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ABSTRACT 

 

The development of the cardiovascular system requires the coordinated 

differentiation of several cell types including endothelial cells (EC), smooth 

muscle cells and cardiomyocytes. This process involves the differentiation of 

cardiopharyngeal mesoderm (CPM) from which these cardiac cell types derive. 

The overall aim of my doctoral work is to understand better the genetic and 

epigenetic mechanisms responsible for cell fate transitions in multipotent cardiac 

progenitors to differentiate into endothelial cells (ECs).  

Notably, I have developed a model for differentiation of CPM into ECs starting 

from engineered mouse embryonic stem cells (mESCs), using a serum-free 

protocol with the addition of specific growth factors that induce cardiac and 

endothelial differentiation.  

The results showed that this procedure allows rapid vascular differentiation with 

high efficiency. I obtained approximately 91% CD144+ (VE-Cadherin) cells 

within 8 days. Then I performed RNA-seq and ATAC-seq on the early phases of 

CPM differentiation to define the transcriptomic and chromatin accessibility 

profile. First, I demonstrated that mESCs differentiation promoted the expression 

of EC-specific markers at day 4 of differentiation (d4), including Pecam1, VE-

Cadherin (Cdh5), Eng, Kdr, Gata2, Gata6, Ets1, Flt1 and others. RNAseq 

performed between d2 and d4 identified 1735 differentially expressed genes, many 

of which are involved in angiogenesis, indicating the activation of an EC 

transcription program. ATAC-seq revealed 6348 Differential Accessible Regions 

(DARs) that changed their chromatin accessibility during this time window. Most 

of them were located in intra- and inter-genic regions. Thanks to the integration of 

these two methods, I identified, at the first, 2 putative enhancers defined as regions 

of increased accessibility, associated with endothelial-specific genes: Pecam1 and 

Notch1, both of which are critical for vascular development. Subsequently, I have 

extended the search of putative regulatory elements, identifying other 8 open 

chromatin regions, associated with Kdr (Vegfr2), Cdh5 (VE-Cadherin), CD34, 

Eng, Flt1 (Vegfr1), Tal1 (Scl1), Dusp5 and Gata6 endothelial genes. 

To validate the putative regulatory regions, I followed two strategies: DNA editing 

(putative enhancers deletion) and epigenetic decommissioning.  

For the first approach, I generated mESCs with deletion of Pecam1-enh.int2 and 

Notch1-enh.int15 (by CRISPR-Cas9 technology), which I then differentiated 

towards CM-EC lineages. Two Notch1-æ enh.int15. independent mESC clones 

showed a significant reduction of Notch1 expression during the later stages of EC 

differentiation (d6 and d8). Similarly, Pecam1 expression was also downregulated 

in two independent Pecam1-æ enh.int2. mESC clones at the same time points. 
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These results indicated that the regions deleted are required for appropriate 

expression of the respective genes during EC differentiation process.  

The second validation strategy was based on epigenetic reprogramming by 

nuclease-deficient dCas9 fused with histone demethylase LSD1 (dCas9-LSD1). It 

removes mono and di-methylation of histone H3 lisyne 4 (H3K4me1 and me2) to 

promote the change of chromatin shape into a repressive configuration. I generated 

mESC clones constitutively expressing dCas9-LSD1 and transfected these cells 

with gRNAs targeting the putative enhancers and then differentiated into 

endothelial cells (ECs). In particular, I have analyzed so far only five putative 

enhancer regions: Notch1-enh.intr15; Kdr-enh.intr10; VE-Cadh.-enh.intr1; Eng-

enh.intr2; Flt1-enh.intr10. The targeted five loci resulted affected by dCas9-LSD1 

epigenetically repression, giving rise to relative reduction of gene-related 

expression, specifically at day8 of differentiation.  

Overall, 6 tested out of 10 identified putative enhancers seems to be regulatory 

elements and could be involved during later stages of EC differentiation. 

Moreover, to predict, computationally, transcription factor motifs in EC enhancers, 

I performed a preliminary motif analysis of DARs regions related to endothelial 

cell fate specification. Sequence analyses of regions opened at d4 identified Gata1, 

Gata2 and JunB transcription factors. They could regulate the differentiation of 

cardiopharyngeal mesoderm progenitors in derivative tissues, including EC.  

In conclusion, the experimental model and methods used for differentiation of 

CPM into ECs allowed me to efficiently identify novel putative endothelial 

enhancers. Thanks to genetic and epigenetic manipulation of these sequences, I 

established their requirement for the transcription process during differentiation 

from cardiopharyngeal mesoderm to ECs. 
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INTRODUCTION 

 

1. Cardiogenesis in mouse development: signaling pathways from mesoderm 

induction to cardiogenic mesoderm progenitors 

The heart is the first organ to form during embryonic development and it has 

a vital role in the distribution of nutrients and oxygen.  

Signaling from the surrounding microenvironment directs the transcriptional 

regulation of the developmental program of the heart, necessary for differentiation 

and proliferation (Brade T. et al., (2013)). Heart development is a process that 

begins soon after embryo gastrulation at embryonic development day 6.5 (E6.5), 

when the mesoderm is formed between the ectoderm and the endoderm germ layer 

during ingression through the primitive streak (PS) (Aguilar-Sanchez C. et al., 

(2018)). Later during development, early mesoderm-derived cardiac precursors 

undergo further lineage restriction and differentiate into progenitor pools that 

populate the First Hearth Field (FHF) and Second Hearth Field (SHF), 

respectively. In fact, after ingression through the PS, cardiogenic progenitor cells 

migrate to an anterior lateral position caudal to the headfolds and form the cardiac 

crescent. At this time in development (E 7.5), the first and second heart fields can 

be distinguished. FHF progenitor cells start to differentiate toward cardiomyocytes 

and smooth muscle cells when they are exposed to BMP and FGF cytokines as 

well as to inhibitors of the Wnt pathway. Consequentially, is induced the 

expression of key regulators of the cardiac lineage, like Nkx2.5, Gata-4, and Tbx5. 

Myocytic lineage commitment is associated with expression of contractile proteins 

including myosin light chain-2a (MLC2a) and sarcomeric myosin heavy chain 

(MHC) first in the cardiac crescent and then throughout the linear heart tube. 

Although these FHF progenitors already differentiate, Wnt/b-catenin, FGF, and 

endodermal Shh signaling keeps SHF progenitors in a proliferative state at the 

same time. SHF precursors are marked by the LIM-homeodomain transcription 

factor Isl1 and its expression is absent in differentiated FHF derivatives (Kelly 

RG. et al., (2012)). These SHF progenitors are deýned by the molecular signature 

Isl1+/Nkx2.5+/Flk1+. Two subpopulations of SHF progenitors can be 

distinguished. One population Isl1+/Flk1+ which differentiates into endothelial 

cells and smooth muscle cells, whereas a second pool of Isl1+/Nkx2.5+ SHF 

precursors gives rise to smooth muscle cells and cardiomyocytes as well as 

contributing to the proepicardial lineages (Wt1+/Tbx18+ and Scx+/Sema3D+  

populations), which later form cardiac ýbroblasts (CF), smooth muscle cells 

(SMCs), endothelial cells (EC), and cardiomyocytes (CM). The fate of SHF 

progenitors is regulated by many different signaling pathways. Among them, FGF 

signaling within the SHF promotes progenitor cell proliferation; Shh-mediated 

signals from the endoderm and canonical Wnt signaling from the midline (neural 

tube) are important for the maintenance of a proliferative state and inhibition of 
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differentiation. On the contrary, BMPs secreted from lateral plate mesoderm as 

well as Notch and noncanonical Wnt signals promote cardiac differentiation of 

SHF progenitors. This highly complex network of spatiotemporal interactions of 

growth factors and transcriptional regulators (e.g., BMP, Wnt, FGF, Nkx2.5, and 

Gata4) governs both FHF and SHF development. 

Mesoderm induction, a prerequisite for heart development, is evolutionarily 

conserved and regulated by numerous signaling pathways. The genetic pathways 

underlying cardiogenesis are complex and interconnected.   

Key players are Nodal (including Activin) and bone morphogenetic protein (BMP) 

signals as well as Wnt and fibroblast growth factors (FGF) (Kimelman D. et al., 

(2006)). Expression of the T-box transcription factor Brachyury/T (Bry), a direct 

target gene of Wnt/ɓ-catenin signaling, marks mesodermal cells. Commitment of 

nascent Bry+ mesodermal progenitors toward a cardiogenic fate requires inhibition 

of canonical Wnt/ɓ-catenin signaling and activation of noncanonical Wnt signaling 

(Gessert S. et al., (2010)). Additionally, interactions between the mesodermal 

germ layer and the endoderm are necessary for the induction of a common 

cardiovascular progenitor population from Bry+ mesodermal precursors, which 

later form both FHF and SHF. Data from cell-tracing studies in mice showed that 

cardiac lineage arise from an intermediate mesodermal population that expresses 

vascular endothelial growth factor receptor 2 (Vegfr2, a.k.a Flk-1 or Kdr) (Ema M. 

et al., (2006)).  

As depicted in Figure 1, during in vitro mESC differentiation and in vivo mouse 

development, BMP, Nodal, Wnt/b-catenin and FGF pathways interact to induce 

mesoderm. Bry+ mesodermal precursors ýrst differentiate through Bry+/Flk-1+ 

hemangioblasts toward endothelial and blood-cell lineages (around E5.5 during 

mouse development). After downregulation of Wnt/b-catenin signaling and 

induction of noncanonical Wnt signals, a second wave of Bry+/Flk-1+ mesodermal 

progenitors appear. They downregulate Bry and activate the expression of 

mesoderm posterior 1 (Mesp1) gene, upon T-box transcription factor 

Eomesodermin action. Several studies have demonstrated that Mesp1 is the earliest 

marker of cardiovascular development and are essential for cardiac mesoderm 

formation during embryonic development. It resides at the top of the cellular and 

transcriptional hierarchy of cardiovascular lineages during ESC differentiation 

(Bondue A. et al., (2011)). Mesp1+ mesodermal progenitors contribute to paraxial 

mesoderm and skeletal muscle of the head as well as cardiac muscle.  
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Figure 1 Signaling pathways for cardiac progenitor cells differentiation and their lineage speciýcation (Brade 

T. et al., (2013)). 

 

Recently in 2018, Lescroart et al., investigated the molecular and cellular basis of 

the earliest stages of cardiovascular lineage specification and diversification by 

single cell RNA-sequencing (scRNA-seq) analysis. They confirmed that mouse 

heart development arises from Mesp1-expressing cardiovascular progenitors (CPs) 

that are specified during gastrulation (Lescroart F. et al., (2018)). 

As described above, most of the Mesp1 CPs differentiate into either CMs or ECs, 

suggesting that lineage segregation occurs early during gastrulation. Mesp1+ cells 

give arise to all heart cells, ECs of the aorta and brain, some muscles of the head 

and neck, as well as to few somitic derivatives and liver cells from its later 

expression (Devine WP. et al., (2014)).  
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Since Mesp1 marks the early CPs within the PS from embryonic day 6.25 (E6.25) 

to E7.25, Lescroart et al., (2018) performed scRNA-seq of WT and Mesp1 null 

CPs at the two stage of development.   

Their scRNA-seq profiling showed that Mesp1 CPs are molecularly distinct and 

make the continuum between epiblast and later mesodermal cells including 

hematopoietic progenitors. Single cell transcriptome analysis of Mesp1-deficient 

CPs indicated that Mesp1 is required for the exit from the pluripotent state and the 

induction of the cardiovascular gene expression program. In fact, several well-

known regulators of pluripotency (including Nanog; Eras), markers of the epiblast 

(such as E-Cadherin/Cdh1) were found up-regulated in single Mesp1 KO cells 

(Figure 2). It is consistent with the defect of exiting the pluripotent epiblast stage. 

 

 
 
Figure 2 Violin plots showing the mean and variance difference between WT (red) and Mesp1 KO (blue) 

cells of genes regulating pluripotency (Nanog, Eras) and epiblast (Cdh1) (Lescroart F. et al., (2018)). 

 

By contrast, the genes down-regulated in Mesp1 KO cells were enriched for 

Mesp1 target genes controlling epithelial-mesenchymal transition (EMT) (Snai1), 

and cardiovascular commitment (Etv2, Hand1, Myl7, Gata4, Flk1, and Pdgfra). 

Pdgfra/Flk1ïexpressing cells that mark Mesp1 CPs in human and mouse ESC 

differentiation in vitro and during mouse gastrulation in vivo were also reduced in 

Mesp1 KO cells, supporting the absence of CP specification (Figure 3). 
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Figure 3 Violin plots showing the mean and variance of EMT genes (Snai1), cardiovascular markers (Gata4, 

Etv2, Myl7 Flk1/Kdr and Pdgfra) expression in WT (red) and Mesp1 KO (blue) (Lescroart F. et al., (2018)). 

 

 

Altogether, this single-cell profiling of early CPs shows that Mesp1 CPs segregate 

rapidly from the epiblast into distinct cardiovascular lineages and it demonstrates 

that Mesp1 CPs are also molecularly heterogeneous, as previously suggested by 

scRNA-seq during in vitro ESC differentiation (Chan SS. et al., (2018)). 

Moreover, SPRING analysis, which allows visualizing high-dimensional single-

cell expression data, of WT Mesp1-expressing cells at E6.75 and E7.25 identified 

five distinct destination cell types (DCTs) protruding from a core of intermingled 

cells. Based on gene expression profiling, DCT1 (enriched in Sox7, Etv2, Tal1) 

and DCT2 cells (marked by Hand1, Bmp4, Tnnc1, Tbx3, Hand2, Tbx20, Gata4, 

Myl4, and Mef2C) clustered respectively with EC and CM lineage. DCT3 (Tbx1+ , 

Foxc2+) and DCT4 (Wnt2b+) correspond to Mesp1 CPs committed to the anterior 

and posterior SHFs, respectively.  

Otherwise, DCT5 expressed endoderm markers (such as Sox17 and Foxa2) and 

may have no relation with cardiac development.  

These findings suggest the existence of temporally and spatially distinct Mesp1 

subpopulations that likely correspond to CPs committed to the different 
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cardiovascular lineages and regions of the heart at the early stages of gastrulation. 

(Figure 4).  

 
Figure 4 Scheme of the different Mesp1 subpopulations (named DCTs 1-4) and their localization during 

gastrulation (Lescroart F. et al., (2018)). 

 

2. Specification of the endothelial cell lineage (EC) during mouse development 

The development of functional vascular system is essential for embryonic 

development and adult life. Defects in endothelial cell development, vessel 

formation and function lead to embryonic lethality and are important in the 

pathogenesis of vascular diseases (Krüger-Genge A. et al., (2019)). Endothelial 

cell, which line the inside of all blood and lymphatic vessels, have key roles in 

delivering oxygen and nutrients, regulating blood flow, modulating immune cell 

trafficking and maintaining tissue homeostasis. 

The development of a mature vascular system is a complex process, which 

requires precise regulation and different types of cells: SCs, progenitor cells, 

vascular ECs, and mural cells. Mural cells are composed by VSMCs and pericytes 

and interact with ECs to form the complex network of capillaries, arterioles, 

arteries, and veins. 

The vasculature consisting of arterial, venous, and lymphatic vessels form through 

two distinct processes during embryogenesis: (1) vasculogenesis, defined as de 

novo vessel formation induced by differentiation of mesodermal angioblasts, and 

(2) angiogenesis, the budding and branching of new vessels from pre-existing ones 

(Flamme I. et al., (1997)). Although vasculogenesis is the major mechanism of 

formation of blood island vessels, dorsal aorta, endocardium, and vitelline vessels 

in the embryo, angiogenesis is the predominant means of vascularization of all 
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organs. In addition, vasculogenesis persists during vascular repair in the adult 

through differentiation of endothelial progenitor cells (Asahara T. et al., (2011)). 

During embryonic development, the first sign of blood vessel formation occurs at 

the gastrulation stage, at mouse embryonic day E7.5 in the extraembryonic yolk 

sac blood island. In the extraembryonic yolk sac, mesodermal precursor cells 

aggregate to form blood island, the site of development of endothelial and 

primitive blood cells. Within the blood island, centrally located cells become 

primitive blood cells, whereas outer cells give rise to endothelial cells (ECs). 

Subsequently, ECs form the vascular primary plexus, which is then remodeled to 

form the yolk sac vasculature. In the embryo, mesodermal precursor cells 

differentiate into the vascular primary plexus and major vessels, aorta, and 

cardinal vein. After arterial and venous ECs are specified, the complex blood 

vasculature is formed via extensive remodeling. At embryonic day E9.5, a subset 

of ECs of the cardinal vein acquires lymphatic endothelial cell (LEC) fate and 

develops into lymphatic vessels (Figure 5). 

 

 
Figure 5 Vasculature formation during mouse embryo development (Park C. et al., (2013)). 

 

  

Within the embryo, endothelial precursor cells, also named angioblasts, appear at 

E7.5 and establish the vasculature of intra-embryonic regions including the dorsal 

aorta and vitelline vessels, and primary plexuses of lungs, spleen, and heart. The 

more complex phase of formation of the embryonic vascular networks occurs by 

angiogenesis during which newly formed vessels are stabilized through 

interactions of endothelial cells with each other via endothelial junction proteins 

and with recruited mural cells, the pericytes, and an ordered extracellular matrix. 

Endothelial precursor cells, mainly from mesodermal precursors, at early stage, 

already express markers such as CD31, CD34 and VEGFR-2 (Ema M. et al., 

(2006)) (Figure 6). 
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Figure 6 Map of the selective cell surface markers expression during mesoderm specification and vascular 

cell derivation from ESCs (Ema M. et al., (2006)). 

