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 ABSTRACT 

Mitochondrial Complex III Is Necessary For Endothelial Cell Proliferation During Angiogenesis 

Lauren P. Diebold 

 

Endothelial cells (ECs) require glycolysis for proliferation and migration during angiogenesis; 

however, the necessity for the mitochondrial respiratory chain during angiogenesis is not known. 

In this study, we report that inhibition of respiratory chain complex III impairs proliferation, but 

not migration of ECs in vitro by decreasing the NAD+/NADH ratio. To determine whether 

mitochondrial respiration is necessary for angiogenesis in vivo, we conditionally ablated a 

subunit of the respiratory chain complex III (QPC) in ECs.  Loss of QPC decreased respiration, 

resulting in diminished EC proliferation, and impairment in retinal and tumor angiogenesis.  

Loss of QPC did not decrease genes associated with anabolism or nucleotides levels in ECs, but 

diminished amino acid levels. Our findings indicate that mitochondrial respiration is necessary 

for angiogenesis, and that the primary role of mitochondria in ECs is to serve as biosynthetic 

organelles for cell proliferation.  
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1. CHAPTER 1: INTRODUCTION 

1.1 Mitochondrial biology 

Mitochondria, most commonly known as the “powerhouse” of the cell due to their primary role 

in generating cellular ATP, are complex organelles 1. Mitochondria are thought to have evolved 

from α-proteobactera, which entered into an endosymbiotic relationship with host archea early 

during evolution 2. This ancient fusion generated the first eukaryotic cells containing 

mitochondria as essential cellular organelles 3. The original benefit of this relationship is still 

debated, however it is now well established that modern mitochondria serve three major 

functions in eukaryotic cells: (1) they produce large amounts of ATP used to fuel a myriad of 

energy demanding cellular reactions, (2) they serve as biosynthetic organelles which generate 

metabolites for macromolecule biosynthesis, and (3) mitochondria are signaling organelles, 

producing reactive oxygen species (ROS) and other metabolites that are critical for cellular 

signaling.  

 

1.1.1 Mitochondrial ATP generation 

Mitochondria are able to produce energy in the form of ATP in a process known as oxidative 

phosphorylation (OxPhos) (see Figure 1.1.1.1 below). OxPhos is carried out in the inner 

membrane of the mitochondria by a series protein complexes known as the electron transport 

chain (ETC). The ETC consists of NADH-dehydrogenase (complex I), succinate dehydrogenase 

(complex II), cytochrome c oxidoreductase (complex III), cytochrome c oxidase (complex IV), 

as well as ubiquinone and cytochrome c 4. Electrons feed into the ETC via the reducing 

equivalents NADH and FADH2 to complexes I and II respectively. NADH derived from 

glycolysis and the tricarboxylic acid (TCA) cycle are oxidized to NAD+ by complex I, 
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transferring 2 electrons to the first complex of the ETC. Additionally, complex II converts 

succinate to fumarate, a process that is coupled to the oxidation of FADH2 to FAD, which 

donates two electrons to complex II. Both complexes I and II transfer their electrons to an 

electron carrier protein called ubiquinone (Q), reducing it to QH2. Q is a mobile molecule, which 

is able to travel through the membrane to deliver electrons to complex III. These electrons 

subsequently move through complex III in a process known as the Q cycle 5. Importantly, 

complex III reactive oxygen species (ROS) are generated during the Q cycle, which have been 

shown to be critical for cellular signaling (discussed in detail in section 1.1.3 below). Complex 

III then facilitates the transfer of electrons to another mobile electron carrier, cytochrome c, 

which subsequently passes electrons on to complex IV. Ultimately, complex IV delivers these 

electrons to the final electron donor of the ETC, molecular oxygen (O2). O2 is split, and accepts 

protons from the matrix to form water 5. It is this final process that is referred to as “oxygen 

consumption”, which is measured as a readout for ETC function.  

 

Importantly, the abovementioned transport of electrons through the ETC facilitates the pumping 

of protons from the matrix of the mitochondria into the intermembrane space by complexes I, III 

and IV. This pumping produces a proton gradient, with a higher concentration of protons (H+) in 

the intermembrane space compared to the matrix. This proton gradient is also referred to as 

proton-motive force, or membrane potential. Proton buildup in the intermembrane space allows 

the flow of H+ ions down the concentration gradient through the hydropholic membrane tunnel 

ATP synthase (aka complex V), which finally catalyzes the reaction of ADP to ATP 6. Notably, 

the mitochondrial ETC is the most efficient mechanism of ATP production, generating 
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approximately 32 molecules of ATP per molecule of glucose consumed, versus only 2 ATP 

generated from glycolysis 7.  
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Figure 1.1.1.1   Diagram of the electron transport chain and oxidative phosphorylation 
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1.1.2 Mitochondria are biosynthetic organelles 

While nonproliferating cells (i.e. quiescent or differentiated cells) have relatively little metabolic 

demand, proliferating cells massively increase anabolic pathways in order to generate the 

materials required to double their biomass and produce two individual daughter cells. Therefore, 

proliferating cells reprogram their metabolism to uptake the necessary nutrients to fuel this 

increased demand 8,9. Glucose is the most widely available nutrient in the human body, and 

proliferating cells consume this carbohydrate readily. In the 1920s, Otto Warburg observed this 

phenomenon, and recognized that rapidly proliferating cells (i.e. cancer cells) produce copious 

amounts of lactate, a byproduct of aerobic glycolysis 10. It was initially believed that the 

processes of aerobic glycolysis and oxidative phosphorylation function much like a cellular 

switch (when one increases, the other decreases) 11. It is for this reason that Warburg concluded 

that cancer cells must have defective mitochondrial metabolism, a theory that was held for some 

time. Now, studies show that the vast majority of cancer cells have functional mitochondrial 

metabolism, which is necessary for cancer cell proliferation 12–15.  While glycolysis alone has 

subsidiary pathways that generate metabolic intermediates to generate macromolecules required 

for cell growth, it is not sufficient to meet the metabolic demands for proliferation. The 

additional metabolic pathways necessary are carried out within the mitochondria and begin with 

the TCA cycle 16. 

 

The tricarboxylic acid (TCA) cycle: 

Through the process of glycolysis, glucose is broken down into pyruvate, which has several 

known cellular fates including conversion into lactate by the enzyme lactate dehydrogenase 

(LDH). However, the more predominant fate of glycolytic pyruvate is oxidation by the pyruvate 
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dehydrogenase (PDH) enzyme into acetyl-CoA, which can enter the TCA cycle within the 

mitochondria 16. Acetyl-CoA reacts with oxaloacetate to form citrate, the first reaction in the 

TCA cycle. This cycle continues, forming isocitrate, alpha-ketoglutarate (αKG), succinate, 

fumarate, malate, and then finally oxaloacetate once again, completing this cyclic chain of 

reactions. Interestingly, several of the TCA cycle enzymatic reactions are coupled to the 

reduction of NAD+ to NADH (isocitrate to αKG, αKG to succinate, and malate to oxaloacetate) 

or reduction of FADH2 to FAD (succinate to fumarate). This property intimately links the TCA 

cycle to the ETC, which uses the resulting reduced NADH and FADH2 as electron donors for 

complexes I and II respectively (discussed in detail in section 1.1.1 above). In addition to 

generating ETC electron donors, several of the TCA cycle intermediates serve as precursors for 

critical cellular macromolecules including lipids, amino acids and nucleotides, making the 

mitochondria a major biosynthetic hub 16. See Figure 1.1.2.1.   

 

Lipid synthesis:  

Proliferating cells require increased lipid generation for the production cellular membranes. The 

majority of cellular membranes are comprised of phospholipids, including phosphatidylcholine 

and phosphatidylethanolamine, as well as other lipids, such as spingolipids and sterols 17. Many 

of these lipids contain fatty acids which can be generated in the mitochondria in a process called 

de novo fatty acid synthesis 17. This process begins when citrate is siphoned out of the TCA 

cycle and is transported out of the mitochondria where it is cleaved by ATP citrate lyase to 

generate acetyl-CoA and oxaloacetate 18.  Acetyl-CoA in the cytosol is the precursor for fatty 

acids (Figure 1.1.2.1). The resulting acetyl-CoA is carboxylated by acetyl-CoA carboxylase to 

generate malonyl-coA. Acetyl-CoA is condensed with malonyl-coA in the cytosol by fatty acid 
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synthase (FASN) to yield long-chain fatty acids 18. Loss of FASN in vitro and in vivo lead to 

diminished cell proliferation and cell cycle arrest, indicating that fatty acid synthesis is necessary 

for cell growth 19–21.  

 

Amino acid synthesis:  

Of the 20 amino acids cells use to generate proteins, eleven are nonessential or conditionally 

essential  (i.e. not obtained from the diet) and must be synthesized within cells. While two amino 

acids are synthesized during glycolysis (serine and glycine), the remaining nine are generated 

from TCA cycle intermediates in the mitochondria. The TCA cycle intermediate αKG is central 

for generating multiple of these amino acids, including arginine, alanine, and aspartate. 

Additionally, aspartate can be converted to asparagine by the enzyme asparagine synthase, while 

the reverse reaction is catalyzed by asparaginase.  Another key TCA cycle precursor to aspartate 

synthesis is oxaloacetate, which is siphoned out of the TCA cycle and converted to aspartate 

utilizing the aspartate aminotransferases GOT1 and GOT2 22,23 (Figure 1.1.2.1).  

 

Aspartate is necessary for cell proliferation:  

As mentioned above, aspartate is produced from the TCA cycle intermediate oxaloacetate, and is 

coupled to the conversion of αKG to glutamate, intimately linking aspartate production to 

mitochondrial TCA cycle activity. This bidirectional reaction is catalyzed by GOT1 in the 

cytosol, and GOT2 in the mitochondria. Recent studies have shown that aspartate is both 

necessary and sufficient to support proliferation of most cancer cells upon ETC inhibition (recall 

that ETC inhibition also leads to forward TCA cycle impairment due to reduced capacity to 

overturn NADH) 24,25. Through the use of a CRISPR-based genetic screen Birsoy et. al. found 
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that that upon loss of ETC function, cells utilize GOT1 to generate aspartate, highlighting that 

aspartate synthesis is an essential role of the ETC and mitochondrial TCA cycle during 

proliferation 24. Sullivan et. al. support these findings, showing that upon ETC inhibition with 

various pharmacological inhibitors, aspartate is able to, at least partially, restore proliferation in 

several different cancer cells lines, as well as in complex III null 143B CytB cells 25. It is 

important to note that proliferation of not all cancer cells is rescued by aspartate after ETC 

inhibition, which is likely due to differences in aspartate uptake 26,27. Importantly, the key role of 

aspartate for cellular proliferation has been studied in cancer cells, however whether aspartate is 

necessary and sufficient for proliferation of non-tumor cells remains largely uncharacterized. 

 

Aspartate supports amino acid and nucleotide synthesis:  

As mentioned above, aspartate is central for several key reactions involving the generation and 

interconversion of other amino acids. For example, aspartate and glutamine are precursors for 

asparagine and glutamate, a cytosolic reaction catalyzed by asparagine synthetase, which is 

critical for the cells ability to utilize glutamine as fuel to replenish the TCA cycle 23.  

Additionally, aspartate contributes carbons and nitrogen to the backbone to the pyrimidine ring 

during pyrimidine nucleotide synthesis. In this reaction, aspartate reacts with carbomoyl 

phosphate to generate the pyrimidine base, orotate, from which all other mature pyrimidine 

nucleotides are synthesized. Finally, aspartate donates a nitrogen to the purine base IMP, a key 

step in purine nucleotide biogenesis 23.  
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Pyrimidine nucleotide synthesis is supported by DHODH:  

Independent of aspartate metabolism, the mitochondrial ETC is required for pyrimidine 

nucleotide biosynthesis. As mentioned above, aspartate donates a large portion of the pyrimidine 

ring backbone to generate orotate. However, an intermediate step converts dihyroorotate (DHO) 

to orotate, which is catalyzed by the enzyme dihydroorotate dehydrogenase (DHODH). 

Importantly, DHODH resides in the inner membrane of the mitochondria, in close proximity to 

the ETC. It is here where DHODH catalyzes the conversion of DHO to orotate and donates an 

electron to the Q pool in the process. This electron donation is critical for this reaction to 

proceed; therefore inhibition of the ETC simultaneously inhibits DHODH. Consequently, 

respiratory deficient cancer cells are auxotrophic for pyrimidines (i.e. uridine) 14,25,28. 
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Figure 1.1.2.1   The mitochondrial tricarboxylic acid (TCA) cycle  
Glucose generates pyruvate, which either is converted to lactate by lactate dehydrogenase (LDH), or to acetyl-
CoA by pyruvate dehydrogenase (PDH). Acetyl-CoA combines with oxaloacetate (OAA) to generate citrate. The 
TCA cycle intermediate citrate is exported from the mitochondria, where it is converted to acetyl-CoA and OAA. 
Cytosolic acetyl-CoA is used for lipid synthesis. OAA can be converted to Aspartate by aspartate 
aminotransferases GOT1 in the cytosol and GOT2 in the mitochondria, which is necessary for protein and 
nucleotide synthesis. The electron transport chain (ETC) oxidizes NADH to NAD+, while several reactions in the 
TCA cycle are coupled to the reduction of NAD+ to NADH.  
 

 

 

 

 

 

 

 

Citrate 

αKG 

Succinate 

OAA 

Malate 

Acetyl-CoA 

Fumarate 

Glucose 

Lactate 

NAD+ 

NADH 

ETC	

NAD+ 

NADH 

NAD+ 

NADH 

NAD+ 

NADH 

NAD+ 

NADH 

Aspartate 

Nucleotides 
Citrate 

Acetyl-CoA 

OAA Aspartate 

Nucleotides 

Lipids 

GOT1 
Proteins 

Proteins 

Pyruvate 

Isocitrate 

PDH 
LDH 

GOT2 



 24 
1.1.3 Mitochondria as signaling organelles 

Being such critical organelles for cellular energy and biomass production, it is imperative that 

mitochondria evolved mechanisms to communicate with the rest of the cell. There are two main 

types of communication that exist between mitochondria and the cell: anterograde and retrograde 

signaling. Anterograde signaling involves the cell communicating with the mitochondria to 

control their function. Mitochondria are considered semi-autonomous organelles; they retain 

some of their own DNA that encodes for mitochondrial proteins, however replication, 

transcription and translation of mitochondrial DNA are regulated by the nucleus 29. Besides gene 

regulation, the cell can transduce signals to the mitochondria via calcium. In the presence of high 

concentrations of cytosolic calcium, calcium is rapidly sequestered into the mitochondria, which 

can activate TCA cycle enzymes to drive increased oxidative phosphorylation 30. Retrograde 

signaling (signaling from the mitochondria to the rest of the cell) was first recognized when it 

was found that mitochondria release cytochrome c in order to initiate apoptosis 31. Presently, 

several different mechanisms of retrograde signaling are appreciated, including mitochondrial 

release of reactive oxygen species (mROS) and various metabolites to control cellular functions.  

 

Release of mitochondrial reactive oxygen species controls cellular functions:  

Reactive oxygen species (ROS) are formed by the chemical reduction of O2, and include 

superoxide (O2�), hydrogen peroxide (H2O2), and the hydroxyl radical (OH�) 32,33. Historically, 

ROS were thought to function solely as damaging molecules, as they were found to be associated 

with oxidative stress, inducing pathology by indiscriminately damaging lipids, proteins and 

DNA. Importantly, in the past two decades, it has become evident that ROS can act as 

intracellular signaling molecules (i.e. redox biology), contributing to signaling pathways to 
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control numerous physiological and pathological cell processes 34. Notably, the mitochondria 

are a major source of ROS within a cell, and as a byproduct of oxidative phosphorylation, 

produce O2� from the one-electron reduction of oxygen 35. There are at least ten sites within the 

mitochondria where O2� is generated, most notably from complexes I, II and III of the 

mitochondrial electron transport chain (ETC) 36,37. While complexes I and II exclusively create 

O2� in the mitochondrial matrix, complex III produces O2� in both the matrix and intermembrane 

space 38,39. The O2� generated by complexes I and II in the matrix is rapidly converted to H2O2 

by mitochondrial superoxide dismutase protein 2 (SOD2) 40. On the other hand, O2� made by 

complex III in the intermembrane space, travels through voltage-dependent ion channels 

(VDACs) in the outer mitochondrial membrane and into the cytosol, where it can be converted 

into H2O2 by cytosolic SOD1 41. Complex III-generated ROS is of particular interest in the field 

of ROS signaling, as it theoretically has an easier route to the cytosol, where it can participate in 

cellular signaling events 42.  

