the samples 

from the bulk RNA sequencing, the average count in the knockout group was slightly higher 

than the control, but not significantly.  

Bulk RNA sequencing is a high-throughput sequencing method commonly used to compare 

transcriptomes of different conditions, e.g. gene perturbation vs control. In this approach, 

the sequenced RNA is extracted from a pool of cells and used to assess the average levels 

of expression of each gene (243). However, the output of this method does not identify the 

transcriptome in individual cells which could mean loss of sensitivity and biological 

information. Thus, single-cell RNA sequencing emergence enabled to investigate at high 

resolution the expression levels of each gene across different cell types (244). By assessing 

the expression levels of this gene by single-cell RNA sequencing across the cardiac cell types, 

it was evident that NR2F2 is not highly expressed overall, especially in cardiomyocytes. This 

could indicate that, even in a knockout condition, the fold-change between samples was 

not abrupt enough to meet the set requirements for DEGs, although it was enough to cause 

perturbations in the transcriptome. (243) (244) 

To have a better understand of the expression pattern of NR2F2 in the foetal heart, we 

used a public dataset derived from single-cell RNA sequencing from 3 human foetal hearts 

(148). We used their cited specific gene markers to identify and annotate the cell clusters. 

It was observed that NR2F2 was expressed in fibroblasts, endothelial cells, smooth muscle 
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cells, cardiomyocytes, and mesothelial cells, with the higher expression in endothelial cells 

followed by smooth muscle cells and fibroblasts. Although the higher expression of NR2F2 

is in endothelial cells, most of cells expressing NR2F2 in endothelial cells cluster are co-

expressing genes related to EndoMT (Appendix B.4)(148), which is a process to form 

fibroblasts from endothelial sources (245). Defects in EndoMT event can be associated with 

a variety of CHDs (245), reenforcing the importance of understand the role of NR2F2 in 

fibroblasts. 

The knockout of NR2F2 in iPS-CMs caused perturbations in genes related to cardiogenesis 

and associated with NR2F2, i.e. SOX9 (237,238), BMP4 (239), NKX2-5 (240,241), and NPNT 

(237,246). However, when observed the expression of these genes at single-cell resolution, 

only SOX9 and BMP4 was co-expressed in the same cell types as NR2F2. SOX9 is expressed 

in the endocardial cushions and known to be involved in septovalvulogenesis (237). BMP4, 

is also involved in heart development. BMP4-/- mice die at early stages without mesoderm 

formation, the embryonic layer that gives rise to the heart (247). By Cre-recombination, 

mice with BMP4 ablation in different stages of heart development, showed interruption of 

the processes responsible for outflow track and septum formation.  

The present analysis helped us to start understanding some the changes that could take 

place in the absence of NR2F2. Nevertheless, to have a complete overview of this gene 

function in the fibroblasts during heart development, it is crucial to combine the knockout 

in fibroblasts with single-cell transcriptomic approach.  
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Chapter 5 Results 

NR2F2 knockout in Fibroblasts using CRISPR/Cas9 technology 

5.1 Introduction 

Knowing the importance of NR2F2 for the development of CHD, its regulatory network is 

investigated in this chapter. For this, after isolating fibroblasts from human foetal hearts, a 

genomic knockout in NR2F2 loci was performed on those cells and their transcriptome was 

further analysed. Fibroblasts are known to be difficult-to-transfect cells; therefore, it is pivotal 

to apply a cost-efficient method that it is easier to implement and execute. In comparison with 

other approaches, CRISPR/Cas9 presents as an alternative to those types of cells.  

5.1.1 Methods commonly used to generate gene perturbations 

From 1970’s, gene expression modulation is possible through homologous recombination 

(248). Although recombinant DNA was widely used, especially in murine models, this 

methodology could be expensive and time-consuming, so RNA interference technology was 

developed to provide a more straightforward inexpensive alternative. However, the use of 

RNA molecules to modify gene expression is transient creating the need to alter the genome 

directly to create long-term perturbations (249,250). The use of nucleases associated with 

DNA-binding molecules increased over the decades to generate permanent modifications on 

DNA. Nucleases are delivered to specify sites of the DNA and cause a double-strand break 

(DSB). After introducing DSB in DNA, two cellular mechanisms are applied to repair the break: 

non-homologous end-joining causing small deletions or insertions (indels), or homology-

directed repair, leading to gene correction during cellular mitosis or insertion of exogenous 

homologous DNA template (251). 

In 1985, the discovery of zinc finger proteins and its ability of specifically binding DNA (252) 

provided the biochemical knowledge to engineer the fusion of a chain of zinc finger proteins 

to the catalytic portion of a bacterial nuclease called FokI. This system, known as Zinc Finger 

Nuclease (ZFN), was pioneer in targeted nucleases to cleave DNA strand at a specific gene 

location (253). Each amino acid present on the α-helix portion of the zinc finger proteins would 

be able to bind to 3bp of the targeted DNA. Despite the range of applications unlocked by ZFN, 
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challenges like high-level expertise to engineer ZFN, pushed the scientific community to 

continue pursue for new technologies (249). 

Like ZFN, transcription activator-like effector nucleases (TALENs) are DNA-binding proteins 

fused to FokI endonuclease in the C-terminal domain (254). The advantage against ZFN is that 

ability of TALENs to recognise 1bp which make this method more efficient and easier to 

engineer and implement in non-expert laboratories. The biggest disadvantage around TALENs 

is the large protein size making it limits the methods to deliver to cells, and its expensive 

design (249,254). 

The most recently developed genome engineering approach is CRISPR/Cas9, which has been 

widely used for genome editing. CRISPR/Cas9 technology is based on two major components: 

a Cas9 endonuclease, responsible for generating DNA strand breaks and the single-guide RNA 

(gRNA) that is capable of binding to a specific region of the genome using Watson-Crick base-

pairing principles. Additionally, the complex Cas9-gRNA can recognise a motif upstream of the 

targeted sequence termed the Protospacer Adjacent Motif (PAM), which reduce off-target 

editing (251). Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a known 

immunological system in prokaryotes (255,256). In 2012, the mechanism behind CRISPR 

guided targeting and isolation of its components in vitro (256,257) represented a landmark 

which led to successful DNA editing in human cells (171,258–260).  

5.1.2 CRISPR/Cas9 and its applications 

Like most nuclease-based techniques, CRISPR/Cas9 usually cause a DSB to provoke permanent 

alterations in the genome. This rupture of DNA strands triggers mechanisms of repair that 

could be a non-homologous end joining (NHEJ) or a homology-direct repair (HDR) depending 

on the conditions. The NHEJ pathway occurs in the absence of a DNA template and frequently 

introduce base insertions or deletions (indels) that would disturb the target gene by knocking 

it out. The HDR pathway is high-fidelity way of repairing the DNA. It uses a DNA template to 

reproduce the base sequence on the targeted gene. This method can be used to introduce 

specific exogenous mutations at the DBS site (Figure 5.1) (261). 

CRISPR/Cas9 system goes beyond gene editing. It is also possible to modulate gene expression 

profile using a modification of Cas9 having both nucleases’ domains inactivated (dCas9). The 
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difference in dCas9 is the retained capacity of bind the DNA via sgRNA but not cause DNA 

cleavage (262). For a robust modulation response in mammalians, the dCas9 needs to be fused 

with transcription activator or repressor molecules, making possible specific gene expression 

modulation (Figure 5.2) (263). 

 

Figure 5.1 Scheme of CRISPR-Cas9 gene edition system 
The endonuclease Cas9 depends on the guide-RNA (gRNA) to be delivered to the targeted gene. Apart from the 
complementary base pairing of the gRNA, Cas9 also recognise a protospacer adjacent motif (PAM) downstream 
the targeted gene. Cas9 causes a blunt DNA DSB through its two nuclease domains (scissors). The DSB can be 
repaired by two mechanisms: non-homologous end joint (NHEJ) and homologous direct repair (HDR). The NHEJ 
can delete or insert nucleotides in the location of the break and the HDR uses a DNA template to repair the break 
conserving the original sequence. Created with BioRender.com.  
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Figure 5.2 Applications beyond gene edition of CRISPR-Cas9 system 
CRISPR/Cas9 technology can be used to inhibit (CRISPRi) or activate (CRISPRa) gene expression, in addition to the 
most common knockout application. In CRISPRi and CRISPRa, the nuclease domains of Cas9 are deactivated and 
an inhibitor or activator molecule is fused to it. Created with BioRender.com.  



Chapter 5 

 
83 

5.1.3 Comparison between CRISPR/Cas-9 methods 

There are several methods to deliver CRISPR/Cas9 components to mammalian cells, and to 

achieve the desired outcome it is pivotal to choose the correct CRISPR/Cas9 tools. One of the 

main steps to establish a knockout through CRISPR/Cas9 technology is to decide in which 

format CRISPR components to be delivered: 1) DNA plasmids (pDNA) expressing both the Cas9 

endonuclease and the guide RNA, 2) the mRNA for Cas9 translation alongside with the small 

guide RNA or 3) the Cas9 ribonucleoprotein (RNP) with the guide RNA directly to the cell.(264) 

Once the suitable CRISPR component format for the experiment workflow is chosen, it is 

necessary to decide the vehicle in which those components to be delivered. Lipid-mediated 

transfection is a standard method used to overcome the lipophobic structure of DNA 

molecules. The association of the exogenous DNA with the positively charged lipids form 

liposomes capable of fusing to the cell membrane realising the DNA into the cytoplasm.(265) 

Once inside the cell, the pDNA will express the components of CRISPR/Cas9 machinery 

responsible to find and edit the targeted gene.  

As an alternative to lipid-based transfections, polymers with polycationic core, called Viromers, 

can be used. Viromers bind to nucleic acids through its positively charged core, but its neutral 

surface allows the complex to be taken by the cell through endocytosis. Once the complex is 

up taken in endosomes, its hydrophobicity increases due acidification of the endosome 

permitting the complex to be released into the cytosol and escape lysosomal degradation 

(266).  

Viral transduction is also commonly use to carry CRISPR elements into cells. Although non-

viral systems offer advantages in terms of safety and immunogenicity, virus-based approaches 

allow higher genomic edition efficiency.(267) One of the virus-based approaches used are 

lentiviruses. Lentiviruses belongs to Retroviridae family known for its ability to integrate the 

transgene into the targeted cell’s genome which can guarantee long-term expression of 

CRISPR components (268). The main reason for using Lentivirus over other retroviruses is their 

competence in transduce not only dividing cells but also nondividing ones, which amplify the 

range of possible targeted cells. 

Another widely used delivery method is electroporation. As the name suggests, 

electroporation uses an electrical pulse to create pores enabling exogenous DNA to enter the 
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cell. The formation of the pores is temporally, and the diameter can limit the DNA molecule 

size(269). In this work, both lipofection and electroporation were tested to deliver DNA 

plasmids containing the CRISPR component sequences and the RNP system to fibroblasts.  

The aim of this chapter was to test several methods to deliver CRISPR/Cas9 components to 

create a NR2F2 knockout mutation in fibroblasts for further transcriptome analysis of its role 

in this cell type.  

5.2 Nonviral transfection was not able to carry CRISPR plasmids onto 

primary fibroblasts 

Several methods were tested to transfect CRISPR vector into fibroblasts. Five transfection 

reagents with different properties - lipid-based (Lipofectamine 3000 and TransIT-LT1), 

nonlipid polymer-based (TrasnIT-X2, Viromer Red and Viromer Plasmid) and an 

electroporation technology designed to delivery molecules directly to the nucleus, called 

Nucleofection - were used. A GFP vector (pLVTHM – 11Kb) of a size similar to CRISPR vector 

(9.1Kb) was used to track transfection efficiency by fluorescence microscopy and flow 

cytometry. HEK293 cells were used as a positive control of the transfection in both assays.  

