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ABSTRACT
Collagen type IV (Col IV) is a basement membrane protein associated with early
blood vessel morphogenesis and is essential for blood vessel stability. Defects in vascular
Col IV deposition are the basis of heritable disorders, such as small vessel disease,
marked by cerebral hemorrhage and drastically shorten lifespan. To date, little is known
about how endothelial cells regulate the intracellular transport and selective secretion of
Col IV in response to angiogenic cues, leaving a void in our understanding of this
process. Our aim was to identify trafficking pathways that regulate Col IV deposition
during angiogenic blood vessel development. We have identified the GTPase Rab10 as a
major regulator of Col IV vesicular trafficking during vascular development using both in
vitro imaging and biochemistry as well as in vivo models. Knockdown of Rab10 reduced
de novo Col IV secretion in vitro and in vivo. Mechanistically, we determined that Rab10
is an indirect mediator of Col IV secretion partnering with atypical Rab25 to deliver the
enzyme lysyl hydroxylase 3 (LH3) to Col IV-containing vesicles staged for secretion.
Loss of Rab10 or Rab25 results in depletion of LH3 from Col IV-containing vesicles and
rapid lysosomal degradation of Col IV. Furthermore, we demonstrate that Rab10 is Notch
responsive, indicating a novel connection between permissive Notch-based blood vessel
maturation programs and vesicle trafficking. Our results illustrate both a new traffickingbased component in the regulated secretion of Col IV and how this vesicle trafficking
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program interfaces with Notch signaling to fine-tune basement membrane secretion
during blood vessel development.
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Chapter One: Introduction to Blood Vessels
Overview
Blood Vessel Development
The vascular system is required for efficient and simultaneous transport of
nutrients, oxygen, waste removal and signal molecules. The cardiovascular system is
among the first organ systems to form and function within the developing embryo
(Schuermann, Helker, & Herzog, 2014). Endothelial cells (ECs) are the cell type
responsible for the bulk of embryonic blood vessel formation, eventually leading to an
estimated 50,000 miles of vasculature by adulthood (Kushner & Bautch, 2013).
Embryogenesis is the process of differentiating of all tissues from a fertilized egg
(Dushnik-Levinson & Benvenisty, 1995). Early embryogenesis can be defined by the
appearance of three distinct germ layers: ectoderm, mesoderm, and the endoderm. Blood
cells and vasculature, among other connective tissues, are derived from a portion of the
mesoderm, termed the mesenchyme (Slukvin & Kumar, 2018). The mesenchyme
differentiates into hemangioblasts, the common precursor of endothelial and
hematopoietic cells (Dyer & Patterson, 2010). Hemangioblasts can further differentiate
into angioblasts, the direct precursor to ECs. Clusters of angioblasts are termed blood
islands and give rise to all endothelial cells. During embryogenesis, vessel formation is
initiated during vasculogenesis where ECs emerge de novo from mesodermal precursors
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to form primitive vascular networks that undergo expansion and formation of branching
patterns (Qiu & Hirschi, 2019).
Following vasculogenesis, multiple changes occur on the molecular and cellular
level that aids the growth of a functional circulatory network. The process of
vasculogenesis gives way for angiogenesis, defined as the formation of new vessels from
pre-existing. Angiogenesis involves in the coordination of sprouting, branching,
lumenogenesis, anastomosis, and collective cellular rearrangements to culminate in a
branched network capable of supporting blood flow (Carmeliet & Jain, 2011). During
organ development, the relative level of contribution of either vasculogenesis or
angiogenesis varies dependent on whether or not they contain angioblasts (Andrique,
Recher, Nassoy, & Bikfalvi, 2020). For example, the lung vascularizes solely from
vasculogenesis but the kidney and brain vasculature is solely derived by angiogenesis
(W. Risau, 1997). The angiogenic process has been associated to a majority of the growth
and maturation within the vasculature. In healthy adults, most ECs remain quiescent
(Werner Risau & Flamme, 1995), however angiogenesis can be stimulated with
pathologic conditions including stress, injury, inflammation, cancer, among others
(Carmeliet & Jain, 2011). To summarize, vasculogenesis is the formation of blood
vessels from progenitor stem cells whereas angiogenesis is an amplification mechanism
of the pre-existing vasculature in embryonic and adult life (Andrique et al., 2020).
A variety of cellular signaling processes are associated with angiogenesis
including EC proliferation and collective cell migration. Angiogenesis begins when a cell
from a parent vessel detaches from the vascular wall then proceeds to degrade and
penetrate the surrounding basement membrane (BM) (Vernon & Sage, 1995). Subsequent
2

steps involve increasing the length of individual sprouts, the formation of lumens, and
connection to other sprouts to form loops and networks (Ausprunk & Folkman, 1977;
Paweletz & Knierim, 1989; Vernon & Sage, 1995).

VEGF/Notch Signaling Pathway
The primary vascular network is expanded under the control of vascular
endothelial growth factor (VEGF) signaling. When proangiogenic cues are upregulated,
notably VEGFA, quiescent ECs quickly switch to an angiogenic phenotype and
differentiate into a migratory ‘tip’ and proliferating ‘stalk’ cell phenotype (Potente,
Gerhardt, & Carmeliet, 2011). VEGFA is required for chemotaxis and differentiation of
EC precursor cells (angioblasts), EC proliferation, the direct assembly of ECs into
vascular structures (vasculogenesis) and angiogenic remodeling (Adams & Alitalo,
2007). Briefly, the binding of VEGFA to the receptor tyrosine kinase VEGFR2 promotes
EC differentiation, proliferation and sprouting. This function is counteracted by
VEGFR1, which has higher affinity for VEGFA ligand but weak tyrosine-kinase activity,
acting as a decoy receptor by reducing VEGFA binding to VEGFR2 and limiting ‘tip’
cell activity (Park, Chen, Winer, Houck, & Ferrara, 1994). Additionally, VEGFR1 also
exists in a secreted, catalytically inactive, soluble form (sVEGFR1) that can sequester
VEGFA in the extracellular environment and further limit VEGFA signaling in the
vascular endothelium (Blanco & Gerhardt, 2013; Ferrara, Gerber, & LeCouter, 2003;
Shibuya, 2006). Along with other factors that influence angiogenesis, the result is a
coordinated EC response that has the selection of a tip cell which leads the trailing stalk
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ECs of a growing sprout. If all ECs were to react indiscriminately, the affected section of
vasculature could disintegrate and compromise tissue perfusion (Adams & Alitalo, 2007).
Molecular control of tip and stalk cells has been an area of active research for
over two decades now. Studies in mouse, zebrafish and in vitro assays have illustrated
that VEGF and Notch signaling pathways are fundamental for the specification of tip and
stalk cells under physiological and pathological conditions (Blanco & Gerhardt, 2013;
Siekmann & Lawson, 2014). In contrast to VEGF signaling, Notch signaling is a contact
dependent mechanism. The receptor-ligand binding among neighboring ECs triggers
multiple proteolytic cleavages of the Notch receptors by the gamma(g)-secretase protease
complex, releasing the notch intracellular domain (NICD) (Mumm & Kopan, 2000;
Weinmaster, 1998). NICD then translocates to the nucleus where it binds to the
transcription factor CSL to form a Notch transcriptional activator complex (Fryer, Lamar,
Turbachova, Kintner, & Jones, 2002; Jeffries, Robbins, & Capobianco, 2002).
Recruitment of this CSL transcriptional complex to promoters for increased gene
expression is known as the “canonical Notch pathway”. One of the most characterized
direct targets of Notch signaling is the Hairy/enhancer of split (HES) and HES-related
protein (HEY/HRT/HERP) family genes (Davis & Turner, 2001; Nakagawa et al., 2000).
The four Notch receptors (Notch1- Notch4) and five transmembrane ligands
(Jagged1, Jagged 2, Delta-like ligand 1(Dll1), Dll3 and Dll4) constitute the primary
machinery (Bettenhausen, Hrabe de Angelis, Simon, Guenet, & Gossler, 1995;
Dunwoodie, Henrique, Harrison, & Beddington, 1997; Shutter et al., 2000).
Notch receptors and Dll4 are essential for sprouting angiogenesis. VEGFA binding to
VEGFR2 leads to Notch ligand Dll4 expression in the tip cell and activation of Notch in
4

neighboring ECs, which is proven to suppress tip cell sprouting of these cells and induce
stalk cell maturation signaling programs instead. (Hellström et al., 2007; Siekmann &
Lawson, 2007; Suchting et al., 2007). ECs rely on the strict control of these two signaling
programs to coordinate cell phenotypes throughout angiogenesis. Loss of signaling
control in these pathways often results with severe disease phenotypes and early
embryonic lethality in mice (Siekmann & Lawson, 2007; Suchting et al., 2007; Xue et al.,
1999).

Basement Membrane Biology
In forming a de novo sprout, ECs secrete a variety of proteins, including those
that make up a surrounding planar protein network that encapsulates the developing
blood vessel, collectively termed the basement membrane (BM). The BM has a
fundamental role in differentiation, proliferation, survival and migration during
angiogenesis in addition to physically acting as selective barriers and structural scaffolds
(Schwarzbauer, 1999).
BMs comprise specialized matrix components from multiple protein families
(Timpl, 1996). In adults, quiescent blood vessels are covered with a continuous BM
consisting primarily of laminins, collagen type IV (Col IV), nidogens and the heparan
sulfate proteoglycan known as perlecan (Bix & Iozzo, 2008; Hallmann et al., 2005;
Hayashi, Madri, & Yurchenco, 1992). Laminins are a large family of at least 15 different
heterotrimeric molecules that interact directly with collagens in the extracellular matrix.
Another BM protein of a smaller family, Nidogen-1 and -2, mediates the formation of
tertiary complexes between laminin and Col IV in vitro (Colognato & Yurchenco, 2000;
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Kohfeldt, Sasaki, Göhring, & Timpl, 1998). Perlecan is integrated into the meshwork of
laminins and Col IV, plays an important role in the maintenance of basement membrane
integrity and is a local storage of growth factors (Gohring, Sasaki, Heldin, & Timpl,
1998). In the absence of Col IV, laminin or perlecan, BM integrity and cell integrin
signaling is diminished (Aumailley, Pesch, Tunggal, Gaill, & Fässler, 2000; Bix & Iozzo,
2008; Poschl, 2004). This diminished signaling and BM integrity is very detrimental to
the maturation of blood vessels as ECs respond negatively, in terms of growth and
maturation, when the BM is compromised. The bulk of the vasculature BM is secreted
early during the angiogenic stages of development directly by ECs and only later in
development is the BM buttressed with mural cell contributions (Bahramsoltani,
Slosarek, De Spiegelaere, & Plendl, 2014). The perivascular BM elements vary
depending on anatomical location (Denning, Channon, Peters, Oldham, & Annex, 1996),
but generally demonstrate an enrichment of macromolecular collagen type IV (Col IV),
laminins (4-1-1 and 5-1-1), perlecan, fibronectin and nidogen (Astrof & Hynes, 2009;
Bahramsoltani et al., 2014) that are directly secreted by ECs and supportive cells
(Armulik, Genové, & Betsholtz, 2011; Kalluri, 2003; Liliensiek, Nealey, & Murphy,
2009).

Basement Membrane Integrity and Collagen IV
Blood vessels are exquisitely dependent on Col IV BM due to their inherent
pressure demands as a fluid transport system. Disruption in Col IV bioavailability during
blood vessel development is the basis of small vessel diseases (SVDs) in which Col IV
point mutations promote intracellular retention or degradation of Col IV, limiting its
6

perivascular deposition. This disease category includes phenotypic manifestations of
lacunar infarcts, cerebral microbleeds or diffuse white matter diseases. SVDs account for
up to half of all strokes, and 5% of SVDs are hereditary with extremely young age of
onset (Miyatake et al., 2018). The reduced Col IV secretion in SVDs is associated with
intracerebral hemorrhage, typically resulting in death or profound disability (Gould et al.,
2005). Genetic ablation of Col IV in mice does not prevent angiogenesis, but is
embryonically lethal due to an inability of blood vessels to resist the mechanical strain of
circulation resulting in brain hemorrhages (Poschl, 2004).
Vertebrates express six collagen IV polypeptide chains (a1[IV]-a6[IV]) encoded
by genes COL4A1-COL4A6. These polypeptide chains all contain a central collagen
domain which is characterized by Gly-X-Y repeats in which every third amino acid is a
glycine residue. Within the endoplasmic reticulum (ER), three alpha chains interact to
form triple helical protomers and the small, hydrophobic glycine residues are critical for
helix formation (Khoshnoodi, Pedchenko, & Hudson, 2008). The hydrophobic
interactions position the glycine residues within the center of the helix and contribute to
stability. Two important domains within the triple helix of Col IV protomers are the Nterminal domain (7S) and the non-collagenous large globular C-terminal domain (NC1).
Helix formation and the stereotypical heterotrimers are determined by interactions of the
NC1 domains (Boutaud et al., 2000). Of all the alpha chain combinations possible, only
three distinct protomers occur in vertebrates:a1a1a2(IV), a3a4a5(IV) and a5a5a6(IV)
with a1a1a2(IV) being present in vascular BMs (Khoshnoodi, Cartailler, Alvares, Veis,
& Hudson, 2006; Khoshnoodi, Sigmundsson, et al., 2006). Collagenopathies associated
with Col IV point mutations are influenced by the specific amino acid affected within the
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alpha chains. Col4A1 mutations affecting the CB3 integrin-binding domain of
a1a1a2(IV) leads to hereditary angiopathy with nephropathy, aneurysm and muscle
cramps (HANAC) syndrome (Plaisier et al., 2010). The disease mechanisms of mutations
affecting the a1a1a2(IV) protomer remain largely unknown but few initial analyses of
COL4A1 mutations show they are associated with BM defects (Van Agtmael &
Bruckner-Tuderman, 2010). Known human mutations in COL4A1 and COL4A2,
specifically at glycine residues, has been implicated in ER stress and activation of the
unfolded protein response (UPR) (Gould, Marchant, Savinova, Smith, & John, 2007;
Murray et al., 2014; van Agtmael et al., 2010; Van Agtmael et al., 2005). Recently, a
genome-wide association study (GWAS) identified 3 novel loci associated with increased
risk of strokes including COL4A1 (Malik et al., 2018). The known COL4A1 and COL4A2
glycine point mutations affect the initial folding of alpha chain heterotrimers, leading to
ER accumulation, activation of the UPR, and thus decreased Col IV BM deposition,
resulting in SVDs.
During the translation of the Col IV alpha chains into the ER lumen, proline
residues within the Gly-X-Y sequence undergo modification by peptidyl-prolyl isomerase
(PPI) (J. M. Davis, Boswell, & Bachinger, 1989). Thermal stability of triple helices is
further enhanced by the hydroxylation of alpha chains is done by proline-4-hydroxylase
(P4H) and also prolyl-3-hydroxylase (P3H) (Myllyharju, 2003; Pokidysheva et al., 2014).
In addition to extensive proline modifications, the lysine residues also undergo
hydroxylation (Sipilä et al., 2007). Typically, the repeating Gly-X-Y repeat of the
collagenous middle domain of Col IV has lysine residues at many Y positions which
undergoes extensive hydroxylation. There are three lysyl hydroxylase isoforms that have
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been characterized (LH1-LH3) (Hautala et al., 1992; Mercer, Nicol, Kimbembe, &
Robins, 2003; Heli Ruotsalainen, Sipilä, Kerkelä, Pospiech, & Myllylä, 1999; Valtavaara,
Szpirer, Szpirer, & Myllylä, 1998). Of the three, only LH3 enzyme contains in addition to
lysyl hydroxylase activity, collagen galactosyltransferase and glucosyltransferase activity
in vitro (Wang et al., 2002). LH3 is also not only resident in the ER but also into the
extracellular space (Salo et al., 2006). Similar to loss of Col IV in mice, loss of LH3 leads
to embryonic lethality (Rautavuoma et al., 2004; H. Ruotsalainen, 2006).
Collagen IV has a distinctive approach to exiting the ER and then to continue
along the classical secretion pathway through the Golgi apparatus and into vesicles
targeted for polarized secretion to the BM. The heterotrimer Col IV protomer is predicted
to be around 400nm in length yet is packaged into smaller 60-90nm COPI coated
vesicles. In short, the Col IV protomer has two adaptor proteins TANGO1 and cTAGE5
that function as a wedge and prevent the 60-90nm COPII vesicles from closing before the
entire 400nm Col IV macromolecule is encapsulated (Chioran, Duncan, Catalano, Brown,
& Ringuette, 2017; Malhotra & Erlmann, 2015a; Raote et al., 2018; Saito & Katada,
2015). Additionally, it has been shown that elimination of a negative regulator of Ras
signaling pathway leads to an increase in accumulation in ER-resident post-translational
modifying enzymes, known to be associated with procollagen IV folding and ER export
(Chen, Teng, North, Lapinski, & King, 2019).
Once done with ER enzymatic modifications, it is unclear how Col IV is secreted.
Similar in structure, Collagen I (Col I) has been imaged with immunoelectron
microscopy to provide evidence for a Golgi maturation hypothesis (Bonfanti et al., 1998).
It was observed that Col I never left the lumen of Golgi cisternae as it progressed from
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cis- to trans-Golgi compartments. Col IV secretion has been observed to be increased
with glucose stimulation in fibroblast cells (Lam, van der Geest, Verhagen, Daha, & van
Kooten, 2004). Previous studies, however, lack a detailed trafficking mechanism
hypothesis that could be controlling post-Golgi Col IV secretion and/or regulation.