 

 

Several published studies have revealed that the endothelial cell-specific vascular 

endothelial growth factor (VEGF) and its two receptors, Flt1 and Flk1/Kdr have 

been implicated in endothelial cell generation and formation of the embryonic 

vasculature. This is suggested by their colocalized expression during 

embryogenesis and by the impaired vessel formation in Flk1 and Flt1 deficient 

mouse embryos (Carmeliet P. et al., (1996)).  

Endothelial cells are derived from the mesoderm, which can be marked by the 

expression of Brachyury/T box gene (as previously described). Experiments in ES 

cells showed that Brachyury+ mesodermal cells were the first to appear and 

subsequently expressed Flk1, thus becoming double positive Brachyury+ Flk1+ 

cells during the differentiation in vitro. In developing mouse embryos, the 

expression of Flk1 was first detected in the posterior portion of the primitive steak, 

followed by preferential expression in vascular endothelial cells of the yolk sac 

and embryonic vasculature including the endocardial tube. Deficiency of Flk1 

induced embryonic lethality due to lack of yolk sac blood island and blood vessel 

and endocardium formation (Shalaby F. et al., (1995)). These findings define that 

Flk1 is indispensable for the development of both blood and endothelial cell 

lineages. Further information indicated that Flk1+ cells obtained from 

differentiating ES cells were also shown to generate smooth muscle actin (SMA) 

cells (Yamashita, J. et al., (2000)). 

In addition, Flk1+ cells were also detected in skeletal muscles and cardiomyocyte 

of E10.5 embryos, besides the endothelial and blood cells (Figure 7). 

Thus, the Flk1+ mesoderm likely represents a multipotent progenitor cell 

population in addition to blood and endothelial cell progenitors of the 

cardiovascular system. 
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Figure 7 Development of blood cells, endothelial cells, cardiomyocytes, vascular smooth muscle cell lineages 

from Flk1-expressing mesoderm (Park C. et al., (2013)). 

 

 

3. Transcriptional control and regulation of endothelial cell and vascular 

development 

Many transcription factors are known to play an important role in the 

activation and maintenance of endothelial gene expression. The specialization of 

all endothelial cell subtypes, from their mesodermal progenitors, requires extrinsic 

signals and intrinsic regulatory events. 

 

3.1 Tal1 (Scl1)  

SCL/TAL transcription factor belongs to the basic helix loop helix (bHLH) 

transcription factor family. Its early expression during embryogenesis is seen in 

yolk sac blood progenitors and endothelial cells. Disruption of Tal1 in either 

mouse or zebrafish results in severe defects in the development of the vascular 

system. Blood vessels do form in absence of Tal1, suggesting that it may not be 

required for the initial induction of endothelial cells (Patterson LJ. et al., (2005); 

Visvader JE. et al., (1998)). Several endothelial-specific gene enhancers are 

activated by Tal1 through essential E-box binding elements, such as Flk1, Fli1, 

VE-Cadherin, Gata2.  

 

3.2 GATA2 (GATA binding protein 2) 

The zinc finger transcription factor GATA2 is also implicated in regulation 

of both hematopoietic and endothelial genes. It is the most abundantly expressed 

GATA factors in endothelial cells and numerous endothelial enhancers contain 

GATA binding sites, like Flk1, Tal1, Fli1, VE-cadherin, EPCR, ICAM2, which are 
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bound directly by GATA2. The findings that several key endothelial genes contain 

GATA binding sites further suggest that GATA2 regulates vessel development 

through transcriptional activation of endothelial genes. In this regard, a recent 

report showed that GATA2 regulates endothelial specific gene expression and thus 

endothelial specificity through epigenetic modification. The authors found that 

ENDOMUCIN, an endothelial specific gene, contained preferential GATA2 

binding sites in transcription start site (TSS) as well as -139 kb region of human 

dermal microvascular endothelial cells (HMVECs). An epigenetic experimental 

approach also demonstrated that both regions are in active chromatin state in 

HMVECs. Knockdown of GATA2 in HMVECs significantly reduced the 

expression of endothelial genes including ENDOMUCIN and Kdr/VEGFR2 (Kanki 

Y. et al., (2011)).  

Moreover, mouse embryos deficient in Gata2 died by E11.5 and exhibited anemia. 

Gata2ī/ī ES cells and yolk sac cells generated significantly reduced number of 

multipotent progenitors (Tsai FY. et al., (1994)). In addition, experiments in 

embryonic stem cells demonstrated the importance of GATA2 in the development 

of Flk1+/ Tal1+ hemangioblast-like cells and in the induction of endothelial-

specific genes (Lugus JJ. et al., (2007)). So, these studies support that GATA2 is 

an early regulator of hematopoietic and endothelial development, and that this 

transcription factor may be involved in the specification of hemangioblast 

progenitors from the mesoderm early in embryonic development.  

Together, these results suggest that GATA2 plays an important role in mediating 

endothelial gene expression and the maintenance of endothelial cell fate. 

 

3.3 ETS Transcription Factors in regulation of endothelial gene expression 

The ETS transcription factors display a broad range of expression patterns 

and activities in developing mouse embryos as well as in adults. However, some of 

these factors show a preferential expression in endothelial cells and vessels during 

development. Numerous endothelial enhancers and promoters contain multiple, 

essential ETS binding sites, and ETS motifs are strongly associated with 

endothelial genes throughout the human genome (De Val S. et al., (2009)). Within 

the Ets family, Ets1, Elf1, Fli1, Tel, and Erg each have well characterized roles in 

endothelial gene expression, and each bind to the enhancers and activate the 

expression of numerous endothelial genes.  

Expression of the ETS transcription factors, Ets1 and Fli1, can be detected in the 

yolk sac blood islands in the early-stage embryos and their expression is 

maintained in developing vessels. Whereas the ETS transcription factor, Erg1, is 

highly expressed in mesodermal lineages including endothelial cells, another ETS 

transcription factor Etv6 shows ubiquitous expression pattern throughout 

embryogenesis and in adults. 
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Knockdown of either Ets1 or Erg expression in endothelial cells in culture results 

in decreased endothelial cell migration and tube formation (Birdsey GM. et al., 

(2008)).  

The Ets transcription factor Fli1 is expressed very early in cells of the 

hematopoietic and endothelial lineages in mice and zebrafish. Fli1ī/ī embryos 

died around E11.5 with extensive hemorrhaging, indicating its dispensable role in 

endothelial cell specification (Spyropoulos DD. et al., (2000)). 

Interestingly, germline deletion or mutation of the majority of individual Ets genes 

in either mouse or zebrafish model systems has resulted in little or no vascular 

phenotype or has caused defects only in later vascular remodeling, while 

vasculogenesis remained largely intact (Pham VN. et al., (2006)). An explanation 

may be due to redundancy among Ets factors in endothelial development. The 

exception to this apparent redundancy among Ets factors in endothelial 

development is observed when the function of the Ets protein Etv2 (ER71) is 

removed in mice.  

 

3.3.1 Role of Etv2 in early vascular development  

Several studies have shown that the Etv2 is essential for the development of 

endothelial and blood lineages in the mouse. Etv2 expression is present at the very 

early stages of vascular development in the mouse, with expression detected in the 

blood islands of the yolk sac and the earliest vessels in the embryo. Then, its 

expression begins decreasing within endothelial cell populations by E9.5 and is 

essentially extinguished in those lineages by E10.5, suggesting an involvement of 

this transcription factor in early vascular development. Etv2 null mice have severe 

defects in vasculogenesis and hematopoiesis. Etv2ī/ī embryos die at midgestation 

and lack any detectable embryonic vessels, blood islands in the yolk sac, or 

endothelial progenitors. Expression of early vascular markers, such as Flk1, 

Pecam1, and Tie2 is almost completely abolished in the absence of Etv2, and 

endothelial cells are apparently not specified if Etv2 is not present. In fact, Etv2 is 

also a potent inducer of Flk1+ mesoderm in embryonic stem cells. Furthermore, 

Etv2 is a potent activator of several early endothelial genes, including Flk1, Tal1, 

Mef2c, Pecam1, and Tie2, and has been demonstrated to activate these genes 

through direct promoter or enhancer binding. Thus, inactivation of Etv2 causes 

profound impairment of vasculogenesis, suggesting a central role for this factor in 

endothelial specification (Ferdous A. et al., (2009)). 

 

3.4 Forkhead Proteins are important regulators of endothelial transcription 

Among the forkhead transcription factors, FoxC, FoxF, FoxH and FoxO are 

implicated in vascular development and endothelial transcription (Papanicolaou 

KN. et al., (2008)). Targeted disruption of FoxO1 in mice causes vascular 

remodeling defects and midgestational lethality, suggesting that FoxO1 is required 
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for vascular development. In fact, in mouse embryos, FoxO1 is highly expressed 

in the developing vessels and FoxO1ī/ī mice embryos failed to survive beyond 

E10.5 because of defective vascular development in the yolk sac and embryo 

(Furuyama T. et al., (2004)). 

The FoxC family of Forkhead proteins is essential for vascular development as 

FoxC1ī/ī; FoxC2ī/ī mice have severe vascular defects. Additionally, FoxC1 and 

FoxC2 have also been found to regulate arterio-venous specification and lymphatic 

vessel differentiation and may be important downstream effectors of Notch 

signaling (Hayashi H. et al., (2008)).  Promoters of multiple endothelial genes 

Flk1, VEcadherin, Pecam1, Tie2 and Scl, contain evolutionarily conserved 

FOX:ETS binding motifs (De Val S. et al., (2009)). 

FoxF1 and FoxH1 are also involved in endothelial gene regulation. Inactivation of 

FoxF1 in mice results in a severe vascular phenotype and embryonic lethality. 

FoxF1 is not expressed within endothelial cells of the differentiated embryonic 

vasculature, but it is expressed earlier in the splanchnic mesoderm prior to 

endothelial cell specification and may regulate BMP signaling, which is essential 

for vascular development (Astorga J. et al., (2007)). 

 

3.5 HEY1/HEY2 (Hairy/enhancer-of-split related with YRPW motif 

protein1/2) 

HEY1 and HEY2, members of hairy and enhancer of split-related family of 

bHLH transcription factors, are direct transcriptional targets of the NOTCH 

pathway. It controls endothelial cell specification (arterial vs. venous endothelial 

cells) and plays an important role in endothelial cell sprouting (Swift MR. et al., 

(2009)). Hey1ī/ī and Hey2ī/ī mouse embryos developed defective vessels and 

died at E9.5. In these mice, vasculogenesis was normal, but vessel remodeling in 

the yolk sac and placenta was impaired and some mice showed poorly developed 

dorsal aorta and cardinal veins (Fischer A. et al., (2004)).  In agreement with these 

findings, deficiency of Rbpj (recombination signal binding protein for 

immunoglobulin kappa J region) in mice, an important transcription factor of the 

NOTCH pathway, also induced defective arterial vessel formation. These studies 

showed that the NOTCH pathway in endothelial cells controls the development of 

arteries through RBPJ-HEY1/2 signaling. 

 

3.6 SOX F group transcription factors: SOX7, SOX17 and SOX18  

Among 20 different members of the SOX factors, the SOX F group (Sox7, 

Sox17 and Sox18) has been found to play a pivotal role in cardio-vascular 

development. Expression of Sox18 and Sox7, but not Sox17, was detected between 
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E7.5 and E8.5 in endothelial cells of the yolk sac vasculature and the dorsal aorta, 

and Sox17 was expressed in endothelial cells of the dorsal aorta at E9.5.  

According to Sakamoto Y. et al., (2007), Sox17 single-null embryos showed 

aberrant heart looping, enlarged cardinal vein and mild defects in anterior dorsal 

aorta formation; while the Sox17/Sox18 double-null embryos showed more severe 

defects in formation of anterior dorsal aorta and head/cervical microvasculature, 

and in some cases, aberrant differentiation of endocardial cells and defective 

fusion of the endocardial tube. Sox18 was also expressed in endothelial cells of the 

developing lymphatic vessels. Indeed, Sox18ī/ī mouse embryos showed lethality 

at E14.5 and developed no PROX1+ (Prospero homeobox transcription factor 1) 

lymphatic endothelial cells, indicating a critical role of Sox18 in lymphatic 

endothelial cell specification. Finally, taken together, these studies suggest that the 

SOX F group transcription factors function as an important regulator for 

endothelial cell specification; arterio-venous specification, and venous-lymphatic 

specification.  

In Figure 8 is illustrated the different steps within endothelial cell development 

from mesodermal progenitors and hemangioblasts to differentiated arterial, 

venous, and lymphatic endothelium and the various transcription factors associated 

with their development.  

 
Figure 8 Different stages in endothelial development, regulated by distinct group of transcription factors. 

Based on this scheme, Fli -1, GATA2, and Tal1 control differentiation of hematopoietic cells from 

hemangioblasts, while Etv2 and FoxC proteins control the differentiation of endothelial cells from that 

progenitor population and that Etv2 likely sits at the top of this transcriptional cascade (De Val S. et al., 

(2009)). 
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4. Signaling Pathways in Regulating Endothelial Transcription Factors and 

Vascular Development 

 

4.1 VEGF signaling 

VEGF-activated signaling is the major pathway regulating multiple aspects 

of endothelial cell function including survival, proliferation, and vessel 

permeability (Bates DO. et al., (2010)). Following the binding of VEGF, its 

receptor, Flk1/Kdr, transmit signals through several downstream molecules 

MAPK-ERK, p38-MAPK, phospholipase C, and phosphatidyl inositol 3-kinase 

(PI3K)/Akt/protein kinase B to regulate endothelial function. VEGF signaling 

plays a critical role in vessel development during embryogenesis. Vegf+/ī mouse 

embryos died due to defects in endothelial and hematopoietic cell development 

(Carmeliet P. et al., (1996)). Further, VEGF signaling has a role in arteriovenous 

specification. It induced the expression of arterial markers EphrinB2, Nrp1, and 

Gja5 in primary EphrinB2ī endothelial cells isolated from E10.5 mouse embryos. 

In addition, overexpression of VEGF in cardiomyocytes led to significant increase 

in number of cells expressing the arterial marker EphrinB2 with decreased number 

of EphB4+ venous endothelial cells. Studies in literature suggest also that 

transcription factors FOXC1/FOXC2 interact with the VEGF pathway components 

to promote arterial specification of endothelial cells through the NOTCH signaling 

pathway. 

The receptor tyrosine kinase KDR (also known as VEGFR2/Flk1) and its high-

affinity ligand vascular endothelial growth factor (VEGF) play a pivotal role in 

endothelial development, during embryonic vascular growth in the mouse. 

Expression of the Kdr gene and its ligand VEGF is restricted to endothelial cells 

and their embryonic precursors. In addition, during embryonic mouse 

development, Kdr also marks an early multipotent cardiovascular progenitor, 

which give rise to cardiomyocyte, endothelial and vascular smooth vascular 

lineage (Kattman et al., (2011)). Highest levels of Kdr expression were observed 

during embryonic vasculogenesis and angiogenesis, as well as during pathological 

processes associated with neovascularization. In developing mouse embryos, the 

expression of Kdr was first detected in mesodermal yolk-sac blood-island 

progenitors as early as 7.0 days postcoitum, indicating that it marked the common 

embryonic endothelial and haematopoietic precursor, the haemangioblast, and thus 

is also involved in early haematopoiesis (as depicted in Figure 9) (Park C. et al., 

(2013)). Some studies have demonstrated that Kdr-/- mouse embryos die in utero 

between 8.5 and 9.5 days post-coitum, because of an early defect in the 

development of haematopoietic and endothelial cells. Yolk-sac blood islands were 

absent at 7.5 days, organized blood vessels were not observed in the embryo or 

yolk sac at any stage, and haematopoietic progenitors were severely reduced. 
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These results indicated that Kdr is essential for yolk-sac blood-island formation 

and vasculogenesis in the mouse embryo, as well as it is the most important 

effector in angiogenesis (Shalaby F. et al., (1995)). 

 

 

Figure 9 Developmental of FLK1+ mesoderm. FLK1+ mesoderm originates from Brachyury/T-expressing 

cells in the primitive streak of the developing embryo and subsequently gives rise to not only endothelial and 

blood cells but also other mesodermal lineage cells, including vascular smooth muscle, cardiomyocyte, and 

skeletal muscle cells (Park C. et al., (2013)) 

 

The VEGFR2 signaling pathways are induced by its binding to VEGF-C, VEGF-E 

and VEGF-A. The binding of ligands to VEGFR2 results in the activation of 

different pathways such as SCR, phospholipase-Cɔ (PLC-ɔ)/Protein kinase C 

(PKC), Phosphoinositide-3-kinase (PI3K), p38-Mitogen-activated protein kinase 

(P38MAPK) and Focal Adhesion Kinase (FAK). These different pathways control 

cell shape, cell adhesion and permeability, proliferation, survival, vasodilatation, 

and migration of endothelial cells (Figure 10). 

 

Figure 10 Schematic representation of VEGFR2 signaling pathways. VEGFR2 

(https://www.tocris.com/pathways/vegf-signaling-pathway). 

https://www.tocris.com/pathways/vegf-signaling-pathway
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Flt-1 (fms-like tyrosine kinase-1), also known as vascular endothelial growth 

factor receptor 1 (Vegfr-1) encodes a high-affinity tyrosine kinase receptor for 

VEGF and is almost exclusively expressed in vascular endothelial cells, both in 

fetal and adult mouse tissues (161). Moreover, the Flt-1 mRNA is also detected in 

both proliferating and quiescent endothelial cells, suggesting a role for Flt-1 in the 

maintenance of endothelial cell (Peters KG. et al., (1993)). 

In 2002, Kearney JB et al., reported that Flt-1 mutant ES cell cultures had vascular 

overgrowth that was caused primarily by aberrant endothelial cell division; also 

Flt-1 null mice died in the embryonic stage at E-8.5-9.0 due to an overgrowth of 

immature endothelial cells and disorganization of blood vessels, not due to a poor 

vascularization. Endothelial cells developed but failed to organize in vascular 

channels. These results strongly suggested that VEGFR-1 acts early in vascular 

development to modulate vessel formation by affecting the rate of cell division in 

embryonic endothelial cells and their precursors. It plays a negative role in 

angiogenesis by suppressing pro-angiogenic signals in the embryo to establish a 

critical balance essential for physiological vascular formation.  

