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ABSTRACT OF THESIS 
 
 
 
 

Investigating the role of increase in hypoxia-inducible factor-1𝛼 expression during cerebral 

cavernous malformations 

by  
  

Riya Singh Verma 

Master of Science in Biology 

University of California San Diego 2020. 

 
 

Miguel Alejandro Lopez-Ramirez, Chair 

Cory Mathew Root, Co-chair 

 

Cerebral cavernous malformations (CCM) are common vascular lesions made of clusters 

of endothelia filled with blood that primarily affects the central nervous system. Loss-of-function 

mutations in the genes; KRIT1 ( Krev1 interaction trapped gene 1, CCM1), CCM2, or PDCD10 

(Programmed cell death protein 10, CCM3) propel brain vascular changes marked by loss of 

endothelial tight and adherens junctions, altered basement membrane composition, increased 

angiogenesis, and altered number of intercellular signaling pathways (e.g., RhoA/ROCK,



  x 

Angiopoietin-2, reactive oxygen species (ROS), anti-coagulation pathway, and endothelial to 

mesenchymal transition (EndMT)). Moreover, our group, and others, demonstrated that increased 

vascular endothelial growth factor (VEGF) signaling and associated vascular permeability are 

significant contributors to CCM disease. Here we show that genetic inactivation of endothelial 

Pdcd10 in animals results in normoxic stability of hypoxia-inducible factor 1 α (HIF-1α). Our 

findings indicate that increase in HIF-1α leads to an upregulation of a hypoxic program with genes 

implicated in angiogenesis and cell metabolism. Furthermore, we show that an increase in COX-

2, a direct HIF-1α target gene, contributes to brain lesion genesis because the administration 

of COX-2 inhibitor celecoxib significantly prevents CCM lesions in a pre-clinical mice model. 

Therefore, our findings support the hypothesis that components of the hypoxic program may 

represent potential therapeutic targets for CCM disease.  
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1. General introduction 

1.1 Central nervous system microvasculature 

The central nervous system (CNS), composed of the brain and spinal cord, is the most 

energetically demanding organ in the body; it consumes about 20% of the body’s oxygen while 

constituting an average of 2% of the body’s weight1. This is because the neurons in the brain are 

metabolically demanding cells due to their intense neuronal activity and electrical network 

formation2. For those needs, the CNS has developed a highly vascularized system that provides 

the brain tissue with sufficient glucose and oxygen (the principal source of energy) while removing 

waste products, metabolic compounds, and ions out of the CNS to maintain a proper neuronal 

function2,3.  

The vascular system is divided into the macrovasculature and microvasculature. The 

macrovasculature is composed of the larger blood vessels such as arteries and veins that supply 

blood to major organs and the microvasculature is composed of smaller vessels namely arterioles, 

venules, and capillaries that participate in blood-tissue exchange3. The brain vasculature forms a 

specialized structure termed blood-brain barrier (BBB) that is located at the level of brain 

endothelial cells (BECs)4. Importantly the BBB function and maintenance are regulated by a 

specialized cellular structure termed neurovascular unit (NVU), which is comprised by BECs, 

pericytes, the perivascular endfeet of astrocytes, perivascular microglia, nerve terminals of neurons 

and surrounded by defined extracellular matrix proteins (ECM)5. The NVU is highly responsive 

to physiological and pathological stimuli which give rise to a coordinated response necessary to 

maintain the CNS homeostasis4,5. 

 

 



  2 

1.1.1. Brain endothelial cells 

The tubular vessels of the brain are composed of a continuous layer of BECs 

(Figure 1)4. BECs function, activity, and morphology differ in several ways from 

endothelial cells present elsewhere in the body. For instance, BECs lack the fenestrations 

(pores) typical characteristic of capillaries in peripheral tissues6. BECs have a high number 

of mitochondria suggesting an important oxidative metabolic activity but show few 

pinocytotic vesicles suggesting that there is highly controlled membrane trafficking4,7. 

Importantly, BECs contain a complex tight junction that seals the brain and spinal cord 

microvasculature in order to form the BBB and preserve the CNS homeostasis8. The 

intercellular interactions between BECs play important roles in regulating the polarization 

of proteins and lipids (fence function) and restricting the paracellular diffusion of non-ionic 

hydrophilic and ionic molecules (barrier function)6,8,9.  

 
Figure 1: A diagrammatic representation of the NVU depicting the location and relationship of cell types 
participating in the homeostasis of the BBB7; \Image taken from Zlokovic BV. The Blood-Brain Barrier in 
Health and Chronic Neurodegenerative Disorders. Neuron. 2008;57(2):178–201. 
doi:10.1016/j.neuron.2008.01.003.  
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1.1.2. Astrocytes 

Astrocytes are star-shaped non-neuronal cells (glial cells) of the CNS that 

participate in homeostasis through a plethora of biochemical interactions with neighboring 

NVU cells and they are responsible for maintaining blood flow10,11. Additionally, due to 

proximity to the bloodstream, astrocytes are the middleman for glucose distribution 

between cells of the NVU11. Furthermore, astrocytes are in contact with BECs and thus 

have the ability to interact and influence BECs differentiation and function10 (Figure 1). 

For example, the co-culture of astrocytes with BECs leads to improved tight junction 

formation; interestingly, a similar effect was achieved through incubation of BECs with 

astrocyte conditioned media12,13. Furthermore, astrocytes interact with BECs through 

secretion of soluble factors such as vascular endothelial growth factor (VEGF) and 

transforming growth factor-β (TGF-β) that modulate BBB properties10,13,14. For example, 

inhibition of the TGF-β receptor activin like kinase-5 (ALK5) has been shown to increase 

tight junction protein expression (claudins and occludens) and thereby affecting the BBB 

permeability15.   

  

1.1.3. Pericytes 

Pericytes are mural cells that surround endothelial cells of the microvasculature that 

consists of arterioles, capillaries, and venules16 (Figure 1). Pericytes are considered to be 

essential for healthy microvasculature stability and function17. They communicate with 

BECs through signal cascades such as platelet-derived growth factor 𝛽 (PDGF-𝛽) and 

angiopoietin18,19. PDGF-𝛽 is the paracrine responsible for endothelial to mural cell 

signaling, and PDGF-𝛽 deficient mice lacked vascular recruitment of pericytes and had 
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impaired capillary wall development18,20. Conversely, angiopoietins have been shown to 

play a role in vascular remodeling through signaling from mural to endothelial cells18. 

Furthermore, during development, pericytes play a key role in the protein composition of 

the basal lamina (see 1.1.6) by secretion of basement membrane proteins21. In this context, 

pericyte-endothelial communications are essential for the healthy formation of brain 

vasculature and BBB properties7,18,20. 

 

1.1.4. Microglia 

Microglia cells (Figure 1) are detected within the perivascular space at irregular 

intervals in the NVU22. Microglia cells are the resident immunocompetent cells of the CNS 

that enter the brain during embryonic development22. Perivascular microglial cells survey 

the brain parenchyma and respond to neuroinflammation and vascular dysfunction to 

maintain BBB integrity22,23. 

 

1.1.5. Neurons 

Crosstalk between neurons and cells of the CNS has been previously shown as 

necessary for the establishment of healthy vasculature24 (Figure 1). Neurons relay vascular 

communication using paracrine signaling through astrocytes and other glial cells to 

regulate cerebral blood flow (neurovascular coupling)25,26. Thus, neurons interact with 

astrocytes and play a role in maintaining BBB properties and the formation of blood vessels 

in the brain5,24,25.  
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1.1.6. Basal lamina 

The basal lamina is a non-cellular layer comprised of collagen type IV, fibronectin, 

perlecan, and laminins that provides an interface for cells of the NVU to adhere to27. The 

physical position of cells of the NVU is maintained by proteins of the integrins and 

dystroglycans family27,28. There are two main basal lamina – the endothelial (from BECs) 

and the parenchymal (from astrocytes and pericytes) basement membranes27. Furthermore, 

not only does the basal lamina not only serve to anchor cells of the NVU but also have a 

high affinity for molecules like VEGF and basic fibroblast growth fiber that modulate 

vascular growth (bFGF)29. Additionally, the basement membrane adds to the barrier 

function of the BBB by blocking infiltrating leukocytes30,31.  

 
1.2. Cerebral cavernous malformation disease  

Cerebral cavernous malformations (CCMs) are common low flow neurovascular lesions made 

of a collection of vascular channels32. These lesion areas are filled with blood and surrounded by 

astrogliosis that intermingles with granulation tissue creating the appearance of mulberry like 

lesions32–34 (Figure 2). CCMs occur in about 0.5% of the general population, causing a lifelong 

risk of brain hemorrhage and neurologic deficit for which there is no currently effective 

pharmacologic therapy35,36.  
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Figure 2: Diagrammatic depiction of healthy vasculature network  
A) A healthy feeder artery (in red) normal capillary network and venous drainage (in blue).  
B) Contrasted with mulberry like low-flow sinusoids of CCMs.  
Image taken and adapted from Storkebaum E, Quaegebeur A, Vikkula M, Carmeliet P. Cerebrovascular disorders: 
molecular insights and therapeutic opportunities. Nat Neurosci. 2011 Nov;14(11):1390–7. 
 
 

CCMs are caused by loss-of-function mutations in one of three genes, Krev interaction trapped 

1 (KRIT1 or CCM1), CCM2 (Malcavernin), and Program cell death gene 10 (PDCD10 or CCM3). 

CCMs can be presented as a familial (germline loss-of-function mutations) or sporadic (somatic 

loss-of-function mutations) form37. Hallmarks of the disease include increased risk for 

hemorrhagic strokes, dysfunctional NVU, BBB dysfunction, and excessive angiogenesis35,37,38.  

 

1.2.1. Sporadic cerebral cavernous malformations  

The sporadic form of CCM is considered to be more benign since they usually 

present as a solitary CNS lesion and may remain undiagnosed in the patients (~40% of 

affected individuals may never experience symptoms)35,39. However, sporadic CCMs have 

been associated with developmental venous anomalies, which is a common congenital 

malformation of venous drainage40. Commonly, individuals affected with CCMs present a 

wide variety of symptoms, including headaches, and neurological deficits like blurred 

vision and weakness in limbs41. Most often, symptoms are managed through medications 

as surgery possess the possibility of higher risks of symptomatic intracranial hemorrhages 

over the long run34,36,42. That being said, patients with an unmanageable symptomatic and 
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lesion require surgery if the location and depth of the lesion is not at high risk for 

physiological defects post-surgery (for example, the brain stem)35.  

