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INTRODUCTION: ATF2 belongs to the AP1 transcription factor family that 

homodimerize or heterodimerize with other members of the bZIP family and 

regulates the transcriptional activation of target genes. Previous studies have 

shown that ATF2 mediates VEGF-induced angiogenic processes but the 

molecular mechanisms implicating ATF2 as a regulator of angiogenesis and its 

effect on other angiogenic related genes are largely unknown. 

METHODS: The sequences of the enhancers and the promoter of the DLL4, 

which is an angiogenic-related gene, were obtained from the ensembl website 

and using the ConTraV3 R software, the putative binding sites of ATF2 on the 

regulatory regions of DLL4 were identified. Among the four enhancers and the 

promoter regions identified, it was attempted to clone one enhancer sequence in 

a luciferase-based reporter plasmid. ATF2 functionality was suppressed by 

infecting HUVEC with an adenovirus expressing a phosphorylation-mutant, 

dominant-negative version of ATF2 (Ad-ATF2AA). HUVEC infection with an 

adenovirus encoding GFP (Ad-GFP) was used as a control. Alternatively, ATF2 

expression in HUVEC was suppressed by siRNA-mediated knockdown. qPCR 

was performed to determine the effect of ATF2 functional suppression on the 

expression of DLL4-target genes and other genes related to angiogenesis. A 

colony of ATF2flox/flox mice was established by crossing ATF2flox/flox breeders with 

the intention of a future development of an endothelial-specific ATF2 knockout 

mice for future in vivo studies. 

RESULTS: In silico analysis revealed that ATF2 has potential binding sites on 

the regulatory regions of the DLL4 locus suggesting its involvement in the 

regulation of DLL4. HUVEC deficient in ATF2, achieved by overexpression of a 

mutant protein or knockdown of ATF2, showed a significant increase in the 
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expression of the Notch ligand DLL4 in basal and VEGF-stimulated conditions. 

The gene expression of angiogenic related genes HEY1 and NRARP were also 

altered, suggesting ATF2 involvement in the regulation of these proteins. 

CONCLUSION: This study shows that activation of ATF2 is essential for the 

negative regulation of DLL4, HEY1 and NRARP. Interestingly, activation of these 

Notch-related genes has been reported to have an inhibitory effect on 

angiogenesis. These results indicate that the negative effect of ATF2 suppression 

observed in angiogenesis might implicate upregulation of DLL4, HEY1 and 

NRARP. 
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• 
• 

• 

• 

• 

• 

• 

VEGF 
MMPs 
HGF 
Nitric Oxide 
PECAM-1 
VE-Cadherin 
IGF1 

• FGF 
• Angiopoietins 
• PDGF 
• TNF 
• EGF 
• Integrins 

• 
• 

• 

• 

• 

• 

• 

Endostatin 
Angiostatin 
Canstatin 
Tumstatin 
Arresten 
Alphastatin 
Fibulin-5 

• Platelet Factor 4 
• Tetrahydrocortisol 
• PEDF 
• TIMP-2 

1.1 ANGIOGENESIS 
 

During the development of an embryo, angioblasts differentiate into endothelial 

cells resulting in the formation of a primary network of blood vessels. The 

formation of this primary vascular network is called vasculogenesis. Further, to 

fulfil the needs of the growing embryo, the vascular network forms new blood 

vessels to deliver oxygen and nutrients. Reorganisation of the vascular plexus is 

essential for embryo development. This process of development of new blood 

vessels from pre-existing vasculature is called angiogenesis. Angiogenesis 

occurs in various other processes like menstruation, wound healing or in 

pathological conditions like cancer (Potente M. et al., 2011). 

In physiological conditions, excessive or insufficient angiogenesis is prevented 

by maintaining an equilibrium in the expression of pro- and anti-angiogenic 

factors respectively (Figure 1.1). Angiogenesis is triggered in the presence of 

proangiogenic stimuli produced by conditions like a wound, inflammation, hypoxic 

or ischemic conditions. 

  
 
 

 
 
 
  
  
  
 
 
 

 
 
 
Figure 1.1: Different proangiogenic and antiangiogenic factors. Balance between pro- and 
anti- angiogenic factors is essential in maintaining proper angiogenesis. Here, the pro-angiogenic 
factors are highlighted in green and the anti-angiogenic factors are indicated in red. 
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Disruption in this equilibrium of angiogenic factors leads to the development of 

diseases. The table 1.1 shows a list of diseases associated with abnormal 

angiogenesis caused by an imbalance between pro- and anti-angiogenic factors. 

Table 1.1: List of diseases caused by abnormal angiogenesis adapted from 
Carmeliet (2003) and Carmeliet, P., & Jain, R. K. (2011) 

 

Diseases caused due to excessive 

angiogenesis 

Diseases caused due to insufficient 

angiogenesis 

• Vascular malformation 

• Pulmonary hypertension 

• Arthritis 

• Diabetic retinopathy 

• Obesity 

• Tumour growth, metastasis 

• Psoriasis 

• Ocular neovascularisation 

• Endometriosis 

• Alzheimer’s disease 

• Hypertension 

• Atherosclerosis 

• Stroke 

• Pulmonary fibrosis 

• Restenosis 

• Gastric ulcerations 

• Myocardial infraction 

• Peripheral ischemia 

 
 

During cancer progression, tumour cells proliferate at an unusual rate. These 

tumour cells acquire nutrients and oxygen from the adjoining blood vessels. The 

tumour core becomes hypoxic when the diameter of the tumour increases beyond 

2-3 mm. (Forster J.C. et al., 2017). Due to the lack of oxygen, the tumour cells 

would not survive. To overcome the hypoxic conditions, the cells at the core of 

the tumour release pro-angiogenic factors like VEGF, bFGF, HGF, etc. that 

induce endothelial cells to initiate angiogenesis and promote the formation of new 

blood vessels (Lugano R., 2020). These newly formed vasculature provides oxygen 

and nutrients to the cancer cells and hence the tumour continues to grow. 
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1.2 CELLULAR BIOLOGY OF ANGIOGENESIS 
 

Angiogenesis is initiated when there are pro-angiogenic factors in the 

microenvironment. The presence of these factors induces the endothelial cells to 

produce molecules that disintegrate the extracellular matrix. This allows the 

endothelial cells to migrate and proliferate. Two endothelial cells from either end 

undergo anastomosis to form a mature three-dimensional tube. This suggests 

that pro-angiogenic factors have a major contribution in the induction of 

angiogenesis (Jacobs J., 2007). The first step towards the formation of new blood 

vessels in the presence of pro-angiogenic factors is the initiation process. 

This process involves detachment of the pericytes and other mural cells (Figure 

1.2). This detachment is stimulated by angiopoietin-2 (ANG2) (Carmeliet, P., & 

Jain, R. K., (2011). Following the detachment of the pericytes, to facilitate the 

proliferation of endothelial cells, matrix metalloproteases (MMPs) such as MMP1 

are produced which degrade the extracellular matrix. (Huang H., 2010). 

Altogether, these processes destabilize the tube enabling the endothelial cells to 

migrate towards the pro-angiogenic factors. 
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Figure 1.2: Cellular biology of angiogenesis. When VEGF is produced in the 

microenvironment, the cells produce MMPs to digest the ECM and pave a way for the tip cell 

migration. The stalk cells proliferate and follow the lead of the tip cell. When the two tip cells fuse, 

they form a lumen. 

 

As a result of the process of initiation, one of the endothelial cells differentiate to 

form the tip cell while the other cells are called stalk cells. The tip cell selection 

occurs via the Notch signalling pathway and migrates towards the pro-angiogenic 

stimuli. The stalk cells proliferate and follow the lead of the tip cell, forming the 

lumen. When two tip cells come in contact, they undergo anastomosis forming a 

new vessel (Potente M. et al., 2011). This tube formation is followed by the 

reattachment of the pericytes to the endothelial cells and the re-establishment of 

the extracellular matrix around the vessel endothelium (Figure 1.2). 
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1.3 MOLECULAR BIOLOGY OF ANGIOGENESIS 
 

Development of blood vessels through angiogenesis is essential for biological 

processes like wound healing, embryonic development etc. There are various 

positive regulators of angiogenesis such as VEGF, bFGF, TGFα, TNFα, HGF etc 

(Xu L., 2012). Among these, the pro-angiogenic stimulus that play a prominent 

role in both physiological conditions and in tumour angiogenesis, and that has 

been intensively studied in the last two decades is VEGF. Previously published 

data have shown that deletion of a single allele of Vegf leads to embryonic death 

during mice development (Ferrara N. et al., 1996). Similarly, previously published 

results prove that when VEGF binds to soluble Flt receptors in oxygen induced 

retinopathic mice models, it results in significantly reduced vascularization (Liu 

C.H. et al., 2017). This is due to the fact that when VEGF ligand binds to soluble 

Flt receptors, there is a reduced number of ligands available to bind to the cell 

surface receptors. This suggests a prominent role for VEGF in the onset and 

progression of angiogenesis. Hence it is essential to understand in detail the 

molecular regulation of this molecule (Ferrara N. et al., 2003). 

VEGF belongs to the PDGF supergene family which contains seven proteins 

namely VEGF-A, VEGF-B, VEGF-C, VEGF-D, PIGF, VEGF-E and VEGF-F 

(Shibuya M., 2011), of which VEGF-A plays a major role in angiogenesis. VEGF- 

A contains 8 exons separated by 7 introns. Splicing of the VEGF-A gene results 

in the formation of various isoforms of the ligands such as VEGF-A206, VEGF- 

A189, VEGF-A183, VEGF-A165, VEGF-A148, VEGF-A145 and VEGF-A121 are 

generated (Figure 1.3) (Harper S. J., & Bates D. O., 2008). All the above isoforms 

contain the same region encoded by exon 1-5 and exon 8 contains the region 

responsible to promote endothelial cell proliferation. The difference in these 

isoforms is mainly present in exon 6 and 7 which determines their ability to bind 
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to heparan or heparan sulphate proteoglycans present in the extracellular matrix 

(Melincovici C.S. et al., 2018). VEGF-A165 is only partially bound to the ECM as it 

does not contain exon 6 whereas VEGF-A121 is acidic and is freely diffusible in 

the bloodstream. The isoforms VEGF-A189 and VEGF-A206 bind to the ECM with 

higher affinity and hence are less common (Takahashi H., & Shibuya M; 2005). 

Among the isoforms, VEGF-A165 is proved to initiate pro-angiogenic pathways 

resulting in the induction of high levels of angiogenic related genes (Herbert S.P., 

& Stainier D.Y.; 2011). 

 

 

 

Figure 1.3: Detailed description of the VEGF ligand and its receptors. A) Summary of all the 

VEGF ligands indicating binding to all the possible receptors. The heavy black arrow indicates 

the highly expressed VEGF ligand in pathological conditions binding to a VEGFR2 that influences 

angiogenesis.  B) The splice variants of VEGF-A ligand as it plays a major role in angiogenesis. 

C) VEGF -Receptor2 protein indicating the major phosphorylation sites that is essential for 

process related to angiogenesis. 
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The VEGF-A ligand and its isoforms shown in Figure 1.3-B bind to one of the type 

III receptor tyrosine kinases (RTKs) VEGFR-1, VEGFR-2 and VEGFR-3 (Cébe- 

Suarez et al., 2006). VEGFR1 is considered to be a decoy receptor. The main 

function of VEGFR1 is to modulate the activation of VEGFR2 by acting as a decoy 

receptor. VEGFR2 activation is achieved by binding of various VEGF ligands. 

VEGFR3 activation is achieved by binding VEGF-C and this pathway is important 

for maintaining the lymph system. Among all the above interactions, binding of 

VEGF-A165 to VEGFR2 has been shown to be the main mediator of angiogenesis 

through activation of downstream signalling cascades such as MAP kinases or 

the calcineurin/NFAT pathway, among others (Figure 1.4) (Claesson-Welsh L., 

2013; Armesilla A.L. et al, 1999). 
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1.4 ANTI-ANGIOGENIC THERAPY 

Previously published data show that angiogenesis is essential for tumour growth 

and metastasis. Hence anti-angiogenic therapy was developed to reduce tumour 

growth in pathological conditions. Since the most extensively studied pro- 

angiogenic factor is VEGF, anti-angiogenic drugs namely, sorafenib, sunitinib, 

pazopanib, axitinib, bevacizumab, etc. were developed. Majority of these drugs 

target either VEGF ligands or receptors. A humanized monoclonal antibody was 

developed against VEGF-A ligand which was shown to be efficient when 

administered with chemotherapy. This drug was named bevacizumab. (Botrel T. 

et al., 2016). For better efficiency, later bevacizumab was altered which led to the 

development of ranibizumab, a smaller version of the monoclonal antibody with 

improved penetration in the tissue. Sorafinib is a multi-kinase inhibitor that either 

acts on the VEGF or PDGF receptor’s phosphorylation or interferes with the 

activation of MAPKs in the Raf/MEK/ERK pathway. Sunitinib is a small, 

multitargeted RTK inhibitor that blocks the activation of the receptors of VEGF 

and PDGF ligands (Gridelli C. et al.,2007). When anti-VEGF drugs like 

bevacizumab and ranibizumab were administered to patients, the tumours 

produced other pro-angiogenic factors resulting in the recurrence of tumours. 

Hence developing and administering drugs targeting individual pro-angiogenic 

factors is necessary, (Rajabi M., & Mousa S. A.; 2017) but would be a tedious 

process. In this sense, the identification of an intracellular effector common to 

signalling pathways activated by several pro-angiogenic factors would constitute 

an excellent molecular target to design more efficient drugs. Thus, a full 

characterization of the molecular pathways activated by pro-angiogenic signalling 

in endothelial cells is an essential pre-requisite to improve anti-angiogenic 

therapies. 
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1.5 ENDOTHELIAL SIGNAL TRANSDUCTION PATHWAYS ACTIVATED BY 

VEGF-A 
 
 
 

 

 

Figure 1.4: Calcineurin-NFAT pathway, ERK pathway and MAPK pathway. Activation of 

various genes related to angiogenesis by the formation of a transcription factor complex. This 

requires the activation of NFAT pathway, Raf/MEK/ERK pathway and the MAPK pathway to 

activate NFAT, ATF2 and c-Jun. 

