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Small GTPase Regulated Intracellular Protein Trafficking in Endothelium

Abstract

Intracellular protein trafficking is the movement of membrane-bound organelles to and from requisite
locations within the cell. Small GTPases are a critical component to the spatiotemporal accuracy of
intracellular trafficking pathways as they determine the specificity and direction of organelle transport.
There exists over 150 small GTPases categorized into 5 sub-families and are employed across all cell
types. Despite their universal expression and relevance to cellular function, small GTPases remain
incompletely understood across tissue types. In various instances, the trafficking pathway of a particular
Rab in one cell type may belong to a completely disparate pathway in another cell type. Rab27 has been
shown to traffic melanosomes in epithelial tissue, however, in endothelium, Rab27 has been linked to the
trafficking of an endothelial specific vesicle known as the Weibel-Palade body (WPB). However,
information is lacking as to whether Rab27 trafficking is applicable to sprouting angiogenesis. Rab35 is a
well-studied Rab involved in a broad spectrum of cellular functions, including cytokinesis, cell migration,
and cell polarity across tissue types. Surprisingly, Rab35 lacks investigation in endothelial cells. Like
Rab35, Arf6 is also well-studied and implicated in several different cellular functions. It is most
associated with cytoskeletal rearrangements, cell migration and endocytosis. Some Arf6 data exists in
endothelial cells, but information is lacking on its role in sprouting angiogenesis and lumen formation.
Rab8 is reported to traffic cargo exiting the trans-Golgi network bound for the apical membrane. The
relevance of Rab8 to apical trafficking in endothelium remains unknown. Our data agrees that Rab27 is
linked to the WPB pathway, and it is WPB cargo, Angiopoietin-2, that causes the hyper-sprouting
phenotype observed in the absence of Rab27. In our hands, Rab35 does impact a range of endothelial cell
processes. The extensive effects Rab35 induces is due to Rab35’s regulation of the actin cytoskeleton.
We found that Arf6 also regulates the actin cytoskeleton but is critical to the management of
transmembrane proteins important for sprouting angiogenesis and lumen formation. Finally, our results
show that Rab8 is indeed important to apical trafficking in endothelium, independent of the WPB pathway.
Together, these investigations provide insight to the divergent trafficking patterns of small GTPases in
endothelium.
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Abstract

Intracellular protein trafficking is the movement of membrane-bound organelles
to and from requisite locations within the cell. Small GTPases are a critical component to
the spatiotemporal accuracy of intracellular trafficking pathways as they determine the
specificity and direction of organelle transport. There exists over 150 small GTPases
categorized into 5 sub-families and are employed across all cell types. Despite their
universal expression and relevance to cellular function, small GTPases remain
incompletely understood across tissue types. In various instances, the trafficking pathway
of a particular Rab in one cell type may belong to a completely disparate pathway in
another cell type. Rab27 has been shown to traffic melanosomes in epithelial tissue,
however, in endothelium, Rab27 has been linked to the trafficking of an endothelial
specific vesicle known as the Weibel-Palade body (WPB). However, information is
lacking as to whether Rab27 trafficking is applicable to sprouting angiogenesis. Rab35 is
a well-studied Rab involved in a broad spectrum of cellular functions, including
cytokinesis, cell migration, and cell polarity across tissue types. Surprisingly, Rab35
lacks investigation in endothelial cells. Like Rab35, Arf6 is also well-studied and
implicated in several different cellular functions. It is most associated with cytoskeletal

rearrangements, cell migration and endocytosis. Some Arf6 data exists in endothelial

cells, but information is lacking on its role in sprouting angiogenesis and lumen
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formation. Rab8 is reported to traffic cargo exiting the trans-Golgi network bound for the
apical membrane. The relevance of Rab8 to apical trafficking in endothelium remains
unknown. Our data agrees that Rab27 is linked to the WPB pathway, and it is WPB
cargo, Angiopoietin-2, that causes the hyper-sprouting phenotype observed in the absence
of Rab27. In our hands, Rab35 does impact a range of endothelial cell processes. The
extensive effects Rab35 induces is due to Rab35’s regulation of the actin cytoskeleton.
We found that Arf6 also regulates the actin cytoskeleton but is critical to the management
of transmembrane proteins important for sprouting angiogenesis and lumen formation.
Finally, our results show that Rab8 is indeed important to apical trafficking in
endothelium, independent of the WPB pathway. Together, these investigations provide

insight to the divergent trafficking patterns of small GTPases in endothelium.
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Chapter One: Introduction to Rab-Mediated Intracellular Protein Trafficking in
Endothelium
All eukaryotic cells house membrane-bound compartments and organelles which

communicate and react with the cell’s environment. Vesicles must quickly shuttle
between compartments as part of endocytic (inward transport) and exocytic (outward
transport) trafficking pathways. Should any pathway be inherently faulty or become
aberrant, organ and tissue function are often impaired. Our evolving understanding of
protein trafficking pathways forms the basis for advancements made in the treatment of
countless maladies, from cancer to Alzheimer’s. Still, the biogenesis and orchestration of
intracellular protein pathways remains incompletely understood. To improve disease
outcomes, continued exploration of intracellular protein trafficking is of the upmost

importance.

1.1 Intracellular Protein Trafficking

Over recent decades, efforts in the field of protein trafficking have targeted the
machinery required for vesicular transport, membrane targeting, and exocytic/endocytic
processes. Researchers have identified numerous protein-protein interactions as well as
lipid-protein interactions which allow for the cell to reversibly translocate vesicles and
protein-complexes between subcellular compartments. Stated simply, these
macromolecular interactions are governed spatially and temporally in three key ways: (1)

small GTPases mediate the association of targeting molecules decorating the surface of
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vesicles with their corresponding membrane effectors, (2) reversible, post-translational
modifications direct cargo sorting and protein machinery recycling, and (3) cortical actin
cytoskeleton remodeling provides the physical force required for trafficking events [5,
292, 293]. Post-translational modifications of proteins as well as the switchable ‘on-off’
state of small GTPases offers the cell the ability to react quickly to incoming extracellular
information, by-passing protein expression changes [4,5].