 

1.2.2. Familial cerebral cavernous malformations  

Familial cases of CCMs makeup about 20% of the cases and are commonly 

characterized as a more aggressive form of the disease due to its early onset and multiple 

cavernoma pathology35,43. Patients affected with the familial form of CCM typically present 

multiple lesions recur throughout their lifetime, possibly accompanied by cerebral 

hemorrhagic strokes37,39. CCMs develop in an autosomal dominant pattern with incomplete 

penetrance and variable expressivity and patients with familial CCMs usually have multiple 

lesions36,43. Additionally, in familial cases of CCMs, heterozygous loss of KRIT1, also known 

as CCM1, occurs in about 40% of the affected patients37,39,44.   

 

1.2.3. Cerebral cavernous malformations proteins   

The proteins responsible for cavernoma formation in the CCM disease are the CCM 

proteins, namely- KRIT1, CCM2, and PDCD10. Previous work implicates the potential 

formation of a CCM protein complex45. This protein complex plays an integral role in 

junctional integrity of endothelial cells46.  

  

1.2.3.1. Krev interaction trapped-1 (KRIT1) 

KRIT1 is an 84 kDa protein located on chromosome 7 that localizes in cell-cell 

junctions, cytoplasm, nucleus, and microtubules44,47,48. On the plasma membrane, KRIT1 

binds and activates Rap1, a proangiogenic GTPase essential for vessel formation, and is 



  8 

important in maintaining the integrity of blood vessels49. In addition, KRIT1 can stabilize 

ICAP-1, which represses the activity of β1 integrin driven angiogenesis50,51. Additionally, 

KRIT1 depletion has been shown to reduce the drive cell surface β-catenin stabilization of 

adheren junctions which contributes to disruption in endothelial cell junction integrity52. 

Furthermore, loss of  KRIT1 has been shown to increase the formation of actin stress fibers 

and disruption of the endothelial barrier by disassembly of cell-to-cell junctions49.  

 

1.2.3.2. CCM2 (Malcavernin) 

CCM2 is a 48kDa integral scaffolding protein located on chromosome 7 that codes 

for the formation of the CCM complex as it interacts with both KRIT1 and PDCD1053. 

KRIT1 and CCM2 association is essential for RAF-mitogen activated protein kinase 

(MAPK) activity and integrin-mediated cell-adhesion54. Disruption of the KRIT1-CCM2 

interaction fails to suppress Rho-associated protein kinase (ROCK), which contributes to 

increased permeability and augmented vascular leakage in CCM pathology54,55.  

 

1.2.3.3. Program cell death gene (PDCD10) 

PDCD10, a 94 kDa conserved protein located on chromosome 3, is involved in 

multiple cellular processes including the formation of the CCM protein complex, promotes 

Golgi assembly and has been shown to regulate apoptosis and cell migration 

pathology53,56,57. Furthermore, studies in zebrafish have shown that loss of pdcd10 leads to 

vascular defects starkly different from those caused by loss of krit1 or ccm258. Previous 

work done by Fidalgo et al., demonstrates that levels of CCM3 regulate activation of a 

Golgi center kinase III (GCKII) called Mst4 that is protective during oxidative stress 
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response57. Upon exposure to reactive oxygen species (ROS), Mst4 phosphorylates 

proteins downstream that are protective against unnecessary cellular apoptosis57,59.  

Additionally, CCM3 inhibits the exocytosis of angiopoietin-2 (Angpt-2), which is shown 

to lead to disruption of endothelial cell junctions, dissociation of endothelial cells, and 

pericytes as well as vessel dialation60.  

 

1.2.4. Molecular pathogenesis of CCMs  

As mentioned above, CCM protein complex in endothelial cells regulates multiple 

signaling pathways and function in endothelial cells that have been validated in mouse 

CCM models and observe in human CCM including – reactive oxygen species (ROS)61, 

RhoA-ROCK signaling55, KLF2 and 4 signaling62, integrin activation63, VEGF signaling64, 

NOTCH signaling65, angiopoietin-2 signaling60, endothelial-to-mesenchymal transition66, 

autophagy67, and anticoagulation pathway68,69. 

 

1.2.4.1. Rho-ROCK signaling  

CCM protein complex stabilizes endothelial cell-to-cell contact and, therefore, 

barrier function by suppressing the activation of the RhoA-Rho-associated kinase (ROCK) 

signaling55. Loss of endothelial KRIT1 results in an increase in RhoA and its downstream 

effector ROCK that leads to actomyosin contractility that affects the integrity of the 

endothelial barrier by negative regulation of cell-cell junctions49,55. ROCK-induced 

actomyosin contractility involves both direct phosphorylation of myosin light chain (MLC) 

by activation of the myosin light chain kinase (MLCK), and indirect regulation of MLC by 

inhibiting the MLC phosphatase55.  Current clinical trials involve the use of atorvastatin (as 
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shown on clinicaltrials.gov). Atorvastatin belongs to the statin cholesterol of drugs that is 

shown to inhibit ROCK activation and has the potential to lower the number of lesions70.   

 

1.2.4.2. Krüppel-like factor 2 and 4 (KLF2 and KLF4) signaling  

Transcription factors KLF2 and KLF4 are expressed in endothelial cells and 

regulate genes, like endothelial nitric oxide (Nos3) and thrombomodulin (Thbd), that are 

involved in inflammation, vascular tone, and vascular development71,72. Importantly, the 

gain of endothelial MAPK/ERK kinase kinase 3 (MEKK3) (MEKK3) activity has been 

associated with the upregulation of KLF4 and KLF2 in the CCM disease62,73–75. MEKK3 

interacts with the CCM protein complex by binding directly to CCM276. Loss of CCM 

proteins results in MEKK3 activation and the subsequent cascade of events that increase 

MEK5-ERK5-MEF2 module that in turn, upregulates KLF2 and KLF462,73–75. In addition, 

the MEKK3-KLF signaling has also shown to increase the activity of Rho kinase, which 

contributes to increased actin stress fibers formation49,62,77,78. Furthermore, previous work 

in our lab has demonstrated that KLF2/KLF4-driven suppression of endothelial 

thrombospondin1, TSP1, a potent endogenous angiogenesis inhibitor with a key role in 

CCM pathogenesis68. More recently, our group has shown that CNS hemorrhage in CCM 

is associated with locally elevated expression of the anticoagulant endothelial receptors 

thrombomodulin (TM) and the endothelial protein C receptor (EPCR) that generate 

activated protein C (APC) to form an anticoagulant vascular domain that might contribute 

to the bleeding-induced morbidity in CCMs69. 
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1.2.4.3. Integrin activation  

 Integrins are transmembrane proteins that are involved in ECM adhesion, and upon ligand 

binding are responsible for initiating signal transduction pathways that modulate receptor 

expression on the cell membrane, the lifecycle of the cell, and arrangement of the 

cytoskeleton26. One such protein, that is necessary for adhesion in BMECs is integrin 

cytoplasmic associated protein-1 (ICAP1), which has been known to be a suppressor of 

integrin activation and is often competing with activators like talins47,48. It has been shown 

that KRIT1 can directly bind to ICAP1 and acts as an antagonist to the ICAP1 mediated 

suppression of integrin activation48. Therefore, it has been suggested that during CCMs 

there is an increase in integrin signaling and vascular growth that contributes to CCM 

formation48,49.   

 

1.2.4.4. Angiogenesis 

Previous studies have demonstrated elevated levels of angiogenic factor VEGF in 

CCM lesions, and in the plasma of individuals with the hereditary and sporadic form of the 

disease79,80. VEGF signaling mediates disruption of the brain endothelial barrier by 

disassembly of inter-endothelial junctions81,82 and can cause hemorrhages83, all prominent 

features of neurovascular lesions caused by CCMs34,37,55. Several studies support the 

hypothesis that CCMs are hypersensitive to angiogenesis due to an increase in the secretion 

of angiopoietin-260, deregulation of Notch signaling65, loss of an anti-angiogenic checkpoint 

protein TSP168, and increase in VEGF signaling46,84,85. These studies suggest that strong 

drivers of angiogenesis may exacerbate neurovascular lesion and brain bleeding during 

CCMs. In addition, cell migration due to disruption of endothelial apical-basal polarity and 
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endothelial-mesenchymal transition have been reported to be hallmarks of CCMs66. 

However, the hierarchy of signaling events leading to altered angiogenic phenotype and 

subsequent endothelial dysfunction during CCM disease is not, as yet, completely 

understood.   

 

1.3. Hypoxia inducible factor-1𝜶 (Hif-1𝜶) regulation  

Hypoxia-inducible factor-1a (HIF-1α) is a transcription factor that maintains 

cellular homeostasis by regulating genes implicated in angiogenesis, metabolism, and 

inflammation during conditions of low oxygen. During normal normoxic conditions 

(oxygen tension between 10-21%), prolyl-hydroxylase enzymes (PHD) induce 

hydroxylation of HIF-1α leads to binding to von Hippel–Lindau (VHL) ligase, directing 

HIF-1α for protein ubiquitination and degradation86. In addition, part of the HIF1α activity 

under normoxic conditions is also decreased by the factor inhibiting HIF-1 protein (FIH-

1) by hydroxylation87,88. Therefore, PHD and FIH-1 tightly regulate HIF-1α activity in the 

presence of normal oxygen levels86,89. In hypoxic conditions, low O2 availability (low 

oxygen tension 1-5 % O2) limit PHD hydroxylation and FIH-1 activity which prevents 

degradation of HIF-1α and subsequent translocation to the nucleus by interacting with 

HIF1b86.  

  

1.3.1. Hif-1α in angiogenesis  

HIF-1α is stabilized during conditions of low oxygen; consequently, the angiogenic 

pathway is activated in order to adapt to lower cellular oxygen supply 86 (Figure 3). Upon 

stabilization, Hif-1α translocates into the nucleus and, along with other relocated factors, 
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via the Hypoxia Response Element, enhances hypoxia-inducible gene transcription90. One 

of these genes is VEGF, which is an important inducer of angiogenesis91. Additionally, the 

von Hippel-Lindau protein, a regulator of Hif-1α, has also been shown to degrade VEGF 

protein in normoxic conditions; this suggests a strong case for hypoxic meditated loss of 

VHL contributing to angiogenesis92. Furthermore, HIF pathways also regulate a plethora 

of angiogenic signaling pathways such as angiopoietin-1, angiopoietin-2, Tie2, platelet-

derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and monocyte 

chemoattractant protein–1 (MCP-1)86. Consequently, Hif-1α mediated expression of the 

aforementioned factors leads to the execution of their specific angiogenic processes like 

endothelial cell proliferation, migration, adhesion, and increase in vascular 

permeability82,86,93,94 (Figure 3).  