Angiogenic signalling involves activation of several effector molecules such as 

the Activating Transcription Factor 2 (ATF2) and NFAT (Figure 1.4). These 

molecules are activated when VEGFA binds to VEGFR2. The intracellular domain 

of the VEGFR2 is phosphorylated at Y1175 which activates Phospholipase Cγ 

(PLCγ). This kinase phosphorylates Phosphatidylinositol 4,5- bisphosphate 

(PIP2) to Inositol 1,4,5-triphosphate (IP3). Continuing the signalling cascade, IP3 

induces calcium (Ca2+) to be released from the endoplasmic reticulum. Then, the 

signalling phosphatase calcineurin is activated by increase 
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in the amount of calcium in the cytoplasm. Activated calcineurin 

dephosphorylates the Nuclear Factor of Activated T-cells (NFAT). NFAT 

dephosphorylation promotes translocation to the nucleus and binding to NFAT- 

binding sites, independently or together with the AP-1 transcription factor 

complex and regulate NFAT-target genes (Armesilla et al, 1999). Another major 

pathway activated by the VEGFA/VEGFR2 is the Mitogen Activated Protein 

Kinase (MAPK) pathway. The MAP3K activates MAPKK, which in turn activates 

MAPK. The downstream target of this molecule is the p38 and c-JUN N-terminal 

Kinase (JNK) (Ferrara N et al., 2003). These molecules subsequently activate 

ATF2 or c-JUN respectively which is phosphorylated and translocated to the 

nucleus followed by heterodimerization to form the AP-1 transcription factor (TF) 

complex. Simultaneously, the ATF2 molecule can also be activated by the 

Raf/MEK/ERK (Rapidly Accelerated Fibrosarcoma/ Mitogen activated protein 

kinase kinase/ Extracellular signal related kinase) pathway where the Raf is the 

MAP3K, MEK is the MAPKK and ERK is the MAPK (Ouwens D.M., 2002). This 

AP-1 transcription factor complex binds to the NFAT molecule and activate 

various genes (RCAN1.4, COX-2) (Baggott RR,2014) that regulate angiogenesis. 

 
 

1.6 ROLE OF ATF2 IN ANGIOGENESIS 
 

The ATF2 is a member of the AP-1 transcription factor superfamily. The gene 

encoding for this protein is located on human chromosome 2 (2q32) 

(http://www.ncbi.nlm.nih.gov/gene/1386).   ATF2   plays   a   major   role   as   a 

transcription factor. It is ubiquitously present and contributes to DNA damage 

repair (Lau E. et al., 2012). The homodimerization or heterodimerization of ATF2 

with other transcription factors like Jun, Fos or Maf activates a transcription factor 

http://www.ncbi.nlm.nih.gov/gene/1386
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complex (van Dam H., 2001; Papavassiliou et al., 1995). The 

heterodimerizationof ATF2 with other transcription factors occurs as a result of 

phosphorylation of ATF2 at the Ser121 residue by the protein kinase C (PKC) 

(Yamasaki T. et al., 2009). ATF2 has a nuclear export sequence (NES) and a 

bipartite nuclear localization signal (NLS) that facilitate the translocation of ATF2 

between the cytoplasm and the nucleus (Figure 1.5). Nuclear export is mainly 

aided by leucine zipper-NES and a small region at the N-terminus which also 

contributes to nuclear export (N-NES), although the precise mechanism is 

unclear (Hsu C. C, 2012). ATF2 molecule is translocated from the nucleus to the 

cytoplasm and vice versa at a regular basis. Cytoplasmic retention of the ATF2 

occurs in disease conditions (Hsu C. C, 2012). Phosphorylation at the Thr52 

amino acid by the PKCε promotes nuclear localization of ATF2 molecule (Watson 

G. et al, 2017). This promotes dimerization with cofactors resulting in the 

transcriptional activity of its targets (Lau E., 2012). An auto inhibitory interaction 

between the zinc finger domain (ZnF) and the leucine zip region (bZip) is generally 

present in the inactive state of ATF2. Phosphorylation of two threonine residues 

at the trans-activating domain, Thr 69 by the Ral–RalGDS–Src–p38 pathway and 

Thr 71 by the Raf- MEK-ERK pathway (Ouwens D.M., 2002) near the N terminal 

(Figure 1.5) disrupts the auto inhibitory interaction, activating the protein (Watson 

G. et al, 2017). 

 
 

Figure 1.5: ATF2 protein structure indicating its phosphorylation sites. (Watson G et al., 
2017). The zinc finger domain (indicated in green) is present near the N-terminal and the bZIP 
domain (indicated in blue) close to the C-terminal. The activation sites Thr69 and Thr71 are 
present near the ZnF domain. 

https://pubmed.ncbi.nlm.nih.gov/?term=van%2BDam%2BH&cauthor_id=11402340
http://jcs.biologists.org/content/125/12/2815#ref-124
http://jcs.biologists.org/content/125/12/2815#ref-124
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ATF2 is known to act as a transcription factor that regulates the expression of 

matrix metalloprotease (MMP-2) (Song H. et al, 2006). Work by Quintero-Fabián 

S et al, 2019 shows that MMPs are essential in the process of initiation in 

angiogenesis as they degrade the extracellular matrix, paving the way for 

migration of the endothelial cells. This suggests that ATF2 might play an 

important role in regulating the expression of genes related to angiogenesis. In 

fact, Fearnley G.W. et al (2014) have recently demonstrated that ATF-2 silencing 

in endothelial cells leads to a significant decrease in VEGF-induced tubular 

morphogenesis (Fearnley G.W. et al., 2014). Hence, targeting the transcription 

factor ATF2 could be used therapeutically to decrease VEGF-mediated 

angiogenesis progression. 

https://pubmed.ncbi.nlm.nih.gov/?term=Song%2BH&cauthor_id=17079470
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2. HYPOTHESIS AND AIMS 
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Interestingly, preliminary results obtained in Prof Armesilla’s laboratory indicate 

that endothelial ATF2 is activated not only by VEGF but also by other pro- 

angiogenic factors such as basic Fibroblast Growth Factor (bGFG), Epidermal 

Growth Factor (EGF) and Hepatocyte Growth Factor (HGF) (Figure 2.1, 

unpublished results). 

 

Figure 2.1: Western blot for ATF2 protein with cells stimulated with pro-angiogenic factors. 

HUVEC cells were stimulated with pro-angiogenic factors for various time intervals. Western blot 

analysis was performed with three different antibodies. Western blot with tubulin antibody was 

used as the loading control. The total ATF2 antibody and the ATF2-p71 antibody was used to 

investigate if pro-angiogenic factors influence the activation of ATF2 protein. **- p<0.01, ***- 

p<0.001 and ****- p<0.0001 indicates statistical significance when comparing cells stimulated with 

pro-angiogenic factors for up to 3 hours. 

 

This finding suggests that ATF2 might act as a common effector shared by 

several intracellular signalling pathways activated by a variety of pro-angiogenic 

factors. It was hypothesized that ATF2 might represent an ideal molecular target 
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to block intracellular signalling activated by several pro-angiogenic factors and to 

avoid the evasion problems currently observed when treating cancer patients with 

bevacizumab and other anti-VEGF drugs (Figure 2.2). 
 
 

 
 
 
 

Figure 2.2: Hypothesis that various pro-angiogenic factors induces the phosphorylation of 

the ATF2 protein and other co activators which further influence angiogenic related genes. 

 

 

In this sense, one of the lines of research currently carried out in Professor 

Armesilla’s laboratory at the University of Wolverhampton is focused on the 

characterisation of the ATF2-target genes upregulated by pro-angiogenic stimuli 

in endothelial cells. Previous unpublished results in Armesilla’s laboratory have 

shown that overexpression of an activation-deficient mutant of ATF2 in 

endothelial cells results in a significant enhancement of the VEGF-induced 

expression of DLL4 (Figure 2.3, Suhail Ahmed and Prof. Angel Armesilla, 

unpublished observations). 
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Figure 2.3: DLL4 gene expression with overexpression of mutant ATF2 protein. HUVEC 

cells were infected with Ad-ATF2AA, a dominant negative mutant of ATF2 where Ad-GFP infected 

cells were maintained as control. These cells were stimulated with VEGF (25 ng/mL) for up to 3 

hours. The statistical method used to determine the significance is the Tukey test. ** - p<0.01 and 

#### - p<0.0001 indicates statistical significance when comparing cells transfected with Ad-GFP 

or Ad-ATF2AA and stimulated with VEGF of up to 3 hours. 

 
 

DLL4 is a key member of the Notch signalling pathway. This pathway plays a 

major role during the differentiation of endothelial tip cells from stalk cells. The 

Notch signalling family is formed by five DSL ligands (DLL1, 3, 4, Jagged 1, 2) 

which bind to four Notch receptors (Notch1, 2, 3 and 4). DLL4 is one of the notch 

ligands expressed in the endothelial cells of vertebrates (Kuhnert F., 2011). 

Knockout of DLL4 in mice results in embryonic lethality or severe vascular defects 

in a small percentage of mice that are born (Krebs, L. T., 2004). The vascular 

defect in these mice is characterised by excessive angiogenesis. This, and other 

studies, have identified DLL4 as an inhibitor of angiogenesis (Ridgway J et al., 

2006). 

Given the prominent role of DLL4 in the regulation of angiogenesis, in this project, 
 

the overall aim was to further investigate the role of ATF2 in the expression of  
 

DLL4 and DLL4-target genes during the angiogenic process. For this purpose,  
 

the following objectives have been established for this study: 
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• To express a phosphorylation mutant, inactive version of ATF2 in primary 

human umbilical vein endothelial cells (HUVEC) using replication- 

incompetent adenoviral vectors. 

• To knockdown the expression of ATF2 in primary HUVEC by siRNA- 

mediated silencing. 

• To investigate the functional consequences of blocking ATF2 function in 

the expression of DLL4-target genes in HUVEC stimulated with VEGF. 

• To identify putative ATF2-binding sites in the regulatory regions of DLL4 
 

gene by bioinformatic analysis of the promoter and enhancer sequences. 
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3. MATERIALS AND METHODS 
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3.1 CELL CULTURE 
 

3.1.1 Tissue culture of HUVEC 
 

Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from 

Cellworks Ltd. and grown in Endothelial Cell Growth Medium (ECGM) 

(PromoCell, Heidelberg, Germany) supplemented with 2% FBS, 0.4% endothelial 

cell growth supplement, 0.1 ng/ml epidermal growth factor (recombinant human), 

1 ng/ml basic fibroblast growth factor (recombinant human), 90 µg/ml heparin, 1 

µg/ml hydrocortisone, and 1% penicillin/streptomycin/amphotericin B (Sigma-

Aldrich, UK). ECGM medium supplemented as described will be hereafter called 

ECGM complete. 

3.1.2 Subculture of adherent cells 
 

Cells were generally cultured in T175 tissue culture flasks. When cells reached 

confluency, they were detached from the flask and split equally into two different 

flasks. For this procedure, two T175 flasks were coated with 10 ml of 0.1% gelatin 

which would act as a replacement for extracellular matrix for the cells to adhere 

in in-vitro conditions. The media from the confluent culture was aspirated and the 

cells were washed with 1X PBS to remove the excess media between the cells. 

3 ml of a 0.25% trypsin-EDTA solution (Sigma-Aldrich) was added to the cells 

and the flask was tapped gently to aid the cells to detach. Attached endothelial 

cells show a cobblestone-like morphology (Figure 3.1, left panel) whereas 

detached cells become round (Figure 3.1, right panel). To nullify the effect of 

trypsin after the cells have detached, 7 ml of ECGM complete was added to the 

cell solution so that the serum inactivates the trypsin. The cells were transferred 

to a falcon tube and centrifuged at 1310 g for 5 mins. The supernatant was 

discarded and the pellet was resuspended in fresh ECGM complete media that 

was split between two flasks pre-coated with 0.1% gelatin in a final volume of 30 
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ml of ECGM complete. Cells were incubated at 37°C, 5% CO2 in a humidified 

incubator until reaching confluency. 

 

 
Figure 3.1: Changes in HUVEC morphology induced by detachment from the tissue culture 

flask. Microscopy images of HUVEC before (left panel) and after detachment (right panel) from 

the flask by incubation in a 0.25% Trypsin-EDTA solution. Images were recorded using a Nikon 

DSFi1 digital camera coupled to a Nikon ECLIPSE TS100 microscope at 10x magnification. 

 
 

 

3.1.3 Tissue culture of Human Embryonic Kidney 293A Cells (HEK293A) 

 
Human Embryonic Kidney 293A cells were purchased from Cellworks and 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) which is supplemented 

with 10% FBS and 1% penicillin/streptomycin/amphotericin B (Sigma-Aldrich). 

The media is referred to as DMEM complete. This cell line has a stably integrated 

copy of the E1 proteins which is required to amplify deactivated adenoviral 

vectors. 

3.1.4 Freezing cells 

 
Cells can be frozen for later use with the help of freezing solution. This solution 

is prepared by adding 10% DMSO in FBS. After the cells are trypsinised from the 

flask, the cell suspension is centrifuged. 1ml of the freezing solution is added to 

the cell pellet. The Eppendorf is carefully wrapped in tissue and stored in -80°C. 