Three of five reagents (Lipofectamine 3000, TransIT-X2, TransIT-LT1) and Nucleofection were 

tested in the lung fibroblast cell line (MRC-5) (Figure 5.3). In this comparison, HEK293 cells 

median of transfected between the tested reagents was 54.55% (IQR 22.45%). The highest 

percentage of HEK293-GFP+ cells was obtained using TrasnIT-X2 (72.9%), and the lowest was 

using Lipofectamine 3000 (44%). In contrast, the median transfection efficiency in MRC-5 was 

2.35% (IQR 2.44%) with the highest using Lipofection 3000 (3.5%) and the lowest, TransIt-X2 

(0.6%). For nucleofection, the HEK293 presented 53% of positive cells for GFP, but MRC-5 had 

only 1.8% of transfected cells. 

In primary cardiac fibroblasts, the reagents tested were Lipofectamine 3000, Viromir Plasmid, 

Viromir Red and TransIT-LT1 (Figure 5.4). At this assay, HEK293 cells presented a median of 

GFP expression of 30.9% (IQR 38.72%). The highest transfection efficiency percentage was 

obtained using Lipofectamine 3000 (75%), while the lower percentage of cells positive for GFP 

were gained using Viromir Plasmid (23.7%). Therefore, these data demonstrated that the 

reagents were working and could successfully transfect the plasmid into MRC-5 and HEK293 
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cells. However, in primary cardiac fibroblasts assessment, no transfected cells could be 

detected using any of the reagents.  

Data have shown that the size of the plasmid could be inversely proportional to efficiency in 

transfections (270). Speculations for this correlation include poor membrane diffusion, lower 

motility of large plasmids into the cytoplasm and effects in transgene expression (270,271). 

Facing this information and the unsuccessful transfection rates using several reagents, we 

investigated if the size of the vector could influence the efficiency of the delivery. For that, a 

smaller GFP plasmid was used (pmaxGFP, 3Kb). The smaller GFP-expressing plasmid and the 

pVmTHL GFP-expressing (11Kb) were transfected into MRC-5 cells using TransIT-LT1 on the 

same conditions as before. HEK293 cells were, again, used as a positive control for this 

assessment (not shown). The efficiency of the transfections was measured by flow cytometry 

(data not shown). For the 11Kb plasmid, the efficiency was 0.26% GFP+ cells, in comparison 

with the 3Kb plasmid efficiency of 3.25% GFP+ cells. Fluorescence microscopy images also 

showed a higher number of cells transfected using a smaller plasmid compared to the ones 

transfected with the 11Kb GFP plasmid (Figure 5.5). 
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Figure 5.3 MRC-5 presented low rates of transfection 
(A) Fluorescence microscopy of HEK293 cells after 48hrs of transfection; scale bar: 200µm. (B) Phase-contrast 
microscopy of HEK293 cells after 48hrs of transfection (same field as “A”); scale bar: 200µm. (C) Fluorescence 
microscopy of MRC-5 cells after 48hrs of transfection; scale bar: 200µm. (D) Phase-contrast microscopy of MRC-
5 cells after 48hrs of transfection (same field as “C”); scale bar: 200µm. (E) Histograms showing the peaks of 
fluorescence in GFP+ HEK293. (F) Histograms showing the peaks of fluorescence in GFP+ MRC-5. N=1 for each 
reagent.  
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Figure 5.4 Primary cells could not be transfected with any tested condition 
(A) Fluorescence microscopy of HEK293 cells after 48hrs of transfection; scale bar: 200µm. (B) Phase-contrast 
microscopy of HEK293 after 48hrs of transfection (same field as “A”); scale bar: 200µm. (C) Fluorescence 
microscopy of primary cells after 48hrs of transfection; scale bar: 200µm. (D) Phase-contrast microscopy of 
primary cells after 48hrs of transfection (same field as “C”); scale bar: 200µm. (E) Histograms showing the peaks 
of fluorescence in GFP+ HEK293. (F) Histograms showing the peaks of fluorescence in GFP+ primary cells. Each 
reagent had N=1. 
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Figure 5.5 Transfection using a smaller (3Kb) plasmid showed transfection improvement 

MRC-5 presented higher rates of transfection in comparison with transfection using a bigger (11Kb) plasmid. On the left-hand side, MRC-5 cells 

transfected with 11Kb GFP plasmid. On the right-hand side, MRC-5 cells transfected with 3Kb GFP plasmid. Both transfection assays were 

performed using same conditions. Scale bars: 200µm for the 11Kb GFP plasmid image, and 100µm for the 3Kb GFP plasmid image. N=1. 

 

11Kb GFP Plasmid  3Kb GFP Plasmid  
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5.3 Lentiviral CRISPR delivery system did not create NR2F2 knockout in 

Fibroblasts 

Nonviral delivery systems have advantages like lower cost, less optimization steps and lower 

immunogenicity compared to viral delivery systems. However, in terms of transgene delivery 

and expression, lentivirus-based methods are more efficient due its tropism to a broad range 

of cell types and its capacity to continuously express CRISPR/Cas9 elements after integration 

into targeted cells’ genome (272,273).  

In response to the previous complications to deliver CRISPR components to fibroblasts via 

direct transfection and the demand of increase transfection rate, lentivirus was further used. 

Plasmids containing Cas9 and NR2F2-targeted guide-RNA sequences as well as puromycin 

resistance gene, were transduced to fibroblasts through lentivirus to attempt knockout NR2F2. 

The viral particles were produced into packaging cells (HEK293) and the supernatant 

containing those particles was used directly onto fibroblasts. 

Transduced cells were selected with a 5 to 7-day course of puromycin treatment. Both MRC-

5 and primary fibroblasts transduced populations had majority of cells surviving the antibiotic 

selection (data not shown), indicating that the puromycin resistance gene was expressed in 

those cells. Genomic DNA was extracted from surviving cells to assess NR2F2 mutation via T7 

endonuclease (T7E1) mismatch detection assay. Briefly, T7E1 is an endonuclease which 

cleaves double-stranded DNA that contains mismatches formed via cross-annealing of 

mutated and wild-type strands. To assess the presence of mutations through this assay, 

extracted DNA from samples undergo hybridization and annealing cycles, followed by 

treatment with T7E1 and electrophoresis. Through this technique, the occurrence of 

mutations is confirmed by the presence of two smaller DNA fragments in edited samples due 

to cleavage of DNA heteroduplex after hybridization process, in contrast to one single (uncut) 

larger DNA fragment in wild-type samples (274,275).  

Although most cells survived the antibiotic treatment, no cleaved fragments were detected 

by the T7 endonuclease mismatch detection assay, indicating the absence of DNA 

heteroduplex on those samples (Figure 5.6). The PCR amplicon had an expected size of 648bp 

which corresponded to the detected band size in the samples.  
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Figure 5.6 T7E1 mismatch detection assay implied no NR2F2 genomic mutation in fibroblasts 
NR2F2 site in genomic DNA of each sample was amplified by. PCR and treated with T7E1 after temperature-
induced hybridization. The expected PCR product was 698bp corresponding to the band detected in the samples. 
No mutation was detected as indicated by the undigested fragment (red arrow) and, consequently, the lack of 
smaller fragments. N=1. 

5.4 NR2F2 was knocked down in Fibroblasts using CRISPR RNP system 

Lentivirus is widely used in difficult-to-transfect cells, as primary fibroblasts, due its high rate 

of success. The data portrayed in Results 5.3 showed that the presence surviving cells after 

antibiotic implied successful transduction as expected with this application. However, the data 

failed to evidence any mutation into the genome of the cells by the lack of fragmented DNA 

after T7E1 assay.  

Facing the challenges of using plasmid-delivering systems in hard-to-transfect cell such as 

fibroblasts, a more straightforward method had to be applied. RNPs improve the odds of 

getting edition into genome because no transcription and translation are required (276). To 

use RNP system, Cas9 protein and 3 small-guide RNA molecules were directly administrated 

to the nuclei of cells via nucleofection. In this method, no antibiotic selection was carried out 

Uncut 
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and the heterogenic pool of cells was assessed in the DNA, mRNA and protein levels to validate 

the gene mutation. Cells electroporated with only Cas9 were considered the negative control 

for this experiment. 

To evaluate the occurrence of NR2F2 mutation in genomic DNA, both mismatch detection 

using T7E1 and Sanger sequencing were performed. Differently from what was observed in 

the lentiviral system, both MRC-5 and primary fibroblast presented cleaved DNA when treated 

with T7E1 after hybridization cycles, indicating presence of indels due to non-homologous 

end-joint DNA repair after DNA double-strand break (Figure 5.7). Based on the traces 

generated on Sanger sequencing (Figure 5.8) and considering the position of the breaking 

point present with higher frequency, fragments sizes of 316bp and 163 bp were expected and 

subsequently observed in the gel. The wild-type PCR amplicon size was 498bp. To analyse the 

indels, PCR amplified DNA from heterogeneous population of edited primary fibroblasts and 

their respective negative control were sequenced. The traces were demultiplexed by ICE 

software (Figure 5.8), showing a proportion of frameshifts or indels ≥21bp (Knockout-Score) 

of 96%. A deletion of 144bp was detected in the majority (67%) of the trace mixture (Figure 

5.9). The location of this deletion size in the base call sequences matched the cut point 

observed in the brightest fragment bands in T7E1 assay gel. At transcript level, the knockout 

of NR2F2 was assessed by qPCR and the knockout percentage was calculated using negative 

control expression levels as reference. MRC-5 showed 53% reduction on NR2F2 mRNA 

expression compared to negative control. Primary fibroblasts had 51% of knockdown on 

NR2F2 transcript levels in comparison with their paired negative control (Figure 5.10). NR2F2 

protein presence was evaluated by Western blotting. HEK293 lysate was used as positive 

control for NR2F2 content, and three primary fibroblasts protein lysates (wild-type, negative 

control and edited) were analysed. The wild-type sample had the same protein size band for 

NR2F2 protein (46kDa) as the negative and positive controls. On the other hand, the expected 

size band for NR2F2 (46kDa) was absent in the edited protein lysate. Instead, a 40kDa band 

was observed. Taking in consideration the most frequent deletion (-144bp) present on this 

population of cells, this size band matches the predicted truncated protein that this mutation 

would translate (Figure 5.11). 



Chapter 5 

 
92 

 

Figure 5.7 T7E1 detected DNA mismatches in fibroblasts due to CRISPR/Cas9 genomic 
editing 
NR2F2 exon in which the 3 guides anneal to was amplified by. PCR and treated with T7E1 after temperature-
induced hybridization. The expected wild-type PCR product was 479bp. Mutation was detected as indicated by 
the cut fragments. The expected sizes of the fragments are 316bp and 163bp. N=1. 
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Figure 5.8 Sequence base calls from edited primary fibroblasts 
Sanger sequence traces of edited and wild-type (control) samples. The horizontal 
black underline sequences represent the align location of the 3 guides. The 
horizontal red dotted underline is marking the PAM sequence of each guide. The 
vertical black dotted line shows the DNA double-strand break point. The mixed 
traces are result of error-prone repair that happens in non-homologous end-joint 
DNA repair. N=1. 

 

 

Figure 5.9 Percentage of Indels in edited primary fibroblasts mixed 
population 
Percentage of Indels in edited primary fibroblasts mixed population. The x axis 
shows the size of insertion of deletion. The y axis shows the percentage of genomes 
that contains the indels. N=1. 
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Figure 5.10 Fibroblasts have shown knockdown on NR2F2 expression 
MRC-5 showed 53% reduction on NR2F2 mRNA expression (2-∆∆CT = 0.47) in knockdown samples compared 
to their paired negative control expression. Primary fibroblasts had a decrease of 51% on NR2F2 transcript 
levels (2-∆∆CT = 0.49) in knockdown population compared to their paired negative control. 

 

Figure 5.11 Absence of NR2F2 protein in edited primary fibroblasts 
The expected size of NR2F2 protein is 46kDa. The 40kDa band shows a predicted truncated NR2F2 protein. 
GAPDH was used as loading reference. Lane 1: HEK293 (positive control). Lane 2: Wild-type primary 
fibroblasts. Lane 3: Primary fibroblast Cas9-only (negative control). Lane 4: Edited primary fibroblasts. 
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5.5 Discussion 

NR2F2 has been shown to participate in heart development since variations on its structure 

often goes along with phenotypic anomalies in the cardiac development. However, the 

molecular mechanisms involving NR2F2 in this developmental process is not fully 

understood. The combination of genetic perturbations and omics analyses is a powerful 

tool to unveil the function of genes and their role in biological processes. Therefore, to 

unveil the molecular network behind NR2F2 in the heart, it is pivotal to interrupt the gene 

and assess the transcriptomic implications trigged by its disruption. 