To further expound on the three fundamental ways in which protein trafficking
occurs, first is to address small GTPases. Small GTPases encompass a large family of
proteins with several sub-families. Under the small GTPase umbrella falls the Rho, Arf,
Ras, Rab and Ran GTPase sub-families [294]. What characteristically identifies a protein
as a small GTPase is the capability of binary ‘on’ or ‘off” decisions [294]. This is
achieved by the addition (‘on’ state) or removal (‘off” state) of a phosphate [294].
Traditionally, the ‘on’ state allows for a small GTPase to then bind unique effector
proteins and motor proteins, thus creating an interface between a vesicle and its
trafficking protein complex (Figure 1) [294]. Should a trafficking pathway necessitate
termination, the guanasine triphosphate (GTP) is hydolyzed and the small GTPase enters
an inactive, Guanasine Diphosphate (GDP)-bound, state [294]. The considerable size of
the small GTPase family is reflective of the many distinct compartments within the cell

that require localized small GTPase trafficking.
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Figure 5: Cartoon Representative of Small GTPase Motor Protein Interface

Next to discuss is post-translational modifications. Protein modification encompasses
processing events that change the properties of a protein by adding a modifying group to
one or more amino acids or by proteolytic cleavage [295, 296]. Given the breadth of this
topic, relevant scenarios will be provided for context. For one example, trans-membrane
proteins often communicate extracellular information through a structural modification of
its intracellular domain [296]. In some cases, this is a phosphorylation or cleavage of the
domain [28, 29, 296]. The change results in downstream trafficking events inducing a
reaction of the cell to its environment [28, 29, 296]. In another scenario, a transmembrane
protein may become defective or no longer needed. The protein may then be marked with
ubiquitination, a signal to be degraded [297]. Finally, it is the post-translational
phosphorylation and de-phosphorylation of small GTPases that allow for their role in

vesicle transport [294]. While only mentioning a few scenarios here, numerous post-



translational modifications exist for successful protein trafficking programs throughout
the cell.

Lastly, cytoskeletal changes are paramount to the budding of vesicles from the Golgi
as well as endocytic and exocytic events. The actin cytoskeleton in combination with
contractility programs maintain Golgi compartments and facilitate Golgi-associated
transport events [298]. During endocytosis, the actin cytoskeleton is required for
Clathrin-coated pit formation, constriction and vesicle scission [299]. Cortactin, a protein
which binds actin and the motor-protein dynamin, links cytoskeletal changes with
dynamin-dependent scission [300]. Unlike endocytosis, during exocytosis filamentous
actin is rapidly assembled around the secretory vesicle during membrane fusion [301].
Researchers speculate that the filamentous-actin coat drives closure of fusion pores acting
to stabilize the plasma membrane [301]. Disruptions to the actin cytoskeleton can result
in impaired endocytosis, exocytosis and Golgi trafficking.

While only discussing three key aspects of intracellular protein trafficking, it is clear
how complex and interconnected the proteome is. The explosion of single-cell
sequencing data has allowed for expression patterns to be widely identified across tissue
types. Yet, investigations into how expressed proteins behave between tissue types, when
reacting to extracellular stimuli, as well as in diseased states, are lacking. This
information is imperative to our understanding of cell reactivity as well as improved

therapeutic measures.

1.2 Rab GTPase Protein Family

There are more than 150 members of the Ras protein superfamily [294]. Rab

GTPases, a sub-family to the Ras super-family, comprises roughly 70 of these members
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[4-7]. All small GTPases function as monomeric G proteins with slight variations in
structure and post-translational modification that specify unique binding partners and
subcellular localization [294]. Rab GTPases differ from other Ras family members with a
carboxyl terminus which has been implicated in their subcellular targeting [302].

Molecular regulation of Rab GTPases begins with a post-translational modification
which allows Rabs to anchor into a membrane. This is achieved through a modification
known as prenylation, Rab prenylation is reliant on the Rab escort protein (REP) [303].
REP’s will escort nascent Rabs to Rab geranyl geranyl transferase (RabGGTase) where
the C-terminus cysteine motifs are then prenylated and subsequently delivered to the
membrane [303].

Rab GTPases house a conserved molecular switch mechanism. All Rabs contain a
physical fold which includes two switch regions that are responsible for significant
conformational changes between activity states [4-7]. The on-state is controlled by
Guanine-Exchange Factors (GEFs) [4-7]. GEF’s are usually specific to individual Rabs
and mediate an exchange of GDP to GTP, inducing a conformation change [4-7].
GTPase-activating proteins (GAPs) switch Rabs to an off-state by hydolyzing GTP to
GDP [4-7]. In general, GAPs are less crucial than GEFs as many Rabs intrinsically

hydrolyze GTP at a relatively high rate [4-7].
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Transferring Rabs between membranes is mediated by Rab GDI’s (GDP dissociation
inhibitors) [304]. Following GTP hydrolysis a GDI will temporarily sequester a Rab; this
is reversed by GDI displacement factors (GDF’s) [304]. To summarize, Rab GTPases are
governed by proteins belonging to GEF, GAP, REP and GDI families. Clearly, molecular
regulation of small GTPases involves a vast network of proteins, all of which must
function properly for small GTPase mediated trafficking to occur. These interconnected
proteins which allow cells to quickly react to stimuli call for continued examination as
there remains a significant void in our understanding of small GTPase regulated

intracellular trafficking.

1.3 Protein Trafficking in Endothelium

Blood vessels are the earliest organ system to arise in development owing to their
absolute requirement for transport of oxygen and nutrients to growing tissues.
Angiogenesis is the proliferation of previously established blood vessels through a
variety of highly regulated programs. Understanding how angiogenesis works has had,
and continues to have, tremendous medical value. Although, our understanding of these
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intricate cell autonomous and tissue-wide programs is still in its infancy on many levels.
Recent advances in RNA-Seq and single-cell RNA-Seq have allowed investigators to
map complex transcriptional networks with unprecedented resolution; however, we are
finding these networks do not entirely reprise the full phenotypic picture.

As taught in entry level biology, mRNA translation is only the start of a protein's
journey to becoming functional. Proteins are modified through post-translational
modifications and are typically processed through the Golgi apparatus, packaged into
vesicles, and then delivered to a precise intracellular location(s). Perturbations of
regulatory signaling at any of these steps can have profound consequences on tissue
morphogenesis. Moreover, many of these post-Golgi steps can be completely divorced
from traditional transcriptional feedback loops; thus, trafficking programs can be self-
regulating with little transcriptional input. We contend that both endothelial-specific as
well as more ubiquitous trafficking signatures need to be mapped to truly understand
angiogenesis during development and in disease. In the following sections, we have
broken various components of angiogenesis down by function and discuss the relevant
trafficking programs. In many instances there are no endothelial studies to draw upon, in
this case we infer function from experiments performed in other systems.

Sprouting Angiogenesis

A primary cellular function during angiogenesis entails endothelial cell(s) sprouting
from a parent vessel, typically in response to extrinsic growth factors. For these events,
we are referring to a tip cell that would be leading several stalk cells in a canonical
tip/stalk cell hierarchy [12]. During this process endothelial cells are sensing growth

factor ligands that rearrange cell polarity, promote actin dynamics and integrin-based cell
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motility programs, and break-down extracellular matrix, ECM [13-17]. A primary
initiator in this event would be an endothelial cell binding a growth factor, namely
vascular endothelial growth factor (VEGF) on its cognate VEGFR2 receptor. Receptor
endocytosis, particularly VEGFR?2 internalization, is an excellent example of how
trafficking can mediate endothelial function. This event is likely the most well-studied
trafficking-related program in endothelial biology today. As such, there are several
reviews that go into detail cited here [2,18-20]; thus, we will cover more recent data
related to this phenomenon.