Post-Golgi Trafficking
Generally, eukaryotic cells are composed of a variety of proteins and organelles
within the cytoplasm. Despite the overlap in signaling cues and complexity of molecular
pathways, the appropriate and accurate delivery of cargo is very tightly regulated and
maintained. In over two decades since the first identification of Rab (Ras-related proteins
in brain) GTPases, over 70 human members of the Ras superfamily have been identified
as conserved (Colicelli, 2004). Interestingly, only 11 Rabs have been identified in yeast
compared to the 70 found in higher eukaryotes, owing to the increase in cell complexity.
Characterization of half of the known Rab GTPases has revealed the extraordinary
complexity of membrane trafficking circuits with an essential role for Rabs in cell
signaling (Schwartz, Cao, Pylypenko, Rak, & Wandinger-Ness, 2007). Rab proteins are
present on all endosomal compartments including the ER, Golgi, endosomes and
lysosomes while also on the nucleus, plasma membrane, mitochondria and centrioles.
Different Rabs serve as a molecular identifier for different membranes and organelles
throughout the cell. Through the function of these GTPases, the complexity of membrane
traffic can be controlled through a coordinated process. Rab proteins help to establish
polarity within cells by regulating the trafficking of junctional proteins, integrins and by
defining junctional circuits. Rabs help with compartment identity, regulating cargo
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delivery, controlling protein and lipid storage/degradation while also modulating
specialized trafficking functions (Schwartz et al., 2007). There are four major steps in
membrane traffic: vesicle budding, vesicle delivery, vesicle tethering, and fusion of the
membranes (Grosshans, Ortiz, & Novick, 2006). Rabs have been implicated in the
regulation of each of these steps.
Rabs function as molecular switches, cycling between GDP-bound and GTPbound states. Even with their small size (20-25kDa) Rab structural analyses have shown
multiple interaction surfaces that associate with regulator molecules and downstream
effectors. The switch between GDP-bound “off” to GTP-bound “on” states is controlled
by guanine exchange factors (GEFs). Simply, GEFs activate Rabs into their “on” state.
The hydrolysis of GTP to GDP by GTPase-activating proteins (GAPs) is the in-activing
mechanism shared by all Rabs. In addition, Rabs can be regulated through prevention of
insertion into membranes by their GDP dissociation inhibitor (GDIs) which also requires
GDI displacement factor (GDF) (Grosshans et al., 2006). Active, membrane bound Rabs
are exposed to their effectors and collectively function to control membrane traffic. In
total, Rab family members and the constant growing list of effector proteins have evolved
to control the complex intracellular trafficking pathways between organelles required for
proper health and functionality of all cell types.

Rab10 and Collagen IV
Recent investigations in Drosophila melanogaster have established the GTPase
Rab10 as a candite for mediating Col IV trafficking after the Golgi apparatus (Isabella &
Horne-Badovinac, 2016; Lerner et al., 2013). Another recent study using mIMCD3
11

(mouse inner medullary collecting duct) cells implicate Rab10 as mediating the
trafficking of the enzyme LH3 to post-Golgi Col IV carriers (CIVCs) (Banushi et al.,
2016).
In regard to Col IV, how Col IV is transported, targeted to the basal membrane,
interfaces with degradative organelles or intersects with other proteins/enzymes during
angiogenesis is mostly unknown. It is understood that proangiogenic molecules such as
vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) are
associated with secretion of ECM proteins during angiogenesis; however, it has not been
shown if this signaling affects BM trafficking.
This study aims to examine the contribution of Rab10 to Col IV secretion within
human umbilical vein endothelial cells (HUVECs) during angiogenesis and to further
elucidate the post-Golgi secretion membrane trafficking mediators involved.
Furthermore, how the contribution of blood vessel maturation programs, such as Notch
signaling (Ehling, Adams, Benedito, & Adams, 2013), interface with BM trafficking is
largely uncharacterized.
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Chapter Two: Trafficking Mechanism of Col IV Secretion
Introduction
BMs are specialized, planar protein networks that exist on the basal surface of
cells. In ECs the basal surface is opposite of the lumen or apical side. Cell polarization is
driven by the asymmetric distribution of proteins and other molecules. As in epithelia
tissues, the endothelium has shown similar cell behavior in establishing polarity. Cell-cell
contacts, tight and adherens junctions, are commonly used to differentiate between the
apical and basal side of cells. For BM proteins (Col IV, perlecan, and laminins) to be
secreted properly, polarized basal trafficking mediators must control trafficking these
proteins through the secretory pathway.
Within epithelial models, there have been indications that BM proteins reach the
basal surface through a distinct mechanism (Boll, Partin, Katz, Caplan, & Jamieson,
1991; Cohen, Müsch, & Rodriguez-Boulan, 2001). Genetic evidence came in Drosophila
when DENN domain protein, Crag (calmodulin-binding protein related to Rab3 GDPGTP exchange protein), was identified as a selective regulator of polarized BM secretion
(Denef, Chen, Weeks, Barcelo, & Schüpbach, 2008). Further studies went on to show
that the Rab10 GTPase was being regulating by Crag and responsible for this control of
Col IV secretion (Isabella & Horne-Badovinac, 2016; Lerner et al., 2013). While great
studies, they lack the mechanistic detail that would directly show Rab10 to be the
mediator of Col IV secretion regulation.
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Rab10 has been implicated in numerous cell trafficking processes. There is a body
of evidence for Rab10 to be responsible for transportation of the GLUT4 transporter
within fat and muscle cells. In order for these cells to uptake glucose, they must position
the GLUT4 transporter into their plasma membrane (PM) at the response to stimuli.
Rab10 GTPase has been implicated in direct insulin stimulated trafficking of GLUT4
(Bruno, Brumfield, Chaudhary, Iaea, & McGraw, 2016). In response to insulin signals,
Rab10 is activated and controls the trafficking of GLUT4 from below the plasma
membrane surface to insertion into the membrane.
Additionally, Rab10 has recently been shown to be functional at the ‘leadingedge’ in ER morphology and possibly coupled to phospholipid synthesis and/or protein
recruitment (English & Voeltz, 2013). Reduction in Rab10 through siRNA treatment
increased the detectable number of ER cisternae while reducing the number of tubule
events or ER tubule fusions (English & Voeltz, 2013). This study goes on to show that
ER tubule dynamics are driven by a Rab10 GTPase effector which catalyzes the
formation of a specific lipid, phosphatidylinositol. Importantly, polarized deposition of
basement membrane proteins has been shown to be dependent on that same Rab10
GTPase effector, phosphatidylinositol synthase (PIS), and levels of PI(4,5)P2 (Shi et al.,
2012). Taken all together, previous literature has shown that the polarized secretion of
basement membrane proteins to the basal side of the epithelial cells, in Xenapus laevis
(frogs) and D. melanogaster (flies), is dependent on the functionality of Rab10 GTPase.
This study aims to clarify the intracellular role of Rab10 in polarized endothelial cells
during basement membrane deposition of angiogenesis.
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In addition to Rab10, another Rab GTPase has been shown to have a role in Col
IV secretion. It is proposed that Rab10 and Rab25 function in a novel Rab Cascade to
control the delivery of LH3 to post-Golgi Col IV vesicles (CIVCs) (Banushi et al., 2016).
Loss of function in either of these Rab GTPases leads to the lack of Col IV secretion,
explained by the inefficient delivery of post-translational modifying enzyme LH3 to
CIVCs.
Protein trafficking to the yeast vacuole requires the vacuolar protein sorting (vps)
protein Vps33p. Within yeast, Vps33p is a part of the C core vacuole/endosome tethering
(CORVET) or homotypic fusion and vacuole protein sorting (HOPS) multiprotein
complexes (Spang, 2016). This protein and its homologues are members of the
Sec1/Munc18 protein family that regulates vesicular membrane targeting and fusion
through interactions with soluble NSF attachment protein receptors, SNAREs (Lo et al.,
2005). There are two homologues of the yeast Vps33p in metazoans, VPS33A and
VPS33B. Of these, VPS33B is known to form a protein complex with VIPAR (vps33binteracting protein involved in polarity and apical protein restriction), which when
combined is termed VIPAS39 (Cullinane et al., 2010). VIPAS39 is thought to act as a
tethering complex in endosomal trafficking distinct from the HOPS or CORVET
complexes in mammalian cells (Rogerson & Gissen, 2016). Additionally, human patients
with mutations in VPS33B showed LH3 deficient collagen modifications, suggesting that
the CHEVI tethering protein complex has a functional role in collagen biosynthesis
(Gruber et al., 2017). This study aims to identify the role of the CHEVI tethering system
within endothelial cells during polarized basement membrane deposition.
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Materials and Methods
DNA Cloning
Unless otherwise stated, all vectors were generated by PCR amplification of the
desired middle element using attL1/L2- flanked oligonucleotide primers, followed by an
LR reaction with either pLenti_705 (17392, Addgene) or pLEX_307 (41392, Addgene).
A Gibson assembly reaction was performed with the desired gene to be assembled into an
EcoRI-BamHI linearized pME- MCS destination. To generate the Rab10 clones, fulllength human cDNA Rab10 was synthesized using gene blocks (Operon) and cloned into
pME-MCS vector using the primer sequences described in supplementary table 1. Fulllength human Rab25 cDNA was purchased from Origene (RC203413, ORIgene) and
cloned into pME-MCS as described supplementary table 1. Point mutations were
introduced via a Q5 site-directed mutagenesis kit (E0554S, NEB) using primers described
in supplementary table 1. All constructs were verified with sequencing. For co-expression
of Rab10 and Rab25 in HUVECs, the destination plasmid pShuttle-CMV (16403,
Addgene) was used. To create relative similar levels of expression the two genes of
interest were fused together via a p2a viral DNA element. The primers used to clone
tRFP-Rab10 and BFP-Rab25 are shown in supplementary table 1. A Gibson assembly
was used to assemble all desired elements into the XhoI, EcoRV linearized pShuttleCMV. All constructs were verified by sequencing.

Collagen IV Extracellular Secretion Assay
Extracellular Col IV ratio is quantified by taking the total fluorescence intensity
of Col IV and the fluorescence intensity inside the cell perimeter. Col IV extracellular
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ratio = [(total fluorescence – inside fluorescence)/inside fluorescence] *100. A value at 1
or below is representative of little/ no Col IV secretion while a value above 1 is
representative of substantial Col IV secretion. Values are then normalized to control
condition values. Brefeldin A (00-498093, ThermoSci), chloroquine (C6628, Sigma),
cycloheximide (C7698, Sigma), DAPT (D5942, Sigma) and VEGF (V7259, Sigma) were
used for indicated experiments.

Cell Culture
Primary human umbilical vein cells (HUVECs; PromoCell) were cultured in
EBM-2 medium supplemented with 5% fetal bovine serum (FBA), 1%
penicillin/streptomycin and 1% growth supplemental kit (EGM-2). Only cells in passages
2-10 were used for our experiments. Human aortic endothelial cells (HAECs)
(ACBRI375, Cell-Systems), human brain microvasculature endothelial cells (HBMECs)
(ACBRI376, Cell-Systems) and human dermal microvasculature endothelial cells
(HDMECs) (CSC2M1, Cell-Systems) were all cultured in EGM-2. The serum starve
medium is composed of Optimem (11058021, ThermoSci) supplemented with 2% FBS
(25-514, GeneseeSci) and 1% penicillin/streptomycin (P4333, Sigma). Human lung
fibroblasts (NHLFs) (CC-2512, Lonza) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (25-501B, GeneseeSci) media supplemented with 10% FBS and 1%
penicillin/streptomycin. Human embryonic kidney cells (HEKs) (85120602, Sigma) were
cultured in DMEM media supplemented with 10% FBS and 1% penicillin/streptomycin.
All cells were grown at 37°C in a humidified atmosphere with 5% CO2. Adenovirus
strain adNICD-GFP was kindly gifted from Dr. Sussman (Gude & Sussman, 2012).
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Endothelial Cell Transfection Assay
Cells were transfected using the Neon Transfection System (MPK5000,
ThermoSci) according to manufacturer s protocol. Briefly, cells were trypsinized and
washed with DPBS then suspended in a solution of R-buffer (100μl; Invitrogen)
containing either (100μM) siRNA or (1μg) overexpression plasmids (pLenti_705,
pLEX_307 or pShuttle-CMV) using the recommended electroporation protocol (1350 V,
30 ms, 1 pulse). Then, cells were either plated onto pre-treated poly-L-lysine coated glass
coverslips for IHC and live-imaging or plated into petri dishes for WB experiments and
placed in 37°C and 5% CO2. IHC and live-imaging experiments were conducted 18-30
hours after transfection while cell lysates were harvested 48-72 hours after transfections.