Flt-1 signalling pathway regulates normal endothelial cell-cell or cell-matrix 

interactions during vascular development. VEGFR-1 binds not only VEGF-A but 

also PIGF (placenta growth factor) and VEGF-B. It transduces several 

downstream signals including cell migration, vascular permeability and cell 

survival.The 1169-tyrosine is phosphorylated and activates PKCɔ-PKC pathway 

towards mild activation of MAP-kinase (MAPK) and DNA synthesis. PI3-kinase 

(PI3K) and Akt are also activated upon the stimulation of VEGFR-1 (Figure 11). 

 

 

Figure 11 Signal transduction pathways from VEGFR-1 in vascular endothelial cells (Shibuya M. et al., 

(2006) 
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4.2 NOTCH signaling 

The NOTCH pathway is critical for arterial specification of embryonic 

vasculature. Four NOTCH receptors (1 through 4) and five ligands (jagged1, 2, 

Delta like ligand (Dll)1, 3, 4) have been identified in mammals. Binding between 

the ligand and the receptor induces proteolytic cleavage of NOTCH receptor, 

resulting in generation of intracellular form of the receptor (NICD, NOTCH 

intracellular domain) that translocates into the nucleus to induce its downstream 

targets HEY1 and HEY2 (Gridley T. et al., (2010)). Dll4+/- heterozygous mice 

exhibited severe remodeling defects in yolk sac vessels and smaller dorsal aorta 

consistent with the expression of components of NOTCH signaling, NOTCH1, 

NOTCH4 and Jagged1, Jagged2 and Dll4 selectively in arterial endothelial cells. 

Also, these embryos developed abnormal arteriovenous vessels due to fusion 

between the dorsal aorta and common cardinal vein. Moreover, Dll4ī/ī mouse 

embryos completely lost arterial identity (Duarte A. et al., (2004)). Mice deficient 

in both Notch1 and Notch4 died in utero with a severe vessel remodeling defects in 

both yolk sac and embryo (Krebs LT. et al., (2000)). Thus, NOTCH, which is 

activated by VEGF, has an essential role in mediating arterial specification. In 

fact, it was shown that VEGF induced the expression of Notch1 and Dll4 through 

PI3K/AKT pathway in cultured endothelial cells. The VEGF-mediated NOTCH 

activation was specifically seen in arterial endothelial cells (as opposed to venous 

endothelial cells) in vitro (Liu ZJ. et al., (2003)). 

Another study has shown that the crosstalk between both pathways could be 

mediated by endothelial transcription factors, FoxC1/FoxC2. As mentioned above, 

deletion of FoxC1/FoxC2 led to arterial defects in developing mouse embryo. In 

vitro analysis revealed that FoxC1/FoxC2 upregulated the expression of the 

arterial endothelial markers Notch1, Notch4, Dll4, Hey2 and EphrinB2 through 

direct transcriptional activation. Furthermore, FOXC1/FOXC2-mediated promoter 

activation of Dll4 and Hey2 was augmented by VEGF treatment, and it was 

impaired by inhibiting PI3K. These interesting results suggest that the VEGF and 

NOTCH pathway promote arterial endothelial cell specification through FOX 

transcription factors. 

Moreover, the Notch signaling pathway plays a critical role in cell fate 

determination during development and postnatally in continuously renewing 

tissues, such as the endothelium, the epithelium and in stem cells pool. 

Consequently, it can control the expression of a group of target genes involved in 

Endothelial-Mesenchymal Transition (EndoMT), angiogenesis and Cancer Stem 

Cell (CSC) biology, as shown in Figure 12 (Akil A. et al., (2021)).  

The Notch pathway plays also pivotal roles in the cardiovascular system, both 

during development and postnatal life. Some evidence show that the dysregulation 

of the Notch pathway is involved in the pathophysiology of cardiovascular 

diseases (CVDs) (Aquila G. et al., (2019)). 
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Figure 12 Overview of the Notch signaling pathway and its role in regulation of target genes involved in 

biological processes including EndoMT, angiogenesis and CSC biology (Akil A. et al., (2021)). 

 

Expression of Notch and ligand in vascular endothelium and defects in vascular 

phenotypes of targeted mutants in the Notch pathway have suggested a critical role 

for Notch signaling in vasculogenesis and angiogenesis. Loss of global Notch1 

function results in early embryonic lethality, as the endothelium is the primary 

target tissue affected by Notch1 signaling (Limbourg FP. et al., (2005)). General 

knockout strategies in the mouse have been used to show that the Notch1 signaling 

pathway regulates vascular morphogenesis and angiogenesis (Krebs LT. et al., 

(2000)). Moreover, crosstalk between VEGF and Notch signaling is fundamental 

for angiogenic process, being both involved in the specification of the tip and stalk 

cell phenotype, as well as to sprout formation, vascular EC maintenance, and the 

establishment of EC heterogeneity (Blanco R. et al., (2013)).  

 

 

4.3 Signaling via Bone Morphogenetic Proteins (BMP Signaling) 

Bone morphogenetic proteins (BMPs) belong to transforming growth factor 

(TGF) ɓ superfamily that regulates a multitude of biological processes including 

embryonic vessel development (Cai J. et al., (2012)). Upon binding to BMPs, the 

type II receptor, which is a constitutively active kinase, activates the type I 

receptor by phosphorylating specific serine and threonine residues. The activated 

type I receptor in turn phosphorylates SMADs (SMAD1, 5, and 8) to transmit 

BMP signaling. Subsequently, the phosphorylated SMADs interact with SMAD4, 

a common SMAD, and translocate into the nucleus to induce the expression of 

genes such as ID. Mice deficient in both Id1 and Id3, the downstream 
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BMP/SMAD targets, showed vascular defects in the developing brain, while Bmp4 

deficient mice died without posterior mesodermal differentiation. Germ line 

deletion of Alk-3, a type IA BMP receptor, failed to survive up to E9.5 stage with 

defects in mesoderm formation (Mishina Y. et al., (1995)).  

Park et al., (2004) demonstrated that BMP4 via SMAD1/5 signaling induced the 

generation of Flk1+ cells from mouse ES cells in serum-free differentiation 

condition. Blocking BMP4 activity by its antagonist, Noggin, reduced Flk1+ cell 

generation. Moreover, BMP4-mediated Flk1+ cell development was mediated by 

the transcription factor, ER71/Etv2. In addition, GATA2 together with BMP4 was 

shown to also promote mouse ES cell differentiation to Flk1+ cells. 

 

4.4 WNT Signaling 

WNT signaling is critical for embryogenesis and disease development 

(Nusse R. et al., (2005)). WNT signaling is typically categorized into two 

pathways: the canonical (ɓ-catenin)- and non-canonical (non-ɓ-catenin-mediated) 

pathways. In summary, the non-canonical pathways involve all WNT pathways 

that do not lead to the stabilization of ɓ-catenin and plays a role in processes 

including cell polarization, cell fate, inflammatory response, and cell migration. 

On the contrary, the canonical ɓ-catenin-mediated WNT signaling pathway leads 

to the intracellular stabilization of ɓ-catenin, resulting in its translocation to the 

nucleus and the transcription of numerous genes involved in cell proliferation, 

differentiation, tissue expansion, cell fate, and many more. The canonical WNT/ɓ- 

catenin pathway has been the best studied and has a crucial role in vascular 

development. In the absence of WNT proteins, ɓ-catenin is phosphorylated by 

glycogen synthase kinase 3ɓ (GSK-3ɓ), and the ñmarkedò ɓ-catenin is 

ubiquitinated for degradation by proteasomes. Binding of WNT proteins to their 

receptor, Frizzled/Lrp (Low-density lipoprotein receptor), activates Dishevelled 

(Dvl) which inhibits GSK3ɓ and thus releases ɓ-catenin from the degradation 

pathway, allowing the translocation of ɓ-catenin to the nucleus. 

Lindsley RC.  et al., (2006) demonstrate a requirement for WNT signaling during 

the earliest steps of mesendodermal differentiation of ES cells. Specifically, during 

ES cell differentiation, canonical WNT signaling is required for the expression of 

genes associated with the primitive streak and gastrulation in vivo, including 

Brachyury, Mixl1 and Evx1. Furthermore, they showed that inhibition of WNT 

signaling abrogated the functional competence of differentiating ES cells, reflected 

by their failure to generate Flk1+ mesodermal precursors and subsequent mature 

mesodermal lineages. 

Other studies in developing mouse embryos showed an important role of ɓ-

catenin, which can be stabilized downstream of WNT signaling, in vessel 

development. Inactivation of ɓ-catenin in Tie2+ cells resulted in embryonic 

lethality with vascular remodeling defects and hemorrhages. The mutant embryos 
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also displayed defects in endocardial cushion and cardiac valve formation 

(Cattelino A. et al., (2003)). 

 

 

 

5. In vitro model to induce multipotent cardiac progenitors to differentiate into 

endothelial cells (ECs), starting from mESC 

 

5.1 Undifferentiated ES cells 

The discovery of mouse embryonic stem (ES) cells >25 years ago was a 

major advance in biology and experimental medicine, as ES cells represented an in 

vitro model of early mammalian development and a suitable source of 

differentiated cell types for cell replacement therapy. 

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of 

blastocyst-stage embryos, which are able to divide without differentiating for a 

prolonged period in culture (Evans MJ. et al., (1981)).  

Their potential use in modern biology and medicine derives from two unique 

characteristics that distinguish them from all other organ-specific stem cells. First, 

they can be maintained and expanded as undifferentiated population cells for 

extended periods of time, possibly indefinitely, in culture. Moreover, ES cells can 

retain normal karyotypes following extensive passaging in culture. Second, they 

are pluripotent, possessing the capacity to generate every cell type in the body. 

Efficient differentiation of embryonic stem cells (ESCs) to a variety of lineages 

requires stepwise approaches replicating the key commitment stages found during 

embryonic development.  

The pluripotent nature of mouse ES cells was demonstrated by their ability to 

contribute to all tissues of adult mice, including the germline, following their 

injection into host blastocysts. Beyond their developmental capacity in vivo, ES 

cells display a remarkable potential to form differentiated cell types in culture. 

Under appropriate conditions in vitro, ES cells can differentiate and form 

embryoid bodies that have been shown to contain cells of the hematopoietic, 

endothelial, muscle and neuronal lineages (Keller GM. et al., (1995)).  

Comparable studies are difficult in the mouse embryo and impossible in the human 

embryo. Thus, the potential to generate virtually any differentiated cell type from 

embryonic stem cells (ESCs) offers the possibility to establish new models of 

mammalian development and to create new sources of cells for regenerative 

medicine. 

The basic characteristics of ES cells, which include self-renewal, multilineage 

differentiation, clonogenicity, a normal karyotype, extensive proliferation, and the 

ability to be frozen and thawed, are all the fundamental properties of early 
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embryonic cells. External signaling pathways such as LIF-gp130-STAT3, BMP-

TGF-ɓ -Nodal -Smad, MAPK-ERK, and WNT as well as transcription factors 

Oct3/4 and Nanog have been reported to play important roles in the self-renewal 

of mouse ES cells. Pluripotent mouse ES cells are usually propagated under 

complex culture conditions that are poorly defined because they include both 

growth-inactivated feeder cells and serum. The exposure of ES cells to these 

components has been a major concern for the potential therapeutic use of ES cells 

because of their immunogenicity and potential pathogenicity. After the discovery 

of LIF as a crucial factor produced by the feeder cells, mouse ES cells have been 

propagated in medium containing serum and LIF without feeder cells on gelatin-

coated dishes, mainly (Ward CM. et al., (2002)).  

 

5.1.1  Cell states and identities 

The human body is composed of over 37 trillion cells that can give rise to 

hundreds of different cell types despite sharing identical genotype (Han X. et al., 

(2020)). This cellular diversity and morphological complexity have been achieved 

through cellular differentiation, as well as evolution and development. In addition 

to differentiation, cells are constantly challenged by external environment and thus 

must develop phenotypic plasticity. While some states are transitory and/or only 

present during embryonic development, others can become stable throughout the 

cellular lifetime. Cell states change not only during development, but also during 

disease. So, a great variety of cell states is present in each multicellular organism. 

Regarding the cell identity, many years ago Waddington CH. et al., (1942) 

described the most famous and powerful metaphor in developmental biology, 

named as epigenetic landscape. It depicts how a cell progresses from an 

undifferentiated state to one of several discrete, distinct, differentiated cell fates 

during development.  The cell is represented by a ball, and it starts out in a valley 

at the back of the landscape (Figure 13). As the ball rolls forward and downward, 

the valley splits or bifurcates into two new valleys separated by a ridge. These new 

valleys represent alternative cell fates. External stimuli, like inductive influences, 

or internal influences determine which of the two valleys a particular cell chooses. 

Likewise, the several and putative cell fates are dictated by the activity of specific 

genes, which support the landscape. The valleys continue to split, and eventually 

the cell ends up in one of many terminal sub-valleys, which represent terminally 

differentiated states. The cell is kept permanently in its terminally differentiated 

state by high valley walls. The steeper the walls, the more ñcanalizedò, in 

Waddingtonôs terminology, the cell fate. The Waddington landscape highlights a 

key feature of epigenetic changes; once cells have undergone an epigenetic change 

(e.g., differentiation), they (and their progeny) have undergone a stable change that 

will not reverse. Transcription factors, which bind to DNA, are especially relevant 

for defining cellular states and to influence the expression of many genes. Some of 
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cell type-specific transcription factors can (through their absence or robust 

activity) affect cellular lineage choices during development and/or differentiation. 

In fact, all cell identities and lineage choices are regulated by one or a combination 

of master transcription factors (Morris SA. et al., (2013)). A particular subset of 

master transcription factors is represented by reprogramming factors, which can 

alter identities of differentiated cells beyond their natural potency. 

Usually, their function is based on a genetic manipulation, thus the new acquired 

states are stable and heritable, even if the added reprogramming factors are 

removed. Interestingly, the reprogramming factors are classified according to their 

potency. They can: revert development (de-differentiation and induced 

pluripotency), induce alternative options for differentiation (trans-differentiation or 

trans-determination), or enforce alternative differentiated identities in already 

differentiated cells (Figure 13).  

 

 

Figure 13 The Waddingtonôs epigenetic landscape model. A. Cellular properties (plasticity, potency), natural 

state changes (fate choice, lineages, cell types, differentiation), and molecular foundations (genes, gene 

expression); B. Cellular reprogramming, which changes the cell states; C. Transcription factors controlling 

cellular states. Master transcription factors influence cell fate decisions during development. Reprogramming 

factors can alter cell identities beyond the natural potency of the cell (Breunig CT. et al., (2020)). 
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5.2 Differentiation model of ES cells 

By literature, when ES cells were removed from the factors that maintain 

them as stem cells, they are able to differentiate and, under appropriate conditions, 

generate progeny consisting of derivatives of the three embryonic germ layers: 

mesoderm, endoderm, and ectoderm (see Figure 14) (Keller G. et al., (2005)).  

 
Figure 14 Scheme of early mouse development. ES cells differentiate in derivatives of the three embryonic 

germ layers: mesoderm, endoderm and ectoderm (Keller G. et al., (2005)). 

 

Furthermore, ES cells do not differentiate to trophectoderm in vitro and so they 

reflect the potential of their founder embryonic population, the inner cell mass. 

Contrary, human ES cells can also form the extra-embryonic tissues 

(trophectoderm) that differentiate from the embryo before gastrulation. The use of 

human ES cells to derive early human trophoblast is particularly valuable, because 

it is difficult to obtain from other sources and is significantly different from mouse 

trophoblast. According to Xu et al., (2002) when hES cells are induced with bone 

morphogenetic protein 4 (BMP4), a member of the transforming growth factor-

beta (TGF-beta) superfamily, they give rise to cells that display characteristics of 

the trophoblast lineage. 

As outlined in Figure 15, three basic methods have been developed to promote 

differentiation of ESCs: (1) the formation of three-dimensional aggregates known 

as embryoid bodies (EBs); (2) the culture of ESCs directly on supportive stromal 

layers (the most commonly used stromal cell line for such differentiation studies is 

OP9); (3) the culture of ESCs as monolayers on extracellular matrix proteins 

(Murry CE. et al., (2008)).  
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Figure 15 Three general approaches used to induce ES cell differentiation (Murry CE. et al., (2008)). 

 

 

Each method has been successful for the development of certain lineages. Many 

studies that investigated the differentiation capacity of ESCs included fetal calf or 

bovine serum (FCS or FBS) in the protocol. The use of FCS/FBS has several 

serious drawbacks that include batch-to-batch variability and the lack of identity of 

the inducing factors contained in it. Thus, these protocols were often difficult to 

reproduce, and most were not well optimized for the generation of any lineage. 

These obstacles were overcome by using serum-free media with specific inducers 

to direct differentiation and the development of reporter ESCs to monitor early 

differentiation steps have.  

All three approaches to ES cell differentiation are valuable and have specific 

advantages and disadvantages. EBs offer the advantage of providing a three-

dimensional structure that enhances cellïcell interactions that may be important 

for certain developmental programs. The complexity of the EBs can also be a 

disadvantage as the generation of cytokines and inducing factors within these 

structures can complicate interpretations of experiments in which one is trying to 

understand the signaling pathways involved in lineage commitment.  

Coculture with stromal cells provides the beneficial growth promoting effects of 

the particular cell line used. However, undefined factors produced by these 

supportive cells may influence the differentiation of the ES cells to undesired cell 

types. Another problem is the difficulty that can be occurred when attempting to 

separate the ES-cell-derived cells from the stromal cells.  

Lastly, differentiation in monolayers on known substrates can minimize the 

influence of neighboring cells and supportive stromal cells, but with this protocol 

the matrix proteins composition is critical. Different proteins may dramatically 

influence the generation and survival of the developing cell types. 