	

H2O2 is the primary form of ROS utilized for intracellular signaling. The most characterized 

manner in which H2O2 signals is through reversible cysteine oxidation. H2O2 selectively reacts 

with critical cysteine residues within redox-sensitive proteins, modifying the target protein’s 

activity or conformation in order to alter signal transduction 43,44. Specifically, H2O2 modifies 

proteins by oxidizing low pKa cysteine residues, providing a level of selectivity 45,46. The low 

pKa allows the thiol group (SH) of the cysteine to exist as an un-protonated thiolate (S-) under 

physiological pH, permitting it to be oxidized to form sulfenic acid (SO-) 45,46.  SO- only exists as 

an intermediate residue, as it is commonly incorporated into disulfide (S-S) or sulfenic amide (S-

N) bonds 45,46. Reversible thiol oxidation (S- to SO-) by H2O2 is estimated to occur in the nM 
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range, however, higher levels of peroxide can induce further oxidation of sulfenic acid (SO-) 

to sulfinic (SO2
-) or sulfonic (SO3

-) acid 47. The oxidation of thiol residues is tightly regulated by 

glutaredoxin (GRX), sulfiredoxin (SRX) and thioredoxin (TRX), which use the oxidation of 

NADPH to NADP+ to reduce modified proteins back to their original state 45.   

	

Over the past two decades, studies have drastically shifted our understanding of ROS. No longer 

viewed solely as damaging agents, ROS, especially those produced by the mitochondria, are now 

becoming increasingly appreciated for their integral role in cellular signaling. We support a 

model where very low mROS levels promote normal cell homeostasis, while precise increases in 

mROS are required for cellular proliferation and adaptation to stress. Unfortunately, cancers cells 

take advantage of normal cell processes in order to drive tumor growth; thus, heightened levels 

of mROS are used to induce pro-tumorigenic signaling. In general, ROS at very high levels no 

longer act as signaling molecules, but rather overtly damage proteins, lipids and DNA, which 

normally results in senescence or cell death. Although, much progress has been made, the 

specific molecular targets of mROS remain largely unknown. Going forward, it will be important 

to identify these targets, not only to give us a stronger understanding of the role of mROS in 

normal cellular functions, but also perhaps to better utilize mROS modulation in the treatment of 

proliferative diseases such as cancer.  

 

Mitochondrial metabolites dictate cellular functions:  

In addition to mROS, mitochondria release metabolites into the cytosol in order to alter nuclear 

gene regulation. Citrate from the TCA cycle is transferred into the cytosol via the citrate shuttle, 

and is readily converted into acetyl-CoA by ATP citrate lyase 48. Importantly, acetyl-CoA is the 
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substrate for histone acetylation transferases (HATS) which acetylate histones, a post-

translational modification that regulates gene expression 49. Consequently, decreased acetyl-CoA 

levels due to inhibition of the mitochondrial ETC has been associated with diminished histone 

acetylation 14,50.  

 

Another mechanism by which mitochondria regulate epigenetics is through histone 

demethylation. The family of nearly 30 JmjC domain-containing histone demethylases and 3 ten-

eleven translocation (TET) 5-methlycytosine (5mC) hydroxylases are alpha-ketoglutarate (αKG) 

dependent 51. The reaction catalyzed by the abovementioned demethylase enzymes are coupled 

to the decarboxylation of αKG to succinate, therefore these reactions are sensitive to the 

concentration of these mitochondrial metabolites. Recall that complex II of the ETC (succinate 

dehydrogenase) converts succinate to fumarate. Inhibition of the ETC leads to an accumulation 

of succinate, as the conversion of succinate to fumarate cannot proceed. Likewise, an 

accumulation of succinate compared to αKG means that the decarboxylation of αKG to 

succinate is no longer favorable, and consequently, histone demethylation is diminished causing 

overall hyper-methylation. Accordingly, mutations in mitochondrial enzymes that lead to the 

accumulation of succinate or fumarate inhibit histone demethylases by acting as competitive 

inhibitors, leading to a genome-wide increase in histone methylation 52.  

 

Another known TCA cycle metabolite that acts as a competitive inhibitor of histone 

demethylases is 2-hydroxyglutarate (2HG) 53. The D enantiomer of this molecule (D-2HG) is a 

well-characterized oncometabolite generated from mutant isocitrate dehydrogenase 1/2 (IDH1 or 

IDH2). These enzymes normally generate αKG from isocitrate, however when mutated generate 
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D-2HG instead of αKG. IDH1/2 mutations occur commonly in glioblastoma and acute 

myeloid leukemia, and are accompanied by the accumulation of high concentrations of D-2HG 

and increased histone methylation 54–56.  Under normal conditions, the L enantiomer of 2HG (L-

2HG) is produced from αKG by the promiscuous enzymatic activity of malate dehydrogenase 

(MDH) and lactate dehydrogenase (LDH) 57,58. Interestingly, both MDH and LDH conversion of 

αKG to L-2HG are coupled to the oxidation of NADH to NAD+, so it can be postulated that 

under cellular conditions with elevated NADH compared to NAD (e.g. ETC inhibition) cells 

would generate higher levels of L-2HG 59. Additionally, the enzyme that detoxifies L-2HG 

(converts L-2HG back into αKG) requires the donation of an electron to the Q pool, a reaction 

that is diminished upon ETC inhibition 58. Therefore, upon loss of ETC function, cells 

accumulate high levels of L-2HG, as it is produced at a higher rate, and its detoxification is 

diminished. Importantly, L-2HG is also a potent inhibitor of histone demethylases, suggesting 

that ETC inhibition leads to epigenetic deregulation 57. In fact, we have recently reported that 

respiration deficient hematopoietic stem cells (HSC) accumulate large amounts of L-2HG, as 

well as display widespread histone hypermethylation and massive gene deregulation 50. This 

indicates that mitochondria signal by influencing epigenetic regulation. As discussed in chapter 

3, respiration deficient endothelial cells do not accumulate L-2HG, nor do they harbor histone 

deregulation, suggesting that this phenomenon may be cell-type dependent.  

 

Once considered an organelle with ATP generation as its primary function, it is now well 

appreciated that mitochondria are much more than just the powerhouse of the cell. While they do 

generate significant amounts of ATP for energy, mitochondria are also now appreciated as key 

biosynthetic and signaling organelles.  
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1.2 Endothelial Cells 

Endothelial cells (ECs) line the intricate system of vasculature that supplies nearly every tissue 

and organ in the body with vital oxygen and nutrients. In most healthy adult tissues ECs are 

quiescent; however, when stimulated can rapidly expand their vast network of vessels. Limited 

oxygen and nutrient availability are the main drivers of angiogenesis (i.e. the generation of new 

blood vessels from the existing vasculature).  During this intricate process, once quiescent ECs 

begin to sprout towards areas of low oxygen tension and nutrient availability, forming new blood 

vessels in their wake. The switch from quiescence to angiogenesis is both a bioenergetically and 

biosyntietically demanding undertaking; thus, ECs must dramatically alter their metabolism to 

carry out this task. Angiogenic ECs require additional nutrients to generate the energy needed for 

migration, as well as to produce the biomass necessary for rapid proliferation. ECs have been 

categorized as a highly glycolytic cell type that relies little on mitochondrial metabolism, 

however the study of EC metabolism is an emerging field with much still left to be uncovered.   

 

1.2.1 Angiogenesis 

Besides a few exceptions (e.g. the cornea and cartilage are avascular) every tissue in the body 

relies on blood vessels for the supply of oxygen and nutrients 60. The vasculature is one of the 

first organs to develop during embryogenesis, and begins by the differentiation and organization 

of precursor cells called angioblasts 60,61. In a process termed vasculogenesis, angioblasts 

aggregate and reorganize into a primitive vascular complex known as the vascular plexus 60,61. It 

is from this structure that all other vessels originate, and throughout development expand the 

vascular plexus via vessel splitting (intussusception) and vessel sprouting (generally referred to 

as angiogenesis) 60,61.  



 30 
Sprouting angiogenesis:  

Sprouting angiogenesis (hereafter referred to as simply, angiogenesis) is the process by which 

new vessels sprout from the existing vasculature. Angiogenesis is a critical process not only 

during development, but is also crucial for wound healing and tissue repair, as well as for 

pathological conditions such as cancer 62,63. Tissues in need of oxygen and nutrients produce pro-

angiogenic signals (discussed below) that stimulate quiescent ECs to undergo an angiogenic 

switch. This process begins when the vessel “relaxes” (EC cell-cell contacts loosen, supportive 

pericyte cells detach, and the basement membrane is broken down) in order to allow the nascent 

vessel to develop 60. A single “tip cell” begins to protrude filopodia and invade into the 

surrounding tissue, migrating toward the pro-angiogenic signal 64. Behind the tip cell, “stalk 

cells” proliferate and reorganize to build the growing sprout 65.  Ultimately, the tip cell filopodia 

from adjacent sprouts connect, and with the help of macrophages, fuse together in a process 

known as anastomosis 66. This process generates a new closed circuit with a fully perfused 

lumen. When the surrounding tissue is fully oxygenated (no longer produce pro-angiogenic 

signals), ECs resume their quiescence, tightening their cell-cell junctions, establishing basement 

membrane, and recruiting new pericytes, becoming a fully mature vessel 61. ECs in their 

quiescent state are referred to as phalanx cells (see Figure 1.2.1.1). 

 

Angiogenic signaling during sprouting:  

As mentioned above, tip and stalk cells in the growing sprout exhibit dramatically different cell 

behaviors. While tip cells extend filopodia and direct the route of the growing vessel (in general 

they do not proliferate), stalk cells rapidly replicate, follow the leading tip cell, and intricately 

coordinate their morphology and cell-cell junctions to form a functional vascular lumen (in 
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general they do not migrate). Accordingly, these two disparate cell types have unique cellular 

signaling that directs their behavior.  

 

The primary driver that initiates vessel sprouting is vascular endothelial growth factor A (VEGF-

A, aka VEGF) 62. This growth factor, which is released by hypoxic, inflammatory, or tumor 

tissues, forms a gradient emanating from its source 67. It is this gradient that guides the tip cell 

during migration 67. VEGF binds to VEGF receptor 2 (VEGFR2) expressed on the surface of 

ECs, and the EC that is exposed to the highest concentration of VEGF becomes the tip cell 68. 

There is only one tip cell at the leading edge of a nascent vessel, which must signal to 

neighboring ECs, suppressing their activation by VEGF to maintain their stalk cell phenotype. 

VEGF binding to VEGFR2, which is enhanced by co-receptor neuropilin-1 (Nrp1), upregulates 

expression of the notch ligand delta-like 4 (DLL4) on the surface of tip cells 68,69. DLL4 activates 

notch signaling in adjacent stalk cells, which induces expression of the high-affinity, low-activity 

decoy VEGF receptor 1 (VEGFR1), while reducing VEGFR2 expression 68,69. VEGFR1 acts as a 

trap to sequester VEGF from binding VEGFR2 receptors left on the surface of stalk cells, 

thereby reducing VEGF signaling to maintain a stalk cell phenotype 68,69.  Interestingly, 

throughout the process of vessel sprouting, ECs continuously compete for the position of the tip 

cell, dynamically shifting positions, allowing the cell with the highest ratio of 

VEGFR2/VEGFR1 signaling to lead the vessel 70. However, the downstream Notch signaling 

ultimately guides tip and stalk cell behavior. Inhibition of Notch signaling during angiogenesis 

leads to a hypersprouting phenotype, characterized by increased tip cells, and excessive vessel 

branching 71–74. Accordingly, increased Notch signaling decreases tip cell formation and vessel 

branching 71,74. It is through this intricate coordination of VEGF and Notch signaling that tip and 
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stalk cells communicate to coordinate sprouting angiogenesis (see Figure 1.2.1.1). Besides 

VEGF, there are several other growth factors that are critical during vessel sprouting, including 

fibroblast growth factor (FGF), tumor negrosis factor-alpha (TNF-α), transforming growth 

factor-beta (TGF-β), platelet derived growth factor (PDGF), and angiopoitin (Angpt), which are 

released both by ECs and by other cells in the microenvironment, and promote the survival, 

migration, proliferation and maintenance of blood vessels 75.   
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Figure 1.2.1.1 Tip and stalk cell specification during sprouting angiogenesis.  
Hypoxic tissues release the pro-angiogenic signal vascular endothelial growth factor (VEGF). The endothelial 
cell (EC) exposed to the highest concentration of VEGF becomes the tip cell, and migrates toward the pro-
angiogenic signal. VEGF receptor 2 (VEGFR2) on the surface of tip cells binds VEGF, leading to increased 
expression of notch ligand delta-like 4 (DLL4) on the surface of tip cells. DLL4 activates Notch signaling in stalk 
cells, increasing expression of VEGFR1 on the surface of stalk cells, which decreased VEGFR2 signaling to 
maintain the stalk cell phenotype.  
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1.2.2 Endothelial cell metabolism 

Unlike quiescent phalanx cells, angiogenic ECs require increased nutrient uptake in order to 

generate ATP for migration, as well as for the production of cellular biomass (i.e. lipids, amino 

acids, and nucleotides) for cell growth. In the last several years, the study of EC metabolism has 

surged, giving insight into the perhaps unique metabolism in this cell type. It is essential to note, 

however, that the metabolic profiling discussed below is derived from ECs grown in 2-

dimentional monolayers with cell culture medium. Such culture conditions can not possibly 

recapitulate the 3-dimentional complexity and nutrient availability of the in vivo 

microenvironment 76,77.  It is important to keep this caveat in mind when discussing the 

catabolism and anabolism of cellular nutrients in any cell type. Despite this limitation, in vitro 

reports of EC metabolism have given insight into their metabolic state, however more studies 

utilizing in vivo metabolic profiling are needed.  

 

Endothelial cells are glycolytic:  

Despite having ample access to high concentrations of oxygen in the blood, ECs are highly 

glycolytic. Although oxidative phosphorylation is an exceedingly more efficient mechanism for 

ATP production (as discussed in section 1.1.1), ECs prefer to generate nearly 85% of ATP 

through glycolysis 74,78,79. Rat coronary microvascular EC have been shown metabolize the vast 

majority (up to 98%) of glucose into lactate, only oxidizing about 0.04% into the mitochondrial 

TCA cycle 79. In human umbilical vein endothelial cells (HUVECs), flux through glycolysis was 

calculated to be approximately 200 times higher than either glucose oxidation, fatty acid 

oxidation, or glutamine oxidation 74. Notably, the aforementioned studies were conducted under 
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cultured conditions, and the glucose utilization of ECs their natural in vivo environment is 

currently unknown.  

 

In congruence with evidence that ECs are extremely glycolytic, glycolysis is necessary for their 

survival, growth and migration. During angiogenesis, VEGF upregulates a number of glycolytic 

enzymes including glucose transporter 1 (GLUT1), lactate dehydrogenase (LDH), and 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphate (PFKFB3), significantly increasing glycolytic 

flux 74,80–82. A hallmark of EC behavior is that they must expand into hypoxic environments, 

which is one reason it is thought they rely heavily on glycolysis over oxidative metabolism. 

Accordingly, hypoxia, via hypoxia inducible factor 1 (HIF1), enhances glycolysis in angiogenic 

ECs 83. As ECs rely heavily on glucose for the production of ATP, glycolytic blockade with 2-

deoxy-D-glucose (2DG) leads to rapid cell death 84–86. Since complete inhibition of glycolysis 

leads to EC demise, the role of glucose metabolism in ECs has recently been elucidated in the 

context of partial glycolytic reduction. PFKFB3 indirectly regulates glycolysis, and loss of this 

enzyme reduces glycolytic flux by approximately 40% 74. In this model, decreased glycolysis 

lead to impairment of angiogenesis both in vitro and in vivo, perturbing both tip cell migration as 

well as stalk cell proliferation 74. This critical study also highlighted that while glycolysis is 

necessary for EC stalk cell proliferation, glycolytic enzymes are primarily localized to tip cell 

filopodia and lamellipodia (mitochondria were mainly perinuclear), and loss of PFKFB3 reduced 

the formation of these migratory protrusions 74. It is postulated that the rapid ATP production 

generated by glycolysis is necessary for actin cytoskeletal remodeling during migration, and 

mitochondria are absent from this location by size exclusion. Importantly, EC metabolism was 

shown to drive tip cell/stalk cell fate, as PFKFB3 loss resulted in a reduced number of tip cells 
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compared to stalk cells, while PFKFB3 overexpression favored the tip cell phenotype 74. 