 
Figure 3: A schematic depicting the pathways activated in hypoxia and regulated by Hif-1α. CACs: 
circulating angiogenic cells; EPCs: endothelial progenitor cells. Image taken from Krock BL, Skuli N, Simon 
MC. Hypoxia-Induced Angiogenesis: Good and Evil. Genes & Cancer. 2011;2(12):1117–1133. 
doi:10.1177/1947601911423654 
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1.4. Objectives of the present study 

CCMs are common brain vascular lesions causing a lifelong risk of hemorrhage 

and neurologic deficits for which there is no current effective pharmacologic therapy. Our 

group and others demonstrated that increased VEGF signaling and associated vascular 

leakage are significant contributors to CCM disease. We found that proliferative astrocytes 

play a critical role in CCM pathogenesis by serving as a major source of VEGF during 

CCM lesions formation. We observed that an increase in astrocyte VEGF synthesis is 

regulated by endothelial nitric oxide (NO) produced as a consequence of elevation in 

endothelial nitric oxide synthase (eNOS) in CCM endothelium in normoxic conditions. 

Moreover, increased NO in CCM endothelium stabilizes hypoxia-inducible factor-1 alpha 

(HIF-1a) in astrocytes, resulting in increased VEGF production and expression of a 

“hypoxic” program under normoxic conditions. 

Hence, the aims of the present work are:  

1) To establish a CCM animal model. 

2) To quantify changes in HIF-1α expression during CCM lesion formation. 

3) To analyze HIF-1α target genes by RT-qPCR in cerebellar tissue from animals that 

develop CCM lesions.   

4) To determine the effect of COX-2, a direct HIF-1α target gene, inhibition on CCM 

lesion formation.   
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2. Materials and Methods  

2.1 Genetically modified mice slco1-CRE and Pdcd10  

Pdcd10-null mice that were endothelial-specific conditional knockouts were generated by 

crossing a Pdgfb promoter-driven, that was tamoxifen induced, Cre recombinase95,96 

(iCreERT2) that contained loxP flanking Pdcd10 (Pdcd10 fl/fl; generous gift from Wang Min, 

Yale University; Pdgfb-iCreERT2;Pdcd10fl/fl) mice. On postnatal day 3, mice were 

administered 50 µg of tamoxifen [T5648; Sigma-Aldrich] by intragastric injection. This 

induced genetic inactivation of the endothelial Pdcd10 gene in littermates with iCreERT2 

(Pdcd10ECKO). Pdcd10fl/fl mice were used as littermate controls. Brain endothelial-specific 

conditional Pdcd10-null mice were generated by crossing a Slco1c1 promoter-driven 

tamoxifen-regulated Cre-recombinase97. (iCreERT2, generous gift from Markus Schwaninger) 

with Pdcd10fl/fl mice. On postnatal day 5, mice were administered 50 μg of tamoxifen [H7904; 

Sigma-Aldrich] by intragastric injection to induce genetic inactivation of endothelial Pdcd10 

gene in littermates with Slco1c1-iCreERT2; (Pdcd10BECKO), and Pdcd10fl/fl mice were used as 

littermate controls. Vegfatm1.1Nagy mice, expressing a 𝛽-galactosidase (LacZ) reporter gene 

inserted into the 3’ untranslated region of the Vegfa gene98, were obtained from the Jackson 

Laboratory. The GFAP-TK mice line was used to selectively ablate proliferative 

astrocytes99,100. Animal experiments were carried out in accordance of animal care protocols 

established by the University of California San Diego. 

 
2.2 Immunohistochemistry  

Whole brain tissue samples were isolated from mice at days P10. The collected tissue sample 

was fixed in 4% paraformaldehyde for 5 minutes. After fixation, tissue samples were washed 

in Phosphate Buffered Saline 1x (PBS) three times. Samples were then placed 30% D-sucrose 
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(prepared in PBS 1x) for roughly 24 hours. Samples are then frozen in optimal cutting 

temperature compound (23-730-571; Fischer Scientific) and stored at -80°C. Tissue samples 

are sectioned into 12 µm sections on Superfrost Plus slides (12-550-15; VWE International). 

Prepared slides were then left to thaw for 30 minutes followed by 3 washes of 1X PBS to 

remove OCT. For 𝛽-gal staining was performed at 37°C for overnight in 0.02% X-Gal, 5mM 

K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2 in PBS. After staining, tissue was fixed again 

with 4% PFA for 10 minutes at RT, pH 7.4. Next slides were washed and placed at room 

temperature in blocking and permeabilization solution (0.5% BSA, 0.5% Triton X-100, 5% 

goat serum, PBS) for 2 hours. Preparations were washed place in primary antibodies for CD34 

(1:100; Cell signaling) and anti-GFAP (1:100; 13-0300; Thermo Fischer Scientific). Cell 

nuclei were stained with DAPI and mounted with Fluoromount-G mounting medium 

(SouthernBiotech). Tissue sections were washed four times in PBS and incubated with suitable 

anti-rabbit Alexa Fluor 594/488-coupled secondary antibody (1:300, Thermo Fischer 

Scientific) in PBS for 1 hour at RT.  

 

2.3 Hematoxylin and eosin.  

Frozen slides were left thawing at room temperature for at least 30 minutes. Slides were then 

washed in PBS 1x thrice to remove OCT. Next slides were placed in acetone for 10 minutes. 

Slides were then placed in Hematoxylin for 3.5 minutes, followed by bluing 30 seconds in 

acidic alcohol (1% HCL in 70% EtOH) and then in Scott’s solution (2% sodium bicarbonate, 

0.35% magnesium sulfate in ddH2O) for 30 seconds. Then, slides are then eosin for 7 minutes 

and rinsed. The slides are then dehydrated in 75% à 80% à 90% à 100% ethanol (30 
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seconds each) then cleared in xylene. Lastly, sealed with xylene based cytoseal mounting 

media.  

 

2.4 Western blots  

Whole tissue samples of hindbrains or spinal cords are collected and immediately snap 

frozen in liquid nitrogen. Tissue samples are then cold pulverized and placed in 300 µl 

RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium 

deoxycholate, and 0.1% SDS) and a mixture of inhibitors (11836170001; Roche) and 1 

mM sodium orthovanadate. Samples were then left shaking in 4°C for 1 hour, followed by 

centrifugation for 20 minutes at 4°C to collect lysis supernatant. Protein concentration was 

determined using a Micro BCA protein assay kit (500-0116; Thermo Scientific). Tissue 

lysates were diluted in 2x Laemmli’s buffer (1610737; Biorad 4% SDS) and denatured at 

95°C for 5 min. The samples were then resolved on 4% to 20% gradient sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (XP04200, Thermo Fischer Scientific) and run 

with a molecular marker (1610374, BioRad). The running buffer for the western blot was 

composed of 125mM Trizma base, 1M glycine, and 0.01% (v/v) SDS in ddH2O. A wet 

overnight transfer system was used to transfer proteins to nitrocellulose membranes 

(Amersham) in transfer buffer (50mM Trizma base, 40mM, 20% (v/v) methanol in ddH2O. 

Membranes were then blocked for 1 hour at room temperature in a blocking solution (0.1% 

tween-20, 10% fat-free dried milk dissolved in TBS at pH 7.4). After blocking, membranes 

were incubated for HIF-1a (1:150; NB100-134; Novus Biologicals) or monoclonal rabbit 

(1:100; 12282; Cell Signaling) at 4°C overnight. The membranes were then washed 

multiple times in wash buffer (0.1% tween-20 dissolved in TBS at pH 7.4) and placed in 
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corresponding secondary antibodies IRDye/Alexa Fluor-coupled secondary antibodies 

(1:10,000, 926-68070; 926-32211; Li-COR) for 1h at RT. As a protein loading control, a 

mouse monoclonal antibody against beta-actin (1:5000; A5441; Sigma-Aldrich) was used. 

Finally, blots were imaged and quantified using Odyssey CLx Infrared Imaging (Li-COR).  

 

2.6 Celecoxib preparation 

 Mice of the litter were weighed and dosed with 40mg/Kg celecoxib (dissolved in 20% 

dimethyl sulfate) (Pfizer) or vehicle (0.5% methylcellulose and 0.0025% Tween 20). 100 

μl celecoxib or vehicle was administered by intragastric injection on P6, P7, P8, P9 and 

animals were sacrificed at P13. Adults received a dose of 40mg/Kg celecoxib for 15 days. 

 

2.7 Data analysis 

Data mean was graphed using prism with standard error mean. Statistical analysis was 

done using a two-tailed students t-test with significance set at p-value of 0.05.  

 

Sections 2 and 3, in part, is being prepared for publication in - Lopez-Ramirez, Miguel; Soliman, 

Shady; Hale, Preston; Lai, Catherine; Pham, Angela; Verma, Riya; Sun, Hao. “Non cell-

autonomous effect of astrocytes on cerebral cavernous malformations”. The thesis author is the 

primary author of this paper. 
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3. Results 

 

3.1 Loss of endothelial Pdcd10 CCM gene results in malformations in hindbrains of neonatal 

mice 

The murine embryonic loss of Pdcd10 gene consist of severe defects in vascular growth, 

resulting in lethality96. Therefore, our group and others have shown that tamoxifen treatment 

of neonatal endothelial-specific inactivation of murine Pdcd10 (Pdgfb-iCreERT2;Pdcd10fl/fl) 

(see methods 2.1) producing Pdcd10ECKO mice are not immediately lethal and results in 

cerebellar vascular lesions similar to those in CCM patients69,96. This murine model of CCM 

has been very useful to investigate molecular mechanisms underlying the pathogenesis of 

CCM disease60,69. The genetic inactivation of the Pdcd10 gene using the 4-hydroxy-tamoxifen 

injections (Figure 4A) administration by intragastric injection in neonatals at postnatal day 3 

(P3) results in dilated blood vessels (in red) in the hindbrains of Pdcd10ECKO mice (Figure 

4A) but not in littermate Pdcd10fl/fl controls (Figure 4A). Hematoxylin and eosin staining in 

coronal sections enables the visualization of lesions (arrows) in the cerebellum (Figure 4B).  
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Figure 4: Loss of Pdcd10 leads to CCM pathology in neonatal mice.  
A) Timeline of intra-gastric tamoxifen injections with whole brain images showing bleeding in the hindbrain of 
P10 mice due to cavernoma formations in Pdcd10ECKO (right) compared to no pathology in Pdcd10fl/fl (left) 
hindbrains.  
B) Histological analysis of cerebellar sections from Pdcd10ECKO compare to Pdcd10fl/fl mice. CCM lesions 
detected in sections stained by hematoxylin (purple) and eosin (pink). Arrows depict dilated blood vessels 
forming lesions. Scale bar is 500 μm. 