Overall, three criteria should be considered when using the ES cell model for 

lineage-specific differentiation. First, protocols need to be established that promote 
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the efficient and reproducible development of the cell type of interest. If possible, 

selection strategies should be combined with optimal differentiation schemes to 

enable the isolation of highly enriched cell populations. Second, lineage 

development from ES cells should recapitulate the developmental program that 

establishes the lineage in the early embryo. Third, the mature cell populations that 

develop in these cultures must display appropriate functional properties both in 

culture and when transplanted into appropriate animal models. 

This developmental biology approach has made it possible to recapitulate in ESC 

cultures the key events that regulate early lineage commitment in the embryo, 

resulting in the efficient and reproducible generation of highly enriched 

differentiated cell populations. 

 

 

5.3 Cardiac differentiation of mouse embryonic stem cell lines 

Heart development depends on precise temporal control of gene expression 

patterns, and disruption of transcriptional networks in heart development underlies 

congenital heart disease (CHD) (Bruneau BG. et al., (2008)). 

Cardiac differentiation is a dynamic process consisting of complex signaling 

network. In literature, numerous differentiation protocols have been described to 

generate cardiomyocytes from pluripotent stem cells. Overall, various cardiac 

differentiation studies were based on the induction of pluripotent stem cells with 

various growth factors, at an accurate timing and dose. It is essential for directing 

the differentiation process from early mesendoderm via mesoderm towards a more 

specific cardiac fate. 

As demonstrated by Kattman et al., (2011), it is possible to efficiently generate 

cardiovascular cells from different mouse ESCs. Using a serum-free differentiation 

procedure, they found that the coexpression of Flk1/Kdr and Pdgfr-Ŭ marked an 

early mesoderm population, which had a cardiac potential. Additionally, 

Flk+/Pdgfr-Ŭ+ (F+P+) cells developed under precise culture conditions. In fact, ES 

cells were able to generate a substantial F+P+ population when induced with 2, 4, 

8, and 16 ng/ml Activin along with low concentrations of BMP4. Increasing the 

amount of BMP4 led to an increase in the size of the F+P+ populations in the 

presence of the different concentrations of activin tested. Subsequently, F+P+ cells 

induced with activin 8 ng/ml and BMP4 0.5 ng/ml (  ͯ50-60%) differentiated and 

give rise to a population consisting of 65% contracting cTnT+ cells (see Figure 16). 

Moreover, mesodermal marker gene Mesp1 was expressed in the F+P+ population 

and preceded expression of Isl1 and Nkx2.5.  



55 

 

 
Figure 16 Cardiac Potential of Flk+/Pdgfr-Ŭ+ (F+P+) mesoderm cell population (Kattman et al., (2011)). 

 

Subsequently, this type of serum-free protocol was also used by Wamstad et al., 

(2012) to investigate how global patterns of gene expression and chromatin 

organization are coordinated in the cardiac lineage. Their results showed that the 

model system used reproduced normal cardiomyocyte differentiation and resulted 

in approximately 70% cardiac Troponin T (cTnT)-positive cardiomyocytes (Figure 

17 a-b-c).    
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Figure 17 Cardiomyocyte differentiation of embryonic stem cells. a. Scheme of differentiation protocol, 

indicating the time points where differentiating cultures were treated with the specific growth factors listed 

below. b. cTnT (in red) immunofluorescence of day10 differentiated cells. c. Flow cytometry at day10 of cells 

stained for cTnT or isotype control (Wamstad et al., (2012)). 

 

 

Differentiating cultures were highly enriched at earlier stages for the cardiac 

transcription factors Nkx2-5 and Isl1, indicating that these cells activated 

efficiently normal cardiac specific commitment. Based on the gene expression 

profile, the authors selected four stages of differentiation that represented key cell 

types in the transition from pluripotent cells to cardiomyocytes (Figure 18a): 

undifferentiated embryonic stem cells (ESC) expressing pluripotency genes 

(Pou5f1/Oct4 and Nanog), cells expressing mesodermal markers (Mesp1 and 

Brachyury) (MES), cells expressing cardiac transcription factors (Nkx2-5, Tbx5, 

and Isl1) but not yet beating (CP), and functional CM with cardiomyocyte-specific 

gene expression (Myh6 and Myh7) (Figure 18b). 

 

 



57 

 

 
Figure 18 Transcriptional profile during transition from pluripotent cells to cardiomyocytes. a. A 

representation of the four stages of cardiac differentiation. b. Expression of the main marker genes activated 

during cardiac differentiation (Wamstad et al., (2012)). 

 

5.4 Vascular endothelial cell differentiation from ES cells  

Embryonic stem cells (ESCs), as well as human pluripotent stem cell 

(hPSCs), represent a suitable in vitro model to study molecular events involved in 

vascular development. It has been demonstrated that ES cells can spontaneously 

differentiate into endothelial cell lineage, showing an increase in the expression of 

several endothelial cell-specific genes during differentiation and forming vascular 

structures in ES-derived EBs (Vittet D. et al., (1998)). The vasculogenic potential 

of the embryonic cells could potentially lead to a variety of clinically relevant 

applications. In fact, vascular endothelial cells or endothelial progenitors cells 

could be used in therapeutic strategies for the repair and revascularization of 

ischemic tissue in patients exhibiting vascular defects (Kocher AA. et al., (2001)). 

Murine embryonic stem (ES) cell lines can be maintained undifferentiated if 

cultured in the presence of leukemia inhibitory factor (LIF), which inhibits their 

differentiation. When LIF is removed, ES cells spontaneously differentiate into 

three-dimensional aggregates, termed embryoid bodies (EBs), which contain 
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derivatives of the three primitive germ layers (ectoderm, mesoderm, endoderm). 

The appearance of endothelial-specific markers occurred at different times during 

ES differentiation, recapitulating in vivo vasculogenesis steps. It suggested that 

endothelial cell commitment follows sequential maturation stages. During in vivo 

vascular development, Flkl is the earliest endothelial marker and is expressed in 

both extraembryonic and embryonic mesoderm at E7.0. Pecam1 is detected from 

E7.0/E7.5 simultaneously with Flk1. At E7.5, in the yolk sac mesenchyme (from 

which will originate the yolk sac vasculature), is activated the expression of Tie2 

and VE-Cadherin, followed that of Flkl. Numerous studies in literature indicated 

that the addition of various growth factors (i.e., VEGF and GFs cocktail) to the 

culture medium could optimize the in vitro model, obtaining a higher level of 

endothelial cells differentiation from ES cells. These factors are known to be 

involved in the regulation of angiogenesis and/or vascular development. 

The two main cellular components of blood vessels are endothelial cells (ECs) and 

vascular smooth muscle cells (VSMCs). Both ECs and VSMCs are required for 

vascular function, including blood pressure control, interactions with immune 

cells, and the uptake of nutrients. In 2015, Patsch et al., developed a rapid and 

efficient method to differentiate hPSCs into ECs and VSMCs. First, GSK3ɓ 

inhibition combined with BMP4 treatment enabled the commitment of hPSCs to 

mesoderm. Then, differentiation was induced by treatment with VEGF-A for ECs 

or PDGF-BB and ActivinA for VSMCs, similarly to vascular development in vivo 

(Figure 19a-b). 

 

 

Figure 19 a. Schematic illustration of ECs differentiation protocol from hPSCs. b. Schematic illustration of 

VSMCs differentiation strategy from hPSCs (Patsch et al., (2015)). 
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Overall, the GSK3 inhibition (with CP21 and CHIR molecules) and BMP4 

treatment followed by a brief period of VEGF-A and forskolin growth factors 

exposure and continued VEGF-A treatment is sufficient to efficiently induce ECs 

from hPSCs. Forskolin is a cyclic-AMP signaling activator and data in literature 

demonstrated that cAMP enhance the vascular development (Yamamizu et al., 

(2009)). Flow cytometry of VE-Cadherin+ (CD144+) cells, assessed that the 

protocol used promoted the differentiation of hPSCs into ECs with efficiencies of 

about 70% (Figure 20a-b). hPSC-derived ECs expressed endothelial markers, like 

VE-Cadherin, vWF, Pecam1 (Figure 20c). FACS analysis of CD144+ hPSC-ECs 

on day 10 showed the expression of ECs-specific markers (KDR, CD31, CD34, 

CD105) and the absence of hematopoietic markers (CD43, CD45) (Figure 21). 

In the same way, ActivinA and PDGF-BB treatment following mesoderm 

induction resulted in the formation of almost exclusively CD140b+ (PDGFRB) 

cells (89.4%) with no CD144+ cells detectable (Figure 20a-b). The cells also 

expressed other markers of VSMCs, such as ŬSMA, myosin IIB, SM22a (Figure 

20d). 

 

 
Figure 20 a. Differentiation efýciency of hPSC ECs and hPSC VSMCs from four different hESC and induced 

PSC lines by evaluation of CD144+ (VE-Cadherin) and CD140b+ positive cells. b. FACS sorting plots from 

the differentiation experiments in hPSCs (top panel), hPSC-derived ECs (middle panel) or hPSC-derived 

VSMCs (lower panel) stained for CD144 and CD140b. c. Immunostaining of EC-speciýc markers (VE-

Cadherin, vWF, Pecam1) on hPSC ECs for both GSK3 inhibitors. d. Immunostaining of VSMC-speciýc 

markers on hPSC VSMCs (ŬSMA, myosin IIB, SM22a) (Patsch et al., (2015)). 
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Figure 21 Flow cytometry analysis of CD144+ hPSC-ECs on day 10 of differentiation. Detection of 

endothelial- specific genes expression (KDR, CD31, CD34 and CD105), but no hematopoietic markers 

(CD43, CD45) (Patsch et al., (2015)). 

 

 

Interestingly, when hPSC ECs were plated on Matrigel, they were able to form 

vascular network-like structures within 24 h, suggesting that hPSC ECs have 

angiogenic potential in vitro (Figure 22).  

 

 
Figure 22 In vitro tube formation assay by plating hPSC ECs on Matrigel for 24 h (Patsch et al., (2015)). 
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6. DNA-regulatory elements: Enhancers  

Cellular differentiation requires precisely regulated tissue-speciýc and 

developmental stage-speciýc gene expression patterns. Numerous studies have 

determined that a key regulators of differential gene expression programs are the 

enhancers, cis-regulatory sequences that physically contact the target promoters 

and thus govern spatiotemporal and quantitative expression dynamics of target 

genes (Heinz S. et al., (2018)). Consequently, enhancers contribute to determine 

the cell state identity during development. Accordingly, their aberrant activity 

could be involved in numerous complex human diseases (Figure 23). 

Functional enhancers are non-coding sequences in the genome that activate the 

expression of target genes transcribed by the RNA polymerase II (RNAPII). They 

are discrete small DNA elements, with a size range of tens to hundreds of base 

pairs (bp), characterized by dense clusters of transcription factor binding sites 

(TFBS). Thus, enhancer is bound by cell type-specific TFs, coregulators, 

chromatin modifiers, architectural proteins like Cohesin, Condensin and CTCF 

(CCCTC-Binding Factor), other enzymes, and RNAPII. Owing to such large-scale 

protein assembly, enhancers are often nucleosome deficient, and are 

hypersensitive to nucleases reflecting DNA accessibility, a feature largely 

considered as a signature of enhancers. So, the enhancer complex loops over and 

physically contact the target promoter and activates gene transcription (Figure 24).  

 

 
Figure 23 Schematic diagram representing enhancer activity for various biological processes governing 

development. Enhancers play a central role in cell fate determination; in regulating transcriptional programs 

that control development, cell identity and evolutionary processes. They also serve as docking sites for TFs, 

and the activity of enhancers is mostly based on the binding of these TFs. Enhancer reprogramming is an 

emerging area in developmental biology and cancer research: it could represent a hallmark of carcinogenesis, 

as it contributes to the deregulated expression of epigenetic modifiers, leading to abnormal cell growth 

(Maurya SS. et al., (2021)). 
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Figure 24 Representation of enhancers loop: enhancers can regulate gene expression by recruiting TFs and 

the transcriptional machinery and subsequently forming a loop with the promoter region of the target gene 

(Claringbould A. et al., (2021)). 

 

Moreover, enhancers can act independent of orientation, distance, and location 

with respect to the transcription start site (TSS) of the target genes and can be 

located over as much as a million base pairs away. In some cases, they can even 

activate transcription of genes located in a different chromosome (Lomvardas S. et 

al., (2006)). Interestingly, they are found mostly in the intergenic and intronic 

regions, while a few enhancers have been found within exons. 

 

6.1  Molecular assay to identify candidate enhancer regions 

As mentioned above, enhancers are hypersensitive to nucleases and DNA 

accessibility is widely considered as a signature of enhancers. In order to an 

enhancer element to be bound TFs, the chromatin must be in an ñopenò state (with 

the exception of pioneer TFs). For this reason, mapping regions of open chromatin 

is a widely used way to identify enhancers, and other regulatory elements, across 

the genome of any cell type. In the past, isolation of enhancers has been based on 

laborious molecular approaches based on either chromatin structure (e.g., DNase I 

hypersensitivity assay) and/or transactivation activity (e.g., gene reporter assays) 

(Wu C. et al., (1979)). Now, with the recent development of d high throughput 

sequencing technologies, it is possible to identify enhancers at the genome-wide 

scale. Chromatin accessibility approaches directly measure the effect of chromatin 
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structure modifications on gene transcription and do not require antibodies or 

epitope tags that can introduce potential bias, as in ChIP-seq. Current genome-

wide high-throughput chromatin accessibility assays are: MNase-seq; DNase-seq, 

FAIRE-seq and ATAC-seq (Figure 25).  

 

6.1.1 MNase-seq chromatin accessibility assay 

MNase-seq (micrococcal nuclease digestion with deep sequencing) is used to 

map nucleosome positions in eukaryotic genomes to study the relationship 

between chromatin structure and DNA-dependent processes. This technique is 

based on the use of the non-specific endo-exonuclease micrococcal nuclease, an 

enzyme derived from the bacteria Staphylococcus aureus, to bind and cleave 

protein-unbound regions of DNA on chromatin. DNA bound to histones or other 

chromatin-bound proteins (e.g., transcription factors) remain undigested. The 

uncut DNA is then purified from the proteins and sequenced by Next-Generation 

sequencing methods (NGS) (Cui K. et al., (2012)). In a typical MNase-seq 

experiment, mononucleosomes are extracted by extensive MNase treatment of 

chromatin crosslinked with formaldehyde. The nucleosomal population is 

subsequently submitted to NGS procedure. MNase-seq thus probes chromatin 

accessibility indirectly revealing the regions of the genome occupied by 

nucleosomes and other regulatory factors and providing information on TF 

occupancy (Figure 25). Overall, MNase-seq is a useful method for probing 

genome-wide nucleosome distributions and also provides an accurate way for 

assessing TF occupancy in many cell types. However, it requires a large number of 

cells and careful enzymatic titrations for accurate and reproducible evaluation of 

differential substrates. 

6.1.2 DNase-seq chromatin accessibility assay 

DNase-seq (DNase I hypersensitive sites sequencing) is a helpful approach 

to identify the location of regulatory regions through genome-wide sequencing of 

regions sensitive to cleavage by DNase I. Mapping DNase I hypersensitive (HS) 

sites has historically been used for identifying all different types of regulatory 

elements, including promoters, enhancers, silencers, insulators, and locus control 

regions.  In DNase-seq method, DNA-protein complexes are treated with DNase l, 

which selectively digest nucleosome-depleted DNA (presumably by transcription 

factors), whereas DNA regions tightly wrapped in nucleosome structures are more 

resistant. Digested-DNA fragments are then sequenced to provide accurate 

representation of the location of regulatory proteins in the genome (Figure 25) 

(Song L. et al., (2010)). DNase-seq has been extensively used by the ENCODE 

consortium and others to evaluate cell-specific chromatin accessibility and its 

relation to differential gene expression in various cell lines. The main controversy 
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over DNase-seq is the ability for DNase I to introduce cleavage bias, affecting its 

use as a reliable TFs detection assay. Moreover, DNase-seq requires many cells 

and involves many samples preparation and enzyme titration steps. Altogether, 

DNase-seq represents a reliable tool to identify active regulatory elements across 

the genome and in any cell type from a sequenced species, without a prior 

knowledge of additional epigenetic information. 

 

6.1.3 FAIRE-seq chromatin accessibility assay 

One of the easiest methods for directly probing nucleosome-depleted areas 

of a genome is FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements). 

FAIRE is based on the phenol-chloroform separation of nucleosome-bound and 

free areas of a genome in the interphase and aqueous phase respectively. The 

procedure involves the initial crosslinking of chromatin with formaldehyde to 

capture the protein-DNA interactions, and subsequent shearing of chromatin with 

sonication. Following phenol-chloroform extraction, nucleosome-depleted areas of 

the genome are released to the aqueous phase of the solution due to much higher 

crosslinking efficiency of histones to DNA, compared to other regulatory factors. 

This assay extracts the non-cross-linked DNA and only these nucleosome-depleted 

regions will be purified, enriched and sequenced in a high- throughput way using 

NGS (Figure 25) (Giresi PG. et al., (2006)). 

Thus, FAIRE-seq is a simple and high reproducible protocol, which does not 

require antibodies, enzymes (such as DNase or MNase) and does not require a 

single-cell suspension or nuclear isolation, so it is easily adapted for use on tissue 

samples. 

