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Summary  
 

Angiogenesis is the process of new blood vessel formation from existing vasculature. 

Activation of endothelial cells (ECs) by vascular growth factors is an energy demanding process 

required for proliferation, migration and tridimensional rearrangements in order to form the 

new vessel tube. Vascular endothelial growth factor (VEGF) and its main receptor VEGFR2 are 

a crucial angiogenic signaling axis, involved in each step of the process and therefore precisely 

regulated on multiple levels. Over the last years basic research in the field of angiogenesis 

focused on alternative mechanism regulating VEGFR/VEGFR2 pathway. Thus, the role of 

mitochondrial dynamics and vesicular trafficking began to gain interest.  This work focused on 

the role of mitochondrial fission factor Dynamin related protein 1 (Drp1) in ECs and blood 

vessel formation. Drp1 is a cytosolic GTPase whose activation leads to its translocation to the 

outer mitochondrial membrane where it forms ring-like multimeres that trigger GTP-

dependent fission of the organelle. Initially, Drp1 has been described to localise at vesicle-like 

structure presumably along the cytoskeleton. Even though there have been evidences for its 

communication with the endosomal machinery this aspect of Drp1 functionality has been 

neglected.  

Our work showed that angiogenic activation of HUVECs (Human Umbilical Cord Endothelial 

Cells) cells with pro-angiogenic factors (bFGF, VEGF, Tumor conditioned medium) modifies 

protein levels of mitochondrial shaping regulators. Levels of the pro-fusion protein Opa1 were 

upregulated, whereas Drp1 was downregulated. Short treatment with VEGF modulated Drp1 

cytosolic distribution, which sparked our interest to test whether Drp1 could interact with 

VEGFR2. Indeed, immunoprecipitation and PLA analysis revealed an interaction between the 

two proteins following VEGF treatment.  DRP1 knock-down in HUVECs increased levels of 

activated VEGFR2 (P-VEGFR2 Y1175) and downstream ERK1/2. This pathway is crucial for 

endothelial cell proliferation and migration. Both angiogenic parameters were upregulated in 

DRP1 knockdown cells compared to controls, suggesting that Drp1 negatively regulates basal 

angiogenesis in vitro.  

To investigate the angiogenic role of Drp1 in vivo, we generated an endothelial specific mouse 

model for Drp1 ablation and analysed developmental vascularization in the mouse postnatal 
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retina. Consistently with our in vitro data, early stage (P2) vascular branching was significantly 

increased in Drp1ΔEC pups.  Showing that also in vivo Drp1 ablation upregulates angiogenesis. 

However, at stage P6 no differences were observed between Drp1ΔEC and Drp1flox/flox mice, 

suggesting that some compensatory mechanism take place to ensure normal vascular 

development. This conclusion was in line with the viability of Drp1ΔEC adult mice.  

The generation of an inducible endothelial Drp1 knockout model, allowed us to approach the 

effects of acute Drp1 deletion on P6 retinal vascularization. Surprisingly, Drp1iΔEC P6 

vascularization was decreased due to a reduced number of tip cells at the angiogenic front 

and reduced branchings and width of microvessels. Showing that disregulated VEGFR2 

activation could negatively affect the tip/stalk cell crosstalk and blood vessels maturation. 

Mechanistically, we found that DRP1 ablation does not affect VEGFR internalization, but 

interferes with theà ƌeĐeptoƌ’s endocytic trafficking.  Drp1 interacts with early endosomal 

marker Rab5 upon VEGF treatment. Localization of VEGFR2 in Rab5 positive early endosomes 

is crucial for its angiogenic signaling and downstream ERK1/2 activation. In line with the 

angiogenic upregulation, VEGFR2-Rab5 interaction is induced upon DRP1 silencing.  

In conclusion, we demonstarted that upon VEGF stimulation Drp1 interferes with VEGFR2-

Rab5 communication and plays a negative role in Rab5-mediated VEGFR2 angiogenenic 

signaling. Drp1 ablation results in upregulated angiogenesis in vitro and in vivo, ultimately 

perturbing blood vessel stabilization. 
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Abbreviations and acronyms 
 

ADOA Autosomal dominant optic atrophy  

ANG                Angiopoietin 

ATP                Adenosine tri-phosphate 

ADP                Adenosine di-phosphate 

BAEC               Bovine aortic endothelial cell  

BNGE             BlueNative PAGE 

CaN                 Calcineurin 

CL                     Cristae lumen 

CL                    Cardiolipin  

CLW                Cristae lumen width  

CJ                    Cristae junction 

CJW                Electron transport chainElectron transport chain 

CMT2A          Charcot-Marie-Tooth type 2 

CoA                Coenzyme A  

CoQ                Coenzyme Q 

CPT1a            Carnitine palmitoyl-transferase 1A 

DAB2             Disabled homologue 2  

DEP1              Density-enhanced phosphatase 1 

Dll4                Delta-like ligand 4 

DMEM          DulďeĐĐo’s ŵodified йagle ŵediuŵ  
DNA              Deoxyribonucleic acid  

Drp1              Dynamin-related protein 1 

EC                   Endothelial cell  

ECM               Extracellular matrix 

EEA1              Early endosome antigen 1  

EGF                Epidermal growth factor 

EGFR              Epidermal growth factor receptor  

eNOS             Endothelial nitric oxide synthase   

ERR                Estrogen-related receptor    

ER                  Endoplasmic reticulum    

ETC                Electron transport chainElectron transport chain 

FADH2           Flavin adenine dinucleotide    

FAO              Fatty acid oxydation    

FAK              Focal adhesion kinase   

FBS                 Fetal bovine serum 

FGF               Fibroblast growth factor  

FM                Flavin mononucleotide 

GDAP 1        Ganglioside-induced differentiation-associated protein 1 

GED              GTPase effector domain 

GLS               Glutaminase  

G6P             Glucose-6-phosphate  

G6PD           Glucose-6-phosphate dehydrogenase 

GP                Glycogen phosphorylase  

PhKG1         Phosphorylase kinase subunit G1  

GTP              Guanosine tri phosphate 
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IBM              Inner boundary membrane  

IMM            Inner mitochondrial membrane  

IMS              Intermembrane space  

INF2             Inverted formin 2 

I/RP            Inchaemia/Reperfusion  

HD               рuŶtiŶgtoŶ’s disease 

HIF               Hipoxia-induced factor 

HSR             Heparan sulfate proteoglycan  

Htt               Huntingtin 

HUVEC       Human umbilical vein endothelial cell  

kDa             kilo Dalton 

KLF2            Krüppel-like factor 2 

LDL              Low-density lipoprotein 

LRP-1          Low-density lipoprotein receptor-related protein 1  

LRRK2         Leucine rich repeat kinase 2 

MAMs        Mitochondrial associated membrane 

MAO           Monoamine oxidase 

MAP            Microtubules associated protein  

MAPL          Mitochondria-anchored protein ligase  

Mff              Mitochondrial fission factor  

Mfn1/2       Mitofusin 1/2  

MICOS        Mitochondrial contact site complex 

MMPs         Matrix metalloproteinases  

mtDNA       Mitochondrial DNA 

mRNA              Messenger RNA 

mtROS             Mitochondrial eactive oxygen species  

MTP18             Mitochondrial protein 18kDa 

mtSSB              Mitochondrial single strand binding protein  

NADH              Nicotinamide adenine dinucleotide 

NCID                Notch intracellular domain  

NEC                 Normal endothelial cell 

NO                   Nitric oxide 

NRF                 Nuclear respiratory factor  

NRPs                Neuropilins  

O-GlcNAc        O-linked N-acetylglucosamine 

OGT                 O-GlcNAc transferase 

OMM              Outer mitochondrial membrane 

Opa1               Optic atrophy 1 

OXPHOS          Oxidative phosphorylation 

PA                     Phosphatidic Acid  

PAEC                Pulmonary artery endothelial cell  

PASMC           Pulmonary artery smooth muscle cell  

PAH                 Pulmonary artery hypertension  

PAR3               Partitioning defective 3 homologue 

PARP               Peroxisome proliferator-activated receptor protein 

PECAM            Platelet endothelial cell adhesion molecule  

PD                    ParkiŶsoŶ’s disease 

PDGF                Platelet-derived growth factor 
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PDGFR              Platelet-derived growth factor receptor 

PDH                 Pyruvate dehydrogenase  

PFKFB3            6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 

PGC-1               Proloferator-activated receptor gamma coactivator 

PHB                  Prohibitin 

PI3K                 Phosphatidyl-inositol 3-kinase 

PKA                  Protein kinase A 

PlGF                 Placenta growth factor 

3PG                  3-phosphoglycerate 

PM                   Plasma membrane  

PPP              Penthose phosphate pathway  

PRPP          Phosphorybosyl pyrophosphate 

PVR              Pulmonary vascular resistance  

RCC              Respiratory chain complexes  

RCS              Respiratory chain supercomplexes  

RNA             Ribonucleic acid  

ROCK1         Rho-associated coil-containing protein kinase  

ROS             Reactive oxygen species  

PRC              PGC-ϭα-telated coactivator 

R5P             Ribose 5-phosphate 

rRNA           Ribosomic RNA 

SBP            Serine biosynthesis pathway 

SC                Stalk cell 

S1P             Sphingosine-1-phosphate  

SIRT1          Sirtuin 1  

SMC            Smooth muscle cell  

SNARE         Soluble N-ethylmaleimide-sensitive factor attachment protein receptor  

TC                Tip cell 

TCA              Tricarcoxylic acid  

TEC              Tumoral endothelial cell 

TGF             Transformation growth factor  

TIM              Translocase of the inner membrane  

TH               Thyroid hormone  

TOM           Translocase of the outer membrane  

tPA            Tissue plasminogen activator 

uPA             Urokinase plasminogen activator  

uPAR           Urokinase plasminogen activator receptor  

tRNA          Transfer RNA 

VD             Variable domain 

VEGF           Vascular endothelial growth factor 

VEGFR        Vascular endothelial growth factor receptor  

VEPTP         Vascular endothelial protein tyrosine phosphatase 
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Mitochondrial-shaping proteins – known and unknown functions 

Mitochondrial morphology has been established as key regulator of a variety of cellular 

processes such as differentiation and cell death. The shape of this organelle is constantly 

undergoing changes in order to respond to the physiological needs of the cell. Fusion and 

fission processes are ensuring this dynamic structure. Fusion is mediated by the outer 

mitochondrial membrane Mfn1 and 2 and the inner membrane Opa1, whereas fission is 

orchestrated by the cytosolic Drp1 and its outer mitochondrial membrane adaptor proteins 

(Fis1, Mff). Although the roles of these proteins in fusion and fission events are well 

established extra functions are being described as well. In the case of Opa1 it is an anti-

apoptotic role by regulating the cristae junctions. Being an outer mitochondrial membrane 

also localized at the endoplasmic reticulum (ER), Mfn2 is participating in mitochondrial-ER 

contact sites important for Ca2+ and lipid exchange.  This shows that, although essential in 

some cases, disruption of mitochondrial dynamics is not always the functional answer for 

phenotypes related to mitochondrial-shaping proteins. This idea should be considered when 

we think about Drp1, a cytosolic GTPase, known to regulate mitochondrial and peroxisomal 

fission, initially reported to localize at microvesicular compartments and highly regulated on 

multiple levels in a physiological and cell-dependent manner. Drp1 ablation is embryonically 

lethal in patients and mouse models and yet its activity is often considered to have a toxic 

effect. Reports on Drp1 functionality are controversial leaving the molecular mechanism 

behind certain Drp1-related phenotypes unclear. This could be due to the fact that Drp1 

activity is mainly analyzed in the fission axis. 

This work gives an overview on mitochondrial structure, functionality and dynamics and their 

role in the process of angiogenesis with a focus on Drp1. Using the physiological context of 

angiogenesis, we discovered a new function of Drp1 in endosomal trafficking which will 

contribute to the better understanding of its complex nature.  
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I. Mitochondria – much more than the power house of the cell 

I.1. Origin and Structure  

Mitochondria originated from the symbiosis between an eukaryote ancestor and the α-

protobacterium approximately 1,5-2 billion years ago. While for many years mitochondrial 

structure relied on the use of conventional electron microscopy (EM) performed on ultrathin 

sections, the development of electron tomography allowed to generate a 3D reconstruction 

model of mitochondrial ultrastructure (Frey and Mannella, 2000; Frey et al., 2002). According 

to this model, mitochondria are organized in five compartments: the  outer mitochondrial 

membrane (OMM), the inner mitochondrial membrane (IMM) further subdivided in the inner 

boundary membrane (IBM) and in cristae, the intermembrane space (IMS), and the matrix 

(Fig.1) (Cogliati et al., 2016). 

 

Figure 1. Mitochondrial ultrastructure. A) Electron microscopy image of the mitochondrion from a 

human fibroblast cell. B) Schematic representation of the structural organization of the mitochondria. 

OM-Outer membrane; IM-inner membrane; IMS-Intermembrane space; IBM-Inner boundary 

membrane; CJ-cristae junction; CM-cristae membrane, M-matrix. From (Detmer and Chan, 2007; 

Westermann, 2010). 

 

I.1.1. The outer mitochondrial membrane (OMM) 

The two mitochondrial membranes differ in their composition, reflecting their different 

functions. The OMM separates and connects the mitochondria to the cytosol and other 

organelles. Its composition is more homogenous compared to the IMM (see section I.1.2.) and 

it contains fewer proteins, which are all nuclear encoded. OMM proteins could be integral or 

peripherally bound and they are involved in a variety of processes such as: mitochondrial 
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import, which is mainly regulated by the translocase of the outer membrane (TOM) complex, 

pro (Bak and Bax) and anti-apoptotic (BCL-2) factors, pore forming proteins such as the voltage 

dependent anion channel (VDAC), organelle contact-mediating proteins such as Mfn1 and 2 

(de Brito and Scorrano, 2008a, b; Ishihara et al., 2004). 

 

I.1.2. The inner mitochondrial membrane (IMM) 

The inner mitochondrial membrane (IMM) is characterized by high concentrations of 

cardiolipin and high protein-lipid ratio (de Kroon et al., 1997; Zinser et al., 1991) and it can be 

further subdivided in: inner boundary membrane (IBM) and the cristae (Vogel et al., 2006).   

 

I.1.2.1. The inner boundary membrane   

The IBM corresponds to the continuous and closely OMM-connected IMM (Fig.1), forming a 

ĐoŶtiŶuousà͞ĐoŶtaĐtàsite͟àďetǁeeŶàtheàtǁoàŵeŵďƌaŶesà(Frey et al., 2002). Functionally, this 

structure is reported to be involved in energy transfer from the matrix to the cytosol (Brdiczka 

et al., 2006) and in lipid exchange between OMM and IMM (Tatsuta et al., 2014). The IBM also 

contains the TIM (Translocase of the inner membrane) protein complex involved in 

mitochondrial protein import into the IMM or to the matrix (Reichert and Neupert, 2002). 

 

I.1.2.2. The cristae  

At certain regions the IMM membrane is forming deep invaginations into the matrix, defined 

as cristae (Perkins et al., 1997). Cristae are involved in iron-sulfur biogenesis (Zick et al., 2009), 

mitochondrial DNA maintenance (Vogel et al., 2006), assembly of respiratory chain complexes 

and supercomplexes (Cogliati et al., 2013a; Gilkerson et al., 2003) and apoptotic signaling 

(Scorrano et al., 2002).  Crucial cristae regions are the cristae lumen (CL), which is the space 

inside the cristae invagination, and the cristae junction (CJ) (Fig.1), which corresponds to the 

opening of the cristae into the IBM (Frey and Mannella, 2000). The molecular regulation of 

cristae morphology as well as its physiological relevance are discussed in details in chapter 

II.1.2. 
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I.1.3. The matrix  

The matrix corresponds to the space delimited by the IMM. It is relatively more viscous than 

the cytoplasm and it contains mitochondrial DNA and ribosomes as well as enzymes, co-

factors, ions required for the metabolic reaction that take place there. 

 

I.1.4. Mitochondrial DNA  

In vertebrates, mitochondrial DNA consists of a double stranded circular DNA molecule of 

approx. 16,5 kb (Fig.2). Structure and sequence of mtDNA are highly conserved among 

mammals. The two strands of mtDNA molecule could be distinguished by their composition 

iŶàGuaŶiŶeà;GͿàaŶdàThǇŵidiŶeà;TͿàďases,àƌesultiŶgàiŶàdiffeƌeŶtàďuoǇaŶtàdeŶsitiesàofàtheà͞ heaǀǇ͟à

;HͿàaŶdà͞ light͟à(L) strands in denaturating cesium chloride gradients (Kasamatsu and Vinograd, 

1974). Mitochondrial DNA encodes thirteen genes of proteins of the oxidative 

phosphorylation (OXPHOS) system, 2 ribosomal RNAs and 22 transport RNAs (Fig.2). The 

majority of the genes are located on the H strand (Yoon et al., 2010).  

 

 

Figure 2. Schematic representation of the human mtDNA structure.  The genome encodes two 

ribosomal RNAs (12S and 16S), 22 transfer RNAs (indicated by single letter abbreviation) between the 

coding genes, and 13 genes, encoding for subunits of the oxidative phosphorylation enzyme 

complexes. The major noncoding regions in the genome are the D-loop region which includes heavy 

and light-strand promoters (HSP and LSP), and the origin of L-strand replication (OL). From (Yoon et 

al., 2010). 



 

14 

 

Structurally, mtDNA is bound to proteins in structures called nucleoids (Legros et al., 2004). 

These proteins are playing both structural and functional roles in mitochondrial DNA 

replication and transcription (Bogenhagen, 2012; Bogenhagen et al., 2008). Nucleoid size and 

number may vary in response to physiological changes; moreover, maintenance of mtDNA 

integrity is essential and mtDNA mutations cause not only primary mitochondrial diseases, but 

are also associated to a variety of pathological conditions (Taylor and Turnbull, 2005).  

 

I.2. Mitochondrial biogenesis  

Mitochondrial content is a key factor to define the respiratory capacity of a cell and is 

therefore modulated in response to energy demands. For example, muscle exercise, browning 

of adipose tissue as well as neuronal activity stimulate mitochondrial biogenesis.  As discussed 

in details in chapter IV, pro-angiogenic signals induce mitochondrial biogenesis in endothelial 

cells (Wright et al., 2008). Mitochondrial biogenesis relies on a precise cross-talk between 

mitochondrial and nuclear gene expression. The main pathways and players of mitochondrial 

biogenesis are summarized in figure 3.  

                                          

Figure 3. PGC1α signaling pathway. Depending on the physiological context a variety of signaling 

pathways, including Thyroid hormone (TH), p38 mitogen-activated protein kinase (p38MAPK), 

calcineurin (CaN) and many others have been shown to regulate expression and/or activity of PGC-ϭα.à
PGC-ϭα then co-activates transcription factors such as nuclear respiratory factors (NRFs), estrogen-

related receptors (ERRs), and PPARs, known to regulate different aspects of energy metabolism 

including mitochondrial biogenesis and fatty acid oxidation. From (Ventura-Clapier et al., 2008). 
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I.3. The role of mitochondria in energy conversion 

The major biochemical reactions taking place in the mitochondria are the tricarboxylic acid 

(TCA) cycle, oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO). The link 

between them allows the fine metabolic tuning between ATP production, biosynthesis of fatty 

acids, amino acids, ketone-bodies and heme.  

 

I.3.1. The tricarboxylic acid (TCA) cycle  

Also known as Krebs cycle, the TCA cycle (Fig.4) leads to the complete oxidation of nutrient-

derived carbons to CO2 together with production of three Nicotinamide adenine dinucleotide 

(NADH), one Flavin adenine dinucleotide (FADH2) and one Adenosine tri-phosphate (ATP) 

molecule per cycle.  Acetyl-Coenzyme A (acetyl-CoA) is the starting molecule of the TCA cycle 

and it could originate from glycolysis-derived pyruvate or from β-oxidation of fatty acids. TCA 

cycle is linked to amino acids biosynthesis via its intermediate metabolites (Fig.4).   

 

 

Figure 4. Schematic representation of the TCA cycle and its intermediate metabolites involved in 

cata and anaplerosis pathways. From (Diakos et al., 2016). 
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I.3.2. Electron transport chain (ETC) and Oxidative phosphorylation (OXPHOS) 

Oxidative phosphorylation (OXPHOS) is the process whereby the electrons stripped from the 

reducing equivalents extracted from the catabolic intermediates by the TCA are transferred 

to molecular oxygen and the resulting energy is used to drive ATP biosynthesis.  The electron 

transport chain (ETC), composed by multiprotein complexes localized within the IMM, is the 

enzymatic machinery behind OXPHOS (Fig.5). 

 

Figure 5. Model of the mitochondrial electron transport chain and OXPHOS process. Complex 

I, the NDH-CoQ oxidoreductase or NADH dehydrogenase, is the main entry point of electrons into the 

ETC. It oxidizes NADH, derived from TCA cycle, to NAD+ and transfers electrons to coenzyme Q (CoQ), 

inducing the pumping of 4 protons across the IMM. Complex II, the succinate dehydrogenase complex, 

oxidizes carbons from succinate and transfers electrons through FADH2, also derived from TCA cycle, 

to CoQ. Complex II does not pump protons into the IMS. Complex III, the cytochrome bc1 complex, is 

collecting electrons from CoQH2 and transfers them to cytochrome c while pumping 4 protons across 

the IMM. Complex IV or the cytochrome c oxidase, transfers electrons from cytochrome c to the final 

electron acceptor O2. This reaction is accompanied by the pumping of 2 protons. At the end of the ETC, 

ATP synthase generates ATP. The protons pumped into the IMS backflow through the ATP synthase 

into the matrix generating a rotation of the ATP synthase that initially produces mechanical force 

converted into chemical energy and allowing the coupling of adenosine di-phosphate (ADP) with 

inorganic Phosphor into adenosine tri-phosphate (ATP). From (Acin-Perez et al., 2008). 

 

For a long time respiratory chain complexes were considered as individual complexes 

distributed randomly throughout the IMM – this was referred to as the fluid model 

(Hackenbrock et al., 1986). However, using BlueNative PAGE (BNGE) experiments in yeast, it 

has been demonstrated that respiratory complexes are organized into supercomplexes (SCs) 

(plasticity model) (Acin-Perez et al., 2008) (Fig.7). After construction of each single complex, 
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respiratory chain complexes assemble into dynamic functional structures depending on the 

energetic needs of the cell (Acin-Perez et al., 2008; Schagger, 1995).  

 

I.3.3. Fatty acid β-oxidation  

Fatty acid oxidation (FAO)  is the catabolic process by which fatty acid molecules are broken 

down to generate acetyl-CoA, which enters the TCA cycle, and NADH and FADH2, used in the 

ETC (Bartlett and Eaton, 2004). FAO is a key metabolic pathway for energy homoeostasis in 

organs such as the liver, heart and skeletal muscle. During fasting, when glucose supply 

becomes limited, FAO is essential. Mitochondria, as well as peroxisomes, harbor all enzymes 

necessary for FAO. Importance of FAO is supported by the fact that almost each enzyme of 

the pathway is related to a pathological condition (Rinaldo et al., 2002). 

 

 

II. Mitochondrial dynamics  

Mitochondria are highly dynamic organelles: their morphology varies from spherical isolated 

organelles to branched tubular networks. Mitochondrial morphology is dependent on the type 

and the physiological condition of the cell and is constantly modulated in response to the 

needs of the cell through fusion and fission processes. Over the last years, the balance 

between fusion and fission and the role of mitochondrial dynamics emerged as a key 

regulatory components in a plethora of cellular events. The mechanism of mitochondrial 

fusion and fission are regulated by large Dynamin-related GTPases. 

 

II.1. The pro-fusion machinery  

II.1.1. Mitofusins 1/2 and OMM fusion  

The first pro-fusion protein was identified in Drosophila melanogaster. Fuzzy onion (Fzo1) is a 

large GTPase, located at the OMM and involved in the formation of giant mitochondria during 

fly spermatogenesis (Hales and Fuller, 1997). The Fzo1 orthologue in yeast has also been 

reported to mediate mitochondrial fusion (Hermann et al., 1998; Rapaport et al., 1998). In 

mammals two orthologues of Fzo1 exist– Mitofusin 1 and 2 (Mfn1/2) (Fig.6) (Santel and Fuller, 

2001). Mfn1 and 2 are highly homologous, containing an N-terminal GTPase domain, two 

transmembrane domains and two coiled coil motifs, crucial for protein-protein interactions 
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(Chen et al., 2003; Rojo et al., 2002; Santel et al., 2003; Santel and Fuller, 2001). Ubiquitous 

knockout of the Mfn1 or Mfn2 gene results in embryonic lethality during midgestation due to 

placental dysfunction (Chen et al., 2003; Chen et al., 2007). 