 
In order to further investigate lesion pathology, we studied coronal sections of the 

cerebellum (Figure 5A). Using antibodies specific against CD34, a vascular endothelial cell 

marker, allow us to visualize grossly dilated blood vessels that are characteristic of CCM 

pathology39,101(Figure 5B, C). Moreover, we notice that using antibodies specific against glial 

fibrillary acidic protein (GFAP, in red) a  marker for astrocytes, show that lesions are in close 

proximity to astrocytes in Pdcd10ECKO hindbrains102,103(Figure 5B, C). 
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Figure 5: CCM lesions spatially developed on fibrous astrocytes.  
A) Diagrammatic dorsal view of whole mouse brain depicting anatomy and section regions. Image made 
with biorender.  
B-C) Histological analysis of cerebellar sections from endothelial inactivated Pdcd10 in hindbrains that are 
analyzed at P10, coronal sections in two regions for Pdcd10ECKO (left) compared to Pdcd10fl/fl. Staining 
depicts proliferative astrocytic marker GFAP and vascular brain endothelial cell surface molecule CD34 
(green). Scale bar is 500 μm. Arrows depict lesions.  
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3.2 Astrocytic derived VEGF contributes to lesion formation in endothelial inactivated 

Pdcd10 neonatal mice 

In order to characterize the role of astrocytes in lesion formation, we aimed for selective 

ablation of proliferative astrocytes in Pdcd10ECKO mice. We used a GFAP driven promoter of 

herpes simplex virus thymidine kinase (HSV-TK) transgene (mice referred to as GFAP-

TK)100. This allowed for a time-dependent induction of cellular depletion in proliferating 

astrocytes by using the antiviral ganciclovir (GCV) dosed at 20mg/Kg in P7 mice. Here we 

observed that mice at P9 that were GCV-treated Pdcd10ECKO; GFAP-TK lead to a visual 

decrease in hindbrain lesion formation when compared to GCV-treated littermates 

Pdcd10ECKO controls (Figure 6A). Furthermore, contrast-enhanced, high-resolution, and x-

ray micro-computed tomography (micro-CT) allowed us to measure lesion volumes using 

semiautomated software104. In order to quantify lesion volumes in P9 mice hindbrains we 

conducted blind measurements using micro-CT. We found that lesion volumes in GCV-

treated Pdcd10ECKO; GFAP-TK mice was significantly reduced when compared to control 

GCV-treated Pdcd10ECKO littermates (Figure 6B). Therefore, this implicated that in our 

murine model, proliferative astrocytes participate in the cavernoma formation.   

Previous work has shown that CCMs have increased VEGF signaling due to dysregulation 

of anti-angiogenic checkpoints68. In order to investigate whether astrocytes could be 

considered a potential source for VEGF, we used a VEGF reporter CCM murine model 

(Pdcd10; Vegfatm1.1Nagy) that contains a knock-in for lac operon β-galactosidase (LacZ). 

Vegfatm1.1Nagy carries a nuclear-localized beta-galactosidase (β-gal) knock-in at the 3’ UTR of 

the Vegfa gene locus that permits monitoring of VEGF expression98. Thus, by using X-gal 

staining for β-gal we follow VEGF expression (see methods 2.2). We observed that in P10 
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Pdcd10ECKO; Vegfatm1.1Nagy mice, there was increased β-gal/VEGF expression in areas 

surround lesions (Figure 6C). Furthermore, we found that most of β-gal/VEGF+ cells 

colocalized with proliferative astrocytic marker GFAP; primarily, this colocalization occurred 

in fibrous astrocytes and the Bergman glia103 (Figure 6C). We utilized RT-qPCR to quantify 

Vegfa mRNA expression. Consistent with results observed using β-gal/VEGF reporter mice, 

Pdcd10ECKO hindbrains exhibited ~1.7-fold increase in Vegfa mRNA levels when compared 

with littermate Pdcd10fl/fl control. Moreover, we observed that the depletion of proliferative 

astrocytes prevented an increase in Vegfa mRNA levels in Pdcd10ECKO (Figure 6D). These 

data suggest that increased expression of astrocyte-derived VEGF could account for a 

contribution of astrocytes in CCM lesion formation.  
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Fig 6. Astrocytes contribute to cerebral cavernous malformations development.  
A) Images of hindbrains (cerebellum) depicting decreased lesion pathology in P9 Pdcd10ECKO; GFAP-TK mice 
compared to GCV-treated littermate Pdcd10ECKO. Mice were administered GCV (20 mg/Kg) at P7.   
Scale bar is 2 mm. 
B) Quantification using bar graph of mean lesion volumes by micro-CT analysis from mice in A). Data graphed 
is mean±SEM, n=8 or 9 in each group. Statistical significance determined with students t-test (*** p<0.001).  
C) Immunohistochemical analysis of hindbrain sections depicting β-gal/VEGF (black) expression in areas 
surrounding CCM lesions in P10 Pdcd10ECKO; Vegfatm1.1Nagy compared to Pdcd10fl/fl; Vegfatm1.1Nagy littermate 
control with GFAP marker of fibrous astrocytes (red) and endothelial marker IB4 (green). Asterisks indicate 
lesion lumen. Arrows indicate β-gal/VEGF+ cells colocalized with the GFAP marker. Scale bar is 100 μm. 
D) Bar graph of RT-qPCR quantification of Vegfa mRNA levels in Pdcd10ECKO hindbrains that is reduced in 
Pdcd10ECKO; GFAP-TK and Pdcd10fl/fl; GFAP-TK were used as controls. Data graphed is mean±SEM, n=5 or 7 in each 
group. Statistical significance determined with students t-test (*** p<0.001) 

 
 
3.3 Increase in normoxic Hif-1α stabilization during CCM  

HIF-1α is a transcription factor known to regulate VEGF expression91 (see 1.3.1). 

Additionally, previous in vitro work in our lab shows that co-cultures of astrocytes with 

Pdcd10ECKO BECs lead to the upregulation of HIF-1α (Lopez-Ramirez et al., in revision). 

Thus, we sought to explore the effect Hif-1α has in vivo and further develop the role of the 
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hypoxia proteins in the pathophysiological development of CCMs. For this analysis, we 

utilized western blots from total protein lysates from Pdcd10ECKO hindbrains and littermate 

Pdcd10fl/fl controls at P10. We identified an almost 1.7- fold increase in Hif-1α protein 

expression in actin normalized Pdcd10ECKO hindbrains compared to littermate Pdcd10fl/fl 

controls (Figure 7A). Furthermore, RT-qPCR of cerebral tissue identified increased mRNA 

levels of hypoxic protein Hif-1α target genes (as identified with cDNA library of genes with 

hypoxia response elements). (Figure 7B). We observed an increase in genes that lead to a 

hypoxia response. This includes metabolic reprogramming through an expression of lactic 

acid and pyruvate transporter solute carrier family 16 (Slc16a3), also known as 

monocarboxylate transporter 4 (mct4)105 (Figure 7B). Additionally, there was an upregulation 

of inflammatory proteins like monocyte chemoattractant protein-1 (MCP-1) and 

cyclooxygenase-2 (COX-2)94,106 (Figure 7B). In addition, we also observed increase genes 

involved in angiogenesis, including a cell-surface glycoprotein (Cd44), angiopoietin-like 4 

(Angptl4), proangiogenic enzyme lysl oxidase-like 2 (Loxl2)107–111(Figure 7B). Collectively, 

these results suggest that CCM endothelium can increase HIF-1α stabilization and expression 

of a “hypoxic” program under normoxic conditions. 
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Figure 7: Increase in normoxic HIF1a stabilization and hypoxic program during CCM.   
A) Quantification of HIF-1a in cerebellar tissue in P10 Pdcd10ECKO control Pdcd10fl/fl littermates, as assessed by 
Western blot. Protein levels normalized with actin (SEM, n= 4 mice in each group). Statistical significance 
determined with students t-test (* p<0.05).   
B) Analysis of mRNA levels of HIF-1a-target genes (hypoxic program) by RT-qPCR in cerebellar tissue from 
P10 Pdcd10ECKO relative to control Pdcd10fl/fl littermates (SEM, n=5 or 7 mice in each group). 
 

 
3.4 COX-2 inhibition ameliorates lesion formation in brain endothelial inactivated Pdcd10 

mice 

Celecoxib is an FDA approved non-steroidal inflammatory drug (NSAID) that inhibits the 

activity of COX-2112. In order to best characterize the role of COX-2, we utilized a genetic 

model that inactivated Pdcd10 only in brain endothelial cells (Pdcd10BECKO) as opposed to 

globally (Pdcd10ECKO) (see methods 2.1). Our aim is to investigate the role COX-2 has on the 

pathophysiology of lesions. Here, we administered the celecoxib to inhibit the activity of 

COX-2 through intragastric gavaging for 15 consecutive days (40mg/Kg) in adult mice the 

mice were sacked at day P70 and brains were collected for analysis. In the neonatal model, 

mice were treated by intragastric injections (40mg/Kg) for four consecutive days, P6 to P9, 

with celecoxib and mice were sacked at P13. The drug was administered to normoxic 

Pdcd10BECKO and vehicle Pdcd10BECKO controls. Consequently, we were able to see a visual 
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decrease in surface bleedings of Pdcd10BECKO hindbrains that were treated with celecoxib 

when compared to vehicle-treated (Figure 8A). Additionally, using micro-CT (see results 3.2) 

in neonatal mice treated with celecoxib we saw a significant decrease in lesion volume 

(Figure 8A). Therefore, these results suggest that elevation of the enzyme COX-2, may 

contribute to lesion formation during CCM disease.  

 

 
 

Figure 8: COX-2 inhibition reduces CCMs lesions.  
A) P5 tamoxifen injected Pdcd10BECKO treated with 40 mg/Kg celecoxib or vehicle for 15 consecutive days in 
adults Pdcd10BECKO mice.  
B) Intragastric administration of 40 mg/Kg celecoxib for four consecutive days P6 to P9, quantification of lesion 
volumes by micro-CT analysis from Pdcd10BECKO mice at P13 treated with celecoxib or vehicle (SEM, n=7 mice 
in each group). Data graphed is mean±SEM, n=7 in each group. Statistical significance determined with students 
t-test (** p<0.01) 
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Sections 2 and 3, in part, is being prepared for publication in - Lopez-Ramirez, Miguel; 

Soliman, Shady; Hale, Preston; Lai, Catherine; Pham, Angela; Verma, Riya; Sun, Hao. “Non cell-

autonomous effect of astrocytes on cerebral cavernous malformations”. The thesis author is the 

primary author of this paper. 
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4. Discussion 

CCMs are vascular anomalies associated with disruption of angiogenic checkpoints, 

altered cell signaling in RhoA-ROCK55, KLF2/KLF462, integrin activation63, reactive oxygen 

species (ROS)61, VEGF64, NOTCH65, angiopoietin-260, endothelial-to-mesenchymal transition66, 

autophagy67, and anticoagulation pathway that contributes to vascular leakage and hemorrhagic 

strokes68,69. Here we show that the genetic inactivation of Pdcd10 in murine endothelial cells leads 

to CCM lesions burden in acute and chronic mouse models. Our study shows that astrocytes 

respond to CCM endothelium and serve as a major source of VEGF during CCM lesion formation. 