 

6.1.4 ATAC-seq chromatin accessibility assay 

ATAC-seq (Assay for Transposase Accessible Chromatin with high 

throughput sequencing) is the most current powerful approach for genome-wide 

chromatin accessibility profiling. This method probes DNA accessibility with 

hyperactive Tn5 transposase, which inserts sequencing adapters into accessible 

regions of chromatin. Sequencing reads can then be used to infer regions of 

increased accessibility, as well as to map regions of transcription-factor binding 

and nucleosome position. The method is a fast and sensitive alternative to DNase-

seq for assaying chromatin accessibility genome-wide, or to MNase-seq for 

assaying nucleosome positions in accessible regions of the genome (Figure 25) 

(Buenrostro JD. et al., (2013)). One of the main advantages of ATAC-seq over 

other methods, like DNase-Seq or FAIRE-Seq, is that ATAC-seq can be 

performed with significantly fewer cells (~ 50,000 cells for ATAC-seq compared 

to millions of cells for the other methods). Accordingly, ATAC-seq is fast, simple 

and sensitive approach, which works with many cell types and species and does 
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not require sonication, phenol-chloroform extraction (like FAIRE) or antibodies 

(ChIP-seq). Moreover, modifications have been made to the protocol in order to 

perform single-cell analysis. ATAC-seq is used for: nucleosome mapping 

(identification of changes in nucleosome position during differentiation or between 

experimental conditions); transcription factors occupancy analysis; identification 

of novel enhancers during development; deep study of the genomic profile 

associated to pathological conditions such as cancer.  

 

 

Figure 25 Genomic methods in mapping chromatin accessibility. a. DNase-seq: enzymatic digestion to 

extract signal from open chromatin regions that are known as DNase I hypersensitive sites (DHSs); b. FAIRE-

seq: method based on crosslinking of chromatin-interacting proteins to DNA using formaldehyde. Chromatin 

is then sheared, and regions that are unbound by proteins (e.g., histones) remain in the aqueous layer of a 

phenol-chloroform extraction, while crosslinked DNA remains in the organic layer; c. MNase-seq: enzymatic 

digestion to extract signal representing nucleosome positioning. After formaldehyde crosslinking, added 

MNase digests DNA that is unprotected by bound proteins, allowing one to infer increased accessibility; d. 

ATAC-seq based on the hyperactive Tn5 transposase to insert sequencing adapters at accessible regions of the 

genome. Following transposition, genomic DNA can be isolated and amplified by PCR, then subjected to deep 

sequencing (Klein DC. et al., (2019)). 
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6.2 Epigenetic features of enhancer  

Enhancers are specified by distinct chromatin features that may contribute to 

the repertoire of epigenetic mechanisms responsible for cellular memory and cell 

type-specific gene expression. Recent advances in epigenomic profiling 

technologies allowed to determine that specific enhancer-associated chromatin 

features can be really used to annotate them (Maston GA. et al., (2012)). Indeed, 

enhancers have been identified in the form of primed, active, and poised 

enhancers. In addition, each type of enhancer is characterized by specific histone 

modification patterns and can be easily identified by these signatures (Figure 26) 

(Zentner GE. et al., (2011)).  

Notably, active enhancers signatures are identified by H3K4 mono-methylation 

(H3K4Me1) and H3K27acetylation (H3K27ac). They are also associated with 

incorporation of hypermobile nucleosomes containing H3.3/H2A.Z histone 

variants. Prior to activation, enhancers can exist in a primed state, characterized by 

the presence of histone H3K4 mono-methylation (H3K4me1) only. Other features 

that have been associated with enhancer priming are presence of pioneer TFs, 

hypermobile H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and 

hydroxylation (5hmC). Finally, the signatures of poised enhancers are marked with 

H3K4Me1 with H3K27me3, but not H3K27ac (Figure 26).  
 

 
Figure 26 Epigenetic Features of active (A), primed (B), and poised enhancers (C). A. Active state: enhancers 

are associated with incorporation of hypermobile nucleosomes containing H3.3/H2A.Z histone variants, which 

compete for DNA binding with TFs. TFs in turn recruit coactivator proteins (e.g. p300 histone 
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acetyltransferase) that can modify and remodel nucleosomes. H3K4me1 and H3K27ac are the predominant 

histone modifications deposited at nucleosomes flanking enhancer elements. In their active state, enhancers 

are also bound by general transcription factors (GTFs) and RNA polymerase II (Pol II), leading to the 

production of enhancer-originating RNAs termed eRNAs. B.  Primed state (prior to activation): enhancers are 

characterized by the presence of H3K4me1. Other features that have been associated with enhancer priming 

are presence of pioneer TFs, hypermobile H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and 

hydroxylation (5hmC). C. Poised enhancer found in mouse and human ESCs: marked by H3K27me3 and 

associated with PRC2 (polycomb repressive complex 2); these enhancers are bound by TFs and coactivators 

and communicate with their target promoters. (Calo E. et al., (2013)).  

 

The specific epigenetic modifications found at enhancers are derived from the 

recruitment of epigenetic writers and erasers. For instance, the myeloid/lymphoid 

or mixed-lineage leukemia methylases MLL2, MLL3 and MLL4 (also known as 

KMT2D, KMT2C and KMT2B, respectively) are histone methyltransferases 

responsible for deposition of the enhancer marks H3K4me1 and H3K4me2 

(Kaikkonen MU. et al., (2013)). Similarly, lysine acetyl transferases such as CBP 

(a.k.a. CREBBP) and P300 (a.k.a. EP300) bind enhancers to increase their activity 

through protein acetylation, inclusive of histones (Jin Q. et al., (2011)). The EZH2 

methyltransferase is responsible of H3K27me3 modification in silenced or poised 

enhancers. DNA methylation in some silent enhancers is established by DNA 

cytosine-5-methyltransferases DNMT1, DNMT3A and DNMT3B and the TET 

methylcytosine dioxygenases TET1, TET2, TET3 necessary for active removal of 

DNA methylation (Turek-Plewa J. et al., (2005); Kohli RM. et al., (2013)). 

Normally, active enhancers are linked to expressed genes, while poised enhancers 

are always associated to developmental genes, which are inactive in embryonic 

stem cells or precursor cells and become expressed during different differentiation 

stages (Cruz-Molina S. et al., (2017)). 

During development and in terminally differentiated cells, enhancers can switch 

between states. Upon embryonic stem cell differentiation, for example, poised 

enhancers lose the repressive H3K27me3 mark and gain H3K27ac. The enhancer 

state change occurs concurrently with a change in the expression of the target gene 

from off to on state and the transition in cell state from undifferentiated to 

differentiated (Karnuta JM. et al., (2018)).  

Furthermore, during cell differentiation, in early precursors the enhancer region is 

cover by nucleosomes and often associated to repressive marks, such as 

H3K27me3 or DNA methylation. In this stage the enhancers are in an inactive 

state. Subsequently, lineage-specific TFs (also called master regulators or 

enhancer organizers) bind to the majority of the tissue-specific enhancers, which 

are nucleosome free regions and enriched for H3K4me1, but are generally in a 

poised state. Upon cell differentiation and/or external stimuli, induced or activated 

TFs binds to some of the accessible enhancers in order to activate gene expression. 

Thus, active enhancers are associated with additional cofactors such as BRG1, 

p300 and Pol II and correlate with further nucleosome remodeling, acquisition of 
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additional histone modifications, such as H3K27ac and H3K4me3, and local 

transcription (Figure 27) (Spicuglia S. et al., (2012)). 

 

 
Figure 27 Chromatin enhancer signatures during cell differentiation (Spicuglia S. et al., (2012)). 

 

 

6.3 Functional validation enhancer assay 

The first identified enhancers were defined by functional capacity to amplify 

transcriptional activity in reporter plasmids (Moreau P. et al., (1981)). 

Putative enhancers have been predicted via DNA conservation using comparative 

genomics and, more recently, by epigenetic signatures such as open chromatin 

from DNaseI hypersensitive site sequencing (DNase-seq) or assaying for 

transposase-accessible chromatin using sequencing (ATAC-seq), histone tail 

modifications from chromatin immunoprecipitation sequencing (ChIP-seq), and 

3D chromatin organization. However, these approaches are primarily descriptive 

and not directly evaluate whether a DNA sequence acts as a functional enhancer 

(Benton ML. et al., (2019)). Enhancer reporter assays assess the ability of 



69 

 

candidate regulatory elements to drive expression of a reporter gene and have been 

widely used to functionally test activity of predicted enhancers.  

 

 

6.3.1 Traditional reporter assays for enhancer activity 

DNA sequences can be directly tested for their ability to activate or enhance 

transcription from a minimal core promoter. In fact, this activity, which is also 

independent of the sequence context of the enhancer and can be assessed in 

heterologous reporter systems, has been widely used to evaluate enhancer 

functionality. Generally, enhancer tests in whole developing embryos (for 

example, in flies, nematodes, zebrafish and mice) have readouts based on images, 

whereas tests in vitro cell culture typically either use luciferase or directly measure 

the abundance of reporter transcripts (Nord AS. et al., (2015)). 

Commonly, a reporter plasmid consists of a portion of a cellular- or viral promoter 

(i.e., minimal promoter) that will provide sequences required for transcriptional 

initiation. Enhancers are tested by placing the candidate DNA sequences upstream 

of a minimal promoter and a reporter gene. The enhancer activity is measured by 

evaluating the abundance and localization of the reporter transcript (i.e., in situ 

hybridization). Alternatively, the reporter gene is detected at the protein level, such 

as by enzymatic activities (for example, luciferase or ɓ-galactosidase, encoded by 

lacZ), fluorescence (i.e., GFP) or specific antibodies. Many promoter and enhancer 

candidates have been tested in transgenic animals, like D. melanogaster, C. 

elegans and mouse embryos.  

In addition, the reporter plasmids lacking or containing the test enhancer DNA can 

be also introduced into in vitro cultured cells by transfection and analyzed after 

24ï48 h using luciferase assays. The level of transcription detected in the absence 

of the test enhancer represents basal transcription level. The activity of the plasmid 

containing the candidate enhancer is measured relative to the basal level in order 

to define whether the putative regulatory element act as enhancer (Figure 28). 

However, traditional transgenic approaches can test the activity of an individual 

enhancer sequence but are not recommended for validating putative enhancers at 

scale. 

 
Figure 28 Schematic representation of traditional enhancer assay. Minimal promoter is indicated as red box; 

reporter gene is the green box: candidate enhancer element (test DNA) is indicated in blue box (Dailey L. et 

al., (2015)).  
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6.3.2 Massively Parallel Reporter Assays (MPRA) to study enhancer 

function 

Massively Parallel Reporter Assays (MPRAs) are an alternative and 

powerful technique for functional characterization of enhancer activity in a high-

throughput manner. MPRAs can be used to functionally screen thousands of 

sequences for regulatory activity simultaneously. These methods are based on 

traditional reporter assays, in which a putative regulatory element is placed 

upstream of a reporter coding sequence (e.g., luciferase) in a vector, transfected 

into cells, and assayed for reporter activity. In MPRAs, libraries containing 

hundreds of thousands of candidate enhancers can be generated and tested for 

function in parallel. Each enhancer is cloned upstream of a minimal promoter and 

a reporter gene containing a unique sequence barcode in its 3ǋ untranslated region. 

These libraries of barcoded reporter genes can then be introduced into cells or 

animals and expression quantified by RNA-seq of the unique sequence barcodes 

(Figure 29). Thus, MPRAs can be used to functionally validate numerous putative 

enhancer sequences in a single experiment with a quantitative readout (Ryan GE. 

et al., (2019)). A variation of MPRA assay is Self-Transcribing Active Regulatory 

Region sequencing (STARR-seq), that exploits the characteristic that enhancers 

can function independently of their relative positions and places candidate 

sequences downstream of a minimal promoter and open reading frame. Enhancer 

activity is directly linked to the underlying DNA sequence and measured as 

presence of the resulting reporter transcripts among cellular RNA by deep 

sequencing. Specifically, DNA fragments are cloned downstream of a core 

promoter and into the 3ǋ UTR of a reporter gene. Active enhancers will transcribe 

themselves and become part of the resulting reporter transcripts. They are isolated, 

sequenced and counted (Figure 29). 

 

 
Figure 29 a. Massively Parallel Reporter Assays (MPRA); b. Self-Transcribing Active Regulatory Region 

sequencing (STARR-seq). 
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6.4 CRISPR/Cas9-based methods to functionally validate candidate 

enhancers 

Although for more than 30 years, numerous transgenic animal studies have 

been used to provide in vivo evidence for DNA elements that function as 

transcriptional enhancers, it is also important explore the functional activity of 

enhancers through enhancer deletion or enhancer modification experiments at their 

endogenous location. About this, the recent development of highly efficient 

CRISPR/Cas9 genome editing technology represents a powerful tool to target and 

manipulate individual genomic and epigenomic loci (Doudna JA. et al., (2014)). In 

summary, the CRISPR/Cas9 technology originates from type II CRISPR/Cas 

systems, which provide bacteria with adaptive immunity to viruses and plasmids. 

The CRISPR-associated protein Cas9 is an endonuclease that uses a guide 

sequence within an RNA duplex, tracrRNA:crRNA, to form base pairs with DNA 

target sequences, enabling Cas9 to introduce a site-specific double-strand breaks 

(DBS) in the DNA. The dual tracrRNA:crRNA was engineered as a single guide 

RNA (sgRNA) that retains two critical features: a sequence at the 5ǋ side that 

determines the DNA target site by Watson-Crick base-pairing and a duplex RNA 

structure at the 3ǋ side that binds to Cas9. By changing the guide sequence of the 

sgRNA complex, Cas9 can target any DNA sequence of interest in the genome.  

Cas9 induced DSBs are typically repaired in two ways. First, the ends of the DNA 

breaks are re-joined by endogenous DNA repair pathways, known as non-

homologous end-join-ing (NHEJ). However, this mechanism can introduce 

insertions or deletions of DNA (indels) that in turn may disrupt the translation of 

the targeted gene. Second, by providing a DNA donor template with homology to 

the target site, a homology-directed repair (HDR) may occur to repair the double-

stranded break (Figure 30).  

The simplicity of CRISPR/Cas9 programming, together with a unique DNA 

cleaving mechanism, the capacity for multiplexed target recognition, and the 

existence of many natural type II CRISPR/Cas system variants, have allowed 

advances to target, edit, modify, regulate, and mark genomic loci of a numerous 

type of cells and organisms in precise and efficient manner. 
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Figure 30 CRISPR/Cas9 mediated gene-editing mechanism (created by Biorender). 

 

 

6.4.1  Genetic manipulation of enhancers 

Genetic perturbation is a powerful approach to investigate links between 

genetic information and cellular functions. Loss-of-function experiments are 

essential for the functional investigation of cis-regulatory elements (CREs), such 

as transcriptional enhancers. CRISPR/Cas9 system allow to easily manipulate 

genomic sequences but, recently, it is also employed to target non-coding 

regulatory elements, such as enhancers (Lopes R. et al., (2016)). It was found that 

a regulatory element can be fully inactivated by Cas9 nuclease through the 

generation of a specific deletion. This can be achieved using pairs of sgRNAs to 

target the flanking region of the candidate enhancer (Cebola I. et al., (2021)).  

Numerous scientists applied CRISPR/Cas9 strategy to successfully downregulated 

target gene expression by introducing mutations or deleting an enhancer. For 

example, Gröschel S. et al., (2014) used this system to remove an enhancer that 

regulates GATA2 (GATA binding protein 2) expression. Furthermore, 

CRISPR/Cas9 gene editing was used to knockout two candidate forelimb Tbx5 

enhancers, demonstrating that deletion of the intron 2 and downstream elements, 

either singly or together in double knockouts, resulted in no effect on forelimb 

development (Cunningham TJ. et al., (2018)). 
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Deletion of a 13kb-long super-enhancer (SE) located 100kb downstream of Sox2 

in mouse ESCs, using two sgRNAs flanking the Sox2-SE, have shown that the SE 

is responsible for over 90% of Sox2 expression, and Sox2 is the only target gene 

along the chromosome (Li Y . et al., (2014)). 

 

6.4.2  dCas9 system for gene regulation and epigenome control 

A highly related approach to deletion scanning is to use CRISPR to 

modulate gene transcription processes and also modify the epigenetic landscape 

around candidate enhancer sequences. To adapt CRISPR/Cas9 for gene regulation 

studies, in 2013, Qi et al., mutated the nuclease domains of Cas9 from S. pyogenes 

(making an H840A mutation in the HNH domain and a D10A mutation in the 

RuvC domain) to create a nuclease deficient ñdCas9ò, also called dCas9 null 

mutant (Qi LS. et al., (2013)). Thus, dCas9 is unable to cleave DNA but retains the 

ability to specifically bind to DNA when guided by a sgRNA (Figure 31). 

 

 

Figure 31 Comparison between Cas9 nuclease (gene editing) and dCas9 nuclease-null (gene regulation). a. 

The S. pyogenes Cas9 endonuclease is targeted to specific DNA sequences by direct pairing of sgRNA with 

the target DNA. Two nuclease domains, RuvC1 and HNH, allow the cleavage of the target sequence. b. dCas9 

protein contains mutations in its RuvC1 (D10A) and HNH (H841A) domains, which inactivate its nuclease 

function. dCas9 retains the ability to target specific sequences through the sgRNA and PAM. dCas9 binding 

downstream of the transcription start site (TSS) can block transcription elongation by blocking RNA 

polymerase II (Pol II) or the binding of important transcription factors (Txn) (Dominguez AA. et al., (2016)). 

 

 

Qi et al. (2013), showed that dCas9, together with a target-specific sgRNA, can 

specifically interfere with transcriptional elongation, RNA polymerase binding, or 

transcription factor binding (Figure 32). This process is called CRISPR 

interference (CRISPRi). The utility of dCas9 for sequence-specific gene repression 

was first demonstrated in E. coli. In bacteria, the CRISPRi method using dCas9 is 

highly efficient in suppressing genes; is specific, with minimal off-target effects; 

and is multiplexable, such that several genes can be simultaneously controlled 

using multiple sgRNAs. Moreover, the introduction of CRISPRi into mammalian 
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cells using dCas9 alone achieved only modest repression of enhanced GFP (egfp) 

in the human HEK293T reporter cell line (Qi LS. et al., (2013)). Targeting 

endogenous genes such as the transferrin receptor CD71, C-X-C chemokine 

receptor type 4 (CXCR4) and tumour protein 53 (TP53), showed significant gene 

expression repression (60%ï80% repression) (Gilbert LA. et al., (2013)). 