Structural differences between Mfn1 and 2 consist in the p21ras-binding domain at the N-

terminal of Mfn2, which is absent in Mfn1 (Chen et al., 2014). This might be the explanation 

for the functional differences between the two proteins. Mfn1 has lower affinity for GTP but 

greater GTPase activity than Mfn2 (Ishihara et al., 2004). Thus, Mfn1 has stronger pro-fusion 

effect than Mfn2 (Chen et al., 2003). Moreover, is has been shown that the IMM pro-fusion 

protein Opa1 requires Mfn1 to induce fusion (Cipolat et al., 2004). Mfn1 is required on the 

surface of both tethered mitochondria in order to fulfil the fusion event (Koshiba et al., 2004). 

On the other hand, Mfn2 is also located on the endoplasmic reticulum (ER) and is involved in 

the tethering of the two organelles by establishing interactions with Mfn1 or 2 at the 

mitochondrial surface. This process is crucial for mitochondrial Ca2+ uptake from the ER (de 

Brito and Scorrano, 2008a; Naon et al., 2016). Although, the role of Mfn2 in the tethering of 

the two organelles has been challenged (Filadi et al., 2015), it is established that Mfn2 is 

involved in ER-mitochondria Ca2+ crosstalk. Mfn2 ablation is reported to induce ER stress 

(Debattisti et al., 2014; Munoz et al., 2013; Ngoh et al., 2012). This mechanism was confirmed 

also in the fly model – flies lacking Marf (the orthologue of Mfn2), display functional and 

developmental abnormalities, which are rescued by preventing ER stress. Conversely, MFN2 

overexpression is shown to kill cancer cells by promoting Ca2+ uptake from the ER (Wang et 

al., 2015).  

Mutated MFN2 has been shown to be the cause for Charcot-Marie-Tooth type 2A (CMT2A) 

syndrome, neurodegenerative disorder, characterized with loss of sensory and motor axons 

resulting in neuronal degeneration (Lawson et al., 2005). Mechanistically, Mfn2 has been 

shown to interfere with mitochondrial transport along microtubules via interaction with 

Miro/Milton complex, perturbation of this process has been proposed to be underlying 

mechanism of CMT2A. No pathology has been linked to MFN1 so far. 
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Figure 6. Schematic representation of the OMM and IMM fusion regulators. a) Mitochondrial fusion 

consists of OMM fusion, followed by fusion of the IMM. b) OMM fusion is orchestrated by Fzo1, which 

is the yeast orthologue of Mfn1 and 2; Mgm1 is the yeast orthologue of the mammalian IMM fusion 

regulator – Opa1. Proteolytic cleavage of the protein generates a long Mgm1 (l-Mgm1), which is IMM-

bouded, and a short soluble (s-Mgm1) forms of the protein, both required for IMM fusion.  Additionally 

to its fusion properties, Mgm1/Opa1 is required for cristae maintenance. Ugo1 is an OMM protein, 

which binds to both Fo1 and Mgm1 and is considered to coordinate OMM and IMM fusion processes. 

From (Detmer and Chan, 2007). 

 

II.1.2. Opa1 in IMM fusion and cristae remodeling  

Chemical treatment allows decoupling of OMM and IMM fusion processes (Malka et al., 2005). 

However, it is not completely clear whether in vivo the two are consequent or simultaneous 

processes. Optic atrophy 1 (Opa1, Mgm1p in yeast) is an IMM localized protein and is the key 

regulator of IMM fusion and cristae remodeling (Fig.6). Opa1 is composed of N-terminal 

mitochondrial targeting sequence, a central GTPase domain and two coiled coil domains, 

predicted on both sides of the GTPase domain. The C-terminal coiled coil is proposed to 

function as a GTPase effector domain (GED). Proteolytical cleavages of Opa1 produce the long 

form of Opa1 (l-Opa1), which possesses the N-terminal transmembrane domain and is IMM 

anchored, and the short soluble form (s-Opa1), which is further processed by the Rhomboid-

like protease PARL, which generates the soluble IMS form of Opa1 (Cipolat et al., 2006).  
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Opa1 is ubiquitously expressed with highest levels in retina, brain, testis, heart and muscle 

(Alexander et al., 2000). The gene encoding for Opa1 has been identified as the major cause 

for development of autosomal dominant optic atrophy (ADOA), characterized with 

degeneration of the optic nerve, causing visual loss (Alexander et al., 2000; Delettre et al., 

2000). In about 20% of the cases, defined as ADOA-plus, extra-ocular symptoms are present 

such as myopathy, ataxia, peripheral neuropathy, chronic progressive external 

ophthalmoplegia (Skidd et al., 2013). The crucial physiological role of Opa1 is supported by 

the observation that constitutive as well as conditional tissue-specific ablation of Opa1 in the 

mouse have lethal effects (Davies et al., 2007). 

The effect of Opa1 in mitochondrial fusion has been debated because Opa1 overexpression 

was originally reported to cause mitochondrial fragmentation (Misaka et al., 2002).  Later our 

group showed that this was likely a side effect of very high levels of Opa1 expression, because 

mild Opa1 overexpression enhances fusion, whereas OPA1 downregulation represses it 

(Cipolat et al., 2004). Our group has recently confirmed these observations in vivo by 

generating mouse models for OPA1 ablation and mild overexpression (Cogliati et al., 2013b; 

Varanita et al., 2015). Notably, Opa1 requires Mfn1 to drive fusion (Cipolat et al., 2004). It is 

still unclear which form of Opa1 (long, short of both) is required for the fusion events. 

Originally, both forms were thought to be required (Meeusen et al., 2006; Song et al., 2007); 

however subsequent work showed that the long form alone can drive fusion under stress 

conditions (Tondera et al., 2009). Moreover long non-cleavable forms of Opa1 could restore 

mitochondrial fusion (Song et al., 2009). On the other hand, in vitro experiments showed that 

the short form induces tubulation of cardiolipin containing liposomes, indicating a direct effect 

of this form on membrane shape (Ban et al., 2010). Very recently, a different model was put 

forward, whereby mitochondrial fusion requires long Opa1 interaction with cardiolipin in trans 

(Ban et al., 2017). Conversely, Opa1-Opa1 interaction in trans modulate cristae biogenesis.  

The coordination of the OMM and IMM fusion processes remains unclear. In the yeast model 

it has been shown that Ugo1 physically links Fzo1 and Mgm1 (Fig.6). In the mammalian system  

SLC25A46, a member of the mitochondrial metabolite carrier family, found to be mutated in 

Leigh syndrome, an early-onset neurodegenerative disease, is the likely orthologue of Ugo1 

(Janer et al., 2016). 
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Independently from its pro-fusion role, Opa1 plays a crucial role in cristae morphology (Fig.7) 

(Griparic et al., 2004; Olichon et al., 2003; Sesaki et al., 2003). Using biochemical and genetic 

approaches our group provided evidence that Opa1 mediated cristae remodeling through self-

aggregation into high molecular weight complexes (Frezza et al., 2006) which are composed 

by l-Opa1 and s-Opa1 forms (Fig.6). Opa1 complexes keep CJs tight and prevent the release of 

cytochrome c normally stored inside the cristae, which are being remodeled during apoptosis 

(Scorrano et al., 2002).  Mechanistically, this apoptotic cristae remodeling is a consequence of 

the disruption of Opa1 complexes leading to opening of CJs and release of cytochrome c 

(Cipolat et al., 2006; Frezza et al., 2006). 

Another consequence of Opa1-mediated cristae stabilization is the formation and stabilization 

of respiratory chain supercomplexes in vitro and in vivo (Fig.7) (Cogliati et al., 2013a). Recently, 

our laboratory showed that a mouse model of mild OPA1 overexpression resists skeletal 

muscle atrophy, heart and brain ischemic damage, and massive liver apoptosis by ameliorating 

mitochondrial performance and reducing cytochrome c release  (Varanita et al., 2015). 

Moreover, controlled OPA1 overexpression improves the phenotypes of two pre-clinical 

models of defective mitochondrial bioenergetics by correcting IMM architecture and 

promoting RCS assembly (Civiletto et al., 2015). 
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Figure 7. Schematic representation of the processes regulated by cristae morphology. A). Folded 

cristae maintain RCS organized and ATP dimers located at the edge of the cristae, ensuring efficiency 

of the OXPHOS system. Moreover, cytochrome c is kept inside in the cristae lumen; B) Unfolded cristae 

structure leads to RCS destabilization, reduction of ATP dimers and release of cytochrome c. From 

(Cogliati et al., 2013). 

 

II.1.3. Other regulatory factors of cristae morphology  

II.1.3.1. Mitofilin/Mic60 and the MICOS complex 

Mitofilin, also called Mic60, is the mammalian homologue of the yeast Fcj1, responsible for 

formation of cristae junctions.  Mitofilin is located within the IMM and enriched at cristae 

junctions (Gieffers et al., 1997; Odgren et al., 1996; Rabl et al., 2009). Loss of Mitofilin in 

human, worm and yeast cells leads to an extension of the IMM and massive loss of cristae 

junctions and to abnormal cristae, dissociated from the IBM (Hoppins et al., 2011a; John et 

al., 2005; Rabl et al., 2009; von der et al., 2011). Mitofilin is reported to participate in a larger 

highly conserved protein complex - mitochondrial contact site complex (MICOS), which is 

crucial for cristae maintenance and architecture of the IMM (Pfanner et al., 2014; Zerbes et 

al., 2012). Our group established that in mammalian cells Opa1 is epistatic to the MICOS 

complex in determining cristae junction stability and number, as well as diameter (Glytsou et 

al., 2016). Loss of any of the MICOS complex players is also characterized with strongly altered 
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IMM morphology, loss of CJs, disorganized cristae, leading to loss of respiratory activity and 

altered mtDNA stability. MICOS complex is also reported to be involved with communications 

with the OMM and in mitochondrial fusion events (Pfanner et al, 2014; Zerbes et al., 2012). 

 

II.1.3.2. Prohibitins, SLP2 and cardiolipin  

Prohibitin 1 and 2 (PHB1/2) are located within the IMM. Both PHB1 and 2 contain a highly 

conserved PHB domain (SPFH domain), shown to be a lipid raft marker and to participate in 

protein-protein interactions (Winter et al., 2007). Prohibitins are involved in many aspects of 

mitochondrial biology such as mtDNA maintenance (Kasashima et al., 2006), respiratory chain 

assembly (Schleicher et al., 2008) and mitochondrial morphology (Kasashima et al., 2006; 

Merkwirth et al., 2008). Phb2-depleted cells display mitochondrial fragmentation and cristae 

destabilization, probably as a result of altered OPA1 cleavage (Merkwirth et al., 2008). PHB1 

and 2 have been shown to form a complex with Stomatin-like protein 2 (SLP2) from the highly 

conserved stomatin protein family. The complex is reported to bind and localize at cardiolipin 

enriched regions of the IMM (Bazan et al., 2013; Pineau et al., 2013). 

Cardiolipin is important for formation of protein-protein and lipid-protein interactions 

(Holthuis and Ungermann, 2013) and also shown to increase fluidity of biological membranes 

and to facilitate curvature formation. Cardiolipin is enriched at the IMM and it has been shown 

to be essential for cristae formation – loss of mature cardiolipin causes disorganization of 

cristae structure and disassociation of SCs (Bottinger et al., 2012). Thus, showing the 

importance of lipid composition in the mechanism of IMM folding and functionality.  

 

II.2. Mitochondrial fission 

Mitochondrial fission is the process of mechanical constriction of the organelle. The cytosolic 

GTPase Dynamin related protein 1 (Drp1) is the master regulator of both mitochondrial and 

peroxysomal fission (Li and Gould, 2003; Smirnova et al., 2001). Drp1-dependent fission 

events are precisely regulated, multistep processes, essential for cell survival and specific to 

the cell type and the physiological context.  
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II.2.1. Drp1 - the master regulator of mitochondrial fission 

II.2.1.1. Drp1’s protein organization 

DRP1 is a ~80kDa ubiquitously expressed protein (Yoon et al., 1998), with highest levels found 

in skeletal muscles, heart, kidney and brain. Similar to Dynamin, Drp1 is a multidomain GTPase 

(Fig.8) that consists of a N-terminal GTPase domain, a middle assembly domain (MID), a C-

terminal GTPase-effector domain (GED). Unlike Dynamin, Drp1 does not contain the lipid-

interacting pleckstrin homology domain. Instead, it has an uncharacterized variable domain 

(VD) of 95 amino acids in the human isoform, also called a B-insert (Zhang et al., 2011; Zhu et 

al., 2004).  

In the cytosol Drp1 is predicted to exist as a T-shaped dimer or tetramer formed by a head 

(GTPase domain), the B-insert, located between these two domains allows the GED to back 

foldàoŶtoà theàMiddleàdoŵaiŶ,à foƌŵiŶgà theà ͞leg͟à ;Fig.8) (Zhu et al., 2004). When dimers or 

tetramers translocate to the OMM at fission sites they assemble into higher molecular 

complexes around the fission site. GTP binding and hydrolysis induces rearrangements of the 

head and the stalk, generating a mechanical force that constricts the membrane (Chang and 

Blackstone, 2010; Macdonald et al., 2014; Zhu et al., 2004). Mutation of a highly conserved 

Lysine into an Alanine (K38A) within the GTPase domain blocks GTP binding and is 

characterized as a dominant negative mutant of Drp1, whose overexpression causes the 

appearance of a hyperconnected mitochondrial network (Chang et al., 2010).  

The middle domain is involved in intermolecular interaction and high molecular order 

complexes. A lethal mutation (described in section II.2.1.5.1.) within the middle domain has 

been characterized with decreased assembly of Drp1 oligomers at the OMM likely due to a 

decrease in GTPase activity, resulting in hyperfused mitochondrial network.  

In the Drp1 molecule the GED domain back-folds onto the GTP-middle domain. Inhibition of 

this interaction by the K679A mutation within the GED domain leads to a decrease in the 

GTPase activity and the assembly of high order complexes resulting in downregulated 

mitochondrial fragmentation (Zhu et al., 2004).  

Structurally, the B-iŶseƌtàisàpƌoposedàtoàďeàuŶstƌuĐtuƌedàǁithàα-helices connections to the GED 

and the Middle domain. Functionally, the B-insert is still not well characterized but there are 

evidences that, similar to the pleckstrin domain, it is involved in lipid binding (Adachi et al., 

2016; Bustillo-Zabalbeitia et al., 2014; Stepanyants et al., 2015; Ugarte-Uribe et al., 2014). 
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Deletions of the VD domain result in constitutive OMM translocation and activation of Drp1, 

therefore the VD domain has been described to have an autoinhibitory function (Cribbs and 

Strack, 2007).   

 

Figure 8. Protein structure and post-translational modifications of Drp1. Drp1 is a multidomain 

GTPase constituted by an N-terminal GTPase domain (green), followed by a Middle domain (light blue), 

a Variable domain also called B-insert (light green) and a GTPase-effector domain (GED, blue). In the 

cytosol Drp1 molecule is arranged in a T-shapeàŵaŶŶeƌ,àtheà͞head͟àisàfoƌŵedàďǇàtheàGTPaseàdoŵaiŶà
aŶdàtheà͞leg͟àďǇàthe Middle and GED domains, the variable domain (VD), located between these two 

domains allows the GED to back-fold onto the Middle domain (MD). Drp1 activation is controlled by a 

number of post-translation modifications, located within the Middle and the GED domains. From (Cho 

et al., 2013). 

 

II.2.1.2. Genetic structure and splice variants 

Drp1 is encoded by the DNM1L gene (12p11.21) composed by 31 exons. Alternative splicing 

of the pre-mRNA transcript gives rise to eight different splice forms. Yoon and colleagues 

described three splicing variants of 201, 180 and 162bp at the N-terminal GTPase domain, 

named A domain, localized within exon 3. The B splicing domain is located within exons 16 

and 17 with splicing variants of 351, 318 and 240bp. The expression patterns of these splice 

variants is tissue specific – brain expresses longer forms (201 and 351 bp) of both A and B 

splicing domains, whereas other tissues (liver, lung, testicles) express predominantly shorter 

splice forms 162 and 240bp for A and B domains respectively (Yoon et al., 1998). Uo et al. 

showed that the neuro-specific splice form is important for cortical neurons survival (Uo et al., 

2009). Strack and co-workers demonstrate that alternative splicing together with post-
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translational phosphorylation regulates Drp1 subcellular localization between cytosol, 

microtubules and mitochondria (Strack et al., 2013). However, the functional importance of 

these splice variants has not been fully understood. 

 

II.2.1.3. Drp1 subcellular localization 

Generally, Drp1 is described as a cytosolic dimer or tetramer that translocates to the 

mitochondria or the peroxisomes upon fission stimulation (Li and Gould, 2003; Smirnova et 

al., 1998). However, its ability to bind biological membranes mostly via adaptor proteins 

suggests that other subcellular localizations should not be excluded.  In 1998 Yoon et al. 

analyzed Drp1 subcellular localization. Their description of the immunofluorescence pattern 

ofàDƌpϭàpeƌfeĐtlǇàillustƌatesàtheàdistƌiďutioŶàofàDƌpϭàǁeàoďseƌǀeàtodaǇ:à͞aŶtiďodiesàtoàDLPϭà

stain punctate vesicular structures that are concentrated at the perinuclear region and extend 

out into the peripheral cytoplasm in linear arrays asàifàassoĐiatedàǁithàĐǇtoskeletalàeleŵeŶts͟à

(Yoon et al., 1998). Drp1 puncta colocalize indeed with tubules of the endoplasmic reticulum. 

Subfractionation analysis showed that indeed Drp1 associates with small non-endocytic 

vesicles and light membranes. Drp1 has also been described to colocalize with cytoskeletal 

microtubules (Strack et al., 2013; Varadi et al., 2004). Drp1 has been reported to interact with 

clathrin-coated vesicles via its adaptor Mff during synaptic vesicles endocytosis (Li et al., 

2013). Actin filaments have also been described to directly bind Drp1 and target the protein 

to fission sites (Hatch et al., 2016; Ji et al., 2015). Recently, Jo et al. described Drp1 distribution 

to lamelipodia in MEFs in response to Platelet-derived growth factor (PDGF) stimulation. The 

authors suggest that Drp1 affects lamelipodia formation by interfering with actin 

polymerization rather than through modifying mitochondrial morphology (Jo et al., 2017). 

 

II.2.1.4. Mechanisms of mitochondrial fission 

Over the last years, the new discoveries in the field of mitochondrial constriction offered the 

model for Drp1-mediated mitochondrial fission. Fission occurs through the following major 

steps:  

1) ER tubules and actin filaments facilitate constriction and serve as early markers of future 

fission sites;  

2) Post-translation modifications of Drp1 induce its translocation to the OMM;  
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3) Drp1 binds to its adaptor proteins within the fission foci;  

4) Drp1 dimers assemble into high molecular weight complexes encircling the fission site;  

5) GTP-hydrolysis triggers mechanical membrane constriction;  

6) Drp1 assembly and constriction facilitate recruitment of Dynamin2 to ensure efficient 

membrane constriction;  

7) Drp1 and Dynamin2 oligomers disassemble.  

 

II.2.1.4.1. Early Drp1-independent constriction step  

II.2.1.4.1.a. Role of the endoplasmic reticulum in mitochondrial fission  

Over the last years, the interest in the role of ER-mitochondria contact sites, the so called 

MAMs (mitochondria associated membranes), in a variety of physiological processes 

increased. The proximity between the two organelles is maintained by tether proteins. ER-

localized Mfn2 interacts with Mfn1 and/or Mfn2 on the OMM (de Brito and Scorrano, 2008), 

PACS-2, Rab32, IP3 receptor complexes have also been identified as tethers (Raturi and 

Simmen, 2012).  

This interaction is mainly involved in the transfer of Ca2+ and lipids between the two organelles 

(Rizzuto et al., 1993; Rizzuto et al., 2012; Scorrano, 2003; Voss et al., 2012).  MAMs are also 

involved in membrane constrictions, generating organelle division. In yeast and mammalian 

cells, ER-mitochondrial contact sites are early markers of mitochondrial fission foci (Friedman 

et al., 2011; Murley et al., 2013).  The diameter of the mitochondria is constricted at ER contact 

sites and this is the position where Drp1 complexes preferentially form. Indeed, the diameter 

of the mitochondria is approximatively two-fold bigger that the diameter of Drp1 (Dnm1) 

oligomers. Thus, ER-mitochondrial contact sites have been defined as early markers of 

mitochondrial fission sites at which Drp1-dependent machinery preferentially forms (Fig.9). 

Similar role of the ER has been described also in fission of early endosomes during cargo 

sorting (Rowland et al., 2014).  

The mechanism of ER-mediated mitochondrial constriction is an outstanding question. In 

yeast, ER-mitochondria contact sites colocalize with the position of the nucleoid and thus 

fission at this position ensures the equal distribution of nucleoids into daughter mitochondria 

(Murley et al., 2013). In mammalian systems, the precise tethering complex and the 
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mechanism driving Drp1 localization at ER-mitochondria contacts during mitochondrial fission 

is not completely understood.  

In 2010 Bui and colleagues described that the small GTPase Rab32 regulates calcium signaling 

by anchoring calnexin to the MAMs. Rab32 also modulates intracellular protein kinase A (PKA) 

signaling and apoptosis (Bui et al., 2010). PKA is known to phosphorylate Drp1 at Ser637 which 

has an inhibitory effect on mitochondrial fission. Later on, the same group showed that Drp1 

directly interacts with the Rab32 protein family (formed by Rab32A, Rab32B, Rab29 and 

Rab38) at ER-mitochondria contact sites (Ortiz-Sandoval et al., 2014). Rab32 and Drp1 are both 

found in light ER contact site membranes and dominant negative mutants of Rab32 lead to an 

increase of Drp1 on heavy membranes and to a collapsed perinuclear mitochondrial network. 

Therefore, Drp1 is proposed to be an effector of Rab32 at the ER-mitochondria interface.  

The SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) protein 

Syntaxin 17 has been also identified to interact with Drp1 at ER-mitochondria contact sites. 

Syn17 is localized on tubular smooth ER and has been previously reported to interact with 

ATG14L and to drive formation of functional autophagosomes upon starvation (Hamasaki et 

al., 2013). Arasaki and colleagues show that Syn17 colocalizes with ER-mitochondrial contacts 

and regulates mitochondrial fission by interfering with the activity of Mff-bound Drp1 (Arasaki 

et al., 2015). This interaction is dependent on microtubules and the lipid context of the MAMs 

environment – Syn17 and Drp1 indeed interact at lipid-rafts like structures.  Moreover, the 

authors link Syn17-Drp1 interaction to the previously described Rab32-Drp1 communication 

at the MAMs. Syn17 prevents Drp1 deactivation by Rab32-mediated PKA phosphorylation at 

Ser637.  Together these studies suggest that MAMs and raft-like structures could regulate the 

activity of Drp1 and mitochondrial fission.  

 

II.2.1.4.1.b. Role of the cytoskeleton in early step mitochondrial constriction  

Actin polymerization is also shown to drive Drp1 at the ER-mitochondrial contacts early in the 

fission process (Fig.9). This is regulated by both ER and mitochondria located proteins, such as 

inverted formin 2 (INF2) and Spire1C, respectively (Korobova et al., 2013; Manor et al., 2015). 

Recently, Hatch and coworkers reported that actin filaments are reservoirs for fission-

competent Drp1 oligomers, ensuring a dynamic response to pro-fission signals (Hatch et al., 

2016). Actin binding has also been reported for Dynamin 1 and 2 prior to their fission activity 

during endocytosis (Grassart et al., 2014; Gu et al., 2010). The work of Korbova and colleagues 
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showed that motor protein Myosin II is involved in the guiding of actin-bound Drp1 to the 

OMM (Korobova et al., 2014). Myosin II ablation results in a decrease of mitochondrial levels 

of Drp1 without affecting the interaction with actin.  

Recently, the Myosin II - Septin 2 interaction has been described to communicate with Drp1 

during fission (Pagliuso et al., 2016). Septins are highly conserved GTP-binding proteins 

involved in the formation of non-polar filaments of the cytoskeleton. Pagliuso and colleagues 

showed that Septin 2 localizes at fission sites and its ablation results in a hyperconnected 

mitochondrial network. Septin 2 directly interacts with Drp1 and is required for its localization 

at fission sites.  

Another modulator of actin/Myosin II-mediated Drp1 translocation to mitochondria is the Tau 

protein in neurons (DuBoff et al., 2012). Tau is the major microtubule associated protein 

(MAP) in mature neurons and it stabilizes microtubules (Wang and Liu, 2008). 