An increase in astrocyte VEGF synthesis was associated to a normoxic stabilization of HIF-1α in 

CCM tissue. Furthermore, we show that the inhibition of COX-2, a direct HIF-1a target gene, 

ameliorates the lesion pathology in our Pdcd10BECKO murine model. 

CCMs have been recognized as an endothelial cell-autonomous disease because of 

endothelial-specific inactivation of murine Pdcd10, Krit1, or Ccm2 results in brain and retinal 

vascular lesions similar to those in CCM patient68,113. These murine studies are also supported with 

the finding of a “second hit” on the normal PDCD10 or KRIT1 allele in the human CCM 

endothelium43. However, although it is a disease that affects the neurovascular unit, we know little 

about whether neural cells influence CCM pathogenesis114,115. Recent work in the lab has shown 

that an increase in astrocyte VEGF synthesis is driven by endothelial nitric oxide (NO) generated 

as a consequence of elevation in endothelial nitric oxide synthase (eNOS or Nos3 gene) in CCM 

endothelium. Production of NO in CCM endothelium stabilizes hypoxia-inducible factor-1 alpha 

(HIF-1a) in astrocytes, resulting in increased VEGF production and expression of a “hypoxic” 

program under normoxic conditions (Lopez-Ramirez et al., in revision). 
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CCMs are hypertensive to angiogenesis due to disruption of anti-angiogenesis regulators 

like TSP1, and increase in VEGF signaling22,25,46,68. Additionally, in the plasma of CCM patients, 

increased levels angiogenic VEGF have been documented79,80. Reactive astrocytes have been 

shown to influence BBB properties through increase in VEGF-A secretions in inflammatory CNS 

disease like multiple sclerosis81. Increased VEGF leads to BBB breakdown by reducing the 

expression of tight junction proteins claudin and occludins81,83. Therefore, we demonstrate that 

astrocyte derived VEGF may contribute to lesion pathology in Pdcd10ECKO mice.  

The increase in HIF-1a stabilization in CCM lesions may be associated with augmented 

production of NO or an increase in ROS during CCM116. NO can stabilize HIF-1a protein from 

degradation by several mechanisms such has through prolyl hydroxylase (PHD) and factor 

inhibiting HIF (FIH) activity by interacting with enzyme bound Fe2+ 89,117.  HIF-1a can translocate 

to the nucleus where it dimerizes with HIF-1b and binds to the hypoxia-responsive element in the 

promoter region of several target genes such as VEGF118,119.  Furthermore, we see HIF-1a driven 

increased expression of hypoxia program proteins that lead to metabolic reprogramming, 

angiogenesis and inflammation. For example, increased glycolysis with GLUT-1 expression that 

guarantees rapid energy production, and an increase in MCT4 that promotes efficient removal of 

lactic acid, an end product of glycolysis metabolism118. Elevated HIF activity in CCM tissue was 

also associated with increases in several pro-angiogenic and inflammatory factors produced by 

glial cells, including ANGPTL4 that can induce vascular dysfunction in CNS pathologies by 

triggering angiogenesis120,121 and COX-2 an enzyme that catalyzes the biosynthesis of prostanoids 

during inflammation122.     

Previous work in vitro has shown that COX-2 mediated PGE2 secretion in endothelial cells 

is necessary for angiogenesis and increased of angiopoetin-2 signaling123,124. Furthermore, in 
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tumor models, genetic deletion of COX-2 attenuated tumorigenesis by impeding tumor associated 

vascularization125. Our results show that pharmacological inhibition of COX-2 reduced vascular 

lesion formation in Pdcd10ECKO mice. Quantification of lesion volumes in Pdcd10BECKO also 

depicted a significant decrease in lesion volume of celecoxib treated mice when compared to 

vehicle treated animals. In line with these results, a recent retrospective cohort study reported that 

the use of NSAIDs was correlated with lower risk of hemorrhage among patients affected by 

CCMs126. Therefore, our findings here not only implicate the role of HIF-1α mediated COX-2 

expression in cavernoma formation but also provide insight into potential therapeutic approaches. 

However, COX-2 inhibitors must be investigated for safety and effectiveness in 

prospective controlled trials, and specific dose-effect and duration of treatment must be carefully 

defined. A platform for trial readiness, exploring proof of concept effect on lesions bleeding in 

human subjects, is currently being developed, and can efficiently be applied to repurposed drugs, 

like NSAIDs127. The precise role of NSAIDs in reducing CCM risk of hemorrhage version lesion 

formation remains incompletely understood. However, the COX-2-prostaglandin pathway has 

been implicated in angiogenesis by induction of VEGF, and selective COX-2 inhibitors confer 

antiangiogenic properties128. Whether COX-2 inhibitors prevent an increase in astroglia-derived 

VEGF in response to CCM endothelium needs further investigation.  

Nonetheless, collectively our data are consistent with the notion that there is reciprocal 

communication between CCM endothelium and astrocytes that drives CCM lesion formation and 

contributes to neurovascular dysfunction. Future studies should focus on whether long-term COX-

2 inhibition is effective in reducing VEGF secretions and ameliorating CCM lesion burden. 

Additionally, genetic inactivation of HIF-1α in genetically inactivated CCM mice could further 

support the role of the hypoxia program on pathophysiological development of CCM disease. 
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These observations point to the possibility of designing therapeutic approaches aimed at 

preventing endothelial dysfunction and astroglia activation as an intervention to reduce the burden 

of CCM disease in humans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  33 

5. References  

1.  Rink C, Khanna S. Significance of Brain Tissue Oxygenation and the Arachidonic Acid Cascade in 
Stroke. Antioxid Redox Signal. 2011 May 15;14(10):1889–903.  

2.  Sweeney MD, Kisler K, Montagne A, Toga AW, Zlokovic BV. The role of brain vasculature in 
neurodegenerative disorders. Nat Neurosci. 2018 Oct;21(10):1318–31.  

3.  Yuan SY, Rigor RR. Regulation of Endothelial Barrier Function [Internet]. San Rafael (CA): Morgan 
& Claypool Life Sciences; 2010 [cited 2020 May 25]. (Integrated Systems Physiology: From 
Molecule to Function to Disease). Available from: 
http://www.ncbi.nlm.nih.gov/books/NBK54117/ 

4.  Daneman R, Prat A. The Blood–Brain Barrier. Cold Spring Harb Perspect Biol. 2015 
Jan;7(1):a020412.  

5.  Zlokovic BV. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron. 
2008 Jan;57(2):178–201.  

6.  Bazzoni G, Dejana E. Endothelial Cell-to-Cell Junctions: Molecular Organization and Role in 
Vascular Homeostasis. Physiol Rev. 2004 Jul;84(3):869–901.  

7.  Nakagawa S, Deli MA, Kawaguchi H, Shimizudani T, Shimono T, Kittel Á, Tanaka K, Niwa M. A 
new blood–brain barrier model using primary rat brain endothelial cells, pericytes and astrocytes. 
Neurochem Int. 2009 Mar;54(3–4):253–63.  

8.  Luissint A-C, Artus C, Glacial F, Ganeshamoorthy K, Couraud P-O. Tight junctions at the blood 
brain barrier: physiological architecture and disease-associated dysregulation. Fluids Barriers 
CNS. 2012;9(1):23.  

9.  Stamatovic SM, Johnson AM, Keep RF, Andjelkovic AV. Junctional proteins of the blood-brain 
barrier: New insights into function and dysfunction. Tissue Barriers. 2016 Jan 2;4(1):e1154641.  

10.  Abbott NJ, Rönnbäck L, Hansson E. Astrocyte–endothelial interactions at the blood–brain barrier. 
Nat Rev Neurosci. 2006 Jan;7(1):41–53.  

11.  Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuropathol (Berl). 2010 
Jan;119(1):7–35.  

12.  Wolburg H, Neuhaus J, Kniesel U, Krauss B, Schmid EM, Ocalan M, Farrell C, Risau W. 
Modulation of tight junction structure in blood-brain barrier endothelial cells. Effects of tissue 
culture, second messengers and cocultured astrocytes. J Cell Sci. 1994 May;107 ( Pt 5):1347–57.  

13.  Janzer RC, Raff MC. Astrocytes induce blood–brain barrier properties in endothelial cells. Nature. 
1987 Jan;325(6101):253–7.  

14.  Tran ND, Correale J, Schreiber SS, Fisher M. Transforming Growth Factor-β Mediates Astrocyte-
Specific Regulation of Brain Endothelial Anticoagulant Factors. Stroke. 1999 Aug;30(8):1671–8.  

15.  Ronaldson PT, Demarco KM, Sanchez-Covarrubias L, Solinsky CM, Davis TP. Transforming growth 
factor-beta signaling alters substrate permeability and tight junction protein expression at the 



  34 

blood-brain barrier during inflammatory pain. J Cereb Blood Flow Metab Off J Int Soc Cereb 
Blood Flow Metab. 2009 Jun;29(6):1084–98.  

16.  Winkler EA, Bell RD, Zlokovic BV. Central nervous system pericytes in health and disease. Nat 
Neurosci. 2011 Nov;14(11):1398–405.  

17.  Sims DE. The pericyte—A review. Tissue Cell. 1986 Jan;18(2):153–74.  

18.  Gaengel K, Genové G, Armulik A, Betsholtz C. Endothelial-Mural Cell Signaling in Vascular 
Development and Angiogenesis. Arterioscler Thromb Vasc Biol. 2009 May;29(5):630–8.  

19.  Abramsson A, Lindblom P, Betsholtz C. Endothelial and nonendothelial sources of PDGF-B regulate 
pericyte recruitment and influence vascular pattern formation in tumors. J Clin Invest. 2003 
Oct;112(8):1142–51.  

20.  Lindahl P. Pericyte Loss and Microaneurysm Formation in PDGF-B-Deficient Mice. Science. 1997 
Jul 11;277(5323):242–5.  

21.  Dore-Duffy P. Pericytes: Pluripotent Cells of the Blood Brain Barrier. Curr Pharm Des. 2008 Jun 
1;14(16):1581–93.  

22.  Dudvarski Stankovic N, Teodorczyk M, Ploen R, Zipp F, Schmidt MHH. Microglia–blood vessel 
interactions: a double-edged sword in brain pathologies. Acta Neuropathol (Berl). 2016 
Mar;131(3):347–63.  

23.  Lee J-C, Cho G-S, Choi B-O, Chun Kim H, Kim Y-S, Kim W-K. Intracerebral Hemorrhage-Induced 
Brain Injury Is Aggravated in Senescence-Accelerated Prone Mice. Stroke. 2006 Jan;37(1):216–
22.  