Internalization of VEGFR2 is initiated through clathrin-mediated endocytosis, CME
[21,22] in which the receptor is removed from the plasma membrane and internalized in
the form of a vesicle. In the inactive, non-ligand bound state, VEGFR2 is plugged into a
Rab4a or Rabl 1a-mediated recycling pathway, continuously being internalized and
returned to the plasma membrane [23,24] (Figure 3). There is some data supporting a
clathrin-independent pathway, such as caveolin-dependent endocytosis, in receptor
internalization [25]; however, recent literature has significantly shifted away from the
notion that caveolae participate in endocytic processes, but are primarily membrane
reservoirs, buffering changes in membrane tension during cellular dynamics [26,27.
Upon ligand binding, newly endocytosed VEGFR2-positive vesicles are marked with
Rab5 and early endosome antigen-1 (EEA1). Rab5, is most associated with endocytic
events and receptor tyrosine kinase internalization [28,29]. Rab5-positive early
endosomes are transitioned to a Rab7 late endosome and targeted to the lysosome for
destruction [30,31]. Receptor internalization and degradation will reduce the amount of

naive cell-surface receptors, this in turn, will limit the signaling potential of the ligand.
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This pathway is in no way unique to VEGFR2 as many other receptor tyrosine kinases
[32] demonstrate a similar mode of endocytic regulation [33,34]. There is some
controversy if receptor endocytosis, per se, is required for downstream VEGFR2-related
signaling. Several investigations have shown that loss of CME blunts downstream
VEGFR?2 signaling [35, 36], while others report that loss of CME does not dampen
signaling potential [22,37]. In terms of sprouting, any program that alters growth factor
signaling duration and amplitude will elicit a profound effect on downstream cellular

behaviors.
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Table 1 Rab GTPase Regulators, Effectors and Function

Rab
GTPase

GEF(s)

GAP(s)

Effector

Function

Citations

Rab 1a/b

TRAPP I,
DrrA

TBC1D20

ER to golgi trafficking

Lamber, et al.,

Current Opinions in
Cell Biology, 2019

Rab2b

Bicaudal-D, RUND-1,

CCCP-1

ER to golgi trafficking

Zhen, et al., Journal
of Cell Science,
2015; Ailion, et al.,
Neuron, 2014

Rab 4a/b

TBCIDI11,
EVI5-like

Rabip4, Rabaptin-5,
RabEP2

Early-endosome
trafficking

Stein, et al.,
Advanced Drug
Delivery Reviews,
2003; Zografou, et
al., Journal of Cell
Science, 2012

Rab
5a/b/c

Rabex-5
(Vps9), ,
Rabaptin-5

TBC1D3/RU
TBC3/USP6N

L

EEAI, RIN2

Early-endosome
trafficking, podxl
trafficking in
epithelium

Stein, et al.,
Advanced Drug
Delivery Reviews,
2003; Richards, et
al., Current Biology,
2015

Rab6

RIC1-RGP1

Bicaudal-D

Golgi-localized
trafficking

Lamber, et al.,
Current Opinions in
Cell Biology, 2019;
Zhen, et al., Journal
of Cell Science,
2015




I

Lamber, et al.,

Current Opinions in
Cell Biology, 2019;

MON]1- Stein, et al.,
Rab7 ccz1 TBCI1D5 RILP, VPS34, HOPS Lysosome transport Advanced Drug
Delivery Reviews,
2003; Zhen, et al.,
Journal of Cell
Science, 2015
Rabin-8/
TBCI1D1/TBC
GRAB/ . Muiller, et al., Small
Rab 8a Mss450/ él‘D30/TBClD - TGN trafficking GTPases, 2018
C90rf72
TBCI1D1/TBC Gross. et al
Rab 10 DennD4c 1D4/ Basolateral trafficking n iob o 2021
EVI5-L giogenesis,
Stein, et al.,
SH3BP5 Advanced Drug
Rab (REI-1)/ E]i))](): } 2]151\;?5]3 Rip11, RCP, Eferin, Endocytic Uptake and | Delivery Reviews,
11a/b SH3BP5 TBC1D14 > | Protrudin Recycling 2003; Zhen, et al.,
(REI-1) Journal of Cell
Science, 2015
Miiller, et al., Small
TBCIDI10A, Tubular endosome, GTPases, 2018;
Rab 13 DennD1C TBC1D25 o TGN trafficking Homma, et al., The
FEBS Journal, 2021
Rab 14 DennD6 TBCIDI . Early endosome Muiller, et al., Small

trafficking

GTPases, 2018;
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Homma, et al., The
FEBS Journal, 2021

Protein tyrosine

Endocytosis of

Mana, et al., Nat

Rab21 --- --- phosphatase receptor integrins bound to
type f (PTPRF) fibronectin Comms, 2016
. Richards, et al.,
Rab25 -- -—- -—- gogﬁiltirangmg n Current Biology,
piheli 2015
TBCIDI0A/E Francis, et al
MADD/DE | P164/ . ; 7
Rab27 |NN/Rab3G |Rab27-GAPq, | Sip2a, MYRIP, Slpda | 0 > negative A1VE, 2021,
regulator Fukuda, et al.,
EP TBCID10B/F Traffic, 2013
LJ13130 W,
TBC1D10A/ Plasma Membran Chaineau, et al.,
DENNDIa/ | TBC1D10B/ sma vie ¢ Traffic, 2013; Marat,
ACAP2, RUSC2, Endocytosis,
Rab 35 DENNDI1b/ | TBC1DI10C/ OCRL. MICAL-L1 toskeletal 1 et al., Molecular
DENNDIc | TBCID13/ : ” A Biology of the Cell,
TBC1D24 gements 2012
Zografou, et al.,
Rab37 -- -—- -—- WPB localization Journal of Cell

Science, 2012

Abbreviations: Podocalyxin (Podxl), Weibel-Palade body (WPB), trans-golgi network (TGN)
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Figure 7: Sprouting Angiogenesis and Notch Trafficking. Sprout migration is
dependent on vascular endothelial growth factor receptor 2 (VEGFR2) endocytosis. Upon
vascular endothelial growth factor (VEGF) ligand binding, Rab5c and early-endosome
antigen 1 (EEAT) decorate the internalizing clathrin-coated pit. RIN2 prevents lysosomal
degradation of the Rab5 positive vesicles. VEGFR2 cell surface expression is maintained
by both Rabl1a and Rab4 recycling. Rab4 aids in maintaining VEGFR2 expression. In
the absence of RabEP2, VEGFR2 is transitioned to a Rab7-positive vesicle destined for
lysosomal degradation. During Notch and delta-like ligand 4 (DI114) binding, D114 pulls on
the Notch receptor using clathrin-mediated endocytosis (CME) allowing for S2 and S3
cleavage events. Thereafter, the released Notch extracellular domain is transcytosed into
the D114 presenting cell and presumably degraded. The Notch intracellular domain
(NICD) is subsequently protected from proteosomal degradation in transit to the nucleus
by the deubiquitinase Usp10. Anterograde trafficking of Notch and DIl4 to the plasma
membrane is incompletely understood. Table lists proteins depicted in figure with
corresponding function