Hyperphosphorylation of Tau and its abnormal localization have been associated to Alzheimer 

disease (Ittner and Gotz, 2011). Excessive actin stabilization by Tau alters mitochondrial 

localization of Drp1 leading to increased mitochondrial connectivity and neurotoxicity in vivo 

(Duboff et al., 2012).  Interestingly, Tau has also been reported to regulate motor proteins like 

dynein and kinesin (Dixit et al., 2008) and organelle trafficking (Ebneth et al., 1998), however 

the role of Drp1 in these processes has not yet been investigated.  

 

Figure 9. Cytoskeleton and ER contact sites in mitochondrial fission. Establishment of endoplasmic 

reticulum (ER)-mitochondrial contact sites is an early fission event. The constriction of the 

mitochondria by the endoplasmic reticulum encircling provides the platform for the Drp1-mediated 

fission machinery. Microtubules (MT) of the cytoskeleton are involved in the establishment of the 

organelle contact site and also bring GTP-bound Drp1 complexes to the fission site. From (Arasaki et 

al., 2015). 
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II.2.1.4.2. Post-translational modifications and regulation of Drp1 translocation to the 

mitochondria 

A crucial step in mitochondrial fission is the translocation of Drp1 from the cytosol to the 

OMM. Post-translational modifications (phosphorylation, ubiquitination, SUMOylation) at 

different sites of Drp1 can impinge on the localization and activity of Drp1. The type and the 

effect of the modification are dependent on the signaling and tissue context (Table 1). 

 

 

 

Table 1. Effects of post-translational modifications with their corresponding signaling pathways and 

effects on Drp1 activity. From (Cho et al., 2013). 

 

II.2.1.4.2.A. Phosphorylation  

The main post-translational regulation of Drp1 activity is phosphorylation. Phosphorylation by 

Calcium/calmodulin-dependent protein kinase 1α at Ser637 in human (Ser 600 in mouse and 

Ser656 in rat) promotes Drp1 OMM translocation and fission activity (Han et al., 2008). In 

contrast, cAMP-dependent protein kinase A (PKA) phosphorylation again at Ser637, which is 

located in the GED-domain, inhibits mitochondrial fission (Chang and Blackstone, 2010; Cribbs 

and Strack, 2007). Under nutrient starvation, the increase of cAMP levels stimulates 

phosphorylation at Ser637 resulting in elongated mitochondria, protected from mitophagy 

(Gomes et al., 2011; Rambold et al., 2011). Dephosphorylation by calcineurin at the same 

residue stimulates Drp1 translocation to mitochondria (Cereghetti et al., 2008). In podocytes 

hyperglycemia induces phosphorylation at the same residue (Ser637) by the Serine/threonine 
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kinase ROCK1 resulting in Drp1 translocation to the OMM and an increase in mitochondrial 

fission (Wang et al., 2012a).  

During mitosis, Cdk1/cyclin B phosphorylates Drp1 at Ser616 (in human) within the B-insert 

domain, this promotes mitochondrial fission and ensures the proper distribution of 

mitochondria into the daughter cells (Kashatus et al., 2011; Taguchi et al., 2007). HIF1α 

induces Cdk1/cyclin B-dependent phosphorylation of Drp1 at Ser616 in pulmonary artery 

smooth muscles causing cellular hyperproliferation resulting in pulmonary arterial 

hypertension (Marsboom et al., 2012). 

 

II.2.1.4.2.B. SUMOylation 

SUMOylation is another way to post-translationally modulate Drp1 activity (Figueroa-Romero 

et al., 2009). SUMO1 protein (Small Uniquitine-like Modifier) stabilizes Drp1 on the OMM in a 

Bax/Bak-dependent manner during early stages of apoptosis (Wasiak et al., 2007). 

Mitochondrial SUMO E3 ligase MAPL (Mitochondrial-anchored protein ligase) also 

SUMOylates Drp1. MAPL overexpression stimulates mitochondrial fission (Braschi et al., 

2009). Prudent et al. reported that MAPL-dependent SUMOylation stabilizes Drp1 at ER-

mitochondrial contact sites, which actives ER-mediated calcium flux, cristae remodeling and 

cytochrome c release (Prudent et al., 2015). DeSUMOylation by the SUMO protease SENP5 

rescues SUMO1 induced mitochondrial fission (Zunino et al., 2007). Conversely, during G2/M 

phase of cell cycle SENP5, reported to localize within the nucleoli, translocates to the 

mitochondria where it deSUMOylates Drp1 and induces mitochondrial fragmentation, 

knockdown of SENP5 causes cell cycle arrest (Zunino et al., 2009). The opposite effects of 

SENP5 on mitochondrial fission are still not known but they could be dependent on the cell 

type and status.  

 

II.2.1.4.2.C. Ubiquitination  

Ubiquitination also regulates Drp1 localization and activity. March5 (also known as MITOL) is 

a mitochondria-associated E3 ubiquitin ligase involved in mitochondrial quality control by 

ubiquitinating mutated or misfolded proteins on the OMM (Sugiura et al., 2011; Yonashiro et 

al., 2009). March5 ubiquitinates Drp1 on the OMM, however, the effect on mitochondrial 

morphology is controversial. March5 knockdown or overexpression of an inactive mutant lead 

to mitochondrial fragmentation (Nakamura et al., 2006; Yonashiro et al., 2006). However, 
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Karbowski et al. stated the opposite (Karbowski et al., 2007).  Another E3 ubiquitin ligase, 

PaƌkiŶ,à assoĐiatedà ǁithà faŵilialà PaƌkiŶsoŶ’sà disease,à iŶteƌaĐtsà aŶdà uďiƋuitiŶatesà Dƌpϭà foƌà

proteasomal degradation (Wang et al., 2011). Loss of PINK1 function promotes mitophagy in 

a Parkin- and Drp1-dependent manner. It is therefore possible that Parkin has dual roles for 

mitochondrial homeostasis and quality control. 

 

II.2.1.4.2.D. S-Nitrosylation  

S-nitrosylation of Cys644 within the GED-domain of Drp1 induces oligomers formation and 

GTPase activity in neurons leading to abnormal mitochondrial fragmentation which has been 

associated with deǀelopŵeŶtàofàHuŶtiŶgtoŶ’sàdiseaseà;HDͿà(Haun et al., 2013) et al., 2013). 

This mechanism of mitochondrial fragmentation appears to be specific to HD (Costa et al., 

2010; Costa and Scorrano, 2012) and to other neurodegenerative disorders related to 

eǆĐessiǀeàŵitoĐhoŶdƌialàfƌagŵeŶtatioŶàsuĐhàasàálzheiŵeƌ’sàdiseaseà(Wang et al., 2009). 

 

II.2.1.4.2.E. O-GlcNAcylation 

O-GlcNAcylation is a noncanonical glycosylation, involving the attachment of single O-linked 

N-acetylglucosamine (O-GlcNAc) groups to Ser and Thr residues of nuclear, cytosolic and 

mitochondrial proteins. O-GlcNAcylation signaling is sensitive to nutrient flux and stress 

conditions (hypoxia, heat shock). O-GlcNAcylation is regulated through the activity of two 

enzymes - the O-GlcNAc transferase (OGT), which catalyses the transfer of a GlcNAc moiety 

and the N-acetyl-glucosaminidase (OGA), which removes this modification. The mechanisms 

mediating this signaling pathway are still very unclear.  In the case of Drp1, N-acetyl-

glucosaminidase ablation in cardiomyocytes leads an increase in O-GlcNAcylations at Thr585 

and Thr586 within the B-insert domain (Gawlowski et al., 2012). This post-translational 

modification decreases Ser637 phosphorylation, promotes the mitochondrial localization of 

Drp1 and its GTPase activity leading to increased fission and impaired mitochondrial fuction 

in cardiomyocytes (Gawlowski et al., 2012).  

 

II.2.1.4.3. Anchoring Drp1 to the OMM – the adaptor proteins 

Correct anchoring of Drp1 to the mitochondrial membrane and subsequent regulation of 

fissioŶàeǀeŶtsàaƌeàalsoàdeteƌŵiŶedàďǇàDƌpϭ’sàadaptoƌàpƌoteiŶs.àDueàtoàtheàlaĐkàofàa pleckstrin 



 

33 

 

homology domain responsible for lipid-interactions, Drp1 is mainly described to bind to 

adaptor proteins located at fission foci. 

 

II.2.1.4.3.A. Mitochondrial Fission Factor (Mff) 

Mff is a small protein (25-35kDa) anchored to the OMM by its C-terminal. A central coiled-coil 

domain is important for targeting. At the N-terminal part, which is oriented towards the 

cytosol, two short repeats are suggested to act as a binding site for Drp1.  Several studies 

concluded that Mff is the major receptor for Drp1 on the OMM (Gandre-Babbe and van der 

Bliek, 2008; Otera et al., 2010). Silencing of Mff using siRNA results in mitochondrial elongation 

and reduction of mitochondrial bound Drp1. Consistently, overexpression of Mff induces Drp1 

translocation to the organelle and subsequent fission (Otera et al., 2010). Mice lacking Mff die 

around 13 weeks post-birth from cardiomyopathy probably due mitochondrial fission defects 

(Chen et al., 2015). However this effect is milder than the embryonically lethal phenotype of 

the full Drp1 mouse knock-out (Ishihara et al., 2009; Wakabayashi et al., 2009a), suggesting 

that other adaptors are able to recruit Drp1. Indeed, Mff and the MiDs (see below) can coexist 

in the same fission foci (Elgass et al.; Palmer et al., 2011).  

 

II.2.1.4.3.B. Mitochondrial dynamics proteins  (MiD49/50) 

Mitochondrial dynamics (MiD) are two orthologue proteins of 49 and 51kDa. They are 

anchored to the OMM by their N-terminal part and reported to act as adaptor proteins for 

Drp1 during fission (Otera et al., 2016; Palmer et al., 2011). High expression of the two proteins 

induces Drp1 translocation to the mitochondria but paradoxically the mitochondrial network 

becomes highly fused (Palmer at al., 2011). Zhao et al. also observed that upon overexpression 

of MiD51 Drp1 translocation is induced and mitochondria are hyper-fused. They described 

MiD51 as Mitochondrial Elongation Factor (MIEF1). This suggesting that MiD49/51 could 

anchor Drp1 to the OMM, but Drp1 is in a non-functional form. Parallel to this, MiD51 (MIEF1) 

was shown to interact with Fis1 (Zhao et al., 2011). This interaction is presumed to have a 

negative effect on mitochondrial fission complicating even more the regulation scenario of 

mitochondrial fission.  
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II.2.1.4.3.C. hFis1 

Human Fis1 (hFis1) is a C-tail anchored OMM protein. In contrast to the puncta-like 

localization of Mff, mammalian hFis1 is localized evenly throughout the OMM. Its N-terminal 

containing multiple tetratricopeptide repeat motifs is oriented towards the cytosol and 

thought to be involved in recruiting Drp1 to the mitochondria similar to its yeast homologue 

(Fis1) (Stojanovski et al., 2004; Yoon et al., 2003). However, the precise function of Fis1 

remains unclear. In yeast and plants, it is well established that Fis1 mediates mitochondrial 

fission (Zhang and Chan, 2007). However, in C. elegans Fis1 and Fis2 depletions does not affect 

mitochondrial morphology (Breckenridge et al., 2008). Several studies have shown that Fis1 

downregulation increases mitochondrial connectivity and overexpression of the protein 

causes fragmentation of the organelle (James et al., 2003; Mai et al., 2010). In contrast, 

silencing or overexpression of hFis1 does not affect Drp1 activity or its recruitment to the 

OMM (James et al., 2003). Physiologically, Fis1 has been reported to participate in apoptosis 

by transmitting a signal from the mitochondria to the ER (Iwasawa et al., 2011) and by 

regulating mitochondrial cytochrome c release (James et al., 2003; Breckenridge et al., 2003).  

Gomes and colleagues linked Fis1 induced mitochondrial fragmentation to autophagy (Gomes 

and Scorrano, 2008).  

Finally, the role of Fis1 in Drp1-dependent mitochondrial fission remains an enigmatic 

question. Recent reports state that Fis1-dependent fission is mostly linked to stressed-induced 

fragmentation and mitophagy (Shen et al., 2014), whereas Mff is the major adaptor for 

physiological fission (Otera et al., 2010). Drp1 immunoprecipitates Mff with higher affinity that 

Fis1, moreover Mff and Fis1 exist in separate high molecular weight complexes on the 

mitochondrial membrane, once again suggesting that they operate in different fission 

pathway depending on the cellular context (Otera et al., 2010). 

 

II.2.1.4.3.D. Endophilin B1  

Endophilins are fatty acyl transferases. They are reported to be involved in membrane 

curvature and membrane constriction during endocytosis and organelle biogenesis. They are 

formed by an N-terminal Bar domain, interacting with membranes, and a C-terminal SH3 

domain for protein binding (Schmidt et al., 1999). During apoptosis Endophilin translocates to 

mitochondria. Knocking down of Endophilin leads to formation of OMM vesicles and tubules 

(Karbowski et al., 2004). This morphology is prevented upon Drp1 donwregulation or 
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transfection with dominant-negative Drp1K38A mutant (Karbowski et al., 2004), indicating 

Drp1 acts upstream of Endophilin. 

 

II.2.1.4.3.E. Ganglioside-induced differentiation-associated protein (GDAP) 1 

GDAP1 is anchored to the OMM via C-terminal hydrophobic transmembrane domain, the N-

terminal domain is facing the cytoplasm (Niemann et al., 2005). It is expressed in myelinating 

Schwann cells, motor and sensory neurons. Mutations affecting GDAP1 lead to Charcot-Marie-

Tooth peripheral neuropathy (Pedrola et al., 2005). Mutated GDAP1 is not targeted to the 

mitochondria and lacks fission activity. Knocking-down Drp1 or overexpressing a dominant 

negative mutant prevent GDAP1 induced mitochondrial fragmentation, indicating that GDAP1 

fission activity requires Drp1 (Niemann et al., 2005).  

 

II.2.1.4.3.F. Mutant Huntingtin  

Abnormal polyglutamine expansions (polyQ) within Huntingtin (Htt) are responsible for 

HuŶtiŶgtoŶ’sàdiseaseà ;HDͿ,àaŶàautosoŵalàdoŵiŶaŶtàdisease,àĐhaƌaĐteƌizedàǁithàpƌogƌessiǀeà

loss of striatal and cortical neurons. Bossy-Wetzel and colleagues have shown that mutated 

Htt (Q46-Q97) directly interacts with Drp1 and stimulates its pro-fission activity leading to 

massive mitochondrial fragmentation which alters axonal mitochondrial transport and neural 

cell death. This phenotype is rescued by overexpression of the dominant negative mutant of 

Drp1 K38A (Song et al., 2011). Moreover, it has been shown that mutated Htt hyperactivates 

the phosphatase calcineurin which dephosphorylates Drp1 at S637 and triggers mitochondrial 

fragmentation (Costa et al., 2010; Costa and Scorrano, 2012). Haun et al. reported that the 

translocation of Drp1 to mutant Htt in HD is induced specifically by S-nitrosylation of Cyc644 

(Haun et al., 2013). 

 

II.2.1.4.3.G. LRRK2 

Leucine rich repeat kinase 2 (LRRK2) is a large multi-domain kinase. Mutations in LRRK2 are 

ƌelatedàtoàfaŵilialàĐasesàofàPaƌkiŶsoŶ’sàdiseaseà;PDͿ.àIŶàtheàĐellàLRKKϮàisàfouŶdàtoàďeàĐǇtosoliĐà

and bound to the mitochondrial membrane. Overexpression of LRRK2 directly interacts with 

Drp1 and stimulates its recruitment to the mitochondria leading to fragmentation, 

dysfunction and susceptibility to stress-induced cell death (Niu et al., 2012; Wang et al., 

2012b). However, the exact mechanism underlying this process remains unclear. 
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II.2.1.4.3.H. Sacsin 

Sacsin is a high molecular weight multi-domain protein with strong expression in the central 

nervous system, also expressed in the skin, skeletal muscles, and with low expression in the 

liver and pancreas. Mutations in its gene (SACS) cause child-onset autosomal recessive spastic 

ataxia of Charlevoix-Saguenay (Anderson et al., 2010). Sacsin localizes with the mitochondria 

and is reported to partially overlap with Drp1 foci. Moreover, immunoprecipitation analysis 

detects an interaction between the two proteins. In line with this observation, Sacsin knock-

out mice and Charlevoix-Saguenay ataxia patients are characterized with a hyperfused 

balloon-like mitochondrial network (Girard et al., 2012), a phenotype observed in Drp1/DRP1-

depleted cells, suggesting a function for Sacsin in mitochondrial fission process. Sacsin-

deficient neuronal cells have enlarged mitochondria, accumulating in the soma.  

 

II.2.1.4.3.J. Mitochondrial protein 18kDa (MTP18) 

The IMS located protein MTP18 has been characterized as a downstream effector of 

phosphatidyl-inositol 3-kinase (PI3K) signaling and is mediating mitochondrial fission and 

apoptosis in response to PI3K activation (Tondera et al., 2005; Tondera et al., 2004). MTP18 

mediated fission is Drp1 dependent (Tondera et al., 2005), however the precise mechanism 

and context of the pathway are not completely understood. 

 

II.2.1.4.3.K. Drp1 and membrane lipids interactions  

Although, Drp1 is anchored to the OMM via its adaptor proteins due to the lack of the 

pleckstrin homology domain responsible for lipid-interactions, in vitro experiments from 

several studies have shown that Drp1 can bind to liposomes in the absence of those proteins.  

The precise mechanism is still not well understood but membrane composition at fission sites 

is emerging as another control step in Drp1-dependent mechanisms of membrane 

remodeling. 

 

II.2.1.4.3.K.a. Cardiolipin  

In 2010 Montessuit and colleagues described a mechanism through which Drp1 is regulating 

Bax oligomerization during apoptosis (Karbowski et al., 2002; Montessuit et al., 2010). They 

show that Drp1 interacts directly with liposomes containing cardiolipin (CL). Cardiolipin is an 

unsaturated polyanionic phospholipid mainly localized in the IMM, however significant 
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amounts are also found in the OMM at the so called mitochondrial contact sites (Ardail et al., 

1990). Montessuit and co-workers reported that the Drp1-CL interaction promotes Bax 

oligomerization by generating an intermediate state common for membrane remodeling 

called hemifusion or hemifission intermediate. Drp1 would pinch the membrane at CL-

enriched fission sites and bring together the inner and the outer mitochondrial membranes. 

This membrane remodeling brings Bax oligomers together. Later on several studies 

investigated the Drp1-CL interaction (Bustillo-Zabalbeitia et al., 2014; Macdonald et al., 2014; 

Stepanyants et al., 2015; Ugarte-Uribe et al., 2014) and reported that Drp1 interacts with CL 

through its B insert and that this interaction stimulates Drp1 oligomerization and its GTPase 

activity.  

 

II.2.1.4.3.K.b. Phosphatidic acid 

A recent study (Adachi et al., 2016) reported a novel mechanism of lipid regulation of 

mitochondrial fission. Drp1 binds the head group of phosphatidic acid (PA) and the saturated 

acyl chains of other phospholipids. The interactions occur through the B-insert and the stalk 

domain (GED domain). Drp1 is inserted into the membrane bilayer to reach the acyl chains. In 

contrast to the fission-promoting effect of Drp1-CL interaction, the communication between 

Drp1 and PA has a negative effect on Drp1 fission activity. PA inhibits the GTPase activity of 

Drp1 oligomers, thus keeping them inactive, which blocks fission events. Moreover, Drp1 

directly interacts with the PA-producing enzyme MitoPLD, suggesting that this interaction 

stimulates the production of PA in proximity to fission sites and thus negatively regulates the 

process. MitoPLD also immunoprecipitates pro-fusion proteins OPA1 and MFNs (Adachi et al., 

2016), but in the case of Mitofusins-dependent fusion PA has been assigned a promoting 

function (Choi et al., 2006).  

  

II.2.1.4.4. Mechanisms of fission  

GTP interaction and hydrolysis are essential for mechanical membrane constriction by 

promoting conformational changes of Drp1 oligomers (Fig. 10) (Macdonald et al., 2014; Mears 

et al., 2011; Yoon et al., 2001). GTP-unbound oligomers on lipid layers have a diameter of 60 

±àϭϮàŶŵà (Francy et al., 2015). Addition of GTP causes immediate constriction of Drp1-lipid 

bound oligoŵeƌsàtoàϯϵà±àϵàŶŵ.àDoŵiŶaŶtàŶegatiǀeàŵutaŶtàofàDƌpϭàKϯϴá,àdefeĐtiǀeàiŶàGTPaseà
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activity proves that it is GTP hydrolysis that triggers membrane constriction. The K38A is able 

to bind GTP and form oligomers similar to WT Drp1. However, after addition of GTP diameter 

of Drp1K38A-lipid tubes remains ~ 60 nm (Francy et al., 2015). GTP hydrolysis not only triggers 

membrane constriction but is also a signal for the disassembly of Drp1 oligomers from the 

OMM back to the cytosol. 

 

 

Figure 10. Schematic representation of Drp1 GTPase activity during membrane constriction. In the 

cytosol basal GTPase activity drives constant shifting between di-tetra or small oligomers of Drp1. Once 

activated GTP-bound Drp1 forms high molecular order oligomers. GTP hydrolysis drives 

conformational changes of the oligomers and membrane constriction. Finally, GDP-bound Drp1 

disassembles from the membrane. From (Macdonald et al., 2014). 

 

II.2.1.4.5. Drp1-Dynamin 2 collaboration in membrane constriction 

Drp1 was long considered to be the only Dynamin-related GTPase constricting the 

mitochondria. Recently, Lee and colleagues have discovered that the ubiquitously expressed 

GTPase Dynamin 2 acts downstream of Drp1 constriction to ensure the complete fission of 

mitochondria (Lee et al., 2016). Dyn2 colocalizes at fission sites and its ablation in COS-7 cells 

leads to a hyperconnected mitochondrial network, independently from its function in clathrin-

mediated endocytosis. The two proteins have different behavior of disassembly from the 

fission site: Drp1 together with Mff is distributed between the two daughter mitochondria 

whereas Dyn2 is bound to only of the newly formed organelles.  

The mechanisms of Drp1 dissociation and turnover following constriction are not yet clarified. 

A recent study proposed a mechanism by with VPS35-contaning vesicle removes inactive Drp1 
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from the OMM. The process is regulated by EPS15-Homology Domain-containing (EHD) 

protein, involved in endocytic recycling of receptors from endosomes back to the plasma 

membrane, and rabankyrin-5, effector of early endosomes marker Rab5 (Farmer et al., 

2017). 

 

II.2.1.5. Physiological and pathophysiological relevance of Drp1  

II.2.1.5.1. Pathological mutations  

One case of DRP1 heterozygous mutation has been reported so far. A single de novo mutation 

at a conserved residue 359 (A359D) at the Middle domain was identified in a newborn patient 

(Waterham et al., 2007), characterized with microcephaly, abnormal brain development, optic 

atrophy and lactic academia, the patient died 37 days after birth. Immunofluorescence 

analysis of fibroblasts showed a hyperconnected mitochondrial and peroxisomal network. 

Chang and colleagues went further to examine the molecular mechanism behind this 

phenotype and showed that mutations in the middle domain impaired the formation of higher 

order multimeres assembly, assembly dependent GTPase activity and mitochondrial retention 

of Drp1 multimeres resulting in abnormal mitochondrial connectivity and cellular distribution 

(Chang et al., 2010). 

 

II.2.1.5.2. Insights gained from in vivo models 

II.2.1.5.2.A.Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila 

melanogaster 

Initially, mitochondrial division was described in Caenorhabditis elegans (Labrousse et al., 

1999) and Saccharomyces cerevisiae where the process is controlled respectively by  dynamin-

related proteins called DRP-1 and Dnm1p (Bleazard et al., 1999; Sesaki and Jensen, 1999). Loss 

of Dnm1p/DRP-1 leads to an increase in mitochondrial connectivity ((Bleazard et al., 1999; 

Labrousse et al., 1999; Sesaki and Jensen, 1999). 

In Drosophila melanogaster DRP1-mediated mitochondrial fission has been shown to regulate 

follicle cell differentiation during oogenesis by interfering with cell cycle regulation cyclin E 

signaling (Mitra et al., 2012; Parker et al., 2015). In the fly model DRP1 has also been 

connected to neuronal development - DRP1 mutant flies fail to distribute mitochondria at 

neuromuscular junctions leading to perturbed neurotransmission (Verstreken et al., 2005).  
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II.2.1.5.2.B. Mouse models of Drp1 ablation 

II.2.1.5.2.B.a. Full-body and neuronal-specific Drp1 ablation 

The physiological significance of DRP1 was shown independently by two groups who reported 

that full body ablation of Drp1 is embryonically lethal around stage E11,5 - E12,5 (Ishihara et 

al., 2009; Wakabayashi et al., 2009b).  Ishihara and colleagues showed that full Drp1 knockouts 

have developmental abnormalities, especially in the forebrain. Neural cell-specific Drp1 

knock-out mice (NS-Drp1-/-) die shortly after birth due to brain hypoplasia and apopotosis. 