For long term storage, the Eppendorf tube is transferred and stored in liquid 

nitrogen. 
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3.1.5 Recovering cells from liquid nitrogen 

 
When cells are recovered from the liquid nitrogen, only 40% of the cells will be 

viable. The solution is thawed and then transferred to 10 ml of media. This media 

is then transferred to the respective flask, dropwise. The flask is incubated at 

37°C overnight. The media is replaced the following day to remove the damaging 

effects of DMSO. 

 

 
3.1.6 Counting cells 

 

To conduct experiments, a specified number of cells are required according to 

the size of the plate. To plate a required number of cells, a haemocytometer was 

used to count the number of cells in a given volume of tissue culture media. After 

the cells were detached using trypsin, as described above, the cell pellet was 

resuspended in 10 ml of fresh tissue culture media and a small aliquot is taken in 

an Eppendorf tube. The cell solution was placed in the chamber formed by the 

coverslip and the haemocytometer slide, and the number of cells in one of the 

grids formed by 16 squares (Figure 3.2) was counted. To increase accuracy, 

counting was repeated in another 16-square grid and the average calculated. The 

number of cells in the cell suspension was determined as following: 

Number of cells in a 16-square grid x 104 = Number of cells/ml of cell 

suspension 
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Figure 3.2: Cell counting using a haemocytometer. The red outlined square indicates the 16- 

square grid area where number of cells were counted. Image was recorded using a Nikon DSFi1 

digital camera coupled to a Nikon ECLIPSE TS100 microscope at 10x magnification. 

 
 

 

3.2 TRANSFECTION OF HUVEC USING REPLICATION- 

DEFICIENT ADENOVIRAL VECTORS 

3.2.1 Adenovirus used in this study 
 

Recombinant-deficient adenoviruses used in this study (Figure 3.3); Ad-GFP 

(encoding the Green Fluoresce Protein) and Ad-ATF2AA (encoding a mutant 

version of ATF2 where amino acids threonine 69 and threonine 71 have been 

mutated to alanine) have been previously described (Gozdecka M et al, 2014) 

and were a generous gift by Dr Wolfgang Breitwieser (CRUK-Manchester 

Institute). 
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Figure 3.3: Vectors containing control Ad-GFP and mutant Ad-ATF2AA. A) Recombinant 

adenovirus such as Ad-GFP and Ad-ATF2AA. B) The mutant version of ATF2 present in the Ad- 

ATF2AA where the 69 and the 71 base pairs containing threonine are replaced with alanine. C) 

Phosphorylation of the threonine occurs at the hydroxyl group at 69 and 71 position in the wild 

type ATF2 protein. D) Alanine contains no hydroxyl group and hence cannot be phosphorylated 

in the mutant form of the ATF2 protein (ATF2AA) 

 

 
3.2.2 Amplification and purification of adenovirus by infection of HEK293A 

cells 

Adenoviral amplification was carried out by infecting HEK293A cells with 

secondary adenoviral stock. Usually, for large scale amplification, 12 tissue 

culture T175 flasks of HEK293A cells at 80-90% confluency were infected with 50 

µl/flask of secondary stock. Secondary stock was originally prepared by Dr 

Breitwieser following the instructions of the Dual Adenovirus Expression System 

(Takara). One additional T175 flask of HEK293A was left uninfected as negative 

control. 
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The flasks were checked regularly to see if HEK293 cells showed cytotoxic signs 

of viral infection. Detachment of cells is an indication that the cells are infected 

with virus. The infected cells also differ in morphology from the triangular-shape 

attached cells as they appeared under the microscope as refringent, round-shape 

cells. Flaks were maintained in incubation without changing the medium until 80% 

of the cells were floating (indication that most of the cells were infected). The 

culture medium was then transferred to a 50 ml tube and centrifuged at 1638 g for 

5 minutes at room temperature to collect the cells harbouring multiple copies of 

viral particles inside. The supernatant was discarded and 5 ml of 1X PBS was 

added without resuspended the pellet to avoid damaging the cells and loosing 

viral particles. The cell pellet was washed in 1X PBS by gently tapping the bottom 

of the tube to float the pellet. The solution was centrifuged at 1638 g for 5 minutes, 

and the PBS discarded. The pellet was resuspended with 0.5 ml 1X PBS per 

flask. The cell suspension was then transferred to a Falcon tube and an equal 

volume of chloroform is added. The solutions were gently mixed by tube inversion 

for 5 minutes and then centrifuged at 3276 g for 15 minutes. After centrifugation, 

three layers can be seen in the falcon tube; the bottom layer contains the 

chloroform, the middle layer contains cell debris, and the top layer is the aqueous 

phase containing the viral particles. The top aqueous phase with the virus was 

gently collected, aliquoted in cryogenic vials, and stored in -80°C until further use. 

Titration to calculate the number of infectious particles was determined using the 

“Tissue culture infection method” as described by Pickard, A (Pickard 2007). In 

brief, HEK293-A cells were infected with serial dilutions of the viral solution and 

titre calculated by identifying the end point viral dilution inducing cytotoxic effect 

in at least 50% of the cells. 
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3.2.3 HUVEC infection with adenoviral vectors 
 

Low passage HUVEC were plated on a 6-well tissue culture plate at a density of 

3 x 105 cells/well and cultured overnight. The following day, cells were infected 

with adenoviral vectors at a multiplicity of infection (MOI) of 200 by incubation in 

the presence of adenoviral particles for 72 hours at 37°C, 5% CO2 in a humidified 

incubator. 

 

 
3.3 QUANTIFICATION OF GENE EXPRESSION AT RNA LEVEL 

 
3.3.1 Total RNA isolation 

 
Media was removed from the HUVEC cells cultured on a 6-well plate, and cells 

were washed with 1X PBS. The plate was tilted a few times and the PBS removed 

completely. Total RNA was isolated using a “Total RNA Purification Plus Kit” 

(Norgene) according to the manufacturer’s recommendations. In brief, cells were 

lysed in 300 µl of “RL Buffer”. The lysis solution was added to release the contents 

of the cell including RNA, DNA, proteins etc. The plates were tilted from side to 

side to cover the entire well and the lysate containing the components of the cell 

along with the cell debris was completely transferred to an Eppendorf tube. These 

samples can be stored at -80°C for RNA isolation. 

To eliminate genomic DNA, the lysate was added into gDNA Columns provided 

in the kit and passed throughout the columns by centrifugation for 1 minute at 

14197 g. Once the DNA was eliminated, the solution was treated with 200 µl of 

100% ethanol and vortexed briefly for approximately 10 seconds. Once vortexed, 

the solution was transferred to a “RNA purification column” placed inside 2 ml 

collection tubes and passed throughout the column by centrifugation for 1 minute 

at 14197 g, at room temperature. After centrifugation, the waste was discarded 

from the collection tubes and the column washed with 400 µl of “PE Wash Buffer” 
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by centrifugation at 14197 g for 1 minute at room temperature. The waste from 

the collection tube was discarded. Washing was repeated twice more. Finally, the 

columns were centrifuged another time to remove the washing buffer completely 

from the column. 

The column was transferred to a new, nuclease-free Eppendorf tube and 40 µl of 

RNA elution buffer was added on top of the resin. After incubation for 1 minute at 

room temperature, the columns were centrifuged at 2184 g for 2 minutes, and 

again at 14197 g for 1 minute. The extracted RNA was transferred to a fresh 

nuclease-free Eppendorf tube and stored at -80°C until further use. 

 
 

2.3.2 RNA quantification 
 

The purified RNA was quantified using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, UK). The elution buffer from the RNA isolation kit (see above) 

was used as blank. RNA concentration was calculated considering that 1 optical 

density unit of absorbance corresponds to 40 µg/µl of RNA. RNA purity was 

determined by calculating the ratio of absorbance at 260nm and 280nm. 

 
 

2.3.3 Reverse transcription 
 

Reverse transcription is a process to convert the isolated RNA to cDNA. For retro- 

transcription, 500 ng of RNA were diluted in nuclease-free water to final volume 

of 10 µl. 

Reverse transcription was performed using a “High-capacity cDNA reverse 

transcription kit” (Applied Biosystems, UK). Briefly, a master mix was prepared 

using the following reagents provided in the kit; retro-transcription RT buffer which 

maintains the pH, 25x dNTP mix which contains dATP, dTTP, dCTP and dGTP, 
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Random primers, RNase inhibitor, and Multiscribe Reverse Transcriptase 

according to the conditions shown in Table 3.1 

 
 

Table 3.1. Reagents required for the preparation of retro transcription master 

mix 

Solutions in the Master mix Volume for one sample 

10x RT buffer 2µl 

25x dNTP mix (100mM) 0.8µl 

10x RT Random primer 2µl 

Multiscribe Reverse Transcriptase 1µl 

RNase Inhibitor 1µl 

Nuclease free water 3.2µl 

Total Volume 10µl 

 
 

After preparing the master mix, it was placed on ice and mixed gently. 10 µl of 

the master mix was added to 10 µl of the RNA sample in a fresh Eppendorf tube. 

The Eppendorf tube was briefly centrifuged to bring down the contents and to 

eliminate the air bubbles. 

The samples were then loaded on a thermal cycle programmed to alter the 

temperature at the following time intervals 

• 25°C for 10 minutes 
 

• 37°C for 120 minutes 
 

• 85°C for 5 minutes 

• 4°C until the samples are collected 

 
cDNA samples were diluted with 80 µl of nuclease-free water and stored at -20ºC 

until further use in qPCR reactions. 
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3.3.4 Quantitative Real-Time PCR (qRT-PCR) 
 

RNA levels of each gene were determined by qPCR using TaqMan Gene 

Expression Assays (Thermofisher, UK) with FAM reporter. For each gene to be 

analysed, a master mix was prepared as described in Table 3.2. 

Table 3.2. Reagents required for the preparation of qRT-PCR master mix 
 

1x 

Taqman Gene Expression Assay 

Primers 

1µl 

Polymerase mix 10µl 

dH2O 3.4µl 

 
 

14.4 µl/well of qPCR master mix were added to a Microamp fast optical 96-well 

reaction plate (Applied biosystems, UK) followed by 5.6 µl of the cDNA sample. 

PCR plate was sealed with MicroAmp® Optical Adhesive Film (Thermofisher, UK) 

and then centrifuged at 900 rpm for 1 minute to bring down all the contents. The 

plate was placed on ice until loaded on a 7500 Fast Real-Time PCR System 

(Applied Biosystems, UK). Reactions were run at the following conditions: 

• Initial enzyme activation step at 95℃ for 10 minutes 

 
• 40 cycles of denaturation at 95℃ for 15 seconds and anneal/extension at 

60℃ for 60 seconds. 

Results were analysed using the comparative cycle threshold 2-∆∆Ct method using 
 

HPRT1 as an endogenous control gene. 
 

TaqMan Gene Expression Assays used in this study are detailed in Table 3.3 
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Table 3.3: TaqMan gene expression assays analysed using qRT-PCR 
 

Taqman Primers ID Assays 

DLL4 (Delta like ligand 4) Hs00184092_m1 

HEY1 (Hes-related family bHLH TF) 
Hs05047713_s1 

ID1 (Inhibitor of DNA binding 1) 
Hs03676575_s1 

NRARP (NOTCH regulated ankyrin repeat 
 
protein a) 

 
Hs04183811_s1 

JAG1 (Jagged 1) 
Hs01070032_m1 

LRP1 (LDL receptor related protein 1) Hs00233856_m1 

VEGFR1 (fms related tyrosine kinase 1) Hs01052961_m1 

VEGFR2 (Kinase insert Domain Receptor) Hs00911700_m1 

NRP1 (Neuropilin 1) 
Hs00826128_m1 

ATF2 (Activating Transcription Factor 2) 
Hs01095345_m1 

ATF7 (Activating Transcription Factor 7) Hs00232499_m1 

HPRT1(hypoxanthine 
 

phosphoribosyltransferase 1) 

 
Hs99999909_m1 

 
 
 
 

3.4 PROTEIN ISOLATION 
 

Experiments for western blot analysis were carried out by culturing cells in 6 well 

plates. The cells were subjected to appropriate stimulation and then lysed using 

100 µl of 1x NuPAGE protein loading buffer (Novex). The protein loading buffer 

disrupts the cell membrane and solubilises the protein. Lysate was then 

transferred to a sterile Eppendorf tube which is heated at 100℃ for 10 minutes to 

denature and disrupt the DNA. Lysates were stored at -80℃ for further use. 

https://www.thermofisher.com/taqman-gene-expression/product/Hs05047713_s1?CID&ICID&subtype
https://www.thermofisher.com/taqman-gene-expression/product/Hs00826128_m1?CID&ICID&subtype
https://www.thermofisher.com/taqman-gene-expression/product/Hs01095345_m1?CID&ICID&subtype
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3.5 WESTERN BLOT ANALYSIS 
 

Western Blotting is a technique used to separate and identify proteins from a 

mixture, based on their molecular weight. The protein mixture is loaded on a 

polyacrylamide gel along with pre-stained protein markers and then proteins are 

separated by electrophoresis. 

3.5.1 Polyacrylamide Gel Electrophoresis (PAGE) 
 

The polyacrylamide gel contains two parts, a lower part that separates the proteins 

(resolving gel) and an upper part that concentrates the samples (stacking gel) to 

obtain sharp bands of proteins during subsequent separation. 

The percentage of acrylamide/bis-acrylamide used to prepare the resolving gel 

depends on the length of the protein. If the protein is large the percentage of the 

gel used decreases. For instance, the protein Green Fluorescent Protein (GFP) 

is about 28 kDa and hence 12% concentration gel was prepared whereas the 

Activating Transcription Factor 2 (ATF2) is about 69 kDa and hence 8% 

concentration gel was used. Ammonium Persulfate (APS) is a compound used 

along with TEMED (Tetramethylethylenediamine) to catalyse the polymerisation 

of acrylamide to form the gel. Resolving gel was prepared as shown in Table 2.4 

Table 3.4. Reagents and their respective volumes to prepare resolving gel for 

Western Blot analysis using different antibodies. 