Hence, the CRISPRi system can used as a general method for efficiently and 

specifically regulating gene transcription in many eukaryotes, as well as to 

characterize cis regulatory elements for transcription factor binding. 

Generally, the CRISPR/dCas9 system is a broadly applicable tool for genome-

wide loss-of-function or gain-of function screening, inducible and reversible gene 

regulation and cell fate modulation. 

 

 
Figure 32 Mechanism of CRISPR interference (CRISPRi) system (Qi LS. et al., (2013)). 
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6.4.3 CRISPR/Cas9-effector system mediated gene activation and 

repression 

Coupling dCas9 to effector domains with distinct regulatory functions 

(transcription activators or repressors) converts the CRISPR/Cas9 technology into 

a site-speciýc programmable system, which can regulate gene expression in 

mammalian cells (Figure 33) (Gilbert LA. et al., (2013)). 

In CRISPR interference (CRISPRi), dCas9 is targeted to block transcription and 

thereby silence genes. The fusion of dCas9 to transcriptional repressors increased 

repression efficiency. CRISPR activation (CRISPRa) uses dCas9 fusion proteins to 

recruit transcription activators for targeted gene activation. The use of enhanced 

dCas9 activation systems allows recruitment of multiple activators with one 

sgRNA. 

 
Figure 33 dCas9 fused to effector domains can efficiently activate or silence transcription (Gilbert LA. et al., 

(2013)). 

 

 

 

CRISPRa: dCas9 system for gene activation 

 

dCas9/sgRNA complexes can be modiýed to activate gene expression in 

mammalian systems when targeted upstream of endogenous transcriptional start 

sites. One type of effector that can be fused to dCas9 is a transcriptional activator. 

There are different forms of these dCas9-activator fusions. For example, Bikard et 

al., (2013) fused the ɤ subunit of RNA polymerase to dCas9 in E. coli. This fusion 

was able to activate reporter gene expression up to 3-fold (Bikard D. et al., 

(2013)). In eukaryotic cells, instead, the first generation of dCas9 activators 

consisted of dCas9 fused to the activation domain of p65 (a transcription factor 
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involved in many cellular processes) or a VP64 activator (a synthetic tetramer of 

the Herpes simplex VP16) (Figure 34a). The dCas9-VP64 fusion was more 

effective than the p65 fusion and has been used more ubiquitously. Several studies 

have demonstrated that dCas9-VP64 is able to activate silent endogenous genes 

and reporters or to upregulate already active genes. Targeting dCas9-VP64 to the 

promoter of the developmentally relevant transcription factor Sox17 induced its 

RNA and protein expression in hPSCs (Kearns NA. et al., (2014)). Studies in 

literature showed that targeting of dCas9 fused to two VP64 domains to the 

MyoD1 locus of mouse primary ýbroblasts activated endogenous myogenic genes 

comparably to traditional MyoD1 overexpression methods, resulting in the 

conversion of ýbroblasts into skeletal myocytes (Chakraborty S. et al., (2014)). 

However, the activation seen in mammalian cells was usually moderate, about 2-

fold to 5-fold, on average. In order to enhance the activation, dCas9 was fused to a 

tandem array of peptides, called a SunTag array, which recruits many copies of the 

VP64 activator effector (Figure 34b) (Gilbert LA. et al., (2014)). A 50-fold 

increase at the protein level with dCas9-SunTag for endogenous genes such as the 

CXCR4 chemokine receptor gene was observed in human erythroleukemia K562 

cells. Activating endogenous CXCR4 using dCas9-SunTag was sufficient to 

produce significant increases in cell migration. 

 

 
 
Figure 34 a. dCas9 fused with a VP64 activator. b. The SunTag activation system (left) consists of dCas9 

fused to several tandem repeats of a short peptide sequence separated by linkers. The SunTag activator module 

(right) is an scFv, which specifically binds the SunTag peptide. The scFv is fused to sfGFP and VP64 (La 

Russa MF. et al., (2015)). 

 

 

 

Another strategy for CRISPR-dependent gene activation, reported by Chavez et 

al., (2015) employs multiple different activators to synergistically amplify 

activation. The authors created a tripartite effector fused to dCas9, composed of 

activators VP64, p65, and Rta (VPR) linked in tandem (Figure 35a). These three 

activators were joined in a defined order to strongly activate genes, for example in 

this case was selected a set of genes related to cellular reprogramming, 

development and gene therapy. Additionally, it can upregulate endogenous gene 
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expression from 5- to 300-fold at the mRNA level compared to a single dCas9-

VP64 fusion (Figure 35b). Furthermore, recruitment of dCas9-VPR to NGN2 or 

NEUROD1 induced neuronal differentiation, suggesting the potential use of the 

system to modify cell fate through gene activation (Figure 35c) (Chavez A. et al., 

(2015)).   

 

 
Figure 35 a. The VPR activation system is dCas9 fused to VP64, p65, and Rta linked in tandem (La Russa 

MF. et al., (2015)). b. RNA expression of target genes in HEK 293T cells transfected with gRNAs targeting 

the indicated genes along with the labelled dCas9-activator construct. Negative controls (Neg.) were 

transfected with the indicated guide RNAs alone. c. Analysis of mRNA expression levels of NGN2 and 

NEUROD1 in dCas9-Activator iPSC lines (Chavez A. et al., (2015)). 

 

 

Subsequently, a third dCas9-activator approach was developed, called the 

synergistic activation mediator (SAM) system. This system is based on the 

previous dCas9-VP64 structure but includes an sgRNA modified to recruit 

additional transcriptional activators for a synergistic activation effect. This 

modified sgRNA incorporates two RNA hairpin aptamers that bind to dimers of 

the bacteriophage MS2 coat proteins. Fusion of the MS2 proteins to additional 

activators such as p65 and the human heat shock factor 1 (HSF1) results in the 

recruitment of 13 activation molecules per dCas9 molecule (Figure 36a) 

(Konermann S. et al., (2015)). This dCas9-SAM system can amplify gene 

expression from 10 to multiple thousand-fold (Figure 36b).  
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Figure 36 a. SAM activation system (left): dCas9 is fused to VP64 and the sgRNA has been modified so as it 

contains two MS2 hairpins (green). An additional activator module (right) binds to an MS2 hairpin via the 

RNA-binding protein MCP. The MCP is fused to the activators p65 and HSF1 (La Russa MF. et al., (2015)). 

b. A comparison of the activation efficiency between dCas9-VP64 alone (in yellow) and the SAM activator 

system (in green) in the activation of four different genes: HBG1, IL-1B, IL1R2, and ZFP42 

(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9).  

 

 

CRISPRi: dCas9-effector mediated transcriptional repression 

CRISPR/dCas9 can be also combined with transcriptional repressors. As 

mentioned above, this was first demonstrated in bacterial cells, where dCas9 alone 

was able to act as a transcriptional repressor by sterically hindering the 

transcriptional activity of RNA polymerase (Qi LS. et al., (2013)). This simple 

CRISPRi system can affect up to 1,000-fold repression, efficiently knocking down 

gene expression in cells. Although this system works very well in bacteria, yeast, 

and other prokaryotic cells, it is less effective in mammalian cells. This is likely 

because the binding of dCas9 to DNA is not sufficient to disrupt the action of 

eukaryotic RNA polymerases. A strategy to overcome this issue in mammalian 

cells has been to fuse the transcriptional repressor domain of Kox1 KRAB 

(Krüppel-associated box) to dCas9 (Gilbert LA. et al., (2013)). This system is 

based on the ability of KRAB to recruit various types of histone modifiers that 

reversibly suppresses gene expression through the formation of heterochromatin 

(Figure 37a). CRISPR-repressor has been used in PSCs to probe the pluripotency 

network required to maintain the stem cell state. Targeting of regions upstream of 

the transcriptional start sites of Oct4 and another pluripotency factor, Tbx3, using 

dCas9ïKRAB in mouse embryonic stem cells (mESCs) effectively repressed their 

expression, resulting in spontaneous differentiation (Kearns NA. et al., (2015)). 

Similarly, both dCas9 and dCas9-KRAB proteins could repress endogenous 

expression of CD71 and CXCR4 gene expression in HeLa cells (Figure 37b) 

(Gilbert LA. et al., (2013)). Through CRISPR/dCas9-effector fusion mediated 

https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
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transcriptional repression of pluripotency factors; these studies demonstrate the 

capability of the system to define the contribution of speciýc genes to a given 

cellular state. 

  

Figure 37 a. dCas9 fused to KRAB, a transcriptional repressor (https://info.abmgood.com/crispr-cas9-gene-

regulation-dCas9). b. Stable suppression of CD71 and CXCR4 gene expression by dCas9 or dCas9-KRAB in 

HeLa cells (Gilbert LA. et al., (2013)). 

 

 

dCas9-effector mediated epigenetic editing for activation and repression of 

gene expression 

Epigenetic regulation works by affecting the structure of the chromatin, 

either by compressing it into a compact and transcriptionally inactive state 

(heterochromatin) or by opening it for active expression. Recently, fusion of 

dCas9 to various epigenetic modiýers has given a powerful tool to speciýcally 

target genomic sequences and modify local histone marks in order to study their 

effect on gene expression (Table 1). 

Table 1 dCas9-epigenetic modifiers system. 

 

 Construct Function  Gene expression 

Histone 

Modifications 

dCas9-p300 Acetylation Activation 

dCas9-LSD1 Demethylation Repression 

DNA 

Methylation 

dCas9-TET1CD Demethylation Activation 

dCas9-

DNMT3A 

Methylation Repression 

https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
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Fusion of dCas9 to the catalytic core of the transcription activator acetyltransferase 

p300 (dCas9-p300CORE) has been demonstrated to activate genes in human cells. 

Notably, the fusion protein catalyzes acetylation of histone H3 lysine 27 at its 

target sites, leading to robust transcriptional activation of target genes from 

promoters and both proximal and distal enhancers. When compared to dCas9-

VP64, the dCas9-p300CORE leads to higher levels of gene activation of endogenous 

genes, including IL1RN, MYOD and OCT4. Interestingly, a dCas9 fused with an 

inactive form of p300 was unable to activate target genes, indicating a crucial role 

of acetyltransferase activity for gene activation Figure 38a-b) (Hilton IB. et al., 

(2015)). 

 

Figure 38 a. Schematic of dCas9-p300 system for epigenetic activation: dCas9-p300 acetylate target sites in 

the genome, resulting in transcriptional upregulation (https://info.abmgood.com/crispr-cas9-gene-regulation-

dCas9). b. mRNA expression level of IL1RN, MYOD and OCT4, using both dCas9 alone and dCas9 fused 

with different activators: VP64 activator, full -lenght p300 (dCas9FLp300), HAT core domain of p300 (dCas9p300 

Core) and inactivated HAT core domain of p300 (dCas9p300 Core (D1399Y)) (Hilton IB. et al., (2015)). 

 

dCas9-LSD1 is a complementary gene repressing strategy to the dCas9-p300 

activating one. In this system dCas9 is fused to the histone demethylase LSD1 

(KDM1A), which catalyze demethylation of H3K4 mono- and di-methylation, 

resulting in repression of target gene expression (Figure 39a). The histone 

demethylase LSD1 has been previously implicated in repression of enhancers and 

transcription activatorïlike effector (TALE)-LSD1 can target histone 

modifications that correlate with active enhancers (Mendenhall EM. et al., (2013)). 

Kearns et al., (2015) demonstrated that dCas9-LSD1 fusion protein reduces 

https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
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endogenous gene expression in mESCs (that stably expressed dCas9-LSD1) when 

speciýcally targeted to active enhancer regions of pluripotency-associated genes, 

like Oct4 and Tbx3 (Figure 39b) (Kearns NA. et al., (2015)). However, when 

dCas9-LSD1 was targeted at the Oct4 promoter, no effect was observed. This 

suggests that the dCas9-LSD1 system can repress gene expression when targeted 

to only distal enhancers, while dCas9-KRAB repressed expression when targeted 

to promoters, proximal enhancers, and distal enhancers.  

Based on these evidence, dCas9-LSD1 repressing system is able to functionally 

annotated cell type-specific enhancer elements that control cellular function in 

highly specific manner. 

 

Figure 39 a. Epigenetic gene repression by dCas9-LSD1 system: dCas9 is fused to the Lysine-specific histone 

demethylase 1 (LSD1). Demethylation of mono- and dimethyl-group on histone H3K4 lead to genes 

transcriptional repression (https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). b. Left: Genomic 

organization of the targeted Tbx3 locus. Right: Relative Tbx3 expression in dCas9-repressor (LSD1 and 

KRAB) mESCs treated with sgRNAs specific to an unrelated control genomic region (Ctrl), the putative Tbx3 

distal enhancer (TDE) or the Tbx3 promoter (TPP) (Kearns NA. et al., (2015)). 

 

Overall, CRISPR genome targeting, transcriptional engineering, and epigenome 

editing approaches can be used to mutate, activate, and repress individual genes, as 

well as to manipulate their epigenomic environment by editing DNA 

modifications, histone marks, and other chromatin features. Moreover, these 

technologies are applicable in vivo and can have strong potential for therapeutic 

approaches to alleviate disease states, or to manipulate disease-associated gene 

expression. 

https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9
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AIMS 
 

The overall aim of my doctoratal work is to understand better the genetic and 

epigenetic mechanisms responsible for cell fate transitions in multipotent cardiac 

progenitors to differentiate into endothelial cells (ECs). 

In particular, I will address the following specific aims: 

1. To develop a model for differentiation of cardiopharyngeal mesoderm 

(CPM) into ECs starting from engineered mouse embryonic stem cells 

(mESCs). 

I will generate mutant mESCs and use a serum-free differentiation protocol with 

the addition of specific growth factors that induce cardiac and endothelial 

differentiation.  

 

2. To identify putative enhancers regulated during cardiopharyngeal 

mesoderm (CPM) differentiation into endothelial cells (ECs). 

I will perform RNA-seq to define the transcriptomic profile, and ATAC-seq 

(Assay for Transposase-Accessible Chromatin with high-throughput sequencing) 

to map chromatin accessibility genome-wide. I will use the integration of these 

two methods to identify putative enhancers defined as regions of increased 

accessibility associated with endothelial-specific genes.  

 

3. To validate putative enhancers and test their requirement in EC 

differentiation. 

To do this, I will use two validation strategies.  

The first approach is based on deletion of the putative enhancer by CRISPR-Cas9 

technology. I will generate the deletion in mESCs, and isolate stable mutant mESC 

clones. These will be differentiated in ECs and I will evaluate gene expression 

consequences.  

The second one is using epigenetic reprogramming by nuclease-deficient dCas9 

fused with histone demethylase LSD1 (dCas9-LSD1), that remove methylation of 

histone H3 lisyne4 (H3K4me1 and me2) to de-commission the putative enhancers 

and to abrogate gene expression. I will generate stable mESC line expressing 

dCas9-LSD1, that will be transfected with a gRNA specific to the target region 

and differentiated, in order to evaluate the loss and/or repression of gene 

expression.  

 

4. To predict, computationally, transcription factor motifs in EC enhancers.  

I will perform a TF motif analysis of DARs region (Differential Accessible 

Regions) related to endothelial cell fate specification to identify the regulatory 

elements that are specifically enriched in my dataset. They could regulate the 

differentiation of cardiopharyngeal mesoderm progenitors in derivative tissues, 

including EC. 
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MATERIALS AND METHODS 

 

1. Cell biological methods 

1.1 Mouse embryonic stem cells (mESC) 

Mouse embryonic stem cells (mESC) derive from the inner cell mass of 

blastocyst. Due to their ability to differentiate in many cell types, mESCs are 

largely used in the research laboratories for in vitro studies and it is a very 

powerful tool used in development and stemness field. We have used the line ES-

E14TG2a (ATCC CRL-1821), which were cultured without feeders and 

maintained undifferentiated on gelatin-coated dishes in GMEM (Sigma Cat# 

G5154) supplemented with 10
3
 U/ml ESGRO LIF (Millipore, Cat# ESG1107), 

15% fetal bovine serum (ES Screened Fetal Bovine Serum, US Euroclone Cat# 

CHA30070L), 0.1 mM non-essential amino acids (Gibco, Cat# 11140-035), 0.1 

mM 2-mercaptoethanol (Gibco, Cat# 31350-010), 0.1 mM L-glutamine (Gibco, 

Cat# 25030081), 0.1 mM Penicillin/Streptomycin (Gibco, Cat# 10378016), and 

0.1 mM sodium pyruvate (Gibco, Cat# 11360-070). The cells were passaged every 

2ï3 days using 0.25% Trypsin-EDTA (1X) (Gibco, Cat# 25200056) as the 

dissociation buffer. 

 

1.2 In vitro differentiation protocol 

E14-Tg2a mESCs were differentiated into the cardiopharyngeal mesoderm 

and endothelial lineage using a serum-free protocol (Kattman et al., (2006); Patsch 

et al., (2015)). mESCs were dissociated with Trypsin-EDTA and cultured at 

75,000 cells/ml in serum-free media: 75% Iscoveôs modified Dulbeccoôs media 

(Cellgro Cat# 15-016-CV) and 25% HAM F12 media (Cellgro #10-080-CV), 

supplemented with N2 (GIBCO #17502048) and B27 (GIBCO #12587010) 

supplements, penicillin/streptomycin (GIBCO #10378016), 0.05% BSA 

(Invitrogen Cat#. P2489), L-glutamine (GIBCO #25030081), 5 mg/ml ascorbic 

acid (Sigma A4544) and 4.5 × 10ï4 M monothioglycerol (Sigma M-6145). After 

48h in culture, the EBs were dissociated using the Embryoid Body dissociation kit 

(cod. 130-096-348 Miltenyi Biotec) according to the manufacturerôs protocol and 

reaggregated for 40h in serum-free differentiation media with the addition of 8 

ng/ml human Activin A (R&D Systems Cat#. 338-AC), 0.5 ng/ml human BMP4 

(R&D Systems Cat# 314-BP), and 5 ng/ml human VEGF (R&D Systems Cat#. 