Drp1-/- MEFs isolated from knockout mice are characterized with hyperconnected perinuclear 

mitochondrial network, but grow healthy with functional respiration and no signs of 

upregulated apoptosis. On the contrary, neuronal cells isolated from neuronal cell specific 

knock-out mice (NS-Drp1-/- ) have defects in synapse formation and are highly sensitive to Ca2+ 

-dependent apoptosis (Ishihara et al., 2009). This suggesting that Drp1 ablation and deficient 

mitochondrial fission are dispensable in non-polarized cells such as fibroblasts, whereas they 

are compulsory  for highly polarized cells such as neurons to ensure proper mitochondrial 

distribution and Ca2+ response.  

Wakabayashi and coworkers report that Drp1-/- embryos have developmental problems most 

likely due to defects in placental formation. Similar to Mfn2 null mice (Chen et al., 2003) the 

trophoblast giant cell layer is missing in Drp1-/- embryos, suggesting impaired nutrient and 

oxygen exchange between mother and fetus. Heart and blood vessel development were not 

affected, however isolated cardiomyocytes show lower beating rate compared to WT 

(Wakabayashi et al., 2009b).  In line with the work of Ishihara et al., this study also shows that 

isolated MEFs have hyperconnected perinuclear mitochondrial network and reports the 

relevance of DRP1 in brain development. Cerebellum and mid-brain specific knock-out for 

Drp1 (En1- Drp1-/-) showed that knock-out mice have impaired cerebellum development due 

to hyperconnected mitochondrial morphology in Purkinje cells (PC). However, heterozygous 

Drp1 mutants are normal at birth, growth and mating showing that partial Drp1 ablation is 

tolerated (Manczak et al., 2012; Wakabayashi et al., 2009b).  

DRP1 is important not only for brain development but also for survival of postmitotic neurons 

(Kageyama et al., 2012; Oettinghaus et al., 2016). Inducible Drp1 knock-out in postmitotic 

Purkinje cells causes mitochondrial elongation, accumulation of oxidative stress and defective 

respiration leading to cell degeneration. Due to the loss of Purkinje cells mice develop 

problems in motor coordination (Kageyama et al., 2012). Inducible Drp1 ablation in the adult 
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forebrain results in perinuclear hypeconnected mitochondrial residue without interfering with 

neuronal morphology, cell death and oxidative stress. However, ablation of Drp1 was 

characterized with reduced ATP supply at the presynaptic terminal causing neurotransmission 

deficiency and early memory defects (Oettinghaus et al., 2016). 

 

II.2.1.5.2.B.b. Heart-specific Drp1 knock-out and muscle-specific overexpression 

In the heart, inducible Drp1 ablation leads to elongated mitochondria, impaired autophagy 

and accumulation of damaged mitochondria. Cardiac specific Drp1 knock-out mice develop 

left ventricular dysfunction which is lethal (Ikeda et al., 2015). Another study shows that Drp1 

ablation in adult mouse cardiac myocytes perturbs mitochondrial fission and upregulates 

Parkin which impairs mitophagy and results in lethal cardiomyopathy (Song et al., 2015). 

Overexpression of Drp1 specifically in the adult muscle impairs mitochondrial network 

remodeling specific for mature myocytes together with a decrease in mtDNA content.  Drp1 

muscle overexpression downregulates protein synthesis and activates unfolded protein 

response (UPR) resulting in reduced muscle mass and exercise performance (Touvier et al., 

2015). 

 

II.2.1.5.2.B.c. Drp1 ablation in mature oocyte 

Udagawa and colleagues approached the role of DRP1 in oocytes maturation by generating a 

specific Drp1 knock-out in growing oocytes ZP3-Cre-Drp1-/- (Udagawa et al., 2014). Oocytes of 

Drp1 knock-out female mice show defects in ovulation and impaired follicular maturation.  

Drp1-deficient oocytes have hyperfused mitochondria, enlarged peroxysomes partially 

overlapping with mitochondria and clustered ER also overlapping with mitochondria. This 

observation is in line with a decrease in ER-stored Ca2+ implying that induced multiorganelle 

overlapping is a mechanism to compensate impaired Ca2+ flux. Moreover, this model highlights 

the role of DRP1 in organelle distribution and interorgenelle contact sites which appears to be 

cell type specific.  
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II.3. Physiological implications of mitochondrial dynamics  

The regulation of mitochondrial dynamics through fusion and fission processes allows fast 

adaptation of the organelle to the needs of the cell. Both states – fused or fragmented, are 

essential and required during different physiological conditions (Fig.11).  

 

II.3.1. Mitochondrial inheritance  

Mitochondria have to be equally distributed from mother to daughter cells during cell division 

(Fig. 11). Thus, proliferation and content increase of the organelle during cell life is followed 

by segregation of the organelle during mitosis. The process is regulated by Drp1, activated by 

Cdk1/cyclin B (Kashatus et al., 2011; Taguchi et al., 2007).  

 

II.3.2. Maintaining a healthy mitochondrial population  

Loss of essential mitochondrial components may generate non-functional mitochondria, 

leading to a heterogeneous mitochondrial population in the cell. Fusion plays a crucial role in 

diminishing the effects of these non-functional mitochondria, by providing a pathway for them 

to regain essential components. Through fusion processes mitochondria can complement 

mtDNA errors or loss of membrane potential (Fig.11). The heterogeneous properties of 

mitochondria in fusion-deficient cells are consistent with this model (Chen et al., 2005a). 

Clearing of damaged mitochondria is another mechanism for maintaining a healthy 

mitochondrial network. It occurs via autophagic degradation of damaged or nonfunctional 

mitochondria, also called mitophagy (Fig.11). Mitochondrial fission is an important step in that 

process, generating smaller mitochondrial, carrying the damages, which could be engulfed by 

the autophagosome. Calcineurin-dependent activation of Drp1 has been shown to be the 

underlying mechanism (Cereghetti et al., 2008). All this showing the importance of the precise 

fusion/fission balance in the preservation of healthy mitochondria, which is essential for 

preventing damage accumulation in the cell. 

 

II.3.3. Mitochondrial motility  

Proper mitochondrial distribution is important responding to bioenergetics needs of the cell. 

However, certain cell types such as neurons are highly dependent on proper mitochondrial 

distribution. Fission provides the split of the mitochondrial network into smaller units, which 
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could be transported to their destination along the cytoskeleton (Fig.11). In neurons 

mitochondria are located at pre and post-synaptic sites, where high energy supplies are 

needed (Li et al., 2004). Neurons that lack Milton, Miro or DRP1 show defective mitochondrial 

transport and have sparse mitochondria at axon terminals, leading to reduced capacity for 

synaptic transmission (Guo et al., 2005; Stowers et al., 2002; Verstreken et al., 2005).  

 

II.3.4. Regulation of apoptosis  

Both mitochondrial fusion and fission have been reported to regulate apoptosis (Fig.11). Drp1-

mediated mitochondrial fragmentation is reported to occur at early stages of apoptosis in a 

wide range of organisms, including yeast (Fannjiang et al., 2004), worms (Jagasia et al., 2005), 

flies (Goyal et al., 2007) and mammals (Frank et al., 2001). Furthermore, the observation that 

the pro-apoptotic proteins BAX and Bak interact with DRP1 and mitofusins points out the 

importance of the crosstalk of mitochondrial shapping machineries and apoptosis (Brooks et 

al., 2007; Karbowski et al., 2002; Karbowski et al., 2006; Wasiak et al., 2007). As a final step 

apoptotic cristae remodeling and cytochrome c release are regulated by Opa1 and its 

complexes (Cogliati et al., 2013a; Frezza et al., 2006; Glytsou et al., 2016; Scorrano et al., 2002).  

 

II.3.5. Chemotaxis  

Chemotaxis refers to the directed migration of cells in response to chemical stimuli. It requires 

polarization of the cells and a localized energy production source at the migratory leading 

edge. This process is well studied in the immune system. Upon stimulation and in order to 

migrate, lymphocytes begin to polarize in into a leading edge that is the front of a migrating 

lymphocyte and a uropod.  During this process mitochondria become fragmented in a Drp1-

dependent manner and accumulate at the uropod, where ATP production is required 

(Campello et al., 2006).  Overexpression of Opa1 or downregulation of Drp1 perturbs 

mitochondrial distribution to the uropod and downregulates migration. Similar to 

lymphocytes, increasing mitochondrial elongation by Opa1 overexpression or silencing Drp1 

inhibits migration of epithelial cells and breast cancer cells (Desai et al., 2013; Zhao et al., 

2013). Increased DRP1 levels have been observed in human invasive breast carcinomas and in 

malignant oncocytic thyroid tumors (Ferreira-da-Silva et al., 2015; Zhao et al., 2013). It has 

been shown that in cancer cells Drp1 is activated by MAPK signaling pathway. ERK1/2 
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phosphorylates Drp1 at Ser616, inducing mitochondrial fragmentation and tumor growth 

(Kashatus et al., 2015).  

 

 

Figure 11. Mitochondrial fusion and fission and their biological implications. Division is required for 

inheritance of organelles during cell division, for the release of pro-apoptotic factors from the 

intermembrane space, for intracellular distribution by cytoskeleton-mediated transport and for 

turnover of damaged organelles by mitophagy. Fused mitochondrial networks are important for the 

complementation of mitochondrial DNA (mtDNA) gene products in heteroplasmic cells. From 

(Westermann, 2010). 

 

 

Over the last years the mitochondrial dynamics and the protein machinery regulating them 

have been shown to participate in various physiological processes such as development, 

neuronal activity and homeostasis, cancer development, immune response, muscle 

biogenesis and homeostasis, thus opening the doors to explore mitochondrial dynamics in 

new biological fields. 

 

 

III. Angiogenesis  

During embryonic development, the primitive vascular system (vasculogenesis) is formed 

from migrating and differentiating mesoderm-derived endothelial cell (EC) progenitors called 

angioblasts. Once vasculogenesis is completed, the process of angiogenesis takes place 

(Fig.12). Angiogenesis corresponds to the sprouting and remodeling of new blood vessels from 
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preexisting ones (Fig.12), leading to the development of an elaborate and hierarchically 

organized system of arteries, arterioles, capillaries, venules and veins that transport oxygen, 

nutrients, hormones and signaling molecules as well waste products through the body. 

Angiogenesis is a complex multistep process in which precise regulation of EC behavior is 

critical.  

 

 

Figure 12. Schematic representation of vasculogenic and angiogenic stages of blood vessel 

formation. During vasculogenesis, endothelial progenitors give rise to a primitive vascular network, 

during subsequent angiogenesis the network expands, pericytes (PCs) and smooth muscle cells (SMCs) 

cover nascent endothelial channels, and a stereotypically organized vascular network emerges. Lymph 

vessels develop via transdifferentiation from veins. From (Carmeliet, 2005).  

 

 

III.1. Types of angiogenesis  

There are three main types of angiogenesis, involved in the formation of microvessels (Fig.13). 

Bridging angiogenesis consists in the interception of a  vascular tube into smaller separated 

vessels by migration of ECs towards the center of the vessel tube. Intussusception consists of 

separation of enlarged vessels. Sprouting angiogenesis initiates with a sprout of EC in response 

to an angiogenic stimulation such as Vascular Endothelial Growth Factor (VEGF) of Fibroblast 

Growth Factor (FGF). It is a relative slow process since it relies on proliferation of ECs. 

However, it is most representative and studied in details (Carmeliet, 2000). 
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Figure 13. Schematic representation of the three types of angiogenesis. From (Carmeliet, 2000; 

Hendrix et al., 2003). 

 

 

III.2. Stages of sprouting angiogenesis  

Angiogenesis is very active during embryonic development whereas in the adult body it is kept 

quiescent. It could be reactivated during some physiological conditions such as tissue healing, 

endometrial and placental vascularization and muscle mass growth. But also during a number 

of pathologies, related to ischemic conditions, rheumatoid arthritis, diabetes-related 

microvessel complications as well as solid tumor formation and metastasis dissemination 

(Carmeliet, 2000, 2005). In these conditions, the reactivation of quiescent blood vessels occurs 

in response to pro-angiogenic signals coming from the surrounding environment (Fig.14). The 

cellular processes and signaling events will be discussed in detail in the following sections 

III.2.1.-5 (Fig.15).  
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Figure 14.  Schematic representation of sprouting angiogenesis. Endothelial cells (ECs) are quiescent 

in mature functional blood vessels. In these conditions Ecs are termed phalanx cells. Upon stimulus to 

extracellular cues (VEGF, FGF), ECs switch to an angiogenic phenotype towards the growth factor 

gradient. From (Wong et al., 2017).  

 

 

III.2.1.  Vasodilatation and vascular permeability  

Sprouting angiogenesis initiates with an increase of blood vessel permeability mediated 

mainly by nitric oxide (NO) in response to VEGF stimulation (Bates et al., 2002). The increase 

in permeability is accompanied by a loss of cell-cell junction between ECs, by disrupting 

adhesion molecules such as Platelet endothelial cell adhesion molecule (PECAM) and Vascular 

endothelial cadherin (VE-cadherin) (Dejana et al., 2008; Herren et al., 1998).  Permeability is 

also increased due to active ANG2, an antagonist of the ANG1-TIE2 signaling pathway that 

stabilizes blood vessels (Augustin et al., 2009).  
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Figure 15. Schematic representation of the main cellular processes during angiogenic signaling.  (A) 

and (B) Angiogenesis initiates with the activation of quiescent ECs and the degradation of the extra 

cellular matrix (ECM). Followed by specification of the (re)activated ECs into tip and stalk cells (C). ECs 

proliferate and collectively invade the hypoxic tissue while they remain connected to the original 

vascular network (D). The tip cells connect the new sprouts into a functional vessel loop (E). Formation 

of the vascular lumen initiates blood flow, increases tissue oxygenation, and, in turn, reduces the 

release of endothelial growth factors, supporting the establishment of quiescence. Vessel maturation 

and stabilization proceed with the recruitment of mural cells (pericytes) and the deposition of ECM (F). 

From (Blanco and Gerhardt, 2013). 

 

 

III.2.2.  Basement membrane degradation  

The basement membrane or the extracellular matrix (ECM) is a layer of laminin and collagen-

rich fiber supporting ECs and separating them from adjacent tissues. The ECM is degraded by 

matrix metalloproteinases (MMPs), allowing ECs to migrate and proliferate (Fig.15). 

Additionally, to ECM degradation MMPs act also on pericyte detachment and cell-cell 

junctions disruption by degrading VE-cadherin (Herren et al., 1998). MMPs stimulate 

angiogenesis by releasing ECM/basement membrane-sequestered angiogenic factors (VEGF, 

FGF) (Coussens et al., 1999).  
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Another player in blood vessel permeabilization processes is Plasmin/Plasminogen system. 

Plasmin, the active enzyme, could affect basement membrane degradation by directly 

degrading matrix proteins or by activating various MMPs (Tkachuk et al., 2009).  

 

III.2.3.  Elongation of the sprout and Tip/Stalk cell selection – the role of Notch   

Elongation of the endothelial sprout is strictly dependent on migration and proliferation of 

ECs.àThisàƌeƋuiƌesàtheàdiffeƌeŶtiatioŶàofàtheàaĐtiǀatedàECsàiŶtoàsuďpopulatioŶsàofà͞tip͟à;TCͿàaŶdà

͞stalk͟àĐellsà;“CͿà;Fig.ϭϱ,àϭϲͿ.àTipàĐellsàaƌeàloĐatedàatàtheàǀeƌy edge of the newly formed sprout 

and possess numerous filopodial extensions, which allow them to sense the angiogenic source 

and to orient migration of the sprout in the right direction (Gerhardt et al., 2003). Tip cells are 

followed by the stalk cells, which are highly proliferative and have fewer filopodia (Gerhardt 

et al., 2003). They allow the progression of the sprout and its connection to the parental 

vessel. Stalk cells are also reported to establish the vascular lumen in growing vessels (Iruela-

Arispe and Davis, 2009; Kamei et al., 2006). Tip and stalk cells differ for many other 

morphological and functional characteristic, represented in figure 16. The crosstalk between 

the two subpopulations is crucial to establish the correct phenotype balance, required for 

sprouting angiogenesis (Fig.14,16). Tip cells are highly responsive to VEGF since they express 

high levels of the VEGF main receptor VEGFR2 (described in details in section III.3.4.) whereas 

VEGFR2 signaling is suppressed in SCs.  

 

Notch signaling pathway is a key regulator of the tip/stalk phenotype. Notch is a highly 

conserved pathway with established role is cell differentiation (Roca and Adams, 2007). ECs 

express multiple Notch receptors (NOTCH1, NOTCH3, NOTCH4) and transmembrane Notch 

ligands such as Delta-like ligand 4 (Dll4), Jagged 1 and Jagged 2. Ligand binding induces Notch 

receptor cleavage and the release of Notch intracellular domain (NICD) which functions as a 

transcription factor in the regulation of cell-fate decision-making. Upon VEGF stimulation tip 

cells express Dll4, which activates Notch in the adjacent future SC, where it suppresses VEGFR2 

expression, thus allowing guided progression of the endothelial sprout (Hellstrom et al., 2007). 

Additionally to Dll4-inhibiting effect of TC fate, another ligand of Notch Jagged1, expressed 

specifically in SC, has been shown to promote TC formation and angiogenesis (Benedito et al., 

2009). The authors propose a model in which Jagged 1 competes with Dll4 for binding Notch 
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in TCs and thus suppresses its signaling in TC and allows increased VEGFR2 signaling. EC-

specific Jagged 1-knockout mouse model shows strongly reduced vascular sprouting and TC 

formation in retinal vascular plexus.  

Recent studies propose additional regulators of Notch signaling during sprouting 

aŶgiogeŶesis.àWŶtàaŶdàβ-catenin pathway positively regulate Dll4 expression (Corada et al., 

2010; Phng et al., 2009). Sirtuin 1 (SIRT1), which deacylates NCID in ECs and negatively 

modulates Dll4-Notch signaling (Guarani et al., 2011). All these finding show the importance 

of the complex and fine-tuned Notch signaling during vessel sprouting but also in vessel 

stabilization (Ehling et al., 2013). 

Finally, recent data showed that ECs can rapidly shift between TC and SC in vitro and in vivo 

during spouting angiogenesis in the head of zebrafish (Jakobsson et al., 2010), suggesting that 

TC/SC fate is rather a plastic than rigid process.  

 

 
Figure 16. Schematic representation of endothelial tip and stalk cell morphological and functional 

differences. Tip cell formation is induced by VEGF signaling. On the contrary, in stalk cells high Delta-

like 4 (DLL4)–Notch signaling represses VEGF receptor 2 (VEGFR2) signaling and thus suppresses 

development the tip cell phenotype. From (Herbert and Stainier, 2011). 

 

 

III.2.4. Lumen formation 

In addition to sprout elongation, new vessels require formation of the lumen to allow blood 

flow entry. There are two possibilities for lumen formation: cell hollowing, consisting in the 

coalescence of intracellular vacuoles (Kamei et al., 2006), or cord hollowing caused by fusion 

of the membranes of two adjacent ECs (Potente et al., 2011). Integrins can regulate lumen 
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formation by establishing interactions between ECs and the ECM and by the downstream 

signaling pathways such as Src, Focal adhesion kinase (FAK), MAPK, Rho GTPases (Avraamides 

et al., 2008; Iruela-Arispe and Davis, 2009; Liu and Senger, 2004). Establishment of apico-basal 

polarity in ECs polarity has been associated to lumen formation (Lampugnani et al., 2010; 

Strilic et al., 2009; Zovein et al., 2010). 

 

 

III.2.5. Maturation of blood vessels 

Progression of the endothelial sprout continues until it reaches adjacent vessels and connects 

with them through a process called anastomosis. Once this step is completed, ECs lose their 

pro-angiogenic features and begin to acquire quiescent phalanx ECs phenotype. Phalanx ECs 

are the ones forming the endothelial layer of quiescent blood vessels.  

Over the years the crucial role of cell-cell junctions during this process has been demonstrated. 

ECs cell junctions are composed mainly by vascular endothelial cadherin (VE-cadherin). In 

addition to this function, VE-cadherin has been described as a co-receptor for VEGFR2, who 

acts as a negative regulator of VEGFR2 activity and downstream MAPK signaling (Lampugniani 

et al., 2003). Ablation of VE-cadherin is associated with an increase in VEGFR2 internalization 

(Lampugnani et al., 2006), supporting the role of VE-ĐadheƌiŶàiŶàpƌoŵotiŶgàEC’sàƋuiesĐeŶĐe.à

Moƌeoǀeƌ,àEC’sàjuŶĐtioŶsàaƌeàeŵeƌgiŶgàasàsignaling units involved in ECs survival, activation 

and stabilization of blood vessels (Dejana et al., 1999; Lampugnani et al., 2017). 

Stabilization is further induced by recruitment of mural cell – pericytes and smooth muscles 

cells (SMC) (Fig.15). Pericytes interact directly with EC of capillaries and newly formed vessels 

whereas SMCs stabilize veins and arteries and are separated by ECs by ECM.  Recruitment of 

mural cells is regulated by Platelet-derived growth factor (PDGF) and its receptor PDGFR-1. 

PDGF is secreted by EC and binds to its receptor, expressed at the surface of mural cells, which 

induces their migration and proliferation (Gaengel et al., 2009). The crosstalk is completed by 

Angiopeitin 1 (ANG1), expressed by the mural cells, which activates its endothelial receptor 

TIE2 and stabilizes blood vessels  (Augustin et al., 2009). Sphingosine-1-phosphate (S1P) and 

its receptor (S1PR) are also reported to be implicated in the communication between ECs and 

mural cells (Lucke and Levkau, 2010). Notch3 is described to regulate maturation and 

differentiation of arterial SMCs (Gridley, 2010).àTƌaŶsfoƌŵiŶgàgƌoǁthàfaĐtoƌàβà;TGFβͿàiŶhiďitsà
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proliferation and migration of ECs and induces differentiation of SMCs and production of ECM 

(Dickson et al., 1995; Pardali et al., 2010).  

Once the blood vessel is formed and stabilized, the entry of the blood flow brings O2 which 

downregulates VEGF signaling, terminating the angiogenic process (Chen et al., 2017; Chung 

et al., 2010). 

 

III.3. Key angiogenic signaling pathways  

Over the last 20 years vascular research has identified the key molecular pathways, regulating 

angiogenesis. Recent studies are now describing the fine-tuning of these pathways and the 

crosstalk between them. 

 

III.3.1. Angiopoietin-Tie system  

Tie2 receptors 1 and 2 (TIE1/2) and their ligands – angiopoietins 1 and 2 (ANG1/2), were the 

second identified EC-specific receptor tyrosine kinase signaling system, following 

VEGF/VEGFRs (Dumont et al., 1992; Iwama et al., 1993; Maisonpierre et al., 1993; Partanen et 

al., 1992; Sato et al., 1993). Tie/ANG axis is essential for vessel remodeling and maturation 

(Augustin et al., 2009).  

Tie2 knockout mice die around E10,5-E12,5, due to a massive failure in the remodeling of the 

embryonic vasculature (Dumont et al., 1994; Patan, 1998; Sato et al., 1995). Even though 

initially it has been reported that hematopoiesis was not affected in the Tie2 knockout 

(Rodewald and Sato, 1996), later on it has been shown that Tie2 has a crucial role in the 

process (Arai et al., 2004; Takakura et al., 1998). ANG1 has been identified as the ligand 

activating Tie2 receptor (Davis et al., 1996). Ang1- deficient mice phenocopy the lethality of 

Tie2 knockouts (Suri et al., 1996). Tie2 binding to matrix-associated ANG1 induces EC 

migration. By contrast, Tie2-ANG1 trans-complexes formed between adjacent ECs promote 

quiescence. The signaling pathways activated by two types of interaction are different 

(Saharinen et al., 2008).  

ANG2 is described to antagonize ANG1 on Tie2 and to destabilize vessels and promote 

angiogenic remodeling (Gale et al., 2002; Hackett et al., 2002; Maisonpierre et al., 1997). In 

vivo studies in mouse models for Ang2 ablation showed that postnatal retinal vascularization 

is strongly affected with persistent hyaloid vessels (Gale et al., 2002; Hackett et al., 2002).  
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Although complex, the mechanism of ANG2/ANG1/Tie2 signaling has been studied in details, 

but the role of Tie1 receptor remains largely unexplored and it is still described as orphan 

receptor. In contrast to Tie2, in Tie1 knockout mice the embryonic vasculature is not affected 

and they die later around E13,5-birth, due to massive edema caused by loss of vessel integrity 

(Puri et al., 1995; Sato et al., 1995). Moreover, Tie1 expression is induced upon hypoxia or 

VEGF-dependent angiogenic activation (McCarthy et al., 1998). Shear stress is also reported 

to modulate Tie1 expression (Porat et al., 2004; Woo and Baldwin, 2011). Tie1-Tie2 

interactions have been implicated in the regulation of Ang1-induced Tie2 signal transduction 

(Saharinen et al., 2005; Seegar et al., 2010), indicating ligand-independent functions of Tie1. 