Recently, several groups have identified additional trafficking determinants involved
in VEGFR2 endocytosis. VEGFR2’s insertion into a recycling pathway on face-value

would seem to be more energetically costly than a unidirectional trafficking event where
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the receptor is statically plugged into the membrane, primed for ligand binding. However,
constitutive recycling of VEGFR2 plays a protective role against receptor shedding.
Inhibition of CME will increase shedding of the VEGFR2 ectodomain, indicating that
endosomal recycling is important for receptor plasma membrane retention [38]. Using a
screen against Rab GAPs, TBCID10A-C was flagged for its impact on endothelial
VEGFR2 signaling, tube formation and cell migration [18]. Here, the authors show the
same GAP family members can elicit contrary responses in terms of VEGFR2 signaling,
one decreasing downstream ERK activation, while the other enhancing it. This is likely
related to each GAPs unique affinity to a particular Rab or group of Rabs. In this case,
TBCID10A has affinity for Rab13, interestingly this has also been shown to be a GAP
for Rab27a and Rab35 [39,40]. In another investigation focused on VEGFR2 endocytosis
the authors demonstrated that the protein RabEP2 partners with the recycling Rab4 to
maintain VEGFR?2 cell surface expression. In the absence of RabEP2, Rab4-positive
vesicles were diverted to a Rab7 lysosomal pathway, significantly attenuating VEGF
signaling [41]. It was also reported that Rab5c partners with RIN2 to delay lysosomal
degradation to increase downstream VEGFR2 signaling [3]. In this article, loss of RIN2
or Rab5c-mediated endosomal stabilization blunted VEGFR2 signaling of Akt and ERK
leading to defects in sprouting parameters in culture and zebrafish blood vessel
development. These reports nicely illustrate how critical endothelial-specific signaling
can be fine-tuned by endosomal processes.

An interesting point here is uncoupling Rab-mediated effects on endothelial cell
migration from their interactions on the VEGF or other growth factor signaling. For

instance, some have purported that knocking out a particular Rab affects endothelial
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migration [42-44]; although this is undoubtedly the case, the primary defect is connected
to VEGFR2-related viability and chemotaxis, not a direct effect on machinery involved in
endothelial cell motility. In this case, there are few studies directly exploring endothelial
trafficking factors that influence cell motility, per se. In a candidate screen directed
against Rab3a, Rab3b, Rab8a, Rabl1a, Rab27a, RalA, RalB and caveolin-1 investigating
endothelial tube formation, it was observed that a variety of the Rab GTPases reduced
sprouting behaviors [45], suggesting an effect on cell motility programs in some cases;
although, the mechanisms for these perturbations were not described. There are many
reports that directly test the role of cytoskeletal regulators in endothelial tissues, but few
that identify how trafficking regulators interface with these systems. Future research
coupling both trafficking and cytoskeletal signaling networks would be important as
endothelial cells look and move (collectively and individually) differently from epithelial
cells in which the bulk of this type of research has been published.

Integrins are extracellular receptors that engage the ECM and are highly involved
with cell migration and general apicobasal polarity [46]. These receptors are part of a
large complex called a focal adhesion that links the actin cytoskeleton to the ECM
generating the propulsive force to move a cell, or collectively, a sprout [42]. As part of a
cyclical process, integrins are continually recycled, placed on the basal cell membrane,
anchored to the ECM and endocytosed as the cell propels itself forward [47]. Trafficking
factors have been shown to dramatically affect cell migration through regulating the
availability of integrin receptors in endothelial cells. For instance, Rab21 with protein
tyrosine phosphatase receptor type f has been reported to endocytose asfB: integrins bound

to fibronectin [48]. The cytoskeletal regulator RhoJ has been shown the regulate
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endocytic processes including asp1 integrin trafficking [49]. Similarly, Arf6 has been
shown to be a potent activator of integrin recycling across many cell types, controlling
both fast and slow integrin treadmilling [50-52]. Arf6 influences CME as well as
recycling, interfacing with Rab11a [53]. Loss of Arf6 and downstream perturbations in
integrin activation can have a profound effect on sprouting angiogenesis [54].

Cell to Cell Junction Regulation

Junctional regulation is paramount to physiological blood vessel development.
Individual endothelial cell junctions must work in concert to stabilize or loosen cell—cell
connections by differentially recruiting or removing junctional proteins. In endothelial
cells, a major junction protein of interest is VE-cadherin. VE-cadherin is an endothelial-
specific adherens junction and several excellent reviews on its regulation, interactions
with the actin cytoskeleton and crosstalk with growth factor signaling are cited here [55-
57]. In terms of trafficking two questions are essential: (1) how does VE-cadherin arrive
at basolateral junctions (?); and (2) how is it destabilized during sprouting
morphogenesis? Once at the plasma membrane VE-cadherin is likely plugged into a
Rabl1a recycling pathway as knockout of the Rab11a has been shown to decrease
endothelial barrier function [58]. Similarly, it has been reported that Rab11a directly
binds VE-cadherin [59]. This data would suggest that VE-cadherin is plugged into a
recycling loop similar to RTK receptors. This finding is congruent with Rab11a-based E-
cadherin trafficking in epithelial cells [60]. However, caution should be taken when
ascribing direct function to Rab11a recycling as so many peripheral trafficking programs

leverage this network.
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With regard to the initial anterograde trafficking, how newly translated VE-cadherin
is first transported from the Golgi apparatus to junctional complexes is largely
uncharacterized. Rabl1a is typically a terminal trafficking destination, such that, the early
post-Golgi Rab-based mediators that are responsible for delivery of VE-cadherin to
Rabl1a have not been charted to our knowledge. To this point, Malinova, et al., more
recently reported a complex involving PACSIN2, EHD4, and MICAL-L1 which
influenced VE-cadherin asymmetric localization during sprouting [61] (Figure 4). In this
investigation, PACSIN2 recruited the trafficking regulators EHD4 and MICAL-L1 to the
rear of asymmetric adherens junctions. Given this complex has been associated with
tubular transport in other tissue types, it could be posited that VE-cadherin is shuttled by
Rab6a, Rab8, or Rab10 which have all been shown to interface with MICAL-L1 on

tubulated vesicles [62].
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Figure 8: VE-Cadherin Trafficking Regulation. VE-Cadherin (VE-Cad) trafficking
from the Golgi apparatus to the plasma membrane is potentially aided by AP1, AP2,
golgin97 and golgin245. Post-Golgi transporter Rab8 is positioned at the trans-Golgi
network, where it may be involved in trafficking to the plasma membrane. At the plasma
membrane exocytic machinery, such as vesicular (v)-SNARE’s and tethering (t)-
SNARE’s play a role in vesicle capture and docking. Once plugged into the plasma
membrane, VE-Cad is maintained in a recycling loop via Rabl1a and p120. Asymmetric
localization of VE-Cad is thought to involve a PACSIN/EHD4/MICAL-L1 complex. VE-
Cad endocytosis may be regulated by Rab5-mediated shuttling to the CORVET and
HOPS complex prior to lysosomal degradation. Rab35 and Rab10 act as either apical or
basolateral determinants, respectively. Table lists proteins depicted in figure with
corresponding function.