Together, these studies highlight not only that glycolysis is required for angiogenesis, but also 

that metabolism drives endothelial cell fate.   

 

Mitochondrial metabolism in ECs:  

ECs rely heavily on glycolysis for ATP production, and produce only small amounts of ATP via 

oxidative phosphorylation in the mitochondrial ETC. Additionally, ECs are cited to have a 

relatively low mitochondrial volume and low OCR when compared to other cell types 74,87. It is 

for these reasons that mitochondria metabolism in ECs has been largely overlooked until 

recently. While some studies indicate that only a minor percentage of glucose derived pyruvate 

enters the TCA cycle, more recent work estimates that about 20-30% of TCA cycle carbons in 

cultured HUVECs are derived from glucose 88,89. Moreover, ECs have functional mitochondria, 

indicating that instead of using carbons to fuel ATP production, mitochondria are primarily 

biosynthetic organelles, utilizing TCA cycle intermediates to generate macromolecules necessary 

for cellular proliferation.  

 

As discussed in section 1.1.2 above, the TCA cycle intermediate citrate is shuttled out of the 

mitochondria, where it is converted to acetyl-CoA, which is then used to generate fatty acids by 

the enzyme fatty acid synthase (FASN). Like other cell types, mitochondria in ECs actively 

utilize this pathway, as inhibition of FASN diminishes EC proliferation and tumor angiogenesis 

90,91.  In addition to their generation, cells consume fatty acids, which, due to their low aqueous 

solubility are bound by fatty acid binding proteins (FABPs) during transport within the cell 92. 

During angiogenesis, VEGF upregultes FABP4 93.  Accordingly, loss of FABP4 in ECs results in 
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diminished proliferation, sprouting, and migration indicating that uptake of fatty acids is 

necessary for angiogenesis 93–95.  Fatty acids are a rich energy source that is broken down in the 

mitochondria in a process termed fatty acid oxidation (FAO). The rate-limiting enzyme in FAO 

is carnitine palmitoyltransferase 1 (CPT1), which transfers fatty acids though the outer 

membrane of the mitochondria. Fatty acids are further transported through the inner membrane 

and into the mitochondrial matrix by CPT2. In a series of reactions that are coupled to the 

reduction of 7 molecules of NAD+ to NADH, fatty acids are broken down into acetyl-CoA 

which can enter the TCA cycle 23. In HUVECs, knock-down of CPT1A (the most abundant 

CTP1 isoform in this cell type) decreased proliferation, albeit quite marginally 88. In vivo, EC-

specific CPT1A knock out mice displayed a very slight reduction in post-natal retinal 

angiogenesis, accompanied by a minor decrease in EC proliferation 88. The minimal reduction in 

proliferative capacity in ECs upon loss of FAO is likely due to compensatory mechanisms to 

upregulate uptake of other anaplerotic carbons. Interestingly, FAO carbons were found to 

contribute to nucleotide synthesis, which was a unique feature of HUVECs as compared to 

numerous other cell types 88. Additionally, loss of CPT1A in HUVECs only slightly decreased 

oxygen consumption coupled to ATP production, in line with other studies that show the 

majority of EC ATP is derived from glycolysis 88. These data support the idea that in ECs 

mitochondria serve as biosynthetic, rather than bioenergetics organelles. 

 

Glutamine is the most abundant amino acid in human plasma, and after glucose, is the second 

most consumed nutrient in cultured cancer cells 96,97. Likewise, ECs have been shown to readily 

utilize exogenous glutamine as fuel 98–100. Glutamine is taken up by cells, where it is then 

converted to glutamate by glutaminase (GLS) 23. Subsequently, glutamate dehydrogenase 
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(GLUD) can convert glutamate to αKG to replenish the TCA cycle. In fact, the majority of 

TCA cycle carbons were found to come from glutamine (as opposed to glucose) in HUVECs 

grown in culture 89. In addition to supplying cells with anaplerotic carbons, glutamine is a critical 

precursor for several transaminase reactions within the mitochondria that generate other non-

essential amino acids. Moreover, pryimidine nucleotide synthesis relies on the conversion of 

glutamine to glutamate. As carbon and nitrogen from glutamine contribute to numerous 

biosynthetic pathways, it is no surprise that glutamine deprivation or inhibition of GLS would 

lead to proliferative defects. Indeed, pharmacological inhibition of GLS in HUVECs causes 

decreased proliferation and induction of a senescence-like phenotype 101. Similarly, HUVECs 

display impaired proliferative capacity when deprived of glutamine, or after loss of GLS1 89,102. 

Glutamine deprived HUVECs showed decreased nucleotide levels, as wells as diminished 

abundance of several non-essential amino acids (NEAAs) 102. In vivo, EC specific loss of GLS1 

conferred a modest impairment in retinal angiogenesis, accompanied by decreased EC 

proliferation 89,102.  These studies highlight the importance of mitochondrial glutamine 

metabolism in ECs, and again support the notion that mitochondria in ECs serve a primarily 

biosynthetic role.  

 

It is unclear why ECs prefer to use aerobic glycolysis as their primary source of cellular energy, 

however, several theories exist: First, lactate has been shown to be a pro-angiogenic signaling 

molecule, which is readily generated during glycolysis 60. Second, the primary purpose of blood 

vessels is to supply oxygen to tissues, and perhaps consuming less oxygen themselves maximizes 

oxygen transfer. Third, ECs may rely on glycolysis because they must sprout into hypoxic 

environments where glucose may not be limited. Regardless, cells cannot rely only on glycolysis 
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for all of their energetic and biosynthetic demands. As discussed above, loss of fatty acid 

synthesis, fatty acid oxidation (FAO) or glutamine consumption impairs EC proliferation without 

appreciable loss of ATP production. While the requirements of individual mitochondrial 

pathways have been studied in ECs, the role of the mitochondrial electron transport chain (ETC) 

has never been elucidated. Importantly, loss of ETC function not only abolishes oxygen 

consumption and ATP production in the mitochondria, but additionally limits other processes 

such as forward TCA cycle function and FAO due to limited NAD+ availability. In chapter 3, I 

describe in detail the necessity for mitochondrial ETC complex III in endothelial cells during 

angiogenesis.  
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2. CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Culture and Drug Treatment 

Human umbilical vein endothelial cells (HUVECs) (Lonza) were cultured in Endothelial Basal 

Medium (MCDB 131) without pyruvate (USBiological) (this media was custom ordered to 

exclude pyruvate and obtained as a powder), and used at a low passage number (P1-6) for in 

vitro assaysMedia was supplemented with EGM-2 SingleQuot growth factors (Lonza) and 1% 

GlutaMax (Gibco) (supplemented MCDB 131 media). Each vial of P0 cells ordered from Lonza 

was thawed, and grown for approximately 4 passages in order to expand to about 20 million 

cells. These cells were then frozen down in 80% EGM2, 10% FBS, and 10% DMSO and kept in 

liquid nitrogen. Preceding experiments, expanded HUVECs were thawed in EBM2 and kept in 

culture for at least 24 hours before plating for an experiment. Cells were kept in EBM2 for an 

additional 24 hours before changing to supplemented MCDB 131 media. Cells were washed 2x 

with PBS to remove any residual pyruvate. When media was changed and treatment was added 

was considered time=0. B16-F10 melanoma cells were cultured in RPMI (Corning), with 10% 

FBS (Corning), 1% sodium pyruvate (Gibco), 1% Non-essential amino acids (Gibco), 1% 

GlutaMAX (Gibco), 1% antibiotic/antimycotic (Corning), and 0.05mM β-mercaptoethanol 

(Sigma). Cells were maintained at 37˚C with 5% CO2. HUVECs were treated with: 25nM 

Antimycin A (Sigma) (dissolved in EtOH), 250nM Piericidin (Sigma) (dissolved in DMSO), 

1mM methyl pyruvate (MP) (Sigma) (dissolved in media), and/or indicated doses of L-Aspartic 

Acid (aspartate) (Sigma) (dissolved in 1M HCl), L-aspartic acid dimethyl ester hydrochloride 

(methyl aspartate) (Sigma) (dissolved in EtOH), or L-asparagine (asparagine) (Sigma) (dissolved 

in 1M HCl). Aspartate, methyl aspartate, and asparagine made media quite acidic, so the pH was 

adjusted using NaOH.  



 41 
 

2.2 Oxygen Consumption and Extracellular Acidification Rate 

Measurements 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

using an XF96 extracellular flux analyzer (Seahorse Bioscience, now Agilent). 

 

2.2.1 In vitro OCR:  

30,000 HUVECs per well were plated onto XF96 cell culture plates in supplemented MCDB 131 

media and allowed to attach for at least 4 hours, or overnight. Cells were then treated with 

mitochondrial respiratory chain inhibitor for 2 hours (media was carefully changed by inverting 

the plate, and washing 2x with PBS to remove any residual pyruvate). Basal respiration was 

measured by subtracting the OCR values after treatment with 2 µM antimycin A (Sigma) and 

2 µM rotenone (Sigma). Coupled respiration was determined by treatment with 2.5 µM 

oligomycin A (Sigma), and subtracting oligomycin A values from basal respiration. To measure 

ECAR, cells were treated in supplemented MCDB 131 media without sodium bicarbonate. Basal 

ECAR was measured by subtracting the ECAR rate after treatment with 20mM 2-deoxyglucose 

(2-DG) (Sigma). Maximum ECAR rate was measured by subtracting the rate after after 2-DG 

treatment from the rate after treatment with 2.5uM Oligomycin A.  

 

2.2.2 In vivo OCR:   

100,000 lung ECs were plated onto XF96 cell culture plates in supplemented MCDB 131 media 

and attached using Cell-Tak following the manufacturer’s protocol (Corning). Briefly, Cell-Tak 

was dissolved in a sodium bicarbonate buffer at 22.4ug/mL. 25uL of this solution was added to 
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each seahorse well and incubated for 20min at room temperature. Wells were washed 2x with 

water and cells are added in 50uL and spun at 200xg for 1 minute with no brake. Basal 

respiration was measured by subtracting the OCR values after treatment with 2 µM antimycin A 

(Sigma) and 2 µM rotenone (Sigma). Coupled respiration was determined by treatment with 

2.5 µM oligomycin A (Sigma), and subtracting oligomycin A values from basal respiration. 

 

2.3 HUVEC Proliferation And Viability Assays 

2.3.1 Proliferation:  

For proliferation curves, HUVECs were thawed in EBM2 and allowed to recover for 24 hours. 

HUVECs were them plated onto 6 well plates in EBM2 media and again allowed to 

attach/recover for 24 hours. Media was then removed and cells were washed 2x with PBS to 

remove any residual pyruvate and replaced with supplemented MCDB 131 media with or 

without drug treatments (this was time=0). Cells were then counted at each timepoint (24, 48, 72, 

or 96 hours) via flow cytometry using AccuCount Fluorescent Particles (Spherotech). Briefly, all 

of the cells from each 6-well well were collected in a flow tube, spun down at 300xg, and 

resuspended in 190uL PBS and 10uL sperotech beads (200uL total). The flow machine then 

counted 10,000 beads (1/10 of the sample). The number of cells counted on the flow cytometer 

was then multiplied by 10 to achieve the total number of cells per well.  

 

2.3.2 Viability:  

For viability, HUVECs were plated and treated as described above. Viability was assessed at 96 

hours post-treatment via flow cytometry by adding 100ng/mL of 4',6-Diamidino-2-phenylindole 

dihydrochloride (DAPI) and assessing the percentage of DAPI negative cells by flow cytometry. 
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To measure apoptosis and viability, HUVECs were plated and treated as described above.  

After 48 or 96 hours, cells were collected and stained with AnnexinV and Propidium Iodide (PI) 

according to the manufacturers protocol (eBioscience AnnexinV apoptosis detection kit). For 

AnnexinV/PI staining, cells were collected and washed once in PBS and once in 1x binding 

buffer. Cells were spun down and resuspended in 100uL 1x binding buffer, 5uL of AnnexinV 

antibody was added and incubated 15 minutes at room temperature. Cells were spun down and 

resuspended in 200uL 1x binding buffer to which 5uL of PI was added, and analyzed by flow 

cytometry.  

 

2.4 Measurement of HUVEC mitochondrial membrane potential and 

content 

HUVECs were plated and treated as described above and collected after 48 or 96 hours. To 

measure membrane potential, cells were stained with 50nM TMRE (Tetramethylrhodamine ethyl 

ester perchlorate, Molecular Probes) for 20 minutes at 37˚C. Median fluorescence intensity 

(MFI) (PE) was measured by flow cytometry and corrected by subtracting the MFI of each 

sample after addition of 25uM CCCP (carbonyl cyanide m-chlorophenyl hydrazine). To measure 

mitochondrial content, cells were stained with 25nM MitoTracker Green (Molecular Probes) for 

20 minutes at 37˚C. MFI (FITC) was measured by flow cytometry.  
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2.5 Quantitative RT-PCR and western blot analysis 

2.5.1 qRT-PCR:  

To measure QPC expression, RNA was isolated using the E.Z.N.A Total RNA Kit I by following 

the manufacturer’s protocol (Omega). CYBRFast 1-Step RT-qPCR Lo-ROX Kit (Tonbo) was 

used to measure QPC expression with the following primers: QPC-F: 5’- 

GAGACTGAGGATATCGATTG-3’, and QPC-R: 5’- GGATGCGCTCGCGAGTGCGG-3’. To 

measure mitochondrial DNA content, genomic DNA was purified using the QIAamp DNA Mini 

Kit (Qiagen), and qRT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad) using 

the following primers: ND2-F: 5’-GCCCTAGAAATAAACATGCTA-3’; ND2-R: 5’-

GGGCTATTCCTAGTTTTATT-3’; COX2-F: 5’-CTGAACCTACGAGTACACCG-3’; COX2-

R: 5’-TTAATTCTAGGACGATGGGC-3’; CYTB-F: 5’-CATTTATTATCGCGGCCCTA-3’; 

CYTB-R: 5’-TGGGTTGTTTGATCCTGTTTC-3’; SDHA-F: 5’-

TCCACTACATGACGGAGCAG-3’; SDHA-R: 5’-CCATCTTCAGTTCTGCTAAACG-3’; b-

actin-F: 5’-TCCACCTTCCAGCAGATGTG-3’; b-Actin-R: 5’-GCATTTGCGGTGGACGAT-

3’. Each sample was run in triplicate, and 3 Cq values for each sample were averaged. The 

normalized expression (delta Cq) for each sample was determined by subtracting the actin Cq 

value from the sample Cq value. The delta Cq expression value for each sample was determined 

using the following formula (2^(-deltaCq)). This value for each mitochondrial gene was divided 

by the value for Sdha (nuclear) to determine the ratio of mitochondrial to nuclear DNA.  

 

2.5.2 Western blot: 

For western blot analysis, cells were lysed in 1x Cell Lysis Buffer (Cell Signaling) containing 

PMSF (phenylmethane sulfonyl fluoride). Protein was quantified using Pierce BCA protein assay 
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reagents (Thermo scientific). Relative protein abundance was measured using the Wes system 

(ProteinSimple) using the manufacturer’s protocol and the following antibodies: SHMT2 (Cell 

Signaling, 12762), PHGDH (Abcam, Ab211365), GAPDH (Sigma, G9545), Tie2/TEK 

(Millipore, 05-584), and Angpt2 (Invitrogen, PA5-23612).  

 

2.6 HUVEC Sprouting Assay 

2.6.1 Methylcellulose stock:  

1.2g of methylcellulose (MC) (Sigma, M0512, 4000cP viscocity) was weighed into a flask with a 

stirbar, and autoclaved to sterilize. 50mL EBM2 media that was preheated to 55˚C was added to 

MC and mixture was incubated at 55˚C for 20 minutes, swirling every few minutes. Remaining 

50mL EBM2 was added and the flask was placed on a stirplate in the cold room for 2 hours (or 

until the MC was completely dissolved and had an even consistency). This solution was then 

transferred to two 50mL conical tubes, which were centrifuged for 2 hours at 4000xg at room 

temperature. The last ~5mL at the bottom was not used, as this contains insoluble fibers that can 

cause issues). Solution was stored at 4˚C.  

 

2.6.2 Sprouting Assay:  

HUVECs were first resuspended in 20% methylcellulose (Sigma, 4000cP viscosity) (80% 

EGM2) at a concentration of 1000 cells per 25uL. This suspension was then dropped onto non-

adherent plates (25uL drops), flipped upside-down, and HUVECs were allowed to form 

spheroids overnight in hanging drops. Spheroids were collected in PBS + 10% FBS and spun 

down at 300xg for 5 minutes and then 500xg for 3 minutes at room temperature with no brake. 