To obtain a successful knockout assay in a challenging cell type such as primary fibroblasts 

(277), it is necessary to use a simple and effective method. CRISPR/Cas9 is straightforward 

and offers several options of cargo and delivery applications, making it easily adaptable to 

all experimental needs. Plasmid DNA is the most used cargo due to its low cost and easier 

manipulation, but it demands optimisation for each cell type. In this study, five different 

transfection reagents and nucleofection were tested to carry exogen pDNA into this cell 

type.  Due to the large size of Cas9 sequence, the final plasmid size (>7kb) can be 

problematic to an efficient delivery (265). For all reagents, the positive control (HEK293 

cells) presented good transfection efficiency – around 50% of transfected cells, contrasting 

to low efficiency rates in fibroblasts. Although similar protocols were used in this 

assessment, studies showing efficient transfection protocol in primary fibroblasts used a 

smaller plasmid. This evidence led to speculation that large plasmids could be causing the 

low efficiency. To test this hypothesis, a smaller pDNA was transfected using one of the 

reagents in the same experimental condition as the larger pDNA. A robust improvement in 

the transfection efficiency was visually noticed by fluorescence microscopy, suggesting that 

the large size pDNA initially used would be a reason for the low efficiency.  

To address this problem, other delivery systems were further tested. Studies demonstrate 

CRISPR/Cas9 system being applied using lentivector system (268,278,279). Although, virus-

based systems present higher efficiency compared to non-viral methods in primary 

fibroblasts (277), in here, it did not lead to NR2F2 interruption. After lentiviral transfection 

with the CRISPR/Cas9 components, there were cells surviving the antibiotic selection, 

suggesting that they had been successfully transduced. However, when the genome of 

these cells was subjected to the T7E1 assay, there were no extra fragments pointing 

towards the presence of a CRISPR/Cas9 mutation in the DNA. A possible explanation for 
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these results is that the pDNA was delivered into the cell, but one or all elements of 

CRISPR/Cas9 failed to be transcribed or they were not sufficiently expressed to then 

integrate into the genomic DNA. 

Considering these unsuccessful attempts to disrupt NR2F2, the RNP approach is an 

alternative to resolve the issues previously described. This method using a complex formed 

by the Cas9 protein and guide RNAs is transient and does not demand transcription or 

translation, which reduces off-target effects and makes the gene editing process quicker 

and efficient. In this result chapter, the data showed reduction on NR2F2 expression on 

both transcript and protein level, as well as the identification of significant deletions on the 

DNA caused by the RNP complex. The complex was carried onto the cell through 

nucleofection. While no expression of NR2F2 protein was observed, qPCR showed up to 53% 

knockdown on mRNA relative expression. This discrepancy could be justified by the 

presence of heterogeneous mutation in the mixed population being detected by qPCR due 

its higher sensitivity in comparison to Western blotting assay. Another hypothesis is that 

the nonsense-mediated mRNA decay does not happen as fast as the protein degradation, 

which could lead to the detection of mRNA – although reduced – in the qPCR, but no 

protein detection in the Western blotting assay, explaining the contradicting results in 

Figure 5.10 compared to Figure 5.11. Moreover, a band of 40kDa was observed which 

matches the weight of a predicted protein generated in silico from the traces with 144bp 

deletion (not shown). The deleted bases were located in the exon 5 of NR2F2 gene, 

precisely in the region that codifies the transcription factor DNA-binding domain. This could 

indicate the presence of a truncated dysfunctional NR2F2 protein. Regarding MRC-5 cells’ 

protein assessment, the amount of cells collected after CRISPR/Cas 9 knockdown assay was 

lower in comparison to primary fibroblasts, which led to a undetectable amount of protein 

extracted from this group for Western blotting. This limitation averted the assessment and 

comparison of the results presented in Figure 5.11 with MRC-5 cells. 

The collective data presented in this chapter leads to believe that NR2F2 was successfully 

knocked out in foetal primary fibroblasts and MRC-5 cell lines which directed to 

transcriptomic investigations crucial to further understand the role of NR2F2 in those cells.  
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Chapter 6 Results 

Transcriptomic analysis of fibroblasts with NR2F2 edited by 

CRISPR/Cas9 system 

6.1 Introduction 

Several approaches are used to unveil the role of key transcription factors (TFs) in the heart 

development. The studies can focus on the identification of expression pattern of those 

transcription factors (280), morphology changes due to depletion of the gene (281) or 

identification of DNA-binding site in targeted genes (282), among others (283). 

Another approach is the combination of gene perturbations and transcriptomic analysis 

has been used to identify the role of TFs in development. A group investigated the role of 

OCT4 in preimplantation events by knocking out it via CRISPR/Cas9 and preforming single-

cell RNA sequencing. They found that the loss of OCT4 caused mis-expression of 

trophectoderm markers (284). Another study, in cardiogenesis field, NKX2-5, an important 

cardiogenic TF, was deleted from cardiomyocytes derived from human embryonic stem 

cells. An RNA sequencing from those cells revealed that NKX2-5 function is mediated by 

HEY2 in ventricular development (285).  

The function of NR2F2 was also analysed using the combined approach to investigate its 

role in myocardial cells. NR2F2 was ablated by a Cre-recombinase technique in mice. The 

myocardium transcriptome was explored by microarray assay concluding that NR2F2 is 

important for atrial identity of cardiomyocytes (286). 

In this chapter, we use the same combined approach to understand the role of NR2F2 by 

analysing the global transcriptomic changes that the reduction of NR2F2 expression cause 

in fibroblasts.  

6.2 NR2F2 transcriptional activity inference is reduced in NR2F2-

knockeddown fibroblasts 

Once lung fibroblast cell-line (MRC-5) and cardiac primary fibroblasts had NR2F2 gene 

knocked down via CRISPR/Cas9 method, single-cell RNA sequencing was performed on the 

control and knocked down samples from these both sources of fibroblast cells. The method 
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for sequencing, data quality control assessment and visualisation were described in 

Methods 2.9. In the quality control assessment step, cells presenting read counts below 

500 and above 50000 were filtered out. Cell expressing less than 2000 genes were also 

taken out of the analysis. The number of cells that passed the filtering criteria in each 

sample is informed in Table 6.1. Genes expressed in less than 5 cells were also excluded. 

The cell quality assessment of the dataset is shown in Appendix C.2. Cell clusters were 

annotated using PanglaoDB (216), a prior knowledge database of cell markers accessed via 

Decoupler library (217). The annotation data is shown in Figure 6.1. It was observed that 

cells were annotated as fibroblasts by this method. Individual gene markers for 

cardiomyocytes, endothelial cells, fibroblasts, and smooth muscle cells were also assessed 

(Figure 6.2). The gene markers used were determined by a study in human foetal hearts 

(age 19-22 pcw) (148), and they are listed in Table 6.2. It was observed that cells from both 

control and knockdown samples from primary fibroblasts expressed all gene markers from 

fibroblasts, consistent to the automatic annotation from PanglaoDB. Regarding the other 

cell type gene markers, only one gene marker from cardiomyocytes (MYL9) and two gene 

markers from smooth muscle cells (TAGLN and ACTA2) were expressed. No expression of 

endothelial cell gene markers was detected. MRC-5 cells (control and knockdown) 

presented similar expression pattern and the data is shown in Appendix C.4. 

Table 6.1 Number of cells per sample after filtering sequencing data 

Sample #Cells 

PFB CNTRL 1632 

PFB KO 952 

TOTAL 2584 

MRC-5 CNTRL 1392 

MRC-5 KO 1303 

TOTAL 2695 
PFB: cardiac primary fibroblasts; MRC-5: foetal lung fibroblast cell line; CNTRL: control samples; KO: NR2F2 
knocked down samples  
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Table 6.2 Gene markers used to assess cell types in CRISPR/Cas9 edited fibroblasts 

Cell type Marker genes 

Cardiomyocytes MYL3, MYL4, MYL9, MYH7B, RYR2, TTN, PLN 

Endothelial cells CDH5, PECAM-1 

Fibroblasts COL1A1, COL1A2, COL3A1, TGFBI, DCN, LUM, FN1, BGN 

Smooth muscle cells ACTA2, TAGLN, RGS5 

Comparing NR2F2 mRNA counts in each sample, it is observed in the collection of MRC-5 

cells that the median of counts has no difference between control and edited cells, and in 

primary fibroblasts, the edited cell sampling presented higher number of counts for NR2F2 

mRNA compared to control sample (Figure 6.3 – left column). However, to understand the 

effects caused by the lack of NR2F2 function in fibroblasts, Decoupler library also uses an 

integrated resource that scores transcription factor-target interaction to infer 

transcriptional activities. Decoupler creates a reference matrix using a curated collection 

(i.e., Dorothea (287)) containing the transcription factors, their regulons and the weight of 

their interaction based on the confidence level of the evidence and the sign of its mode of 

regulation (activation or inhibition). After, Decoupler runs a Multivariate Linear Model 

method that models the data gene expression by using the regulatory adjacency matrix 

created using Dorothea prior knowledge collection as covariates of a linear model. The 

obtained t-values of the fitted model correlates with the activity scores. It is observed that 

the edited samples from both MRC-5 and cardiac primary fibroblasts had reduced NR2F2 

transcriptional activity (Figure 6.3 – right column).  

After establishing that NR2F2 transcriptional activity inference was reduced, a differential 

expression gene (DEG) analysis was performed between the conditions (control and 

knockdown). If DEG is performed treating each cell as a sample, the p-value could be 

inflated and the variation across the population of cells be lost. To mitigate it, a pseudo-

bulk of the cell populations was performed using the Decoupler library. Control and 

knockdown were compared, and a ranked t-test (Wilcoxon) was used to assess the 

differently expressed genes (DEG). To select the DEG, the genes were filtered out by a p-

value ≤ 0.05 and a -1.5 ≥ log2(FC) ≥ 1.5. The list of down and up-regulated genes are listed 

in Appendix C.6. When applied these cut-offs, for MRC-5, 37 genes appeared upregulated, 
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and one gene (THRB) was downregulated. For primary fibroblasts, 154 genes were 

upregulated, and fifty-four genes were downregulated. Two upregulated genes were 

common between MRC-5 and primary fibroblasts (NFIB and PLD5). 

 
Figure 6.1 Cell annotation using PanglaoDB in CRISPR/Cas9 edited primary fibroblasts 
UMAP plots of primary fibroblasts samples – CNTLR and KO – distribution and PanglaoDB annotation (first 
row). Bellow, UMAP plots showing each cell (dots) coloured according to the Fisher’s exact test score (-
log10[p-value]) for fibroblasts, endothelial cells, cardiomyocytes, and smooth muscle cells. FB: fibroblasts; 
CNTRL: control; KO: CRISPR/Cas9 edited cells.  
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Figure 6.2 Individual expression of cardiac cell type’s gene markers in CRISPR/Cas9 
primary cardiac fibroblasts 
Dot plot showing the expression of gene markers to identify cardiomyocytes, endothelial cells, fibroblasts, 
and smooth muscle cells in CRISPR/Cas9 edited primary fibroblasts from foetal hearts. Each dot represents 
the percentage of cells (size of the dot) expressing the gene (x axis) and the mean expression (intensity of the 
colour) within each cluster (y axis).  