Lumen Formation
An endothelial cell’s ability to polarize and create a hollow cavity is one of the most
notable anatomic characteristics of blood vessels as a tubular fluid transport system. The

intrinsic signaling programs that allow endothelial cells to create de novo luminal
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surfaces are vital to both blood vessel morphogenesis and general function. Trafficking
programs play a substantial role in the formation of a new apical membrane (also termed
luminal membrane) that will be the plasma membrane surface adjacent to the lumen
cavity and later will be in contact with circulating blood constituents. For this review, we
will focus on trafficking factors that influence the establishment of the apical membrane
during lumen biogenesis. Cytoskeletal factors, principally actin regulating proteins, also
play a fundamental role in this process and the following reviews cover this topic in
detail [77-80].

During lumen initiation a clustering of vesicular deliveries are focused to internal
sites of cell—cell contact, this area is termed the apical membrane initiation site, AMIS
[81] (Figure 5). The AMIS location is dependent on both internal cell-cell contacts and
basal membrane integrin engagement to provide the cell with a rudimentary polarity cue.
This dependency on a polarity axis informed by junctions and ECM engagement is well
established as loss of junctional stability and/or integrin signaling in nearly any system
significantly precludes lumen formation [82]. Once an AMIS is present, it can be
presumed that the cell generally has three distinct membrane surfaces, apical, basal and
junctional (or basolateral) that exhibit disparate, local signaling and trafficking programs.
In endothelial biology, trafficking mediators that participate in AMIS formation are
nowhere near as characterized as their epithelial counterparts. This is in large part due to
their rectangular shape and spatially segregated apical and basal domains, while ECs are
exceedingly flat exhibiting a mesenchymal morphology [83]. In some instances, the
distance between the apical and basal domains in ECs are diffraction limited (<500 nm),

hindering imaging of either membrane surface. Adding to the complexity, several
19



investigations, including our work, demonstrate that epithelial apical trafficking programs
are largely divergent in endothelial cells [84]; thus, this literature should not be viewed as

completely interchangeable.
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Figure 9: Endothelial Lumen Formation and Secretion. Top cell depicts trafficking of
proteins related to lumen formation. From the Golgi complex, apically destined cargo
may be transported within Rab6 and Rab8 vesicles or tubular networks. Podocalyxin
(Podxl), a required luminal transmembrane protein, may be first recognized at the acidic
trans-Golgi network (TGN) via protein clustering aided by addition of carbohydrate
moieties. Lipid modification such as PI(4,5)P2 decorate the apical membrane initiation
site (AMIS). Once Podxl is deposited into the apical membrane, NHERF1 and Ezrin
complex with Podxl and the actin cytoskeleton. Other apical determinants involved in
lumenogenesis localize to the AMIS such as Rab35, Annexin2 and PTEN. Bottom cell
Weibel-Palade body (WPB) trafficking. Many Rab GTPases have been connected to the
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trafficking of WPB’s, shown are Rab3d, Rab37, Rab33, Rabl5, and Rab27a.
Furthermore, exocytic machinery is shown including Syn3, Syt5, Slp4a and Slp2a.
MyRIP and Rab27a are negative regulators of WPB secretion sequestering WPBs within
the actin cytoskeleton. Secretion of angiopoietin-2 (Ang2) from WPBs causes activation
of the TIE-2 receptor and signaling related to lumen formation. Each table lists proteins
depicted in figure with corresponding function.

Trafficking directed to the AMIS is first instructed by the presence of various lipid
species. For instance, PIP: is one of the earliest apical membrane lipid types being highly
enriched at the forming AMIS. PIP; promotes the recruitment of many proteins such as
those in the synaptotagmin-like protein family [85]. This protein family also contains a
Rab-binding domain to tether Rabs proximal to the apical membrane allowing for fusion
of their contents. Our work recently demonstrated that synaptotagmin-like protein 2a
(Slp2a) robustly recruits to the apical membrane where it binds to Rab27a tethered to
exocytic Weibel-Palade bodies (WPBs) [84]. PIP; also recruits other apical carriers such
as Annexin 2 and PTEN that can locally modify the AMIS to provide a molecular landing
pad to tether and dock incoming vesicular traffic [86, 87].

What vesicular cargo is destined to be delivered to the apical membrane during
vascular lumen formation(?), and what are the carriers? Definitive studies focusing on
post-Golgi carrier’s involvement in AMIS formation and downstream lumen biogenesis
are almost completely absent in ECs; however, there is abundant literature detailing
proteins that generally affect lumen formation. Podocalyxin is a well-characterized
glycoprotein that is one of the first proteins to be transcytosed from the basal surface to
the AMIS where it complexes with NHERF1/Ezrin [88]. Podocalyxin is required to
initiate cell—cell deadhesion during lumen biogenesis and maintain proper barrier

function in ECs [89-92]. As such, podocalyxin is not only regarded as one of the first
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proteins to be trafficked to the apical membrane, but also a proxy for other required
glycoproteins that are delivered at the same time. Although, podocalyxin has been shown
to be trafficked by Slp2a, Slp4a, Rab27a, Rab35, Rab8a, Rabl1a and others in epithelial
cells [45,93], it is still an outstanding question in endothelial biology. Our data, and
others, have demonstrated that Slp2a, Slp4a, and Rab27a have been allocated to WPB
trafficking in ECs [83,84,94]. Additionally, our unpublished data investigating Rab35,
demonstrates that Rab35 is an actin regulator, further signifying disparities between
epithelial and endothelial trafficking of podocalyxin. In 2D culture ECs, it has been
shown that podocalyxin colocalized with the early endosome marker Rab5 and Rab25
[95]; potentially suggesting a non-Rab11a endocytic or recycling route. As this was a
peripheral finding by this group, this association has yet to be confirmed with further
experimentation. To our knowledge, there is no singular publication that has
comprehensively detailed post-Golgi carriers for podocalyxin in endothelial tissue, and
by extension, other important apically targeted glycoproteins. Juxtaposing this finding
with epithelial cells highlights the disparity in trafficking-related literature as podocalyxin
has been comprehensively investigated in epithelial cyst development.