Spheroids were then resuspended in 40% FBS in methylcellulose, combined with collagen type I 
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(EMD Millipore) (187.5uL per well), NaHCO3 (15.5mg/mL) (75uL per well), and NaOH (1M) 

(5uL per well), plated in 24-well plates, and allowed to polymerize at 37˚C. Wells were then 

topped with an equal volume of supplemented MCDB 131 media with or without drug 

treatments. Media contained 2ug/mL mitomycin C (Sigma) to inhibit proliferation. Spheroids 

were allowed to sprout for 24 hours before fixation with 4% paraformaldehyde.  

 

2.7 HUVEC Scratch-Wound Cell Migration Assay 

Scratch-wound cell migration assays were performed using the IncuCyte ZOOM 96-well scratch 

wounds cell migration system (Essen BioScience). HUVECs were plated onto 96-well Image 

Lock tissue culture plates (Essen BioScience, 4379) at a density of 30,000 cells per well in 

supplemented MCDB 131 media and allowed to attach overnight. Cells were then treated with 

5ug/mL mitomycin C for 2 hours to inhibit proliferation. Monolayers were then wounded using 

the 96-well WoundMaker (Essen BioScience) following the manufacturer’s protocol. Media was 

then replaced with supplemented MCDB 131 with or without drug treatments and images of 

wounds were taken every 4 hours until closure.  

 

2.8 Lentiviral constructs 

2.8.1 Virus Production:  

Empty vector (EV) and AOX pWPI GFP 103, or EV and LbNOX pLV-EF1 RFP 104 

(VectorBuilder,  VB160708-1059xrd) lentiviral constructs were transfected into COS1 cells 

using jetPRIME transfection reagent (Polyplus), along with pMD2.G and psPAX2 packaging 

vectors to produce EV-GFP, AOX-GFP, EV-RFP, and LbNOX-RFP lentiviruses. Briefly, COS1 

cells were plated onto 10cm dishes so that they were about 50-60% confluent. 10ug of total DNA 
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was diluted in JetPrime buffer (500uL per reaction). 5ug of each lentiviral vector were used, 

along with 3.75ug of psPAX2 and 1.25ug of pMD2G packaging vectors. 20uL of JetPrime was 

added to each reaction and incubated for 10 minutes at room temperature. Fresh media was 

added to each 10cm dish of COS1 cells and 500uL of the JetPrime/DNA mixture was added 

dropwise to each plate while swirling. These plates were left untouched for 48hours and then 

viral supernatant was collected, filtered through a 0.22um filter, and stored at -80˚C until use.  

 

2.8.2 HUVEC viral transduction:  

HUVECs were plated at 500,000 cells per 10cm dish and allowed to recover overnight. In the 

morning, media was removed and 2mL of fresh EBM2 was added to each dish. 1.5mL of viral 

supernatant was then added to each plate dropwise while swirling. In the evening, 3mL of fresh 

EBM2 media was added and the plate was incubated overnight. The media was changed the 

following morning. After 48 hours, HUVECs were collected and either GFP+ or RFP+ cells 

were sorted using fluorescence-activated cell sorting (FACS). Cells were allowed to recover 

overnight and then plated for each assay.  

 

2.9 Mice and Tamoxifen Administration 

2.9.1 Mice:  

C57BL/6 mice harboring a loxp flanked exon 1 of the Uqcrq gene (encodes QPC) were 

generated by Ozgene (Figure 3.2.4.1).  Mice were genotyped using the following primers: 1. 5’-

CTTCCGCTCCTCCCGGAAGT-3’, 2. 5’-TTCCCAAACTCGCGGCCCATG-3’ and 3. 5’-

CAATTCCAGCCAACAGTCCC-3’ which allow identification of the QPC wild-type, loxp-

flanked, and excised alleles. QPC-floxed mice were crossed with Cdh5CreERT2 mice, which have 
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a tamoxifen-inducible Cre allele under the endothelial-specific Cadherin 5 (Cdh5, aka VE-

cadherin) promoter 105. The Cre allele was detected by using the following primers: 1. 5’-

AATCTCCCACCGTCAGTACG-3’, and 2. 5’-CGTTTTCTGAGCATACCTGGA-3’. Lox-stop-

lox TdTomato mice were purchased from Jackson (stock no. 007914).  

 

2.9.2 Tamoxifen Administration:  

Tamoxifen stock was prepared by dissolving tamoxifen (Sigma) in corn oil by shaking at 37˚C 

for 2 hours. Tamoxifen was administered to mouse pups orally by dropping 2.5µL of 40mg/mL 

tamoxifen stock into the mouth using a p10 pipet. Pups were given 5 doses of tamoxifen from 

P0-P4 at a dose of 100µg/pup/day. For tumor angiogenesis assays, adult mice were fed 

tamoxifen chow (Envigo) for 2 weeks prior to tumor injection and remained fed with tamoxifen 

chow for the entirety of the experiment. All animal procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Northwestern University. 

 

2.10 Postnatal retinal angiogenesis assay 

Mouse pups were dosed with tamoxifen as described above. Eyeballs were harvested on P7 as 

previously described 106. Eyeballs were immediately placed in ice cold PBS, and then fixed in 

4% paraformaldehyde at room temperature for 2 hours while on a rocker, rinsed with PBS and 

stored at 4˚C in PBS until dissection. To dissect retinas, an incision was made over the cornea, 

and the cornea was removed. Outer layers of the eye were then removed, including the sclera, 

choroid, cornea layers and pigmented layers. The lens was removed from the retina, and the 

hyaloid vessels were removed. Retinas were blocked/permeabilized in PBS + 5% bovine serum 

albumin (BSA) (OmniPur) + 0.5% TritonX-100 (Sigma) for 4 hours at room temperature (RT) 
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while rocking. Retinas were then stained with primary antibodies overnight at 4˚C and washed 

the next day in 5% BSA + 0.3% TritonX-100 (wash buffer). Retinas were then incubated with 

fluorescently labeled secondary antibodies and IB4 overnight at 4˚C and washed for 4 hours with 

wash buffer, and then in PBS. Retinas were then cut into cloverleaves, and whole-mounted onto 

slides using Prolong Diamond Antifade Mounting Media (Molecular Probes).  

 

2.11 Isolation of endothelial cells from mouse lungs 

2.11.1 Preparation of single cells lung homoginates:  

Whole lungs were harvested from QPC-WT and -KO mice dosed with tamoxifen. P15 pups were 

euthanized in a humane manner, and lungs were resected.  Lungs were then perfused with 

phosphate buffered saline (PBS) and then with dispase (corning). Lungs were then cut into small 

pieces using scissors and digested while shaking at 37˚C in 5 mg/mL Collagenase type I (Gibco) 

and 1 mg/mL DNase I (Roche). Lung tissue was homogenized by passing it though a 28G needle 

several times, and filtering through a 70um filter. Red cell lysis was performed by resuspending 

homogenized lung pellets in 1mL of RBC lysis (ACK) buffer for 2 minutes, adding PBS to 

dulute RBC buffer, and then cells were pelleted and resuspended in PBS + 0.5% BSA and kept 

on ice.  

 

2.11.2 Isolation of lung ECs for RNAseq:  

For RNAseq, homogenized lungs were stained with biotinylated CD45 and depleted of CD45+ 

cells using EasySep Mouse Streptavidin RapidSpheres Isolation Kit (Stemcell) by using the 

manufacturer’s protocol. CD31+ cells were then sorted by FACS and RNA was isolated to be 

used for RNAseq.  
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2.11.3 Isolation of lung ECs for metabolomics:  

For Metabolomics, Homogenized lungs were stained with both biotinylated CD45 and 

biotinylated CD326/EpCAM and depleted of CD45+ and EpCAM+ cells using EasySep Mouse 

Streptavidin RapidSpheres Isolation Kit (Stemcell) by using the manufacturer’s protocol. Cells 

were then stained with CD31-FITC, and CD31+ cells were enriched using the Mouse FITC 

Selection Kit (Stemcell). Cell pellets were frozen at -80˚C until metabolites could be extracted. 

 

2.12 Histological analysis 

2.12.1 Tumor Histology:  

Tumors were fixed in 4% paraformaldehyde for 24 hours, and submitted for histological analysis 

at Northwestern histology core. The following was performed by the histology core: Briefly, 

organs were paraffin embedded and sectioned onto slides. Following standard deparaffinization, 

antigen retrieval was performed using pH6 sodium Citrate buffer at 110 degrees C for 20 

minutes in a biocare decloaking chamber. Slides were blocked and incubated with primary 

antibodies overnight at 4˚C. Blocking and secondary antibody steps were performed using an 

automated Intellipath staining system made by BioCare.  

 

2.12.2 Lung histology:  

Lungs were dissected and perfused though the trachea with a 1:1 solution of optimal cutting 

temperature  (OCT) medium (Fisher), embedded in OCT, and frozen in 2-methylbutane on dry 

ice. Sections were stored at -80˚C until sectioning. Frozen tissue was cryo-sectioned (7µm) and 

placed on slides, and fixed with acetone (submerged in cold acetone at -20˚C for 10 minutes and 

then dried on the bench overnight). The next day, a pap pen was used to draw a hydrophobic 
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barrier around the tissue. Sections were rehydrated in PBS for 10 minutes at room 

temperature, and then blocked/permeabilized in PBS + 5% BSA + 0.3% tritonX for 1 hour at 

room temperature. Antibodies were diluted in blocking solution and incubated for 1 hour at room 

temperature in the dark. Slides were then washed 3x 5 minutes with PBS. Sections were then 

coverslipped with prolong diamond mounting media.  

 

2.13 Antibodies, flow cytometry and cell sorting 

2.13.1 Antibodies:  

Lung homogenates were stained with the following antibodies: anti-mouse CD45 biotin 

(ebioscience, 13-0451-82, clone 30-F11), anti-mouse CD326/EpCAM biotin 

(ebioscienceInvitrogen, 2020-10-01, clone G8.8), anti-mouse CD31-FITC (BioLegend, 102406, 

clone 390). For flow cytometry, live cells were gated by staining with GhostDye viability stain 

(Tonbo Biosciences). Retinas were stained with the following antibodies/stains: GS Isolectin-B4 

(IB4) (Invitrogen, I21411, Alexa-Fluor 488) and), anti-phospho-histone 3 (Ser10) (Alexa Fluor 

647, EMD Millipore, 06-570, polyclonal).), Collagen IV (Goat, EMD Millipore, AB769, 

polyclonal), Cleaved Caspase-3 (Rabbit, Cell Signaling, 9661, polyclonal), Alexa Fluor 647 

AffiniPure Bovine Anti-Goat (Jackson Immuno., 805-605-180) and DyLight 405 AffiniPure 

Donkey Anti-Rabbit (Jackson Immuno., 711-475-152 ). Tumors sections were stained with the 

following antibodies: anti-CD31 (Goat, Santa Cruz, sc-1506, M-20), anti-phospho-histone 3 

(Ser10) (Rabbit, abcam, ab5176, polyclonal), anti-Goat Cy3 (Jackson Immuno), and anti-Rabbit 

Alexa-Fluor 488 (Jackson Immuno). Lungs sections were stained with the following antibodies: 

anti-CD31 (PE-CF594, BD Horizon, 563616, MEC 13.3), and anti-phospho-histone 3 (Ser10) 
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(Alexa Fluor 647, EMD Millipore, 06-570, polyclonal). Tumors and lung section nuclei were 

stained with 100ng/mL of 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI). 

 

2.13.2 Flow cytometry and cell sorting:  

Flow cytometry, samples were run on LSR Fortessa flow cytometers (BD) and data was 

analyzed using FlowJo software. Cell sorting was performed using the FACS Aria II (BD).  

 

2.14 Microscopy and image analysis 

Images of HUVEC spheroids were taken using a Nikon AZ100 Multi-purpose Zoom Microscope 

and Nikon imaging software. Images were analyzed using ImageJ software.  Images of scratch-

wound assays were taken every 4 hours using the automated IncuCyte live-cell analysis system 

(Essen BioScience). Percent wound closure was analyzed and calculated using IncuCyte scratch 

wound software (Essen BioScience). Retinal, lung, and tumor images were taken using the 

Nikon A1 Confocal Laser Microscope System and analyzed using ImageJ software. Branchpoint 

analysis was performed using AngioTool software.  

 

2.15 Metabolite analysis 

2.15.1 In vitro cell collection for metabolomics:  

HUVECs were plated in supplemented MCDB 131 media and allowed to attach overnight. 

Media was then replaced with supplemented MCDB 131 media with or without the various 

drugs/supplements and treated for 24 hours. Cells were washed 2x with PBS and trysinized and 

collected in media. Cells were spun and washed 2x with PBS to remove all media. HUVECs 
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were then resuspended in 1mL of PBS and counted using the Countess cell counter. Cells were 

then pelleted and flash frozen in liquid nitrogen in cryovials.  

 

2.15.2  In vivo cell collection for metabolomics:  

Endothelial cells were isolated from P15 mouse lungs as described above (see section 2.11.1 and 

2.11.3 above) and pellets were flash frozen in liquid nitrogen. Frozen pellets were stored at -80˚C 

until extraction.  

 

2.15.3 Metabolite sample preparation and analysis 

Samples were thawed and resuspended in 500uL of ice cold 80% methanol (HPLC grade) and 

subjected to 3 freeze-thaw cycles alternating between liquid nitrogen and a 37˚C water bath.  

Samples were vortexed for 15 seconds and then were centrifuged at 18,000xg for 10 minutes at 

4˚C to pellet cell debris. The resulting supernatants (containing metabolites) were transferred to 

fresh tubes and delivered to Peng Gao in the Northwestern metabolomics core. Peng then dried 

sampels and resuspended them a predetermined volume. Samples were analyzed by High-

Performance Liquid Chromatography and High-Resolution Mass Spectrometry and Tandem 

Mass Spectrometry (HPLC-MS/MS). Specifically, the system consisted of a Thermo Q-Exactive 

in line with an electrospray source and an Ultimate3000 (Thermo) series HPLC consisting of a 

binary pump, degasser, and auto-sampler outfitted with an Xbridge Amide column (Waters; 

dimensions of 4.6 mm × 100 mm and a 3.5 µm particle size). The mobile phase A contained 95% 

(vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM ammonium hydroxide, 20 mM ammonium 

acetate, pH = 9.0; B was 100% Acetonitrile. The gradient was as following: 0-1 min, 15% A; 

18.5 min, 76% A; 18.5-20.4 min, 24% A; 20.4-20.5 min, 15% A; 20.5-28 min, 15% A with a 
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flow rate of 400 µL/min. The capillary of the ESI source was set to 275 °C, with sheath gas at 

45 arbitrary units, auxiliary gas at 5 arbitrary units and the spray voltage at 4.0 kV. In 

positive/negative polarity switching mode, an m/z scan range from 70 to 850 was chosen and 

MS1 data was collected at a resolution of 70,000. The automatic gain control (AGC) target was 

set at 1 × 106 and the maximum injection time was 200 ms. The top 5 precursor ions were 

subsequently fragmented, in a data-dependent manner, using the higher energy collisional 

dissociation (HCD) cell set to 30% normalized collision energy in MS2 at a resolution power of 

17,500. The sample volumes of 10 µl were injected which contained 200,000 cells. Data 

acquisition and analysis were carried out by Xcalibur 4.0 software and Tracefinder 2.1 software, 

respectively (both from Thermo Fisher Scientific).  

 

2.15.4 Measurement of NAD+ and NADH metabolites:  

NAD+/NADH ratio was measured using the NAD/NADH-glo Assay (Promega) by following the 

manufacturer’s protocol. Briefly, 25,000 HUVECs were plated in a 24-well plate and allowed to 

attach/recover overnight. The next morning, cells were washed 2x with PBS and media 

containing drugs/supplements was added to each well and treated for the indicated time (4 or 16 

hours). Cells were then collected by trypsinization, resuspended in 50uL of PBS and added to a 

96 well, opaque white plate. 50uL of base solution (0.2N NaOH) + 1% DTAB was added to each 

well and pipetted up and down to mix. 50uL of each well was then transferred to a new well. To 

these wells, 25uL of 0.4N HCl was added, a plate seal was added, and the whole plate was 

incubated at 60˚C for 15 minutes and then allowed to cool at room temperature for 10 minutes. 