Following DEG analysis, the gene ontology (GO) of biological processes enriched in each set 

of up and downregulated genes were identified by ShinyGo v0.76 (184). The top 20 

biological processes enriched were selected by the lowest values of False Discovery Rate 

(FDR), and then ranked by Fold Enrichment. The Fold Enrichment is defined by the ratio of 

a percentage of the gene set that belongs to a gene ontology term per the percentage in 

the list background. At the MRC-5’s set of upregulated genes the most enriched term in 

downregulated genes was the “Cardiac right ventricle morphogenesis” (GO:0003215) with 

HAND2, TBX20 and GATA4 genes related to it (Appendix C.7). Following this, most of the 

other enriched terms were related to nervous system ad neuron cell’s development.  For 

the upregulated genes in the cardiac primary fibroblasts, the most enriched biological 

processes were identified as “Regulation of cardioblast differentiation” (GO:0051890), 

“Regulation of cardiocyte differentiation” (GO:1905207) and “Cardiac chamber 

development” (GO:0003205). For the downregulated gene set, the biological processes 

enriched were “Cardiac epithelial to mesenchymal transition” (GO:0060317) and 

“Ventricular septum morphogenesis” (GO:0060412), in addition to terms related to tube 

development and angiogenesis (Figure 6.4). The summary of the GO analysis of biology 

processes for cardiac primary fibroblasts samples are shown in Table 6.3 and Table 6.4. 
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Figure 6.3 Expression of mRNA versus transcriptional activity of NR2F2 in Fibroblasts. 
The left column shows the number of counts of NR2F2 mRNA in each sample. For primary fibroblasts (top), it 
is shown that edited fibroblasts presented higher median (median=2) compared to control (median=1). For 
MRC-5 (bottom), the median of control and edited samples shows no difference (median=2). The right column 
shows the transcriptional activity of NR2F2. For primary fibroblasts (top), in the knockdown sample, NR2F2 
presented lower transcriptional activity (median=-1.22) compared to control sample (median=-1.01). For 
MRC-5 (bottom), the same pattern is observed. The edited fibroblasts presented reduced activity for NR2F2 
(median=-0.28) compared to unedited sample (median=-0.15). The dotted black lines represent the 25th and 
the 75th quartiles. The full black lines represent the median values. TF: transcription factor; PFB: foetal cardiac 
primary fibroblasts; MRC-5: foetal lung fibroblast cell line; KD: knockdown; CNTRL: control. 
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Table 6.3 Gene Ontology of Biological Processes enriched in the upregulated gene set of cardiac primary fibroblasts 

Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

1.92E-03 63.3 Regulation of cardioblast differentiation TGFB2  PRICKLE1  GATA6 

2.63E-03 25.3 Regulation of cardiocyte differentiation TGFB2  PRICKLE1  GATA6  ABI3BP 

6.43E-05 9.1 Cardiac chamber development KCNK2  TGFB2  DSP  CPE  GATA6  ANK2  ADAMTS1  SLIT3 

1.38E-05 8.0 Cell-cell adhesion via plasma-membrane 
adhesion molecules 

CLDN11  CDH10  ICAM1  TGFB2  MYPN  PCDH10  HMCN1  SDK1  LRRC4C  CLDN1  
NLGN1  PCDH7 

7.69E-04 7.4 Potassium ion transmembrane transport NEDD4L  KCNK2  KCNK6  NALCN  RGS4  ANK2  KCNE4  KCNT2  KCNQ5 

2.44E-03 7.2 Response to ketone ICAM1  TGFB2  GHR  FOXP2  POSTN  CLDN1  OXTR  SLIT3 

8.77E-06 6.3 Extracellular matrix organization NTN4  ICAM1  CCDC80  TGFB2  LOX  POSTN  CYP1B1  COL8A1  HAPLN1  ABI3BP  
ADAMTS1  PTX3  MFAP4  ADAMTSL1  MFAP5 

8.77E-06 6.3 Extracellular structure organization NTN4  ICAM1  CCDC80  TGFB2  LOX  POSTN  CYP1B1  COL8A1  HAPLN1  ABI3BP  
ADAMTS1  PTX3  MFAP4  ADAMTSL1  MFAP5 

8.77E-06 6.3 External encapsulating structure 
organization 

NTN4  ICAM1  CCDC80  TGFB2  LOX  POSTN  CYP1B1  COL8A1  HAPLN1  ABI3BP  
ADAMTS1  PTX3  MFAP4  ADAMTSL1  MFAP5 

1.05E-03 5.5 Cell-substrate adhesion LIMCH1  NTN4  EPDR1  CCDC80  BST1  POSTN  COL8A1  ABI3BP  ANGPT1  EDIL3  
ITGBL1 
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Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.25E-04 5.5 Regulation of membrane potential NEDD4L  KCNK2  DSP  KCNK6  NALCN  FGF14  RGS4  IFI6  ANK2  KCNE4  GRIK2  
SCN9A  NLGN1 

1.44E-04 4.9 Heart development KCNK2  TGFB2  DSP  CPE  LOX  RGS4  PRICKLE1  GATA6  ANK2  ANKRD1  ABI3BP  
ADAMTS1  OXTR  SLIT3  CRIP1 

3.28E-03 4.7 Muscle system proc. HSPB6  NEDD4L  DSP  ACTA2  RGS4  GATA6  STAC  ANK2  KCNE4  LMOD1  OXTR 

3.05E-09 3.9 Cell adhesion 

CLDN11  CDH10  LIMCH1  NTN4  EPDR1  ICAM1  CCDC80  TGFB2  DSP  VSIR  
BST1  SELPLG  POSTN  GPNMB  CYP1B1  MYPN  PCDH10  HMCN1  COL8A1  

HAPLN1  SDK1  LRRC4C  ABI3BP  ANGPT1  CNTNAP3B  PKD1L1  CLDN1  EDIL3  
MFAP4  STXBP6  NLGN1  PCDH7  ADAMTSL1  ITGBL1 

3.05E-09 3.9 Biological adhesion 

CLDN11  CDH10  LIMCH1  NTN4  EPDR1  ICAM1  CCDC80  TGFB2  DSP  VSIR  
BST1  SELPLG  POSTN  GPNMB  CYP1B1  MYPN  PCDH10  HMCN1  COL8A1  

HAPLN1  SDK1  LRRC4C  ABI3BP  ANGPT1  CNTNAP3B  PKD1L1  CLDN1  EDIL3  
MFAP4  STXBP6  NLGN1  PCDH7  ADAMTSL1  ITGBL1 

3.28E-03 3.9 Circulatory system proc. SLC38A5  NEDD4L  ICAM1  TGFB2  DSP  KCNK6  ACTA2  RGS4  POSTN  ANK2  
KCNE4  ANGPT1  OXTR 

8.77E-06 3.9 Circulatory system development 
HSPB6  KCNK2  TGFB2  DSP  ACTA2  CPE  LOX  CTH  RGS4  GPNMB  CYP1B1  

PRICKLE1  GATA6  COL8A1  ANK2  RSPO3  ANKRD1  ABI3BP  ANGPT1  ADAMTS1  
OXTR  SLIT3  CRIP1 

3.09E-04 3.6 Cell-cell adhesion CLDN11  CDH10  ICAM1  TGFB2  DSP  VSIR  SELPLG  GPNMB  CYP1B1  MYPN  
PCDH10  HMCN1  SDK1  LRRC4C  PKD1L1  CLDN1  STXBP6  NLGN1  PCDH7 
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Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

4.41E-04 3.3 Animal organ morphogenesis NTN4  TGFB2  DSP  ACTA2  CPE  VDR  GHR  PAPPA2  PRICKLE1  GATA6  COL8A1  
RSPO3  SDK1  NFIB  ANKRD1  ADAMTS1  SLIT3  ROR1  MFAP5  CRIP1 

FDR: False discovery rate. FDR is calculated based on the nominal p-value, which states the likelihood of enrichment by chance. The fold enrichment is the percentage of genes in the list of 
differentially expressed genes belongs to the biological process, indicating the overrepresentation. The biological processes are ranked by Fold Enrichment. 

Table 6.4 Gene Ontology of Biological Processes enriched in the downregulated gene set of cardiac primary fibroblasts 

Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

4.05E-03 46.0 Cardiac epithelial to mesenchymal transition SPRY1  HEY1  NOG 

6.34E-03 37.5 Ventricular septum morphogenesis HES1  HEY1  NOG 

2.12E-03 31.1 Smooth muscle cell differentiation NFATC2  OLFM2  HES1  HEY1 

2.23E-03 9.1 Muscle cell differentiation NFATC2  TNNT1  OLFM2  HES1  IGFBP5  SORBS2  HEY1 

3.62E-03 6.4 Positive regulation of cellular component 
biogenesis NOX4  RGCC  CSF3  ID1  MMP3  CSF2  SLITRK4  MMP1 

1.18E-03 6.4 Vasculature development CALCRL  NFATC2  RGCC  LAMA4  HES1  ID1  ROBO4  HEY1  ANGPTL4  NOG 

4.51E-03 6.1 Muscle structure development NFATC2  TNNT1  OLFM2  HES1  IGFBP5  SORBS2  HEY1  NOG 

4.67E-03 6.0 Blood vessel morphogenesis CALCRL  RGCC  HES1  ID1  ROBO4  HEY1  ANGPTL4  NOG 



Chapter 6 

 
106 

Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.48E-03 6.0 Blood vessel development CALCRL  RGCC  LAMA4  HES1  ID1  ROBO4  HEY1  ANGPTL4  NOG 

5.50E-04 5.6 Negative regulation of multicellular 
organismal proc. 

CALCRL  RGCC  TNNT1  LAMA4  HES1  IGFBP5  SOCS2  ID1  ADAMTS18  STC1  
SPRY1  HEY1  NOG 

2.23E-03 5.4 Tube morphogenesis CALCRL  RGCC  HES1  ID1  ROBO4  EDA  SPRY1  HEY1  ANGPTL4  NOG 

5.61E-04 5.2 Anatomical structure formation involved in 
morphogenesis 

CALCRL  NFATC2  RGCC  TNNT1  HES1  ID1  ROBO4  EDA  SPRY1  HEY1  FAT3  
ANGPTL4  NOG 

1.18E-03 5.1 Circulatory system development CALCRL  NFATC2  RGCC  LAMA4  HES1  ID1  ROBO4  SORBS2  SPRY1  HEY1  
ANGPTL4  NOG 

3.42E-03 4.9 Negative regulation of developmental proc. NFATC2  RGCC  HES1  IGFBP5  SOCS2  ID1  SPRY1  HEY1  FAT3  NOG 

2.23E-03 4.8 Tube development CALCRL  RGCC  HES1  IGFBP5  ID1  ROBO4  EDA  SPRY1  HEY1  ANGPTL4  NOG 

1.18E-03 4.5 Positive regulation of developmental proc. NFATC2  RGCC  MEDAG  OLFM2  CSF3  HES1  SOCS2  SPRY1  CSF2  ANGPTL4  
PDE3A  SLITRK4  NOG 

3.62E-03 4.0 Regulation of multicellular organismal 
development 

NFATC2  RGCC  CSF3  LAMA4  HES1  ID1  SPRY1  CSF2  HEY1  ANGPTL4  SLITRK4  
NOG 

2.12E-03 3.8 Regulation of cell differentiation NFATC2  RGCC  MEDAG  OLFM2  CSF3  HES1  IGFBP5  SOCS2  ID1  SPRY1  CSF2  
HEY1  PDE3A  NOG 
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Enrichment 
FDR 

Fold 
Enrichment Biological Process Genes 

2.48E-03 3.6 Regulation of cell death NOX4  RGCC  CSF3  SOCS2  ID1  MMP3  SPRY1  CSF2  ANGPTL4  BDKRB2  PDE3A  
TCIM  NOG  TNFRSF6B 

7.19E-03 3.6 Cell migration NOX4  NFATC2  RGCC  LAMA4  HES1  IGFBP5  ID1  ROBO4  STC1  FAT3  NOG  
MMP1 

FDR: False discovery rate. FDR is calculated based on the nominal p-value, which states the likelihood of enrichment by chance. The fold enrichment is the percentage of genes in the list of 
differentially expressed genes belongs to the biological process, indicating the overrepresentation. The biological processes are ranked by Fold Enrichment. 
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Figure 6.4 Biological processes enriched in the DEG set from cardiac primary fibroblasts 
The biological processes were selected by the top 10 significant FDR values (in a list of FDR ≤ 0.05) and ranked 
by enriched fold enrichment. The upregulated genes in the NR2F2-knockeddown fibroblasts were related to 
heart development and other cardiogenic processes, focusing on “regulation of cardiocyte differentiation” 
and “cardiac chamber development” that are mostly enriched in this gene set. The downregulated genes in 
NR2F2-knockeddown cells are also mainly related to cardiogenic processes, with “Cardiac epithelial to 
mesenchymal transition”, “Ventricular septum morphogenesis” and “Smooth muscle cell differentiation” 
being the most enriched in this gene set.  