In the absence of directed ECs studies, we can only speculate as to how apical
targeting occurs, leveraging the existing epithelial literature. Many apically targeted
proteins such as receptors and sialomucins are heavily glycosylated. This commonality of
apical cargo with an inherent heterogeneity of protein domain structures and trafficking-
related binding motifs has moved the field away from the idea that every apically targeted
protein contains a unique motif that is then recognized by a singular Rab or related

effector that would be solely responsible for the delivery of the cargo. Rather, what has
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come to light more recently is that addition of carbohydrate groups in the acidic TGN can
promote oligomerization of apical cargo allowing for a more non-targeted, bulk
recognition of this class of proteins by apical carriers [96]. The center piece of this
argument is that neutralization of the TGN pH greatly diminishes the delivery of apical
cargo, notably glycoproteins such as podocalyxin and p75 [97, 98]. Consequently, the
question of what specific Rab may transport podocalyxin is less relevant, but then
becomes, what Rab may be responsible for transporting a group of glycoproteins to the
AMIS that includes podocalyxin? Rab8, Rab6, and Rab10 have all been implicated as
TGN carriers [99,100], most of which have not been investigated for a role in vascular
lumen development. Equally intriguing is the hypothesis that the TGN could play a more
regulatory part in staging a bolus release of glycoproteins during lumen formation by
differentially regulating its acidity. To this end, the GEF GBF1 has been shown to
selectively modulate Golgi transport of anterograde trafficking WPB components in ECs;
although its effect on the TGN, per se, has not been tested [101]. This type of signaling
could be a developmental control lever for apical membrane-related trafficking; further
studies on networks that regulate the aperture of flow through the Golgi are needed.
Generally, there are many more questions than answers in the vascular lumen
development field. Overtime, it will be interesting to know which programs will display
unique organotypic signatures or will be shared between various tissue systems as these
trafficking networks are mapped.

Blood Vessel Stabilization

Central to blood vessel stabilization is the Notch signaling pathway [102]. Although

each Notch receptor (1-4) is present in the vasculature, Notchl is the predominant
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receptor involved in angiogenesis [102]. ECs with elevated Notch activation adopt a stalk
cell phenotype, whereas ECs deficient in Notch signaling will assume a tip cell identity.
Notchl itself, is a transmembrane protein composed of an extracellular domain (NECD)
and an intracellular domain (NICD). Importantly, the NECD is composed of 36
epidermal growth factor (EGF) repeats and a negative regulatory region (NRR). The
NRR contains three Lin-12-Notch (LNR) repeats that interact with a heterodimerization
domain (HD) [103,104]. Obscured within the interaction between LNR and HD at a
resting state is a cleavage site (termed S2). When exposed, the S2 cleavage site is cut by a
disintegrin and metalloprotease (ADAM) complex [105]. This cutting event on the S2
extracellular domain precedes cleavage by y-secretase at the S3 cleavage site to release
the NICD. Once freed, the NICD translocates to the nucleus, binding the transcription
factor RBPJ/CSL to upregulate downstream genes that promote lateral inhibition [106].
This mechanism necessitates the need for a mechanical force generated by the Notch
ligand, Delta-like ligand 4 (DI114). In this case, D114 is presented by the tip cell which
pulls on the Notch1 receptor exposing the S2 and downstream S3 domains for cleavage
and activation.

How this pulling force is generated is hypothesized to be derived from several
scenarios. First, natural cell movement from a leader or tip cell could account for tension
needed to separate the LNR and HD domains. Second, and the most reported mechanism,
is that upon ligand binding is that Delta undergoes CME (Figure 3). Two investigations
focusing on DII1 and Notch pulling reported that any perturbation to the CME pathway
significantly dampened Notch activation. Using optical tweezers, both groups

independently demonstrated that blockade of CME machinery such as epsin, AP-2 or
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dynamin significantly reduced the pulling force on bead-tethered NECD bound to DII1
[107,108]. In endothelial cells, our group demonstrated that CME does not seem to affect
Dll4 transcytosis, and presumably pulling forces [109]; thus, it is possible that D114
endocytosis is intrinsically different than D111, or simply divergent in endothelial tissue.
In general, there are currently few studies that have directly looked at D114 endosomal
pulling forces and Notch activation in endothelial tissue.

With regard to DII1, it has been shown that DIl1 endocytosis does not require
ubiquitination, but ubiquitination is necessary for its recycling back to the plasma
membrane and efficient interaction with Notch1 [110]. There is some controversy as
others have shown that DIl1 requires ubiquitination to be endocytosed when employing
epsin [110]. Regardless, DII1 has been purported to be contained by a Rabl1a recycling
loop prior to binding with NECD [111]. Very little has been published directly mapping
endothelial-specific D114 endocytic mechanisms. Adams, et al., demonstrated that
synaptojanin-2 binding protein can interact with D114 via PDZ binding [112]. In this
study, it was hypothesized that synaptojanin-2 binding protein protected D114 from
lysosomal degradation. Plasma membrane recycling of the other Notch ligand Jagged has
been shown to be regulated, in part, by the intermediate filament vimentin [113]. In a
more recent investigation, it was reported that Numb acts as a Notch antagonist by
controlling the intracellular destination and stability of D114 through a post-endocytic-
sorting process [114]. Furthermore, Numb negatively controlled the D114 plasma
membrane recycling through AP1. Given DIl4 is plugged into a Rab11a recycling
pathway, it is likely there are other uncharacterized trafficking factors that usher the post-

Golgi transport of D114 from the TGN to the plasma membrane.
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Several reviews on Notch trafficking exist that cover the exocytic and endocytic
pathways employed in non-vertebrate organisms [111,115]; however, in endothelial
tissue very little has been published on how Notch is sorted to the plasma membrane or
degraded following ligand binding. In other systems, it has long been known that the
Notch receptor is ubiquitinated prior to its removal from the plasma membrane [116,117].
A proteomic approach identified a de-ubiquitinase called USP10 that functions as an
NICDI1 de-ubiquitinase, capable of fine-tuning endothelial Notch responses during
angiogenic sprouting [118]. Depletion of USP10 reduced NICD1 abundance and stability
and diminished Notch-induced target gene expression in ECs in vitro and in vivo. In a
separate investigation, it was shown that RHOQ is essential for the NICD nuclear
translocation. The authors report that in the absence of RHOQ, Notch1 becomes targeted
for degradation in the autophagy-lysosomal pathway [119]. Testing the interplay between
DIl and Notch in Drosophila neurogenesis, it was found that D111 expression induces a
quick degradation of Notch in late endosomes. Thus, intracellular trafficking of Notch
orchestrates the temporal dynamics of Notch activity [120]. Indeed, it would be
interesting to speculate that mechanisms like USP10 are conserved across other Notch
pathways. Lastly, it was recently demonstrated how lipid components can interact with
Notch trafficking. Shimizu, et al., reported that PI3K-C2a is required for the CME of the
y-secretase complex, which allows for the cleavage of endocytosed Notchl to generate
NICD1 in ECs [121]. Overall, there are many unexplored opportunities to further
characterize how both DI114 and Notch are endosomally and exosomally sorted in

endothelial tissue, thereby controlling blood vessel stability and homeostasis.
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Secretion in Angiogenic Development