293-VE). The 2-day-old EBs were dissociated and 6 × 10
4
 cells were seeded onto 

individual wells of a 24-well plate coated with 0.1% gelatin in EC Induction 

Medium consisting of StemPro-34 medium (Gibco #10639011), supplemented 

with SP34 supplement, L-glutamine, penicillin/streptomycin, 200 ng/ml human-

VEGF, and 2 ɛM forskolin (Abcam, ab120058). The Induction Medium was 
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renewed after one day. On day six of differentiation, the cells were dissociated and 

replated on gelatin 0.1% -coated dishes at a density of 25,000 cells/cm2 in EC 

Expansion Medium, consisting of StemPro-34 supplemented with 50 ng/ml 

human-VEGF. Stem cell derived endothelial cells were maintained until they 

reached confluency (about 2-3 days). EC Expansion Medium was replaced every 

other day. 

 

1.3 CRISPR-Cas9-Mediated Targeting of mESCs 

1.3.1 Tbx1 knockout mESC line by CRISPR-Cas9 technology  

Tbx1 knockout was induced in E14-Tg2a using Alt-RTM CRISPR-Cas9 

System (IDT) following the manufacturerôs specifications. This genome editing 

system is based on the use of a ribonucleoprotein (RNP) consisting of Alt-R S.p. 

Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA 

(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is 

specific for the target (Tbx1KO:/AltR1/rUrG rGrCrC rGrArG rUrArC rArCrU 

rArCrC rArCrC rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/) and contains 

a 16 nt sequence that is complementary to the tracrRNA. Alt-R CRISPR-Cas9 

tracrRNA-ATTO 550 (5 nmol catalog no. 1075927) is a conserved 67 nt RNA 

sequence that is required for complexing to the crRNA so as to form the guide 

RNA that is recognized by S.p. Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 ɛg 

catalog no. 1081058). The fluorescently labeled tracrRNA with ATTOTM 550 

fluorescent dye is used to FACS-purify transfected cells. The protocol involves 

three steps: (1) annealing of the crRNA and tracrRNA, (2) assembly of the Cas9 

protein with the annealed crRNA and tracrRNAs, and (3) delivery of the 

ribonucleoprotein (RNP) complex into mESC by reverse transfection. Briefly, we 

annealed equimolar amounts of resuspended crRNA and tracrRNA to a final 

concentration (duplex) of 1 ɛM by heating at 95ÁC for 5 min and then cooling to 

room temperature. The RNA duplexes were then complexed with Alt-R S.p. Cas9 

enzyme in OptiMEM media to form the RNP complex, which was then transfected 

into mESCs using the RNAiMAX transfection reagent (Invitrogen). After 48 h 

incubation, cells were trypsinized and ATTO 550 + (transfected) cells were 

purified by FACS. Fluorescent cells (approximately 65% of the total cell 

population) were plated at very low density to facilitate colony picking. We picked 

and screened by PCR 96 clones. Positive clones were confirmed by DNA 

sequencing. 

PCR primers are: 

Tbx1-KO FW: CTTCTGCCTTCTGCTCATGG 
Tbx1-KO RV: CAGAGAAGGGTCGCCTACAT 
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1.3.2 Pecam1 intron2-enhancer deletion by CRISPR-Cas9 technology  

Pecam1 intron2-enhancer deletion was induced in E14-Tg2a using Alt-RÊ 

CRISPR-Cas9 System (IDT) following the manufacturerôs specifications. This 

genome editing system is based on the use of a ribonucleoprotein (RNP) consisting 

of Alt-R S.p. Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA 

(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is 

specific for the target (crRNA1:/AltR1/rCrU rGrUrC rUrCrC rArGrG rUrGrU 

rUrGrC rCrArA rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/; crRNA2: 

/AltR1/rGrU rUrCrC rGrArA rUrCrA rGrCrU rCrUrC rGrArG rGrUrU rUrUrA 

rGrArG rCrUrA rUrGrC rU/AltR2/) and contains a 16 nt sequence that is 

complementary to the tracrRNA. Alt-R CRISPR-Cas9 tracrRNA-ATTO 550 (5 

nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for 

complexing to the crRNA so as to form the guide RNA that is recognized by S.p. 

Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 ɛg catalog no. 1081058). The 

fluorescently labeled tracrRNA with ATTOÊ 550 fluorescent dye is used to 

FACS-purify transfected cells. The protocol involves three steps: (1) annealing of 

the crRNA and tracrRNA, (2) assembly of the Cas9 protein with the annealed 

crRNA and tracrRNAs, and (3) delivery of the ribonucleoprotein (RNP) complex 

into mESC by reverse transfection. Briefly, we annealed equimolar amounts of 

resuspended crRNA and tracrRNA to a final concentration (duplex) of 1 ɛM by 

heating at 95°C for 5 min and then cooling to room temperature. The RNA 

duplexes were then complexed with Alt-R S.p. Cas9 enzyme in OptiMEM media 

to form the RNP complex, which was then transfected into mESCs using the 

RNAiMAX transfection reagent (Invitrogen). After 48 h incubation, cells were 

trypsinized and ATTO 550 + (transfected) cells were purified by FACS. 

Fluorescent cells (approximately 65% of the total cell population) were plated at 

very low density to facilitate colony picking. We picked and screened by PCR 96 

clones. Positive clones were confirmed by DNA sequencing. 

PCR primers are:  

Pecam1-ȹ enh.intr.2 (569 bp) FW: GGAGCGGAGGCCGTAGT  

Pecam1-ȹ enh.intr.2 (569 bp) RV: CCCTCTGTCCTAAGAGAGTAACA 

 

 

1.3.3 Notch1 intron15-enhancer deletion by CRISPR-Cas9 technology  

Notch1 intron15-enhancer deletion was induced in E14-Tg2a using Alt-RÊ 

CRISPR-Cas9 System (IDT) following the manufacturerôs specifications. This 

genome editing system is based on the use of a ribonucleoprotein (RNP) consisting 

of Alt-R S.p. Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA 

(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is 

specific for the target (crRNA1: /AltR1/rArG rArGrU rCrArC rCrUrG rGrGrU 
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rUrArC rUrCrG rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/; crRNA2: 

/AltR1/rUrC rCrArG rUrGrU rUrCrC rUrArU rGrArU rGrCrC rGrUrU rUrUrA 

rGrArG rCrUrA rUrGrC rU/AltR2/) and contains a 16 nt sequence that is 

complementary to the tracrRNA. Alt-R CRISPR-Cas9 tracrRNA-ATTO 550 (5 

nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for 

complexing to the crRNA so as to form the guide RNA that is recognized by S.p. 

Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 ɛg catalog no. 1081058). The 

fluorescently labeled tracrRNA with ATTOÊ 550 fluorescent dye is used to 

FACS-purify transfected cells. The protocol involves three steps: (1) annealing of 

the crRNA and tracrRNA, (2) assembly of the Cas9 protein with the annealed 

crRNA and tracrRNAs, and (3) delivery of the ribonucleoprotein (RNP) complex 

into mESC by reverse transfection. Briefly, we annealed equimolar amounts of 

resuspended crRNA and tracrRNA to a final concentration (duplex) of 1 ɛM by 

heating at 95°C for 5 min and then cooling to room temperature. The RNA 

duplexes were then complexed with Alt-R S.p. Cas9 enzyme in OptiMEM media 

to form the RNP complex, which was then transfected into mESCs using the 

RNAiMAX transfection reagent (Invitrogen). After 48 h incubation, cells were 

trypsinized and ATTO 550 + (transfected) cells were purified by FACS. 

Fluorescent cells (approximately 65% of the total cell population) were plated at 

very low density to facilitate colony picking. We picked and screened by PCR 96 

clones. Positive clones were confirmed by DNA sequencing. 

PCR primers are: 

Notch1- ȹ enh.intr.15 (664bp) FW: TGTGGCTACCCCAAGCATATC 

Notch1- ȹ enh.intr.15 (664bp) RV: AATGGCGAGAAATAGACCCCC 

 

 

1.3.4 Generation of dCas9-LSD1 expressing mESC line by 

electroporation  

20 µg of plasmid p-dCas9-LSD1-Hygro (kindly donated by Dr. Beck lab) 

was linearized with AhdI enzyme and electroporated in mESC (1 × ρπ cells/10cm 

plate). The electroporation parameters used were 0.24V and 500 ɛF. The cells 

were maintained in Hygro-selection (500µg/ml) for 10 days. Individual colonies 

were isolated, expanded and screened by PCR for inserted sequence for both DNA 

and RNA.  

PCR primers for DNA are:  

CMVprom-dCas9 FW:  GTAACAACTCCGCCCCATTG 

CMVprom-dCas9 RV: TCGGTTATGACAGCCCATCC 

LSD1-bGH polyA FW: CGTAACTACCCAGCCACAGT 

LSD1-bGH polyA RV: GAGGGGCAAACAACAGATGG 

HygrR FW: CCGTCAACCAAGCTCTGATAG 

HygrR RV: GGCTCCAACAATGTCCTGAC 
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PCR primers for RNA are:  

dCas9_start FW: GCAATGAGATGGCCAAAGTT 

dCas9_start RV: TCCGAGTTGTCCGGATTTAG  

dCas9_middle FW: AAGACCAACCGCAAAGTGAC 

dCas9_middle RV: ATAAGTTTCCGCGACAATCG 

dCas9_end FW: GCGAACAGGAGATAGGCAAG 

dCas9_end RV: GGCCCTTATCCCATACGATT 

dCas9_end-3XFLAG FW:  TACTCTTACCAACCTCGGCG 

dCas9_end-3XFLAG RV:   ACTGTGAACTCGGTGGACAA 

 

1.4 mESC reverse transfection protocol   

Cells were plated at 5-8 x ρπ per well in six-well plates and transfected 

with gRNA complex (crRNA:tracrRNA 10nM) in antibiotic-free medium using 

Lipofectamine RNA iMAX Reagent (Life Technology), according to the 

instructions. 24 hours after gRNA delivery, cells were harvested and processed.  

gRNA sequences are listed in Table 2.  

 

Target  crRNA sequence (5ô-3ô)  

Non targeting cccccgggggaaaaattttt 

Kdr_int10-crRNA1 ttcaagctcacttagttcaa 

Kdr_int10-crRNA2 acagaagatgatccgatgat 

Kdr_int10-crRNA3 ttctgaaggacatctagact 

VE-Cadh_int1-crRNA1 gataactgcccttctacact 

VE-Cadh_int1-crRNA2 agttcttccccgagcaaatc 

VE-Cadh_int1-crRNA3 tccttctaggacagacttgg 

Eng_int2-crRNA1 tggtggcagccaagaacccc 

Eng_int2-crRNA2 ccctcggcctgggcaaactc 

Eng_int2-crRNA3 gttcttctctacctgaagag 

Flt1_int10-crRNA1 accaaggctcaagccctagg 

Flt1_int10-crRNA2 ggcggaaggcgaacaacaag 

Flt1_int10-crRNA3 gttcttcttctgacacacag 

Notch1_int15-crRNA1 agagtcacctgggttactcg 

Notch1_int15-crRNA2 gtttccgacaattgtgcaaa 

Notch1_int15-crRNA3 tccagtgttcctatgatgcc   

Table 2 gRNA sequences. 
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1.5 Tube formation assay of mESC -ECs plated on Matrigel 

To test the functionality of mESC-ECs in vitro, four hundred microlitres of 

Matrigel (BD Matrigel Basement Membrane Matrix Growth Factor Reduced, 

Phenol Red Free) was aliquoted into each well of a 12-well plate and incubated for 

30ï60 min at 37 °C to allow the gel to solidify. About 80-100,000 ECs were then 

added to the Matrigel-coated well and cultured for 24 h at 37 °C. Formation of 

tubular structures on a two-dimensional Matrigel surface was observed after 16 to 

24h under an optical microscope.  

        

1.6 Fluorescence Activated Cell Sorting (FACS) 

1.6.1 Evaluation of endothelial cells (EC) from differentiated mESC 

For flow cytometric analysis, we dissociated the cells with Trypsin-EDTA or 

with the Embryoid Body dissociation kit (cod. 130-096-348 Miltenyi Biotec). 

Dissociated cells (1 × ρπ cells/100 ɛl) were incubated with primary antibodies 
(CD144-APC, mouse cod.130-102-738) directly conjugated (1:10) in PBS-BE 

solution (PBS, 0.5%BSA, 5 mM EDTA) for 20 min on ice. Subsequently, cells 

were washed twice with 2 ml of PBS-BE. Cells were analyzed using the BD FACS 

ARIAIIIÊ cell sorter. Negative controls were incubated with fluorochrome-

labeled irrelevant isotype control antibody (REA Control APC, mouse cod. 130-

113-446 Miltenyi Biotec). 

 

1.6.2 gRNA transfection efficiency  

To detect and visualize the fluorescently labeled gRNA complex 

(crRNA:tracrRNA-ATTOÊ550), we dissociated mESC with Trypsin-EDTA 24h 

after transfection and analyze the % of fluorescence using the BD FACS 

ARIAIIIÊ cell sorter. Cells containing the transfected gRNA complex were 

isolated and differentiated into ECs. 

 

 

2. Molecular biological methods 

2.1 Reverse transcription and PCR amplification (RT-PCR)  

Total RNA was isolated from mouse ESCs with QIAzol lysis reagent 

(Qiagen #79306), according to the manufacturerôs protocol. The isolated RNAs 

were quantified using a NanoDrop spectrophotometer 1000. Before reverse 

transcription, RNA samples were treated with DNAse I to eliminate any 

contamination with genomic DNA (located in the interphase during extraction). 



89 

 

cDNA was transcribed using 1 or 2 ɛg total RNA with the High-Capacity cDNA 

reverse transcription kit (Applied Biosystem catalog. n. 4368814).  

cDNAs were amplified using myTaqÊ DNA polymerase (Meridian Bioscience) 

and a standard 3-step cycling PCR profile: 10 min at 94°C, 30 amplification cycles 

(denaturation at 94°C for 30sec, annealing at 60°C for 30sec, and extension at 

72°C for 30sec), followed by a final extension at 72°C for 10 min. The amplified 

products were separated on agarose gels and visualized by ethidium bromide 

staining.  

 

2.2 Quantitative real-time PCR (qRT-PCR) 

Quantitative gene expression analyses (qRT-PCR) were performed using 

SYBR Green PCR master mix (Applied Biosystem). Relative gene expression was 

evaluated using the 2
-ȹCt 

method, and Gapdh expression as normalizer (Livak KJ. 

et al., (2001)) 

cDNA was amplified by qRT-PCr, using StepOnePlusÊ Real-Time PCR System. 

The run used was similar to PCR default condition, but the number of cycles is 

increases up to 40 cycles. The cycle threshold (Ct) was determined during 

geometric phase of the PCR amplification plots, as illustrated in the 

manufacturerôs protocol.  

Primers are listed in Table 3. Expression data are shown as the mean Ñ SD.  

 

2.3 Statistical Analysis  

Graph Pad Prism software v8.00 (GraphPad) was used to analysis of data. 

Relative mRNA levels were analyzed in triplicate and data were presented as 

means ± SD.  

Two-way repeated measures ANOVA test (ANOVA 2way-RM) was used to 

assess that there is a statistically significant interaction effect between the two 

specific factors, ñtimeò and ñgenotypeò on a gene expression variable. Other two 

statistical methods between groups of data were used: nonparametric and 

parametric test. The first was nonparametric Wilcoxon matched-pairs signed rank 

test; the second statistical analysis were performed using the parametric Studentôs 

paired t- test. Differences were considered significant at p-value < 0.05. Shapiro-

Wilk test was performed to determine the normality distribution of the dataset. 

 

2.4 ATAC-seq 

ATAC-seq assay on day2 and day4 mESCs was performed and sequencing 

library was prepared from the fragmented amplified tagmented DNA. Two 

biological replicates for each condition were sequenced using Illumina 
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NextSeq500 system to obtain paired-end (PE) reads of 60bp. The read quality was 

assessed using FastQC and multiQC before and after trimming for adaptors and 

low-quality reads with Cutadapt :-m 30, -q 30 (Martin M. et al., (2011)). The PE 

reads were aligned to mm10 mouse reference genome using Bowtie2 (-q -t --end-

to-end --very-sensitive -X 1000) (Langmead and Salzberg (2012)) and retain 

mapped reads with MAPQ< 20. PCR duplicates were marked (PICARD 

markDuplicates) and reads mapped to chrM were removed. BEDPE files were 

filtered using customized Rscript to remove mates mapping to different 

chromosomes or at distance > 2kb and discordant orientation of read-pairs.  The 

ATAC-seq peaks were called for each replicate of day2 and day4 vs input with 

MACS2 using parameters --nomodel --shift 100 --extsize 200 -q 0.001 (Feng J.et 

al., (2012)). The consensus peaks from replicates were identified and the 

blacklisted regions were removed. The Differential Accessible Regions (DARs) 

between day4 vs day2 were obtained using DEScan2 1.6.0 (Righelli D. et al., 

(2018)) and using DiffBind (Stark et al., (2012)) with FDR < 0.01. The DARs 

common to both analyses were retained. The consensus peaks and common DARs 

were annotated using ChIPseeker (annotatePeak) with parameter tssRegion: -

1000,1000 (Yu G. et al., (2015)). SE BED files from the BEDPE were used to 

generate BigWig and uploaded in Cyverse FTP and the coverage was visualized 

along with ATAC-seq peaks and DAR tracks in UCSC browser. 