6.3 Lack of NR2F2 activity perturbed other important cardiogenic TFs 

inferred activities 

In addition to NR2F2, a global inference analysis of transcription factor (TF) activities was 

carried out using Decoupler. Scanpy library (175) was used to compare the activity of the 

transcription factors between control and knockdown populations using Wilcoxon method 

and ranked by z-score.  

In both MRC-5 and cardiac primary fibroblasts a difference in transcription factors activity 

between control and NR2F2-knocked down samples was observed (Figure 6.5). Contrasting 

with MRC-5, the knockdown cardiac primary fibroblasts showed reduction of activity in 

important cardiogenic transcription factors, as NKX2-5 and SOX4 (288,289). Other TFs are 

known for forming dimers or being targets of NR2F2, as PROX1 and HEY1 (113). Among the 
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TFs with increased activity, it was observed a gene from NR family, NR2C2. Also, a known 

activator of NR2F2, ETS1 (290), presented higher activity in samples knockdown for NR2F2. 

MRC-5 and cardiac primary fibroblasts shared 2 TFs with increased activity, ETS1 and MYC, 

known being part of Neural Crest Cell differentiation pathway(291,292).  

 

Figure 6.5 Top 10 transcription factor activity inferences in fibroblasts after NR2F2 
knockdown 
Transcription factors presenting increased (positive scores - red) and reduced activity (negative scores - blue) 
in the primary fibroblasts isolated from foetal hearts. Cells from control and NR2F2-knockeddown showed 
contrasting differences regarding the inferred transcriptional activities of the top 10 TFs presented. The 
scores represent the z-score for the inferred transcriptional activity for each TF in each group. PFB: primary 
fibroblasts from foetal hearts; CNTRL: control; KD: NR2F2-knockeddown; MRC-5: foetal lung fibroblast cell 
line.  

6.4 Discussion 

The use of scRNA-sequencing is usually justified to analyse heterogenous populations. 

Although the use of this technique could be justified in primary fibroblasts as these could 

be considered to be heterogeneous, the application of this methodology in a cell line (MRC-

5) could be called into question. In this chapter results, the use of scRNA- sequencing in 

MRC-5 cells was justified by the fact that the fibroblasts could not survive and grow as single 

cells in culture, which prevented clonal selection. The clonal selection is an important step 

after CRISPR/Cas9 editing as it makes possible to create a homogeneous cell population to 

assess the type of mutation (homozygous or heterozygous), separately. This cell culturing 

limitation of the fibroblasts created a population of cells with different transcriptomes, 

directing the use of single-cell RNA sequencing in the edited MRC-5 fibroblasts as well. 

This chapter of results also shown the molecular variations caused by the reduced presence 

of NR2F2 in fibroblasts. Previous chapter results showed the mRNA levels of NR2F2 about 
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50% lower in CRISPR/Cas9 edited samples in comparison with the control, which is not 

reproduced in the scRNA sequencing data exposed here (Results 6.2, Figure 6.3). This could 

be explained by limitations presented by global transcriptomic performance, which makes 

difficult to interpret relevant biology by gene expression analysis alone (217). One 

hypothesis could be the low expression NR2F2 in fibroblasts that could cause high dropout 

rates and misrepresentation of the TF expression. Also, the higher amount of mRNA counts 

in the knockdown group in comparison with the control could be explained by the 

hypothesis of the knockdown group presenting an alteration in the cell or nuclear 

membrane which could have been made the cells from this group more susceptible to lysis 

than the control group, leading to a higher capture rate of mRNA by the beads, thus 

masking the mRNA reduction. To overcome this issue, Decoupler package was used to 

predict its transcriptional activity (217). Using this analysis strategy, NR2F2 transcriptional 

activity was predicted to be reduced in CRISPR/Cas9 altered fibroblast cells in comparison 

with the control sample, in accordance with the lack of NR2F2 protein previously 

demonstrated in these cells (Results 5.4). 

The cardiac primary fibroblasts samples with the decrease in TF activity had expression 

relevant cardiogenic genes altered. Interestingly, the cardiac primary fibroblasts presented 

relevant differentially expressed genes to heart development than the lung fibroblast cell 

line, which could indicate that, although NR2F2 is widely expressed in various tissues, it 

could present a tissue-specific gene regulation function during the development.  

The upregulated genes were mainly involved in biological processes as cardiomyocyte 

differentiation and processes related to extracellular matrix organization (Table 6.3). 

GATA6 is one of the upregulated genes and it is described to cause CHDs (293). A gain-of-

function mutation in GATA6 was found in a patient with Tetralogy of Fallot, together with 

another variant present in a VSD patient (293). More recently, ablation of GATA6 

expression in human iPS cells during cardiac differentiation demonstrated significant 

increase in NR2F2 expression compared to wild type iPS cells (294). This, in addition to our 

results, could suggest a regulatory mechanism between those two genes. Notably, GATA6 

variants were also associated with congenital diaphragmatic hernia associated to CHD 

phenotypes, defects that were also associated with variants in NR2F2 (116,295).  

From the downregulated genes, HEY1, HES1 and NOG were enriched. The gene ontologies 

related to them were associated with endothelial-mesenchymal transition, an important 



Chapter 6 

 
111 

process in cardiogenesis, and ventricular septum morphogenesis (296). Intriguingly, 

defects in the septal process are phenotypes associated with NR2F2. In addition, 

endothelial-mesenchymal transition is the process necessary for the epicardial and 

endothelial-derived fibroblasts to migrate and differentiate, crucial to the atrioventricular 

septation (166). 

In addition to the gene expression perturbations, the reduction of NR2F2 in the fibroblasts 

also inferred abnormal activity of other important cardiac TFs (Results 6.3). In foetal cardiac 

fibroblasts it was observed reduction of activity of NKX2-5, which has been described to 

participate in cardiogenesis (241). In humans, several heart defects have been associated 

with NKX2-5, such as atrial and ventricular septal defects and Tetralogy of Fallot 

(74,297,298). 

Some TFs that are predicted to have their transcriptional activity reduced (Figure 6.5A) 

interact with NR2F2, i.e. PROX1 (113), FOXP2 (299) and HEY1 (113). The nature of FOXP2 

and NR2F2 interaction is protein-protein binding (299). Although Foxp2 is associated mainly 

with neurodevelopmental disorders, it has been shown to be expressed in the outflow tract 

region of developing heart from mice but its function in cardiogenesis requires further 

investigation (300). Interestingly, FOXP1 contain the FOXP2 conserved residue motif for 

NR2F2 binding (299), and in contrast to its homologue, FOXP1 has been shown to be 

downregulated in patients with HLHS (301).  

PROX1 is known to participate in vascular cell fate, and it was demonstrated to 

heterodimerize with NR2F2 for this cell-fate determination (113). Aranguren et al. 

demonstrated that in venous endothelial cells, NR2F2 homodimer binds to HEY1/2 

promoter repressing its expression and, consequently, artery-specific gene expression by 

Notch signalling. In contrast, lymphatic endothelial cells are determined by the 

heterodimerization of NR2F2 and PROX1 (111,113). The induction of PROX1 expression in 

lymphatic cells is dependent of SOX18, but the latter is not sufficient to induce PROX1 in 

arterial endothelial cells, suggesting that NR2F2 could cooperate with SOX18 to determine 

the lymphatic cell fate (111). In addition, venous cells, ETS-1 binds to NR2F2 promoter 

inducing its transcription (128,302). Although the cell types are different from this work – 

endothelial cells versus fibroblasts – this evidence can suggest that ETS-1 is upregulated in 

the absence of NR2F2 due to a compensation mechanism. 
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Thus, it is conclusive that NR2F2 reduced expression can perturb genes and transcription 

factor activities related to cardiogenesis in cardiac foetal fibroblasts. The range of genetic 

perturbation could justify the different CHD phenotypes presented in patients with 

mutations in NR2F2. 
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Chapter 7 Discussion 

7.1 Summary 

Congenital heart malformations are one the most common birth anomalies affecting new-

borns across the globe (62). NR2F2 is a transcription factor known to be involved in 

cardiogenesis, but its contribution to CHDs and the regulatory network behind it are 

unclear. 

The hypothesis of this work was that NR2F2 may interact with other important cardiogenic 

genes in fibroblasts. To support this hypothesis, firstly, primary fibroblasts were isolated 

from human foetal hearts with the final aim to knockout NR2F2 via CRISPR/Cas9 in these 

cells and evaluate the differences in gene expression in comparison with a negative control 

cell population. NR2F2 was also edited by CRISPR/Cas9 in a known foetal lung fibroblast 

cell line (MRC-5) and gene perturbations were compared.  

The primary cardiac fibroblasts were isolated through a protocol based on migration of cells 

from tissue explants derived from human foetal hearts. An initial assessment of specific 

proteins and gene expression was carried out to determine the cell types present in this 

possibly heterogenic population of migrating cells. It was shown that, although other cell 

types were identified in the migrating cell population, there was an enrichment of 

fibroblasts in most of the samples. In addition, NR2F2 was detected at mRNA and protein 

levels in fibroblasts both from foetal hearts and the cell line.  

To begin to understand the role of NR2F2 in heart development, preliminary transcriptomic 

analyses in public datasets were performed. Firstly, a dataset of bulk RNA-sequencing from 

iPS-CM with NR2F2 knocked-out by CRISPR/Cas9 presented altered expression in important 

cardiogenic genes, i.e. SOX9 (237,238), BMP4 (239), NKX2-5 (240,241), and NPNT (246). 

They can be related to septovalvulogenesis (74,238,246,298,303) and outflow tract 

development (304,305). 

Next, we evaluated the efficacy of NR2F2 ablation specifically in fibroblasts. Due to its 

characteristic of being hard-to-transfect cells, the fibroblasts were successfully edited via 

CRISPR/Cas9 in the NR2F2 gene loci using a system that transfects Cas9 ribonucleoprotein 

together with the guide RNAs by nucleofection, but not by plasmid-based methods. 

Although the RNP system has a higher cost, its efficiency relies on the lack of the 
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components’ transcription and translation requirements, delivering the CRISPR elements 

directly to the nucleus of the cell (306). 

Finally, transcriptomes of NR2F2 edited fibroblast samples, together with their respective 

paired negative controls, were analysed at single-cell resolution. In accordance with 

previous data, NKX2-5, although did not surge as a downregulated gene, was inferred to 

have a decrease in its transcriptional activity in primary foetal fibroblasts, leading to 

speculate that NR2F2 could in fact interfere with the regulatory network related to NKX2-

5.  

7.2 Limitations of studying cardiac fibroblasts 

Despite its importance, studying fibroblasts is a challenging task (307). Fibroblasts are a 

heterogeneous population, leading to not having a specific cell marker to truly identify this 

cell type (308). In the heart, fibroblast can differ by their phenotype, specific functions, 

spatial location, and developmental origins (245,307). Because of this, single-cell RNA 

sequencing has been applied to try unveiling the fibroblast heterogeneity and distinguish 

them from other cells in several tissues (309). 

In addition to the difficulties inherent to the cell type, there are also technical issues to 

overcome regarding the use of fibroblasts in basic research. In cell culture, beyond the 

intricacies of isolating fibroblasts due to lack of cell markers, there are some limitations in 

keeping this cell type in 2D culture (310). It’s well known that under standard conditions, 

the stiffness of the plastic surface from the bottom of the culture plate can trigger 

activation into myofibroblasts within a few hours (145,310). Fibroblasts demand 

convoluted conditions to avoid transdifferentiating into myofibroblasts, such as reduced 

amount of serum in the media and coating plates with gelatin to control stiff covering (311). 