Immunohistochemistry
Standard procedures were used for IHC (Kushner et al., 2014). Briefly, HUVECs
grown on poly-L-lysine coated coverslips were washed and subsequently fixed with 4%
PFA for 10 min. Cells were then washed and incubated at RT with 0.1% Triton-X for 10
min. Blocking was performed with 2% BSA prior to primary antibody incubation.
Commercial antibodies used include: goat anti-Col IV (ab769, Sigma), rabbit anti-Col IV
(ab6586, Abcam), rabbit anti-Laminin (L9393, Sigma), mouse anti-heparan sulfate
proteoglycan (MABT12, Sigma), mouse anti-PLOD3 (SAB1400329, Sigma), rabbit antiphospho-Histone H3 (06-570, Sigma), mouse anti-Hes1 (ab119776, Abcam) and rabbit
anti-DYKDDDDK-tag (PA1-984B, ThermoSci). AlexaFluor conjugated secondary
antibodies include donkey anti-goat 555(A32816, ThermoSci) and donkey anti-mouse
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647 (A31571, ThermoSci). Hoechst 33342 (H3570, ThermoSci) used as a DNA stain.
Recombinant Human Dll4 (1506-D4-050, R&D) protein was used at 1μg/mL for coating
coverslips or cell culture dishes where indicated. For wound healing assays, scratches
were made when HUVECs were 90% confluent. Dishes were washed twice and then
replaced fresh EGM-2 medium for up to 8 hours before fixation with 4% PFA. CellEvent
Caspase-3/7 (C10723, ThermoSci) was used to investigate transfection efficiency. All
histology was performed at HistoTox Labs (Boulder, CO).

Sprouting Assay
A fibrin-bead sprouting assay was conducted as described by Nakatsu et al.
(Nakatsu, Davis, & Hughes, 2007). Briefly, after trypsinization, HUVECs were incubated
with cytodex3 microcarrier beads (C3275, Sigma) at a ratio of 400 cells per bead. The
samples were incubated for 4 hours with agitation every 15 min. The mixture was then
transferred to a 6cm2 dish and cultured at 37°C overnight. The next day, beads coated
with HUVECs were collected and resuspended in a 2mg/ml fibrinogen solution (F8630,
Sigma), which contained 0.15 U/ml aprotinin (A1153, Sigma). As the beads were added
to poly-L-lysine pre-treated glass coverslips, 0.625 U/ml thrombin (T4648, Sigma) was
added, gently mixed, and incubated at 37°C until the gel solidifies. Then, 25,000 NHLFs
which were resuspended in 1ml EGM-2 were added on top of the gel. The media was
changed every 2 days and fixed 6-8 days after embedding with 4% PFA. Standard IHC
staining solutions were used. Images were obtained on inverted Nikon Ti-E spinning disk
confocal and analyzed with FIJI software.
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Protein and RNA Isolation from Endothelial Cells
Western blotting was performed using standard procedures. Whole cell lysates
were harvested for protein extraction 48-72 hours after transfection. An equal amount
(20-35g) of protein was electrophoresed on 12% and 7% polyacrylamide gels and then
transferred to nitrocellulose membranes. The membrane was blocked in ~5% milk or 2%
BSA followed by antibody incubation overnight at 4C. Antibodies used are listed below:
rabbit anti- α-tubulin (ab52866, Abcam); mouse anti-Rab10 (MABN730, Sigma); rabbit
anti-Col IV (ab6586, Abcam). The internal loading control for all experiments was αtubulin. Secondary HRPs (GeneseeSci) and ProSignal ECL substrate (20-300B,
GeneseeSci) were used. For GTP associations, ECs were incubated with indicated media
then lysed and incubated with guanosine 5 -triphosphate agarose beads (G9768, Sigma).
RNA extraction was performed using TRIzol (15596026, ThermoSci) with standard
procedures. RT-PCR was performed on cDNA libraries using high-capacity cDNA
reverse transcription kit (4368814, ThermoSci) according to manufacturer instructions.
PCRs were performed using ProFlex PCR System (4484073, ThermoSci).

Zebrafish
Zebrafish (Danio rerio) were bred and housed in standard conditions in
accordance with the University of Denver. The tg(kdrl:eGFP) (kind gift Victoria Bautch),
tg(cdh5:gal4FF) (kind gift Arndt Siekmann), tg(5xUAS:tRFP Rab10) (this study),
tg(5xUAS:tRFP Rab10Q68L) (this study), tg (5xUAS:tRFP Rab10T23N) (this study).
Procedures used in the experiments were approved by the Institutional Animal Care and
Use Committee. Morpholinos were purchased from GeneTools LLC and injected using
20

standard protocols. For cryosectioning, zebrafish were fixed in 4% PFA overnight and
dehydrated in 100% methanol for 48 hours. Thereafter, embryos were briefly rehydrated
in TBST and then incubated in a 30% sucrose solution for 24 hours. Fish were embedded
in OCT prior to sectioning and staining as previously reported (Mouillesseaux et al.,
2016). Images were obtained using a Leica m165 FC Stereoscope. Zebrafish subjected to
TEM were fixed in 4% PFA and 2% glutaraldehyde for 24 hours. TEM processing and
imaging were done at University of Colorado TEM core facility.

Generation of tg(5xUAS:tRFP Rab10) mutant lines
Unless otherwise stated, all middle entry vectors were generated by PCR
amplification of the desired middle element using extended and over-hanging
oligonucleotide primers, followed by a Gibson assembly with a middle entry plasmid.
The tol2 cloning system was used to assemble the p5E 5xUAS promoter and the pMEinto a modified 395-destination plasmid (this study).

Mice
Mice were bred and housed in standardized conditions in the Mouse Research
Animal Facility at University of Denver and monitored regularly to maintain a pathogenfree environment. Procedures used in the experiments were approved by the Institutional
Animal Care and Use Committee. Rab10em1(IMPC)J mice were obtained from The
Jackson Laboratory (MMRRC# 505 42330). Rab10em1(IMPC)J pups were obtained via
intercrossing of heterozygous mutants or via outcrossing with BL6 background mice.
None of the intercrossed heterozygote mutant offspring were found to be homozygous
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null, consistent with other reports (Lv et al., 2015). At the time of sacrifice genotypes
were determined via tail-clips and PCR. P5 Notch Mouse Retinas were obtained from Dr.
Jan Kitajewski.

Retina Extraction
Eyes from male and female mice were harvested at P6 and fixed in 4% PFA for 2
hours at room temperature. Immediately after fixation, retinas were dissected and
flattened by making curve- relieving cuts. The retinas were then fixed for an additional
30 minutes. Then, retinas were placed in 2% BSA blocking solution overnight at 4C. On
day 2, retinas were stained for 24 hours at 4C with goat anti-collagen IV (same as IHC)
and rabbit anti-PLOD3 antibody (HPA001236, Sigma). On day 3, retinas were washed
twice in TBST and then stained for 24 hours at 4C with conjugated Isolectin B4 (IB4)
and Hoechst 33342 (see IHC), donkey anti-goat 555(same as IHC) and donkey antimouse 647 (same as IHC). On day 4, the specimens were washed three times in TBST for
10 min and then left in TBST overnight at 4C. On day 5, the retinas were mounted on
slides and imaged. For the P5 Notch retinas, eyes were fixed in 4% PFA for 2 hours and
then stored in DPBS for shipping. Upon receiving the eyes, dissections and staining
proceeded as stated above with the addition of a 10 minute 0.1x Triton-X incubation prior
to 2% BSA blocking overnight. Collagen IV intensity reported is Mean Gray Value
analysis performed in FIJI software.
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Table I. General Cloning Primers.
Sequences of the primer pairs used to assemble middle entry plasmids of either GFP or TagRFP versions of
Rab10, CA, or DN as well as BFP versions of Rab25 WT, CA, or DN.

Gene of Interest
TagRFP
GFP
Rab10
BFP
Rab25
tRFP-Rab10 p2a
p2a BFP-Rab25
Rab25 S21V - CA
Rab25 T26N - DN

Forward Primer

Reverse Primer

gcttgatatcgttaatatggtgtcta ggtggcgaccggtggatccgtg
agggcgaagagc
cttcccgaattaagtttgtgcccca
gtttgctaggg
taagcttgatatcgttaatatgagt ggcgaccggtggatccgtgcttc
aaaggagaagaacttttcactgg ccgatttgtatagttcatccatgcc
a
atgtgtaatcc
tccaccggtcgccaccatggcga gaactagtggatcgttttcagcag
agaagacgtacgacctg
catttgctcttccagc
gcttgatatcgttaattaagccgcc cccccccgccggagcccccacc
accatgagcgagctgattaagga gccgtgccccagtttgctaggga
gaaca
gcggtgggggctccggcgggg ctagaactagtggatcgtttaaact
gggggtccgggaatggaactga tagaggctgatgcaacaggccc
ggaagattataac
cgacgcggccgctcgaggccg tgcttgctttagcagagagaagttt
ccaccatggtgtctaagggcgaa gtggcgccgctgccgcagcattt
gagc
gctcttccagcc
agcaagcaggtgatgttgaagaa ctagatccggtggatcggatatct
aaccccgggcctagcgagctga tagaggctgatgcaacaggccct
ttaaggagaacatgc
c
ggcgaagtaggtgtggggaaga gatcagcaccaccttgaagacaa
c
a
gggaagaacaatctactctcccg cacacctgattcgccgatcagc

Table II. RT-PCR Primers.
Sequences of the primers used in RT-PCR analysis of gene expression in ECs.

GAPDH_F
GAPDH_R
Col4a1_N-term_F
Col4a1_N-term_R
Col4a1_C-term_F
Col4a1_C-term_R
Hes1_A_F
Hes1_A_R
Hes1_B_F
Hes1_B_R

tgcaccaccaactgcttagc
ggcatggactgtggtcatgag
gatgaagggtgatccaggtgagatac
cttgagcttgtcctggtactcctgg
acagccagaccattcagatcccacc
gcacttctaaactcctccaggcagg
tcaacacgaccggataaa
ccgcgagctatctttcttca
tgccagctcatataatggaggaa
ccatgataggctttgatgacttt
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Table III. Mouse Genotyping Primers
Sequences of the primers used to determine the genotype of Rab10.

COM_F
WT_R
Rab10_R

ctgtttttcctttcagctcagt
cagcatcacaggaaccaaac
catttggagaaaagcatcagg

Statistics
All statistical analyses were conducted using GraphPad PRISM software.
Student’s t-test were used to compare the difference between the control and treated
group in our studies. A two-tailed P<0.05 was significant, and the data are presented as
mean ± 95% confidence interval.

Results
Previous literature has implicated the GTPase Rab10 as the post-Golgi Col IV
trafficking mediator (Lerner et al., 2013). Given this implication, we first sought to
determine if Rab10 was involved in Col VI secretion in primary ECs. ECs plated on
coverslips demonstrated robust secretion of Col IV marked by long trails leading back to
individual ECs. It was important to investigate isolated or freely migrating ECs as their
secretion could be easily distinguished from any neighboring ECs. In doing so, we are
also able to eliminate any cell-cell signaling pathways that could play a role in Col IV
secretion. Rab10 knockdown significantly diminished Col IV secretion with a very
limited amount of Col IV being deposited under the ventral/basal surface of the EC
(Figure 2.1).
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Figure 2.1: Loss of Rab10 in Endothelial Cells Impairs Collagen IV Secretion.
(A) Immunoblot of Rab10 in ECs transfected with either scrambled or Rab10 siRNA and probed for
indicated proteins. (B) Representative images of scrambled or Rab10 siRNA-treated ECs and stained for
collagen IV (Col IV) (red), actin (green), and DNA (blue). Dotted green line indicates cell outline.
Arrowheads denote extracellular Col IV secretion. (C) Graph of Col IV extracellular ratio in scrambled or
Rab10 siRNA-treated ECs. n = number of ECs. For all experiments, data represented as mean ± 95%
confidence intervals. Black bars indicate comparison groups with indicated p-values. All p-values are from
two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤
0.0001; ns, not significant.
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We next transduced ECs with wild-type (WT), constitutively active (CA, Q68L)
or a dominant negative (DN, T23N) Rab10 fused to a green fluorescent protein (GFP).
ECs expressing a GFP-Rab10 WT or CA mutant did not show any difference in Col IV
secretion compared to each other. However, expression of the GFP-Rab10 DN
significantly reduced Col IV secretion compared to both Rab10 WT and CA (Figure 2.2).
As expected with these Rab10 mutants, we see a punctate appearance throughout the
cytoplasm for CA but are only able to detect diffuse fluorescence in the cytoplasm for
DN. We detect strong fluorescence intensity emanating near the nuclei for both
constructs as the expression plasmid for these GFP-Rab10s includes a Cytomegalovirus
(CMV) promoter, thus leading to overexpression once incorporated into the EC. (Figure
2.2).
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Figure 2.2 Overexpression of Rab10 Dominant Negative Impairs Collagen IV Secretion.
(A) Representative image of ECs expressing GFP only (control), GFP-Rab10 constitutively active (CA) or
GFP-Rab10 dominant negative (DN), stained for Col IV (red) and DNA (blue). Dotted green line indicates
cell outline. Arrowheads denote extracellular Col IV secretion. (B) Graph of Col IV extracellular ratio in
ECs expressing GFP only (control) or GFP Rab10 CA/DN. n=number of ECs. (C) Representative images
of ECs expressing GFP-Rab10 CA/DN. Arrowheads denote Rab10 puncta. For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Secreted Col IV is typically associated with other basement membrane (BM)
proteins such as perlecan and laminins (Hohenester & Yurchenco, 2013; Mak & Mei,
2017). Rab10 knockdown also significantly reduced the matrix-associated secretion of
these vascular BM proteins (Figure 2.3).