 

Resolving gel % 

 12% (GFP) 10% (Tubulin) 8% (ATF2) 

Distilled water 4.525ml 5.5ml 6.5ml 

Acrylamide/Bis-acrylamide (30% 
stock solution) 

5.6ml 4.7ml 3.75ml 

Resolving buffer (Geneflow 
Limited) 

3.75ml 3.75ml 3.75ml 

Ammonium Persulfate (10% stock) 100µl 100µl 100µl 

N,N,N,N-
Tetramethylethylenediamin 

(TEMED) 

80µl 80µl 80µl 
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After addition of TEMED, the solution was immediately transferred between 2 

glass plates using a standard twin-plate mini gel unit system (SCIE-PLAS). Then, 

butanol was used to remove the bubbles and level the surface of the resolving 

gel. Once the resolving gel polymerised, the butanol layer was removed and the 

surface of the gel washed with water several times to remove any traces of 

butanol. Finally, the water was removed completely using filter paper. The 

resolving gel was allowed to polymerize while the stacking gel is prepared. 

Stacking gel was prepared as shown in Table 3.5 

Table 3.5: Reagents and their respective volumes to prepare stacking gel for 

Western Blot using different antibodies 

 

Distilled water 6.1ml 

Acrylamide/ Bis-acrylamide (30% stock solution) 1.4ml 

Stacking gel buffer (Geneflow Limited) 2.5ml 

Ammonium Persulfate (0.1% stock) 100µl 

N,N,N,N- 

tetramethylethylenediamine(TEMED) 

80µl 

 
 

Stacking gel solution is quickly transferred between the plates and placed on top 

of the resolving gel. A comb is placed in the stacking gel solution to form wells. 

Once the stacking gel solution has polymerized, the comb is quickly and carefully 

removed without damaging the wells. If the wells were disfigured, a small piece 

of vertical filter paper is used to re-shape the wells. 

 
 

3.5.2 Sample Loading 
 

Before loading the samples, they are heated at 100°C for 2 minutes and cooled 

down on ice to denature the proteins. To remove the condensation caused by the 

heat shock, samples were briefly centrifuged before loading. 15 µl of BLUeye 
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protein ladder (GeneFlow, UK) and 15 µl of SeeBlue® pre-stained protein ladder 

(Thermofisher) was loaded as markers of protein molecular weight. Gels were 

run in a container immersed in “running buffer” (0.025M Tris, 0.192M Glycine, 

0.1% SDS) at 150V until the mixture of protein markers was clearly separated. 

3.5.3 Transfer of the Proteins to Membrane 
 

Once the proteins were separated on the gel based on the molecular weight, the 

proteins were transferred to a membrane. A PDVF membrane was cut to the 

required size and briefly placed in methanol to hydrate it. The methanol was then 

removed by washing the membrane several times with deionised water. For the 

transfer process, the membrane was placed on top of the gel, and gel and 

membrane were sandwiched between four layers of Whatman 3 MM 

chromatography paper and sponges on either side of the gel and placed in a 

transfer apparatus immersed in transfer buffer (0.025M Tris, 0.192M Glycine, 

20% methanol). Transfer of proteins to the membrane took place at 35 volts for 

90 minutes. 

3.5.4 Reduction of Unspecific Binding 
 

Once the proteins had been transferred to the membrane, the membrane was 

carefully removed from the transfer apparatus and incubated for one hour in 5% 

skimmed milk solution in TBS-T (TBS-0.05% Tween 20) to prevent binding of 

antibody to unspecific regions and thereby reduce the background. 

3.5.5 Protein Detection using Specific Antibodies 
 

To identify ATF2, GFP or tubulin, an anti-ATF2 rabbit polyclonal antibody (New 

England Biolabs), an anti-GFP (D5.1) XP rabbit monoclonal antibody (Cell 

Signalling) or an anti-tubulin mouse monoclonal antibody (Sigma) respectively, 

were dissolved in TBS-T at 1:1000 concentration and the membrane was 

incubated in this solution overnight on a shaker at 4°C. After incubation, the 
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membrane was thoroughly washed four times with TBS-T for five minutes. 

Primary antibodies raised in rabbit were detected using a 1:5000 solution of HRP- 

conjugated anti-rabbit immunoglobulin secondary antibody prepared in TBS-T. 

Primary antibodies raised in mouse were detected using a 1:5000 solution of 

HRP-conjugated anti-mouse immunoglobulin secondary antibody prepared in 

TBS-T. The membrane was incubated with the solution containing the secondary 

antibody for three hours at room temperature on a shaker. Then, the membrane 

was thoroughly washed with TBS-T five times for five minutes. 

3.5.6 Image Development 

 
The PVDF membrane was placed on a cling film (Bacofoil Pvc) and the loading 

markers were marked to identify the protein size. For antibody detection using the 

ECL method, the membrane was incubated in 2 ml of ECL solution for 1 minute 

at room temperature. ECL solution was prepared by mixing 1 ml of solution A and 

1 ml of solution B from an EZ-ECL chemiluminescence detection kit (GeneFlow, 

UK). After incubation, solution was drained off, and signal detected by exposing 

the membrane in the dark to a Kodak BioMax MS auto-radiographic film (Sigma- 

Aldrich, UK) for different times, and subsequent film development. 

 

 
3.6 ISOLATION OF DNA FROM CULTURED CELLS 

 
3.6.1 Harvesting adherent cells by scraping 

The cells were cultured in a T175 flask until they were completely confluent. A 

minimum of 1x107 cells were required to isolate DNA. The media was gently 

aspirated, and the cells were rinsed with 8 ml of cold 1X PBS. The PBS was 

removed and 3 ml per 1x107 cells of Cellular Lysis Buffer from a “DNA isolation 
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kit for cells and tissue” (Roche, Germany) was added. The monolayer of cells was 

immersed in Cellular Lysis Buffer and a cell scraper was used to scrape the cells 

to the bottom of the flask. The lysis buffer containing the cells was transferred to 

a centrifuge tube. 

3.6.2 Lysis and RNA removal 

 
The buffer containing the cells was then homogenised using a Dounce glass 

homogenizer, and then, 2µl of Proteinase K solution from “DNA isolation kit for 

cells and tissue” (Roche, Germany) was added to remove the contaminating 

proteins. The sample was vortexed for 2-3 seconds to mix the Proteinase K in the 

suspension. The solution was then placed at 65ºC in a water bath for 2 hours as 

the optimal temperature for the highest activity of Proteinase K is 65ºC. The 

sample was removed, and the cap loosened to release the pressure. 100 µl of 

RNase solution from a “DNA isolation kit for cells and tissue” (Roche, Germany) 

was added to the sample to degrade the RNA. The sample was vortexed for 2-3 

seconds to mix the RNase solution into the suspension. Then, it was placed at 

37ºC for 15 minutes which can be extended up to 1 hour. 

3.6.3 Protein Precipitation 

 
After incubation, 1.2 ml of protein precipitation solution from a “DNA isolation kit 

for cells and tissue” (Roche, Germany) was added and vortexed for 5-10 seconds. 

The sample was then placed on ice for 5 minutes to help the precipitation of the 

protein followed by centrifugation at 16381 g for a minimum of 20 minutes at room 

temperature. Lower centrifugation speeds results in loose protein pellets. Then, 

the supernatant containing the DNA was transferred to a new centrifuge tube. 
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3.6.4 DNA Precipitation 

 
For DNA precipitation, 0.7x volumes of isopropanol was added to the samples. 

The tubes were gently inverted to mix the upper and lower phases. The sample 

was then centrifuged at 16381 g for 10 minutes. Then the supernatant was 

discarded and 250 µl of TE buffer was added. The samples were stored at 4ºC 

for later use. 

 
 
 

3.7 CLONING 

 
3.7.1 Primer preparation 

 
Oligonucleotides specific for the target sequence to be cloned were purchased 

and resuspended in nuclease free water. The regions of the DLL4 gene to be 

cloned were amplified by PCR using the following conditions: 

Reagents used for amplification of -16 kb enhancer insert: 

10 µl of 10.12 ng/µl concentrated human gDNA isolated as described above 

1 µl of 100 ng/µl solution forward primer (For -16 kb enhancer) – 

CTTCGCGGTACCCTCAACCTCCAGCCCCCTCCC 

1 µl of 100 ng/µl solution reverse primer (For -16 kb enhancer) – 

CTTCGCCTCGAGCCGGAGCACCTGAGCCAATGG 

10 µl of 5X GC enhancer (ThermoFisher) 

3 µl of nuclease free water 

25 µl of PCR 2X SuperFi master mix 
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Reagents used for amplification of -12 kb enhancer insert: 

10 µl of 10.12 ng/µl concentrated human gDNA isolated as described above 

1 µl of 100 ng/µl solution forward primer (For -12 kb enhancer) – 

CTTCGCGGTACCCCTGGGGCTTCTCTCAAGCTG 

1 µl of 100 ng/µl solution reverse primer (For -12 kb enhancer) – 

CTTCGCCTCGAGAGCAGCCAGGGTGAGGCCGCC 

10 µl of 5X GC enhancer (ThermoFisher) 

3 µl of nuclease free water 

25 µl of PCR 2X SuperFi master mix 

The 5X GC enhancer buffer was only added since the target sequence has high 

GC island content. 

Oligonucleotide Tm was calculated according to the following formula 

 
Tm= [ (A+T) x 2] + [ (G+C) x 3] 

 
Hence the following conditions were used for PCR amplification of the -16 kb 

enhancer of the human DLL4 gene 

98℃ for 2 minutes 

35 cycles of 98℃ for 30 seconds 

52℃ for 1 minute 

72℃ for 2 minutes 

72℃ for 10 minutes 

For -12 kb enhancer amplification, I used the following conditions 

98℃ for 2 minutes 

35 cycles of 98℃ for 30 seconds 

51℃ for 1 minute 

72℃ for 2 minutes 

72℃ for 10 minutes 
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20% of the PCR product was analysed by DNA gel agarose electrophoresis 

after adding DNA loading buffer (Sigma). The electrophoresis gel prepared 

depends on the length of the cloned product. Since -16kb enhancer is short 

(400bp) 1% agarose gel was used and for -12 kb enhancer (1500 bp), a 0.7% 

agarose gel. 

3.7.2 Precipitation 

 
To the PCR product obtained earlier, 10% of Sodium acetate solution was added 

along with 2.5x volumes of 100% Ethanol. This solution was incubated overnight 

at -20℃. The following morning the solution was centrifuged at 14197 g at 4℃ to 

pellet the precipitated DNA. 

3.7.3 Digestion 

 
The pellet obtained after precipitation was resuspended in the following 

solution: 

64µl of nuclease free water 

10µl of Buffer A (Promega) 

10µl of 10X Bovine Serum Albumin (BSA) 

6µl of restriction enzyme KpnI (Promega) 

10µl of restriction enzyme XhoI (Promega) 

The above mixture was incubated overnight in a water bath at 37℃. The 

following day, 1% agarose gel was prepared to perform electrophoresis. Using 

UV light, the bands were identified, cut out and gel purified. 

3.7.4 DNA Gel Purification 

 
The gel containing the band was placed in an Eppendorf tube. 600 µl of 

solubilization buffer was added and the mixture placed at 50℃ for 10 minutes to 
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solubilise agarose. The solution was vortexed for 2 minutes until the gel liquifies. 

Then, 200µl of isopropanol was added and mixed by inversion. The entire solution 

is transferred to a gDNA column and centrifuged for 1 minute at 14197 g. 500µl 

of solubilization buffer was added again and centrifuged at 14197 g for 1 minute. 

To wash the column containing the DNA, 750µl of was buffer was added and the 

column centrifuged at 14197 g for 1 min (twice). The column was then placed in a 

separate Eppendorf tube and 20µl of elution buffer was added. DNA eluted from 

the column was recovered by centrifugation at 14197 g for 1 minute. 

3.7.5 Ligation 

 
Ligation reactions were set up as follows: vector, insert, distilled Nuclease-free 

water, ligase buffer 1X (New England Biolabs), T4 DNA Ligase (2x106U/ml) (New 

England Biolabs) to a final volume of 20µl. Samples were incubated at 15°C 

overnight in a thermal cycler. 

 
 

3.8 TRANSFORMATION 

 
Luria-Broth was prepared by adding 2.5% LB powder to distilled water. To 

prepare LB-agar plates, 1.5% of agar was then added to the broth. The previously 

prepared LB agar was heated in the microwave until it melts and placed in a hot 

water bath for 10 minutes at 50ºC. The concentration of ampicillin in the agar was 

100 µg/ml. 25 ml of media was added to each plate and allowed to solidify. Later, 

its placed in the incubator at 37ºC, inverted to prevent condensation. For 

transformation of a ligated plasmid in bacteria using the “heat-shock” method, the 

plasmid of interest was added to competent E.coli JM109 cells (transformation 

efficiency 108 cfu/μg) (Promega, UK) and cooled down on ice for 30 minutes. 

Then, the solution was heated in a water bath at 42 for exactly 2 minutes. The 
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solution containing the bacteria and the plasmid was supplemented with 0.3 ml 

of LB and placed in a 37ºC incubator with shaking for 1 hour. L-rod was prepared 

using a Pasteur pipette. 100 or 400 µl of the solution with transformed bacteria were 

spread onto LB-ampicillin agar plates and incubated at 37ºC overnight. The next 

day, an individual colony was used to inoculate 10 ml of LB broth, and the culture 

incubated at 37ºC overnight. Grown cultures were used for DNA minipreparation 

to verify the presence of plasmid containing the insert in the isolated bacterial 

colony. 