The protocols used here resorted of plate coating with gelatin to reduce the effects of 

stiffens of the plastic in the activation of fibroblasts. However, the reduction of serum in 

the media reduced the rate of growth of the cells. This could justify the presence of genes 

expression related to myofibroblasts in the tested fibroblasts in this thesis, exposing a 

limitation of the protocol implemented. 

We also presented challenges in deliver CRISPR/Cas9 elements to primary fibroblasts by a 

plasmid-based system (277). Due to limited life span in culture (312,313), primary 

fibroblasts are known to be difficult-to-transfect cells. Transfection success is directly 
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related to the cell cycle phase of the cell. During the S- and M-phase, the nuclear envelope 

dissolve temporarily, which leads to pDNA translocation to the nucleus (277,314). Also, 

transgene expression is increased because of the higher global transcriptional activity 

during DNA synthesis (277). Moreover, gene edition in fibroblasts presented another 

intricated concern. The limited number of passages that fibroblasts tolerate before 

senescence also hinder the clonal selection in CRISPR/Cas9 edited fibroblasts. Clonal 

selection is an important step for CRISPR/Cas9 process for it allows expansion and 

downstream analysis in a homogeneous population of homozygous mutated cells, and it 

was an issue experienced in this work. However, this limitation was overcome by the 

multiplexed single-cell RNA sequencing which increased resolution and sensitivity for the 

heterogenous population of edited cells. 

7.3 The importance of NR2F2 in fibroblasts during cardiogenesis 

During the heart development, cells from epicardium undergo through EMT that migrate 

to the interstitial region of the myocardium (214). The EMT process is responsible to 

provide fibroblasts to myocardium, allowing its compaction and enlargement of the heart 

during cardiogenesis (315). This process of EMT is controlled by a fine signalling by several 

factors including, but not limited to, FGF, PDGF, ETS factors, SOX9, TBX5, and TGFβ (166). 

Interestingly, rodents with impaired βfgf and Pdgf presented hypoplastic left ventricle 

(316). ETS-1 is also implicated to the development of HLHS (32,317). Moreover, in this 

study, we found that lack of NR2F2 activity can upregulate TGF2 (Results 6.2), increase 

transcriptional activity of ETS-1 and decrease transcriptional activity of TBX5 (Results 6.3), 

which indicates that NR2F2 in fibroblasts is necessary to cell migration and the normal heart 

growth during development. This assumption is corroborated by a recent study in the 

context of human breast cancer, where NR2F2 knocked down breast cancer epithelial cell 

lines showed impaired EMT (318), which confirm the role of NR2F2 in cell migration and 

mesenchymal invasion. 

Another prime source of fibroblasts are the endocardial cells that underwent EndoMT 

(214). This process is crucial to the formation of valves and the impairment of it is 

associated with congenital valve defects, such as mitral prolapse valves (319). EndoMT is 

also responsible for the formation of endocardial cushions, structure that rises the 

atrioventricular septation (320). Because of this, interruptions on this process during 

development are also associated with atrioventricular septal defects (321). For the 
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formation of endocardial cushions, endocardial cells would detach from the basal 

membrane and migrate to the region between the endocardium and myocardium while 

differentiate into fibroblasts. The fibroblasts would, then, proliferate and modulate the 

cushions into valves or extend to begin the septation process (320). Four main pathways 

are related to EndoMT: TGF, Notch, Wnt and BMP (319). In the present work, the lack of 

NR2F2 physiological activity shown perturbation in genes directly related to TGFβ and 

Notch pathways, such as HES1, HEY1, NOG, and TGFB2 (Results 6.2), which could lead to a 

conclusion of the role of NR2F2 in this process.  

The collective evidence demonstrates that NR2F2 has a crucial function in the balanced 

signalling for EMT and EndoMT in fibroblasts. Intriguingly, these processes are often related 

to CHD phenotypes also associated with mutations in NR2F2, like atrioventricular septation 

defects, mitral valve prolapse, hypoplastic left heart syndrome, and outflow tract 

defects(319,321) . 

7.4 Conclusions and Future Work 

In this work it was demonstrated that the decrease of transcriptional activity from NR2F2 

in fibroblast can interfere in the fine genetic balance required for a normal heart 

development. 

As a conclusion, NR2F2 could participate in many important pathways for the heart and 

may perturb other important cardiogenic TFs activities which could led to a wide unbalance 

in the normal regulatory network in foetal cardiac fibroblasts. Some of the genes altered 

are involved in chamber septation, valvulogenesis, angiogenesis and heart growth. 

However important, this approach is limited to an in vitro scenario of one cell-type which 

give us the global gene expression in which NR2F2 participates, but only allow speculation 

around the morphological changes that variants in this gene could lead in vivo, based on 

the previous knowledge of each cardiac gene function in normal development. Therefore, 

an expanded investigation to a cell specific knockout in vivo could confirm morphological 

alterations specific to the role of fibroblasts and extrapolate to other cardiac cellular 

components in the context of CHDs.  

Moreover, using the approach executed in this thesis it was not possible to assess if these 

gene expression modifications were due to direct binding of NR2F2 to genomic targets or 
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by indirect regulation. Thus, further investigations should focus in elucidate which are the 

direct downstream targets using techniques that can identify where the NR2F2 could be 

direct bond in the genome of foetal cardiac cells, e.g. chromatin immunoprecipitation. The 

identification of those downstream targets specific for cardiac cell-types could help design 

genetic therapeutic strategies for CHDs targeting the regulatory network in which NR2F2 is 

involved.  
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Appendix A  

Single-cell RNA sequencing of migrating primary cells 

A.1 Pipelines used in this single-cell RNA analysis  

A.1.1 Filtering of low-quality cells using Scanpy 

# Filter cells according to identified QC thresholds: 

sc.pp.filter_cells(adata, min_counts = 500) 

sc.pp.filter_cells(adata, max_counts = 25000) 

adata = adata[adata.obs['mt_frac'] < 0.1] 

sc.pp.filter_cells(adata, min_genes = 500) 

 

#Filter genes not expressed in a minimum number of cells: 

sc.pp.filter_genes(adata, min_cells=5) 

A.1.2 Removal of doublets using Scrublet 

Doublets are formed when two or more cells are captured in one GEM during the 

encapsulation step 

sce.pp.scrublet(adata, 

    adata_sim = None, 

    sim_doublet_ratio= 2.0, 

    expected_doublet_rate = 0.05, 

    stdev_doublet_rate = 0.02, 

    synthetic_doublet_umi_subsampling= 1.0, 

    knn_dist_metric = 'euclidean', 

    normalize_variance= True, 

    log_transform= False, 

    mean_center= True, 

    n_prin_comps= 30, 



 Appendix A 

 
120 

    use_approx_neighbors= True, 

    get_doublet_neighbor_parents= False, 

    n_neighbors = None, 

    threshold = None, 

    verbose = True, 

    copy= False, 

random_state= 0,) 

adata = adata[adata.obs.predicted_doublet == False] 

A.1.3 Removal of mitochondrial and ribosomal protein genes 

ribo_genes = adata.var_names.str.startswith(("RPS","RPL")) 

mito_genes = adata.var_names.str.startswith('MT-') 

remove = np.add(ribo_genes,mito_genes) 

kept_genes = np.invert(remove) 

adata = adata[:,kept_genes] 

A.1.4 Normalisation by Pearson Residuals 

adata.layers["raw"] = adata.X.copy() 

adata.layers["sqrt_norm"] = np.sqrt( 

    sc.pp.normalize_total(adata, inplace=False)["X"]) 

sc.experimental.pp.recipe_pearson_residuals(adata,n_top_genes
=2000,n_comps=100,random_state=42,inplace=True,) 

A.1.5 Clustering and Visualisation 

sc.pp.neighbors(adata,n_pcs=50,n_neighbors=10,random_state=42) 

sc.tl.umap(adata,random_state=42) 

sc.tl.leiden(adata,random_state=42, resolution=0.1) 

sc.pl.umap(adata, color='leiden_r0.1') 

A.1.6 Cell annotation using PanglaoDB from DecoupleR 

markers = dc.get_resource('PanglaoDB') 

markers[(markers['human']=='True')&(markers['canonical_marker
']=='True')] 
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markers[~markers.duplicated(['cell_type', 'genesymbol'])] 

dc.run_ora(mat=adata, net=markers, source='cell_type', 
target='genesymbol', min_n=3, verbose=True) 

dc.get_acts(adata, obsm_key='ora_estimate') 

mean_enr = dc.summarize_acts(acts, groupby='leiden_r0.1', 
min_std=2) 

annotation_dict = dc.assign_groups(mean_enr) 

adata.obs['cell_type'] = [annotation_dict[clust] for clust in 
adata.obs['leiden_r0.1']] 

sc.pl.umap(adata, color='cell_type') 

A.1.7 Cardiac cell types’ individual gene markers plotting 

marker_genes_dict = { 
    'Cardiomyocytes': ['MYL3', 'MYL4', 'MYL7', 'MYL9', 
'MYH7B','TNNT2','TNNC1','RYR2','TTN','PLN'], 
    'Endothelial cells':['PECAM1', 'CDH5'], 
    'Fibroblasts':['COL1A1', 'COL1A2', 'COL3A1', 'COL1A2', 
'TGFBI','DCN', 'LUM', 'FN1','BGN'], 
    'Smooth muscle cells':['TAGLN', 'RGS5', 'ACTA2']} 
sc.pl.dotplot(adata,  
                  var_names=marker_genes_dict, 
                  vmax=1,cmap=mymap2, groupby='sample', 
return_fig=False, dendrogram=False) 
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Appendix B  

Transcriptomic analysis of public datasets 

B.1 Pipeline used in in public dataset single-cell RNA-sequencing analysis 

B.1.1 Filtering of low-quality cells from each foetal heart sample (H1, H2 and H3) 

• Heart 1 (H1) 

# Filter cells according to identified QC thresholds: 

print('Total number of cells: {:d}'.format(adata.n_obs)) 

sc.pp.filter_cells(adata, min_counts = 1000) 

sc.pp.filter_cells(adata, max_counts = 30000) 

adata = adata[adata.obs['mt_frac'] < 0.1] 

sc.pp.filter_cells(adata, min_genes = 200) 

 

#Filter genes not expressed in a minimum number of cells: 

sc.pp.filter_genes(adata, min_cells=10) 

• Heart 2 (H2) 

# Filter cells according to identified QC thresholds: 

sc.pp.filter_cells(adata, min_counts = 600) 

sc.pp.filter_cells(adata, max_counts = 40000) 

adata = adata[adata.obs['mt_frac'] < 0.1] 

sc.pp.filter_cells(adata, min_genes = 250) 

 

#Filter genes not expressed in a minimum number of cells: 

sc.pp.filter_genes(adata, min_cells=10) 
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• Heart 3 (H3) 

# Filter cells according to identified QC thresholds: 

sc.pp.filter_cells(adata, min_counts = 500) 

sc.pp.filter_cells(adata, max_counts = 20000) 

adata = adata[adata.obs['mt_frac'] < 0.1] 

sc.pp.filter_cells(adata, min_genes = 500) 

 

#Filter genes not expressed in a minimum number of cells: 

sc.pp.filter_genes(adata, min_cells=10) 

B.1.2 Data Concatenation  

adata1.obs['sample'] = ['H1']*adata1.n_obs 

adata2.obs['sample'] = ['H2']*adata2.n_obs 

adata3.obs['sample'] = ['H3']*adata3.n_obs 

adata = adata1.concatenate(adata2, adata3, join='inner', 
index_unique=None) 

adata.var_names_make_unique() 

B.1.3 Batch effect correction using BBKNN 

sc.tl.pca(adata, random_state=42) 

sc.external.pp.bbknn(adata, pynndescent_random_state=42) 

sc.pp.neighbors(adata, n_neighbors=20, n_pcs=20, 
random_state=42) 

sc.tl.umap(adata, random_state=42) 