Recent studies propose a model in which Tie1 acts a context-dependent modulator of Tie2. 

Tie1 negatively regulates Tie2 in sprouting tip cells and positively during remodeling of stalk 

cells (Savant et al., 2015). 

 

III.3.2. Notch signaling  

As discussed in detail in section III.2.3. Notch and its ligands are crucial for sprouting 

angiogenesis by regulating tip/stalk cell selection. At a later stage of angiogenesis Notch 

signaling is reported to regulate artery formation (Pitulescu et al., 2017). Notch is emerging as 

e key regulator of blood vessels maturation and stability, mainly due to its inhibitory effect on 

VEGF/VEGFR2 signaling, but new molecular pathways are constantly being described (Kerr et 

al., 2016; Shah et al., 2017).  

 

III.3.3. Wnt signaling  

The Wnt signaling system is shown to regulate developmental processes such as cell-fate 

specification, proliferation, survival and organogenesis. Over the last years the role of the Wnt 

signaling in angiogenesis and ECs is emerging (Franco et al., 2009; Zerlin et al., 2008).  

WŶtà ĐaŶà sigŶalà iŶà aà ĐaŶoŶiĐà β-catenin-dependent way or in a non-ĐaŶoŶiĐalà β-catenin-

independent (Clevers, 2006; MacDonald et al., 2009). The canonical pathway is most well 

characterized one. In the absence of WŶtàĐǇtosoliĐàβ-catenin is degraded and Wnt target genes 

aƌeà Ŷotà eǆpƌessed.à BiŶdiŶgà ofà WŶtà toà Fƌizzled/Lƌpà ƌeĐeptoƌà Đoŵpleǆà iŶhiďitsà β-catenin 

degradation and promotes its translocation to the nucleus where it interacts with various 

transcription factors, inducing transcription of Wnt target genes. Canonical Wnt signaling is 
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reported to be important during vasculo and angiogenesis but repressed in healthy, quiescent 

adult vasculature (Corada et al., 2010; Ishikawa et al., 2001; Ye et al., 2009).àMoƌeoǀeƌ,àβ-

catenin links Wnt signaling to endothelial cell junctions complex signaling through its 

interaction with VE-cadherin (Stepniak et al., 2009).  

WŶtà ĐaŶà sigŶalà iŶà aà β-catenin-independent way by interacting with Frizzled and inducing 

release of intracellular Ca2+ and stimulating EC proliferation (Goodwin et al., 2007; 

Masckauchan et al., 2006). However, our knowledge on non-canonical Wnt during 

angiogenesis is incomplete.  

  

III.3.4. VEGF/VEGFR2 - master regulators of angiogenesis  

In vertebrates, vascular endothelial growth factors (VEGFs) include VEGFs A-D and placenta 

growth factor (PlGF). They are broadly expressed angiogenic cytokines that signal via their 

respective tyrosine kinase receptors (VEGFR2) – VEGFR1 (FLT1), VEGFR2 (Flk1/KDR) and 

VEGFR3 (FLT4). VEGF-A-VEGFR2 signaling axis is a master regulator of angiogenic signaling 

during development and pathology. This pathway is indispensable for vasculo and 

angiogenesis and is involved in EC survival as well as in the initiation and performance of each 

step of the angiogenic process – permeabilization and ECM degradation, proliferation, 

migration. However proper vascular development requires a degree of negative regulation of 

the pathway, specifically during maturation of blood vessels when ECs need to require 

quiescence properties (Ehling et al., 2013). As discussed earlier VE-cadherin and Notch 

signaling have negative effects of VEGFR2 angiogenenic effects.  

 

III.3.4.1. VEGF-A 

VEGF was initially described by Sanger and colleagues as vascular permeability factor, secreted 

by tumors (Senger et al., 1983; Senger et al., 1986). Later on, its crucial role in developmental 

angiogenesis has been elucidated using mouse models. Complete ablation of the gene 

encoding for VEGF-A leads to embryonic death at E9,5-10, due to defects in blood vessel 

formation. Single allele ablation has similar effect – embryos die around E11-12 (Carmeliet et 

al., 1996; Ferrara et al., 1996).  

The gene encoding for VEGF-A is composed by 8 exons and alternative splicing generates 

various forms of the mature protein with a length from 121 to 206 amino acids. Splice variants 
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have different affinities for VEGFRs binding as well as for binding to co-receptors such as 

neuropilins (NRPs), heparan sulfate proteoglycans (HSRs) and the extracellular matrix (ECM), 

allowing precise tuning of VEGF-mediated signaling (Ferrara, 2010).  

VEGF-A165 is the most prominent VEGF-A form in humans (Holmes and Zachary, 2008), existing 

in as homodimer of 46kDa. Expressed by a number of cell types such as smooth muscle cells, 

macrophages, tumor cells, it acts in a paracrine way on endothelial cells. VEGF-A could also 

signal in autocrine way, promoting EC survival (Lee et al., 2007; Maharaj et al., 2006)  

 

III.3.4.2. VEGFRs  

VEGFR 1-3 show a similar structural organization with seven extracellular immunoglobulin 

homology domain repeats, a transmembrane domain and a split tyrosine kinase domain 

(Fig.17). However, the receptors differ in their activation and signaling mode and in the 

biological processes they regulate. For example, VEGFR3 binds to unprocessed VEGF-C and is 

involved in lymphangiogenesis (Karkkainen et al., 2004). Recently, VEGFR3 has been shown to 

limit VEGF/VEGFR2 signaling axis in quiescent and angiogenic endothelial cells and thus 

preventing excessive vascular permeability (Heinolainen et al., 2017). VEGFR1 binds to VEGF-

A, VEGF-B and PlGF. VEGFR1 has greater affinity for VEGF-A than VEGFR2 but weaker tyrosine 

kinase activity, thus by forming heretodimers with VEGFR2 it acts as a negative regulator of 

VEGFR2 signaling (Cudmore et al., 2012; Fong et al., 1995). VEGFR2 is the main signaling VEGFR 

in blood vessel endothelial cells. Ablation of VEGFR2 (Flk1 -/-) in the mouse leads to embryonic 

lethality at stage E9 (Shalaby et al., 1995), pointing out the importance of VEGFR2 in vasculo 

and angiogenesis during embryonic development. In the adult body VEGFR2 expression is 

strongly increased upon reactivation of angiogenesis during uterine vascularization or tumor-

induced angiogenesis (Holmes and Zachary, 2008; Koch and Claesson-Welsh, 2012).  
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Figure 17. Receptor tyrosine kinase subfamily of VEGFR proteins. Schematic representation of 

VEGFRs homodimers, interacting VEGF ligands, phosphorylated tyrosine residues and their 

functionality. From (Smith et al., 2015). 

 

 

III.3.4.3. VEGFR2 activation  

Canonical VEGFR2 activation consists of VEGF-A binding to the extracellular immunoglobulin 

domains 2 and 3 of the receptor, which induces homo- or heterodimerization. The possibilities 

of heterodimerization and their functional properties are detailed in figure 7. Dimerization is 

followed by trans-phosphorylation of tyrosine residues located within the intracellular kinase 

domains (Fig.17), meaning that one molecule phosphorylates the other one in the dimer. 

Phosphorylation at tyrosine 1175 is crucial for VEGFR2 angiogenic signaling, by directly 

interacting with downstream signaling cascade effectors. This was shown in vivo by generating 

a mouse model in which the tyrosine at 1173 (corresponding to 1175 in human) is substituted 

by phenylalanine. Flk1 Y1173F mice die at E8,5-E9,5 due to a disrupted vasculature similar to Flk1 

-/- mice (Sakurai et al., 2005). Phosphorylation of Y951 (Y949 in mouse) activates Src kinases 

(Li et al., 2016).  The rest of the tyrosine residues are phosphorylated in response to VEGF-A 

but not as strongly as the Y1175 and their roles in signal transduction have not yet been 

clarified (Matsumoto et al., 2005). 
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VEGFR2 could also be phosphorylated on serine and threonine residues. The role of these 

post-translational modifications is not well studied. In vitro studies suggest that they are 

involved in signal attenuation (Meyer et al., 2002; Singh et al., 2005). Another parameter 

crucial for full activation of the receptor is represented by rotation of the dimer upon ligand 

binding (Anisimov et al., 2013; Lemmon and Schlessinger, 2010). Non-canonical VEGFR2 

activation involves non-VEGF ligands and shear stress (Jin et al., 2013; Tzima et al., 2005).  

Activated VEGFR2 mediates its angiogenic properties through a number of downstream 

signaling ĐasĐadesàiŶĐludiŶgàPLCγ- ERK1/2, which also involves Ca2+ signaling and is important 

for EC proliferation, migration as well as arterial differentiation and homeostasis (Hong et al., 

2006; Simons and Eichmann, 2015). Activated VEGFR2, together with VE-cadherin and Src 

activates AKT pathway to regulate pathological and adult angiogenesis as well as vascular 

maturation and metabolism (Carmeliet et al., 1999; Chen et al., 2005b; Kerr et al., 2016; Lee 

et al., 2014a). 

VEGFR2-dependent activation of Src regulates cytoskeletal, cell–cell and cell-ECM adhesion 

components, thus regulating vascular permeability (Ferrando et al., 2012). Mechanistically, in 

response to VEGF-A Src phosphorylates the focal adhesion kinase (FAK) and VE-cadherin (Chen 

et al., 2012; Weis et al., 2004; Westhoff et al., 2004). 
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Figure 18. VEGFR2 homo and hetero dimers, signaling complexes and their functionality. Vascular 

endothelial growth factor (VEGF) ligands (VEGFA: light green; VEGFC or VEGFD: dark green) bind to the 

second and third extracellular immunoglobulin domain (purple) of VEGFR2, inducing receptor 

dimerization. VEGFR2 forms  homodimer or heterodimers with VEGFR1 or VEGFR3. VEGFR2 

homodimer signaling is modulated by different VEGF-binding co-receptors such as heparan sulfate (HS) 

proteoglycans (syndecan or glypican) and neuropilins (NRPs), as well as non-VEGF-binding auxiliary 

proteins, such as vascular endothelial cadherin (VE-cadherin), integrins, ephrin B2 and protein tyrosine 

phosphate (PTP). VEGFR2 may also form trans-complexes with NRP1 expressed on adjacent cells. The 

biological context in which each receptor complex is known to function is indicated. DEP1, density-

enhanced phosphatase 1; myoVI, myosin VI; VEPTP, vascular endothelial protein tyrosine phosphatase. 

From (Simons et al., 2016). 

 

 

 

III.3.4.4. The role of co-receptors in VEGFR2 activation and signal transduction  

It has been long considered that VEGFR2 is the exclusive binding site for VEGF-A. However, 

various studies have shown the ability of the ligand to bind to co-receptors and molecular 

partners of VEGFR2. Moreover, it has been reported that formation of a molecular complexes 

is crucial for regulating VEGFR2 signaling.  

 

III.3.4.4.A. VEGF-binding co-receptors 

III.3.4.4.A.a. Neuropilins  

Neuropilins are glycoprotein receptors initially described for binding axonal guidance 

molecules – semaphorins, in neurons (Chen et al., 1997; He and Tessier-Lavigne, 1997). 

VEGF-A binds to NRP1 via specific motifs on exon 7 and 8 (Parker et al., 2012). NRP1-VEGF-A 

interaction is mediated by heparan sulfate, which also allows the interaction between NRP1 

and VEGFR2 (Fig.18) (Plein et al., 2014). NRP1 plays an important role in VEGFR2 intracellular 

trafficking. NRP1 is able to bind VEGF-VEGFR2 complex in trans, between adjacent EC and this 
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interaction inhibits VEGFR2 internalization and suppresses angiogenesis (Koch et al., 2014). 

VEGFR2-unbound NRP1 is able to bind and sequester VEGF and thus negatively regulate its 

signaling (Okabe et al., 2014). As discussed in details in section III.3.4.5., NRP1 plays an 

important role in VEGFR2 endocytic trafficking. 

 

III.3.4.4.A.b. Integrins  

Integrins are heterodimeric transmembrane glycoproteins involved in cell-cell and cell-matrix 

contacts. Integrins are formed by a non-ĐoǀaleŶtà iŶteƌaĐtioŶàďetǁeeŶàtheàαà ;ϭϴͿàaŶdàβà ;ϴͿà

subunits, each subunit contains a transmembrane and a small cytosolic subunit.  

IŶtegƌiŶsà βϭà aŶdàβϯà aƌeà shoǁŶà toà iŶteƌaĐtàǁithàVEGFRϮà signaling (Fig.18). VEGF-A induces 

VEGR2-IŶtegƌiŶàβϯàiŶteƌaĐtioŶ,àƌeƋuiƌedàfoƌàĐoŵpleteàaĐtiǀatioŶàofàtheàƌeĐeptoƌà(Byzova et al., 

2000). VEGFR2-IŶtegƌiŶàβϭàĐoŵpleǆàisàiŶduĐedàďǇàECM-bound VEGF-A and induces cell-surface 

translocation of VEGFR2 to EC-ECM contact sites called focal adhesions, which prolongs 

receptors activation (Chen et al., 2010).  

Integrins can interact with adaptor proteins (talin, paxilin, vinculin) via the cytosolic domain 

ofàtheàβàsuďuŶitàaŶdàthusàiŶteƌfeƌeàǁithàsignaling pathways like MAPK, AKT and Rho GTPases 

or/and endosomal trafficking (Caswell et al., 2009; Hynes, 2002). 

 

III.3.4.4.B. VEGFR2 molecular partners  

III.3.4.4.B.a. VE-cadherin 

In 2003 Lampugnani and colleagues reported that VE-cadherin interacts with VEGFR2 (Fig.18). 

This interaction negatively regulates VEGFR2 activation and suppresses downstream MAPK 

signaling. Mechanistically, VE-cadherin binding induces dephosphorylation of VEGFR2 by the 

phosphatese DEP1 (Lampugniani et al., 2003). Later the authors showed that VE-cadherin also 

regulates VEGFR2 internalization by stabilizing the receptor at cell-cell junctions. As discussed 

earlier, this observation is supported by the increase in VEGFR2 internalization upon VE-

cadherin ablation (Lampugnani et al., 2006).  A more recent study shows that VE-cadherin and 

VEGFR2 interact directly through their transmembrane domains (Coon et al., 2015). 

A recent study reported a crosstalk between Integrins and VE-cadherin in the regulation of 

angiogenesis. The authors showed that Integrin β1 is indispensable for proper localization of 

VE-cadherin and thereby cell–cell junction integrity. This complex is required for normal 

vascular sprouting, but also negatively regulates EC proliferation during maturation of the 



 

60 

 

vessels, thus supporting the formation of a stable, non-leaky blood vasculature (Yamamoto et 

al., 2015). 

 

III.3.4.4.B.b. Ephrin B2 

Ephrin B2 is another molecular partner of VEGFR2 at the plasma membrane (Fig.18). Ablation 

of ephrin B2 leads to a complete block of VEGF-induced VEGFR2 endocytosis, resulting in 

strongly disrupted postnatal angiogenesis (Sawamiphak et al., 2010). Ephrin B2 regulates the 

movement of VEGFR2 from the plasma membrane into the cytoplasm of endothelial cells by 

interacting with cell polarity proteins disabled homologue 2 (DAB2) and the partitioning 

defective 3 homologue (PAR3) (Nakayama et al., 2013). 

 

III.3.4.4.B.c. LRP and uPAR 

As discussed in section III.2.2., plasmin is involved in ECM degradation during vascular 

permeabilization. Active plasmin results from the proteolytical cleavage of plasminogen by 

either tissue plasminogen activator (tPA) or by urokinase plasminogen activator (uPA). uPA 

needs to bind to its receptor urokinase Plasminogen Activator Receptor (uPAR) in order to 

become activated. VEGF-A induses uPA/uPAR interaction and the internalization and 

redistribution of uPAR and integrins (Alexander et al., 2012; Prager et al., 2004a; Prager et al., 

2004b). A recent study described uPAR as a new co-receptor for VEGFR2 by showing the 

formation of VEGF-induced VEGFR2-iŶtegƌiŶà βϭ-uPAR-LRP1 at the plasma membrane with 

LRP1 being indispensable for complex internalization and mediation of VEGFR2 angiogenic 

effects (Herkenne et al., 2015). 

 

 

III.3.4.5. Internalization and endosomal trafficking of VEGFR2 

Following VEGF-A binding, activated VEGFR2 enters the cell predominantly via clathrin-

dependent internalization (Damke et al., 1994; Lampugnani et al., 2006). As described in some 

previous chapters many co-factors and adaptor proteins regulate VEGFR2 internalization 

(integrins, VE-cadherin, ephrin B2, uPAR and LRP1). A recent study reported a role for Dynamin 

2 in modulating IŶtegƌiŶàβϭàduƌiŶgàVEGFR2 internalization (Lee et al., 2014b).  

The effects of VEGFR2 internalization on its angiogenic signaling have been controversial. 

Ewan et al. showed that VEGFR2 is internalized into endosome and then degraded by the 
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lysosomes, thus describing internalization as a signal-attenuating process (Ewan et al., 2006). 

More recently, Low Density Lipoprotein (LDL) has been shown to induce VEGFR2 

internalization and degradation, which has a negative effect on VEGF signaling (Jin et al., 

2013). In contrast, many studies report that VEGFR2 internalization is a mechanism of signal 

perpetuation. Lampugnani and coworkers showed that endosome-located VEGFR2 is still 

phosphorylated and able to activate MAPK pathway (Lampugnani et al., 2006). This was 

supported by another study, showing that VEGF-A-induced receptor internalization is crucial 

for ERK 1/2 activation (Gourlaouen et al., 2013). These findings showed the importance of the 

intracellular spatio-temporal regulation of VEGFR2 signaling, which is orchestrated by the 

endosomal compartment and a subset of Rab GTPases (Bhuin and Roy, 2014; Jopling et al., 

2009; Zerial and McBride, 2001a). 

Once internalized VEGFR2-containing clathrin-coated vesicles fuse with early endosomes, 

which are Rab5 and early endosome antigen 1 (EEA1) positive vesicles (Fig.19) (Lampugnani 

et al., 2006; Lanahan et al., 2010). NRP1 plays a crucial role in the intracellular trafficking of 

VEGFR2 by binding its C-terminal domain to Synectin-Myosin IV complex. This interaction is 

crucial for endosomal translocation of VEGFR2 complex and VEGF-induced ERK1/2 activation 

(Lanahan et al., 2013; Lanahan et al., 2010). The interaction with motor proteins synectin and 

myosin IV allows the movement of VEGFR2-containing early endosomes away from the plasma 

membrane, protecting the Y1175 residue from dephosphorylation by the PM-located 

phosphatases. Thus, Y1175 can activate downstream ERK1/2 cascade and promote 

angiogenesis. The signaling could be terminated when endosomes get in proximity to the ER. 

ER-anchored PTP1B phosphatase preferentially dephosphorylates Y1175 thus selectively 

suppressing ERK 1/2 pathway. NRP1-bound VEGFR2 could be recycled back to the plasma 

membrane whereas the absence of NRP1 leads to its lysosomal degradation (Ballmer-Hofer et 

al., 2011). 

Once the internalized VEGFR2 transduces its signal, it could be degraded via Rab7-positive late 

endosomes (Fig.19), which fuse with lysosomes (Rab9-positive). VEGFR2 could also be 

recycled back to the PM via Rab11-mediated slow or Rab4 fast pathway (Ballmer-Hofer et al., 

2011). Additionally, VEGFR2 can undergo constitutive or ligand-independent endocytosis. The 

mechanism is poorly understood but it appears to consist of a rapid recycling of the 

internalized receptor back to the PM via Rab4 pathway (Fig.19) (Zhang and Simons, 2014).  
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Figure 19. VEGFR2 signaling at the plasma membrane and endosomal trafficking. Internalized 

VEGFR2 can signal from the early endosomes. Trafficking continues towards the sorting endosome 

from which the receptor could be recycled back to the plasma membrane via Rab11-positive vesicles 

or degraded via Rab7 positive vesicles. Ligand-independent, constitutive recycling of VEGFR2 could be 

mediated via RAB4 endosomes. DAB2, disabled homologue 2; DEP1, density-enhanced phosphatase 1; 

EEA1, early endosome antigen 1; myoVI, myosin VI; NRP1, neuropilin 1; PAR3, partitioning defective 3 

hoŵologue;àPLCγ,àphospholipaseàCγ;àPTPϭB,àpƌoteiŶàtǇƌosiŶeàphosphatase 1B; VE-cadherin, vascular 

endothelial cadherin; VEGFR2, vascular endothelial growth factor receptor 2; VEPTP, vascular 

endothelial protein tyrosine phosphatase; Y1173, Tyr1173. From (Simons et al., 2016). 

 

 

III.3.4.6. Compartmentalization of VEGFR2 signaling 

VEGFR2 signaling is compartmentalized within the cell and various pools of VEGFR2 exist 

(Gampel et al., 2006). This compartmentalization is far more complicated than just a simple 

division between plasma and intracellular VEGFR2 pools. Indeed, within the plasma 

membrane VEGFR2 could be enriched in regions like lipid rafts, focal adhesions and cell-cell 

junctions (Baumer et al., 2006; Saharinen et al., 2008). These plasma membrane regions are 

considered as hotspots of VEGFR2 signaling. Moreover, they support the idea of distinct 

specialized VEGFR2 signaling pathways, regulated by the corresponding co-receptors like for 

example VE-cadherin at cell-cell junctions. In addition to accessory proteins, regulation of 
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VEGFR2 internalization and signaling could be affected by the lipid composition of the PM. 

This mechanism is very likely to be occurring in lipid rafts-located VEGFR2. Moreover 

Labrecque and colleagues showed that depletion of cholesterol, a key component of lipid 

rafts, increases levels of activated VEGFR2 but suppressed downstream ERK 1/2 activation 

(Labrecque et al., 2003).The mechanisms regulating these processes are not well defined, but 

are becoming a topic of growing interest in angiogenic research.  

 

III.3.4.7. Perspectives in VEGFR2 signaling research  

Being a key regulator in tumor angiogenesis as well, VEGF-VEGFR2 axis became an interesting 

target in anti-angiogenic cancer therapy and led to the generation of a number of drugs 

inhibiting the pathway (Ferrara et al., 2004; Labrecque et al., 2003; Loges et al., 2009). 

However, tumor resistance is a persistent issue (Casanovas et al., 2005). Confronting it 

requires a better understanding of the complex biological mechanism, regulating VEGFR2 

signaling. Therefore, over the last years, the basic research in the field of angiogenesis has 

been extremely focused on the fine-tuning and the crosstalk between canonical signaling 

pathways and other biological factors that regulate them, such as miRNAs expression in ECs, 

co-receptor complexes and lipid composition, post-translational modifications and trafficking 

of the receptor, microvesicular signaling between ECs and other cell types. Thus the 

mitochondria and its dynamic morphology, which have emerged separately as a key regulator 

in many cellular processes, began to gain interest in the angiogenic field.  

 

 

IV. Mitochondria in angiogenesis  

The role of mitochondria has been studied in detail in cell types known to rely on OXPHOS as 

source of energy such as neurons, skeletal muscles and cardiomyocytes. On the contrary, in 

ECs glycolysis is believed to be the main energy source. Therefore, the role of mitochondria in 

ECs has been neglected for a long time. However, the master regulator of mitochondrial 

biogenesis PGC1α is expressed in ECs aŶdàPGCϭα-dependent mitochondrial biogenesis is a 

protective mechanism against oxidative stress (Afolayan et al., 2016; Valle et al., 2005). PGC1αà

is induced by a number of pro-angiogenic factors such as hypoxia and caloric restriction (Leone 

et al., 2005; Patten et al., 2012). VEGF has been reported to induce mitochondrial biogenesis 
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via Akt3 signaling.àáktϯàƌegulatesàPGCϭαàŶuĐleaƌàtƌaŶsloĐatioŶàiŶàƌespoŶseàtoàVEGFàstiŵulatioŶà

(Wright et al., 2008).  

Recently, with the emerging of the role of mitochondria as a key signaling component of the 

cell, its function in the endothelium has been revised. 