24.  James JM, Mukouyama Y. Neuronal action on the developing blood vessel pattern. Semin Cell Dev 
Biol. 2011 Dec;22(9):1019–27.  

25.  Banerjee S, Bhat MA. Neuron-Glial Interactions in Blood-Brain Barrier Formation. Annu Rev 
Neurosci. 2007 Jul;30(1):235–58.  

26.  Rouach N, Glowinski J, Giaume C. Activity-Dependent Neuronal Control of Gap-Junctional 
Communication in Astrocytes. J Cell Biol. 2000 Jun 26;149(7):1513–26.  

27.  Thomsen MS, Routhe LJ, Moos T. The vascular basement membrane in the healthy and pathological 
brain. J Cereb Blood Flow Metab. 2017 Oct;37(10):3300–17.  

28.  Baeten KM, Akassoglou K. Extracellular matrix and matrix receptors in blood-brain barrier 
formation and stroke. Dev Neurobiol. 2011 Nov;71(11):1018–39.  

29.  Thomsen MS, Routhe LJ, Moos T. The vascular basement membrane in the healthy and pathological 
brain. J Cereb Blood Flow Metab. 2017 Oct;37(10):3300–17.  

30.  Hallmann R, Horn N, Selg M, Wendler O, Pausch F, Sorokin LM. Expression and Function of 
Laminins in the Embryonic and Mature Vasculature. Physiol Rev. 2005 Jul;85(3):979–1000.  

31.  Yousif LF, Di Russo J, Sorokin L. Laminin isoforms in endothelial and perivascular basement 
membranes. Cell Adhes Migr. 2013 Jan;7(1):101–10.  



  35 

32.  Rigamonti D, Hadley MN, Drayer BP, Johnson PC, Hoenig-Rigamonti K, Knight JT, Spetzler RF. 
Cerebral Cavernous Malformations. N Engl J Med. 1988 Aug 11;319(6):343–7.  

33.  Storkebaum E, Quaegebeur A, Vikkula M, Carmeliet P. Cerebrovascular disorders: molecular 
insights and therapeutic opportunities. Nat Neurosci. 2011 Nov;14(11):1390–7.  

34.  Ghali MichaelGZ, Srinivasan V, Mohan A, Jones J, Kan P, Lam S. Pediatric cerebral cavernous 
malformations: Genetics, pathogenesis, and management. Surg Neurol Int. 2016;7(45):1127.  

35.  McDonald DA, Shi C, Shenkar R, Gallione CJ, Akers AL, Li S, De Castro N, Berg MJ, Corcoran 
DL, Awad IA, Marchuk DA. Lesions from patients with sporadic cerebral cavernous 
malformations harbor somatic mutations in the CCM genes: evidence for a common biochemical 
pathway for CCM pathogenesis. Hum Mol Genet. 2014 Aug 15;23(16):4357–70.  

36.  Bergametti F, Denier C, Labauge P, Arnoult M, Boetto S, Clanet M, Coubes P, Echenne B, Ibrahim 
R, Irthum B, Jacquet G, Lonjon M, Moreau JJ, Neau JP, Parker F, Tremoulet M, Tournier-
Lasserve E. Mutations within the Programmed Cell Death 10 Gene Cause Cerebral Cavernous 
Malformations. Am J Hum Genet. 2005 Jan;76(1):42–51.  

37.  Fischer A, Zalvide J, Faurobert E, Albiges-Rizo C, Tournier-Lasserve E. Cerebral cavernous 
malformations: from CCM genes to endothelial cell homeostasis. Trends Mol Med. 2013 
May;19(5):302–8.  

38.  Wüstehube J, Bartol A, Liebler SS, Brütsch R, Zhu Y, Felbor U, Sure U, Augustin HG, Fischer A. 
Cerebral cavernous malformation protein CCM1 inhibits sprouting angiogenesis by activating 
DELTA-NOTCH signaling. Proc Natl Acad Sci. 2010 Jul 13;107(28):12640–5.  

39.  Rigamonti D, Hadley MN, Drayer BP, Johnson PC, Hoenig-Rigamonti K, Knight JT, Spetzler RF. 
Cerebral Cavernous Malformations. N Engl J Med. 1988 Aug 11;319(6):343–7.  

40.  Petersen TA, Morrison LA, Schrader RM, Hart BL. Familial versus Sporadic Cavernous 
Malformations: Differences in Developmental Venous Anomaly Association and Lesion 
Phenotype. Am J Neuroradiol. 2010 Feb;31(2):377–82.  

41.  Maraire JN, Awad IA. Intracranial Cavernous Malformations. Neurosurgery. 1995 Oct 1;37(4):591–
605.  

42.  Moultrie F, Horne MA, Josephson CB, Hall JM, Counsell CE, Bhattacharya JJ, Papanastassiou V, 
Sellar RJ, Warlow CP, Murray GD, Al-Shahi Salman R, Scottish Audit of Intracranial Vascular 
Malformations (SAIVMs) steering committee and collaborators. Outcome after surgical or 
conservative management of cerebral cavernous malformations. Neurology. 2014 Aug 
12;83(7):582–9.  

43.  Akers AL, Johnson E, Steinberg GK, Zabramski JM, Marchuk DA. Biallelic somatic and germline 
mutations in cerebral cavernous malformations (CCMs): evidence for a two-hit mechanism of 
CCM pathogenesis. Hum Mol Genet. 2009 Mar 1;18(5):919–30.  

44.  Gunel M, Laurans MSH, Shin D, DiLuna ML, Voorhees J, Choate K, Nelson-Williams C, Lifton RP. 
KRIT1, a gene mutated in cerebral cavernous malformation, encodes a microtubule-associated 
protein. Proc Natl Acad Sci. 2002 Aug 6;99(16):10677–82.  



  36 

45.  Stahl S, Gaetzner S, Voss K, Brackertz B, Schleider E, Sürücü O, Kunze E, Netzer C, Korenke C, 
Finckh U, Habek M, Poljakovic Z, Elbracht M, Rudnik-Schöneborn S, Bertalanffy H, Sure U, 
Felbor U. Novel CCM1, CCM2, and CCM3 mutations in patients with cerebral cavernous 
malformations: in-frame deletion in CCM2 prevents formation of a CCM1/CCM2/CCM3 protein 
complex. Hum Mutat. 2008 May;29(5):709–17.  

46.  Draheim KM, Fisher OS, Boggon TJ, Calderwood DA. Cerebral cavernous malformation proteins at 
a glance. J Cell Sci. 2014 Feb 15;127(4):701–7.  

47.  Draheim KM, Huet-Calderwood C, Simon B, Calderwood DA. Nuclear Localization of Integrin 
Cytoplasmic Domain-associated Protein-1 (ICAP1) Influences β1 Integrin Activation and Recruits 
Krev/Interaction Trapped-1 (KRIT1) to the Nucleus. J Biol Chem. 2017 Feb 3;292(5):1884–98.  

48.  Gingras AR, Liu JJ, Ginsberg MH. Structural basis of the junctional anchorage of the cerebral 
cavernous malformations complex. J Cell Biol. 2012 Oct 1;199(1):39–48.  

49.  Glading A, Han J, Stockton RA, Ginsberg MH. KRIT-1/CCM1 is a Rap1 effector that regulates 
endothelial cell–cell junctions. J Cell Biol. 2007 Oct 22;179(2):247–54.  

50.  Renz M, Otten C, Faurobert E, Rudolph F, Zhu Y, Boulday G, Duchene J, Mickoleit M, Dietrich A-
C, Ramspacher C, Steed E, Manet-Dupé S, Benz A, Hassel D, Vermot J, Huisken J, Tournier-
Lasserve E, Felbor U, Sure U, Albiges-Rizo C, Abdelilah-Seyfried S. Regulation of β1 Integrin-
Klf2-Mediated Angiogenesis by CCM Proteins. Dev Cell. 2015 Jan;32(2):181–90.  

51.  Faurobert E, Rome C, Lisowska J, Manet-Dupé S, Boulday G, Malbouyres M, Balland M, Bouin A-
P, Kéramidas M, Bouvard D, Coll J-L, Ruggiero F, Tournier-Lasserve E, Albiges-Rizo C. CCM1–
ICAP-1 complex controls β1 integrin–dependent endothelial contractility and fibronectin 
remodeling. J Cell Biol. 2013 Aug 5;202(3):545–61.  

52.  Glading AJ, Ginsberg MH. Rap1 and its effector KRIT1/CCM1 regulate -catenin signaling. Dis 
Model Mech. 2010 Jan 1;3(1–2):73–83.  

53.  Hilder TL, Malone MH, Bencharit S, Colicelli J, Haystead TA, Johnson GL, Wu CC. Proteomic 
Identification of the Cerebral Cavernous Malformation Signaling Complex. J Proteome Res. 2007 
Nov;6(11):4343–55.  

54.  Zawistowski JS, Stalheim L, Uhlik MT, Abell AN, Ancrile BB, Johnson GL, Marchuk DA. CCM1 
and CCM2 protein interactions in cell signaling: implications for cerebral cavernous 
malformations pathogenesis. Hum Mol Genet. 2005 Sep 1;14(17):2521–31.  

55.  Stockton RA, Shenkar R, Awad IA, Ginsberg MH. Cerebral cavernous malformations proteins inhibit 
Rho kinase to stabilize vascular integrity. J Exp Med. 2010 Apr 12;207(4):881–96.  

56.  Denier C, Labauge P, Bergametti F, Marchelli F, Riant F, Arnoult M, Maciazek J, Vicaut E, 
Brunereau L, Tournier-Lasserve E, Société Française de Neurochirurgie. Genotype-phenotype 
correlations in cerebral cavernous malformations patients. Ann Neurol. 2006 Nov;60(5):550–6.  

57.  Fidalgo M, Fraile M, Pires A, Force T, Pombo C, Zalvide J. CCM3/PDCD10 stabilizes GCKIII 
proteins to promote Golgi assembly and cell orientation. J Cell Sci. 2010 Apr 15;123(8):1274–84.  



  37 

58.  Yoruk B, Gillers BS, Chi NC, Scott IC. Ccm3 functions in a manner distinct from Ccm1 and Ccm2 in 
a zebrafish model of CCM vascular disease. Dev Biol. 2012 Feb;362(2):121–31.  

59.  Fidalgo M, Guerrero A, Fraile M, Iglesias C, Pombo CM, Zalvide J. Adaptor Protein Cerebral 
Cavernous Malformation 3 (CCM3) Mediates Phosphorylation of the Cytoskeletal Proteins 
Ezrin/Radixin/Moesin by Mammalian Ste20-4 to Protect Cells from Oxidative Stress. J Biol 
Chem. 2012 Mar 30;287(14):11556–65.  