 
 
 

3.9 DNA MAXIPREPARATION 

 
Maxipreparation is performed for one bacterial colony at a time. A colony is picked 

up from the LB agar plate and inoculated in a new Falcon tube containing 9ml of 

LB broth and 1ml of 100 ng/µl ampicillin for 2 hours until the bacteria reach log 

phase. The bacterial suspension was transferred to 400 ml LB broth and 

incubated in a shaker at 37ºC, overnight. The following day, the suspension was 

centrifuged at 3500 rpm for 10 minutes. The supernatant was discarded and the 

pellet suspended in 10 ml of Resuspension buffer (P1, Qiagen Plasmid Maxi kit). 

The P1 buffer containing the cells was transferred to a new, smaller centrifuge 

tube. 10ml of Lysis buffer (P2, Qiagen Plasmid Maxi kit) was added to lyse the 

cells and mixed by inversion. Following buffer P2, Neutralization buffer (P3, 

Qiagen Plasmid Maxi kit) was added to neutralise the effect of P2 and mixed by 

inversion. The tubes were centrifuged at 4500 rpm for 10 minutes to precipitate the 

chromosomal DNA. A Qiagen column was equilibrated by 10ml of equilibration 

buffer. The supernatant containing the plasmid, after precipitation of 

chromosomal DNA, was added to the column. The plasmid DNA is retained by 
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the resin in the column. The column was washed with washing buffer, twice. 

Then, 15ml of elution buffer was added to elute the plasmid DNA from the resin 

into a new centrifuge tube. The plasmid DNA was precipitated from the elution 

buffer by adding 10.6ml isopropanol, mixed by inversion and centrifuged at 9600 

rpm for 1 hour. The supernatant was discarded swiftly from the centrifuge tube 

and the pellet re-suspended in 300µl of nuclease free water. Finally, the 

concentration of the plasmid DNA was measured by nanodrop. 

 
 
 

3.10 METHOD FOR ISOLATION OF GENOMIC DNA FROM 

MOUSE TAIL 

The mice ear snip samples were collected and placed in an Eppendorf tube in 

200µl of lysis buffer (50mM Tris, 100mM EDTA, 0.5% SDS). To this, 10µl of 10 

mg/ml solution of Proteinase K (DNA isolation kit for cells and tissue, Roche, 

Germany) was added and the mixture was incubated at 56℃ overnight. The 

following day, samples were centrifuged at 14197 g for 10 minutes. The 

supernatant, containing the cell lysis products, was transferred to another 

Eppendorf tube. 300 µl of isopropanol was added to precipitate the DNA and the 

sample inverted multiple times (approximately 30 times) and incubated on ice for 

30 minutes. After incubation on ice, the sample was centrifuged at 14197 g for 5 

minutes to pellet the DNA. The DNA pellet was washed with 100 µl of 70% ethanol 

and centrifuged. The ethanol was discarded and the pellet was air dried. 

Depending on the size of the pellet (the amount of DNA present), the pellet was 

resuspended in 50 – 500 µl of TE buffer (10mM Tris pH 7.5, 1mM EDTA pH=8). 
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3.11 PCR CONDITIONS TO GENOTYPE ATF2-FLOX OR ATF2- 

WILD TYPE MICE 

The mice ear snip samples were obtained from our collaborators from the 

University of Manchester. The PCR product of the fragment amplified from 

genomic DNA isolated from wild type mice was 195 bp in length, whereas the 

fragment amplified from DNA isolated from mutant ATF2-floxed mice was 230bp 

in length. 

The sequences of the forward and the reverse primer used for mouse genotyping 

were: 

The following products were used to perform the PCR: 

 
10 µl of isolated genomic DNA from mice tail 

Master mix - 1 µl of 100 ng/µl solution forward primer 

(TCAGATAAAGCCAAGTCGAATCTGG) 

1 µl of 100 ng/µl solution reverse primer 

(TCTGGTACAACTGTAGGACT) 

13 µl of nuclease free water 

25 µl of Polymerase mix (MyTaq HS Red mix, Bioline) 

This PCR mixture was then placed in the Thermo Fisher thermal cycler and 

programmed to alter the temperatures at the following intervals: 

95℃ for 1 minute 

For 35 cycles - 95℃ for 30 seconds 

46℃ for 30 seconds 

72℃ for 30 seconds 

72℃ for 5 minutes 

4℃ until the samples are removed 

These samples were then stored at -20℃ and then used for further experiments. 
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3.12 STATISTICAL ANALYSIS 

 
The results for the qRT-PCR were shown as mean ± SE. Two-way Anova with 

post-hoc Tukey test was used to analyse samples with more than two groups and 

two independent variables. The post-hot Tukey test is used to compare the means 

of various groups. P<0.05 was set as statistically significant. 
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4. RESULTS 
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4.1 WESTERN BLOT ANALYSIS FOR ADENOVIRUS INFECTED 

CELLS 

A Western Blot experiment was performed to determine the infection efficiency of 

adenovirus in HUVEC cells. In the following experiments, HUVEC cells were 

infected with Ad-GFP containing the green fluorescent protein and Ad-ATF2AA 

which produces the dominant negative mutant form of the ATF2 protein. Cells 

were incubated for two days in the presence of the virus and then lysed directly 

using protein lysis buffer. Protein analysis by Western Blot showed significant 

expression of recombinant ATF2-AA protein in the Ad-ATF2AA infected cells 

when compared to cells infected with control Ad-GFP (Figure 4.1). This is 

because the Ad-GFP infected cells express only the endogenous wild type ATF2 

protein whereas the Ad-ATF2AA infected cells also express large amounts of the 

functionally mutated form of the ATF2 protein along with the wild type ATF2. To 

demonstrate infection by control Ad-GFP, expression of the GFP protein was also 

analysed in the protein lysates. As expected, GFP could be detected in control 

samples but not in lysates isolated from cells infected with Ad-ATF2AA (Figure 

4.1). 
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Figure 4.1: Analysis of recombinant protein expression in HUVEC cells infected with 

adenoviruses Ad-GFP and Ad-ATF2AA. Western blot analysis of GFP (α-GFP), ATF2AA (α- 

ATF2) and tubulin (α-tubulin) expression in HUVEC cells infected with adenovirus as indicated. 

Infection with Ad-ATF2AA results in overexpression of the ATF2-AA protein compared to 

endogenous wild type ATF2 present in control Ad-GFP infected cells. Western blot for tubulin was 

performed as a loading control. The above results were obtained from two independent 

experiments performed in duplicate (set A and set B) in each experiment. Blueye pre-stained 

protein ladder markers (GeneFlow) were used for molecular weight identification. 

 
 

 
4.2 ROLE OF DLL4 IN ANGIOGENESIS 

 
As highlighted in the introduction (page 19), previous results in Prof Armesilla’s 

laboratory have shown that expression of ATF2AA, a function-defective mutant 

of ATF2, results in an increase of DLL4 gene expression (Figure 2.3). The DLL4-

Notch signalling pathway helps in differentiation of the tip cell from the stalk cells. 

There are five DSL ligands (DLL1, 3, 4, Jagged 1, 2) which bind to four Notch 

receptors (Notch 1, 2, 3 and 4). DLL4 is one of the Notch ligands expressed in 

the endothelial cells of vertebrates (Kuhnert F., 2011). Earlier studies have 

reported that knockout of dll4 in mouse animal models leads to severe vascular 

defects and, in many cases, death of embryos during development (Krebs, L. T., 

2004). Reports from several groups have shown that DLL4 deletion leads to 

excessive angiogenesis, suggesting that DLL4 plays a key role as an inhibitor 

of angiogenesis which is necessary for proper branching of blood vessels and 
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perfect development of the vascular plexus. Therefore, it could be assumed that 

the altered expression of DLL4 in endothelial cells lacking functional ATF2, might 

be one of the reasons of the decrease in angiogenesis observed by Fearnly G.W. 

et al (2014). 

Fearnly G.W. et al. used siRNA-mediated technology to eliminate ATF2 

functionality in endothelial cells. Whereas, experiments in our laboratory 

demonstrate an enhancement of DLL4 gene expression in cells expressing the 

ATF2AA dominant negative. Therefore, to confirm that enhancement of DLL4 

expression could be related to the observations described in Fearnly G.W. et al., 

expression of the DLL4 gene in HUVEC cells transfected with an siRNA specific 

for human ATF2 (siATF2) and stimulated with VEGF was analysed. Expression 

of ATF2 was significantly silenced in siATF2-transfected cells when compared to 

that in control cells transfected with a control siRNA, siNon-Target (siNT), that 

does not target any mammalian known genes (Figure 4.2). 
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Figure 4.2. Knockdown of ATF2 by siRNA mediated silencing in endothelial cells. HUVEC 

were transfected with siRNA targeting ATF2 gene (siATF2) and non-specific siRNA (siNT). 

Transfected cells were left unstimulated (control) or stimulated with VEGF (25 ng/mL) for 1 hour. 

qPCR analysis of ATF2 RNA expression is shown. Values are expressed using the 2-ΔΔCt method 

referred to unstimulated HUVEC transfected with siNT. Histograms represent mean ± SEM (n=6). 

Differences in gene expression were evaluated using Two-way ANOVA with Tukey’s multiple   

comparisons post-hoc test. ****p<0.0001 indicates statistical significance when comparing cells 

transfected with siNT or siATF2 in control or VEGF-stimulated conditions. 
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Further analysis confirmed that, similar to the results obtained using ATF2AA 

overexpression, ATF2 silencing also led to a significant enhancement in the 

expression of DLL4 in VEGF-stimulated HUVEC cells (Figure 4.3).
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Figure 4.3: Knockdown of ATF2 leads to an increase in the VEGF-induced upregulation of 

DLL4 in endothelial cells. HUVEC were transfected with siRNA targeting ATF2 gene (siATF2) 

and non-specific siRNA (siNT). Transfected cells were left unstimulated (0 hours)) or stimulated 

with VEGF (25 ng/mL) for 1 hour. qPCR analysis of DLL4 RNA expression is shown. Values are 

expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with siNT. 

Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated using 

Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. **p<0.01 indicates statistical 

significance when comparing cells transfected with siNT or siATF2, and stimulated with VEGF of 

upto 1 hours. ns = non-significant. 

 
 

These results suggest that lack of functional ATF2 activity in endothelial cells 

alters DLL4 expression leading to a decrease in angiogenesis. However, the 

mechanism underlying regulation of the DLL4 gene by ATF2 is not clear currently. 

It is uncertain if the negative effect of ATF2 in DLL4 expression is due to direct 

binding of ATF2 to the regulatory regions of the DLL4 locus, or if it is caused by 

an indirect effect due to ATF2 triggering the expression of a repressor factor that 

in turn binds to the regulatory regions of the DLL4 gene (Figure 4.4). 
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Figure 4.4: Two potential mechanisms (direct or indirect) implicated in the negative 

regulatory effect exerted by ATF2 in the expression of DLL4. The green molecule indicates 

an activator, the blue molecule indicates a repressor protein and the red molecule shows the 

ATF2 protein. ATF2 protein has either a direct or indirect influence on DLL4 gene which is 

depicted by the yellow rectangle region. 

 
As a first step to characterise in detail the role of ATF2 in the expression of DLL4, 

an in-silico analysis was performed in the regulatory regions of the gene to identify 

potential binding sites for ATF2. Five different regulatory regions have been 

reported in the DLL4 gene (Sacilotto N, 2013); 4 enhancers (named -16 kb, 

-12 kb, intron 3 and +14 kb), and a promoter region located immediately upstream 

of the transcriptional start site (Figure 4.5) (Shah, A., 2017). 
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Figure 4.5: Enhancers of DLL4 gene located by (Shah, A., 2017) - previously published 

data. The DLL4 promotor (red line upstream to the arrow) is located before the transcription start 

site (red arrow) of the DLL4 gene (orange line). The region before and after the DLL4 gene and 

promotor, contains the enhancers. The numbers below this region represent the location of the 

enhancer in the DLL4 locus. 