 

IV.1. Redox signaling and angiogenesis 

Reactive oxygen species (ROS) are receiving substantial interest in angiogenic signaling. The 

source of ROS in ECs could be cytosolic and mitochondrial. The main producer of cytosolic ROS 

is NADPH oxidase, composed of Nox1, Nox2, Nox4, p22phox, p47phox, p67phox and the small 

GTPase Rac1. Endothelial NADPH is activated by VEGF, Angiopoietin-1, cytokines, shear stress 

and Angiotensin II (Harfouche et al., 2005; Ushio-Fukai and Alexander, 2004; Ushio-Fukai et 

al., 2002) . NADPH oxidase-derived ROS signaling modulates angiogenesis both in vitro and in 

vivo (Al-Shabrawey et al., 2005; Harfouche et al., 2005; Ikeda et al., 2005; Ushio-Fukai et al., 

2002; Yamaoka-Tojo et al., 2004).  

Mitochondrial ROS (mtROS) are mainly produced through complexes I and III of the OXPHOS 

system. Cytosolic and mitochondrial ROS share Nox4. Nox4-mediated mtROS is shown to 

influence blood pressure (Santillo et al., 2015). Another source of mtROS is the growth factor 

adaptor protein p66Shc (Paneni and Cosentino, 2012; Paneni et al., 2012). Upon high glucose 

concentration or pro-apoptotic signals, p66Shc can translocate to the mitochondrial 

intermembrane space where it oxidases cytochrome c and generates H2O2 which could lead 

to ECs senescence and apoptosis (Camici et al., 2007). 

Cytosolic ROS can tƌiggeƌàŵtRO“àǀiaà͞RO“-iŶduĐedàRO“àƌelease͟.àThisàŵeĐhaŶisŵàisàpƌoposedà

to amplify ROS signaling in ECs increasing ECs dysfunction (Zorov et al., 2014). Angiotensin II-

induced ROS could trigger mtROS release through mitoKATP channel opening as protective 

mechanism from excessive nitric oxide (NO) (Doughan et al., 2008). 

In ECs NO is produced by the endothelial Nitric oxide synthase (eNOS). NADPH, arginine and 

O2 are the substrates of eNOS, linking this pathway to both redox signaling and endothelial 

metabolism (Alderton et al., 2001; Forstermann and Munzel, 2006; Moncada and Higgs, 1993; 

Palmer et al., 1988; Sakuma et al., 1988; Schmidt et al., 1988).  

eNOS can be activated through Ca2+ dependent and independent pathways. In the first case 

extracellular acetylcholine or histamines increase Ca2+ levels, activating Calmodulin, which 
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activates eNOS to produce NO. The Ca2+-independent pathway involves VEGF-induced 

PI3K/AKT which activates eNOS by phosphorylating it at Ser1179 (Fulton et al., 1999). A major 

activation pathway for eNOS is shear stress, which activates AKT and/or protein kinase A 

(Forstermann and Sessa, 2012). The main effect of NO on EC and blood vessels is the induction 

of vasodilation (Dimmeler et al., 1999; Dimmeler and Zeiher, 1999; Fulton et al., 1999). eNOS 

mutant mice have been described to have reduced physiological angiogenesis, due to a 

decrease in ECs proliferation and impairments in pericytes recruitement (Lee et al., 1999). 

Impairments of NO synthesis, due to an increased activation of eNOS could cause ECs 

dysfunction (Graham and Rush, 2004; Li et al., 2007).  Moreover, eNOS uncoupling has been 

related to hypertension and ECs dysfuncion (Heitzer et al., 2000).  
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IV.2. Endothelial metabolism and angiogenic signaling 

 

Figure 20. Schematic representation of endothelial metabolism. 3PG, 3-phosphoglycerate; αKG, 

alpha-ketoglutarate; acetyl-CoA, acetylcoenzyme A; ARG, arginase; ATP, adenosine triphosphate; 

CPT1a, carnitine palmitoyltransferase 1a; eNOS, endothelial nitric oxide synthase; FAD+/FADH2, flavin 

adenine dinucleotide; F1,6P2, fructose-1,6-bisphosphate; F2,6P2, fructose-2,6-bisphosphate; FA, fatty 

acid; F6P, fructose-6-phosphate; G1P, glucose-1-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, 

glucose-6-phosphate; G6PD, glucose-6- phosphate dehydrogenase; GFAT, glutamine fructose-6-

phosphate aminotransferase; GlcN6P, glucosamine-6-phosphate; GLS, glutaminase; GP, glycogen 

phosphorylase; GSH, glutathione; GSSG, glutathione disulphide; GYS, glycogen synthase; LDH, lactate 

dehydrogenase; NAD(P)+/NAD(P)H, nicotinamide adenine dinucleotide (phosphate); NO, nitric oxide; 

OAA, oxaloacetate;PFK1, phosphofructokinase-1; PFKFB3, phosphofructokinase-2/fructose-2,6-

bisphosphatase isoform 3; R5P, ribose-5-phosphate; ROS, reactive oxygen species; TCA, tricarboxylic 

acid (cycle); TKT, transketolase; UDP-Glucose, uridine diphosphate glucose; UDP-GlcNAc, uridine 

diphosphate-N-acetylglucosamine. From (Bierhansl et al., 2017). 

 

IV.2.1. Glycolysis  

New blood vessel formation is an energy demanding process, therefore requires quick 

metabolic adaptations and ATP productions. ECs have high glycolytic activity which is the main 

source of ATP (De Bock et al., 2013). This is surprising given the fact that ECs are in an high 

oxygen environment and that OXPHOS generates 10 times more ATP per mole of glucose than 

glycolysis. The possible explanations would be the fact that glycolysis is a faster process which 
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allows better adaptation to energy demands. Moreover, it could be an adaptive strategy of 

ECs to generate ATP independently of oxygen when sprouting into avascular hypoxic tissues.  

Apart from energy generation, glycolysis intermediate metabolites can participate in side 

anabolic pathways of macromolecules biosynthesis required for intense proliferation of ECs 

during angiogenesis. A key regulator of glycolysis in ECs is 6-phosphofructo-2-kinase/fructose-

2,6-bisphosphatase 3 (PFKFB3), that regulates production of fructose-2,6-bisphosphate via 

activation of phosphofructokinase-1 (De Bock et al., 2013)  (Fig.20). VEGF stimulation of ECs 

upregulates levels of PFKFB3 and therefore promotes glycolysis (De Bock et al., 2013; Xu et 

al., 2014). Pharmocological and genetic inhibition of PFKFB3 results in decreased angiogenesis 

in the mouse postnatal retina and in vitro using EC spheroids model (De Bock et al., 2013; 

Schoors et al., 2014; Xu et al., 2014). Overexpression of PFKFB3 stimulates angiogenesis and 

the tip cell phenotype of ECs both in vitro and in vivo (De Bock et al., 2013). Upregulated 

glycolysis and glycolysis-derived metabolic pathways such as pentose phosphate pathway and 

serine biosynthesis are a signature of tumor endothelial cells (TEC) (Fig.21) (Cantelmo et al., 

2015). Thus, targeting glycolysis appears to be a promising anti-cancer strategy (Cantelmo et 

al., 2016) . 

 

 

Figure 21. Metabolism of normal endothelial cell (NEC) versus tumor endothelial cell (TEC). 

Schematic representation of the metabolic regulation in normal endothelial cells (NEC) and tumor 

endothelial cells (TEC). PPP- pentose phosphate pathway; SBP-serine biosynthesis pathway (SBP), G6P-

glucose-6-phosphate; 3PG-3-phosphoglycerate (3PG); PRPP-phosphorybosyl pyrophosphate; R5P-

ribose 5-phosphate. From (Bierhansl et al., 2017). 
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IV.2.2. Glycogen metabolism  

Another metabolic pathway linked to glycolysis is the Glycogen cycle. Glycogen is synthetized 

from Glucose-6-phosphate (Fig.20). The precise function of Glycogen in ECs is still unclear. It 

has been shown that when exposed to high glucose ECs increase the synthesis and accumulate 

glycogen (Artwohl et al., 2007) and the contrary (Vizan et al., 2009b). Inhibition of glycogen 

phosphorylase (GP), the enzyme responsible for glycogen degradation (Fig.20) leads to 

reduced migration and viability of ECs (Vizan et al., 2009b). Inhibition of the activator of GP – 

phosphorylase kinase subunit G1 (PhKG1), inhibits ECs migration, proliferation and tube 

formation in vitro as well as intersomitic vessel sprouting in zebrafish (Camus et al., 2012). 

 

IV.2.3. Pentose Phosphate Pathway  

The Pentose Phosphate Pathway (PPP) is another glycolysis side-pathway starting again from 

glucose-6-phosphate which generates pentose, a 5-carbon-sugar essential for nucleotides and 

nucleic acid synthesis (Fig.20). This pathway is composed by two phases: the irreversible 

oxidative PPP regulated by the rate-limiting glucose-6-phosphate dehydrogenase (G6PD) and 

the reversible non-oxidative pathway under the control of the transketolase (TKT) which 

depending on the needs of the cell produces either ribose-6-phosphate or the glycolysis 

intermediates fructose-6-phosphate and glyceraldehyde-3-phosphate (Fig.20). Inhibition of 

each of these pathways results in decreased ECs viability and migration (He et al., 2011; 

Stanton, 2012; Vizan et al., 2009a; Vizan et al., 2009b).  The oxidative pathway of PPP produces 

NADPH, which reduces oxidase glutathione, therefore is involved in ROS scavenging. Another 

function of NADPH is in the synthesis of lipids, nucleotides and nitric oxide (NO) (Fraisl, 2013). 

Moreover, overexpression of G6PD increases NADPH and NO levels and has a promoting effect 

on ECs proliferation, migration and tube formation (Leopold et al., 2007; Leopold et al., 2003). 

Activation of protein kinase A due to hyperglycemic conditions downregulates G6PD and 

reduces EC survival (Giacco and Brownlee, 2010; Zhang et al., 2000). 

 

IV.2.4. Hexosamine Biosynthesis Pathway 

O and N-linked glycosylation are essential for protein functionality in ECs. Uridine diphosphate 

N-acetylglucosamine (UDP-GlcNAc) is the end-product of the Hexosamine Byosynthesis 

Pathway (HBP) and is required for glycosylation reactions. HBP is also a derivate pathway of 
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glycolysis. Glycolytic Fructose-6-phosphate is transformed in glucosamine-6-phosphate by the 

rate-limiting enzyme glutamine fructose-6-phosphate aminotransferase (GFAT) (Fig.20). 

Subsequently, UDP-GlcNAc is generated from glucosamine-6-phosphate, Acetyl-CoA and ATP 

(Mapanga and Essop, 2016; Willems et al., 2016). Upregulated glucosamine concentrations 

induce protein glycosylation in vitro and decreases ECs migration and tube formation. In 

parallel, overexpression of O-GlcNAcase, which removes glycosylations from proteins, induces 

migration and tube formation (Lu et al., 2007; Ngoh et al., 2010). Several studies show that 

glycosylation modifications have specific effects on key angiogenic molecules. N-glycosylation 

of VEGFR2 promotes its stability, surface expression and signaling activity (Croci et al., 2014; 

Rahimi and Costello, 2015). O-glycosylation affects Notch signaling by activating Notch/ligand 

interaction (Croci et al., 2014). However, the effects of these modifications on angiogenic 

properties of ECs require further examination.  

 

IV.2.5. Fatty acid metabolism  

FAO has also been reported to have a regulatory function in angiogenesis. Pharmacological 

and genetic inhibition of Carnitine palmitoyltransferase I (CPT1a), a key component of the 

pathway, leads to a decrease in EC proliferation in vitro and in vivo. Proliferating ECs use FAO 

as carbon source for DNA synthesis during vessel sprouting (Schoors et al., 2015). Moreover, 

blocking of CPT1a causes vessel leakage due to disrupted Ca2+ homeostasis (Patella et al., 

2015).                               

Blocking FAO affects only proliferating stalk cells by nucleotide synthesis (Schoors et al., 2015), 

whereas blocking glycolysis via PFKFB3 affects both tip and stalk cells (De Bock et al., 2013), 

suggesting that different EC subtypes use different metabolic pathways and switch between 

them as a function of their requirements. 

 

IV.2.6. Amino Acid Metabolism  

Amino Acid metabolism in ECs is not well understood. However, new discoveries in the field 

are highlighting its role as a regulatory mechanism of ECs function. As described earlier, 

arginine is required for eNOS-dependent synthesis of NO (Fig.20) (Palmer et al., 1988; Wu and 

Meininger, 2000). 
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Glutamine is another amino acid of interest. ECs can obtain it from diet or synthetize it from 

glutamate using glutamine synthetase (Kobayashi et al., 2006). Glutamine can promote ECs 

viability and decrease cellular permeability induced by hyperglycemia by downregulating 

apoptosis-related proteins such as cytochrome c and thus attenuating mitochondrial stress 

(Safi et al., 2015). ECs express glutaminase (GLS) and can drive glutamine transformation in α-

ketoglutarate which will enter the TCA cycle. Pharmacological inhibition of GLS decreases ECs 

viability and increases senescence (Unterluggauer et al., 2008).  

A recent study reports a crosstalk between glutamine and asparagine in new blood vessel 

formation (Huang et al., 2017). Using the first mouse model for specific ablation of GLS1 in ECs 

(GLS1ECKO) the authors inhibit the conversion of glutamine into glutamate, which later enters 

TCáà ĐǇĐleà aŶdà geŶeƌatesà α-ketoglutarate. Angiogenesis is decreased in GLS1ECKO due to 

disruption of the tip cell phenotype and decreased proliferation. Because in ECs glutamine 

metabolism is needed for asparagine synthesis, asparagine supplementation in GLS1 deprived 

ECs can restore protein synthesis and cellular prolifetation.  

 

IV.3. Mitochondrial distribution  

Mitochondrial distribution is important in some cell types such as neurons, but this aspect has 

not been studied in details in ECs. In coronary arterioles mitochondria are anchored to the 

cytoskeleton and upon shear stress they release ROS which contributes to flow-mediated 

dilatation of vessels (Liu et al., 2008). In pulmonary artery ECs, hypoxia triggers perinuclear 

distribution of mitochondria leading to an increase in ROS accumulation in the nucleus and 

induction of hypoxia related genes (Al-Mehdi et al., 2012). 

 

IV.4. Mitochondrial dynamics in angiogenesis  

IV.4.1. Mitochondrial fusion  

Schleicher and colleagues (Schleicher et al., 2008) were the first to investigate the role of 

mitochondrial shape in angiogenesis. They showed that mitochondrial located PHB1 was 

expressed in SMCs as well as in ECs. PHB1 knock down in bovine aortic endothelial cells 

(BAECs) induced mitochondrial ROS production and loss of mitochondrial membrane 

potential. Moreover, silencing of PHB1 in BAECs increased VEGF-stimulated Ser473 

phosphorylation in a mtROS-dependent manner. Downstream AKT activation led to increased 
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NO release. Another downstream target of AKT signaling - the small GTPase Rac1, was also 

activated upon PHB1 ablation in a PI3K-dependent way.  Rac1 is involved in the maintenance 

of the cytoskeletal balance (Wang et al., 2010). Indeed, in PHB1 knock-down cells, VEGF-

induced formation of actin stress fibers, migration and tube formation were decreased. 

Persistent activation of AKT and its downstream Rac1 signaling lead to senescence of ECs. 

However, given the pleiotropic role of PHB1 on mitochondrial morphology and function, it is 

difficult to assign these changes specifically to an effect on mitochondrial shape.   

Lugus and coworkers investigated the role of OMM fusion proteins Mfn1 and Mfn2 in ECs 

(Lugus et al., 2011). VEGF stimulation of human umbilical vein endothelial cells (HUVECs) 

upregulated mRNA and protein levels of MFN1 and 2. Consistently, VEGF-stimulated 

angiogenic performance of HUVECs in vitro was decreased upon both MFN1 and MFN2 

ablation. Knocking-down MFN1/2 led to a fragmented mitochondrial network and loss of 

membrane potential. Serum deprivation-induced apoptosis was increased in MFN1/2 knock 

down cells. However, mtROS production was diminished specifically in MFN2 knock down 

cells. Downstream JNK activation, which could be ROS-dependent, was ablated in MFN1 knock 

down but with greater effect in MFN2. In parallel, AKT (Ser473) and downstream eNOS 

(Ser1177) activation were shown to be specific to MFN1 ablation. This suggests that 

perturbing mitochondrial dynamics by ablating Mitofusins results in a common phenotype, 

driven however by two different mechanisms that can be ascribed to the specific differences 

in their function. 

 

IV.4.2. Mitochondrial fission: Drp1 function in the endothelium and 

angiogenesis 

Most of our knowledge on the role of Drp1 in angiogenesis comes for correlative analyses of 

mitochondrial shape in models of human disease.  

Hyperglycemia, the major feature of diabetes, causes mitochondrial fragmentation, induces 

ROS production and disrupts Ca2+ signaling in a variety of cell types (Rube and van der Bliek, 

2004; Yu et al., 2006; Yu et al., 2008) including ECs (Li et al., 2009; Paltauf-Doburzynska et al., 

2004; Trudeau et al., 2010).  

Studies using mouse models of diabetes and diabetic patients demonstrated that 

hyperglycemia induced mitochondrial fragmentation is Drp1-dependent (Makino et al., 2010; 
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Shenouda et al., 2011).  In these contexts, Rho-associated coil-containing protein kinase 

(ROCK), which acts downstream of Rho during apoptosis and ROS production, activates DRP1 

by directly phosphorylating it at Serine 600. This triggers Drp1 translocation to the OMM and 

subsequent mitochondrial fission. Consequently, mitochondrial ROS production and apoptosis 

of podocytes and kidney microvascular endothelial cells are increased leading to diabetic 

nephropathy (Wang et al., 2012a).  

Pulmonary arterial hypertension (PAH) is a syndrome characterized with obstruction and 

inflammation of small pulmonary arteries leading to an increase in pulmonary vascular 

resistance (PVR), right ventricular hypertrophy and heart failure.  These vascular impairments 

are due to hyperproliferation of pulmonary arterial endothelial cells (PAECs) and pulmonary 

artery smooth muscle cells (PASMCs) (Archer et al., 2010). The hyperproliferative phenotype 

of PASMCs in the context of PAH has been associated with normoxic activation of HIF-ϭαàaŶdà

mitochondrial fragmentation (Bonnet et al., 2006). HIF-ϭαà ŵediatedà Pá“MCsà

hyperproliferation in PAH is Drp1-dependent in human PASMCs, lung sections from PAH 

patients and three rodent models of PAH. The authors propose a mechanism for HIF-ϭαà

induced mitochondrial fragmentation and PASMCs hyperproliferation in which Cdk1/CyclinB, 

which is also upregulated in PAH, activates Drp1 through a phosphorylation at Ser616 leading 

to cell cycle progression from G2 to mitosis.  Pharmacological (Mdivi1) or siRNA inhibition of 

Drp1 restores mitochondrial morphology, downregulates hyperproliferation and regresses 

PAH. Thus, Drp1 has been proposed as a promising therapeutical target for PAH (Marsboom 

et al., 2012). 

Ischemia/Reperfusion (I/RP) process is known to induce ECs dysfunction (Carden and Granger, 

2000). Ischemia leads to oxygen deprivation and a hypoxia-like condition, whereas restoration 

of blood flow causes shear and oxidative stress to the blood vessel and the affected tissues. 

Mitochondrial-dependent apoptosis is activated in rat coronary vessels ECs following I/RP 

(Scarabelli et al., 2002).  In post ischemic ECs the I/RP induced oxidative, nitrosative and shear 

stresses modify mitochondrial morphology by activating Drp1 through a phosphorylation at 

Ser616 resulting in fragmented mitochondrial network (Giedt et al., 2012).  

Finally, in HUVECs DRP1 silencing causes premature senescence and loss of angiogenic 

capacities: mitochondrial hyperfusion results in reduced autophagic flux and increased mtROS 

production (Lin et al., 2015).   
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Although a small number of papers have addressed the role of Drp1 in ECs and in angiogenesis, 

these studies are always performed in the context of a given pathology, and do not clarify the 

function of Drp1 in physiological angiogenesis.  

 

 

V. Scope of the Thesis 

The scope of this thesis was to investigate the function of Drp1 in the endothelium during 

physiological angiogenesis. To address this question in vivo we generated constitutive and 

inducible mouse models for endothelial-specific ablation of Drp1.  Our work describes a new 

mechanism of action for Drp1 in ECs, providing the first insights into its function in new blood 

vessel formation.  
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Summary 

Because of the mostly glycolytic nature of endothelial cell metabolism, the role 

of mitochondria and mitochondrial shape in angiogenesis, the new blood vessel 

formation from existing vasculature, has not been studied. Here we show that 

the mitochondrial fission factor Dynamin related protein 1 (Drp1) unexpectedly 

limits endosomal VEGFR2 signaling and hence angiogenesis. Drp1 levels were 

reduced when Human Umbilical Vein Endothelial Cells (HUVECs) were 

activated, and angiogenesis was accordingly stimulated in HUVECs where 

DRP1 was silenced.  In vivo, constitutive and inducible Drp1 ablation in 

endothelial cells increased early stage postnatal retina vascular sprouting. 

Mechanistically, upon VEGF stimulation Drp1 interacted with the internalized 

VEGFR2 and its early endosome partner Rab5 at the endosomal VEGFR2 

signaling platform. Drp1 deletion unleashed VEGFR2 activation and its 

downstream signaling, indicating that the VEGFR2-Rab5-Drp1 interaction limits 

VEGFR2 mediated angiogenesis. Our data reveal an unexpected 

extramitochondrial function of Drp1 in endothelial cells, where it localizes also 

at the endosomes to constrain the endosomal VEGFR2 signaling platform. 
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Introduction 

Angiogenesis, the new blood vessel formation from preexisting vasculature, is very 

active during embryonic development and during tissue healing, ovulation and 

placental vascularization (Carmeliet, 2005). In response to pro-angiogenic stimuli, 

quiescent endothelial cells (ECs) become activated, degrade their basal membrane, 

proliferate, migrate and eventually form the new vessel tubes (Blanco and Gerhardt, 

2013). Intense research elucidated the key signaling nodes in the EC activation and 

angiogenesis. Vascular endothelial growth factors (VEGF A-D) and their respective 

tyrosine kinase receptors (VEGFR 1-3) are key components of ECs angiogenic 

signaling (Carmeliet et al., 1996; Ferrara et al., 1996; Shalaby et al., 1995). The VEGF-

A-VEGFR2 pathway regulates the initiation and performance of each step of the 

angiogenic process: VEGF-A and VEGFR2 gene deletion in the mouse leads to 

embryonic death at E9 due to defects in blood vessel formation (Ferrara et al., 1996; 

Shalaby et al., 1995). Notably, vascular development also requires negative 

angiogenic regulation, especially during blood vessel maturation when ECs must 

become quiescent (Ehling et al., 2013). This might occur by antagonizing signaling 

cascades, such as Notch (Kerr et al., 2016; Shah et al., 2017), Vascular endothelial 

cadherin (VE-cadherin) that stabilizes VEGFR2 at EC junctions (Lampugnani et al., 

2006), and VEGFR1 that competes with VEGFR2 for VEGF (Cudmore et al., 2012; 

Fong et al., 1995), or by regulation of VEGFR2 activity itself by controlling its gene 

expression, stability, communication with co-receptor and accessory molecules, 

internalization and especially intracellular trafficking (Eichmann and Simons, 2012; 

Simons, 2012; Simons et al., 2016). Upon VEGF binding, VEGFR2 undergoes clathrin-

dependent internalization and localizes in early Rab5-positive endosomes which then 

recruit the Rab5 effector Early endosome antigen 1 (EEA1) (Ballmer-Hofer et al., 
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2011). This stage is crucial for downstream ERK1/2 activation (Lampugnani et al., 

2006; Lanahan et al., 2013; Lanahan et al., 2010), and for modulation of signaling 

intensity: VEGFR2 could be degraded via the fusion of the late Rab7 positive 

endosomes with lysosomes, or be recycled to the plasma membrane via Rab4 or 

Rab11 positive vesicles (Ballmer-Hofer et al., 2011).   

Angiogenic signaling pathways are regulated by a variety of factors, including  miRNAs, 

co-receptors, receptor post-translational modifications and trafficking, microvesicular 

signaling between ECs and other cell types and last but not least ECs metabolism 

(Bierhansl et al., 2017). Despite the intensively energy-consuming processes that lead 

to angiogenesis, ECs display a largely glycolytic metabolism. Thus, perhaps not 

surprisingly, the role of mitochondria in angiogenesis has long been neglected. 