To the acid treated wells, 25uL of 0.5M tris base was added, and to the remaining wells, 50uL of 

a 1:1 solution of 0.5M tris base and 0.4N HCl was added. The detection reagent was prepared as 
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follows: 1mL luciferin detection reagent, 5uL reductatse, 5uL reductase substrate, 5uL NAD 

cycling enzyme, and 25uL of NAD cycling substrate. Enough of this was made to add 100uL to 

each well.  100uL of this detection reagent was added to each well and gently tapped to mix. The 

plate was incubated at room temperature for 1hour and then the luminescence was read on a plate 

reader. The luminescence of the acid-treated wells (NAD+) was divided by the luminescence of 

the base-treated wells (NADH) to obtain the ratio of NAD+/NADH.  

 

2.16 RNA sequencing analysis 

Mouse pups were dosed with tamoxifen and endothelial cells were isolated from P15 mouse 

lungs as described above (see sections 2.9.2, 2.11.1, and 2.11.2 above). Cells were lysed with 

RLT buffer + 0.1% β-mercaptoethanol from the RNeasy Plus Micro Kit (Qiagen) and stored at -

80˚C until RNA was extracted. RNA isolation were performed using the RNAeasy Plus Micro 

Kit (Qiagen) following the manufacturer’s instructions with an additional on-column DNase 

treatment using RNase-free DNase Set (Qiagen). RNA quality and quantity were measured using 

Agilent 4200 Tapestation using high Sensitivity RNA ScreenTape System (Agilent 

Technologies). NEBNext Ultra™ RNA (New England Biolabs, Inc) was used for full-length 

cDNA synthesis and library preparation. Libraries were pooled, denatured and diluted, resulting 

in a 2.0 pM DNA solution. PhiX control was spiked at 1%. Libraries were sequenced on an 

Illumina NextSeq 500 instrument (Illumina Inc) using NextSeq 500 High Output reagent kit 

(Illumina Inc) (1x75 cycles) with a target read depth of approximate (8-16) million aligned reads 

per sample. FASTQ reads were trimmed using Trimmomatic to remove end nucleotides with a 

PHRED score less than 30 and requiring a minimum length of 20 bp. Reads were then aligned to 

the mm10 genome using tophat version 2.1.04 using the following options --no-novel-juncs --
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read-mismatches 2 --read-edit-dist 2 --max-multihits 20 –library-type fr- unstranded. The 

generated bam files were then used to count the reads only at the exons of genes using htseq-

count5 with the following parameters -q -m intersection-nonempty -s no -t exon. Differential 

expression analysis was done using the R package edgeR6. Bigwig tracks of RNA-Seq 

expression were generated by using the GenomicAlignments package in R in order to calculate 

the coverage of reads in counts per million (CPM) normalized to the total number of uniquely 

mapped reads for each sample in the library. GSEA analysis was done using using the Broad 

Institute GSEA software7. In brief, the gene list output from edgeR was ranked by calculating a 

rank score of each gene as –log 10 (PValue)*sign(logFC). A pre-ranked GSEA analysis was 

done using 3000 permutations and the Hallmark pathway database.  

 

2.17 Tumor angiogenesis assay 

8 week old mice were dosed with tamoxifen as described above (see section 2.9.2 above). The 

right flank was shaved and 100,000 B16-F10 melanoma cells (ATCC) were injected 

subcutaneously. Tumor size was measured using calipers every 2-3 days for 21 days. Tumor 

volume was calculated by first determining the geometric mean between the length and width, 

then using the equation: (4/3)*(π)*(geometric mean/2)3. On day 21, tumors were harvested, 

weighed, tumor size was measured, and volume was calculated using the equation: 

(4/3)*(π)*(length/2)*(width/2)*(depth/2).  

 

2.18 Mass spectrometry to identify histone modifications 

Nuclei were isolated using gentle detergent treatment (0.3% NP-40 in NIB-250 buffer) of cells 

and centrifugation at 0.6g. Detergent was removed by 2x washing of obtained pellets with NIB-
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250, no NP-40 buffer. Histones from isolated nuclei were acid-extracted and derivatized with 

propionic anhydride both prior to and following trypsin digestion as previously described 107. 

Propionylated histone peptides were resuspended in 50 µl water with 0.1% TFA and 3 µl was 

injected in 3 technical replicates on a nanoLC/triple quadrupole MS that consisted of a Dionex 

UltiMate 3000 coupled to a Thermo Fisher Scientific TSQ Quantiva triple quadrupole mass 

spectrometer. Buffer A was 100% LC–MS-grade water with 0.1% formic acid and buffer B was 

100% ACN. The propionylated peptides were loaded onto an in-house packed C18 trapping 

column (4 cm × 150 µm; Magic AQ C18, 3 µm, 200 Å-Michrom) for 10 min at a flow rate of 

2.5 µl min−1 in 0.1% TFA loading buffer. The peptides were separated by a gradient from 1 to 

35% buffer B from 5 to 45 min. The analytical column was 10 cm × 75 µm PicoChip 

(1PCH7515-105H253-NV New Objective) and consisted of the same C18 material as the 

trapping column. The triple quadrupole settings were as follows: collision gas pressure of 

1.5 mtorr; Q1 peak width of 0.7 (full-width at half-maximum); cycle time of 3 s; skimmer offset 

of 10 V; electrospray voltage of 2.5 kV. SRM mass spectrometer transitions were developed as 

described previously 108,109. Data were analysed using Skyline software (v3.5; MacCoss Lab, 

University of Washington) with Savitzky–Golay smoothing of peaks 110. Automatic peak 

assignment and retention times were checked manually. 
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3. CHAPTER 3: MITOCHONDRIAL COMPLEX III IS NECESSARY 

FOR ENDOTHELIAL CELL PROLIFERATION DURING 

ANGIOGENESIS 

3.1 Significance 

While largely quiescent in healthy adult tissues, endothelial cells (ECs) are dynamic, undergoing 

rapid migration and proliferation during angiogenesis; thus, increasing their biosynthetic and 

bioenergetic demand. Recent findings indicate that metabolism is a critical regulator of EC 

function during angiogenesis. ECs are classically described as being highly glycolytic, and 

numerous studies have described the necessity of glycolysis in ECs during vessel sprouting 111. 

Despite having abundant access to oxygen in the bloodstream, ECs generate up to 85% of their 

ATP from glycolysis 74. When vessel sprouting is stimulated by pro-angiogenic signals such as 

vascular endothelial growth factor A (VEGFA), glycolysis is enhanced due to upregulation of 

glycolytic enzymes, nearly doubling flux through glycolysis 74,81,82. This increased glycolytic 

flux is critical, as decreased expression of the glycolytic activator phosphofructokinase-

2/fructose-2,6-bisphosphatase (PFKFB3), severely impairs both migration and proliferation of 

ECs in vitro and in vivo 74. Furthermore, inhibition of PFKFB3 in ECs decreased pathological 

neovascularization in ocular and inflammatory models, as well as cancer cell metastasis 112,113.  

Moreover, decreased levels of other glycolytic enzymes including hexokinase 2 (HK2), pyruvate 

kinase M2 (PKM2), and glucose transporter 1 (GLUT1) cause impaired angiogenesis 114–116. 

Collectively these data indicate that glycolytic flux in ECs is necessary for angiogenesis.  
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Since ECs undergo high levels of aerobic glycolysis, and thus oxidize only small amounts of 

glycolysis-derived pyruvate within the mitochondria, mitochondrial function was previously 

surmised to play a marginal role in EC metabolism 74. In addition to importing glucose, ECs take 

up fatty acids from their environment and break them down into acetyl-CoA in the mitochondria 

in a process known as fatty acid oxidation (FAO). Fatty acid-derived acetyl-CoA is then utilized 

to fuel the tricarboxylic acid (TCA) cycle 117. FAO has been shown to be critical in ECs, as 

knock down of fatty acid binding protein 4 (FABP4) or carnitine palmitoyltransferase 1A 

(CPT1A) leads to diminished angiogenesis 88,94,95. Glutamine is also readily imported into ECs 

where it is metabolized into alpha-ketoglutarate (αKG), which is used to replenish the 

mitochondrial TCA cycle (i.e. anaplerosis). Limiting EC glutamine utilization results in 

diminished angiogenesis both in vitro and in vivo 89,102. While FAO and glutamine utilization 

fuel metabolism during vessel sprouting, loss of either of these two pathways result in a 

relatively modest decrease in angiogenesis compared to inhibition of PFKFB3. It is likely that 

restricting one particular carbon source to fuel the TCA cycle will not markedly impair 

mitochondrial metabolism.  

 

In the present study, we directly tested the necessity for mitochondrial metabolism during 

angiogenesis by inhibiting the mitochondrial respiratory chain complex III. Respiration is 

initiated by the donation of electrons to complexes I and II by the TCA cycle-generated reducing 

equivalents NADH and FADH2, respectively.  Mitochondrial complexes I and II pass electrons 

to complex III, and finally to oxygen via complex IV.  This electron flow drives the pumping of 

hydrogen ions into the intermembrane space to generate membrane potential required for ATP 

production by ATP synthase (complex V). Respiration is linked to three distinct mitochondrial 
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functions: (1) oxidative phosphorylation for ATP generation; (2) oxidative TCA cycle flux to 

produce metabolites for macromolecule biosynthesis; and (3) release of reactive oxygen species 

(ROS) and metabolites to determine cell fate and/or function. Thus, loss of mitochondrial 

complex III could have multiple effects on cells, including death due to a bioenergetic collapse, 

decreased proliferation due to diminished oxidative TCA cycle function for macromolecule 

synthesis, and loss of cell fate and/or function due to changes in angiogenic gene expression. 

Thus, we utilized mitochondrial complex III inhibitors in vitro, and an EC-specific mitochondrial 

complex III-deficient mouse model to test which mechanisms linked to mitochondrial respiration 

in ECs are required for angiogenesis. 

 

3.2 Results 

3.2.1 Mitochondrial complex III is required for endothelial cell proliferation in vitro 

To study the effects of mitochondrial respiratory chain inhibition on EC behavior, we cultured 

human umbilical vein endothelial cells (HUVECs) with the mitochondrial complex III inhibitor 

antimycin A to induce loss of mitochondrial respiration (Figure 3.2.1.1a). At low nanomolar 

concentrations (25nM) antimycin A irreversibly inhibits mitochondrial respiratory complex 

III118. When electron transport is inhibited, cells can no longer generate ATP via oxidative 

phosphorylation, and therefore must increase glycolytic flux in order to generate the necessary 

ATP. Since respiratory capacity was abolished, we confirmed that HUVECs were performing 

maximal glycolysis basally (Figure 3.2.1.1 b). Importantly, even after 96 hours of treatment with 

antimycin A in culture, no significant decrease in cell viability was observed, indicating that 

respiratory chain inhibition does not cause HUVEC death or apoptosis (Figure 3.2.1.2). This 

suggests that HUVEC are able to generate sufficient levels of ATP for cell survival by glycolysis 
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alone. Furthermore, antimycin A treatment does not lead to mitochondrial demise in vitro, as 

we observed no loss of mitochondrial membrane potential, mitochondrial content, or 

mitochondrial DNA (Figure 3.2.1.3). Two important processes activated in ECs in response to 

angiogenic signaling are sprouting (i.e. invasion and migration) and proliferation 119. We 

therefore utilized HUVECs in culture to explore how mitochondrial inhibition affects these key 

angiogenic functions. First, we used an in vitro sprouting assay where HUVEC spheroids sprout 

and migrate through a 3D collagen matrix. After 24 hours, spheroids treated with antimycin A 

showed no changes in sprout length or number (Figure 3.2.1.4 a-c). Additionally, respiration-

deficient HUVECs migrated similar to controls in a 2D scratch wound migration assay (Figure 

3.2.1.4 d). Interestingly, HUVECs treated with antimycin A displayed a striking defect in 

proliferation, as they completely failed to grow over a period of 96 hours (Figure 3.2.1.5). 

Similar results were obtained when HUVECs were treated with the mitochondrial complex I 

inhibitor, piericidin (Figure 3.2.1.6). Together, these data clearly show that the mitochondrial 

respiratory chain is necessary for HUVEC proliferation in vitro, while it is dispensable for 

migration and sprouting.  
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Figure 3.2.1.1    Antimycin treated HUVECs lose oxygen consumption and perform maximum glycolysis 
a. Relative basal and coupled oxygen consumption rate (OCR) of control (Ct) or antimycin A (Anti) treated 
HUVECs, measured after 2 hours treatment. Values are normalized to control mean (n=4). b. Basal and 
maximum extracellular acidification rate (ECAR) of Ct or Anti treated HUVECs, measured after 2 hours 
treatment (n=4). HUVECs were treated with 25nM antimycin A. Data represents mean +/- SEM and were 
analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.1.2   Antimycin A treated HUVECs do not increase cell death or apoptosis 
a. Cell viability (% Dapi negative cells) of Ct or Anti treated HUVECs, measured after 96 hours treatment (n=4).  
b-c. Percentage of AnnexinV (AnV) postitive (apoptotic) or AnV/propidium iodide (PI) double positive (dead) 
HUVECs, control (Ct) or antimycin A (Anti) treated for 48 (b) or 96 (c) hours (n=5). HUVECs were treated with 
25nM antimycin A.  Data represents mean +/- SEM and were analyzed with a two-tailed t-test (*p<0.05, 
**p<0.01, NS=not significant). 
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Figure 3.2.1.3   Antimycin A treated HUVECs have increased mitochondrial membrane potential and 
content    
a-b. TMRE median fluorescence intensity (MFI) in HUVECs, Ct or Anti treated for 48 (a) or 96 (b) hours (n=5).  
c-d. MitoTracker Green MFI in HUVECs, Ct or Anti treated for 48 (c) or 96 (d) hours (n=5). HUVECs were 
treated with 25nM antimycin A. Data represents mean +/- SEM and were analyzed with a two-tailed t-test 
(*p<0.05, **p<0.01, NS=not significant). 
 

Ct Anti
0

5,000

10,000

15,000

20,000

TM
R

E 
M

FI
 (4

8h
rs

)

**

Ct Anti
0

5,000

10,000

15,000

20,000

TM
R

E 
M

FI
 (9

6h
rs

) **

Ct Anti
0

1,000

2,000

3,000

4,000

M
T 

G
re

en
 M

FI
 (4

8h
rs

) *

Ct Anti
0

1,000

2,000

3,000

4,000

M
T 

G
re

en
 M

FI
 (9

6h
rs

)

**

a b 

c d 



 65 

 

Figure 3.2.1.4   Complex III function in HUVECs is not required for sprouting or migration 
a. Representative images of Ct or Anti treated HUVECs in a sprouting assay after 24 hours. Scale bar represents 
50µm.  b. Quantification of relative sprout length of Ct or Anti treated HUVECs after 24 hours. Values are 
normalized to control mean (n=6).  c. Quantification of the average number of sprouts per spheroid of Ct or Anti 
treated HUVECs after 24 hours. (n=6). d. Relative wound density % over time in a scratch wound migration 
assay in Ct or Anti treated HUVECs (Ct: n=15; Anti: n=7). HUVECs were treated with 25nM antimycin A. In 
sprouting and migration assays, media contained 2ug/mL mitomycin C to inhibit proliferation. Data represents 
mean +/- SEM and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.1.5   Complex III deficient HUVECs fail to proliferate 
Relative cell number in Ct or Anti treated HUVECs at 0, 24, 48, 72, and 96 hours. Cell number relative to 
number of cells plated on day 0 (n=5). HUVECs were treated with 25nM antimycin A. Data represents mean +/- 
SEM and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.1.6   Mitochondrial complex I is required for endothelial cell proliferation in vitro 
a. Basal and coupled oxygen consumption rate (OCR) of control (Ct) or piericidin (Pier) treated HUVECs, 
measured after 2 hours treatment. Values are normalized to Ct mean (n=3). b. Basal and maximum extracellular 
acidification rate (ECAR) of Ct or Pier treated HUVECs, measured after 2 hours treatment (n=3). c. Cell viability 
(% Dapi negative cells) of Ct or Pier treated HUVECs, measured after 96 hours treatment (n=4).  d. 
Representative images of Ct or Pier treated HUVECs in a sprouting assay after 24 hours.  Scale bar represents 
50µm. e. Quantification of relative sprout length of Ct or Pier treated HUVECs allowed to sprout for 24 hours. 
Values normalized to control mean (n=6).  f. Quantification of the average number of sprouts per spheroid in Ct 
or Pier treated HUVECs allowed to sprout for 24 hours. (n=6). g. Relative wound density over time in a scratch 
wound migration assay in Ct or Pier treated HUVECs (Ct: n=15; Anti: n=7). h. Proliferation assay showing 
relative cell number in Ct or Pier treated HUVECs at 0, 24, 48, 72, and 96 hours. Cell number relative to number 
of cells plated on day 0 (n=5). HUVECs were treated with 250nM piericidin. In sprouting and migration assays, 
media contained 2ug/mL mitomycin C to inhibit proliferation. Data represents mean +/- SEM and were analyzed 
with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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3.2.2 Mitochondrial complex III in HUVECs maintains NAD+/NADH ratio, necessary 

for endothelial cell proliferation 

The mitochondrial TCA cycle is critical for cellular proliferation, as it produces metabolic 

intermediates that are used as building blocks for biosynthetic macromolecules 11. Metabolic 

profiling revealed that respiration-deficient HUVECs displayed decreased levels of TCA cycle 

intermediates (Figure 3.2.2.1 a). Broadly, amino acid levels in HUVECs treated with antimycin 

A were not impaired, with the exception of aspartate, which was significantly decreased (Figure 

3.2.2.1 b). Nucleotide metabolite abundance remained relatively unchanged in respiration-

deficient HUVECs (Figure 3.2.2.1 c-d).   