 
 

 

4.3 BIOINFORMATIC ANALYSYS OF THE DLL4 LOCUS 
 

The sequences of the enhancers and the promotor were downloaded from the 

ensemble website (https://www.ensembl.org/index.html). These sequences were 

uploaded in the ConTraV3 R database software to identify sequence motifs that 

match the consensus sequence recognised by ATF2. Only potential ATF2- 

binding motifs conserved in several species (human, primates, mouse, rat, dog 

and cat) were further considered in the analysis. These analyses revealed 12 

putative ATF2 binding sites (Figure 4.6) located in the -12 kb enhancer (sites 1- 

5), the promoter region (sites 6-9) and the +14 kb enhancer (sites 10-12) (Figure 

4.5, 4.6). No evolutionarily conserved ATF2-binding sites were found in -16 kb 

enhancer or intron 3 enhancer (Figure 4.6). 

http://www.ensembl.org/index.html)
http://www.ensembl.org/index.html)
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Figure 4.6: Putative ATF-2 binding sites identified in the regulatory regions of the DLL4 

locus. DLL4 gene is indicated in orange, containing exons (orange blocks) and introns (diagonal 

lines). The red arrow indicates the transcription start site and the sequence adjacent to the arrow 

is the DLL4 promoter. The four enhancers of the DLL4 gene (-16kb, -12kb, Int 3 and +14kb) are 

all within 35,000 bp and hence they are collectively called as super enhancer. The ATF2 putative 

binding sites are indicated by blue boxes, approximately close to the sequence position (not to 

scale) 
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Site 3 
 

Human g c a g c c a c c t c a g a a t g g a c g 
                      

Baboon g c a g c c a c c t c a g a a t g g a c g 
                      

Orangutan g c a g c c a c c t c a g a a t g g a c g 
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Chimp g c a g c c a c c t c a g a a t g g a c g 
                      

Mouse g t a g c c a c c t c a g a a t g g a c g 
                      

Rat g c a g c c a c c t c a g a a t g g a c g 

Dog g c a g c c a c c t c a g a a t g g a c g 

Cat g c a g c c a c c t c a g a a t g g a c g   

 
 

Site 4 

                       

Human a g a c a g g g t g a c g a c a t t g t t g t 
                        

Baboon a g a c a g g g t g a c g a c a t t g t t g t 
                        

Orangutan a g a c a g g g t g a c g a c a t t g t t g t 
                        

Gorilla a g a c a g g g t g a c g a c a t t g t t g t 
                        

Chimp a g a c a g g g t g a c g a c a t t g t t g t 
                        

Mouse a g a c a g g g t g a c g a c a t t g t t g t 
                        

Rat a g a c a g g g t g a c g a c a t t g t t g t 
                        

Dog a g a c a g g g t g a c g a c a t t g t t g t 
                        

Cat a g a c a g g g t g a c g a c a t t g t t g t 

c t g t g a t g t c c t 

c t g t g a t g t c c t 

c t g t g a t g t c c t 

c t g t g a t g t c c t 

c t g t g a t g t c c t 

c t g t g a t g t c c t 

c a g t g a t g t c c t 

c c g t g a t g t c c t 



52 

 

 

Site 5 

 
Human a c – a a c a c g a c c t c a c t c t t c c t g 

                        

Baboon a c – a a c a c g a c c t c a c t c t t c c t g 
                        

Orangutan a c – a a c a c g a c c t c a c t c t t c c t g 

Gorilla a c – a a c a c g a c c t c a c t c t t c c t g 
                        

Chimp a c – a a c a c g a c c t c a c t c t t c c t g 
                        

Mouse a c – a a c a c g a c c t c a c t c t t c c t g 
                        

Rat a c – a a c a c g a c c t c a c t c t t c c t g 

Dog a c – a a c a c g a c c t c a c t c t t c c t g 
                        

Cat a c – a a c a c g a c c t c a c t c t t c c t g 

 
Site 6 

Site 7 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

a a g g c a a g a t g a c g a g g c t c c c a t 

Human 

Baboon 

Orangutan 

Gorilla 

Chimp 

Mouse 

Rat 

Dog 

Cat 

Human 

Baboon 

Orangutan 

Gorilla 

Chimp 

Mouse 

Rat 

Dog 

Cat 

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - t t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a a g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g t g a g g t g - - - - c c t t c c  

a c – t c a c - - - - t g g g a a a t g - - - - c c t t c c  
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Site 8 

Site 9 

Site 10 

Human 

Baboon 

Orangutan 

Gorilla 

Chimp 

Mouse 

Rat 

Dog 

Cat 

- - - - - - - - c c t - - - - - - - - - - - g a g g a c a g   

- - - - - - - - c c t - - - - - - - - - - - g a g g a c a g  

- - - - - - - - c c t - - - - - - - - - - - g a g g a c a g  

- - - - - - - - c c t - - - - - - - - - - - g a g g a c a g  

- - - - - - - - c c t - - - - - - - - - - - g a g g a c a g  

c c t t c g g g c c t - - - - - - - - - - - g a g g a c a g  

c c t t c g g g c c t - - - - - - - - - - - g a g g a c a g  

c c t c c a g c t c t - - - - - - - - - - - g a g g a c a g  

c c t c c a g c t c t - - - - - - - - - - - g a g g a c a g  

Human 

Baboon 

Orangutan 

Gorilla 

Chimp 

Mouse 

Rat 

Dog 

Cat 

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

g g g c c g g g c t g a c g c g t g g c a g  

Human 

Baboon 

Orangutan 

Gorilla 

Chimp 

Mouse 

Rat 

Dog 

Cat 

g a g c c c – g t c t c c t c a c c t c g c c c c  

g a g c c c – g t c t c c t c a c c t c g c c c c  

g a g c c c – g t c t c c t c a c c t c g c c c c  

g a g c c c – g t c t c c t c a c c t c g c c c c  

g a g c c c – g t c t c c t c a c c t c g c c c c  

g a g c c c – g t c t c c t c a c c t c a c c c c  

g a g c c c – g t c t c c t c a c c t c a c c c c  

a a g c c c – g t c t c c t c a c c t c g c c c c  

a a g c c c – g t c t c c t c a c c t c g c c c c  
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Site 11 

 

Site 12 

 

Figure 4.7: The above 12 predicted binding sites contain the consensus sequence of ATF2 

that were identified on the DLL4 locus. These conserved sites were identified using ConTra V3 R 

software. The amino acids containing the ATF2 consensus sequence ‘TGACGTCA’ is highlighted 

in yellow and represented in some of the mammals. 
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Confirmation of physical ATF2 binding onto the putative sites found in the 

regulatory regions of the DLL4 locus could be done by performing ChIP 

(chromatin immunoprecipitation) experiments. However, disruption in laboratory 

access due to COVID-19 pandemic made it impossible to set up the conditions 

for these experiments. 

In addition to performing ChIP experiments, a functional analysis of the potential 

ATF2-binding sites could be performed by cloning DLL4 regulatory regions in 

luciferase-based reporter vectors and investigate their activity in cells containing 

ATF2, or those where ATF2 has been silenced by siRNA transfection. To this 

end, cloning of the DLL4 -12 Kb enhancer, the +14 Kb enhancer, and the -16 Kb 

enhancer (that does not contain any ATF2-binding sites and will be used as 

negative control) in pGL2-Promoter luciferase reporter vector (Promega) was 

performed. Additionally, a luciferase reporter vector containing the Dll4 promoter 

region was provided as a generous gift by Professor Tsutomu Kume (Feinberg 

Cardiovascular and Renal Research Institute, Northwestern University School of 

Medicine, Chicago, USA) and it was transformed in bacteria and amplified to be 

used in these functional experiments. 

4.4 PCR AMPLIFICATION OF THE -16 Kb, -12 Kb, AND +14 Kb 

ENHANCER REGIONS OF THE DLL4 LOCUS 

The enhancers of the DLL4 gene were to be cloned to quantitatively determine 

which ATF2 putative binding site influences DLL4 gene expression. As it is shown 

in the figure on page 53, the -12 kb enhancer, the +14 kb enhancer and the DLL4 

promoter contain putative binding sites. It was decided to clone -16 kb enhancer 

which is 400 bp in length and it would serve as a negative control (Figure 4.7B). 
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A 
 
 
 
 
 
 
 
 
 
 

Figure 4.8: A) Flow diagram of steps involved in the cloning process. B) The cloning 

procedure of -16 kb enhancer which would serve as the control as it does not contain any 

putative ATF2 binding site. The named PCR with oligos, purified insert and purified vector 

represents images of agarose gel electrophoresis of PCR products performed at various stages 

of the cloning process. 

B 



57 

 

 

3.4.1 PREPARATION OF pGL2-PROMOTER FOR CLONING 

 
The pGL2-Promoter vector was chosen as cloning plasmid for the DLL4 

enhancers as it contains the luciferase gene as reporter, and hence luciferase 

activity could be measured to quantitatively determine the functionality of the 

putative binding sites for ATF2 found on the DLL4 enhancers/promoter. 

Luciferase expression on pGL2-Promoter is controlled by the SV40 minimal 

promoter placed upstream of the Luciferase cDNA (Figure 4.8). 

Figure 4.9: pGL2 promotor vector image obtained from the ‘Promega pGL2 Luciferase 

reporter vectors manual’. 

Furthermore, the design of pGL2-Promoter containing restriction sites both 

upstream and downstream of the SV40 minimal promoter, allows insertion of the 

DLL4 enhancers either upstream or downstream of the promoter, resembling the 

real position of these enhancers in the DLL4 locus. Finally, pGL2 also contains a 

gene that confers resistance to ampicillin, that can be used for selection of 

transformed colonies. 

As the oligos used for PCR amplification of the enhancers were designed with 

flanking restriction enzymes XhoI and KpnI to facilitate the cloning, the pGL2- 

Promoter vector was digested with restriction enzymes XhoI and KpnI. The 

digestion reaction was subjected to DNA electrophoresis in a 0.7% agarose gel 
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to separate the lineal digested vector from uncut plasmids and purified from the 

gel. Successful purification was confirmed by DNA gel electrophoresis. As it can 

be seen in Figure 4.9, a band corresponding to the size of lineal pGL2-Promoter 

(6,790 bp) was detected. 

 

 

 

5µl 10µl 
 

Figure 4.10: Agarose gel electrophoresis of the digested pGL2 promotor vector. 5µl and 10µl 

of pGL2 promotor vector in the second and third well respectively digested with XhoI and KpnI. 

This is done using 0.7% agarose gel containing ethidium bromide. 1 Kb DNA ladder (Invitrogen) 

was used as marker to estimate length of amplified fragments. 
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4.4.2 OPTIMISATION OF PCR REACTIONS TO AMPLIFY DLL4 
 

ENHANCER REGIONS 

 
Amplification and cloning of the -16 Kb enhancer 

 
To clone the -16 Kb enhancer, a PCR was performed using a human genomic 

DNA template isolated from 2262 PNT, a prostate cell line. To get accurate 

amplification, Super Fi polymerase master mix (Invitrogen) was used, as Super 

Fi DNA polymerase has proof reading ability and that minimizes the risk of 

mutation during PCR amplification. On the first attempt, the gel electrophoresis 

analyses of the PCR reaction showed an intense background suggesting 

unspecific amplification. This could be due to the high content of GC islands 

present on the sequence of the -16Kb DLL4 enhancer region. Hence, the PCR 

reaction was repeated using a GC enhancer buffer (Invitrogen) to improve 

denaturation of this region and thus facilitate the binding of forward and reverse 

oligonucleotides to the specific region to be amplified. As shown in Figure 4.10, 

agarose gel electrophoresis of the PCR performed following this strategy, showed 

a major amplification product of around 400 bp that corresponds to the expected 

size of the DLL4 -16 Kb enhancer. 
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Figure 4.11: Agarose gel electrophoresis of the PCR product of -16 Kb enhancer insert. - 

16 kb enhancer present in DLL4 locus is 400bp in length. Figure shows a representative 1% 

agarose gel electrophoresis analyses of PCR amplification products using oligos 

CTTCGCGGTACCCCTGGGGCTTCTCTCAAGCTG (forward primer) and 

CTTCGCCTCGAGAGCAGCCAGGGTGAGGCCGCC (reverse primer). The red arrow indicates 

the -16 kb enhancer which is adjacent to the 400 bp band indicated in the marker 1Kb DNA ladder 

(Invitrogen) 

 
 
 
 

The amplified PCR reaction was subjected to digestion with restriction enzymes 

XhoI and KpnI, and the digested 400 bp band corresponding to the fragment of 

the -16 Kb DLL4 enhancer was purified by gel electrophoresis. This fragment was 

then ligated in a 3:1 molar ratio reaction in the XhoI-KpnI digested pGL2-Promoter 

vector (Figure 4.9). To set up the ligation reaction in a 3:1 molar ratio the following 

formula was used: 



61 

 

 

 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑖𝑛𝑠𝑒𝑟𝑡 𝑚𝑎𝑠𝑠 = [ 
(𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟) ∗ (𝑆𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡) 

(𝑆𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟) 

3 
] ∗ ( ) 

1 

 

Competent bacteria were transformed with the ligation reaction and subsequently 

plated on LB-agar plates containing ampicillin. No colonies were present after 

incubation of plates for 24 hours, indicating that the cloning was unsuccessful. 

 
 
 

Amplification of the -12 Kb DLL4 enhancer 

 
To amplify the -12 Kb enhancer, different temperatures for the annealing step in 

the PCR reaction were tested, and finally a temperature of oligonucleotides 

annealing at 51°C was determined optimal for the specific amplification of -12 kb 

enhancer which is 1500 bp in length (Figure 4.11). Unfortunately, at this point, 

laboratory lockdown due to the COVID-19 pandemic did not allow the continuation 

with the subsequent steps to clone this fragment into the digested pGL2-Promoter 

vector. 
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Figure 4.12: Agarose gel electrophoresis of the PCR product of -12 kb enhancer insert -12 

kb enhancer present in DLL4 locus is 1500bp in length. Figure shows a representative 1% 

agarose gel electrophoresis analyses of PCR amplification products using oligos 

CTTCGCGGTACCCCTGGGGCTTCTCTCAAGCTG (forward primer) and 

CTTCGCCTCGAGAGCAGCCAGGGTGAGGCCGCC (reverse primer). The red arrow indicates 

the -12 kb enhancer which is adjacent to the 1500 bp band indicated in the marker 1Kb DNA 

ladder (Invitrogen) 

 

4.5 EFFECT OF ATF2 SILENCING ON GENES DOWNSTREAM 

TO DLL4 

Previous experiments conducted in our laboratory indicated that knockdown of 

ATF2 significantly increases DLL4 gene expression (Figure 4.3). DLL4 has been 

reported to influence the expression of various downstream targets like HEY1, 
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ID1, NRARP (Phng LK, 2009) etc. which play a major role in angiogenesis 

(Fischer A, 2004; Volpert OV, 2003). To analyse the effect of ATF2 silencing on 

the expression of DLL4-target genes, ATF2 gene expression was knocked down 

in HUVEC by transfection of small interference RNA (siRNA) as previously shown 

(Figure 4.2). 

qPCR analysis of HEY1, ID1 and NRARP gene expression in cells lacking ATF2 

did not show any differences with the expression of these genes in control (siNT- 

transfected) cells (Figure 4.12-4.14). 