60.  Zhou HJ, Qin L, Zhang H, Tang W, Ji W, He Y, Liang X, Wang Z, Yuan Q, Vortmeyer A, Toomre 
D, Fuh G, Yan M, Kluger MS, Wu D, Min W. Endothelial exocytosis of angiopoietin-2 resulting 
from CCM3 deficiency contributes to cerebral cavernous malformation. Nat Med. 2016 
Sep;22(9):1033–42.  

61.  Goitre L, Balzac F, Degani S, Degan P, Marchi S, Pinton P, Retta SF. KRIT1 Regulates the 
Homeostasis of Intracellular Reactive Oxygen Species. Capogrossi MC, editor. PLoS ONE. 2010 
Jul 26;5(7):e11786.  

62.  Zhou Z, Tang AT, Wong W-Y, Bamezai S, Goddard LM, Shenkar R, Zhou S, Yang J, Wright AC, 
Foley M, Arthur JSC, Whitehead KJ, Awad IA, Li DY, Zheng X, Kahn ML. Cerebral cavernous 
malformations arise from endothelial gain of MEKK3–KLF2/4 signalling. Nature. 2016 
Apr;532(7597):122–6.  

63.  Liu W, Draheim KM, Zhang R, Calderwood DA, Boggon TJ. Mechanism for KRIT1 Release of 
ICAP1-Mediated Suppression of Integrin Activation. Mol Cell. 2013 Feb;49(4):719–29.  

64.  Wüstehube J, Bartol A, Liebler SS, Brütsch R, Zhu Y, Felbor U, Sure U, Augustin HG, Fischer A. 
Cerebral cavernous malformation protein CCM1 inhibits sprouting angiogenesis by activating 
DELTA-NOTCH signaling. Proc Natl Acad Sci. 2010 Jul 13;107(28):12640–5.  

65.  Schulz GB, Wieland E, Wüstehube-Lausch J, Boulday G, Moll I, Tournier-Lasserve E, Fischer A. 
Cerebral Cavernous Malformation-1 Protein Controls DLL4-Notch3 Signaling Between the 
Endothelium and Pericytes. Stroke. 2015 May;46(5):1337–43.  

66.  Bravi L, Malinverno M, Pisati F, Rudini N, Cuttano R, Pallini R, Martini M, Larocca LM, Locatelli 
M, Levi V, Bertani GA, Dejana E, Lampugnani MG. Endothelial Cells Lining Sporadic Cerebral 
Cavernous Malformation Cavernomas Undergo Endothelial-to-Mesenchymal Transition. Stroke. 
2016 Mar;47(3):886–90.  

67.  Marchi S, Retta SF, Pinton P. Cellular processes underlying cerebral cavernous malformations: 
Autophagy as another point of view. Autophagy. 2016 Feb;12(2):424–5.  

68.  Lopez-Ramirez MA, Fonseca G, Zeineddine HA, Girard R, Moore T, Pham A, Cao Y, Shenkar R, de 
Kreuk B-J, Lagarrigue F, Lawler J, Glass CK, Awad IA, Ginsberg MH. Thrombospondin1 (TSP1) 
replacement prevents cerebral cavernous malformations. J Exp Med. 2017 Nov 6;214(11):3331–
46.  

69.  Lopez-Ramirez MA, Pham A, Girard R, Wyseure T, Hale P, Yamashita A, Koskimäki J, Polster S, 
Saadat L, Romero IA, Esmon CT, Lagarrigue F, Awad IA, Mosnier LO, Ginsberg MH. Cerebral 
cavernous malformations form an anticoagulant vascular domain in humans and mice. Blood. 
2019 Jan 17;133(3):193–204.  



  38 

70.  Polster SP, Stadnik A, Akers AL, Cao Y, Christoforidis GA, Fam MD, Flemming KD, Girard R, 
Hobson N, Koenig JI, Koskimäki J, Lane K, Liao JK, Lee C, Lyne SB, McBee N, Morrison L, 
Piedad K, Shenkar R, Sorrentino M, Thompson RE, Whitehead KJ, Zeineddine HA, Hanley DF, 
Awad IA. Atorvastatin Treatment of Cavernous Angiomas with Symptomatic Hemorrhage 
Exploratory Proof of Concept (AT CASH EPOC) Trial. Neurosurgery. 2019 Dec 1;85(6):843–53.  

71.  Lin Z, Kumar A, SenBanerjee S, Staniszewski K, Parmar K, Vaughan DE, Gimbrone MA, 
Balasubramanian V, García-Cardeña G, Jain MK. Kruppel-Like Factor 2 (KLF2) Regulates 
Endothelial Thrombotic Function. Circ Res [Internet]. 2005 Mar 18 [cited 2020 May 26];96(5). 
Available from: https://www.ahajournals.org/doi/10.1161/01.RES.0000159707.05637.a1 

72.  Parmar KM. Integration of flow-dependent endothelial phenotypes by Kruppel-like factor 2. J Clin 
Invest. 2005 Dec 8;116(1):49–58.  

73.  Cuttano R, Rudini N, Bravi L, Corada M, Giampietro C, Papa E, Morini MF, Maddaluno L, Baeyens 
N, Adams RH, Jain MK, Owens GK, Schwartz M, Lampugnani MG, Dejana E. KLF4 is a key 
determinant in the development and progression of cerebral cavernous malformations. EMBO Mol 
Med. 2016 Jan 1;8(1):6–24.  

74.  Padarti A, Zhang J. Recent advances in cerebral cavernous malformation research. Vessel Plus. 2018 
Aug 28;2(8):21.  

75.  Zhou Z, Rawnsley DR, Goddard LM, Pan W, Cao X-J, Jakus Z, Zheng H, Yang J, Arthur JSC, 
Whitehead KJ, Li D, Zhou B, Garcia BA, Zheng X, Kahn ML. The Cerebral Cavernous 
Malformation Pathway Controls Cardiac Development via Regulation of Endocardial MEKK3 
Signaling and KLF Expression. Dev Cell. 2015 Jan;32(2):168–80.  

76.  Cullere X, Plovie E, Bennett PM, MacRae CA, Mayadas TN. The cerebral cavernous malformation 
proteins CCM2L and CCM2 prevent the activation of the MAP kinase MEKK3. Proc Natl Acad 
Sci. 2015 Nov 17;112(46):14284–9.  

77.  Stockton RA, Shenkar R, Awad IA, Ginsberg MH. Cerebral cavernous malformations proteins inhibit 
Rho kinase to stabilize vascular integrity. J Exp Med. 2010 Apr 12;207(4):881–96.  

78.  Whitehead KJ, Chan AC, Navankasattusas S, Koh W, London NR, Ling J, Mayo AH, Drakos SG, 
Jones CA, Zhu W, Marchuk DA, Davis GE, Li DY. The cerebral cavernous malformation 
signaling pathway promotes vascular integrity via Rho GTPases. Nat Med. 2009 Feb;15(2):177–
84.  

79.  Girard R, Zeineddine HA, Koskimäki J, Fam MD, Cao Y, Shi C, Moore T, Lightle R, Stadnik A, 
Chaudagar K, Polster S, Shenkar R, Duggan R, Leclerc D, Whitehead KJ, Li DY, Awad IA. 
Plasma Biomarkers of Inflammation and Angiogenesis Predict Cerebral Cavernous Malformation 
Symptomatic Hemorrhage or Lesional Growth. Circ Res. 2018 Jun 8;122(12):1716–21.  

80.  Abe T, Morishige M, Ooba H, Kamida T, Fujiki M, Kobayashi H, Sakoda T, Kimba Y. The 
association between high VEGF levels and multiple probable punctuate cavernous malformations. 
Acta Neurochir (Wien). 2009 Jul;151(7):855–9.  

81.  Argaw AT, Asp L, Zhang J, Navrazhina K, Pham T, Mariani JN, Mahase S, Dutta DJ, Seto J, Kramer 
EG, Ferrara N, Sofroniew MV, John GR. Astrocyte-derived VEGF-A drives blood-brain barrier 
disruption in CNS inflammatory disease. J Clin Invest. 2012 Jul 2;122(7):2454–68.  



  39 

82.  Wang W, Dentler WL, Borchardt RT. VEGF increases BMEC monolayer permeability by affecting 
occludin expression and tight junction assembly. Am J Physiol-Heart Circ Physiol. 2001 Jan 
1;280(1):H434–40.  

83.  Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, Bruggen N van, Chopp M. VEGF 
enhances angiogenesis and promotes blood-brain barrier leakage in the ischemic brain. J Clin 
Invest. 2000 Oct 1;106(7):829–38.  

84.  Zhu Y, Wu Q, Xu J-F, Miller D, Sandalcioglu IE, Zhang J-M, Sure U. Differential angiogenesis 
function of CCM2 and CCM3 in cerebral cavernous malformations. Neurosurg Focus. 2010 
Sep;29(3):E1.  

85.  He Y, Zhang H, Yu L, Gunel M, Boggon TJ, Chen H, Min W. Stabilization of VEGFR2 Signaling by 
Cerebral Cavernous Malformation 3 Is Critical for Vascular Development. Sci Signal. 2010 Apr 
6;3(116):ra26–ra26.  

86.  Krock BL, Skuli N, Simon MC. Hypoxia-Induced Angiogenesis: Good and Evil. Genes Cancer. 2011 
Dec 1;2(12):1117–33.  

87.  Mahon PC. FIH-1: a novel protein that interacts with HIF-1alpha and VHL to mediate repression of 
HIF-1 transcriptional activity. Genes Dev. 2001 Oct 15;15(20):2675–86.  

88.  Lee C, Kim SJ, Jeong DG, Lee SM, Ryu SE. Structure of Human FIH-1 Reveals a Unique Active 
Site Pocket and Interaction Sites for HIF-1 and von Hippel-Lindau. J Biol Chem. 2003 Feb 
28;278(9):7558–63.  

89.  Ziello JE, Jovin IS, Huang Y. Hypoxia-Inducible Factor (HIF)-1 regulatory pathway and its potential 
for therapeutic intervention in malignancy and ischemia. Yale J Biol Med. 2007 Jun;80(2):51–60.  

90.  Guillemin K, Krasnow MA. The Hypoxic Response: Huffing and HIFing. Cell. 1997 Apr;89(1):9–12.  

91.  Tang N, Wang L, Esko J, Giordano FJ, Huang Y, Gerber H-P, Ferrara N, Johnson RS. Loss of HIF-
1α in endothelial cells disrupts a hypoxia-driven VEGF autocrine loop necessary for 
tumorigenesis. Cancer Cell. 2004 Nov;6(5):485–95.  

92.  Shibuya M. Structure and Function of VEGF/VEGF-receptor System Involved in Angiogenesis. Cell 
Struct Funct. 2001;26(1):25–35.  