However, the function of these organelles extends much beyond their role in energy 

conversion, and they participate in complex processes, from cell death to signaling, 

and even to differentiation. All these mitochondrial roles are controlled by mitochondrial 

shape and morphology changes. Morphology and ultrastructure depend on the 

balance between fusion and fission processes, controlled by a set of mitochondria-

shaping proteins  (Pernas and Scorrano, 2016). Fusion is controlled by the outer 

mitochondrial membrane (OMM) Mitofusins 1 and 2 (Chen et al., 2003; Ishihara et al., 

2004), and the inner mitochondrial membrane (IMM) Optic Atrophy 1 (Opa1) (Cipolat 

et al., 2004). Fission requires the cytosolic dynamin related protein 1 (Drp1) (Smirnova 

et al., 2001) that translocates from the cytosol to the OMM in response to post-

translational modifications (phosphorylation, ubiquitination, SUMOylation). The type 

and the effect of the modification depend on the signaling and tissue context (Cho et 

al., 2013). On the OMM, Drp1 dimers or tetramers bind to the adaptor proteins Fis1, 

Mff, MiD49/50, located at the fission loci defined by the endoplasmic reticulum and 
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actin polimerization (Friedman et al., 2011; Hatch et al., 2016). At the fission site, Drp1 

forms ring-like multimers that drive organelle constriction via GTP hydrolysis (Francy 

et al., 2015; Macdonald et al., 2014).  

Functionally, Drp1-mediated fission is crucial for elimination of damaged mitochondria 

via mitophagy, equal distribution of mitochondria during mitosis and mitochondrial 

motility (Westermann, 2010). Moreover, Drp1 is also essential for fission and function 

of peroxisomes (Li and Gould, 2003). Loss of Drp1 is lethal in patients and animal 

models (Chang et al., 2010; Ishihara et al., 2009; Wakabayashi et al., 2009a; 

Waterham et al., 2007), substantiating the importance of Drp1 in mitochondrial and 

peroxisomal biology. However, Drp1 was initially discovered to be localized in vesicle-

like structures along the cytoskeleton and to be retrieved in a Rab5-positive fraction 

(Yoon et al., 1998), raising the question of whether this multifunctional fission dynamin 

might be involved in functions not restricted to mitochondria and peroxisomes.  

In our efforts to understand if angiogenesis utilizes mitochondrial shape changes, we 

discovered a role for Drp1. A combination of in vivo and in vitro data indicate that Drp1 

acts as a negative regulator of VEGFR2 angiogenic signaling, unexpectedly acting at 

the level of Rab5-positive early endosomes.  
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Results 

Angiogenic ECs stimulation affects Drp1 levels.  

To investigate the role of mitochondrial morphological changes during angiogenesis, 

we inspected by confocal imaging TOM20-immunolabeled mitochondria of Human 

umbilical vein endothelial cells (HUVEC) exposed to a mixture of pro-angiogenic 

stimuli. Because we observed a remarkable elongation of the already interconnected 

network (Fig. 1A), we delved into the specific stimulus triggering mitochondria shape 

changes.  A similar elongation was observed upon stimulation of quiescent ECs with  

human Fibroblast Growth Factor (bFGF), Vascular Endothelial Growth Factor (VEGF) 

and tumor conditioned medium (TCM)  (Fig. 1B). Molecularly, this elongation was 

associated with an increase in Opa1 protein levels and with a concomitant decrease 

in levels of Drp1 and of its modulator Calcineurin (Fig. 1C). Visual and densitometric 

inspection of the immunoblots indicated early Drp1 downregulation, followed by a 

return to normal levels 24hrs post angiogenic stimulation. This early plummet in Drp1 

protein levels was the result of reduced Drp1 mRNA, as indicated by RT-PCR (Fig. 

1D). These data indicate that angiogenic EC distribution results in mitochondrial 

elongation, influencing Drp1 levels. 

 

Drp1 represses angiogenesis in vitro and in vivo. 

If the reduction in Drp1 levels upon angiogenic EC stimulation was part of angiogenic 

signaling, genetic Drp1 downregulation would be per se proangiogenic. DRP1 specific 

siRNAs efficiently reduced Drp1 levels in HUVEC, without causing changes in the 

expression of other mitochondrial fusion and fission proteins (Fig. 2A) and resulting in 

mitochondrial elongation (Fig. 2B). Interestingly, the measured angiogenic parameters 
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(migration, Fig. 2C and proliferation, Fig. 2D) were increased in DRP1-silenced 

quiescent HUVEC.  

To determine if DRP1 also affected angiogenesis in vivo, we generated a mouse model 

of endothelial-specific Drp1 ablation. Drp1flox/flox mice were crossed with Tg(Tek-

cre)2352Rwng mice expressing the Cre recombinase under the Tie2 promoter, 

expressed in ECs (Kisanuki et al., 2001), generating Drp1ΔEC/ΔEC mice (Fig. 3A and 

S1A and B). Constitutive endothelial Drp1 knockout mice were born at normal 

Mendelian distribution and were viable, despite a complete deletion of Drp1 in the EC 

compartment (Fig. 3B). We therefore turned to the established model of mouse 

postnatal retinal vascularization (Stahl et al., 2010). At birth the mouse retina is 

avascular and pups are blind. From day P1, a layer of blood vessels emerges from the 

optic nerve and progresses towards the edges of the retina. The first vascular layer is 

completed within day P7, allowing the study of different stages and facets of 

developmental angiogenesis, such as early sprouting or maturation and stabilization 

of blood vessels. In the early P2 stage, when angiogenesis is very active, the vascular 

plexus progression towards the retina’s edges was not increased in Drp1ΔEC/ΔEC pups 

(Fig. 3C and quantification in D). Conversely, branching, a parameter of blood vessel 

network complexity, was significantly increased (Fig. 3E and F), indicating that also in 

vivo Drp1 ablation affects angiogenesis. The modulatory nature of the role of Drp1 on 

angiogenesis emerged when we turned to later stage retinas. Indeed, at P6 we did not 

detect any difference between WT and Drp1ΔEC/ΔEC retinal vascular progression, 

capillary branching and arteriovenous patterning (Fig. 3G,H,I,J). These results are 

consistent with the viability of Drp1ΔEC/ΔEC mice and suggest that Drp1 acts as a 

modulator, rather than as a core component, of angiogenic signaling, or that 

compensatory mechanisms are in place.  
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Acute Drp1 endothelial ablation affects blood vessels stability. 

To overcome the potential compensatory effects occurring in Drp1ΔEC/ΔEC mice, we 

generated an inducible endothelial knockout model for Drp1 (Drp1iΔEC/iΔEC, Fig. 4A and 

S2A and B) by crossing the Drp1flox/flox mice with Cdh5(PAC)-CreERT2 mice, 

expressing the Cre recombinase under the tamoxifen-inducible Vascular endothelial 

(VE) cadherin promoter (Monvoisin et al., 2006). Acute Drp1 ablation was induced by 

Tamoxifen injections from P2-P4, resulting in an almost complete reduction in Drp1 

mRNA at P6 in EC extracted from lungs (Fig.4B). However, because of the timing 

required to delete Drp1 in the EC compartment, we could not analyze the early retinal 

colonization, but we could inspect the effects of Drp1 ablation on later developmental 

stages, when angiogenic signaling must be efficiently tuned down to ensure proper 

angiogenesis (Ehling et al., 2013; Greenberg et al., 2008). 

When we inspected retinas extracted at P5,5-P6 we observed that at a difference from 

the constitutive Drp1ΔEC/ΔEC mice, vascular progression was blunted in tamoxifen 

treated Drp1iΔEC/iΔEC mice (Fig. 4C and D), due to a reduction in tip cells (TC) at the 

angiogenic front (Figure 4E and F). TCs are the EC subtypes located at the very edge 

the vascular sprout, characterized by numerous filopodia, high angiogenic activity and 

leading vascular network progression towards the growth factors source. Furthermore, 

capillary branching was reduced in Drp1iΔEC/iΔEC retinas (Figure 4G and H). 

Microvessels were slender with an increase in the occurrence of pruning vessels, 

corresponding to newly formed vessels that were not stabilized and therefore 

regressed (Korn and Augustin, 2015) (Figure 4G). These phenotypes could be a 

consequence of dysregulated VEGFR2 activation, which should be downregulated 

during angiogenesis maturation (Chung et al., 2010; Greenberg et al., 2008; Kerr et 

al., 2016; Lampugnani et al., 2006; Shah et al., 2017).  
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Drp1 interacts with Rab5 to modulate VEGFR2 endosomal trafficking. 

To understand how changes in Drp1 levels influence angiogenesis we turned back to 

the cellular HUVEC model. Given VEGF modulatory effects on Drp1 expression, we 

focused our interest on this master angiogenic signaling axis. Pro-angiogenic VEGF 

effects are mediated by its major receptor on the EC surface, VEGFR2. VEGFR2 

engagement by VEGF results in Tyr1175 autophosphorylation, essential for activation 

of downstream ERK1/2 signaling (Hong et al., 2006; Matsumoto et al., 2005). In line 

with the upregulated EC’s proliferation and migration, DRP1 downregulation in 

HUVECs resulted in increased VEGFR2 Tyr1175 autophosphorylation, without 

changes in total levels of the receptor (Fig 5A) and in the expected ERK1/2 activation 

(Fig. 5A). Notably, this effect was specific for ECs, because when DRP1 was silenced 

using the same siRNA in the MDA-MB-231 breast cancer cell line, ERK1/2 

phosphorylation was decreased (Fig. S3A), in line with the known upstream effect of 

ERK1/2 on Drp1 in cancer cells (Kashatus et al., 2015), suggesting that the mechanism 

is specific to ECs.  

To understand the link between Drp1 reduction and VEGFR2 hyperactivation, we 

inspected endogenous Drp1 localization upon short (10 minutes) VEGF treatment, 

sufficient to activate VEGFR2 internalization and signaling (Fig. 5B). The largely 

cytosolic Drp1 staining of unstimulated HUVEC disappeared and Drp1 was retrieved 

in perinuclear puncta that resembled the vesicular structures originally identified as 

Drp1 positive (Yoon et al., 1998). 10 minutes of VEGF stimulation is sufficient to induce 

VEGFR2 internalization and cytosolic signaling. The changes in Drp1 cytosolic 

redistribution suggested that Drp1 might unexpectedly localize at VEGFR2 positive 

endocytic vesicles during angiogenic signaling. First, we noticed that following 10 

minutes of VEGF stimulation Drp1 co-immunoprecipitated with VEGFR2 (Fig. 5C). The 
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interaction was not detected in VEGF-unstimulated HUVEC. To verify if this interaction 

occurred in an intact cellular milieu, we turned to a proximity ligation assay (PLA) that 

can reveal protein-protein vicinity in vivo (Soderberg et al., 2008). Consistently with our 

co-immunoprecipitation analysis, PLA analysis, shown to be specific (Fig. S3C), did 

not show any interaction between Drp1 and VEGFR2 in unstimulated EC and revealed 

extensive Drp1-VEGFR2 interaction in HUVECs briefly pulsed with VEGF (Fig. 5D). 

These experiments indicate that Drp1 interacts with VEGFR2 following its activation 

by VEGF 

Because VEGF binding to VEGFR2 induces receptor’s dimerization, 

autophosphorylation and internalization (Simons et al., 2016) and Drp1 ablation 

enhances VEGFR2 signaling, we reasoned that Drp1 could be a negative regulator of 

VEGFR2 endocytosis. To test this hypothesis, we measured if DRP1 downregulation 

altered levels of VEGFR2 on the plasma membrane, but we did not detect any 

decrease in VEGFR2 surface levels (Fig. 5E). Thus, we concluded that the increase in 

VEGFR2 activation in DRP1 depleted cells did not result from excessive receptor 

internalization. 

Alternatively, Drp1 silencing might affect VEGFR2 fine tuning by impinging on the 

endocytic trafficking of the latter, a crucial step in angiogenesis regulation (Lampugnani 

et al., 2006).  For example, Drp1 ablation might decrease Rab7-dependent VEGFR2 

degradation and hence result in the observed VEGFR2 sustained signaling (Simons et 

al., 2016); however, Drp1 puncta did not colocalize with Rab7 positive endosomes in 

resting cells or upon short (10 minutes) VEGF stimulation (Fig. S3B). Because we 

excluded that Drp1 silencing impaired VEGFR2 degradation, we turned our attention 

to the possibility that Drp1 affected localization of the receptor in the early Rab5 

positive endosomes that serve as a platform for VEGFR2 mediated ERK activation. 
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Interestingly, the low level of Rab5-Drp1 colocalization observed in unstimulated 

HUVEC was increased upon VEGF treatment (Fig. 5F). The colocalization resulted 

from true protein proximity as confirmed by a PLA between Drp1 and Rab5. Notably, 

the PLA signal was increased by VEGF supplementation, further supporting a role for 

Drp1 at Rab5 positive endosomes in stimulated ECs (Fig. 5G).  

Following ligand-binding-induced internalization of tyrosine kinase receptors such as 

EGFR, early endosomes colocalize with the mitochondria (Demory et al., 2009). 

However, we did not detect any difference in colocalization of Rab5 positive vesicles 

with mitochondria upon VEGF stimulation (Fig. S3D), suggesting that the observed 

effects are specific to Drp1 interaction with Rab5-positive early endosomes. We 

therefore tested the possibility that Drp1 functions by negatively modulating the 

localization of VEGFR2 to Rab5 positive early endosomes. PLA revealed a low level 

of basal VEGFR2-Rab5 interaction that was strongly induced by VEGF treatment of 

HUVECs (Fig. 5H). In line with the  hypothesis that Drp1 limits VEGFR2-Rab5 

interaction, DRP1 downregulation was per se sufficient to increase it in unstimulated 

HUVECs, without affecting  protein levels of Rab5 and its effector EEA1 (Fig. S3E). 

Our data suggest that Drp1 regulates endosomal vesicle trafficking, not the expression 

of early endosomal markers.  
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Discussion  

The role of mitochondria and of mitochondrial morphology, a node in several signaling 

cascades, in angiogenesis is unknown. Here we show that downregulation of the key 

mitochondrial fission protein Drp1 amplifies angiogenic signaling in vitro and in vivo. 

Unexpectedly, Drp1 is required to tune down VEGFR2 activation at early endosomes, 

highlighting a hitherto unknown function for this dynamin superfamily proteins outside 

of the control of mitochondrial shape.   

That Drp1 might participate in ECs function and in angiogenesis has been suggested 

by a handful of studies on its role in disease (Giedt et al., 2012; Lin et al., 2015; 

Marsboom et al., 2012; Wang et al., 2012a). However, the function of Drp1 in the 

endothelium during physiological and developmental angiogenesis is unclear. We 

addressed this question by a combination of in vitro and in vivo experiments in ad hoc 

generated constitutive and inducible mouse models for endothelial-specific ablation of 

Drp1. Consistently with our in vitro data, we observed an upregulation of angiogenesis 

at stage P2 in Drp1∆EC/∆EC pups compared to WT littermates.  The normalization of the 

phenotype at P6 was in line with the viability and fertility of adult Drp1∆EC/∆EC mice.  

Being a crucial process in embryonic development, lack of master angiogenic 

regulators is often lethal. In the case of proteins involved in the regulation of major 

signaling pathways, compensatory mechanisms often take place to ensure normal 

vascularization and viability. The inducible mouse model for endothelial Drp1 ablation 

we generated allowed us to overcome these compensatory effects. In contrast to 

Drp1ΔEC/ΔEC, P6 angiogenesis was decreased in Drp1iΔEC/iΔEC due to a decrease in 

endothelial tip cells (TCs) and capillary branching. The progressing vascular sprout is 

formed by two subtypes of endothelial cells the Tip cells (TCs) leading the angiogenic 

front, followed by the stalk cells (SCs). TCs have high VEGFR2 activity and high 
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number of filopodia, helping the migration of the sprout towards the source of VEGF 

(Gerhardt et al., 2003). SCs are highly proliferative, with no filopodia and low VEGFR2 

activity. The crosstalk between the two cell types is crucial for the establishment of the 

correct phenotype and the normal angiogenic sprouting. Notch is the main signaling 

pathway regulating these events. TCs are characterized with low Notch activity, but 

they express the Notch ligand Dll4, which activates Notch in the adjacent SC. High 

Notch activity in the SCs inhibits VEGFR2 signaling (De Smet et al., 2009; Gerhardt et 

al., 2003; Hellstrom et al., 2007). Therefore, it is possible that an increase of VEGFR2 

signaling in the SCs is perturbing the TCs phenotype in the Drp1iΔEC/ iΔEC  P6 retina, 

leading to the observed phenotype. Alternatively, Drp1 ablation might per se affect 

Notch signaling, as observed for other mitochondria shaping proteins in the course of 

cardiomyocyte differentiation (Kasahara et al., 2013). In this investigation line it would 

be interesting to measure the activation of calcineurin, a calcium/calmodulin dependent 

serine/threonine protein phosphatase shown to regulate both Drp1 and Notch. This 

hypothesis is further supported by the observation that calcineurin levels decrease 

upon angiogenic activation of ECs (Fig. 1C).  

Mechanistically, during angiogenesis Drp1 negatively regulates VEGFR-Rab5 

interaction. Like VEGF stimulation, lack of DRP1 induces VEGFR2-Rab5 interaction, 

suggesting that VEGFR2 localization in Rab5 positive endosomes is prolonged, 

ultimately leading to increased ERK1/2 dependent angiogenic features of ECs. In 

arteriogenesis, complete ERK activation results from VEGFR2 located at the level of 

EEA1 positive structures. Our data suggest that during angiogenesis the same 

signaling might depend on Rab5.  

Rab5 activity in endosomal docking, fusion and sorting is regulated through its effector 

proteins EEA1 and Rabenosyn-5 (Christoforidis et al., 1999; Nielsen et al., 2000; 
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Rubino et al., 2000). Rab5-EEA1, together with SNARE proteins (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor), lead to the transition of 

clathrin-coated vesicles into early endosomes. In the case of VEGFR2 internalization 

and early trafficking events, the endosomal compartments interact with the 

cytoskeleton via motor protein complex of synectin/myosin IV to allow fast movement 

of the activated VEGFR2 away from the plasma membrane and protect the Y1175 from 

plasma membrane-located phosphatases (Ballmer-Hofer et al., 2011; Lanahan et al., 

2013; Lanahan et al., 2010) The precise mechanisms regulating this process are not 

fully understood, but it has been shown that VEGFR2 co-receptor NRP1 plays an 

important role by establishing the interaction between VEGFR2 complex and synectin 

via its PDZ domain. This interaction is critical for ERK1/2 activation in arteriogenesis 

(Chittenden et al., 2006).  

Given the molecular and functional characteristics of Drp1 and its interaction with 

myosin II (Korobova et al., 2014), it is possible that Drp1 acts as an adaptor protein of 

endosomes, linking them to motor complexes and the cytoskeleton. Moreover, Drp1 

interacts with proteins from the endocytic pathway Rab32 and Syntaxin 17, member of 

the SNARE family, at lipid raft-like structures at the ER-mitochondria contact sites 

surface (Arasaki et al., 2015; Ortiz-Sandoval et al., 2014). Lipid rafts structures and 

organelle contact sites are emerging as key signaling platforms, opening the possibility 

that Drp1 regulates VEGFR2 signaling via rafts and/or interorganellar contact sites. At 

this point it is essential to investigate whether Drp1 is a specific inhibitor of VEGFR2 

signaling or could affect activation of other receptors involved in angiogenesis such as 

Fibroblast growth factor receptor (FGFR) or Epidermal growth factor receptor (EGFR).  

Another open question is whether Drp1 is involved in receptor trafficking in general or 

this function is restricted to tyrosine kinase receptors.  
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Our hypothesis that Drp1 regulates VEGFR2 signaling via an extra-mitochondrial 

function requires a deeper study on mitochondrial functionality in ECs lacking Drp1. 

Moreover, it is essential to establish the mechanism targeting Drp1 to Rab5 positive 

endosomes from the posttranslational modification to the adaptor proteins. Our 

preliminary data (not shown) demonstrates that in HUVECs classical Drp1 adaptors 

Mff and Fis1 are localized on both early endosomes and that short (10 minutes) VEGF 

treatment modulates Drp1 interaction with these molecules. Investigating Drp1 

subcellular localization, posttranslational modification status and molecular partners 

following a time-course of VEGF stimulation is a crucial point to be addressed in our 

future work.  

From a functional point of view, increased VEGFR2 signaling is likely to increase blood 

vessels permeability. Tumor blood vessels are characterized by reduced pericyte 

coverage and therefore higher permeability, which contributes to anti-angiogenic 

therapy resistance and metastasis dissemination. Therefore pathways regulating blood 

vessel’s maturation and stability present a question of great interest in the field of anti-

angiogenic cancer therapy (Potente et al., 2011). Promoting Drp1 anti-angiogenic 

function in the endothelial compartment during tumor development would be useful in 

increasing tumor blood vessel stabilization and responsiveness to anti-cancer 

therapies.    

In conclusion, our results describe an unexpected function of Drp1 in angiogenesis as 

a negative regulator of VEGFR2 signaling axis, by interfering with the receptor 

endocytic trafficking. Our study not only gives insights into VEGFR2 intracellular signal 

regulation, but extends Drp1 function to the regulation of vesicular transport and of Rab 

GTPase-dependent membrane dynamics. 
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Materials and methods 

Cell culture 

Human umbilical vein endothelial cells (HUVECs) (Lonza) were used from passages 

5-11. Cells were seeded on 0,2% gelatin-coated dishes and maintained in culture in 

75% angiogenic EGM-2 BulletKit medium (Lonza) supplemented with 5% fetal bovine 

serum (FBS) and 25% non-angiogenic Human endothelium serum-free medium (SFM) 

(Gibco). Experiments were performed in non-angiogenic SFM medium supplemented 

with 5% EGM2 medium or with the indicated angiogenic factor VEGF (50ng/ml) 

(RELIATech, Vinci-BiochemSrl), bFGF (10ng/ml) (Promega), Tumor-conditioned 

medium (20%), obtained by centrufugation of the medium of cultured cancer cell lines 

(Hela and MDAMB231).   

 

siRNA transfection  

SiRNA transfections were performed using Calcium Phosphate method. HUVECs (2,5 

x 105) were seeded into each well of a six-well plate in serum-free medium (SFM) 

supplemented with basic fibroblast growth factor (bFGF; 5 ng/ml) or 5% of EGM2 

angiogenic medium and allowed to adhere overnight. siRNA-CaCl2 complexes were 

prepared by first combining the 30nm siRNA (Sigma Aldrich) with 10 ml of 2.5M CaCl2. 

One hundred microliters of HBSP(280 mM NaCl, 1.9 mM Na2HPO4, 12 mM glucose, 

10 mM KCl, 50 mM Hepes, pH 7.05) (Sigma Aldrich) were added. The mixture was 

incubated for 1 min at room temperature. The mixture was added dropwise to the cells, 

and the cells were incubated for 16 hours. Cells were then collected and seeded for 

further tests. Experiments on transfected HUVECs and evaluation of transfection 

efficiency were performed after 48 hours. 
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Western blotting  

Cells were lysed in lysis buffer and heated at 95°C for 10 min. Equal amounts of protein 

were resolved by 8% SDS PAGE and transferred to polyvinylidene fluoride membranes 

(PVDF) according to the manufacturer’sprotocol. The blots were blocked for 1 hour at 

room temperature with 5% BSA (Sigma Aldrich) in Tris-buffered saline with 0.1% 

Tween 20 (TBS-T) and probed overnight at 4°C with 1:1000 mouse anti-Drp1 (BD-

Biosciences); mouse anti-Opa1 (BD-Biosciences); rabbit anti-GRP75 (Santa Cruz 

Biotechnology); rabbit anti-VEGFR2 (Cell Signalling Technology); rabbit anti-Phospho-

VEGFR2 Tyr1175 (Cell Signalling Technology); rabbit anti-ERK 1/2 (Cell Signalling 

Technology); rabbit anti-Phospho-ERK 1/2 (Cell Signalling Technology); mouse anti-

Actin (Merck Millipore); rabbit anti-Calcineurin (Cell Signalling Technology); mouse 

anti-Fis1 (Enzo Life Sciences); rabbit anti-Mff (Proteintech); rabbit anti-Mfn2 (ABM); 

rabbit anti-Rab5 (Cell Signalling Technology); mouse anti-EEA1 (Thermo Fisher 

Scientific). After three washes with TBS-T, the appropriate secondary antibody at a 

1:5000 dilution was added for 1 hour at room temperature. The bands were visualized 

by enhanced chemiluminescence ECL kit (Pierce).  