Perlecan/DNA
Laminin/Actin Perlecan

Laminin

B400

****

n=63

Extracellular BM Ratio
(Normalized, AU)
Sc
ra
m
R bl
a
Sc b e
ra 10
m
R b
Sc ab le
ra 10
m
R bl
ab e
10

Rab10

Scramble

A

****
300 n=32

100

****

n=31
n=30

200

20μm

n=62

n=31

0

Col IV Perl Lam
Figure 2.3 Loss of Rab10 in Endothelial Cells Impacts Basement Membrane Secretion.
(A) Representative images of scramble or Rab10 siRNA-treated ECs and stained for laminin (red) perlecan
(green), actin (grey), and DNA (blue). Dotted green line indicates cell outline. Arrowheads denote
extracellular Col IV secretion. (B) Graph of extracellular basement membrane (BM) ratio in scramble or
Rab10 siRNA-treated ECs between indicated secreted proteins. n=number of ECs. For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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To determine if Rab10 affected 3-dimensional (3D) sprouting behaviors we
employed a fibrin-bead assay in which ECs form multicellular sprouts in a fibrin matrix
(Nakatsu et al., 2007). Reduction of Rab10 resulted in a 70-90% reduction in sprouting
parameters compared to controls (Figure 2.4). Sprouting parameters measured include
individual sprout length, number of sprouts per bead, and also the number of branch
points on all the sprouts per bead.
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Figure 2.4 Loss of Rab10 in Endothelial Cells Impairs 3D Sprouting.
(A) Representative image of fibrin-bead sprouts between indicated siRNA treatment groups. Sprouts were
stained for actin (grey) to delineate sprout morphology. (B-D) Graphs of sprouting parameters for scramble
or Rab10 siRNA-treated sprouts. n=number of measurements. For all experiments, data represented as
mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All pvalues are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤
0.001; ****p≤0.0001; ns, not significant.
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To further probe how loss and gain of function of Rab10 affected Col IV secretion
in 3D sprouting, we mosaically transduced GFP-Rab10 CA and DN mutants into growing
sprouts. Staining non-permeabilized sprouts for secreted Col IV showed that ECs
expressing the GFP-Rab10 DN form had lower levels of perivascular Col IV, while the
GFP-Rab10 CA mutant showed qualitatively elevated Col IV secretion compared with a
non-transduced control sprout (Figure 2.5 A, B). In addition to not permeabilizing these
sprouts we also measured the fluorescence intensity curve of the actin dye Phalloidin to
that of the Col IV signal. We see a distinct signal for Col IV fluorescence intensity
outside the signal for actin, notably on the downslope of the intensity signals further
indicating the Col IV measured is secreted, perivascular Col IV (Figure 2.5 C-E). In
comparing sprout morphology, only the Rab10 DN version impaired sprout length and
number of branch points in reference to control and Rab10 CA expressing ECs (Figure
2.5 F-H). Interestingly, both GFP Rab10 CA and DN impaired sprout formation, the
Rab10 DN variant to a greater magnitude, compared with control sprouts. These results
indicate that Rab10 is necessary for in vitro Col IV secretion and imperative for EC
sprouting. Taken together, these data suggest that the relative level of Rab10 activation
may be consequential for proper sprout formation.
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Figure 2.5 Overexpression of Rab10 CA and DN Affect EC 3D Sprouting and Col IV Secretion.
(A) Representative images of ECs expressing GFP only (control) or GFP-Rab10 CA/DN in fibrin-bead
sprouts. Dotted red line indicates line scan of (B). Arrowheads denote extracellular Col IV secretion. (B)
Line scan measurement of Col IV fluorescence intensity shown in (A). (C-E) Line scan measurements of
Col IV (solid line) and actin (dotted line) fluorescence intensity shown in (A) for control (blue), Rab10 CA
(green) and Rab10 DN (red) in fibrin-bead sprouts. (F-H) Graph of sprouting parameters for GFP only
(control) or GFP-Rab10 CA/DN expressing sprouts. n=number of measurements. For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.

We then sought to determine how Rab10 impacts Col IV secretion
mechanistically. The first step was to determine normal Col IV cellular turnover in ECs.
ECs incubated with Golgi-disrupting compound brefeldin-A (BFA) ablated Col IV
secretion, suggesting that Col IV itself or its regulators use a classical post-Golgi
trafficking route (Figure 2.6 A, B). Of importance, we see a similar 3D phenotype of EC
sprouting when using BFA as compared to the previously shown Rab10 knockdowns
(Figure 2.6 C-F). Both Rab10 knockdowns and BFA treated ECs have reduced sprouting
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parameters as compared to proper controls. This suggests that Rab10 participates in Col
IV secretion in a post-Golgi trafficking route.
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Figure 2.6 Collagen IV Secretion Follows Normal Post-Golgi Secretory Pathway.
(A) Representative images of ECs treated with brefeldin-A (BFA) at indicated time points after BFA
exposure. Cells were stained for Col IV (red), actin (green), and DNA (blue). Arrowheads denote
extracellular Col IV secretion. (B) Graph of Col IV extracellular ratio in control or BFA-treated ECs at
indicated time points after BFA exposure. (C) Representative images of fibrin-bead sprouts between
indicated treatment groups. Sprouts were stained for actin (grey) to delineate sprout morphology. (D-F)
Graphs of sprouting parameters for DMSO or BFA treated sprouts. For all experiments, data represented as
mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All pvalues are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤
0.001; ****p≤0.0001; ns, not significant.
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Next, we inhibited new protein synthesis to determine the half-life of intracellular
Col IV in the absence of secretion using cycloheximide (CHX) with and without BFA.
Cycloheximide addition reduced the intracellular Col IV pool by ~75% at 4 hours (Figure
2.7 A). Strikingly, addition of the trafficking inhibitor BFA doubled the Col IV content in
the CHX condition (Figure 2.7 B, C). This indicates that at least half of the Col IV decay
was due to secretion. Knockdown of Rab10 closely mimicked BFA-induced intracellular
Col IV retention (Figure 2.7 D, E). Of note, even in the Rab10 knockdown condition with
CHX we see that most of the Col IV that was present at 1 hour has been lost by hour 8
(Figure 2.7 D). These results demonstrate the EC Col IV pool is rapidly secreted and
knockdown of Rab10 resembles chemically induced inhibition of secretion, thus Rab10
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Figure 2.7 BFA and Rab10 Affect Intracellular Accumulation of Collagen IV in Endothelial Cells.
(A) Immunoblot of Col IV in ECs treated with cycloheximide (CHX) (20mg/ml) and probed for indicated
proteins. (B) Immunoblot of Col IV in ECs treated with both CHX + BFA and probed for indicated
proteins. (C) Graph of Col IV protein accumulation in ECs treated with CHX, and both CHX + BFA. Col
IV accumulations were normalized to α-tubulin levels. (D) Immunoblot of Col IV in ECs transfected with
either scramble or Rab10 siRNA and treated with CHX. EC lysate probed for indicated proteins. (E) Graph
of Col IV levels in ECs transfected with either scramble or Rab10 siRNA and treated with CHX. Col IV
accumulations were normalized to α-tubulin levels. For all experiments, data represented as mean ± 95%
confidence intervals. Black bars indicate comparison groups with indicated p-values. All p-values are from
two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤
0.0001; ns, not significant.
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Vascular endothelial growth factor (VEGF) is a well-characterized proangiogenic
factor essential for angiogenesis (Arima et al., 2011; Boucher et al., 2017; Chappell,
Taylor, Ferrara, & Bautch, 2009; Gerhardt et al., 2003; Jakobsson, Bentley, & Gerhardt,
2009). Given VEGF signaling is required for embryonic blood vessel development, we
sought to determine how VEGF influenced Col IV secretion. Surprisingly, VEGF
supplementation significantly impeded Col IV secretion in freely migrating ECs
compared to ECs cultured in serum-starvation (SS) culture media (Figure 2.8 A, B). We
employed cycloheximide again to determine the half-life of intracellular Col IV with
VEGF stimulation. In line with the general lack of secretion in the VEGF-treated ECs,
VEGF stimulation increased the rate of the Col IV depletion compared to a SS control
(Figure 2.8 C). Incubation with the lysosomal inhibitor chloroquine (CLQ) rescued the
VEGF-mediated loss of Col IV, specifically the 4-hour and 8-hour groups. (Figure 2.8
D). This indicates that VEGF stimulated ECs induced Col IV destruction via degradation
from the lysosome. We next compared how Rab10 affected intracellular Col IV levels in
VEGF stimulated ECs compared to SS secretion positive controls. Knockdown of Rab10
in the presence of VEGF still resulted in Col IV degradation compared to SS controls or
BFA treated controls (Figure 2.8 E). Importantly, when ECs are stimulated to secrete Col
IV in SS culture media the reduction of Rab10 causes an increase in Col IV intracellular
retention compared to CHX treated controls (Figure 2.8 E). This finding promotes the
notion that VEGF-induced Col IV degradation does not involve Rab10, suggesting that
Rab10s participation in Col IV trafficking is only when ECs are stimulated for secretion.
To ensure that this degradative response to VEGF was not restricted to human umbilical
vein ECs, we assayed for intracellular Col IV levels in human aortic, human brain
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microvascular, and human dermal ECs. All three primary EC lines, Col IV levels were
reduced in the VEGF-supplemented state compared with SS ECs, suggesting this is likely
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Figure 2.8 Proangiogenic VEGF Influences Collagen IV Secretion and Intracellular Accumulation.
(A) Representative images of ECs cultured in VEGF-containing or serum starve (SS) media and stained for
Col IV (red), actin (green), and DNA (blue). Dotted green line indicates cell outline. Arrowheads denote
extracellular Col IV secretion. (B) Graph of Col IV extracellular ratio of ECs cultured in VEGF-containing
or SS media. (C) Immunoblot of Col IV in ECs cultured in VEGF-containing or SS media treated with
CHX for the indicated time and probed for indicated proteins. (D) Immunoblot of Col IV in ECs cultured in
VEGF-containing or SS media treated with CHX and chloroquine (CLQ) (10µM) for the indicated times
and probed for indicated proteins. (E) Immunoblot of Col IV in ECs transfected with either scramble or
Rab10 siRNA and cultured in VEGF-containing or SS media treated with CHX and/or BFA for 8hrs and
probed for indicated proteins. (F) Immunoblot of Col IV in various ECs (HUVECs, HAECs, HBMECs, and
HDECs) cultured in either VEGF-containing or SS media and probed for indicated proteins. For all
experiments, data represented as mean ± 95% confidence intervals. Black bars indicate comparison groups
with indicated p-values. All p-values are from two-tailed Student’s t-test from at least three experiments. *p
≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Additionally, VEGF supplementation showed a concentration-dependent
reduction in Col IV, perlecan and laminin secretion (Figure 2.9). This assay saw the
introduction of VEGF to SS culture media at increasing concentrations (10, 50 and
100ng/µL) until reduction of BM secretion matched that of the normal growth media for
human umbilical vein ECs which contains a proprietary concentration of VEGF. The
normal growth media is used throughout the rest of this study for VEGF supplementation.
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Figure 2.9 VEGF Ligand Impacts Collagen IV Secretion in a Dose-Dependent Manner.
(A) Representative images of ECs cultured in VEGF-containing, SS media, or SS media supplemented with
indicated concentrations of VEGF ligand. ECs were stained for Col IV (red) and actin (grey). Dotted green
line indicates cell outline. Arrowheads denote extracellular Col IV secretion. (B) Graph of extracellular Col
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Given the strong effect of Rab10 on both Col IV secretion and bioavailability, we
originally hypothesized that Rab10 was the direct mediator of Col IV secretion and could
serve as the vesicle identifier for post-Golgi Col IV. Very importantly, we did not
observe Rab10 co-localization with Col IV-containing (CIVC) vesicles (Figure 2.10 A).
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This complete lack of any co-localization elevated the hypothesis that Rab10 plays an
indirect role in Col IV trafficking. To this end, the post-translational modifying enzyme
lysyl hydroxylase 3 (LH3) has been shown to be critical for Col IV post-Golgi protein
stability and secretion (Sipilä et al., 2007). Additionally, it has been previously reported
that post-Golgi LH3 trafficking required both Rab10 and Rab25 (Banushi et al., 2016).
We then sought to determine if Rab10 had a direct role in the LH3 trafficking itinerary in
ECs. We first compared Col IV secretion between Rab10 to Rabd25 and LH3
knockdowns. Loss of Rab25 or LH3 phenocopied the reduced EC secretion of Col IV
compared to Rab10 knockdowns (Figure 2.10 B, C). This indicated that both Rab10 and
Rab25 impact Col IV secretion to similar magnitude compared with LH3 depletion.
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Figure 2.10 Rab10 and Rab25 Work in Combination to Traffic LH3 to CIVCs.
(A) Representative images of ECs expressing RFP-Rab10 WT and stained for Col IV (green). Green
arrowheads indicate CIVCs only and yellow arrowheads indicate Rab10 puncta only. (B) Representative
images of scramble, Rab10, Rab25, or LH3 siRNA-treated ECs and stained for Col IV (red), actin (green),
and DNA (blue). Arrowheads denote extracellular Col IV secretion. (C) Graph of extracellular Col IV ratio
of scramble, Rab10, Rab25, or LH3 siRNA-treated ECs cultured in SS media. For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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We next sought to determine if the reduction of Rab25 or LH3 showed similar in
vitro sprouting defects as the Rab10 knockdowns previously. Rab25 and LH3 both
significantly reduced sprouting parameters similar to Rab10 knockdowns in reference to
a control group (Figure 2.11). We do observe that Rab25 knockdowns produce
significantly longer multicellular sprouts than the Rab10 and LH3 knockdown
counterparts. These data demonstrate that Rab25 and LH3 knockdowns affect Col IV
secretion and sprouting parameters in comparison to Rab10 knockdowns.
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Figure 2.11 Loss of Rab25 and LH3 in Endothelial Cells Impairs 3D Sprouting.
(A) Representative images of fibrin-bead sprouts between indicated siRNA treatment groups. Sprouts were
stained for actin (grey) to delineate sprout morphology. (B-D) Graphs of sprouting parameters for
scramble, Rab10, Rab25, or LH3 siRNA-treated sprouts. For all experiments, data represented as mean ±
95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All p-values are
from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤
0.0001; ns, not significant.