Due to the endothelium’s role as the primary barrier between the blood constituents
and the neighboring tissue, ECs secrete wide swathes of molecules both during
development and in adult homeostasis. For the purposes of this review, we will focus on
recent reports detailing apical secretion events related to angiogenic blood vessel
development. A well-known endothelial-specific secretion mechanism is those that
employ WPBs. WPBs are cigar-shaped secretory granules that are primarily found within
the endothelium. The most predominant protein housed in this structure is pro-thrombotic
von Willebrand factor (VWF), a large multimeric protein capable of initiating the clotting
cascade [122]. WPBs are formed at the acidic trans-Golgi and produce their unmistakable
shape through folding VWF into a cylindrical structure [123] (Figure 5). Several reviews
go into great depth regarding WPB biogenesis, general trafficking patterns and role in
hemostasis referenced here [124-126]. The interesting biology pertaining to WPBs is that
their generalized function is entirely contingent on intracellular trafficking.

WPBs have been shown to play other non-clotting related roles required for blood
vessel formation. In addition to VWF, more than 183 other proteins have been shown to
be associated with WPBs ranging from interleukins to cell surface lectins [127]. The
tremendous plasticity of cargo constituents is related to WPBs being a lysosome-related
organelle; thus WPBs can be functionally grouped with other structures such as multi-
vesicular bodies, melanosomes and secretory lysosomes that regularly intermingle with
many other trafficking compartments [128]. Transmission electron microscopy of WPBs
shows intraluminal vesicles that contain factors such as CD63, suggesting post-Golgi

fusion events can also change the cadre of WPB-house proteins [129]. This finding is
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exciting as this data suggests the WPB secretory payload could be tailored to match a
developmental or homeostatic condition [130].

In angiogenesis, a protein called angiopoietin-2 (Ang2) is secreted via WPB
exocytosis. Ang2 can work in both an autocrine and paracrine fashion binding to the Tie-
2 receptor. Angiopoietin-1 (Angl) is outcompeted by Ang?2, thus Ang2 was purely
considered an Angl antagonist [131]. However, more recent evidence has demonstrated
that Ang2 can play dual roles in both promoting and repressing blood vessel development
[84,132,133]. Our lab recently discovered that WPB-mediated exocytosis requires a
protein called Slp2a [84]. In the absence of Slp2a, WPBs are still capable of trafficking to
the apical membrane, but are not able to fuse, blocking release of WPB cargo. Blockade
of WPB-mediated release of Ang2 reduced lumen biogenesis as mentioned above. It is
possible the proangiogenic factors galectin-1 or galectin-3 [134,135] which are also
housed in WPBs were mis-trafficked in the absence of Slp2a; however, this was not
tested. Other investigations have reported similar findings in which Rab27a, MyRIP,
syntaxin-3, synaptotagmin-5, synaptotagmin-like protein-4a, VAMPS, Rab15, Rab33,
Rab37, and Rab3d also significantly altered WPB secretion dynamics [94,136-139]. Of
note, the vast majority of the WPB-related trafficking regulators have yet to be tied back
to perturbations in angiogenesis, as all studies were primarily conducted in endothelial
cells on a 2-dimensional culture dish. Our groups more recent work looking at WPB
trafficking in 3-dimensional models both highlight the trafficking and downstream

angiogenic ramifications when WPB pathways are perturbed [83].
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Future Directions and Challenges

In a bulk comparison between epithelial and endothelial studies related to
characterizing general trafficking signatures, it is easy to see how little we really
understand about how endothelial trafficking events are orchestrated and con- tribute to
physiological and pathological blood vessel development. As mentioned above, a
potential reason for this is that epithelial cells exhibit a stereotyped rectangular shape and
spatially segregated apical and basal domains allowing for relatively easy imaging of
processes at either membrane. Additionally, epithelial cells readily set up apicobasal
polarity in 2D culture, thus do not require much in the way of physical or chemical cues
to elicit a defined polarity axis [14]. In 2D culture, removed from a sprouting structure,
endothelial cells on a dish do not show a commitment to an apical or basal membrane
identity. Moving forward, testing 3D sprouting models that provide the necessary cellular
cues to reproduce angiogenic morphodynamics with ample sub-cellular imaging will be
imperative. Likewise, engineering novel transgenic animals to both visualized vesicular
sorting in endothelial cells as well as classic loss and gain of function platforms would
significantly aid in our efforts towards identifying novel blood vessel trafficking
signatures. Overall, the arena of trafficking-based regulation in endothelial tissues is vast
with relatively few full-time occupants. This provides a fantastic research opportunity for
truly novel discoveries pertaining to blood vessel biology as well as potential disease
therapeutics. We hope to spark many more conversations in the realm of endothelial
trafficking as it’s clear that endosomal sorting plays a critically important role in all

aspects of blood vessel biology.
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Chapter Two: Rab27 Regulates Weibel-Palade Body Cargo, Ang-2, Trafficking

Through Synaptotagmin-like Protein 2a

3.1 Introduction

During development, new blood vessels emerge from preexisting vasculature, a
process termed angiogenesis [ 140-142]. During this time, endothelial cells (ECs) form a
hollow opening or central lumen. Vascular lumen formation can be roughly broken into 3
phases: (1) formation of a common cell-cell interface; (2) establishment of an apical
membrane initiation site at the specific cell-cell interface promoting membrane
deadhesion; and (3) lumen expansion. First, cadherin and integrin-binding provide the
initial cues for apical-basal polarity signaling in ECs [143,144]. Thereafter, cell-cell
adhesions localize laterally to allow for separation between neighboring cells [145,146].
Concurrently, the apical membrane initiation site located on the luminal membrane serves
as a hub for asymmetrical intracellular protein delivery to the maturing apical membrane.
These apical membrane initiation site trafficking events are responsible for delivering
factors that cause deadhesion of opposing cell membranes as well as substantial cell
shape changes leading to lumen cavity enlargement during angiogenesis [147-149]. For
example, trafficking of sialomucin-laden glycoproteins, such as podocalyxin and CD34,
to the apical membrane are required for lumen formation across multiple developmental