 

To test specificity of antimycin A, we expressed the Ciona intestinalis alternative oxidase (AOX) 

in HUVECs, which is refractory to antimycin treatment 120,121. AOX has the capability to accept 

electrons from ubiquinol and transfer them to oxygen, bypassing complex III and IV functions, 

and restoring electron transport chain activity in the presence of complex III inhibition 120,121. We 

found that HUVECs expressing AOX maintain oxygen consumption and NAD+/NADH in the 

presence of antimycin A, indicating that AOX is functioning properly (Figure 3.2.2.2 a-b). 

Importantly, AOX was able to rescue proliferative capacity after antimycin A treatment, as it 

restores both TCA cycle metabolites and aspartate levels (Figure 3.2.2.2 c and Figure 3.2.2.3). 

Together, these data highlight the specificity of antimycin A, and demonstrate that its effects on 

HUVECs are due to its inhibition of complex III.  
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Figure 3.2.2.1   Mitochondrial complex III is required to maintain aspartate levels 
a-b. Relative abundance of TCA cycle (a), and amino acid (b) metabolites from control (Ct) or antimycin A 
(Anti) treated HUVECs, after 24 hours treatment. Values are normalized to control mean (n=6). c-d. Relative 
abundance of purine (c) and pyrimidine (d) nucleotides from control (Ct) or antimycin A (Anti) treated HUVECs, 
after 24 hours treatment. (n=6). All values are relative to Ct mean. Data represents mean +/- SEM and were 
analyzed using 2-way ANOVA and Tukey’s multiple comparisons test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.2.2   AOX rescues OCR, NAD+/NADH, and proliferation in antimycin A treated HUVECs 
a. Relative oxygen consumption (OCR) in empty vector (EV)-GFP or AOX-GFP expressing HUVECs, Ct or 
Anti treated for 2 hours (representative of n=3 independent experiments). b. Ratio of NAD+/NADH in EV-GFP 
or AOX-GFP expressing HUVECs, Ct or Anti treated for 4 hours (n=4). c. Relative cell number after 72 hours 
proliferation in EV-GFP or AOX-GFP expressing HUVECs, Ct or Anti treated (n=5). Values are normalized to 
control mean (n=6). Data represents mean +/- SEM and were analyzed using one or two-way ANOVA and 
Tukey’s multiple comparisons test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.2.3   AOX rescues TCA cycle metabolites and aspartate levels in antimycin A treated HUVECs 
a-b. Relative abundance of TCA cycle metabolites (a), and aspartate (b) in EV-GFP or AOX-GFP expressing 
HUVECs, Ct or Anti treated for 24 hours. Values are normalized to control mean (n=6). Data represents mean +/- 
SEM and were analyzed using one or two-way ANOVA and Tukey’s multiple comparisons test (*p<0.05, 
**p<0.01, NS=not significant). 
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Cells use complex I of the ETC to oxidize NADH to NAD+; thus, after complex III inhibition, 

there is a decreased capacity to regenerate NAD+, causing decreased TCA cycle flux. Previously 

it has been demonstrated that restoration of NAD+/NADH is sufficient to rescue proliferation in 

respiration-deficient cancer cells 25,104. To test this hypothesis in HUVECs, we expressed an 

NADH oxidase from Lactobacillus brevis (LbNOX) which generates NAD+ from NADH 

independent of ETC function 104. We found that expressing LbNOX in the cytosol did not restore 

OCR, but was able to rescue NAD+/NADH, and proliferation in antimycin A treated HUVECs 

(Figure 3.2.2.4). Additionally, respiration-deficient HUVECs expressing LbNOX accumulate 

large amounts of succinate, due to complex III inhibition (Figure 3.2.2.5 a). Finally, expressing 

LbNOX in antimycin A treated HUVECs was able to increase aspartate levels relative to EV 

(Figure 3.2.2.5 b). These data indicates that an essential function of the ETC in HUVECs is to 

maintain NAD+/NADH to support cellular proliferation. 

 

Numerous studies have reported that cells lacking a functional respiratory chain are able to 

proliferate in vitro upon supplementation with supra-physiological levels of pyruvate in the 

culture media 24,25,122.  Similarly, we observed that addition of methyl pyruvate (MP), while not 

rescuing OCR, was able to restore proliferative capacity in antimycin A treated HUVECs (Figure 

3.2.2.6 a-b). Additionally, antimycin A treated HUVECs with MP accumulated succinate due to 

complex III inhibition and displayed restored aspartate levels (Figure 3.2.2.6 c-d).  

 

The mechanism by which pyruvate is able to restore proliferation in respiration deficient cells is 

currently not well understood. It has been hypothesized that in respiration-deficient cancer cells, 

pyruvate is sufficient to restore NAD+/NADH 25. The enzyme, lactate dehydrogenase (LDH) 
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converts pyruvate to lactate, and is coupled to the oxidation of NADH to NAD+. One theory is 

that cells lacking a functional respiratory chain require supra-physiological levels of pyruvate to 

generate NAD+ from NADH via this LDH reaction 25. In fact, is has been shown that in 

respiration deficient cancer cells, pyruvate is able to restore both NAD+/NADH and proliferation 

25. Interestingly, in HUVECs, methyl pyruvate was not able to rescue NAD+/NADH after neither 

4 nor 16 hours of treatment (Figure 3.2.2.7). This indicates that pyruvate restores proliferation in 

antimycin A treated HUVECs by an alternative mechanism that is independent of 

NAD+/NADH. Others have shown that pyruvate can directly be converted to oxaloacetate via 

the enzyme pyruvate carboxylase (PC) in order to replenish aspartate levels required for 

proliferation 123. It is therefore possible that in antimycin A treated HUVECs, pyruvate is 

converted to oxaloacetate by PC to generate aspartate for proliferation, however this hypothesis 

remains untested.  
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Figure 3.2.2.4   LbNOX rescues OCR, NAD+/NADH, and proliferation in antimycin A treated HUVECs 
a. Relative OCR in EV-RFP or LbNOX-RFP expressing HUVECs, Ct or Anti treated for 2 hours (representative 
of n=3 independent experiments). b. Ratio of NAD+/NADH in EV-RFP or LbNOX-RFP expressing HUVECs, 
Ct or Anti treated for 4 hours (n=4). c. Relative cell number after 72 hours proliferation in EV-RFP or LbNOX-
RFP expressing HUVECs, Ct or Anti treated (n=6). Values are normalized to control mean. (n=6). HUVECs 
were treated with 25nM antimycin A. Data represents mean +/- SEM and were analyzed using one or two-way 
ANOVA and Tukey’s multiple comparisons test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.2.5   Antimycin A treated HUVECs accumulate succinate and partially maintain aspartate 
levels 
a-b. Relative abundance of TCA cycle metabolites (a), and aspartate (b) in EV-RFP or LbNOX-RFP expressing 
HUVECs, Ct or Anti treated for 24 hours. Values are normalized to control mean. (n=6). HUVECs were treated 
with 25nM antimycin A. Data represents mean +/- SEM and were analyzed using one or two-way ANOVA and 
Tukey’s multiple comparisons test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.2.6   Methyl Pyruvate maintains proliferation and aspartate levels in antimycin A treated 
HUVECs 
a. Relative oxygen consumption (OCR) in Ct or Anti treated HUVECs with or without 1mM methyl pyruvate 
(MP), after 2 hours treatment (n=4). b. Relative cell number after 72 hours proliferation in Ct or Anti treated 
HUVEC with or without 1mM MP (n=4). c-d. Relative abundance of TCA cycle intermediates (e) and aspartate 
(f) in Ct or Anti treated HUVECs with or without 1mM MP, after 24 hours treatment. All	values	are	relative	to	
Ct	mean.	Data	represents	mean	+/-	SEM	and	were	analyzed	using	either	two-tailed	t-test,	or	2-way	ANOVA	
and	Tukey’s	multiple	comparisons	test	(*p<0.05,	**p<0.01,	NS=not	significant). 
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Figure 3.2.2.7   Methyl pyruvate does not restore NAD+/NADH in antimycin A treated HUVECs 
a-b. Ratio of NAD+/NADH in antimycin A treated HUVECs, with or without 1mM methyl pyruvate after 4 
hours (a) or 16 hours (b). Data represents mean +/- SEM and were analyzed using one or two-way ANOVA and 
Tukey’s multiple comparisons test (*p<0.05, **p<0.01, NS=not significant).  
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As aspartate levels are decreased in antimycin A treated HUVECs and are rescued upon 

expression of AOX, LbNOX or addition of MP, we hypothesized that supplementation with 

aspartate would allow proliferation after ETC inhibition. Previous studies have reported that in 

respiration deficient cancer cells, aspartate is sufficient to support proliferation in the absence of 

pyruvate 24,25. Surprisingly, aspartate was not able to rescue proliferation in antimycin A treated 

HUVECs (Figure 3.2.2.8 a). Additionally, neither cell permeable methyl aspartate nor asparagine 

(which is converted to aspartate by the enzyme asparaginase) were able to restore proliferation 

(Figure 3.2.2.8 b-c). Together, these data reveal that in HUVECs, mitochondrial complex III 

fulfills biosynthetic requirements by supporting NAD+ regeneration. It is likely that NAD+ 

dependent aspartate synthesis is necessary but not sufficient for cell proliferation. 
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Figure 3.2.2.8    Aspartate, methyl aspartate, or asparagine are not sufficient to support proliferation in 
antimycin treated HUVECs 
a-c. Relative cell number after 72 hours proliferation in Ct or Anti treated HUVECs with or without the indicated 
dose of aspartate (Asp) (a), methyl aspartate (Me-Asp) (b) or asparagine (Asn) (c) (n=4). All values are relative 
to Ct mean. Data represents mean +/- SEM.  
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3.2.3 Inhibiting mitochondrial complex III respiration in HUVECs does not broadly 

disrupt histone modifications 

In addition to fulfilling a biosynthetic demand, mitochondrial metabolites have recently been 

shown to be necessary to maintain histone acetylation 14,50. Accumulation of the TCA cycle 

intermediates succinate and fumarate, as well as the metabolite L-2-hydroxyglutarate (2HG), 

leads to competitive inhibition of alpha-ketoglutarate (αKG)-dependent dioxygenases, including 

JmJC domain-containing histone lysine demethylases (KDMs) and the ten-eleven translocation 

(TET) family of 5-methlycytosine (5mC) hydroxylases 52,53. Recently, we reported that build-up 

of these three metabolites in mitochondrial complex III KO hematopoietic stem cells, resulted in 

hyper-methylation of DNA and histones 50. In the present study, we unexpectedly observed a 

decrease in 2HG, as well as the expected increase in 2HG:αKG, Succinate:αKG, and 

Fumarate:αKG (Figure 3.2.3.1). Others have reported that fatty acid oxidation is necessary to 

maintain H3K9 acetylation in lymphatic endothelial cells 124. However, we found that histone 

modifications in HUVECs treated with antimycin A were largely unchanged (Figure 3.2.3.2 a). 

Specifically, we did not observe changes in H3K9 acetylation or methylation, and saw minimal 

alterations in other major histone marks linked to gene expression (Figure 3.2.3.2 b-f). Together, 

these data indicate that mitochondrial complex III in HUVECs in vitro is not required for 

maintenance of chromatin modifications. 
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Figure 3.2.3.1   Respiration deficient HUVECs have decreased 2HG, and increased 2HG:αKG, 
Succinate:αKG, and Fumarate:αKG 
a-d. Relative abundance of L-2-hydroxyglutarate (2HG) (a), 2HG:αKetoglutarate (αKG) (b), Succinate:αKG (c), 
and Fumarate:αKG (d) from Ct or Anti treated HUVECs, after 24 hours treatment. (n=6).  All values are relative 
to Ct mean. Data represents mean +/- SEM and were analyzed using either two-tailed t-test (*p<0.05, **p<0.01, 
NS=not significant). 
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Figure 3.2.3.2   Inhibiting mitochondrial complex III respiration in HUVECs does not broadly disrupt 
histone modifications 
a. Proportion of total lysine acetylation or methylation marks that were unchanged, hyper- or hypo-acetylated and 
methylated in control (Ct) or antimycin A (Anti) treated HUVECs after 24 hours treatment (n=4). b-f. Percent 
relative abundance of H3:K9 (b), H3:K79 (c), H3:K36 (d), H3:K27 (e), and H3:K14/18/23 (f) methylation and/or 
acetylation marks in Ct or Anti treated HUVECs after 24 hours treatment (n=4). Data represents mean +/- SEM 
and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant).  
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3.2.4 Mitochondrial complex III respiration in ECs is required for post-natal retinal 

angiogenesis  

The microenvironment and nutrient availability of ECs differs greatly between cell culture and a 

living organism, prompting us to ask what the requirements are for EC mitochondrial complex 

III function in vivo. To explore the effect of mitochondrial respiratory chain inhibition in vivo, 

we crossed mice with a floxed Uqcrq gene, which encodes for ubiquinol binding protein, (a 

critical subunit of the mitochondrial respiratory chain complex III) (QPCfl/fl), with Cdh5CreERT2 

mice, to allow for tamoxifen-inducible, endothelial-specific loss of mitochondrial respiration 

(QPC-KO) (Figure 3.2.4.1) 105.  

 

To understand the role of EC mitochondrial complex III respiration in vessel sprouting in vivo, 

we studied angiogenesis in the post-natal mouse retina. Mouse pups were administered 5 doses 

of tamoxifen on post-natal days 0-4 (P0-P4) to induce Cre recombination and loss of respiration 

in ECs. To ensure recombination, QPC-WT and -KO mice were crossed to mice harboring a lox-

stop-lox TdTomato allele (Figure 3.2.4.2). Retinal whole mounts from P7 pups stained with 

isolectin-B4 (IB4) revealed a dramatic impairment in retinal angiogenesis in QPC-KO mice 

(Figure 3.2.4.3 a). By P7, vessels should nearly reach the outer edge of the retina, however radial 

expansion was massively impaired in QPC-KO mice, as vessels only reached about half the 

distance to the outer retinal edge (Figure 3.2.4.3 a-b).  Additionally, a striking decrease in 

vascular density can be observed in QPC-KO retinas, which show substantially fewer 

branchpoints/mm2 (Figure 3.2.4.3 a,c). Further staining revealed that QPC-KO retinas had 

significantly fewer phospho-histone 3 (pH3) positive ECs, indicating a proliferative impairment 

congruent with what was observed in vitro (Figure 3.2.1.5, and Figure 3.2.4.4 a-b). Moreover, 
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filopodia of QPC-KO ECs on the outer retinal edge were unremarkable in both appearance and 

number as compared to QPC-WT, suggesting no defect in migration, again consistent with our in 

vitro data (Figure 3.2.1.4, and Figure 3.2.4.4 c-d). Although decreased EC proliferation was 

observed in QPC-KO retinas, it is possible that EC death was also contributing to the decreased 

vascularity. For this reason, we stained retinas with cleaved caspase 3 (Casp3) to quantify 

apoptotic ECs, however cell death was not increased in QPC-KO ECs (Figure 3.2.4.5). 