 

 

 
Figure 4.13: Functional suppression of ATF2 results in no significant change in HEY1 mRNA 

abundance in either in the control or VEGF stimulated conditions endothelial cells. HUVEC 

were transfected with small interference RNA for ATF2 RNA (siATF2) or small interference RNA 

that does not target any genes (siNT). Transfected cells were left unstimulated (control) or 

stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of Hey1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with 

siNT. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 
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Figure 4.14: Functional suppression of ATF2 results in no significant change in ID1 mRNA 

abundance in either the control or VEGF stimulated conditions in endothelial cells. HUVEC 

were transfected with small interference RNA for ATF2 RNA (siATF2) or small interference RNA 

that does not target any genes (siNT). Transfected cells were left unstimulated (control) or 

stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of ID1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with 

siNT. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 

 

 

 
Figure 4.15: Functional suppression of ATF2 results in no significant change in NRARP 

mRNA abundance in either the control or VEGF stimulated conditions in endothelial cells.  

HUVEC were transfected with small interference RNA for ATF2 protein (siATF2) or small 

interference RNA that does not target any genes (siNT). Transfected cells were left unstimulated 

(control) or stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of NRARP RNA 

expression is shown. Values are expressed using the 2-ΔΔCt method referred to unstimulated 

HUVEC transfected with siNT. Histograms represent mean ± SEM (n=6). Differences in gene 

expression were evaluated using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc 

test. Ns = non-significant 
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Other important regulators of VEGF-induced angiogenesis are the VEGF 

receptors VEGFR1, VEGFR2, and NRP1 which are regulated by DLL4 via a 

feedback loop (Potente M, 2011). Thus, the next step was to analyse whether 

ATF2 silencing had any effect on the expression of these genes. Expression of 

VEGFR1 and VEGFR2 increased significantly after knockdown of ATF2 (Figure 

4.15, Figure 4.16). Interestingly, increase in the expression of these genes was 

independent of VEGF stimulation. Conversely, expression of the neuropilin 

receptor (NRP1), that also binds VEGF and whose expression in endothelial cells 

is regulated by DLL4, was not affected by ATF2 silencing (Figure 4.17). 

 
 
 

 

Figure 4.16: Functional suppression of ATF2 results to significant increase of VEGFR1 

mRNA abundance in endothelial cells independent of VEGF stimulation. HUVEC were 

transfected with small interference RNA for ATF2 protein (siATF2) or small interference RNA that 

does not target any genes (siNT). Transfected cells were left unstimulated (control) or stimulated 

with VEGF (25 ng/mL) for 1 hour. qPCR analysis of VEGFR1 RNA expression is shown. Values 

are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with siNT. 

Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated using 

Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. *-p<0.05 and **-p<0.01 

indicates statistical significance when comparing cells transfected with siNT or siATF2, and 

stimulated with VEGF for upto 1 hour. 
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Figure 4.17: Functional suppression of ATF2 results to significant increase of VEGFR2 

mRNA abundance in endothelial cells independent of VEGF stimulation. HUVEC were 

transfected with small interference RNA for ATF2 protein (siATF2) or small interference RNA that 

does not target any genes (siNT). Transfected cells were left unstimulated (control) or stimulated 

with VEGF (25 ng/mL) for 1 hour. qPCR analysis of VEGFR2 RNA expression is shown. Values 

are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with siNT. 

Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated using 

Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. *-p<0.05and **-p<0.01 

indicates statistical significance when comparing cells transfected with siNT or siATF2, and 

stimulated with VEGF of upto 1 hour. 

 
 
 
 

 
 
 

Figure 4.18: Functional suppression of ATF2 results in no significant changes in NRP1 

mRNA abundance in either the control or VEGF stimulated conditions in endothelial cells. 

HUVEC were transfected with small interference RNA for ATF2 protein (siATF2) or small 

interference RNA that does not target any genes (siNT). Transfected cells were left unstimulated 

(control) or stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of NRP1 RNA expression 

is shown. Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC 

transfected with siNT. Histograms represent mean ± SEM (n=6). Differences in gene expression 

were evaluated using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = 

non-significant 
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Additionally, investigation was conducted to demonstrate the effect of ATF2 

silencing on the expression of other genes characterised as important regulators 

of angiogenesis, such as LRP1 (a negative regulator of angiogenesis) (Strickland 

D.K. et al; 2016) and Jag1 (a Notch ligand present in stalk cells). Our results 

(Figure 4.18) show that knockdown of ATF2 increases expression of JAG1 gene 

but only in cells stimulated with VEGF for 1 hour. In the case of LRP1 expression, 

no changes were detected after ATF2 silencing (Figure 4.19). 

 
 

 
 

Figure 4.19: Functional suppression of ATF2 results in a significant increase in the VEGF 

stimulated JAG1 mRNA abundance in endothelial cells. HUVEC were transfected with small 

interference RNA for ATF2 protein (siATF2) or small interference RNA that does not target any 

genes (siNT). Transfected cells were left unstimulated (control) or stimulated with VEGF (25 

ng/mL) for 1 hour. qPCR analysis of JAG1 RNA expression is shown. Values are expressed using 

the 2-ΔΔCt method referred to unstimulated HUVEC transfected with siNT. Histograms represent 

mean ± SEM (n=6). Differences in gene expression were evaluated using Two-Way ANOVA with 

Tukey’s multiple comparisons post-hoc test. **p<0.01 indicates statistical significance when 

comparing cells transfected with siNT or siATF2 and stimulated with VEGF of upto 1 hour. Ns = 

non-significant 
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Figure 4.20: Functional suppression of ATF2 results in no significant change in LRP1 mRNA 
abundance in either the control or VEGF stimulated conditions in endothelial cells. HUVEC 
were transfected with small interference RNA for ATF2 protein (siATF2) or small interference RNA 
that does not target any genes (siNT). Transfected cells were left unstimulated (control) or 
stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of LRP1 RNA expression is shown. 
Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with 
siNT. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 
using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 
 

 
4.6 EFFECT OF BLOCKAGE OF ATF2 FUNCTIONALITY ON THE 

EXPRESSION OF DOWNSTREAM TARGETS OF DLL4 

To further substantiate the studies presented in the previous section where the 

role of ATF2 in the expression of targets of DLL4 was analysed after ATF2 

silencing using siRNA, the analysis of the above genes was repeated by 

suppressing the function of ATF2, achieved by overexpression of the dominant 

negative mutant ATF2(AA). 

In contrast to the results observed with siRNA mediated ATF2 silencing, 

overexpression of the mutated ATF2 protein resulted in a significant increase in 

Hey1 and NRARP expression (Figure 4.20, Figure 4.22). However, no changes 

were observed in the expression of ID1 in agreement with the results observed 

in the silencing experiments (Figure 4.21). 



69 

 

 

15 

 
 

 

10 

 
 

 

5 

 
 

 

0 
0 0.5 1 3 

 
Time (hours) 

 
 

Figure 4.21: Functional suppression of ATF2 leads to an increase in the VEGF-induced 

upregulation of Hey1 in endothelial cells. HUVEC were infected with Adenovirus containing a 

mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain wild type 

ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with VEGF 

(25 ng/mL) for various time intervals. qPCR analysis of Hey1 RNA expression is shown. Values 

are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad-GFP. 

Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated using 

Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. **-p<0.01 and #-p<0.05 

indicates statistical significance when comparing cells transfected with Ad-GFP or Ad-ATF2AA, 

and stimulated with VEGF for up to 3 hours. 

 
 
 
 
 

Figure 4.22: Functional suppression of ATF2 does not alter ID1 mRNA abundance in 

endothelial cells irrespective of VEGF stimulation. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for various time intervals. qPCR analysis of ID1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- 

GFP. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 
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Figure 4.23: Functional suppression of ATF2 leads to an increase in the VEGF-induced 

upregulation of NRARP in endothelial cells. HUVEC were infected with Adenovirus containing 

a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain wild type 

ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with VEGF 

(25 ng/mL) for various time intervals. qPCR analysis of NRARP RNA expression is shown. Values 

are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad-GFP. 

Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated using 

One-Way ANOVA with Tukey’s multiple comparisons post-hoc test. *p<0.05 indicates statistical 

significance when comparing cells transfected with Ad-GFP or Ad-ATF2AA and stimulated with 

VEGF of upto 3 hours. 

 
 
 
 

Silencing experiments revealed an increase in VEGFR1 and VEGFR2 expression 

after the knockdown of ATF2 expression in endothelial cells (Figure 4.15, Figure 

4.16), however, overexpression of ATF2(AA) did not lead to any changes in the 

expression of the VEGF receptors, either in basal or VEGF-stimulated conditions 

(Figure 4.23, Figure 4.24). As observed in silencing experiments, NRP1 gene 

expression remains unaltered (Figure 4.25). 
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Figure 4.24: Functional suppression of ATF2 does not alter the VEGFR1 mRNA abundance 

in endothelial cells irrespective of VEGF stimulation. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for various time intervals. qPCR analysis of VEGFR1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- 

GFP. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 
 

 

 
Figure 4.25: Functional suppression of ATF2 does not alter the VEGFR2 mRNA abundance 

in endothelial cells irrespective of VEGF stimulation. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for various time intervals. qPCR analysis of VEGFR2 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- 

GFP. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 
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Figure 4.26: Functional suppression of ATF2 does not alter the NRP1 mRNA abundance in 

endothelial cells irrespective of VEGF stimulation. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for various time intervals. qPCR analysis of NRP1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- 

GFP. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 
 

 
Finally, analysis of the expression of Jag1 and LRP1 in cells containing ATF2(AA) 

did not show any significant difference to control cells containing GFP (Figure 

4.26, Figure 4.27). Although, in agreement with the results observed in ATF2- 

silenced cells, a clear tendency to express higher levels of Jag1 was observed in 

cells infected with Ad-ATF2(AA). 
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Figure 4.27: Functional suppression of ATF2 does not alter the VEGF-induced upregulation 

of JAG1 in endothelial cells. HUVEC were infected with Adenovirus containing a mutated ATF2 

protein (Ad-ATF2AA) or green fluorescence protein which will contain wild type ATF2 protein (Ad- 

GFP). Infected cells were left unstimulated (control) or stimulated with VEGF (25 ng/mL) for 

various time intervals. qPCR analysis of JAG1 RNA expression is shown. Values are expressed 

using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad-GFP. Histograms 

represent mean ± SEM (n=6). Differences in gene expression were evaluated using Two-Way 

ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 
 

 

 
Figure 4.28: Functional suppression of ATF2 does not alter the LRP1 mRNA abundance in 

endothelial cells irrespective of VEGF stimulation. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for various time intervals. qPCR analysis of LRP1 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- 

GFP. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 
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4.7 GENOTYPING OF THE MICE EAR SNIP SAMPLES 
 

One of the aims of the project was to generate an ATF2 KO mouse to study the 

effects of ATF2 in in vivo angiogenesis. As it has been reported that ATF2 global 

KO mice die during birth due to meconium aspiration syndrome (Maekawa et al, 

1999), one objective of this work was to develop a tamoxifen-inducible, 

endothelial-specific ATF2 knockout, by crossing ATF2flox/flox mice (Breitwieser et 

al, 2007) with transgenic mice expressing Cre recombinase under the control of 

the Vascular Endothelial Cadherin promoter and with activity inducible by 

treatment with tamoxifen (Tg(Cdh5-cre/ERT2)1Rha). Two breeder couples of 

ATF2flox/flox mice were kindly donated by Dr Breitwieser (Cancer Research UK, 

Manchester Institute, UK) to the laboratory of our collaborator Prof Elizabeth 

Cartwright (University of Manchester, UK). Crossing of these breeders did not 

produce any offspring so it was decided to cross one of the ATF2flox/flox breeders 

with an ATF2 wild type mouse as that strategy usually restores the breeding 

capacity of mice after transportation. This crossing would generate an offspring 

of ATF2WT/flox mice. Offspring from this crossing was genotyped using DNA 

isolated from ear snips by PCR as described (Breitwieser et al, 2007). As 

expected, all samples contained the PCR products amplified from the wild type 

allele (195 bp) and the floxed allele (230 bp) (Figure 4.29) confirming the 

ATF2WT/flox genotype of all animals.  

Subsequently, crossing of two heterozygous mice would yield ATF2flox/flox mice as 

part of the offspring. Due to the pandemic, as the laboratories had to be 

temporarily closed, our collaborators were unable to maintain the developed 

ATF2WT/flox mice. Hence, it was necessary to store frozen sperm isolated from the 

heterozygous mice to generate ATF2flox/flox breeders later. 
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Figure 4.29: Agarose gel electrophoresis performed using the PCR products obtained from 

mice ear snips. The PCR product of the floxed allele (green arrow) is 230 bp in length and the 

PCR product of the wild type allele (red arrow) is 195 bp in length. NC represents a PCR assay 

performed without any DNA template (negative control).
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5. DISCUSSION 
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VEGF proangiogenic factor has been proved to activate various cellular pathways 

implicated in the pathophysiology of angiogenesis. Anti-VEGF therapy has been 

developed to treat human diseases that are caused with excessive angiogenesis, 

such as tumour angiogenesis. Unfortunately, blocking VEGF with the current anti- 

VEGF drugs clinically available induces the release of other pro-angiogenic 

factors like bFGF, HGF, EGF, etc from the tumoral cells, promoting the regrowth 

of the tumour (Cascone T. et al., 2011; Casanovas O. et al., 2005; Shojaei F. et 

al., 2010; Huang Z. et al., 2004). Hence there is an urgent need to identify a 

molecular target that would be activated by all proangiogenic factors (Vasudev 

N.S. et al., 2014). Targeting such a molecule would be an efficient way to combat 

the action of all pro-angiogenic factors and thus reduce tumour angiogenesis. 