 

Scratch wound migration assay 

SiRNA transfected HUVECs (1 x 105cells/well) were seeded into each well of a 48-well 

plate in 350 ml of SFM with bFGF (5 ng/ml) (Promega) and incubated to reach 

confluence. Using a pipette tip, a “wound” was made in the monolayer (at time 0). The 

cells were then washed with PBS and incubated with SFM supplemented with bFGF 

(5 ng/ml). Migration of cells was evaluated after 4,5 hours.  
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Cell proliferation assay  

SiRNA transfected HUVECs (5 × 103) were seeded into each well of a 96-well plate in 

100 ml of SFM containing bFGF (5 ng/ml) (Promega) and incubated for 48 hours. 

Thymidine analogue -5-bromo-2-deoxyuridine (BrdU) was added and the culture was 

incubated for 16 hours. BrdU incorporation was measured with the Cell Proliferation 

ELISA BrdU (chemiluminescence) kit (Roche Applied Science) according to the 

manufacturer’s protocol. 

 

Immunofluorescence  

HUVECs (3 x 105) were cultured in 35-mm dishes coated with gelatin (0,2%). After 

VEGF (50 ng/ml) incubation, cells were washed with PBS, fixed with 4% 

paraformaldehyde for 15 min at room temperature, blocked and permeabilized with 

PBS-5%BSA-0,5% saponin solution, and incubated overnight in PBS-1% BSA-0,1% 

saponin (Sigma Aldrich) containing 1:100 mouse anti-Drp1 (BD Biosciences), rabbit 

anti-Rab5 (Cell Signalling Technology), rabbit anti-Rab7 (Cell Signalling Technology). 

After 3 washes with PBS cells were incubated with the same solution containing the 

corresponding secondary fluorescent antibodies Alexa Fluor 488 and 568 (Thermo 

Fisher Scientific) for 1 hour at room temperature. Samples were washed 3 times with 

PBS and nuclei were stained with DAPI. The samples were analyzed by fluorescence 

microscopy (Zeiss LSM700). 

 

Proximity ligation protocol  

HUVECs (3 x 105) were cultured in 35-mm dishes coated with gelatin (0,2%). After 

VEGF (50 ng/ml) incubation, the cells were washed with PBS, fixed with 4% 

paraformaldehyde for 15 min at room temperature, blocked and permeabilized with 
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PBS-5%BSA-0,5% saponin solution, and incubated overnight with 1:100 mouse anti-

Drp1 (BD Biosciences), rabbit anti-VEGFR2 (Cell Signalling Technology), rabbit anti-

Rab5 (Cell Signalling Technology). 0,1% of saponin was added to the antibody solution 

from the Duolink® In situ Red Starter Kit (Sigma-Aldrich). The PLA was performed 

according to the manufacturer’s instructions with an  anti-mouse-MINUS and anti-

rabbit-PLUS PLA probes for Drp1-VEGFR2 interaction and an anti-goat-PLUS and 

anti-rabbit-MINUS in case of VEGFR2-Rab5. DAPI was used to stain the nuclei. The 

slides were analyzed by fluorescence microscopy (Zeiss LSM700). 

 

Flow cytometry 

SiRNA transfected HUVECs (7,5 x 105)  were scraped off of the plates in PBS 

containing 5% BSA. After 30 minutes blocking in this solution at 4°C, primary rabbit 

anti VEGFR2 antibody (1:100) was was added for 1 hour at 4°C. Then, the appropriate 

FITC-conjugated secondary antibody was added again for 1 hour at 4°C. The cells 

were analyzed with a BD FACSCalibur flow cytometer. 

 

Mouse models 

Endothelial Drp1 knockouts were obtained by crossing Drp1flox/flox mice (generated by 

K. Mihara, Kyushu University, Japan) with Tg(Tek-cre)2352Rwng (Tie2Cre) mice 

(Jackson’s Laboratory). For inducible ablation Drp1flox/flox mice were crossed with 

Cdh5(PAC)-CreERT2 mice (generated by Ralf Adams, Max Plank Institute, Münster, 

Germany). All breedings were performed in a BL6 genetic background.  All animal 

experiments were performed according to the approved ethical protocols. 
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Genotyping  

DNA was extracted from tail tissue samples using Alkaline lysis buffer (NaOH 25 mM, 

Na2-EDTA 2H2O 0.2 mM, pH=12). Amplification of Drp1 locus was performed using 

Forward 5’ CAGCTGCACTGGCTTCATGACTC 3’ and Reverse 5’ 

GTCAACTTGCCATAAACCAGAG 3’ primers.  

For the amplification of the Cre locus were used the following primers for both Tie2Cre 

and VeCadCre strains: Forward 5’ GCGGTCTGGCAGTAAAAACTATC 3’; and 

Reverse 5’ GTGAAACAGCATTGCTGTCACTT 3’. 

 

Tamoxifen injections  

To induce Tamoxifen-dependent ablation of Drp1 in the endothelium pups were 

injected intraperitoneally for three consecutive days with 50µl Tamoxifen (Sigma-

Aldrich) at a concentration of 1 mg/mL in corn oil (Sigma-Aldrich). Adults were injected 

intraperitoneally for five consecutive days with 100µl at a concentration of 10 mg/mL. 

 

Retinal murine neovascularization model  

To analyze postnatal neovascularization in the mouse retina, Drp1ΔEC/ΔEC, Drp1iΔEC/iΔEC 

and Drp1flox/flox littermates were sacrificed at the indicated postnatal day. The eyes were 

fixed in 4% paraformaldehyde solution for 45 min, the retinas were dissected and post-

fixed in PFA 4% for 1 hour. After 5 washes with PBS retinas were permeabilized in 

PBS with 1% BSA and 0,5% Triton over night at 4°C.  The day after retinas were 

incubated with biotinylated isolectin B4 (Vector Laboratories) (1:100) for 4 hours 4°C 

and washed over night in the same conditions. Secondary streptavidin–Alexa 488 

(Invitrogen) (1:300) was added for 1-2 hours at 4°C. The secondary antibody was also 
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washed overnight and retinas were flat-mounted for analysis. Flat-mounted retinas 

were analyzed using Leica DMI4000 microscope. Images were analyzed using 

ImageJ. The retinal radius (from the optic nerve to the edge of the retina) and the 

vascular radius (from the optic nerve to the vascular front) of each petal of the retina 

were measured. The vascular coverage was calculated as the ratio between the 

vascular radius and the retinal radius of each petal of a single retina. Branchings were 

quantified using ImageJ, quantification represents branchings per mm of retina. 

Images of tip cell’s filopodia were taken by a confocal Zeiss LSM700 microscope and 

images were analyzed using ImageJ. Quantifications of tip cells represent tip cell per 

mm of retina. 

 

 

Lung endothelial cells isolation 

Whole lungs were extracted from Drp1ΔEC/ΔEC , Drp1iΔEC/ iΔEC  and Drp1flox/flox littermates 

and collected in serum free DMEM supplemented with penicillin and streptavidin. 

Under a tissue culture hood, the lungs were removed from medium and minced using 

small scissors. Minced tissue was mixed with 1 ml of serum free DMEM into a 2ml 

Eppendorf tube. Collagenase/Dispase (Roche Applied Science) solution was added to 

the tube with a final concentration of 2mg/ml in 1ml. Enzymatic digestion was carried 

at 37°C for 45 minutes.  Digested tissue was resuspended by mixing up and down 

through a 20G syringe. Tissue suspension was filtered through a 100µm cell strainer, 

washed with 15ml of Isolation medium (DMEM P/S + 10% of FBS) and centrifuged at 

400xg for 5 minutes. Supernatant was eliminated and the pellet resuspended in 1ml of 

PBS-0,1% BSA containing anti-PECAM-1 (CD31) (BD Pharmingen) antibody 

conjugated Dynabeads. Cell suspension together with Dynabeads was mixed for 15 
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minutes at room temperature. Tubes were mounted on a Magnetic Particle 

Concentrators. After sedimentation of the beads, the supernatant was eliminated. 

Beads were washed 3 times with 1ml of PBS-0,1% BSA. Finally, the beads were 

resuspeded in EGM2 medium and plated on gelatin coated dishes. At 50% confluency 

a second purification step was performed using secondary anti-ICAM2 (BD 

Pharmingen)-conjugated Dynabeads (Invitrogen). 

 

Analysis of gene expression by qRT-PCR 

Total RNAs from lung endothelial cells and HUVECs were extracted using the kit 

miRNaesy (Qiagen). cDNA was synthetized from 1µg of RNA using iScript DNA 

Synthesis Kit (Biorad). Quantitave PCR reaction was performed using SYBR green 

method (Bioline). For Drp1 amplification from mouse lung endothelial cells were used 

the primers proposed by Uo et al., 2009.  

Amplification of human DRP1 from HUVECs was performed using the following 

primers forward: 5’ CACCCGGAGACCTCTCATTC 3’; and reverse: 5’ 

CCCCATTCTTCTGCTTCCAC 3’. Quantification of mRNA levels was done using the 

2-ΔCt and was normalized to Actin expression. 

 

Statistical analysis  

In vitro experiments (migration and proliferation) were displayed graphically (bar 

diagrams) as mean and SEM (Standard Error of the Mean). Values were tested for 

significance by the one-samplet T-test. In vivo data was displayed as box plots and 

values were tested for significance by a one way ANOVA with a Tukey’s posttest. 

Results were considered significant when *p< 0.05. 
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Figure legends 

Figure 1. Angiogenesis modulates mitochondrial dynamics.  

(A) Confocal microscopy image of mitochondria immunostained for TOM20 protein 

(green) in HUVECs, grown in serum-free medium (left panel) and in pro-

angiogenic, growth factor-supplemented medium (right panel).  

(B) Confocal microscopy image of mitochondria immunostained for TOM20 protein 

(green) in HUVECs, grown in serum-free medium (first panel) and stimulated 

for one hour with bFGF (10ng/ml), VEGF (50ng/ml), 20% Tumor conditioned 

medium (TCM) from HeLa cells. 

(C) Levels of the indicated proteins were assessed by Western blot analysis of total 

protein extracts from HUVECs, treated with bFGF (10ng/ml), VEGF (50ng/ml), 

20% Tumor conditioned medium from HeLa cells for the indicated periods.  

(D) DRP1 mRNA levels assessed by RT-PCR from HUVECs, treated with VEGF 

(50ng/ml) for the indicated periods. Data represent mean ± SEM of three 

independent experiments, * p ≤ 0, 05 in a t-Test analysis.  

 

Figure 2. DRP1 silencing upregulates angiogenesis in vitro.  

(A-D) HUVECs were transfected with scramble control non silencing (Ctl siRNA) or 

silencing DRP1 siRNA (30nM) for 48 hours. 

(A) Levels of the indicated proteins were assessed by Western blot analysis of total 

protein extracts from HUVECs, transfected with a scramble (Ctl) and DRP1 

silencing siRNA.  

(B) Confocal microscopy image of mitochondria immunostained for TOM20 protein 

(green) in HUVECs, transfected with a scramble (Ctl) and DRP1 silencing 

siRNA.  
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(C) Migration assay (scratch test) was performed on HUVECs 48h post siRNA 

transfection. Size of the wound was measured after 4,5h. A time point reflecting 

only migration of primary HUVEC, which require longer time to divide. Data 

represent mean ± SEM of four independent experiments, * p ≤ 0, 05 in a t-Test 

analysis. 

(D) Proliferation assay by measuring the BrdU incorporation on HUVECs 48h post 

siRNA transfection. Data represent mean ± SEM of four independent 

experiments, * p ≤ 0, 05 in a t-Test analysis. 

 

Figure 3. Endothelial specific Drp1 ablation induces early stage angiogenesis in 

vivo.  

(A) Schematic representation of the generation of Drp1ΔEC/ΔEC. Drp1flox/flox mice were 

crossed with Tie2Cre-/+ mice. 

(B) Specificity of Drp1 ablation in the endothelium. Protein levels of DRP1 in lung 

endothelial cells, extracted from Drp1flox/flox and Drp1ΔEC/ΔEC pups, were 

measured using Western blot analysis (n = 3 Drp1flox/flox and 3 Drp1ΔEC/ΔEC  pups. 

(C) Isolectin B4 staining of P2 retinas extracted from Drp1flox/flox and Drp1ΔEC/ΔEC 

pups.  

(D) Box plot represents quantification of the ratio of the radial length from the optic 

nerve to the vascular front and the retinal surface colonized by vessels at P2 (n 

= 13 Drp1flox/flox and 7 Drp1ΔEC/ΔEC pups).  

(E) Isolectin B4 staining of P2 retinas extracted from Drp1flox/flox and Drp1ΔEC/ΔEC 

pups.  

(F) Box plot represents the quantification of vascular branchings per mm of retinal 

surface at P2 (n = 13 Drp1flox/flox and 7 Drp1ΔEC/ΔEC  pups). 



 

105 

 

(G) Isolectin B4 staining of P6 retinas extracted from Drp1flox/flox and Drp1ΔEC/ΔEC 

pups.  

(H) Box plot represents quantification of the ratio of the radial length from the optic 

nerve to the vascular front and the retinal surface colonized by vessels at P6 (n 

= 5 Drp1flox/flox and 3 Drp1ΔEC/ΔEC pups). 

(I) Isolectin B4 staining of P6 retinas extracted from Drp1flox/flox and Drp1ΔEC/ΔEC 

pups.  

(J) Box plot represents quantification of the ratio of the radial length from the optic 

nerve to the vascular front and the retinal surface colonized by vessels at P6 

(n = 5 Drp1flox/flox and 3 Drp1ΔEC/ΔEC pups). 

 

Figure 4. Acute Drp1 endothelial ablation affects blood vessels stability.  

(A) Schematic representation of the generation of Drp1iΔEC/iΔEC. Drp1flox/flox mice 

were crossed with VeCadCre-/+ mice. Cre expression is induced by 

intraperitoneal Tamoxifen injection. 

(B) Specificity of Drp1 ablation in the endothelium. Drp1 mRNA levels in lung 

endothelial cells, extracted from Drp1flox/flox and Drp1iΔEC/iΔEC pups, were 

measured by RT-PCR. Data represent mean ± SEM of three independent 

experiments, * p ≤ 0, 05 in a t-Test analysis (n = 3 Drp1flox/flox and 3 Drp1iΔEC/iΔEC 

pups).  

(C) Isolectin B4 staining of P5,5-6 retinas extracted from Drp1flox/flox and Drp1iΔEC/iΔEC 

pups. Drp1 ablation was induced with Tamoxifen injections from P2-P4.  

(D) Box plot represents quantification of the ratio of the radial length from the optic 

nerve to the vascular front and the retinal surface colonized by vessels at P6 (n 

= 5 Drp1flox/flox and 4 Drp1iΔEC/iΔEC pups). 
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(E) Isolectin B4 staining of P5,5-6 retinas extracted from Drp1flox/flox and Drp1iΔEC/iΔEC 

pups. Drp1 ablation was induced with Tamoxifen injections from P2-P4.  

(F) Box plot represents the quantification of endothelial tip cells at the angiogenic 

front per mm of retinal surface vascular (n = 5 Drp1flox/flox and 5 Drp1iΔEC/iΔEC 

pups). 

(G) Isolectin B4 staining of P5,5-6 retinas extracted from Drp1flox/flox and Drp1iΔEC/iΔEC 

pups. Drp1 ablation was induced with Tamoxifen injections from P2-P4.  

(H) Box plot represents the quantification of vascular branchings per mm of retinal 

surface (n = 5 Drp1flox/flox and 5 Drp1iΔEC/iΔEC pups). White arrows indicate 

pruning vessels. 

 

Figure 5. Drp1 regulates Rab5-dependent VEGFR2 signaling.  

(A) HUVECs were transfected with scramble control non silencing (Ctl siRNA) or 

silencing DRP1 siRNA (30nM) for 48 hours. Levels of the indicated proteins 

were assessed by Western blot analysis of total protein extracts.  

(B) Confocal microscopy image of non-treated and VEGF-stimulated (50ng/ml, 10 

minutes) HUVECs immunostained for Drp1 (green). 

(C) Immunoprecipitation (IP) assay showing an interaction between endogenous 

VEGFR2 and Drp1 in HUVECs after VEGF stimulation (50ng/ml, 10 minutes). 

HUVEC lysates were immunoprecipitated with a mouse anti-Drp1 antibody and 

analyzed by Western blotting using rabbit anti-VEGFR2 antibody. 

(D) Proximity ligation assay (PLA) showing an interaction between endogenous 

VEGFR2 and Drp1 in HUVECs after VEGF stimulation (50ng/ml, 10 minutes). 

Red spots indicate the proximity of the two proteins. (control samples are 

presented in Fig S3B). 
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(E) Cell surface abundance of VEGFR2 in non permeabilized HUVECs transfected 

with scramble (Ctl) and DRP1 silencing siRNA (green). Left panel represents 

secondary Alexa 488 antibody alone as an internal control. Right panels 

represent VEGFR2 surface abundance (green) compared to Alexa 488 signal 

intensity (purple) (n=3). 

(F) Confocal microscopy image of non-treated and VEGF-stimulated (50ng/ml, 10 

minutes) HUVECs immunostained for Drp1 and Rab5. Colocalization analysis 

was performed using ImageJ.  

(G) Proximity ligation assay (PLA) showing an interaction between endogenous 

Drp1 and Rab5 in HUVECs after VEGF stimulation (50ng/ml, 10 minutes). Red 

spots indicatethe proximity of the two proteins. 

(H) HUVECs were transfected with scramble control non silencing (Ctl siRNA) or 

silencing DRP1 siRNA (30nM) for 48 hours. HUVECs transfected with Ctl siRNA 

were additionally treated with VEGF (50ng/ml, 10 minutes). Proximity ligation 

assay (PLA) was performed between VEGFR2 and Rab5. Red spots indicate 

the proximity of the two proteins. 
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Supplementary figure legends 

Figure S1. Drp1ΔEC/ΔEC  genotyping. 

(A) The genotype of Drp1ΔEC/ΔEC  and Drp1flox/flox littermates was verified using PCR 

gene amplification. Homozygous WT Drp1+/+ mice are characterized with a 

single band at 200bp, homozygous Drp1flox/flox  mice with a single band at 290pb 

and heterozygous Drp1flox/+  mice present two band: one at 200bp and one at 

290bp.  

(B) Tie2Cre expression was detected by amplification of a single band at 100bp. 

Combination of the two PCR analysis gives the correct genotype of the animal.  

 

Figure S3. Drp1iΔEC/iΔEC  genotyping. 

(A) The genotype of Drp1iΔEC/iΔEC  and Drp1flox/flox littermates was verified using PCR 

gene amplification. Homozygous WT Drp1+/+ mice are characterized with a 

single band at 200bp, homozygous Drp1flox/flox  mice with a single band at 290pb 

and heterozygous Drp1flox/+  mice present two band: one at 200bp and one at 

290bp. 

(B) VeCadCre expression was detected by amplification of a single band at 100bp. 

Combination of the two PCR analysis gives the correct genotype of the animal.  

 

Figure S3. Drp1 regulates Rab5-dependent VEGFR2 signaling.  

(A) Levels of the indicated proteins were assessed by Western blot analysis of total 

protein extracts from MDA-MB-231 breast cancer cells, transfected with a 

scramble (Ctl) and three different types of DRP1 silencing siRNAs (30nm). 
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(B) Proximity ligation assay (PLA) in non-treated HUVECs using only the secondary 

antibodies anti-mouse and anti-rabbit (upper panel). The absence of red 

fluorescent signal confirms the specificity of the detected interactions in Fig. 5. 

Lower panel represents a PLA experiment in non-treated HUVECs between 

Drp1 and Mff, a well described interaction. Red spots indicate the proximity of 

the two proteins. 

(C) Confocal microscopy image of non-treated and VEGF-stimulated (50ng/ml, 10 

minutes) HUVECs immunostained for Drp1 (green) and Rab7 (red). 

Colocalization analysis was performed using ImageJ.  

(D) Confocal microscopy image of non-treated and VEGF-stimulated (50ng/ml, 10 

minutes) HUVECs immunostained for Rab5 (green) and TOM20 (red). 

Colocalization analysis was performed using ImageJ.  

(E) Levels of the indicated proteins were assessed by Western blot analysis of total 

protein extracts from HUVECs, transfected with scramble (Ctl) and DRP1 

silencing siRNA. 
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General conclusions 
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Dynamin-related protein 1 (Drp1) is a multidomain GTPase with a complex function, regulated 

at multiple levels including gene expression, alternative splicing, post-translational 

modifications, organelle adaptor proteins, membrane lipid composition, intra and 

intermolecular interactions and GTPase activity. Its functionality is mainly studied in the 

context of mitochondrial fission, however an increasing number of studies are reporting 

fission-independent functions for Drp1 (Cho et al., 2013). 

In this work we provided evidence that Drp1 is involved in endocytic trafficking during 

angiogenic signaling in endothelial cells. Upon VEGF stimulation Drp1 interacts with Vascular 

endothelial growth factor receptor (VEGFR2) and early endosomal marker Rab5. Lack of Drp1 

stimulates VEGFR2-Rab5 interaction, leading to an upregulation of VEGFR2 activation and 

downstream ERK1/2 signaling. This induces angiogenesis in vitro and in vivo. Our findings 

indicate that Drp1-dependent negative regulation of VEGFR2 signaling is required for normal 

vascular development and maturation of blood vessels.  

The new function of Drp1 we described could be investigated in variety of physiological 

conditions and cell types, known to be dependent on vesicular trafficking and tyrosine kinase 

signaling events. However, the precise mechanism of Drp1 action in VEGFR2-Rab5 

communication is not clear.  

Early endosomes (EE) are the first endocytic compartment to accept incoming cargo 

internalized from the plasma membrane (PM). In the case of VEGFR2 it is directly involved in 

mediation of downstream angiogenic properties as well as driving the receptor towards 

recycling to the PM or lysosomal degradation. To fulfill this complex function  EEs, much like 

the mitochondria,  are highly dynamic structures easily adapting to the signaling context by 

undergoing processes of membrane tethering, fusion, motility and fission (Gruenberg et al., 

1989). These processes are orchestrated by the Ras-associated binding (Rab) proteins. Rabs 

are small GTP-binding proteins that cycle between a GTP-bound active state and a GDP-bound 

inactive state and their functionality is regulated by specific recruitment of effector proteins  

(Zerial and McBride, 2001b) 
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The nature of the early endosomal compartment and Drp1 functionality suggests many 

possible interactions and regulation pathways. Being a GTPase, Drp1 itself could act as an 

effector of Rab5, modulating its activity though the energy conversion of GTP hydrolysis. 

The initial description of Drp1 immunofluorescence staining pattern as vesicle-like structures 

likely to be linked to the cytoskeleton as well as the interaction with motor proteins Myosin II 

and Dynein (Korobova et al., 2014; Varadi et al., 2004) and its role in mitochondrial motility 

(Verstreken et al., 2005), suggest that Drp1 could act as an adaptor protein of EE to the 

cytoskeletal motor proteins during cytosolic movement of the vesicle organelles.  

Being a compartment of decision-making and sorting of internalized molecules, EEs are 

composed of many different regions at which specific subsets of trafficking markers 

accumulate. Separation of these membrane subcompartments designed for either recycling, 

degradation or further early-endosomal signaling events requires membrane fission events. 

Drp1 has not yet been described to participate in this process, however the possibility could 

not be excluded given its master role in mitochondrial fission. Moreover, organelle contact 

sites between ER and mitochondria are established during fission (Friedman et al., 2011). The 

ER is also reported to mark fission sites of early endosomes (Rowland et al., 2014).  

 

Finally, it is essential to determine the post-translation modification and adaptor machinery 

involved in Drp1-RaďϱàĐoŵŵuŶiĐatioŶ.à Ità isà likelǇà thatà ĐlassiĐalàpathǁaǇsà ƌegulatiŶgàDƌpϭ’sà

activity such as PKA and calcineurin as well as OMM anchoring proteins such as Fis1 of Mff are 

involved in the process we described (Cho et al., 2013).  

Even though not completely understood,à Dƌpϭ’sà oƌgaŶelleà tƌaŶsloĐatioŶà aŶdà ŵeŵďƌaŶeà

constriction activity is also regulated by the lipid composition. Interestingly, unsaturated 

phospholipids like CL stimulate mitochondrial fission whereas unsaturated such as PA are 

blocking it. Membrane fluidity depends on the composition of saturated versus unsaturated 

phospholipids. Lower fluidity is relative to more saturated lipids whereas high fluidity 

corresponds to a higher concentration of unsaturated lipids. Membrane fluidity is an 

important factor in ligand/receptor-mediated signaling and in membrane trafficking events 

such as endocytic sorting. Thus, it is interesting to speculate that membrane fluidity state 

could be a regulation step for Drp1 activity in general.  
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In conclusion, our work not only describes a new mechanism of action for Drp1 but also gives 

important insights into the precise regulation of VEGFR2 signaling by the endocytic trafficking. 

Better understanding of the molecular mechanisms regulating blood vessel development and 

maturation is a crucial step in targeting vascular-related pathologies.  
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