Additionally, during sprouting angiogenesis, vessels are continuously being remodeled and 

undergoing vessel pruning (i.e. vessel regression), which leaves behind empty collagen IV 

sleeves 125. An accelerated rate of vessel regression could contribute to decreased vascularity in 

QPC-KO retinas, however no increase in empty collagen sleeves was observed in QPC-KO mice 

compared to WT (Figure 3.2.4.5). This indicates that decreased retinal vascularity was not due to 

EC death or regression. In fact, cell death and vessel pruning were decreased by approximately 

one half in QPC-KO retinas, which contained about half the number of vessels, suggesting likely 

no appreciable change in cell death or vessel pruning. We conclude that complex III inhibition in 

vivo, decreases EC proliferation, but does not alter migration, apoptosis, or regression of vessels 

during post-natal retinal angiogenesis.  
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Figure 3.2.4.1   Illustration of the strategy utilized to generate Uqcrq floxed and excised alleles. �  
(Figure created by Samuel E. Weinberg, and used with his permission) 
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Figure 3.2.4.2   Verification of Cre recombinase activity in QPC KO ECs 
Representative images of QPC-KO whole-mounted retinas from P7 pups treated with tamoxifen (P0-P4) 
harboring a lox-stop-lox TdTomato allele to test for cre recombination. Retinas were stained with isolectin-B4 
(IB4) (left panel, green). Middle panel shows expression of TdTomato (red). Right panel shows a merge of IB4 
and TdTomato. Images are 10x original magnification and the scale bar represents 100µm. 
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Figure 3.2.4.3    Mitochondrial complex III respiration in ECs is required for post-natal retinal 
angiogenesis  
a. Representative images QPC-WT and –KO retinas stained with isolectin-B4 (IB4) at 10x original 
magnification. Top panels: Dotted circle represents the QPC-WT radial expansion. Scale bars represent 500µm. 
Bottom panels: zoomed image representing white box from top panel. Scale bar represents 100µm. b. 
Quantification of radial expansion in QPC-WT and –KO retinas (WT: n=6; KO: n=6 mice). c. Quantification of 
the number of branchpoints per mm2 in QPC-WT and –KO retinas (WT: n=6; KO: n=6 mice). Data represent 
whole-mounted retinas from QPC-WT and –KO post-natal day 7 (P7) pups treated with tamoxifen (P0-P4). Data 
represents mean +/- SEM and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.4.4   Complex III is required for EC proliferation, but not migration during post natal retinal 
angiogenesis 
a. Representative images of QPC-WT and -KO retinas stained with IB4 (blue) and phospo-histone 3 (pH3) 
(yellow) taken at 40x magnification. Scale bars represent 50µm. b. Quantification of pH3+/IB4+ ECs per 
100mm2 (WT: n=8; KO: n=7 mice). c. Representative images of filopodia from QPC-WT and –KO retinas 
stained with IB4 taken at 100x magnification. Scale bars represent 20µm. d. Quantification of the number of 
filopodia per 100µm at the outer retinal edge. (WT: n=7; KO: n=8 mice). Data represent whole-mounted retinas 
from QPC-WT and –KO post-natal day 7 (P7) pups treated with tamoxifen (P0-P4). Data represents mean +/- 
SEM and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.4.5   Diminished vascularity in QPC-KO retinas is not due to increased EC death or vessel 
pruning 
a. Representative images of QPC-WT and –KO retinas stained with IB4 (green) and cleaved caspase 3 (Casp3) 
(red). 20x original magnification, scale bars represent 50um. b. Quantification of IB4+/Casp3+ ECs per 100mm2 
(WT: n=6 mice; KO: n=6 mice). c. Representative images of QPC-WT and –KO retinas stained with IB4 (green) 
and Collagen IV (Col IV) (red). 20x original magnification, scale bars represent 50um. d. Quantification of the 
number of empty Col IV sleeves per 100mm2 (WT: n=6 mice; KO: n=6 mice). Data represents mean +/- SEM 
and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant).  
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3.2.5 Mitochondrial complex III function in ECs is necessary for post-natal 

developmental angiogenesis  

Next, we aimed to uncover whether mitochondrial respiration in ECs is necessary for post-natal 

pup survival. To answer this question, QPC-WT and -KO pups were given 5 doses of tamoxifen 

(P0-P4) to induce Cre recombination and loss of QPC in ECs. We observed a striking decrease in 

survival of QPC-KO pups, the majority of which died between P15 and P30 (Figure 3.2.5.1). We 

observed survival of approximately 25% of QPC-KO pups. It is important to note here that we 

saw variability in the recombination of cre recombinase in KO pups dosed with tamoxifen. In all 

other experiments, the recombination efficiency was checked by TdTomato expression, however 

was not checked in this particular experiment. We surmise that the QPC-KO pups that survived 

after tamoxifen treatment did not express cre recombinase and therefore did not properly excise 

QPC.  

 

To further explore vascular defects in this model, lungs were harvested from P15 QPC-WT and -

KO pups. We chose to investigate the lung as it contains a large population of ECs, which are 

actively undergoing angiogenesis at this age, a critical process in post-natal lung 

alveolarization126. QPC-KO lung ECs have diminished expression of QPC mRNA, and displayed 

decreased OCR and NAD+/NADH ratio, indicating a loss of respiratory chain function (Figure 

3.2.5.2). QPC-KO pups showed no obvious signs of distress or decline in body weight at P15 

(Figure 3.2.5.3 a). However, flow cytometric analysis of homogenized P15 lungs revealed a 

significant reduction in both the percentage and total number of ECs, consistent with a decrease 

in lung angiogenesis (Figure 3.2.5.3 b-d and Figure 3.2.5.4). Recall that in vitro, as well as in the 

retina, mitochondrial respiratory chain complex III inhibition caused reduced proliferation 
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(Figure 3.2.1.5 and Figure 3.2.4.4). Likewise, pH3 staining of P15 lungs revealed a decrease in 

EC proliferation (Figure 3.2.5.5). Taken together, these data show that loss of mitochondrial 

complex III leads to a significant defect in lung angiogenesis, likely caused by decreased lung 

EC proliferation. We speculate that QPC-KO pups may fail to survive to adulthood due to, at 

least in part, a loss of gas exchange capability during development.  
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Figure 3.2.5.1   Mitochondrial complex III in ECs is required for survival 
Survival curve of QPC-WT and -KO pups treated with tamoxifen (P0-P4) (WT: n=10; KO: n=15). Survival curve 
was analyzed using a Log-rank (Mantel-Cox) test. 
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Figure 3.2.5.2   QPC-KO lung ECs lose mitochondrial electron transport chain function 
a. qRT-PCR showing relative QPC expression from QPC-WT and –KO P15 lung ECs from P15 pups treated 
with tamoxifen (P0-P4) (WT: n=4; KO: n=4). b. Oxygen consumption in QPC-WT and –KO P7 lung ECs. 
Representative graph from 3 independent experiments. c. Ratio of NAD+ to NADH in QPC-WT and –KO P7 
lung ECs (WT: n=3; KO: n=4). Data represents mean +/- SEM and were analyzed with a two-tailed t-test 
(*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.5.3   QPC-KO mice have decreased lung EC cellularity 
a. Body weight of QPC-WT and -KO P15 pups (WT: n=11; KO: n=11). b-c. Percentage of CD31+ cells (b), and 
total number of CD31+ cells (c) from the lung of QPC-WT and -KO P15 pups (WT: n=11; KO: n=11). Data 
represent mean +/- SEM and were analyzed with a two-tailed t-test. (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.5.4   Schematic of flow cytometric gating strategy from homogenized P15 lung tissue 
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Figure 3.2.5.5   QPC-KO lung ECs have diminished proliferative capacity 
a.  Representative images of QPC-WT and –KO lung vessels from P15 pups. Vessels stained with CD31 (red), 
proliferating cells stained with phospho-histone 3 (pH3) (green) and nuclei stained with DAPI (blue), taken at 
60x magnification. Scale bars represent 25µm. White arrows represent pH3+/CD31+ cells. b. Quantification of 
the number of pH3+/CD31+ cells as a percentage of the total number of CD31+ cells counted per vessel in QPC-
WT and –KO lung sections (WT: n=5; KO: n=5). Bar graphs represent mean +/- SEM and were analyzed with a 
two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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3.2.6 Loss of mitochondrial complex III function in ECs increases anabolic-associated 

gene expression 

Although we did not observe profound changes in histone methylation or acetylation in 

respiration-deficient HUVECs (Figure 3.2.3.2), we wondered whether loss of mitochondrial 

respiration in ECs would lead to gene deregulation in vivo. Thus, we harvested lung ECs from 

QPC-WT and -KO P15 pups treated with tamoxifen (P0-P4), and performed RNA-sequencing 

analysis. We observed modest alterations in gene expression, with 237 upregulated and 142 

downregulated genes in QPC-KO ECs as compared to QPC-WT (FDR ≤ 0.01) (Figure 3.2.6.1 a). 

Surprisingly, gene set enrichment analysis revealed a significant upregulation in pathways 

associated with anabolism and cellular proliferation, including MYC, MTORC, E2F, and G2M 

target signaling (Figure 3.2.6.1b). We also observed an increase in the unfolded protein response 

(UPR), a cellular stress response that has been shown to be activated upon loss of mitochondrial 

respiratory function 127 (Error! Reference source not found. b). Ribosomal biosynthesis genes 

are critical targets of cellular pro-growth signaling 128. Indeed, we found that a substantial 

percentage (21%) of the significantly upregulated genes in QPC-KO ECs were ribosomal genes, 

further corroborating intact proliferative signaling (Figure 3.2.6.2 a). QPC-KO ECs show several 

significantly increased metabolic genes including those regulating glycolysis, one-carbon 

metabolism, and the urea and TCA cycles (Figure 3.2.6.2 b). Additionally, QPC-KO ECs display 

a trend toward increased oxidative phosphorylation genes, likely a compensatory mechanism due 

to massive loss of mitochondrial function (Figure 3.2.6.2 c). These data indicate that although 

QPC-KO ECs have decreased proliferation, they maintain anabolic gene expression.  
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Interestingly, RNA-seq revealed a handful of key angiogenic signaling genes that were 

significantly altered in QPC-KO ECs, however overall, angiogenic signaling gnenes remained 

largely unchanged (Figure 3.2.6.3). Specifically, hairy/enhancer-of-split related with YRPW 

motif protein 1 (Hey1), delta-like 4 (Dll4), and TEK receptor tyrosine kinase (Tek, aka Tie2) 

were significantly downregulated, while neuropilin-2 (Nrp2), and angiopoitin-2 (Angpt2) were 

significantly upregulated in QPC-KO ECs (Figure 3.2.6.3). Validation of our RNAseq data at the 

protein level revealed increased metabolic protein expression, but no change in angiogenic 

protein expression (Figure 3.2.6.4). Our data suggest that ECs lacking mitochondrial complex III 

have impaired proliferation and angiogenesis yet retain anabolic gene expression.  
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Figure 3.2.6.1   Loss of mitochondrial complex III function in ECs increases anabolic-associated gene 
expression 
a. Heat map of RNA sequencing data representing significantly upregulated (237) and downregulated (142) 
genes from QPC-WT and -KO P15 lung ECs from pups treated with tamoxifen (P0-P4) (FDR ≤ 0.01). b. Gene 
set enrichment analysis showing top gene signatures upregulated (red) or downregulated (blue) from QPC-WT 
and -KO P15 lung ECs (NOM p-value ≤ 0.05). Data shown in heat maps is representative of the z-score. WT: 
n=4; KO: n=4 mice. 
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Figure 3.2.6.2   QPC-KO lung ECs display increased expression of ribosomal, metabolic and oxphos 
genes 
c. Heat map of RNA sequencing data showing significantly upregulated ribosomal genes from QPC-KO versus 
-WT P15 lung ECs (FDR ≤ 0.01). d. Heatmap of RNA sequencing data showing significantly upregulated 
metabolic genes from QPC-WT and –KO P15 lung ECs (FDR ≤ 0.01). e. Heat map of RNA sequencing data 
showing oxidative phosphorylation (OxPhos) genes from QPC-WT and -KO P15 lung ECs. Data shown in heat 
maps is representative of the z-score. WT: n=4; KO: n=4 mice. 
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Figure 3.2.6.3   Angiogenic genes are largely unchanged in QPC-KO lung ECs 
Heat map of RNA sequencing data showing angiogenic signaling gene expression. * represents genes that are 
significantly differentially expressed in QPC-KO vs -WT P15 lung ECs (FDR ≤ 0.01). Data shown in heat maps 
is representative of the z-score. WT: n=4; KO: n=4 mice. 
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Figure 3.2.6.4   Metabolic, but not angiogenic genes are altered at the protein level in QPC-KO ECs 
a-e. Relative protein expression of SHMT2 (a), PHGDH (b), GAPDH (c), Tie2 (d), and Angpt2 (e) from QPC-
WT and –KO P15 lung ECs (WT: n=4; KO: n=6 mice). Protein data is representative of mean +/- SEM and was 
analyzed using a two-tailed t-test (*p<0.05, **p<0.01, NS=not significant). 
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3.2.7 Mitochondrial complex III in ECs is necessary to maintain amino acid levels in 

vivo 

As anabolic signaling remained intact in QPC-KO ECs, we hypothesized that a metabolic 

deficiency was preventing proliferation. Metabolite analysis revealed decreased levels of 

numerous metabolites in the QPC-KO ECs as compared to QPC-WT (Figure 3.2.7.1 a).  We did 

not observe an accumulation of 2HG, however, the TCA cycle metabolites fumarate and malate 

were significantly lower in QPC-KO ECs, as were several glycolytic intermediates (Figure 

3.2.7.1 b and Figure 3.2.7.2). Intriguingly, the majority of the metabolites decreased in QPC-KO 

ECs were amino acids (Figure 3.2.7.1 a). In contrast to HUVECs in vitro, where amino acid 

levels were maintained with the exception of aspartate, QPC-KO lung ECs displayed 

significantly diminished levels of nearly all amino acids (Figure 3.2.7.1 a,c). Purine and 

pyrimidine nucleotide levels, however, remained largely unchanged upon loss of EC respiration 

(Figure 3.2.7.1 d-e). Together, these results suggest that mitochondrial complex III in ECs is 

required to maintain amino acid levels, but not nucleotides, which could lead to the impaired 

proliferation observed in QPC-KO ECs. 
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Figure 3.2.7.1   Mitochondrial complex III in ECs is necessary to maintain amino acid levels in vivo 
a. Volcano plot representing metabolites that are over or under represented in QPC-KO P15 lung ECs versus –
WT from pups treated with tamoxifen (P0-P4). Red triangles represent amino acid metabolites (WT: n=7; KO: 
n=7 mice). b-e. Relative abundance of TCA cycle (b), amino acid (c), purine nucleotide (d), and pyrimidine 
nucleotide (e) metabolites from P15 QPC-WT and –KO lung ECs (WT: n=7; KO: n=7 mice). Data are 
normalized to QPC-WT mean and were analyzed using the Two-stage linear step-up procedure of Benjamini, 
Krieger and Yekutieli, with FDR<0.1. (*p<0.05, **p<0.01, NS=not significant). 
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Figure 3.2.7.2   Loss of mitochondrial complex III in ECs does not alter 2HG levels 
a-b. Relative abundance of L-2-hydroxyglutarate (2HG) (a), and glycolytic intermediates (b) from P15 QPC-
WT and –KO lung ECs (WT: n=7; KO: n=7 mice). Data are normalized to QPC-WT mean and were analyzed 
using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with FDR<0.1. (*p<0.05, 
**p<0.01, NS=not significant). 
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3.2.8 Mitochondrial complex III function in ECs is required for tumor angiogenesis 

To further investigate the role of EC respiration and determine its requirement in adult mice, we 

asked whether mitochondrial respiration in ECs is required for tumor angiogenesis. 8-week old 

adult QPC-WT and QPC-KO mice were fed tamoxifen chow for 2 weeks to induce Cre 

recombination and loss of QPC mRNA expression and respiration in ECs (Figure 3.2.8.1 a-b). 

Next, we subcutaneously injected syngeneic B16-F10 melanoma cells into the mice and 

measured tumor volume over the course of 21 days. QPC-KO mice showed a decrease in tumor 

growth as compared to QPC-WT, and by days 19 and 21 harbored significantly smaller tumors 

(Figure 3.2.8.1 c). On day 21, when tumors were harvested, QPC-KO mice also displayed a 

reduction in tumor weight (Figure 3.2.8.1 d). Histological analysis revealed that QPC-KO tumors 

had fewer vessels per area, indicating decreased tumor angiogenesis (Figure 3.2.8.2 a-b). 

Consistent with data from the retina and lung, tumor ECs proliferated less, suggesting that 

impaired tumor angiogenesis is likely due to reduced EC proliferation (Figure 3.2.8.2 c-d).  