B.1.4 Normalisation using scran 

#Perform a clustering for scran normalization in clusters 

adata_pp = adata.copy() 

sc.pp.normalize_per_cell(adata_pp, counts_per_cell_after=1e6) 

sc.pp.log1p(adata_pp) 

sc.pp.pca(adata_pp, n_comps=15) 

sc.pp.neighbors(adata_pp) 
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sc.tl.leiden(adata_pp, key_added='groups', resolution=0.5) 

 

#Preprocess variables for scran normalization 

input_groups = adata_pp.obs['groups'] 

data_mat = adata.X.T 

 

%%R -i data_mat -i input_groups -o size_factors 

size_factors = 
sizeFactors(computeSumFactors(SingleCellExperiment(list(count
s=data_mat)), clusters=input_groups, min.mean=0.1)) 

 

#Normalize adata  

adata.X = adata.obs['size_factors'].values[:,None] 

adata.X = sp.sparse.csr_matrix(adata.X) 

sc.pp.log1p(adata) 

B.1.5 Filtering of highly variable genes and Clustering 

sc.pp.highly_variable_genes(adata, flavor='cell_ranger', 
n_top_genes=4000) 

 

# Perform clustering - using highly variable genes 

sc.tl.leiden(adata, resolution=0.5, key_added='leiden') 

 

#Incresing the resolution in specific clusters 

sc.tl.leiden(adata, resolution=0.1, 
restrict_to=('leiden_increase', 
['4']),key_added='leiden_increase') 

sc.tl.leiden(adata, resolution=0.1, 
restrict_to=('leiden_increase', 
['5']),key_added='leiden_increase') 

sc.tl.leiden(adata, resolution=0.1, 
restrict_to=('leiden_increase', 
['7']),key_added='leiden_increase') 
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sc.tl.leiden(adata, resolution=0.1, 
restrict_to=('leiden_increase', 
['9']),key_added='leiden_increase') 

 

# Excluding low-quality cluster 

adata[~adata.obs['annotated'].isin(['14','Erythroblasts']),:] 

 



 Appendix B 

 
127 

B.2 List of upregulated genes of NR2F2 knocked out cells (public dataset of bulk RNA-sequencing) 

Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

SOX9 4.89 MICAL1 2.41 RGS5 1.99 SERINC2 1.83 RNU12 1.70 ADM 1.58 

APCDD1 3.98 ANKRD1 2.40 EPDR1 1.99 ID4 1.83 EFR3B 1.69 EVA1B 1.57 

EDN1 3.58 TUBB3 2.38 LZTS1 1.99 PTX3 1.83 PCDH10 1.68 KCNK3 1.57 

DUSP6 3.57 TGFB2 2.35 TAGLN 1.98 CDH8 1.83 NQO1 1.67 PIR 1.56 

ACTA1 3.43 TUBB2B 2.30 ACTG2 1.97 MSI1 1.82 LIMD2 1.66 CRMP1 1.56 

CTGF 3.21 EMID2 2.29 SERPINE1 1.97 FREM2 1.80 STK17A 1.65 FBLN1 1.55 

NKX2-6 3.16 NNAT 2.21 ROBO1 1.94 REEP2 1.79 CNTFR 1.65 MDFI 1.54 

KIF1A 2.91 KIAA1199 2.20 ATP1A2 1.93 PCYT1B 1.78 COTL1 1.63 ENO3 1.54 

DCLK1 2.81 SLC7A11 2.12 ADAMTS19 1.93 SPHK1 1.77 MYOZ2 1.63 CD99 1.53 

CCL2 2.75 LEFTY2 2.08 TNFRSF19 1.88 THBS1 1.77 BMP4 1.62 AMOT 1.53 
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Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

TENM2 2.72 WBSCR17 2.08 GPC2 1.88 CLSTN2 1.76 GLIPR1 1.61 EFCAB4A 1.53 

ITGA9 2.66 DEPDC1 2.05 MYC 1.87 C4orf48 1.75 SLFN5 1.61 ETV5 1.53 

TM4SF1 2.62 ENC1 2.05 ADD2 1.86 LIMA1 1.75 UCHL1 1.61 TMEM88 1.52 

A2M 2.50 IGFBP7 2.05 DBNDD1 1.86 PRSS23 1.75 STC2 1.60 MAP6 1.51 

FN1 2.49 DPYSL3 2.04 SERPINA3 1.86 CPA4 1.74 NEDD9 1.60 PPM1H 1.51 

LEFTY2 2.48 XRCC4 2.03 SULF1 1.86 NNAT 1.74 SEMA6B 1.60 CPE 1.51 

CDO1 2.47 ODAM 2.02 MAP1A 1.85 CTNND2 1.72 COL2A1 1.59 RP11-488C13.7 1.51 

LIX1 2.43 ZFHX2 2.02 COL2A1 1.85 ACTA2 1.70 ID1 1.59 DTL 1.50 

MGST1 2.43 SLC22A23 2.01 APOE 1.84 CYR61 1.70 ANXA1 1.59 TLE1 1.50 

LogFC = Log10 fold-change 
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B.3 List of downregulated genes of NR2F2 knocked out cells (public dataset of bulk RNA-sequencing) 

Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

DUSP5 -1.50 MALAT1 -1.57 SEPP1 -1.74 FRZB -1.87 TNNT1 -2.33 

ALPK3 -1.50 SYDE2 -1.58 ARHGEF3 -1.75 SULT1E1 -1.91 A2M -2.40 

PODXL -1.52 SNORA14B -1.59 MAB21L2 -1.75 FMOD -1.91 PLAT -2.72 

TRIM63 -1.53 ZNF330 -1.60 LINC00881 -1.75 NKX2-5 -2.01 MIR4761 -2.78 

MYOZ2 -1.54 SFRP2 -1.63 TGFBR3 -1.78 G0S2 -2.01 HPCAL4 -2.85 

ATP7B -1.55 LRRC10 -1.67 SLC40A1 -1.81 DES -2.05 DLK1 -3.16 

NPNT -1.55 BMP5 -1.68 CRABP1 -1.83 NXPH2 -2.11 MYL2 -3.25 

SNORA28 -1.55 LMOD2 -1.71 FXYD1 -1.85 SLC39A8 -2.14 PARM1 -3.51 

NEXN -1.56 SMYD1 -1.72 DHRS3 -1.85 CSRP3 -2.15 BANCR -4.27 
LogFC = Log10 fold-change 
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B.4 Presence of cells going through endothelial-mesenchymal transition 

in foetal heart (public dataset) 

 

UMAP plots from single-cell RNA sequencing of three foetal human hearts (public dataset). In the first row, 
the clusters show the annotation and position of each cell type identified in the dataset. The four UMAPs 
below demonstrate the expression of NR2F2, FN1, COL3A1 and COL1A2 in the dataset. Each cell is colorised 
according to the level of expression. 
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Appendix C  

Single-cell RNA sequencing of NR2F2 knocked-down fibroblasts 

C.1 Pipelines used in this single-cell RNA analysis  

C.1.1 Filtering of low-quality cells using Scanpy 

# Filter cells according to identified QC thresholds: 

sc.pp.filter_cells(adata, min_counts = 500) 

sc.pp.filter_cells(adata, max_counts = 50000) 

adata = adata[adata.obs['mt_frac'] < 0.1] 

sc.pp.filter_cells(adata, min_genes = 2000) 

 

#Filter genes not expressed in a minimum number of cells: 

sc.pp.filter_genes(adata, min_cells=5) 

C.1.2 Removal of doublets using Scrublet 

Doublets are formed when two or more cells are captured in one GEM during the 

encapsulation step 

sce.pp.scrublet(adata, 

    adata_sim = None, 

    sim_doublet_ratio= 2.0, 

    expected_doublet_rate = 0.05, 

    stdev_doublet_rate = 0.02, 

    synthetic_doublet_umi_subsampling= 1.0, 

    knn_dist_metric = 'euclidean', 

    normalize_variance= True, 

    log_transform= False, 

    mean_center= True, 

    n_prin_comps= 30, 
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    use_approx_neighbors= True, 

    get_doublet_neighbor_parents= False, 

    n_neighbors = None, 

    threshold = None, 

    verbose = True, 

    copy= False, 

random_state= 0,) 

adata = adata[adata.obs.predicted_doublet == False] 

C.1.3 Removal of mitochondrial and ribosomal protein genes 

ribo_genes = adata.var_names.str.startswith(("RPS","RPL")) 

mito_genes = adata.var_names.str.startswith('MT-') 

remove = np.add(ribo_genes,mito_genes) 

kept_genes = np.invert(remove) 

adata = adata[:,kept_genes] 

C.1.4 Normalisation by Pearson Residuals 

adata.layers["raw"] = adata.X.copy() 

adata.layers["sqrt_norm"] = np.sqrt( 

    sc.pp.normalize_total(adata, inplace=False)["X"]) 

sc.experimental.pp.recipe_pearson_residuals(adata,n_top_genes
=2000,n_comps=100,random_state=42,inplace=True,) 

C.1.5 Clustering and Visualisation 

sc.pp.neighbors(adata,n_pcs=50,n_neighbors=10,random_state=42) 

sc.tl.umap(adata,random_state=42) 

sc.tl.leiden(adata,random_state=42, resolution=0.2) 

sc.pl.umap(adata, color='leiden_r0.2') 

C.1.6 Cell annotation using PanglaoDB from DecoupleR 

markers = dc.get_resource('PanglaoDB') 

markers[(markers['human']=='True')&(markers['canonical_marker
']=='True')] 
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markers[~markers.duplicated(['cell_type', 'genesymbol'])] 

dc.run_ora(mat=adata, net=markers, source='cell_type', 
target='genesymbol', min_n=3, verbose=True) 

dc.get_acts(adata, obsm_key='ora_estimate') 

mean_enr = dc.summarize_acts(acts, groupby='leiden_r0.2', 
min_std=0.2) 

annotation_dict = dc.assign_groups(mean_enr) 

adata.obs['cell_type'] = [annotation_dict[clust] for clust in 
adata.obs['leiden_r0.2']] 

sc.pl.umap(adata, color='cell_type') 

C.1.7 Expression checking of known cardiac cell type gene markers 

markers=['MYL3','MYL4','MYL9','MYH7B','RYR2','TTN','PLN','PEC
AM1','CDH5','COL3A1','COL1A2','COL3A1','TGFBI','FN1','DCN','L
UM','BGN','TAGLN','RGS5','ACTA2'] 

sc.pl.umap(adata, color=markers,color_map=mymap2,ncols=4, 
vmax=20, legend_loc='on data', legend_fontoutline=3, 
legend_fontweight='normal',use_raw=False,layer="sqrt_norm") 

marker_genes_dict = { 

    
'Cardiomyocytes:['MYL3','MYL4','MYL9','MYH7B','RYR2','TTN','P
LN'], 

    'Endothelial cells: ['PECAM1', 'CDH5'], 

    'Fibroblasts’: 
['COL3A1','COL1A2','COL3A1','TGFBI','FN1','DCN','LUM','BGN'], 

    'Smooth muscle cells: ['TAGLN', 'RGS5', 'ACTA2']} 

sc.pl.dotplot(adata, var_names=marker_genes_dict, vmin=0, 
vmax=4, cmap=mymap2, groupby='sample', figsize= (8,1)) 

C.1.8 Pseudo-bulk DEG analysis using DecoupleR 

sc.pp.log1p(adata) 

logFCs, pvals = dc.get_contrast (padata, 

                                group_col='cell_type', 

                                condition_col='sample', 

                                condition='KO', 

                                reference='CNTRL', 
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                                method='wilcoxon' 

                               ) 

dc.format_contrast_results (logFCs, pvals) 

C.1.9 TF activity inference using Dorothea from DecoupleR 

dc.get_dorothea (organism='human', levels=['A','B','C','D']) 

dc.run_mlm (mat=adata, net=net, source='source', 
target='target', weight='weight', verbose=True) 

adata.obsm['dorothea_mlm_estimate'] = 
adata.obsm['mlm_estimate'].copy() 

adata. obsm['dorothea_mlm_pvals'] = 
adata.obsm['mlm_pvals'].copy() 

dc.get_acts (adata, obsm_key='dorothea_mlm_estimate') 

sc.pp.log1p(acts) 

sc.tl.rank_genes_groups(acts, groupby='sample', 
key_added='dorothea_rankgenes', method='wilcoxon') 
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C.2 Quality control of CRISPR/Cas9 edited primary fibroblasts 

 
(A) Bar charts showing the number of cells (y axis) containing a number of counts/genes (x axis). The left-
hand side shows the bar charts before the application of filtering method present in the pipeline and the 
right-hand side shows the result post-filtering. (B) UMAP plots showing the number of counts, the logarithmic 
number of counts and the mitochondrial fraction in each cell (dots). It also shows a UMAP with the location 
of each cell that belongs to control (non-edited) fibroblasts and edited fibroblasts populations. PRIMARY 
CNTRL: control (non-edited) cardiac foetal fibroblasts; PRIMARY KO: edited cardiac foetal fibroblasts.  
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C.3 Quality control of CRISPR/Cas9 edited MRC-5 cells 

 

(A) Bar charts showing the number of cells (y axis) containing a number of counts/genes (x axis). The left-
hand side shows the bar charts before the application of filtering method present in the pipeline and the 
right-hand side shows the result post-filtering. (B) UMAP plots showing the number of counts, the logarithmic 
number of counts and the mitochondrial fraction in each cell (dots). It also shows a UMAP with the location 
of each cell that belongs to control (non-edited) fibroblasts and edited fibroblasts populations. MRC-5 CNTRL: 
control (non-edited) foetal lung fibroblasts cell line; MRC-5 KO: edited foetal lung fibroblasts cell line. 