Unpublished data obtained in our laboratory show that ATF2 could be a possible 

target as it is shown to be activated by a number of proangiogenic factors other 

than VEGF (section 1.7, figure 1.6). Activation of ATF2 molecule requires 

phosphorylation at the Thr69 and Thr71 residue by two independent pathways to 

form a heterodimerised transcription factor complex (Lau E, 2012; Ouwens D.M., 

2002) and hence influence the expression of angiogenic related genes (Penix 

L.A. et al., 1996; Song H., 2006; Sato N., 1990). Hence, it was decided to further 

analyse the role of ATF2 in angiogenesis. Here, it was demonstrated that ATF2 

acts as a negative regulator of DLL4 gene expression in endothelial cells. 

Previous published data demonstrates that ATF2 can either induce or repress the 

expression of target genes depending on the association to different co- 

activators. In this sense, a transcription factor complex containing ATF2 has 

shown to induce the expression of E-Selectin, a cell-surface protein that is 

essential in endothelial-leukocyte adhesion (Read M.A. et al., 1997; Oh I. et al., 

2007). On the contrary, ATF2 is known to interact with JDP2 or JunD to form a 
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transcription factor complex and downregulate the expression of some genes like 

c-JUN and Cdk4 respectively (Jin et al., 2002; Xiao L, 2010) which are also 

involved in angiogenesis (Rostama B, 2015). In fact, it has been hypothesised 

that inhibition of c-jun gene expression could be observed when a transcription 

factor complex containing ATF2, JDP2 and HDAC3 binds to the c-jun promoter 

containing a region called the differentiation response element, whereas in the 

presence of retinoic acid, p300 protein replaces HDAC3 and JDP2, forming a 

different transcription factor complex and resulting in the activation of c-jun gene 

expression (Jin C, 2002) (Figure 5.1). Due to the dual function of activated ATF2 

molecule, it is not surprising that suppression of ATF2 function in endothelial cells 

results in enhancement of DLL4 gene expression (Figure 2.3 and 4.3). 

 

 

 
Figure 5.1: Hypothetical model of the regulation of c-jun gene expression by transcription 

factor complex containing activated ATF2. Modified from Jin C et al (2002). The yellow 

molecule in the transcription factor complex represents the ATF2 protein and the transcription 

factor complex binds to the blue sequence, the differentiation response element in the c-jun 

promoter. In the presence of retinoic acid, the other cofactors of the transcription factor complex 

dissociate from the ATF2 protein and bind p300 to activate c-jun gene expression. 

 
 

This suggests that ATF2 acts as a negative regulator of DLL4 gene expression 

in physiological conditions. However, the mechanism of DLL4 repression by 

ATF2 is still unclear. 

The negative regulatory effect of ATF2 on the DLL4 locus could be hypothesised 

to be the direct binding of ATF2 to the regulatory regions of DLL4 gene, or by the 
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indirect effect of ATF2 that activates a repressor of DLL4, and the repressor 

protein in turn binds to the DLL4 regulatory regions, reducing the expression of 

the gene (section 3.2, figure 3.4). Alternatively, ATF2 could activate the 

expression of a miRNA which targets the 3’ untranslated region of the DLL4, thus 

reducing its gene expression. In a paper published by Howe GA (2017), they 

suggest a mechanism of the effect of miR-30b on TGFβ2 via the activation of 

ATF2. Interestingly, miR-30b targets the ATF2 co-repressor JDP2, decreasing 

the RNA levels for this protein. The miR-30b mediated suppression of JDP2 

allows ATF2 to interact with other co-activators, resulting in the induction of 

TGFβ2. Future experiments will have to address whether ATF2 interaction with 

JDP2 (or other corepressors) is implicated in DLL4 regulation. Another example 

where ATF2 was identified to have a negative regulatory effect on gene 

expression is on the IFNβ1. In this case, ChIP (Chromatin Immuno Precipitation) 

experiments showed that ATF2 directly binds to the IFNβ1 promoter region. 

Moreover, cloning of the region containing putative ATF2 binding sites in a 

luciferase-based reporter plasmid, established the functionality of identified 

interactions between ATF2 and the IFNβ1 promoter (Lau E, 2015). 

In this work, a bioinformatic analysis was conducted to identify potential ATF2 

binding sites in the super enhancer or promoter regions of the DLL4 locus (Shah, 

A., 2017). 12 highly conserved putative binding sites for ATF2 were identified on 

the -12 kb enhancer, +14 kb enhancer and on the DLL4 promoter (section 3.3, 

figure 3.6). ChIP and cloning of the predicted ATF2 binding sites into luciferase 

gene reporter vectors were planned in this MPhil project to determine the 

functional significance of these sites in the DLL4 locus. Unfortunately, time 

constrictions due to COVID-19 lockdown of laboratories did not allow completion 

of this part of the project. 
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Activation of endothelial VEGFR2 by VEGF upregulates the expression of DLL4 

which further binds to the Notch receptor present on the stalk cell, activating the 

Notch-signalling pathway, and resulting in changes in the expression of DLL4- 

target genes (Phng LK, 2009). The effect of ATF2 suppression on DLL4 

expression prompted the study of the consequences of ATF2 suppression on the 

expression of DLL4-target genes. 

Expression of the DLL4-target genes HEY1 and NRARP in control cells was 

transiently upregulated by stimulation with VEGF, reaching a peak at 30 minutes 

and 1hour post-stimulation (Figure 4.20 and 4.22). These results are in 

agreement with the same kinetic of upregulation found by other authors for DLL4 

and HEY1 expression in endothelial cells treated with VEGF (Adam M.G. et al., 

2013). HEY1 (Figure 4.20) and NRARP (Figure 4.22) gene expression increased 

in cells infected with Ad-ATF2AA but only after stimulation with VEGF. Expression 

of ID1 was not affected by functional suppression of ATF2. 

In addition to these genes, changes in the expression of VEGFR1, VEGFR2, 

NRP1, JAG1, and LRP1 were also analysed. Activation of Notch signalling 

through DLL4 binding has been reported to inhibit VEGFR1 and NRP1 gene 

expression in the stalk cells. This feedback loop is essential to maintain tip cell 

selection (Potente M. et al., 2011). JAG1 ligand is present in the stalk cells and 

helps in maintaining differential Notch activity by inhibiting DLL4 gene expression 

(Potente M. et al., 2011). Furthermore, LRP1 has been proved to interact with 

Delta and Jag ligands, thus influencing and inhibiting tumour angiogenesis (Bian 

W. et al., 2021). PCR for all the above-mentioned genes did not show any 

significant changes in gene expression due to the functional suppression of ATF2 

either in control or VEGF-stimulated conditions. The absence of change in gene 

expression could be due to the NRARP gene regulating the Notch signalling 
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pathway via a feedback loop (Lamar E, 2001). The NRARP gene is known to be 

activated by the Notch signalling pathway but in this paper, they demonstrate that 

an overexpression of Nrarp in Xeopus embryos, leads to a downregulation of 

notch target genes. Hence, it could be assumed that NRARP influences the gene 

expression of other angiogenic related genes in our in vitro conditions. 

Apart from overexpressing a mutant form of the ATF2 protein, a parallel set of 

experiments was performed suppressing the expression of ATF2 in HUVEC cells 

by siRNA-mediated knockdown. Small interference RNA Non-target (siNT) 

transfected cells were used as a control. Under these conditions, expression of 

DLL4-target genes HEY1, ID1 and NRARP remained unchanged whereas the 

VEGFR1, VEGFR2 and JAG1 gene expression were significantly increased. The 

difference in gene expression of the Notch ligands and other angiogenic related 

genes when the ATF2 mutant is overexpressed and when wild type ATF2 is 

knockdown could be due to various reasons which requires further investigation. 

One of my assumptions for the difference in the gene expression of angiogenic 

related genes as observed above was the action of ATF7, another member of the 

ATF family of transcription factors that recognise the same DNA binding domain 

as ATF2. Due to this fact, it is thought that ATF2 and ATF7 can play redundant 

functions (Breitwieser W et al 2007). When the ATF2 gene is silenced by siRNA, 

there are no significant changes in the expression of the downstream targets of 

DLL4. However, overexpression of a mutant form of ATF2 resulted in increased 

expression of HEY1 and NRARP genes. I decided to check the expression of the 

homologous variant, ATF7, in cells transfected with siRNA targeting ATF2. Figure 

5.2 below shows that the small interference RNA targeting ATF2 does not affect 

the expression of ATF7. It can be hypothesised that ATF7 can compensate for 
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the absence of ATF2 in the experiments conducted using siRNA-mediated 

suppression, and hence no changes in the expression of HEY1 and NRARP were 

observed. The ATF2(AA) mutant still maintains an intact DNA binding domain and 

thus it is expected to occupy the binding sites and block binding of both ATF2 and 

ATF7, thus causing changes in the expression of HEY1 and NRARP. In the case 

of DLL4, same result can be observed using either ATF2(AA) or siRNA-mediated 

knockdown of ATF2 suggesting that there is no redundancy between ATF2 and 

ATF7 in the regulation of DLL4 gene expression. 

 

Figure 5.2: Functional suppression of ATF2 results in no significant change in ATF7 mRNA 

abundance in either the control or VEGF stimulated conditions in endothelial cells. HUVEC 

were transfected with small interference RNA for ATF2 protein (siATF2) or small interference RNA 

that does not target any genes (siNT). Transfected cells were left unstimulated (control) or 

stimulated with VEGF (25 ng/mL) for 1 hour. qPCR analysis of ATF7 RNA expression is shown. 

Values are expressed using the 2-ΔΔCt method referred to unstimulated HUVEC transfected with 

siNT. Histograms represent mean ± SEM (n=6). Differences in gene expression were evaluated 

using Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. Ns = non-significant 

 
 

Altogether, these results indicate that some genes are specifically regulated by 

ATF2, whereas others can be regulated by both ATF2 and ATF7 in a redundant 

manner. Concurrently, a double knockout mouse where ATF2 and ATF7 were 

deleted, led to the death of the mice embryo (Breitwieser W et al., 2007). A single 

deletion of ATF2 resulted in post-natal death due to meconium aspiration 

syndrome (Maekawa T. et al., 1999) and single deletion of ATF7 led to adult 
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animals with abnormal response to social stress (Maekawa T. et al., 2010). One 

of the genes identified as exclusively regulated by ATF2, and not ATF7, is E-

Selectin. In vivo studies under LPS treated conditions indicate that in the mice 

containing a germline mutation of ATF2 gene produced decreased E-Selectin 

expression where the VCAM1 (lacking ATF2 binding site) gene expression was 

assessed as a control and was not affected (Reimold A.M. et al, 1996). This 

proves ATF2 to have a positive regulatory effect on an angiogenic related E- 

Selectin gene expression. To verify that the effect exerted by ATF2(AA) on the 

expression of DLL4 and its downstream targets was owing to the absence of 

functional ATF2 and not due to an artifact of the viral infection, a PCR was 

performed for the E-Selectin gene where the cells were infected with Ad-

ATF2(AA). As expected in this case ATF2(AA) significantly attenuated E-Selectin 

gene expression (Figure 5.3) confirming the positive role of ATF2 on the 

expression of this gene. 

 

Figure 5.3: Functional suppression of ATF2 leads to a decrease in E-Sel mRNA abundance 

in VEGF stimulated conditions in endothelial cells. HUVEC were infected with Adenovirus 

containing a mutated ATF2 protein (Ad-ATF2AA) or green fluorescence protein which will contain 

wild type ATF2 protein (Ad-GFP). Infected cells were left unstimulated (control) or stimulated with 

VEGF (25 ng/mL) for 3 hours. qPCR analysis of E-Sel RNA expression is shown.Values are 

expressed using the 2-ΔΔCt method referred to unstimulated HUVEC infected with Ad- GFP. 

Histograms represent mean ± SEM (n=9). Differences in gene expression were evaluated using 

Two-Way ANOVA with Tukey’s multiple comparisons post-hoc test. ****p<0.0001 indicates 

statistical significance when comparing cells transfected with Ad-GFP or Ad-ATF2AA and 

stimulated with VEGF for 3 hours. Ns = non-significant 
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Another aspect of this project was to increase the population of ATF2flox/flox mice. 

As I have mentioned before, previous work by Toshio Maekawa (Maekawa T., 

1999) to develop ATF2-deficient global knockout mice resulted in the death of the 

mice at birth due to meconium aspiration syndrome. Future work with the 

increased population of ATF2flox/flox mice would be crossing the ATF2 floxed mice 

with a tamoxifen inducible Cre recombinase mice (Cdh5(PAC)-CreERT2) where 

the Cre recombinase is controlled by the vascular endothelial cadherin promoter 

and hence can be activated only in endothelial cells. The tamoxifen can be 

administered after birth, thus creating endothelial-specific ATF2 knockout mice 

which can be used as an in vivo model to study the effect of ATF2 on 

angiogenesis. Unfortunately, restrictions on animal maintenance during COVID 

prevented the breeding of this colony, so this part of the project could not be 

completed. 
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6. CONCLUSIONS 
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• ATF2 transcription factor has 12 putative binding sites on the regulatory 

regions of DLL4. These predicted binding sites are present either in -12 

Kb enhancer, +14 Kb enhancer or on the DLL4 promoter. 

• ATF2 transcription factor has a negative regulatory effect on DLL4 gene 

expression, both in the basal and VEGF stimulated conditions. 

• The DLL4-target genes HEY1 and NRARP were upregulated when a 

mutant ATF2 was overexpressed, but the expression of these downstream 

targets of DLL4 remained unchanged when ATF2 was silenced by small 

interference RNA. This suggests that ATF2 and ATF7 have redundant 

functions in the expression of these genes. 

• Upregulation of angiogenesis inhibitors DLL4, HEY1 and NRARP in 

response to functional suppression of ATF2 might be one of the causes of 

the decrease in angiogenesis previously observed in cells lacking ATF2. 

• Other genes related to angiogenesis like JAG1, VEGFR1, VEGFR2 were 

differentially expressed depending on the functional suppression of ATF2 

by siRNA or the overexpression of mutant ATF2(AA). 
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