These data suggest that mitochondrial complex III function is required in adult ECs in order to 

sustain tumor angiogenesis and tumor growth. 
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Figure 3.2.8.1   Mitochondrial complex III respiration in ECs is required for tumor angiogenesis 
a. qRT-PCR showing relative QPC expression from QPC-WT and –KO lung ECs from adult mice (WT: n=3; 
KO: n=4). b. Relative basal and coupled oxygen consumption (OCR) from QPC-WT and –KO lung ECs (WT: 
n=2; KO: n=2). c. Growth curve of subcutaneous B16-F10 melanoma tumors in QPC-WT and -KO mice (WT: 
n=20; KO: n=15 mice). d. Tumor weight (mg) of subcutaneous B16-F10 melanoma tumors from QPC-WT and 
-KO mice measured 21 days after injection (WT: n=20; KO: n=15 mice). Mice were fed tamoxifen chow for 2 
weeks to induce loss of QPC prior to tumor injections and remained on tamoxifen chow for the duration of the 
experiment. Data represents mean +/- SEM and were analyzed with a two-tailed t-test (*p<0.05, **p<0.01, 
NS=not significant). 
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Figure 3.2.8.2   Mitochondrial complex III in ECs is necessary to maintain tumor vascularity and EC 
proliferation 
a. Representative images of QPC-WT and -KO B16-F10 melanoma tumor sections. Vessels stained with CD31 
(red) and nuclei stained with DAPI (blue), taken at 20x magnification. Scale bar represents 100µm. b. 
Quantification of the number of vessels per 100mm2 in QPC-WT and –KO tumor sections (WT: n=12; KO: 
n=12 mice). c. Representative images of QPC-WT and –KO B16-F10 melanoma tumor sections. Vessels 
stained with CD31 (red), proliferating cells stained with phospho-histone 3 (pH3) (green) and nuclei stained 
with DAPI (blue), taken at 60x magnification. Scale bars represent 25µm.  White arrows represent 
pH3+/CD31+ cells. d. Quantification of the number of pH3+/CD31+ cells as a percentage of the total number 
of CD31+ cells counted per field in QPC-WT and –KO tumor sections (WT: n=12; KO: n=12 mice). Mice were 
fed tamoxifen chow for 2 weeks to induce loss of QPC prior to tumor injections and remained on tamoxifen 
chow for the duration of the experiment. Data represents mean +/- SEM and were analyzed with a two-tailed t-
test (*p<0.05, **p<0.01, NS=not significant). 
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3.3 Discussion 

Endothelial cells exhibit high levels of flux through glycolysis, only oxidizing a small fraction of 

glucose-derived carbons in the mitochondria 74,89. Accordingly, limiting glycolysis profoundly 

impairs angiogenesis 74,112–116. By contrast, the function of mitochondrial metabolism in ECs is 

not fully understood. Here we report that pharmacological inhibition of mitochondrial respiratory 

transport chain complex III in ECs impairs cell proliferation by decreasing NAD+/NADH in 

vitro.  Conditional loss of respiratory chain complex III in ECs in vivo diminished post-natal 

retinal, lung, and tumor angiogenesis.  Our results conclusively demonstrate that mitochondrial 

respiratory chain complex III is necessary for angiogenesis by controlling EC cell proliferation. 

These results fill a critical gap in knowledge about the role of the mitochondrial respiratory chain 

in ECs, a classically glycolytic cell type in which mitochondrial metabolism has largely been 

underappreciated.  Our results indicate that angiogenesis requires coordination of both glycolysis 

and mitochondrial respiratory chain linked metabolism.  It is likely that this coordination in ECs 

occurs through MYC, since loss of MYC specifically in ECs impairs glycolysis, mitochondrial 

metabolism and proliferation 129. 

 

Mitochondria serve three main functions within a cell: (1) they generate ATP via oxidative 

phosphorylation for cell survival; (2) the TCA cycle generates metabolic intermediates that 

produce critical macromolecules required for cell growth, including amino acids, nucleotides and 

lipids; and (3) mitochondria act as signaling organelles, generating reactive oxygen species 

(ROS) to activate transcriptional networks and produce metabolic intermediates that control 

epigenetics. The major phenotype we observed due to mitochondrial complex III function 

impairment is diminished cell proliferation in vitro and in vivo. This defect is likely not due to 
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lack of mitochondrial ATP production as it has been suggested that ECs generate up to 85% 

of their ATP though glycolysis alone 74. Additionally, complex III loss in ECs did not impair 

ATP demanding activities such as sprouting and migration in vitro or filopodia formation in 

vivo, further highlighting that glycolysis can alone provide sufficient ATP for these processes. 

Our data are consistent with previous studies showing that glycolysis drives filopodia formation 

and migration in ECs 74.  

 

The proliferative impairment observed in complex III deficient ECs in vitro and in vivo is likely 

due to the inability to generate the necessary metabolites for macromolecule synthesis. Previous 

studies in cancer cells in vitro have demonstrated that loss of complex III decreases NAD+ 

levels, resulting in diminished aspartate, which is necessary for cancer cell proliferation 24,25.  In 

cancer cells treated with complex III inhibitors, restoration of NAD+ levels, either by 

supplementation with pyruvate or by genetic expression of NAD+ regenerating enzymes, 

restores aspartate levels and cell proliferation in vitro 25,104. Congruently, in vitro, we observed 

decreased NAD+/NADH and diminished aspartate levels in respiration-deficient HUVECs. As 

previous studies have shown, supplementation with pyruvate restored proliferation after ETC 

inhibition as well as aspartate levels. Additionally, we found that genetically increasing the ratio 

of NAD+/NADH was sufficient to rescue proliferation and aspartate in antimycin A treated 

HUVECs, which is again consistent with in vitro cancer cell data 104. Intriguingly, unlike cancer 

cells, aspartate was not able to restore proliferation in respiration deficient ECs in vitro, perhaps 

due to distinct metabolic programming between cancer and primary cells. It is important to note 

that proliferation of not all cancer cell lines is sensitive to aspartate limitation 26. Additionally, 

cancer cells differ in their ability to uptake aspartate, and have varied asparaginase activity 27. 
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We suggest that perhaps aspartate is not sufficient to support proliferation in HUVECs. 

However, NAD+/NADH ratio, which is linked to other metabolic functions beyond restoring 

aspartate levels, is sufficient to support HUVEC proliferation.  

  

Additionally, we found that ECs in vivo lacking complex III function not only had diminished 

NAD+/NADH and aspartate levels, but also decreased abundance of the majority of amino acids. 

It is not clear why amino acid levels were markedly diminished from complex III deficient ECs. 

Gene set enrichment analysis revealed an unexpected increase in anabolic gene expression 

profiles in QPC-KO ECs, with an increase in genes linked to MYC and mTORC1, including 

upregulated ribosomal gene expression.  This increase in anabolic programs would impose a high 

demand for amino acids. Thus, in the absence of a functional respiratory chain, the TCA cycle 

metabolites are not able to maintain amino acid levels to keep up with the increased anabolic 

demand, resulting in diminished growth. Previously, we observed that gene set enrichment 

analysis from mitochondrial complex III deficient hematopoietic stem cells (HSCs) similarly 

displayed upregulation of MYC and mTORC1 linked genes 50.  Going forward it will be 

important to decipher how loss of mitochondrial complex III function causes an increase in MYC 

and mTORC1 related genes in vivo.  

 

Although our present data on ECs indicate that respiratory chain linked metabolism is necessary 

for cell proliferation, it is not a universal feature of proliferating cells. For example, fetal mouse 

HSCs do not require mitochondrial complex III for cell proliferation, but to generate sufficient 

progenitor populations in vivo 50.  Moreover, adult mouse complex III deficient HSCs lose 

quiescence and undergo stem cell exhaustion; thus, complex III is required for HSCs to function 
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properly 50.  Mitochondrial complex III deficient HSCs display deregulated expression of 

approximately 1000 genes, concomitant with histone H3K4, H3K9, and H3K79 hyper-

methylation 50.  These changes were accompanied by increased levels of succinate, fumarate, and 

2HG, metabolites known to inhibit a-KG-dependent dioxygenases including KDMs and TETs 

50,52,53. We hypothesized that we would see these same trends in ECs, however we did not 

observe accumulation of succinate, fumarate, or 2HG in vivo. 

 

Although, the mitochondrial complex III deficient ECs did not display widespread deregulation 

of gene expression, there were a few angiogenic associated genes altered, including those 

involved in the Notch signaling pathway (Dll4 and the two downstream targets Hey1 and Hes1) 

in vivo. Previous studies have shown that Notch signaling is critical for angiogenesis both in 

vitro and in vivo 71,74. Specifically, decreased Notch signaling in HUVECs accelerated sprouting, 

while constitutive Notch activation had the opposite effect 74. In a mouse model, 

pharmacological inhibition of Notch signaling with the inhibitor DAPT, or genetic ablation 

through conditional knockout of the Notch ligand Dll4 in ECs, increased branching and tip cell 

formation in the retina71. In our in vivo model, loss of complex III in ECs lead to decreased 

Notch signaling, however we observed decreased branching, contrary to what has been observed 

upon loss of Notch signaling in ECs. As loss of Notch signaling has been found to have the 

opposite phenotype as diminished respiration in ECs, we conclude that decreased Notch 

signaling is likely not the dominant factor that leads to impaired angiogenesis in out model. 

Additionally, mitochondrial complex III deficient ECs display decreased mRNA expression of 

Tie2, along with overexpression of the Tie2 negative regulator Angpt2, suggesting decreased 

signaling through Tie2 in QPC-KO ECs. However, we observed no concomitant change in Tie2 
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or Angpt2 protein levels suggesting no alterations in Tie2 signaling. Overall, we conclude 

that mitochondrial complex III’s dominant function in ECs is to sustain amino acid availability 

for cell proliferation in vivo.  

 

Our observation that complex III linked metabolism in ECs is necessary for cell proliferation is 

similar to observations in cancer cells. Previously, both others and we have demonstrated that 

pharmacological inhibition or genetic ablation of the respiratory chain within cancer cells 

diminishes tumorigenesis in part by decreasing cell proliferation 13,15,130–137. This has led to the 

idea of targeting the respiratory chain for cancer therapy 138. We observed that inhibition of the 

respiratory chain, by diminishing complex III in ECs, impaired tumorigenesis. Consequently, 

administration of respiratory chain inhibitors could work as an anti-cancer therapy through 

decreasing proliferation of both cancer and endothelial cells. Interestingly, increasing 

mitochondrial function diminishes prostate tumor vascularization highlighting that mitochondrial 

homeostasis is crucial for maintaining tumor angiogenesis 139. 
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4. CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

In this thesis work, I have provided novel evidence that mitochondrial complex III is required for 

EC proliferation during angiogenesis. ECs are highly glycolytic and are often thought to rely 

little on mitochondrial metabolism. Other recent studies have described how loss of individual 

mitochondrial pathways can impair EC proliferation and angiogenesis (recall section 1.2.2 

above), however, ETC inhibition leads to a more profound angiogenic impairment. This is likely 

because loss of ETC function not only impairs ATP production, but also diminishes a myriad of 

other mitochondrial reactions that rely on the reduction of NAD+ to NADH. For example, a 

decreased ratio of NAD+/NADH drastically slows forward TCA cycle function (and 

consequently reduces the abundance of TCA cycle intermediates for macromolecule biogenesis) 

and fatty acid oxidation.  

 

While this thesis provides answers to many unknowns regarding EC metabolism, it leaves many 

questions unanswered, opening the door to future work. First, like respiration deficient cancer 

cells, antimycin A treated HUVECS require pyruvate to proliferate. The mechanism by which 

respiration deficient cells are auxotrophic for pyruvate is still up for debate, and may differ 

depending on cell type. Unlike cancer cells, pyruvate does not restore NAD+/NADH in 

HUVECs after loss of ETC function. Although, maintenance of NAD+/NADH is sufficient in 

respiration deficient HUVECs to sustain proliferation, pyruvate rescues proliferation by an 

independent mechanism. Perhaps HUVECs utilize the enzyme pyruvate carboxylase (PC), which 

directly converts pyruvate to oxaloacetate, which is subsequently utilized for aspartate 

production, however this mechanism remains unknown. Also unlike cancer cells, aspartate is not 

sufficient to restore proliferation after ETC inhibition in HUVECs. This was a perplexing 
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finding, as aspartate was drastically diminished after antimycin A treatment, and aspartate 

levels were largely restored after pyruvate treatment, AOX expression, and restoration of 

NAD+/NADH with LbNOX expression. Aspartate uptake was not measured in HUVECs, and it 

is possible that HUVECs inefficiently import aspartate. However, neither cell permeable methyl-

aspartate nor asparagine were able to rescue proliferation in respiration deficient HUVECs, 

however this may be due to methyl-aspartate not properly being metabolized to aspartate within 

the cells, or lack of asparaginase activity in HUVECs. Another plausible explanation is that, 

unlike cancer cells, aspartate is simply not sufficient to sustain proliferation in HUVECs, but 

rather they have a unique metabolism that does not rely heavily on aspartate. Aspartate 

metabolism has been extensively studied in cancer cells; however, future work will hopefully 

elucidate the complexities of aspartate utilization in other cell types such as ECs.  

 

A unique feature of this thesis work is the use of in vivo metabolic profiling of ECs. Previous 

studies have exclusively used ECs grown in 2-dimensional monolayers in culture, which does 

not accurately represent the complex microenvironment of tissues. This work identifies that 

HUVECs grown in culture lack aspartate, maintaining or increasing levels of all other amino 

acids, while in vivo, loss of complex III in ECs leads to an overall depletion of amino acids. 

While this particular difference may not be of great significance, this study highlights the 

likelihood of profound metabolic disparities between culture and in vivo. In general, it will be 

important for future metabolic profiling to be done using cells in (or as close to) their native 

environment as possible.  
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Additionally, this thesis work demonstrates that respiration deficient ECs in vivo are lacking 

in amino acids, however they unexpectedly upregulate anabolic signaling genes such as mTOR 

and MYC. We have previously shown that complex III null HSCs similarly upregulate these 

pathways 50. This is surprising, as mTOR signaling is thought to decrease upon intracellular 

nutrient depletion 140. Why mTOR and other pro-growth signaling pathways are upregulated 

upon ETC inhibition requires further investigation. Perhaps in mice with respiration-deficient 

ECs, hypoxic (i.e. under-vascularized) tissues release large amounts of pro-angiogenic signals, 

which dominantly activate anablolic signaling, even though ECs cannot complete the cell cycle 

due to lack of macromolecule synthesis. Interestingly, in mice with Leigh syndrome (a complex I 

deficiency) treatment with the mTOR inhibitor rapamycin, improves survival and attenuates 

disease progression 141. This suggests that perhaps hyperactive anabolic signaling may be 

exacerbating mitochondrial disease. To test this theory in ECs, we plan to treat QPC-WT and –

KO mouse pups with tamoxifen (to induce cre recombination) and rapamycin to determine if 

inhibition of mTOR is able to rescue retinal angiogenesis and survival in QPC-KO mice. This 

result would be surprising since respiration deficient ECs would likely still lack sufficient 

macromolecule biosynthesis for proliferation, however it would provide important insight into 

the mechanism by which QPC-KO mice fail to properly vascularize tissues. Furthermore, the lab 

will be obtaining an AOX mouse, which will allow for conditional expression of AOX in cre-

expressing tissues, which we plan to cross to QPC-WT and –KO mice. As observed in HUVECs 

in vitro, AOX should rescue OCR, TCA cycle function, as well as macromolecule biosynthesis 

in KO ECs. We expect that AOX expression will rescue angiogenic phenotypes observed in 

QPC-KO mice.  
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Finally, this thesis describes the necessity for mitochondrial complex III respiration in ECs 

during angiogenesis, however we did not explore its requirement beyond vessel sprouting. 

Endothelial cells not actively undergoing angiogenesis are largely quiescent, however they are 

not inert, and play an important role in mediating inflammation 142. During the inflammatory 

response, ECs become activated, secrete cytokines, express adhesion molecules to bind immune 

cells, and control vascular permeability 142. Initial experiments in the lab indicate that respiration 

in ECs is not required for normal maintenance of ECs, as adult mice on tamoxifen chow show no 

signs of disease after nearly 6 months. However, whether complex III in ECs is necessary during 

inflammation remains unknown. To this end, we plan to perform sepsis experiments with QPC-

WT and –KO mice to determine whether mice with respiration deficient ECs show decreased 

survival during sepsis. As previous experiments suggest that mitochondria primarily serve as 

biosynthetic organelles and are required for EC proliferation, it is likely that ECs will be able to 

perform non-proliferative tasks in the absence of mitochondrial respiration. Ultimately, an 

important next step following this thesis work is to elucidate the complex role of mitochondrial 

metabolism in ECs during inflammation.  
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