  



 Appendix C 

 
137 

C.4 Cell annotation using PanglaoDB in CRISPR/Cas9 edited MRC-5 

fibroblasts cell line  

 

UMAP plots of MRC-5 samples – CNTLR and KO – distribution and PanglaoDB annotation (first row). Bellow, 
UMAP plots showing each cell (dots) coloured according to the Fisher’s exact test score (-log10[p-value]) for 
fibroblasts, endothelial cells, cardiomyocytes, and smooth muscle cells. CNTRL: control; KO: CRISPR/Cas9 
edited cells. 
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C.5 Individual expression of cardiac cell type gene markers in CRISPR/Cas9 

MRC-5 fibroblast cell line 

 

Dot plot showing the expression of gene markers to identify cardiomyocytes, endothelial cells, fibroblasts, 
and smooth muscle cells in CRISPR/Cas9 edited MRC-5 cells. Each dot represents the percentage of cells (size 
of the dot) expressing the gene (x axis) and the mean expression (intensity of the colour) within each cluster 
(y axis). 
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C.6 List of differentially expressed genes of fibroblasts with NR2F2 edited by CRISPR/Cas9 

C.6.1 List of upregulated genes from primary fibroblasts from foetal heart 

Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

LINC00968 3.90 ANKRD1 2.41 LINC01638 1.95 POSTN 1.66 
AC100822.1 3.35 CLDN11 2.41 NUPR1 1.93 LMOD1 1.66 

ITGBL1 3.35 CYP1B1 2.37 KCNQ5 1.93 ADAMTS1 1.64 
IGFBP3 3.07 C1orf143 2.35 PCDH10 1.92 EDIL3 1.63 
CPA4 3.05 ROR1 2.34 MYPN 1.92 PKD1L1 1.63 

TMEM178B 3.05 LOX 2.34 KCTD4 1.90 LINC00607 1.63 
C5orf17 3.05 TGFB2 2.33 CCDC80 1.89 SLIT3 1.62 
PAPPA2 2.96 KCNE4 2.32 FAM155A 1.89 GALNT5 1.62 

DOK5 2.94 MFAP5 2.31 PCDH7 1.88 AC113383.1 1.62 
CDH10 2.89 C7orf69 2.30 NALCN 1.87 AC002460.2 1.61 

TMEM233 2.82 HAPLN1 2.29 LIMCH1 1.86 DOK6 1.60 
KRTAP2-3 2.82 FGF14 2.28 KCNT2 1.86 KIAA1324 1.60 

AC010624.5 2.78 SH3BGR 2.25 NLGN1 1.84 GPNMB 1.59 
GATA6 2.75 SLC38A5 2.24 CDKL4 1.84 PSG5 1.57 

AL162493.1 2.74 ACTA2 2.19 ZFYVE28 1.83 VSIR 1.55 
LINC01133 2.73 AC026316.5 2.16 HSPB6 1.82 GHR 1.55 

PTX3 2.72 CPE 2.15 RGS4 1.82 CCDC144A 1.55 
PLD5 2.70 COL8A1 2.14 MAPRE3 1.81 LRMDA 1.54 

ABI3BP 2.67 LINC00973 2.14 LINC00960 1.81 MGARP 1.54 
CPXM2 2.66 OCIAD2 2.12 CLDN1 1.80 OXTR 1.53 
DEPTOR 2.66 GPR1 2.11 ZNF804A 1.79 DSP 1.53 
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Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

NEFM 2.64 CDK15 2.11 NR2F1 1.76 SELPLG 1.53 
AL591043.2 2.64 KCTD8 2.08 SDSL 1.76 AF165147.1 1.52 

FOXP2 2.63 PSG4 2.03 PLAC9 1.75 LRRC4C 1.52 
NTN4 2.59 PPP4R4 2.03 ADAMTSL1 1.74 STAT4 1.51 

ARRDC4 2.57 SLC7A14 2.03 SERPINB2 1.74 C5orf46 1.50 
NGF-AS1 2.55 STAC 2.02 AC073114.1 1.72 AC110058.1 1.50 

NGF 2.55 LINC00452 2.01 SCN9A 1.71 AC005736.1 1.50 
CNTNAP3B 2.52 ANK2 2.01 CRIP1 1.71 NFIB 1.49 
AC069277.1 2.48 FOXC2-AS1 2.00 GRIK2 1.71 LINC02755 1.49 

HMCN1 2.47 AMPH 2.00 NEDD4L 1.71 PPP1R3C 1.49 
KCNK6 2.44 RSPO3 1.99 NR2F1-AS1 1.70 F2RL2 1.48 
STXBP6 2.43 LINC01340 1.98 PSAT1 1.70 BST1 1.48 

LINC00882 2.43 ANGPT1 1.96 PLXDC2 1.68 AC239799.2 1.48 
CCDC81 2.43 LINC02615 1.95 KCNK2 1.68 KIF26B 1.47 
TPD52L1 2.42 EPDR1 1.95 IFI6 1.67 ICAM1 1.47 

FGD4 2.42 LRRN3 1.95 HIST1H4H 1.66 PRICKLE1 1.46 
LogFC = Log10 fold-change 
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C.6.2 List of downregulated genes from primary fibroblasts from foetal heart 

Gene Symbol logFC Gene Symbol logFC Gene Symbol logFC 

DCLK3 -3.90 RNF144A -2.33 SOCS2 -2.05 
AP002989.1 -3.61 CSF3 -2.29 SLITRK4 -2.04 

NOG -3.40 NOX4 -2.22 TMEM132B -2.00 
LAMA4 -2.73 MGAT4C -2.21 TCIM -1.92 

FAT3 -2.64 CALB2 -2.15 MMP1 -1.89 

TEX26-AS1 -2.54 AC079949.3 -2.13 ROBO4 -1.87 
PCDH1 -2.50 STC1 -2.10 SPRY1 -1.87 
OLFM2 -2.40 MMP3 -2.06 ST8SIA4 -1.86 
EFR3B -1.84 DENND11 -1.63 MEDAG -1.54 
HEY1 -1.83 COL5A3 -1.61 CALCRL -1.54 

NFATC2 -1.75 SORBS2 -1.61 EDA -1.52 
TFPI2 -1.74 HES1 -1.59 TNNT1 -1.51 

AC068234.2 -1.67 HS6ST3 -1.58 BDKRB2 -1.51 
LINC01411 -1.66 ADAMTS18 -1.58 PDE3A -1.49 

BTBD11 -1.66 CSF2 -1.58 ID1 -1.49 
TNFRSF6B -1.64 GNGT1 -1.56 RGCC -1.48 

AC004918.1 -1.64 ANGPTL4 -1.55 RBP1 -1.48 
DENND2A -1.64 IGFBP5 -1.55 CFAP58 -1.46 

LogFC = Log10 fold-change 
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C.6.3 List of differently expressed genes from MRC-5 cells 

Gene Symbol logFC Gene Symbol logFC 

THRB -1.55   

TBX20 2.38 MYCT1 1.71 
LINC02008 2.35 TMEM132D 1.68 

HAND2 2.29 EMB 1.67 
NCAM1 2.26 AL157392.2 1.66 

ESM1 2.22 FOXO1 1.65 
FOXG1 2.20 CXCL3 1.64 
SHOX2 2.14 ANK3 1.60 
SNTG2 2.11 GATA4 1.60 
NTNG1 2.08 CXCL5 1.54 
EPHA5 1.97 CXCL1 1.54 
NCALD 1.97 SLC1A3 1.52 
NFIB 1.96 CXCL6 1.52 

CACNG8 1.91 BCL11A 1.51 
AP000695.2 1.90 IL1A 1.50 

PLD5 1.84 COLEC12 1.50 
CCDC85A 1.80 EBF3 1.48 

DSC3 1.77 HHIP 1.47 
SIM2 1.73 SULF1 1.46 

LogFC = Log10 fold-change 
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C.7 Gene Ontology of Biological Processes enriched in the upregulated gene set of MRC-5 cells 

Enrichment 
FDR 

Fold 
Enrichment Pathway Genes 

0.00024096 100.57 Cardiac right ventricle morphogenesis HAND2  TBX20  GATA4 

2.10E-05 12.31 Axonogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

2.88E-05 11.32 Axon development BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

2.10E-05 10.81 Cell morphogenesis involved in neuron differentiation SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  
FOXG1 

6.54E-05 8.80 Neuron projection morphogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

6.54E-05 8.63 Chemotaxis CXCL6  EPHA5  NFIB  NCAM1  CXCL3  CXCL5  CXCL1  EMB  FOXG1 

6.54E-05 8.62 Plasma membrane bounded cell projection 
morphogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

6.54E-05 8.60 Taxis CXCL6  EPHA5  NFIB  NCAM1  CXCL3  CXCL5  CXCL1  EMB  FOXG1 

6.54E-05 8.57 Cell projection morphogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 
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Enrichment 
FDR 

Fold 
Enrichment Pathway Genes 

6.56E-05 8.37 Cell part morphogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

6.54E-05 7.57 Tube morphogenesis IL1A  PODXL  SULF1  NFIB  HAND2  HHIP  ESM1  TBX20  SHOX2  
GATA4 

0.00016891 7.40 Cellular component morphogenesis BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  FOXG1 

6.54E-05 6.74 Tube development IL1A  PODXL  SULF1  NFIB  SIM2  HAND2  HHIP  ESM1  TBX20  SHOX2  
GATA4 

0.00019697 6.18 Cell morphogenesis SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  SHOX2  EMB  
FOXG1 

6.56E-05 6.13 Neuron development SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  HAND2  
SHOX2  EMB  FOXG1 

6.56E-05 5.46 Neuron differentiation SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  HAND2  TBX20  
SHOX2  EMB  FOXG1 

6.54E-05 5.37 Generation of neurons SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  HAND2  HHIP  
TBX20  SHOX2  EMB  FOXG1 
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Enrichment 
FDR 

Fold 
Enrichment Pathway Genes 

6.54E-05 4.96 Neurogenesis SLC1A3  BCL11A  EPHA5  NFIB  NCAM1  ANK3  NTNG1  HAND2  HHIP  
TBX20  SHOX2  EMB  FOXG1 

6.54E-05 4.74 Locomotion CXCL6  PODXL  SULF1  EPHA5  NFIB  NCAM1  NTNG1  CXCL3  CXCL5  
CXCL1  HAND2  TBX20  EMB  FOXG1 

FDR: False discovery rate. FDR is calculated based on the nominal p-value, which states the likelihood of enrichment by chance. The fold enrichment is the percentage of genes in the list of 
differentially expressed genes belongs to the biological process, indicating the overrepresentation. The biological processes are ranked by Fold Enrichment. 
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