93.  Abramsson A, Lindblom P, Betsholtz C. Endothelial and nonendothelial sources of PDGF-B regulate 
pericyte recruitment and influence vascular pattern formation in tumors. J Clin Invest. 2003 
Oct;112(8):1142–51.  

94.  Harkness KA, Sussman JD, Davies-Jones GAB, Greenwood J, Woodroofe MN. Cytokine regulation 
of MCP-1 expression in brain and retinal microvascular endothelial cells. J Neuroimmunol. 2003 
Sep;142(1–2):1–9.  

95.  Claxton S, Kostourou V, Jadeja S, Chambon P, Hodivala-Dilke K, Fruttiger M. Efficient, inducible 
Cre-recombinase activation in vascular endothelium. genesis. 2008 Feb;46(2):74–80.  



  40 

96.  Guclu B, Ozturk AK, Pricola KL, Bilguvar K, Shin D, O’Roak BJ, Gunel M. Mutations in Apoptosis-
related Gene, PDCD10, Cause Cerebral Cavernous Malformation 3. Neurosurgery. 2005 Nov 
1;57(5):1008–13.  

97.  Ridder DA, Lang M-F, Salinin S, Röderer J-P, Struss M, Maser-Gluth C, Schwaninger M. TAK1 in 
brain endothelial cells mediates fever and lethargy. J Exp Med. 2011 Dec 19;208(13):2615–23.  

98.  Miquerol L, Gertsenstein M, Harpal K, Rossant J, Nagy A. Multiple Developmental Roles of VEGF 
Suggested by a LacZ-Tagged Allele. Dev Biol. 1999 Aug;212(2):307–22.  

99.  Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi R, Coppola G, Khakh BS, Deming 
TJ, Sofroniew MV. Astrocyte scar formation aids central nervous system axon regeneration. 
Nature. 2016 Apr;532(7598):195–200.  

100.  Faulkner JR. Reactive Astrocytes Protect Tissue and Preserve Function after Spinal Cord Injury. J 
Neurosci. 2004 Mar 3;24(9):2143–55.  

101.  Lin G, Finger E, Gutierrez-Ramos JC. Expression of CD34 in endothelial cells, hematopoietic 
progenitors and nervous cells in fetal and adult mouse tissues. Eur J Immunol. 1995 
Jun;25(6):1508–16.  

102.  Miyake T, Hattori T, Fukuda M, Kitamura T, Fujita S. Quantitative studies on proliferative changes 
of reactive astrocytes in mouse cerebral cortex. Brain Res. 1988 Jun;451(1–2):133–8.  

103.  Leto K, Arancillo M, Becker EBE, Buffo A, Chiang C, Ding B, Dobyns WB, Dusart I, Haldipur P, 
Hatten ME, Hoshino M, Joyner AL, Kano M, Kilpatrick DL, Koibuchi N, Marino S, Martinez S, 
Millen KJ, Millner TO, Miyata T, Parmigiani E, Schilling K, Sekerková G, Sillitoe RV, Sotelo C, 
Uesaka N, Wefers A, Wingate RJT, Hawkes R. Consensus Paper: Cerebellar Development. The 
Cerebellum. 2016 Dec;15(6):789–828.  

104.  Girard R, Zeineddine HA, Orsbon C, Tan H, Moore T, Hobson N, Shenkar R, Lightle R, Shi C, Fam 
MD, Cao Y, Shen L, Neander AI, Rorrer A, Gallione C, Tang AT, Kahn ML, Marchuk DA, Luo 
Z-X, Awad IA. Micro-computed tomography in murine models of cerebral cavernous 
malformations as a paradigm for brain disease. J Neurosci Methods. 2016 Sep;271:14–24.  

105.  Ullah MS, Davies AJ, Halestrap AP. The Plasma Membrane Lactate Transporter MCT4, but Not 
MCT1, Is Up-regulated by Hypoxia through a HIF-1α-dependent Mechanism. J Biol Chem. 2006 
Apr 7;281(14):9030–7.  

106.  Zhao L, Wu Y, Xu Z, Wang H, Zhao Z, Li Y, Yang P, Wei X. Involvement of COX-2/PGE2 
signalling in hypoxia-induced angiogenic response in endothelial cells. J Cell Mol Med. 2012 
Aug;16(8):1840–55.  

107.  Majmundar AJ, Wong WJ, Simon MC. Hypoxia-Inducible Factors and the Response to Hypoxic 
Stress. Mol Cell. 2010 Oct;40(2):294–309.  

108.  Simon MC. The Hypoxia Response Pathways — Hats Off! Phimister EG, editor. N Engl J Med. 
2016 Oct 27;375(17):1687–9.  



  41 

109.  Ribeiro AL, Kaid C, Silva PBG, Cortez BA, Okamoto OK. Inhibition of Lysyl Oxidases Impairs 
Migration and Angiogenic Properties of Tumor-Associated Pericytes. Stem Cells Int. 
2017;2017:1–10.  

110.  Zhu P, Goh YY, Chin HFA, Kersten S, Tan NS. Angiopoietin-like 4: a decade of research. Biosci 
Rep. 2012 Jun 1;32(3):211–9.  

111.  Bignon M, Pichol-Thievend C, Hardouin J, Malbouyres M, Bréchot N, Nasciutti L, Barret A, 
Teillon J, Guillon E, Etienne E, Caron M, Joubert-Caron R, Monnot C, Ruggiero F, Muller L, 
Germain S. Lysyl oxidase-like protein-2 regulates sprouting angiogenesis and type IV collagen 
assembly in the endothelial basement membrane. Blood. 2011 Oct 6;118(14):3979–89.  

112.  Farooqui M, Li Y, Rogers T, Poonawala T, Griffin RJ, Song CW, Gupta K. COX-2 inhibitor 
celecoxib prevents chronic morphine-induced promotion of angiogenesis, tumour growth, 
metastasis and mortality, without compromising analgesia. Br J Cancer. 2007 Dec;97(11):1523–
31.  

113.  Boulday G, Rudini N, Maddaluno L, Blécon A, Arnould M, Gaudric A, Chapon F, Adams RH, 
Dejana E, Tournier-Lasserve E. Developmental timing of CCM2 loss influences cerebral 
cavernous malformations in mice. J Exp Med. 2011 Aug 29;208(9):1835–47.  

114.  Louvi A, Chen L, Two AM, Zhang H, Min W, Günel M. Loss of cerebral cavernous malformation 3 
(Ccm3) in neuroglia leads to CCM and vascular pathology. Proc Natl Acad Sci. 2011 Mar 
1;108(9):3737–42.  

115.  Choquet H, Trapani E, Goitre L, Trabalzini L, Akers A, Fontanella M, Hart BL, Morrison LA, 
Pawlikowska L, Kim H, Retta SF. Cytochrome P450 and matrix metalloproteinase genetic 
modifiers of disease severity in Cerebral Cavernous Malformation type 1. Free Radic Biol Med. 
2016 Mar;92:100–9.  

116.  Goitre L, Pergolizzi B, Ferro E, Trabalzini L, Retta SF. Molecular Crosstalk between Integrins and 
Cadherins: Do Reactive Oxygen Species Set the Talk? J Signal Transduct. 2012;2012:1–12.  

117.  Olson N, van der Vliet A. Interactions between nitric oxide and hypoxia-inducible factor signaling 
pathways in inflammatory disease. Nitric Oxide. 2011 Aug;25(2):125–37.  

118.  Simon MC. The Hypoxia Response Pathways — Hats Off! Phimister EG, editor. N Engl J Med. 
2016 Oct 27;375(17):1687–9.  

119.  Pages G, Pouyssegur J. Transcriptional regulation of the Vascular Endothelial Growth Factor 
gene?a concert of activating factors. Cardiovasc Res. 2005 Feb 15;65(3):564–73.  

120.  Chakraborty A, Kamermans A, van het Hof B, Castricum K, Aanhane E, van Horssen J, Thijssen 
VL, Scheltens P, Teunissen CE, Fontijn RD, van der Flier WM, de Vries HE. Angiopoietin like-4 
as a novel vascular mediator in capillary cerebral amyloid angiopathy. Brain. 2018 Dec 
1;141(12):3377–88.  

121.  Katanasaka Y, Kodera Y, Kitamura Y, Morimoto T, Tamura T, Koizumi F. Epidermal growth factor 
receptor variant type III markedly accelerates angiogenesis and tumor growth via inducing c-myc 
mediated angiopoietin-like 4 expression in malignant glioma. Mol Cancer. 2013;12(1):31.  



  42 

122.  Kaidi A, Qualtrough D, Williams AC, Paraskeva C. Direct Transcriptional Up-regulation of 
Cyclooxygenase-2 by Hypoxia-Inducible Factor (HIF)-1 Promotes Colorectal Tumor Cell Survival 
and Enhances HIF-1 Transcriptional Activity during Hypoxia. Cancer Res. 2006 Jul 
1;66(13):6683–91.  

123.  Jones MK, Wang H, Peskar BM, Levin E, Itani RM, Sarfeh IJ, Tarnawski AS. Inhibition of 
angiogenesis by nonsteroidal anti-inflammatory drugs: Insight into mechanisms and implications 
for cancer growth and ulcer healing. Nat Med. 1999 Dec;5(12):1418–23.  

124.  Pichiule P, Chavez JC, LaManna JC. Hypoxic Regulation of Angiopoietin-2 Expression in 
Endothelial Cells. J Biol Chem. 2004 Mar 26;279(13):12171–80.  

125.  Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN. Host cyclooxygenase-2 modulates carcinoma 
growth. J Clin Invest. 2000 Jun 1;105(11):1589–94.  

126.  Flemming KD, Kumar S, Brown RD, Lanzino G. Predictors of Initial Presentation with Hemorrhage 
in Patients with Cavernous Malformations. World Neurosurg. 2020 Jan;133:e767–73.  

127.  Polster SP, Stadnik A, Akers AL, Cao Y, Christoforidis GA, Fam MD, Flemming KD, Girard R, 
Hobson N, Koenig JI, Koskimäki J, Lane K, Liao JK, Lee C, Lyne SB, McBee N, Morrison L, 
Piedad K, Shenkar R, Sorrentino M, Thompson RE, Whitehead KJ, Zeineddine HA, Hanley DF, 
Awad IA. Atorvastatin Treatment of Cavernous Angiomas with Symptomatic Hemorrhage 
Exploratory Proof of Concept (AT CASH EPOC) Trial. Neurosurgery. 2019 Dec 1;85(6):843–53.  

128.  Majima M, Hayashi I, Muramatsu M, Katada J, Yamashina S, Katori M. Cyclo-oxygenase-2 
enhances basic fibroblast growth factor-induced angiogenesis through induction of vascular 
endothelial growth factor in rat sponge implants. Br J Pharmacol. 2000 Jun;130(3):641–9.  

 