 

2.5 RNA-seq 

The total RNA was isolated from day2 and day4 cells and sequenced using 

Illumina platform NextSeq 500 as PE reads of length 75bp. The read quality was 

assessed using multiQC prior and after quality and adaptor trimming (Cutadapt). 

The PE reads were aligned to mm10 genome using STAR aligner default 

parameters (Dobin A. et al., (2013)). The read counts were obtained using 

featureCounts function from Rsubread package (strandSpecific=2, 

CountMultiMappingReads=FALSE). The expressed genes and DE genes list from 

day4 vs day2 were obtained using DEseq2 with FDR < 0.01 (Love MI. et al., 

(2014)) and NOIseq applying posterior probability > 0.9 (Tarazona S. et al., 

(2015)). The commonly expressed and DE genes from both analyses were 

retained. 
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Gene Primer FW  Primer RV  

Pecam1 tggttgtcattggagtggtc ttctcgctgttggagttcag 

Kdr gtcgacatagcctccactgttt gtgatgtacacgatgccatgct 

Nos3 tctaccggcacgaggtactg aggtcttgcacctaggtcttg 

VE-Cadherin tcatcaaacccacgaagtcc ggtctgtggcctcaatgtaga 

Eng gtgttcctggtcctcgtttc tcttggctgtccttggaaga 

CD-34 ctgcctggaactaagtgaagc agcctcctccttttcacaca 

Notch1 ctccgttacatgcagcagtt ccaggatcagtggagttgtg 

Scl1 attgcacacacgggattctg gaattcagggtcttccttag 

Dusp5 gatcgaaggcgagagaagc ggaagggaaggatttcaacc 

Gata6 ggtctctacagcaagatgaatgg tggcacaggacagtccaag 

Flt1 acctccgtgcatgtgtatga catggacagccgataggac 

Mesp1 gcgacatgctggctcttcta tggtatcactgccgcctcttcc 

Gata4 ctgtcatctcactatgggca ccaagtccgagcaggaattt 

Brachyury gaacctcggattcacatcgt ttctttggcatcaaggaagg 

Isl1 gcctcagtcccagagtcatc agagcctggtcctccttctg 

Oct3/4 tcagcttgggctagagaagg tgacgggaacagagggaaag 

Tbx1 tttgtgcccgtagatgacaa aatcggggctgatatctgtg 

PdgfrŬ ctggtgcctgcctcctatgac cacgatcgtttctcctgccttat 

Nanog aagtacctcagcctccagca gtgctgagcccttctgaatc 

Gapdh tgcaccaccaactgcttagc tcttctgggtggcagtgatg 

Tbx1-KO  cttctgccttctgctcatgg cagagaagggtcgcctacat 

Notch1- ȹenh. intron15  tgtggctaccccaagcatatc aatggcgagaaatagaccccc 

Pecam1- ȹ enh. intron2  ggagcggaggccgtagt ccctctgtcctaagagagtaaca 

Tbx1-KO cttctgccttctgctcatgg cagagaagggtcgcctacat 

Table 3 Primer list used for RT-PCR and qRT-PCR. 

 

2.6 Integrated analysis 

The gene list from RNA-seq and DAR-annotated genes were visualized 

using Volcano plot. A subset of genes enriched in Angiogenesis and Endothelial 

differentiation- GO terms and genes expressed in cluster 7 of the single cell study 

on Tbx1 expressing E9.5 mouse embryos (Nomaru H. et al., (2021)) were selected 

for Transcription Factor motif enrichment analysis. ATAC-seq peaks/DARs and 

expressed/DE genes obtained from day4 vs day2 study was subsetted for the above 

gene list of interest and motif enrichment study (Hypergeometric Optimization of 

Motif EnRichment: HOMER) was performed to identify transcriptional and 

epigenetic markers distinguishing day4 and day2 of the directed EC 

differentiation.   



92 

 

RESULTS 

 

Chapter 1.  

Establishment of a model for differentiation of cardiopharyngeal mesoderm 

(CPM) into endothelial cells (ECs) starting from mouse embryonic stem cells 

(mESCs). 

For my experiments, I decided to use mouse embryonic stem cells 

(mESC). Due to their ability to differentiate in many cell types, mESCs are largely 

used in the research laboratories for in vitro studies and it is a very powerful tool 

for genetic disease and obviously are extremely used in development and stemness 

field. These undifferentiated cells can be induced to differentiate into cardiac 

mesodermal progenitors (Kattman et al., (2011)) and endothelial cells (Patsch 

(2015)).  

For this reason, I sought to develop and optimize an appropriate and well-defined 

mESC differentiation model, that allowed me to efficiently obtain cardiac 

mesoderm progenitors (CPM) and endothelial cells (EC) in the laboratory.  

Studies in literature indicated that is necessary to define and control the signaling 

pathways that regulate the specification of the cardiovascular lineages during 

embryonic development.  

Previous reports have shown that Activin/Nodal, BMP4 and VEGF signaling 

pathways have an essential role on the induction of cardiovascular mesoderm in 

mESC differentiation cultures (Laflamme et al., (2007); Yang et al., (2008)).  

Studies in the mouse embryo and the mouse embryonic stem cell differentiation 

model identified Mesp1-expressing cardiopharyngeal mesoderm (CPM) cells 

progenitors that were specified during gastrulation. Mesp1 is a mesoderm specific 

marker gene and Mesp1+ CPM differentiate into cardiomyocytes (CMs), 

endothelial cells (ECs) and branchiomeric muscle (Lescroart et al., (2018)).  

In this scenario, looking for the most suitable differentiation protocols in literature, 

I understood that when mESC were differentiated by supplying a cocktail of 

specific growth factors, like Activin A, bone morphogenetic protein 4 (BMP4), 

vascular endothelial growth factor (VEGF, also known as VEGF-A) in serum-free 

media, at the appropriate stage of development, these cells can form 

cardiomyocyte, endothelial cells and vascular smooth muscle cells in vitro.  

Based on this evidence, I have chosen two differentiation methods: the first, 

described in Kattman et al., 2011, which generates differentiated cell populations 

highly enriched for cardiomyocytes. Here, I indicated it as ñCardiac protocolò. The 

second, described in Patsch et al., 2015, allows a more specific endothelial cell 

di erentiation. It produces approximately 90% mature ECs, using a treatment with 

high concentration of VEGF-A.  
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I compared the two protocols and found that the early common step was the 

cardiopharyngeal mesoderm induction, using a combination of BMP-4, Activin-A 

and VEFG-A growth factors. So, I decided to combine the procedures and develop 

an ñhybridò differentiation model, named as ñEC protocolò. 

In detail, the protocol used during my doctoral work consists of three steps:  

Á First, mESCs were plated in suspension as single cells in media without 

any factors to induce embryoid bodies (EBs) aggregation (Figure 40); 

Á Second, BMP4 and Activin A were added to specify cardiac mesoderm 

lineage and VEGF-A to promote the formation of cardiovascular 

progenitors; 

Á Third, cells were plated in adhesion plates and differentiated into a 

homogeneous endothelial cell population using combined VEGF-A 

treatment (high concentration) with forskolin for two days. Forskolin is a 

cyclic-AMP signaling activator and data in literature demonstrated that 

cAMP enhance the vascular development (Yamamizu et al., (2009)) Then, 

the cells were maintained in media with VEGF-A alone for an additional 

two days (Figure 40.b).  

The Figure 41 illustrates the differentiation scheme. 

Examples of differentiating EBs and endothelial-like cells are showed in Figure 

40.a and Figure 40.b. 

 

 
Figure 40.a Representative pictures of differentiating EBs between d2 and d4;  

Figure 40.b Representative example of ECs-like in adhesion at day8 of differentiation. 
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Figure 41 Schematic illustration of both Cardiac (CM) / Endothelial (EC) differentiation strategies used for 

mESC. 

 

1.1 Characterization of mESC-derived differentiated cells 

After establishment of a defined differentiation method, to assess the 

efficient differentiation of mesodermal progenitors to endothelial cells, I 

performed gene expression profiling at different time points during the procedure, 

as well as flow cytometric analysis and functional tests. 

I harvested the cells during at days 0-2-4-6-8-10 of differentiation and extracted 

total RNA to analyze the expression of several endothelial as well as pluripotency 

and mesodermal marker genes involved in the vascular lineage commitment by 

RT-PCR (Figure 42). 
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Figure 42 Expression of pluripotency specific markers (Nanog, Oct3/4, Rex1), mesodermal (Mesp1, 

Brachyury, Gata4, PdgfrŬ) and endothelial genes (VE-Cadherin, Pecam1, Eng, Kdr, Nos3) during CPM/EC 

differentiation by RT- PCR. Gapdh is used as normalizer. Marker used 100bp. 

 

As Figure 42 shown, pluripotent cell marker genes such as Nanog, Oct3/4 and 

Rex1 were rapidly downregulated. Mesodermal genes, such as Mesp1, Brachyury, 

Gata4, PdgfrŬ, were activated between day2 and day4.  

The expression of endothelial genes like VE-Cadherin, Pecam1, Endoglin (Eng), 

Kdr (Vegfr2), Nos3, were mostly activated at day4 and increased progressively 

during differentiation, starting from day 4 (d4) up until day 8 (d8). In addition, EC 

related markers were expressed at high level when I used the ñEC protocolò than 

the ñcardiacò one, as expected.  
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To confirm endothelial marker expression seen at mRNA level, I also evaluated 

the expression of VE-Cadherin (CD144) protein at day4-6-8 by flow cytometric 

analysis in both protocols.  

I have observed that the percentage of VE-Cadherin+ cells increased progressively 

during differentiation, starting from day 4 (20%) up until day 8. More precisely, at 

d6 58.3% of total cell population in ñEC protocolò was CD144+ (VE-Cadherin), 

compared to 39% in ñCardiacò conditions. Similarly, EC protocol induced a higher 

% of VE-Cadherin+ cells (91.3%) than the other one (58.7%) at d8. Data shown in 

Figure 43). 

 

 
Figure 43 Representative plot of the gating strategy used for immunophenotyping of cells during mES 

differentiation. The VE-Cadherin+ (CD144+) subpopulation was identified at day 4-6-8 of differentiation by 

FACS using anti-CD144 antibody. Negative control is isotype control antibody-labeled differentiating cells. 
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1.2 mESC-derived endothelial cells form vascular network-like 

structures in vitro 

Functional endothelial cells are able to build capillary-like structures when 

plated on a basement membrane matrix in vitro (Arnaoutova and Kleinman et al., 

(2010)). To assess the ability of cells to form capillary-like structures, I performed 

a tube formation assay by plating mESC-derived ECs at d8 on Matrigel and 

observed the formation of vascular network-like structures after 16h to 24h. The 

results, showed in Figure 44, suggest that mESC-derived ECs can arrange in 

highly organized vessel-like structures and demonstrate that the cells have 

angiogenic potential in vitro. 

  

 
Figure 44 In vitro tube formation assay of mESC ECs plated on Matrigel for 24h. 

 

These data demonstrate that, starting from mESC, the experimental model and 

methods used for differentiation of CPM into ECs allow me to efficiently produce 

differentiated endothelial cells (ͯ91Ϸ VE-Cadherin+ cells), as assessed by marker 

gene expression and in vitro functional test.  

Moreover, because of the goal of my doctoral work is to investigate the early 

phases of multipotent cardiac progenitorsô differentiation into ECs, I decided to 

perform subsequent analyses between the critical time window day2-day4, based 

on the previous results described in Chapter 1.  
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Chapter 2.  

Transcriptomic and chromatin accessibility profile in early phases of 

multipotent cardiac progenitorsô differentiation into mature ECs. 

 

To investigate the transcriptional profile of the early stages of CPM-EC 

differentiation, I decided to perform RNA-seq analysis between d2-d4. We have 

also defined chromatin state accessibility at the same time points during 

differentiation, using ATAC-seq assay, to provide insights into the coordinated 

regulation of gene expression programs.   

 

2.1 Gene expression profile of multipotent cardiac progenitors at day2-

day4 (RNA-seq analysis)  

I have collected differentiating mESCs at d2 and d4 and processed them for 

RNAseq assay (two biological replicates for each condition). In collaboration with 

other colleagues in the laboratory, we carried out the bioinformatics analyses. 

The overall number of four paired-end reads from d2 and d4 differentiated mESC 

is illustrated in the Table 4. 

 

Sample pairs N° of raw reads 

d2_rep1 15,060,453 

d2_rep2 18,042,950 

d4_rep1 14,104,249 

d4_rep2 21,110,492 

Table 4 Total number of raw reads in d2-d4 differentiated mESCs. 

 

Next, we aligned RNA-seq paired-end reads to mouse genome (mm10 version), 

using STAR (Spliced Transcripts Alignment to a Reference) aligner tool, 

identifying both multi-mapped and unique mapped reads.  

The Table 5 shows the percentage of alignment and the total number of aligned 

reads. Moreover, the quality check of aligned BAM reads is illustrated in Figure 

45.    

 

Sample Input read 

pairs 

Alignment % Aligned 

reads Aligned Unique Multi  None 

d2_rep1 15,060,453 97.70% 87.42 10.28 2.31 14,714,063 

d2_rep2 18,042,950 97.41% 85.44 11.97 1.30 17,575,638 

d4_rep1 14,104,249 97.31% 88.60 8.71 3.65 13,724,846 

d4_rep2 21,110,492 97.44% 88.25 9.19 2.56 20,561,619 

Table 5 Number of aligned reads of 2 replicates d2 and 2 replicates d4. 
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Figure 45  Alignment scores by STAR tool. 

 

In Figure 46 is reported the MA plot, which shows the log average (A) in the x-

axis and the log ratio (M) on the y-axis. This type of plot is used to represent the 

dataset distribution between the two conditions d2 and d4. It shows that few genes 

were highly expressed in d4 compared to d2 and vice versa and they were those 

with log2FC close to 10. 

 
Figure 46  MA plot of all expressed genes dataset d2-d4. Log ratio (M) is log fold-change (y-axis); log 

average (A) is log mean of normalized counts (x-axis). 
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Auer PL. et al., (2010) clearly demonstrated that it is important to have 

replications in designing RNA-seq experiments and understand the level of 

variation in the data. In practice, many RNA-seq experiments are done without or 

with only a few replicates. In order to accommodate such situations, Zheng X. et 

al., (2013) showed that it is possible to obtain improved differential gene-calling 

results by combining the results obtained by two representative methods: one 

parametric, DESeq, and one nonparametric, NOISeq. They suggested strategies to 

use these two methods individually or combined according to the characteristics of 

the data. Both methods showed slightly but consistently higher sensitivities for the 

over-expressed genes than for the under-expressed genes. Over-expressed genes 

were slightly more likely to be called correctly as differentially expressed than 

under-expressed genes. Moreover, DESeq showed length-dependent results where 

longer transcripts were called more as differentially expressed, whereas NOISeq 

did not show this trend. It indicates that for longer genes, DESeq calls more genes 

as differentially expressed, but their results include more false positives. In 

contrast, NOISeq calls a smaller number of genes as positives, but with very high 

accuracy, regardless of the lengths. 

For this reason, since the number of biological replicates (n.=2) was too small, we 

have determined differentially expressed genes (DEGs) between d2 and d4, by 

combining two representative differential gene-calling methods: one parametric 

method, DESeq2 (applying a threshold of p-adjust < 0.05 and p-adjust < 0.01), and 

one nonparametric method, NOISeq (posterior probability threshold > 0.8 and > 

0.9). 

The total number of expressed genes analyzed in d2 and d4 datasets is 13,841.  

The Table 6 summarizes the results obtained using DEseq2 applying a threshold of 

p-adj < 0.05 and p-adj < 0.01; while the Table 7 shows DE analysis using NOIseq 

tool. 

 
Comparison 

(DEseq2) 

N° of DE genes 

(total) 

N° up regulated 

genes 

N° down regulated 

genes 

d4 vs d2 DE genes 

(padj <0.05) 
5024 2618 2406 

d4 vs d2 DE genes 

(padj <0.01) 
3790 2027 1763 

Table 6 d4 vs d2 DE analysis using DESeq2 applying a threshold of P-adjust < 0.05 and < 0.01. 

 
Comparison 

 (NOIseq)  

N° of DE genes N° up-DE genes N° down-DE genes 

d4 vs d2 DE genes 

(pp>0.8) 
2326 1139 1177 

d4 vs d2 DE genes 

(pp>0.9) 
970 512 458 

Table 7 d4 vs d2 DE analysis using NOISeq (Posterior probability threshold 0.8 and 0.9). 
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To perform a stringent DEG analysis, we considered the threshold combination 

DEseq2 padj < 0.01 and NOIseq pp > 0.8. 

By the intersection of DE genes in Deseq2 and NOIseq, we found that there were 

1735 DEGs between d2-d4. In particular, 1057 genes were upregulated at d4 

compared to d2, while 678 genes were downregulated, as illustrated in the Figure 

47. 

 

 
Figure 47 Intersection of DE genes at d4 vs d2 in Deseq2 and NOIseq methods.  

 

Then, to confirm what I have seen by RT-PCR in Figure 42 (Chap.1), I plotted a 

time course of gene expression for representative genes from pluripotent cells, 

cardiopharyngeal mesoderm and endothelial cell differentiation (Figure 48). 

As previously described, these analyses revealed that pluripotent cell markers such 

as Nanog, Utf1, Sox2, Rex1, Oct3/4 were rapidly down regulated during 

differentiation. Next, I observed a higher expression level of the mesoderm-

specific genes, like Brachyury (T), Eomes, Mixl1, Mef2c, PdgfrŬ and Gata4 at d4 

compared to d2. Similarly, several well-known endothelial marker genes were 

highly expressed at day 4 (e.g., Kdr, Pecam1, VE-Cadherin, Eng, Tal1, CD-34, 

Gata6, Gata1, Gata2, Flt1, Nos3, Ets1, Etv2, Vwf).  

These data support the idea that the endothelial lineage commitment is induced 

during the time window d2-d4. 

 

 

 
 
































































































































































