It is possible that reduced Col IV secretion could be related to diminished
migratory capacity in ECs lacking Rab10 or LH3. To factor this out, we performed a
scratch wound assay as a gauge of cell motility. There was no effect of Rab10 or LH3
knockdowns on cell migration (Figure 2.12 A, B). Also, we determined that Rab10 or
LH3 knockdown did not affect apoptotic tendency by measuring cleaved caspase-3 levels
(Figure 2.12 C, D). Additionally, we factored out that our electroporation treatment of
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ECs had any effect on proliferation by measuring nuclei positive for the mitotic marker
phospho-Histone H3 (Figure 2.12 E, F). These results suggest that the decreased Col IV
secretion and decreased sprouting parameters observed are due to the reduction of
indicated proteins and not a result of our experimental treatments of the ECs.
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Figure 2.12 siRNA Treatment in Endothelial Cells Is Not Detrimental to Migration, Survival, or
Proliferation.
(A) Representative images of scramble, Rab10, lysyl hydroxylase 3 (plod3), and Col IV (col4a1) siRNA
treated ECs in scratch wound assay. Cells were stained for actin (grey) to delineate scratch wound margins.
Dotted red line indicates wound border. (B) Graph of average wound size in indicated groups of indicated
siRNA-treated ECs. n=number of measurements. (C) Representative images of scramble, Rab10, lysyl
hydroxylase 3 (plod3), and Col IV (col4a1) siRNA-treated ECs stained for Caspase 3/7 activation (green).
Controls were subjected to UV light exposure for indicated times to elicit caspase activation. (D) Graph of
Caspase 3/7 activation fluorescence intensity in ECs treated with indicated siRNA treatment groups.
Measurement of GFP fluorescence intensity within the nuclei of ECs. n=number of cells. (E)
Representative images of scramble, rab10, rab25, or plod3 (LH3) siRNA treated ECs stained for phosphohistone H3 (red). Arrows denote positive PHH3 ECs. (F) Graph of the percent ECs positive for phosphohistone H3 (pHH3). N= number of images. For all experiments, data represented as mean ± 95%
confidence intervals. Black bars indicate comparison groups with indicated p-values. All p-values are from
two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤
0.0001; ns, not significant.
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While our 3D in vitro work is suggestive, we wanted to expand the detrimental
effect of Rab10 into an in vivo setting. To do so we turned to a mouse model of blood
vessel development. Homozygous loss of Rab10 was lethal at embryonic day 7,
consistent with other reports (Lv et al., 2015). Rab10 heterozygous mice (Rab10em1(IMPC)J)
were viable and did not show any appreciable differences in survival compared to WT
littermates. To examine if Rab10 heterozygosity impacted Col IV bioavailability and
sprouting angiogenesis we examined the retinal vascular plexus (Gerhardt et al., 2003).
There was no difference in sprouting parameters between Rab10+/- and WT littermates at
postnatal day 6 (P6) (Figure 2.13 A-C). However, in the retina, there was ~70% reduction
in Col IV/LH3 co-localization in the Rab10+/- group compared with WTs (Figure 2.13 D,
E).
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(A) Representative images of WT or Rab10+/- mice retinas harvested at P6. Retinas were stained for Col
IV (red), DNA (blue), and conjugated-isolectin B4 (IB4) (green) to identify blood vessels. (B,C) Graph of
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We explored for potential reduced Col IV abundance in other tissue beds using
alternating serial sections of H&E staining and Col IV immunohistochemistry to compare
the same anatomical location between groups. Brain and dermal vasculature showed a
reduction in Col IV staining (Figure 2.14 A, B). This is evident by the reduction of 3-3’
diaminobenzidine intensity. A fraction of specimens collected at P6 exhibited
hemorrhage potentially suggesting compromised blood vessel integrity (Figure 2.14 C).
These data suggest that Rab10 haploinsufficiency is associated with reduced perivascular
Col IV.
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Figure 2.14 Rab10 Influences Col IV Bioavailability in Mice.
(A) Hematoxylin and eosin (H&E) stained brain slices from WT or Rab10+/- P6 mouse retinas. Col IV
stained with DAB (3-3’ diaminobenzidine) indicated by arrowheads. (G) Hematoxylin and eosin (H&E)
stained cryosectioned skin slices from wild-type or Rab10+/- mice. Collagen IV stained with DAB (3-3’
diaminobenzidine) indicated by arrowheads. (H) Hematoxylin and eosin (H&E) stained cryosection brain
slices from wild-type or Rab10+/- mice. Arrowheads indicate cerebral hemorrhage event (bottom).

Considering the Rab10 null mice were not viable, we moved to a zebrafish model
to more easily gain access to earlier stages of development. Zebrafish Rab10 is 97%
identical to the human ortholog (Figure 2.15 A). Morpholino knockdown of Rab10
resulted in developmental defects, most notably a severe dorsalized phenotype compared
with scramble controls (Figure 2.15 B). Sectioning of morphant embryos expressing a
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vascular reporter tg(kdrl:eGFP) (Choi et al., 2007) with normal cranial development at 72
hours post fertilization (hpf) showed a reduction in perivascular Col IV levels (Figure
2.15 C). Confirming this observation, using transmission electron microscopy, we
observed that Rab10 morphants exhibited little to no basal lamina surrounding brain ECs
compared with controls (Figure 2.15 D). Rab10 morphants also exhibited the lack of a
clear and defined lumen, consistent with a phenotype expected with ECs lacking a
functional basal lamina.
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Figure 2.15 Rab10 Influences Col IV Bioavailability in Zebrafish.
(A) Alignment of rab10a from human, zebrafish, and mouse. (B) Representative images of 48hpf
tg(kdrl:eGFP) zebrafish injected with scramble or Rab10 morpholinos. (C) Representative images from
brain cryosections of 48hpf tg(kdrl:eGFP) zebrafish from scramble or Rab10 morphants. Arrowheads
denote Col IV extracellular secretion. (D) Transmission electron microscopy of 48hpf zebrafish brains from
scramble or Rab10 morphants. Dotted red box indicates enlargement window. Arrowheads denote
basement membrane deposition. EC, endothelial cell; L, lumen.
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To subvert the severe effect of global Rab10 loss of function, we mosaically overexpressed TagRFP-Rab10 WT, CA or DN in the blood vessels of 72hpf zebrafish. The
resulting zebrafish exhibited mosaic vascular expression of Rab10 variants with no
visible impact on body plan or the intersomitic vessels (ISVs) (Figure 2.16 A, B). Once
again, sectioning the cranial area of these zebrafish and staining for Col IV, we observed
that the Rab10 DN variant alone reduced perivascular Col IV compared to that of Rab10
WT and CA variants (Figure 2.16 C). At 72hpf, zebrafish injected with the Rab10 DN
demonstrated elevated frequencies of cerebral hemorrhage (22%) and pericardial effusion
(41%) compared to Rab10 WT and CA controls (Figure 2.16 D, E). These results indicate
that the loss of Rab10 impairs Col IV bioavailability in vivo.
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blood vessels. (B) Representative images of 48hpf zebrafish expressing 5xUAS:RFP-Rab10 WT/CA/DN in
intersomitic blood vessels. (C) Representative images of 72hpf zebrafish brain cryosections expressing
5xUAS:RFP-Rab10 WT/CA/DN. (D) Representative images of 72hpf zebrafish with 5xUAS:RFP-Rab10
WT/CA/DN injections. Arrowhead denotes cerebral hemorrhage. (E) Representative images of 96hpf
zebrafish with 5xUAS:RFP-Rab10 WT/CA/DN injections. Arrowhead denotes pericardial effusions.
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With the reasoning that LH3 is the cargo of Rab10 and Rab25, we first
determined the efficiency of LH3 transport to post-Golgi Col IV carriers (CIVCs) in the
VEGF-supplemented and SS state in which Col IV secretion is affected. We observe that
in the SS state, LH3 co-localized with CIVCs 99% of the time, while VEGFsupplementation reduced co-localization by ~50% (Figure 2.17). Notably, there were
multiple ECs detected in the VEGF-supplemented culture media with 0% co-localization.
Given the SS culture condition produced near perfect co-localization between LH3 and
post-Golgi CIVCs, we used this media condition to test how loss of Rab10 and Rab25
impact LH3 transport to CIVCs.
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Figure 2.17 Proangiogenic VEGF Influences the Colocalization of post-Golgi CIVCs with LH3.
(A) Representative images of ECs cultured in VEGF-containing or SS media and stained for Col IV
(green), LH3 (red), and DNA (blue). Green arrowheads indicate CIVCs only and yellow arrowheads
indicate co-localized puncta. (B) Graph of percent CIVC vesicles co-localized with LH3 in ECs cultured in
VEGF-containing or SS media. For all experiments, data represented as mean ± 95% confidence intervals.
Black bars indicate comparison groups with indicated p-values. All p-values are from two-tailed Student’s
t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Knockdown of Rab10, Rab25 or combination significantly reduced LH3 and
CIVC co-localization compared with scramble controls (Figure 2.18). This experiment
also employed the use of chloroquine (CLQ) which was added to prevent Col IV
degradation to determine what fraction may be lysosomally degraded when Rab10 and
Rab25 trafficking mediators are reduced. Lysosomal inhibition significantly reduced the
percentage of co-localized LH3 and CIVCs in Rab10 and Rab25 conditions, but not in
control or double knockdown groups (Figure 2.18). This suggests that a fraction of the
Col IV pool is degraded when trafficking of LH3 is disrupted.
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Figure 2.18 Loss of Rab10 and/or Rab25 in Endothelial Cells Impacts the Colocalization of postGolgi CIVCs with LH3.
(A) Representative images of scramble, Rab10, Rab25, or both Rab10/25 siRNA-treated ECs and stained
for Col IV (green), LH3 (red), actin (grey), and DNA (blue). Yellow arrowheads indicate co-localized
puncta only, green arrowheads indicate Col IV only puncta, and red arrowheads indicate LH3 puncta only.
(B) Graph of percent CIVC vesicles co-localized with LH3 in scrambled, Rab10, Rab25, or LH3 siRNAtreated conditions cultured in SS media or SS media with CLQ (10µM). For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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We next wanted to investigate LH3 and Col IV co-localization with TagRFPRab10 WT, CA or DN variants to examine if Rab10 activity levels alter LH3 trafficking.
Overexpression of Rab10 variants in ECs revealed that WT and CA did not alter the
transport of LH3 to CIVCs. The Rab10 DN mutant alone reduced LH3/CIVC colocalization by 50% (Figure 2.19). This is a finding congruent with the previous
knockdown of Rab10.
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Figure 2.19 Overexpression of Rab10 Dominant Negative Impacts the Colocalization of post-Golgi
CIVCs with LH3.
(A) Representative images of ECs expressing RFP-Rab10 WT, RFP-Rab10 CA, or RFP-Rab10 DN, stained
for Col IV (green) and LH3 (blue). Yellow arrowheads indicate co-localized puncta only, green arrowheads
indicate Col IV puncta, and red arrowheads indicate LH3 puncta. (B) Graph of percent CIVC vesicles colocalized with LH3 in ECs expressing RFP-Rab10 WT/CA/DN. For all experiments, data represented as
mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All pvalues are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤
0.001; ****p≤0.0001; ns, not significant.
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With the hypothesis that Rab10 and Rab25 function in coordination to deliver
LH3 to CIVCs, we would expect Rab10/Rab25 colocalization to be higher when ECs are
stimulated for Col IV secretion with SS culture media. Transfecting ECs with
overexpression of Rab10 WT and Rab25 WT revealed a 50% co-localization between the
two Rabs in SS culture media. In VEGF-supplemented media, there was a significantly
less amount of Rab10 WT and Rab25 WT co-localized with each other (Figure 2.20). We
also employed a strategy to co-express combinations of WT, CA, and DN versions of
both Rab10 and Rab25 to further examine if their co-localization is dependent on
activation states. Our results demonstrate that only the expression of either Rab10 DN or
Rab25 DN significantly reduced co-localization compared to any combination of WT or
CA (Figure 2.20 C, D). This result indicates that LH3 trafficking is dependent on
activation states of Rab10 or Rab25.
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Figure 2.20 Rab10 and Rab25 Functional Mutants Impact post-Golgi Colocalization.
(A) Representative images of ECs co-expressing RFP-Rab10 WT and BFP-Rab25 WT in either VEGFcontaining or SS media. Yellow arrowheads denote co-localized Rab10 and Rab25 puncta, red arrowheads
denote Rab10 puncta only, and green arrowheads denote Rab25 puncta only. (B) Graph of percent Rab10
puncta co-localized with Rab25 in either VEGF containing or SS media. (C) Representative images of ECs
transfected to co-expression RFP-Rab10 WT/CA/DN and BFP-Rab25 WT/CA/DN cultured in SS media.
Yellow arrowheads denote co-localized Rab10 and Rab25 puncta, red arrowheads denote Rab10 puncta
only, and green arrowheads denote Rab25 puncta only. (D) Graph of percent Rab10 puncta co-localized
with Rab25 in ECs transfected with indicated constructs. For all experiments, data represented as mean ±
95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All p-values are
from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤
0.0001; ns, not significant.
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CIVCs staged for secretion are present as a circular and bright fluorescent puncta
which are easily distinguishable from Col IV that resides in the ER or extracellular
environment. Knockdown of Rab10, Rab25 or LH3 showed a significant reduction in the
number of ECs with detectable CIVCs, indicating the loss of Rab10 or Rab25 affect the
stabilization of these structures (Figure 2.21).
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Figure 2.21 siRNA Treatment with Rab10, Rab25 or Plod3 in Endothelial Cells Impacts post-Golgi
CIVC Stability.
(A) Representative images of scramble and Rab25 siRNA-treated ECs cultured in SS media and stained for
Col IV (grey). Dotted red and green lines indicates CIVC vesicle positive or negative ECs, respectively.
Arrowheads denote CIVC vesicles. (B) Graph of number of ECs containing CIVC vesicles in scramble,
Rab10, Rab25, and LH3 siRNA-treated ECs cultured in SS media. For all experiments, data represented as
mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All pvalues are from two-tailed Student’s t-test from at least three experiments. **p≤0.05; **p≤0.01; ***p≤
0.001; ****p≤0.0001; ns, not significant.
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Previous reports determined that vacuolar protein sorting (VPS) protein Vps33b
was necessary for delivery of LH3 to CIVCs through direct binding of Rab10 and Rab25
(Banushi et al., 2016). Consistent with their results, knockdown of Vps33b significantly
reduced Col IV secretion and also LH3 trafficking to CIVCs (Figure 2.22).
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Figure 2.22 Vacuolar Protein Sorting (Vps) protein Vps33b Is Necessary for LH3 Delivery to CIVCs.
(A) Representative images of ECs transfected with either scramble or Vps33b siRNA and stained for Col
IV (red), actin (green), and DNA (blue). Dotted green line indicates cell outline. Arrowheads denote
extracellular Col IV secretion. (B) Graph of Col IV extracellular ratio of indicated siRNA treated ECs. n,
number of measurements. (C) Representative images of ECs transfected with either scramble or Vps33b
siRNA and stained for Col IV (red), LH3 (green), actin (light blue), and DNA (blue). Yellow arrowheads
indicate co-localized puncta only, green arrowheads indicate Col IV only puncta, and red arrowheads
indicate LH3 puncta only. (D) Graph of percent CIVCs containing LH3 in scrambled or Vps33b-siRNA
treated ECs. For all experiments, data represented as mean ± 95% confidence intervals. Black bars indicate
comparison groups with indicated p-values. All p-values are from two-tailed Student’s t-test from at least
three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Taken together, these results indicate that Rab10 and Rab25 function as a Rab
cascade to traffic LH3 from the Golgi to CIVCs, congruent with previous studies
(Banushi et al., 2016).

Figure 2.23 Schematic Diagram Showing How Rab10 and Rab25 Coordinate to Deliver LH3 to
CIVCs.
(A) Schematic diagram showing how Rab10 and Rab25 function to coordinate delivery of LH3 to CIVCs
for proper secretion of Col IV.

Discussion
Collagen IV is highly conserved and can be traced down to the earliest bilaterians
(Fidler et al., 2017). Col IV is expressed, some to lesser extents, in every vertebrate tissue
as an integral BM protein. It is well-established within literature that Col IV is highly
enriched in blood vessels and contributes to the overall structure of the vascular BM
(Arroyo & Iruela-Arispe, 2010). Col IV is not necessary for angiogenesis; however, it is
required for blood vessel maturation and stability (Poschl, 2004). The enrichment of Col
IV within the endothelium is related to the ability of blood vessels to resist the
mechanical force of blood circulation. Mutations in Col IV (a1 or a2) in human patients
confirms the foundational requirement of Col IV to blood vessel integrity. The primary
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clinical manifestation of individuals with small-vessel disease (SVD) is intracerebral
hemorrhage and microbleeds resulting in increased morbidity and mortality for this
affected population (Gould et al., 2005; Jeanne et al., 2012).
Col IV plays a major role within the vascular basement membrane which helps to
support and stabilize ECs during angiogenesis. Despite this large role for blood vessel
integrity and homeostasis, very little is understood about its regulation within ECs. How
Col IV, or other critical BM proteins are regulated by non-transcriptional programs
remains largely unknown. There is a large body of work regarding how procollagen IV
folding within the ER and transport through the Golgi is performed (Bonfanti et al., 1998;
Malhotra & Erlmann, 2011, 2015b; Mironov et al., 2001; Trucco et al., 2004). This study
is novel for posing a direct link between Rab10 and Rab25 activity to Col IV secretion.
The results demonstrate a mechanistic explanation for how Rab10 activity can impact Col
IV secretion even though Rab10 is never observed to co-localize with post-Golgi Col IV
carriers (CIVCs). This is explained through the direct trafficking of the Col IV posttranslational modifying enzyme, LH3, in coordination by Rab10 and Rab25 to CIVCs.
Loss of Rab10 and/or Rab25 leads to decreased LH3/CIVC co-localization, thus also
decreased Col IV extracellular secretion.
We investigated post-transcriptional factors that regulate Col IV secretion in ECs
and discovered that Rab10 and Rab25 are major trafficking mediators. Rab10 has been
implicated in numerous cellular processes from GLUT4 transport to ER dynamics
(Sheelarani Karunanithi et al., 2014; Peng, Nelson, Maiers, & Demali, 2015). We were
able to recapitulate Rab10s role shown in other reports in Drosophila melanogaster egg
chamber development by affecting Col IV secretion (Lerner et al., 2013). Our study,
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however, shows Rab10 to be an indirect mediator of Col IV trafficking. Knockdowns of
Rab10 in ECs showed a severe lack of Col IV matrix-associated secretion compared to
scramble controls. In addition, we also observed that other integral basement membrane
proteins, perlecan and laminins, showed a similar lack of matrix-associated secretion in
Rab10 depleted ECs. We do not believe Rab10 is a trafficking mediator (direct or
indirect) for these other BM proteins; however, without the proper secretion of Col IV
from ECs these other BM proteins have no substrate to adhere to. Rab10s role in the
reduction of Col IV deposition has a side effect of limiting other BM proteins
extracellular attachment to a non-existing meshwork of Col IV. This suggestion is in line
with the role Col IV has as the outermost BM that is secreted and functionality of acting
as an anchor for laminins through the cross-linking of perlecan (Coelho, GonzálezGarcía, Salmerón-Sánchez, & Altankov, 2011; Theocharis, Skandalis, Gialeli, &
Karamanos, 2016).
Our study relies not only on 2-dimensional freely migrating EC secretion onto
coverslips, but we also examine the effect of Rab10 loss of function in 3D. We employ
the use of the fibrin-bead sprouting assay in which siRNA treated ECs are coated onto
dextran beads which get embedded into a fibrinogen matrix (Nakatsu et al., 2007). This
assay allows us to gain information about different proteins contributions to the
biological process of angiogenesis in a very controlled in vitro setting. We observed that
loss of Rab10 was severely detrimental to sprouting parameters measured. Both Rab10
siRNA transfected ECs and Rab10 DN transduced ECs displayed significant reductions
in the ability of sprouts to form, grow and branch. Specifically, we saw a decrease in
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perivascular Col IV around ECs overexpressing Rab10 DN compared to both Rab10 CA
and un-transduced controls.
To conclude that the observed Rab10 secretion and sprouting phenotypes can be
attributed to a defect in a trafficking mechanism we next employed the trafficking
inhibitor brefeldin A (BFA). In both 2D and 3D experiments, BFA had the similar effect
on EC secretion of Col IV and also sprouting of ECs as compared to the Rab10
phenotypes previously discussed. This leads us to conclude that the Rab10 general
sprouting and Col IV secretion phenotype may be largely driven by altered secretion
mechanisms.
To further confirm the lack of Col IV secretion from ECs we moved to examine
intracellular levels of the protein. The addition of cycloheximide (CHX) to ECs has the
effect of preventing new protein synthesis. By treating our ECs with CHX we were
looking to examine pre-existing Col IV levels and determine the half-life of secretion.
We determined that ECs take about 4 hours to secrete half of the pre-existing Col IV.
Using the previously described treatment with BFA, we were successfully able to observe
an intracellular increase in Col IV and delay the secretion half-life by about 50%. Moving
into Rab10 depleted ECs we also observed a similar delay in the secretion half-life,
further confirming that Rab10 is involved in the Col IV secretion pathway. Notably, even
with Rab10 depleted, Col IV intracellular levels dropped significantly over 8 hours
compared to controls. This result, combined with the 2D observation of the lack of Col
IV secretion over 18 hours in Rab10 depleted ECs, led us to believe Col IV could have a
different fate outside of secretion into the ECM.
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To investigate Col IV secretion and degradation we sought to investigate
proangiogenic VEGF signaling. Proper blood vessel development requires VEGF
signaling; but to our initial surprise, freely migrating ECs exposed to VEGFsupplemented media displayed a lack of Col IV secretion in 2D compared to serum
starved (SS) controls. To prove the lack of secretion is due directly to VEGF levels we
performed a dose-response secretion assay. Increasing concentrations of the VEGF ligand
was introduced into the SS culture media and we observed a dose-response dependent
reduction in 2D BM secretion. All three BMs examined in this study (Col IV, perlecan
and laminins) showed significantly decreased matrix-associated secretion as VEGF
concentrations increased.
Western blot experiments examining intracellular Col IV accumulations was
consistent with these observations. VEGF-supplemented ECs displayed a rapid Col IV
depletion compared to secreting, SS controls. To confirm that VEGF-treated ECs were
degrading their Col IV we used the lysosomal inhibitor chloroquine (CLQ). This
lysosomal inhibition rescues the depletion of Col IV in ECs exposed to VEGF. This
indicates that VEGF stimulation induces Col IV destruction via the lysosome. Of
importance, CLQ had no effect on the intracellular accumulation of ECs cultured in SS
media. This is consistent with the hypothesis that Col IV is secreted in this culture media
condition. We then compared how Rab10 depleted ECs affected Col IV intracellular
levels in both VEGF-supplemented and SS culture medias. Knockdown of Rab10 in the
presence of VEGF still resulted in Col IV degradation as compared to the SS state or
BFA controls. These findings promote the idea that VEGF-induced Col IV degradation
does not employ Rab10, suggesting that Rab10 only participates in a secretory pathway.
56

Given our initial surprise we wanted to further validate the degradative response to
VEGF. To do so we assayed for Col IV levels in human aortic (HAEC), human brain
microvascular (HBMEC) and human dermal (HDEC) primary ECs. Just as we saw in
HUVECs, Col IV levels were reduced in VEGF-supplemented state compared with SS
media. This strongly suggests that the direct response to VEGF signaling across all
endothelial cells is to degrade, not secrete, Col IV.
Rodent experimental models of Col IV mutations strongly resemble results seen
in human populations by demonstrating a loss of Col IV function or availability results in
either embryonic lethality or early postnatal death by hemorrhage (Poschl, 2004). Our in
vivo studies involving Rab10 heterozygous (Rab10em1(IMPC)J) mice and morphant
zebrafish show collagenopathy associated phenotypes, in line with prior studies of
collagenopathies of humans with Col4a1/a2 point mutations. We observed a decrease in
Col IV around the vasculature of the brain and skin as visualized with DAB (3-3’
diaminobenzidine) staining when there is a loss of Rab10 GTPase functionality in mice.
A small fraction of these heterozygous P6 mice exhibited hemorrhage potentially
suggesting compromised blood vessel integrity; although, this phenotype was not highly
penetrant. While we observed no changes to sprouting parameters (vessel length and
width) within the vascular plexus, there was a stark reduction (~70%) in LH3/CIVC colocalization of the Rab10+/- littermates compared to WT controls. Morphant knockdown
of Rab10 in zebrafish resulted in a severe dorsalized phenotype compared to scrambled
controls. We further examined Col IV deposition within these morphants, with normal
cranial development, and discovered a marked reduction in perivascular Col IV with
antibody staining. This observation is confirmed by the use of transmission electron
57

microscopy where little to no basal lamina was observed around ECs compared to
controls. These parallel in vivo studies suggest that Rab10 haploinsufficiency is
associated with reduced perivascular Col IV and decreased vessel integrity.
To subvert global effects of Rab10 functionality we employed a transgenic
strategy in zebrafish to overexpress Rab10 WT, CA and DN just within endothelial cells
with a Tg(CDH5:gal4FF) driver line. This strategy allows us to isolate overexpression of
Tg(5xUAS:TagRFP Rab10) in just the vasculature using the promoter for vascular
endothelial (VE)-cadherin. These fish displayed no global phenotype in body plan or
intersomitic vessels (ISVs) unlike the global Rab10 morphants. Just as we observed in
mice, we also saw a decrease in Col IV staining around GFP expressing ECs of blood
vessels in the brain when there is a loss of Rab10 functionality (Rab10 DN). Importantly,
we also observed a substantial increase in intracerebral hemorrhage and pericardial
effusions in just the zebrafish over-expressing Rab10 DN. These results taken together
show that Rab10 functionality leads to decreased Col IV bioavailability in vivo.
Our results were congruent with another report observing that LH3 post-Golgi
sorting is controlled, in part, by Rab10 and Rab25 within mouse epithelial cells (Banushi
et al., 2016). When examining overexpressed tRFP-Rab10 WT within ECs, in both the
VEGF-supplemented and SS culture media, we were unable to observe any colocalization with CIVCs. To this end, Rab25 and LH3 siRNA transfected ECs showed a
2D lack of secretion and also impairment to 3D sprouting parameters. Any depletion in
these trafficking mediators or modifying enzyme result in LH3 not being delivered to
CIVCs, and that the CIVCs then undergo rapid degradation via the lysosome. We assayed
for LH3 delivery by first identifying all CIVCs within given conditions then examining if
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any LH3 staining was also present at the easily distinguishable CIVCs. It is
comprehensively shown that when LH3 is not properly delivered to CIVCs, they can be
rapidly degraded via the lysosome, and this is the mechanistic cause of the
aforementioned phenotype in Rab10 or Rab25 depleted ECs lacking matrix associated
Col IV deposition into the BM. This is evident in our experiment examining LH3/CIVC
co-localization in Rab10 and/or Rab25 knockdowns where the use of chloroquine
significantly decreased our co-localization percentage. To further elaborate, when
lysosomal degradation of Col IV was prevented, we see a decrease in LH3/CIVC colocalization percentage as the CIVCs without LH3 would normally be rapidly degraded.
Further evidence supporting this is shown in that the Rab10 and Rab25 depleted ECs
have significantly less ECs with any detectable CIVCs.
Taken together, the data present further evidence that Rab10 and Rab25
participate in a novel Rab cascade to deliver LH3 from the trans-Golgi network (TGN) to
post-Golgi CIVCs, which are staged for secretion. When the trafficking of LH3 is
impaired through depletion of Rab10 and/or Rab25 we observed less CIVCs with LH3
present, as well as a stark reduction in 2D secretion. In addition to depletion studies, we
employed loss of function experiments by over-expressing the dominant negative (DN)
functional mutant of Rab10. These experiments resulted in decreased LH3/CIVC
colocalization, impairment of 3D sprouting and decreased secretion. This gives rise to the
question of what upstream factors could be regulating this Rab activity, which will be
addressed in the subsequent Chapter. We also show that when Col IV is not secreted, it
can undergo rapid degradation via the lysosome. We believe the data presented here
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shows evidence of a novel post-Golgi regulatory checkpoint in the secretion pathway of
Col IV within ECs.
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Chapter Three: Regulation of Col IV Secretion
Introduction
After identifying the molecular mechanism of Col IV secretion within ECs, we
sought to investigate how/if known signaling pathways were involved with regulation of
basement membrane secretion. The predominant mechanism of angiogenic growth is via
the process of sprouting angiogenesis. The growth of a vascular sprout is initiated
through the secretion of an angiocrine, vascular endothelial growth factor (VEGF). A
brief summary of the processes that occur in response to VEGF includes the first
responding cell to form the tip of the sprout, extend filopodia, and then lead the following
stalk cells (Schuermann et al., 2014). The VEGF ligands and their receptors are the
central mediators of angiogenic development (Bussmann et al., 2008). Simply, VEGF can
be attributed to the induction of sprouting and mediating the outgrowth of vessels through
ligand and receptor interaction.
In coordination with VEGF signaling from adjacent tissues, the Notch signaling
pathway of adjacent endothelial cells plays a critical role in sprouting angiogenesis. One
of four Notch receptors (Notch 1-4) interacts with either Delta-like ligands (1,3 and 4) or
Jagged (Jagged 1-2) ligands (Bray, 2006). The resulting signal causes the cleavage of
Notch receptor into the Notch intracellular domain (NICD) from the membrane. NICD is
able to translocate to the nucleus, forming a gene-activating complex with DNA binding
protein Rbpj (Recombination signal binding protein for immunoglobulin kappa J)
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to induce the expression of Notch target genes (Andersson, Sandberg, & Lendahl, 2011;
Kopan & Ilagan, 2009). Notch signaling regulates angiogenic sprouting by controlling
tip-stalk cell identity. The resultant tip cell phenotype from VEGF signaling induces Dll4
expression and allowing for filopodia formation. The Dll4 positive tip cell then signals
Notch receptor expressing stalk cells. During angiogenesis, the incorporation of
antagonistic VEGF and Notch signaling cascades regulates the growth of new blood
vessels (Thomas et al., 2013).
A key aspect of Notch-activated stalk cell identity is the expression of Notch
target genes of the HES and HES-related protein family genes (Borggrefe & Oswald,
2009). Conceptually, NICD has a functional role as a transcriptional factor for the
expression of other transcriptional factors. Of these transcriptional factors, Hes1 has been
shown to be upregulated in high-Notch ECs (Lee et al., 2013; Mack et al., 2017; Uenishi
et al., 2018).
The results previously discussed implicate the Rab10 GTPase as the trafficking
mediator for the collagen modifying enzyme LH3. Given the strong relationship between
the Rab10 activity state (GDP or GTP bound) and overall Col IV secretion, we sought to
investigate if any well known, large scale cell signaling pathways would have a role in
regulating basement membrane secretion from ECs.
As described earlier, Rabs are activated by guanine exchange factors (GEFs). This
family of proteins promotes the release of GDP and binding of GTP (Pfeffer & Aivazian,
2004). The prevailing working model proposes that GEFs and other regulatory factors
(GAPs, effectors, etc.) function together to localize and act at specific membrane
surfaces. This allows a mechanism where vesicles from a specific organelle can be tagged
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with a specific Rab GTPase, and their movement along the cytoskeleton and tethering to
other membranes to be mediated by the presence of the GTP-bound Rabs (Yoshimura,
Gerondopoulos, Linford, Rigden, & Barr, 2010).
Generally, protein domains are modular cassettes and from an evolutionary
prospective, can be joined unique new combinations to creat novel connectivity and
cellular pathways (Pawson & Nash, 2003). The DENN (differentially expressed in
normal and neoplastic cells) domain is conserved in C.elegans, Arabidopsis thaliana, and
humans. The DENN domain has been observed to bind to Rab GTPases and provided a
potential function of the domain (Levivier et al., 2001). Based on the homology and
domain organization, the 18 DENND (DENN domain) proteins are grouped into eight
families. Importantly, the Drosophila DENND4 ortholog Crag (calmodulin-binding
protein related to Rab3 GDP-GTP exchange protein) regulates polarized secretion of
basement membrane components (Denef et al., 2008). Consistent with this discovery,
DENND4A-4C proteins have GEF activity toward Rab10 (Sano et al., 2007; Schuck et
al., 2007; Yoshimura et al., 2010). We sought to investigate if the VEGF/Notch signaling
pathway that regulates angiogenesis interfaces with the secretion pathway of Col IV
through the regulation of Rab10 by its GEF DENND4A-4C.

Materials and Methods
All material and methods are described in full in prior Chapter 2.
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Results
Notch signaling in vascular development has been shown to control gene
transcription networks critical for blood vessel maturation (Benedito et al., 2009; Ehling
et al., 2013; Roca & Adams, 2007). Given Col IV BM secretion is associated with more
stable, quiescent blood vessels, we sought to determine if Notch signaling intersected
with LH3 trafficking via Rab10 and Rab25 to control Col IV secretion. We previously
determined that VEGF supplementation largely inhibited Col IV secretion (Figure 2.8 A,
B). In each condition, we assayed for the Notch transcriptional target Hes1and found that
in the SS culture media this transcript was significantly elevated, reflecting a high-notch
activation (Figure 3.1 A, B). Consistent with this RT-PCR result, we stained for Hes1 in
freely migrating ECs and found a significant increase of Hes1 nuclear fluorescence in the
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Figure 3.1 Tip and Stalk Cell Identities in Endothelial Cells in VEGF Containing or Serum Starve
Media.
(A) Graph of relative hes1 gene expression in ECs cultured in VEGF-containing or SS media. Gene
expression levels normalized to GAPDH. (B) Representative image of hes1 gene expression ECs cultured
in VEGF-containing or SS media examined by RT-PCR. Gene expression levels normalized to GAPDH.
(C) Representative images of ECs cultured in either VEGF or SS media and stained for Hes1. Dotted green
line indicated nuclear outline. (D) Graph of nuclear Hes1 intensity of ECs cultured in indicated media
conditions. For all experiments, data represented as mean ± 95% confidence intervals. Black bars indicate
comparison groups with indicated p-values. All p-values are from two-tailed Student’s t-test from at least
three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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To directly investigate Notch signaling impacts on Col IV secretion we treated
ECs cultured in SS culture media, which stimulates for secretion, with the addition of
either VEGF ligand or Notch inhibitor DAPT. Both VEGF and DAPT administration
significantly reduced Col IV secretion (Figure 3.2).
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Figure 3.2 Notch Signaling Regulates Collagen IV Secretion.
(A) Representative images of ECs cultured in VEGF-containing, SS media, SS media + VEGF ligand, or
SS media + DAPT and stained for Col IV (red), actin (green), and DNA (blue). Arrowhead denotes
extracellular Col IV secretion. (B) Graph of Col IV extracellular ratio of ECs cultured in VEGF-containing,
SS media, SS media + VEGF ligand, or SS media + DAPT. (C) Representative images of ECs cultured in
SS media with either DMSO (control) or DAPT and stained for actin (left) and Col IV (right). Dotted green
line indicates cell outline. Arrowheads denote extracellular Col IV secretion. (D) Graph of Col IV
extracellular ratio of ECs cultured in SS media with either DMSO (control) or DAPT. For all experiments,
data represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with
indicated p-values. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤
0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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To determine if Notch activity was influencing LH3 trafficking we measured colocalization of LH3 and CIVCs with VEGF ligand and DAPT. Notch inhibition
dramatically reduced LH3/CIVC co-localization to a level equivalent to VEGFsupplemented media. Of note, VEGF ligand treatment reduced LH3/CIVC colocalization compared to SS culture media control however, not to the extent of the
VEGF-supplemented media or DAPT treated ECs (Figure 3.3). These data suggest that
Notch signaling is required for LH3 transport to CIVCs.
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Figure 3.3 Notch Signaling Regulates LH3 Trafficking in Endothelial Cells.
(A) Representative images of ECs cultured in VEGF-containing, SS media, SS media + VEGF ligand, or
SS media + DAPT and stained for Col IV (red), LH3 (light blue), actin (green), and DNA (blue). Yellow
arrowheads indicate co-localized puncta only, green arrowheads indicate Col IV only puncta, and red
arrowheads indicate LH3 puncta only. (B) Graph of percent CIVC vesicles co-localized with LH3 in
VEGF-containing, SS media, SS media + VEGF ligand, or SS media + DAPT conditions. For all
experiments, data represented as mean ± 95% confidence intervals. Black bars indicate comparison groups
with indicated p-values. All p-values are from two-tailed Student’s t-test from at least three experiments. *p
≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.

66

To determine the effect of Notch on ECs in 3D we treated the fibrin-bead sprouts
with DAPT. As would be expected, the DAPT treated EC sprouts showed a reduction in
the total perivascular Col IV per sprout (Figure 3.4 A, B). When measuring in 25 micron
intervals from the tip of each sprout, there is significantly less Col IV at the tip compared
to the base (Figure 3.4 C). This is in line with the idea that Notch activity is increasing as
the measurement moves towards the base of the sprouts. Of note, there is no significant
difference between indicated treatment groups when Col IV intensity is normalized to the
base of individual sprouts. To confirm the DAPT treatment is inhibiting Notch we
investigated single sprouts for filopodia extensions. DAPT treated EC sprouts showed a
significant increase in the number of filopodia per sprout (Figure 3.4 D, E). Strikingly,
DAPT treatment showed a reduction in sprouting parameters compared to controls
(Figure 3.4 F-I).
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Figure 3.4 Notch Signaling Regulates Collagen IV Secretion in 3D.
(A) Representative images of ECs in fibrin-bead sprouts between indicated drug treatments. Sprouts were
stained for actin (green), DNA (blue) and Col IV (red). Arrows indicate secreted Col IV. (B) Graph of Col
IV secretion in EC fibrin-bead sprouts between indicated drug treatments. N= number of sprouts. (C) Graph
of Col IV intensity starting at the sprout tip and measured back every 25 microns between indicated groups.
N= number of sprouts. Model- How 25-micron sections were measured compared to the proposed increase
in Notch activation as you get to the sprout base. (D) Representative images of EC sprouts on fibrin-bead
and stained for actin. (E) Graph of filopodia from EC sprouts on fibrin-beads. (F) Representative image of
fibrin-bead sprouts between indicated treatment groups. Sprouts were stained for actin (grey) to delineate
sprout morphology. (G-I) Graphs of sprouting parameters for DMSO or DAPT treated sprouts. n=number
of measurements. For all experiments, data represented as mean ± 95% confidence intervals. Black bars
indicate comparison groups with indicated p-values. All p-values are from two-tailed Student’s t-test from
at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Rabs operate in a cascade mechanism where guanine exchange factors (GEFs)
convert Rabs from GDP- ‘off’ to GTP-bound ‘on’ states (Novick, 2016; Ortiz, Medkova,
Walch-Solimena, & Novick, 2002; Segev, 2011). Performing an IP pulldown using GTPbeads we revealed that endogenous Rab10 activation is required for LH3 transport to
CIVCs (Figure 3.5). To this end, we also show that Notch perturbation alters the activity
state of Rab10. Coating of cell culture dishes with Dll4 ligand, a canonical Notch
activator through ligand/receptor engagement, in the VEGF-supplemented media rescued
Rab10 activation while DAPT treatment in the SS culture media abolished Rab10
activation. (Figure 3.5 A). Interestingly, Rab25 is an atypical Rab without a known GEF
and likely functions more akin to a Rab effector protein (Casanova et al., 1999; Müller &
Goody, 2018).
DENND4 A, B and C have been implicated in the activation of Rab10 (Lerner et
al., 2013; Yoshimura et al., 2010). We wanted to explore the idea that Notch governs
Rab10 activity through differential GEF expression. Gene expression analysis through
RT-PCR between Notch-low and Notch-high media conditions demonstrated that only
DENND4C was significantly upregulated in the SS culture media compared to
DENND4A. No expression of DENND4B was detected in either culture media (Figure
3.5 B). This suggests that Notch regulation of Rab10 activity, LH3 delivery to CIVCs,
and Col IV secretion is due to the regulation of DENND4C gene expression in Notchhigh ECs.
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Figure 3.5 Rab10 Activity and DENND4C GEF Expression is Regulated by Notch.
(A) Immunoblot of glutathione-bead pulldowns from ECs expressing endogenous Rab10 cultured in VEGF
containing media, SS media, VEGF containing media plated on Dll4, or SS media with DAPT treatment.
(B) Graph of relative gene expression of dennd4A, dennd4B, dennd4C in ECs cultured in VEGF-containing
or SS media. Gene expression levels normalized to GAPDH. For all experiments, data represented as mean
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are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001;
****p≤0.0001; ns, not significant.

Knockdowns of both DENND4A and DENND4C, but not DENND4B
significantly reduced Col IV secretion in ECs (Figure 3.6 A, B). However, DENND4C
knockdowns significantly reduced LH3 delivery to CIVCs to a greater extent than
DENND4A knockdowns. DENND4B knockdowns had no effect on LH3 delivery to
CIVCs. Of note, DENND4C single knockdowns had the same significant defect as the
triple KD (Figure 3.6 C, D).
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≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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We next sought to over-express DENND4C in ECs to rescue Col IV secretion
and/or LH3 co-localization with CIVCs. Importantly we do qualitatively see some
colocalization between the CMV-DENND4C construct and TagRFP-Rab10 WT when
transfected into ECs (Figure 3.7 A). When ECs are in SS culture media with DAPT we
observed a lack of Col IV secretion. The secretion phenotype in SS culture media is fully
rescued by the overexpression of DENND4C (Figure 3.7 B, C). Overexpression of
DENNd4C also partially rescued the co-localization of LH3 with CIVCs (Figure 3.8).
These results indicated that DENND4C is a putative Notch responsive element and
provides further evidence that Rab10 activation by DENND4C is required for LH3
trafficking to CIVCs, and thus for Col IV secretion in ECs.
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Figure 3.7 Over Expression of DENND4C Rescues Col IV Secretion.
(A) Representative images of ECs expressing DENND4C-flag and RFP-Rab10 WT. Yellow arrowheads
indicate Rab10 puncta co-localizing with DENND4C-flag. (B) Representative images of ECs cultured in
either VEGF containing media with DMSO, SS media with DMSO or SS media with DAPT and stained for
Col IV (red) and actin (grey). Shown on the right is ECs cultured in SS media containing DAPT with
DENND4C overexpression (cyan). (C) Graph of Col IV secretion between indicated treatment groups. For
all experiments, data represented as mean ± 95% confidence intervals. Black bars indicate comparison
groups with indicated p-values. All p-values are from two-tailed Student’s t-test from at least three
experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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73

Next, we wanted to further confirm the link between Notch activation and
DENND4C expression. We plated ECs on Dll4 ligand to promote Notch activation. ECs
plated on Dll4 in the VEGF-supplemented culture media demonstrated significantly
elevated Col IV secretion compared to VEGF-supplemented controls (Figure 3.9 A, B).
We were also able to show a significant increase in hes1 and dennd4c gene expression
when ECs were plated on Dll4 ligand. Notably, gene expression levels were elevated in
ECs plated on Dll4 ligand compared to our Notch-high SS media condition. (Figure 3.9
C, D).
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Figure 3.9 Endothelial Cells Plated on Dll4 Protein Rescues Collagen IV Secretion.
(A) Representative images of ECs plated on coverslips coated with recombinant protein delta like ligand 4
(Dll4) (10ug/ml). (B) Graph of Col IV extracellular ratio in ECs plated on Dll4 coated coverslips compared
to culture media controls. (C) Graph of relative hes1 gene expression in ECs cultured in either VEGFcontaining or SS media and also plated on Dll4. (D) Graph of relative dennd4c gene expression in ECs
cultured in either VEGF-containing or SS media and also plated on Dll4. For all experiments, data
represented as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated pvalues. All p-values are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤
0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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In a similar approach, we transduced ECs with a Notch intracellular domain
(NICD) over-expressing adenovirus to promote Notch activation. Overexpression of the
NICD significantly increased Col IV secretion as well as hes1 and dennd4c gene
expression levels compared to VEGF-supplemented culture media (Figure 3.10). These
data strongly suggest that Rab10’s GEF DENND4C is downstream of Notch activation.
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Figure 3.10 Endothelial Cells Over Expressing Notch1-ICD Rescues Collagen IV Secretion.
(A) Representative images of ECs expressing Notch-ICD cultured in VEGF-containing media. (B) Graph
of Col IV extracellular ratio in ECs cultured in VEGF-containing media with or without expressing NotchICD. (C) Graph of relative hes1 gene expression in ECs cultured in either VEGF-containing or SS media
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0.001; ****p≤0.0001; ns, not significant.
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Our in vitro results demonstrate that inhibition of Notch signaling reduces Rab10
activation and LH3 trafficking, halting Col IV secretion. To explore this in vivo, we
employed an endothelial specific Notch1 knockout (ECKO) mouse model to investigate
the contribution of Notch signaling to vascular Col IV deposition. The first exon of
Notch1 had loxP (N1fl/fl) sites introduced and these mice were crossed with an endothelial
specific driver of Cre recombinase which could be induced with the chemical tamoxifen
(CDH5:CreERT2). Homozygous loss of Notch1 demonstrated stark EC overgrowth as
well as increased branching at the vascular front, consistent with the hyper-sprouting
expected (Figure 3.11 A, B, C). We measured perivascular Col IV intensity in these P5
mouse retinas and found no significant difference between indicated genotypes when
measuring 50 micron sections and normalizing to the sprout base intensity, such that all
groups showed lower Col IV at tip and higher in stalk cells (Figure 3.11 D). Just as we
have shown previously, we did observe a significant reduction in the Col IV intensity of
the vascular front compared to the trailing vasculature. It has been previously established
that ECs at the vascular front are VEGF-responsive and Notch-low, while the trailing
stalk cells are more stabilized and Notch-high (Blanco & Gerhardt, 2013).
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Figure 3.11 Examining Loss of Notch Signaling in Mice.
(A) Representative images of wild-type Notch +/+ (WT), Notch EC knockout (ecko)/- (HET), or Notch
ecko/ecko (NULL) retinas harvested at P5 and stained for conjugated-isolectin B4 (IB4). (B) Graph of
vasculature area for vessels between indicated groups. (C) Graph of branch points for vessels of the
vascular front between indicated groups. (D) Graph Collagen IV (Col IV) intensity starting at vasculature
front and measured back every 50 microns between indicated groups. For all experiments, data represented
as mean ± 95% confidence intervals. Black bars indicate comparison groups with indicated p-values. All pvalues are from two-tailed Student’s t-test from at least three experiments. *p≤0.05; **p≤0.01; ***p≤
0.001; ****p≤0.0001; ns, not significant.
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We then compared the total amount of perivascular Col IV between genotypes.
Comparison of N1 WT to N1ecko/ecko showed a significant reduction in Col IV protein
(Figure 3.12). This in vivo result is consistent with our in vitro studies showing that
Notch signaling is required for Col IV secretion.

p5 Retina (vascular front)
Notch+/ecko Notchecko/ecko
Notch+/+

B

50μM

200

Col IV Intensity
(Normalized, AU)

150

***

ns

ns
n=91 n=88
n=62

100

Low

50
0

W
T
H
ET
N
U
LL

Thermal - Collagen IV IB4/ Col IV
Col IV

A

High

Figure 3.12 Loss of Notch Signaling in Mice Affects Collagen IV Secretion.
(A) Representative images of retinas harvested at P5 and stained for Col IV (red), DNA (blue), and IB4
(green) to identify blood vessels between indicated groups. (B) Graph of Col IV fluorescence intensity
across indicated groups. For all experiments, data represented as mean ± 95% confidence intervals. Black
bars indicate comparison groups with indicated p-values. All p-values are from two-tailed Student’s t-test
from at least three experiments. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001; ns, not significant.
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Discussion
After elucidation the trafficking mechanism governing post-Golgi Col IV
secretion, we discovered that Notch signaling is required for Rab10 activation. This
signaling appears to be the bottleneck for LH3 trafficking and subsequent Col IV
secretion. Overall, our data indicate how Notch-based maturation signaling can influence
trafficking mediators, providing a critical level of regulation in Col IV secretion during
blood vessel development. We found Rab10 activation to be the major regulatory step
compared with Rab25. Rab25 is an atypical Rab GTPase for a unique sequence in the
GTP-binding site. The P-3 domain consensus sequence has a leucine in Rab25 instead of
a conserved glutamine (Casanova et al., 1999). This change gives Rab25 an inherent Q to
L substitution mutation which is a strategy used by biologist in other Rabs to create
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dominant-active mutations. Rab10 has three previously reported activating guanine
exchange factors (GEFs) in DENND4A, DENND4B and DENND4C. Given the Rab25
sequence difference, we believed that Rab10 would be the signaling bottleneck in
regulating LH3 trafficking, and also Col IV secretion.
We were interested in what upstream mechanisms could control Rab10 activity
and how they might interface with blood vessel maturation processes. Notch signaling is
fundamental to angiogenesis and adult blood vessel homeostasis. In short, Notch
activation is repressive, decreasing EC migration and proliferation programs and is
generally associated with heightened vessel maturity (Ehling et al., 2013). In the absence
of Notch, blood vessels demonstrate a distinct sprouting phenotype marked by unchecked
proliferation and overgrowth (Benedito et al., 2009; Siekmann & Lawson, 2007). We
showed that Notch activation is capable of orchestrating LH3 trafficking to CIVCs by
controlling transcription of the Rab10 GEF, DENND4C. This finding has important
implications in providing evidence that permissive Notch signaling can also interface
with trafficking mediators in a top-down regulatory response during angiogenesis.
As discovered in the previous chapter, we observed robust Col IV secretion when
ECs were under serum-starvation (SS) conditions and a severe lack of secretion when
ECs were exposed to VEGF-supplemented media. We also previously showed that this
lack of secretion is due to inhibition of LH3 delivery to CIVCs via the reduction of
Rab10 and Rab25 activation. To bolster these previous findings, we wanted to investigate
the upstream regulators of Rab activation and determine if larger, more well studied,
angiogenesis signaling pathways were regulating this trafficking mechanism.
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We first sought to examine what affect our culture media was having on freely
migrating ECs. We examined hes1 gene expression via RT-PCR in sub-confluent
HUVECs cultured in VEGF-supplemented or SS culture media. As expected, ECs that
are directly activated via VEGF we see decreased hes1 gene expression compared to our
SS culture media, completely lacking any VEGF signaling. This finding is confirmed
through 2D immunohistochemistry using a Hes1 antibody where we observed more
signal intensity within EC nuclei in our SS culture media. We believe our VEGFsupplemented ECs behave as tip cells, in regard to Notch signaling, as compared to our
SS cultured ECs. These data suggest tip cells, receiving a VEGF signal, respond by not
secreting Col IV but instead by degrading it; meanwhile, the trailing vasculature of stalk
cells, activated by Notch signaling, secrete Col IV into the BM.
These findings were expanded upon by use of Notch signaling inhibitors such as
the g-secretase inhibitor DAPT, which prevents Notch intracellular domain cleavage, and
the VEGFA ligand. Use of both of these stalk cell inhibitors in the SS culture media halts
the secretion of Col IV compared to SS culture controls. We also observed that these
inhibitors affected the intracellular localization of Rab10 and Rab25 by reducing the colocalization of these two Rabs when ECs were stimulated for secretion. Importantly, the
use of DAPT had a 3D phenotype of impairing perivascular Col IV deposition within EC
sprouts on fibrin-beads. While the total deposition of Col IV is reduced with DAPT
treatment, the overall trend of having less perivascular Col IV at the tip position and more
towards the base is unaffected. The expected DAPT phenotype of EC sprouting would be
hyper-branching as more tip cell signaling would result with increased migration and less
vessel maturity. We observe in the fibrin-bead assay that DAPT actually inhibits
81

sprouting parameters. We believe this is a result of the fibrinogen matrix is ‘stiffer’ as
compared to retinal experiments where EC angiogenesis is less impeded by surrounding
tissues, specifically of the mouse retina. The lack of sprouting, however, can be explained
through the lack of Col IV deposition and sprouting ECs are not able to support
themselves and behave to regress their sprouts instead of growing. The DAPT treatment
phenotype is confirmed in this experiment by measuring for filopodia along the entire
sprout as normally, tip cells would show increased filopodia based on the increased
VEGF-based migration signaling, while the stalk cells would be absent of filopodia
extensions under the canonical Notch signaling pathway. We do observe a significant
increase of filopodia emanating from along the entire sprout, including stalk cells,
confirming that the DAPT treatment is working as expected.
To confirm that Notch activity governs Rab10 activity we first performed a GTPimmunoprecipitation pulldown where only GTP-bound ‘active’ Rab10 would be
precipitated. We discovered that more Rab10 is active in our SS culture media as
compared to when ECs are cultured in VEGF-supplemented media. Furthermore, when
VEGF-supplemented ECs were plated on the Notch-activating ligand delta-like ligand 4
(Dll4), we could rescue the activation of Rab10. Conversely, when SS culture media ECs
were treated with DAPT we observed the reduction of active Rab10. Taken together these
results indicate that Notch signaling play an upstream role in Rab10 activation which
leads to regulation of Col IV secretion.
GEF proteins are responsible for the GTP-based activation of Rabs. Rab10s
known GEFs include the DENND4 family. To investigate which GEFs are responsible
for Rab10 activation we looked at gene expression of these three closely related proteins
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in our VEGF-supplemented and SS culture media states. Interestingly, dennd4c is the
only one to be significantly upregulated when ECs are stimulated for secretion. We do
detect dennd4a gene expression in both VEGF-supplemented and SS conditions. This
finding is bolstered by the decreased secretion and also LH3/CIVC co-localization for
both DENND4A and DENND4C knockdown experiments. Given that DENND4C is
differentially expressed in our two culture conditions we wanted to investigate this GEF
specifically in more detail. To do so we overexpressed DENND4C in ECs. Of note, we
find multiple colocalized puncta of DENND4C and Rab10, as would be expected if this
is the direct activating GEF for Rab10. Overexpression of DENND4C is able to fully
rescue secretion of Col IV specifically in Notch inhibited ECs backgrounds using DAPT.
We also observed a partial rescue of LH3/CIVC co-localization in VEGF-supplemented
ECs when overexpressing DENND4C. These results indicate that Rab10s GEF
DENND4C is an indirect Notch target and expression of it is required for Rab10
activation, LH3 trafficking and Col IV secretion.
To further examine the link between Notch activation and DENND4C we used
the ligand Dll4 to promote Notch activation via receptor/ligand engagement. ECs plated
on Dll4 ligand in VEGF-supplemented media significantly elevated their Col IV
deposition into the BM. We also examined hes1 and dennd4c gene expression for ECs
plated on Dll4-coated dishes. Both Hes1 and DENND4C transcript levels were
significantly increased in Dll4-coated conditions to levels even above the SS control. In a
similar approach, we transduced ECs with a Notch intracellular domain (NICD)
overexpressing adenovirus to promote Notch activation. Just as the Dll4 treated ECs
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showed, overexpression of NICD significantly increased Col IV secretion as well as Hes1
and DENND4C transcript levels in VEGF-supplemented ECs.
Our in vitro results demonstrate that inhibition of Notch signaling reduces Rab10
activation and LH3 trafficking, halting Col IV secretion. To explore this in vivo, we
employed an endothelial-specific Notch1 knockout (ECKO) mouse model (Cdh5-PACCreER+/-; Notch1loxP/loxP) (Sörensen, Adams, & Gossler, 2009; Yang et al., 2004). This
genotype helped to elicit the Notch contribution of Notch signaling to vascular Col IV
deposition. Homozygous loss of Notch1 demonstrated a stark EC overgrowth phenotype
as others have reported for Notch loss of function (Benedito et al., 2009; Ehling et al.,
2013; Hellström et al., 2007; Pitulescu et al., 2017). This is evident with greater vascular
area throughout the entire retina and also an increase in branch points at the vascular
front. Notably, we observed a decrease in perivascular Col IV levels in the homozygous
Notch loss of function retinas compared to the WT controls.
We observed that the administration of the powerful angiocrine factor, VEGF,
effectively shut down Col IV secretion by inhibiting LH3 trafficking via reduction of
Rab10 and Rab25 activation. In the context of early blood vessel development, EC
migration through tissues is reliant on secretion of BM degrading enzymes, such as
MMP9 (S. Lee, Jilan, Nikolova, Carpizo, & Luisa Iruela-Arispe, 2005). Energetically, it
may be more advantageous to partition ECM breakdown signaling from ECM synthesis
during angiogenesis as to not mutually undermine each process.
In this study, the division between Col IV secretion and degradation was
controlled by LH3 trafficking and upstream activation of Notch signaling. It is wellestablished that in growing sprouts, the leading tip cell has low-Notch and the trailing
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stalk cells have high-Notch activation (Blanco & Gerhardt, 2013; Hellström et al., 2007).
Our results very closely adhere to this model. In a low-Notch state, the tip cell has
elevated VEGR2 expression, thus is experiencing more VEGF signaling and, according
to our findings, would likely not be secreting Col IV; potentially shunting more energetic
resources to migration and ECM degradation. However, in the stalk cells where Notch
activation is elevated, these ECs are buttressing the newly made vascular tunnel by
secreting Col IV by, in part, activating LH3 trafficking. To our understanding, this is the
first link between Notch signaling and regulation of vascular BM secretion at the postGolgi trafficking level.
Our results bring into question how Notch may directly impact the trafficking of
other critical BM proteins necessary for blood vessel integrity. For instance, others have
reported that laminin-111 binds receptors and activates Dll4 signaling (Estrach et al.,
2011; Stenzel et al., 2011). One may speculate that the impact of Notch on the secretion
machinery may elicit a feed-forward mechanism in which secretion of BM components
binds integrin receptors that reinforce Notch activation. This type of cascade could
explain cell-cell independent Notch signaling for sustain activation of blood vessel
maturity programs required for adult vascular homeostasis. However, the organotypic
trafficking programs that govern secretion of Col IV and other BM components are
largely un-mapped and will require future investigations.
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