models [147,148,150]. Precise trafficking of proteins to the maturing apical membrane
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are paramount to its biogenesis; however, what factors are involved in regulating
trafficking during this critical period of vascular lumen formation are incompletely
understood. Slp2a (synaptotagmin-like protein 2a), also called exophilin-4, is a
phospholipid-binding protein with high affinity for the apically enriched phospholipid,
phosphotidylinositol4,5 bisphosphate (PIP2) [151]. Characteristic of synaptotagmin
family members, Slp2a interacts with phospholipids via its tandem C2 domains, C2A and
C2B. Additionally, Slp2a’s Rab-binding domain provides interactions with Rab GTPases
towing specific vesicle populations [152]. Existing evidence, based largely on studies in
epithelia and melanocytes, indicates Slp2a principally binds Rab27a [153-156]. In ECs,
Rab27a has been reported to decorate Weibel-Palade Bodies (WPBs), a prothrombotic
secretory granule, and negatively regulate its exocytic activity [157]. Rab27a has also
been shown to influence recycling of vascular-endothelial growth factor receptor 1 [158].
In epithelium, Slp2a has been reported to tether podocalyxin-rich vesicles via Rab27a
binding in cooperation with its family member Slp4a (synaptotagmin-like protein 4a) to
promote lumen formation [154]. Slp2a has yet to be investigated in any aspect of blood
vessel development.

In this report, our aim was to characterize Slp2a’s function during sprouting
angiogenesis, with emphasis on its putative role in lumen formation. Our results
demonstrate that Slp2a is required for vascular lumen formation in developing
endothelial sprouts. We determine that in ECs, Slp2a is resident at the apical membrane
during lumen initiation and expansion downstream of PIP2 lipid binding. Interestingly,
deletion of the PIP2 interacting domains localized Slp2a exclusively to WPBs. We show

that Slp2a is one of the most upstream components required for WPB secretion.
31



Mechanistically, we determine that loss of Slp2a impedes Ang-2 (angiopoietin-2)
secretion resulting in inhibited Tie-2 autocrine signaling, preventing lumen formation.
Overall, our results demonstrate a novel role of Slp2a in regulating exocytic trafficking at
the apical membrane and, in doing so, controlling Ang-2 release during blood vessel

lumen formation.

3.2 Materials and Methods
Cell Culture

See Annex A.

Sprouting Angiogenesis Assay

See Annex A.

Plasmid Constructs

See Annex A and Table 6.

Lentivirus Generation and Transduction

See Annex A.

Immunoblotting and Protein Pull-Down

See Appendix A.

Immunoflourescence and Microscopy

See Appendix A.

Zebrafish Transgenics

The transgenic lines used in this study include Tg(kdrl:GFP) and Tg(kdrl:mCherry).
Tol2- mediated transgenesis was used to generate mosaic intersomitic blood vessels as

previously described [140-143]. Briefly, Tol2 transposase mRNA were synthesized
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(pT3TS-Tol2 was a gift from Stephen Ekker, Addgene plasmid # 31831) using an SP6
RNA polymerase (mMessage mMachine, ThermoFisher). A total of 400ng of transposase
and 200ng of plasmid vector were combined and brought up to 10uL with phenol red in
ddH20. The mixture was injected into embryos at the 1-2 cell stage. Injected zebrafish
were screened for mosaic expression at 48 hpf and imaged. CRISPR/cas9-mediated
knockouts were performed as previously described [145]. Briefly, equal volumes of
chemically synthesized AItR® crRNA (100 pM) and tractrRNAr RNA (100 uM) were
annealed by heating and gradual cooling to room temperature. Thereafter the 50:50
crRNA:tracrRNA duplex stock solution was further diluted to 25 uM using supplied
duplex buffer. Prior to injection 25 uM crRNA:tracrRNA duplex stock solution was
mixed with 25 uM Cas9 protein (Alt-R® S.p. Cas9 nuclease, v.3, IDT) stock solution in
20mM HEPES-NaOH (pH 7.5), 350mM KClI, 20% glycerol) and diluted to 5SuM by
diluting with water. Prior to microinjection, the RNP complex solution was incubated at
370C, 5 min and then placed on ice. The injection mixture was micro-injected into 1-2
cell stage embryos. Confirmation of CRISPR-mediated gene knockout was validated by
RT-PCR. Approximately 20 embryos at 48 hpf were homogenized and dissolved in
TRIZOL reagent (Sigma Aldrich) according to the manufacturer’s instructions. Reverse
transcription was achieved by using the Biosystems High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher) and then PCR was used with relevant controls (See
table 1.1 for DNA oligos and sgRNA sequences used) to determine transcript levels.
Crispant DNA was retrieved via PCR and subjected to sanger sequencing to visualize

indel formation.
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Zebrafish Microangiography

See Appendix A.

Zebrafish Live Imaging and Quantification

See Appendix A.

Statistical Analysis

Experiments were repeated a minimum of 3x. Statistical analysis and graphing was
performed using GraphPad Prism. Statistical significance was assessed with a Student
unpaired ¢ test for a 2-group comparison. Multiple group comparisons were performed
using a 1-way ANOVA followed by a Dunnett multiple comparisons test. Data was
scrutinized for normality using Kolmogorov-Smirnov test. Zebrafish sex distribution was
not adjusted as sex determination did not occur at the stage of development in which the

specimens were assayed. Statistical significance set a priori at P<0.05.

3.3 Results

Slp2a Is Apically Localized and Required for Lumen Formation In Vitro

We first sought to determine Slp2a’s localization and function in vitro given its
spatial organization in vascular sprouting was not previously characterized. To do so, we
transduced an mCherry-tagged Slp2a virus into primary ECs in a 3-dimensional (3D)-
sprouting assay that closely mimics in vivo sprouting angiogenesis (Figure 6A)
[159,160]. Here, ECs are coated onto microcarrier beads, embedded in a fibrin matrix,
and allowed to sprout for 4 to 5 days. Transduced ECs were stained for the junctional
marker vascular-endothelial cadherin to identify cell-cell interfaces as well as moesin and
podocalyxin to delineate the apical membrane (Figure 6B). Before lumen formation,

Slp2a heavily colocalized with all three proteins at cell-cell junctions (Supplemental
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Figure 1A). However, in sprouts with an established lumen opening, Slp2a was only
located on the apical membrane, strongly colocalizing with apical markers moesin and
podocalyxin but distinct from vascular-endothelial cadherin at cell-cell interfaces (Figure
6B). These results indicate that Slp2a is preferentially localized to the apical membrane
before and throughout lumen formation, consistent with reports in epithelial tissues
[154]. Slp2a’s C2AB domains are purported to bind PIP2, a well-known apical lipid
species [152,154,161]. We confirmed this interaction in ECs using a PIP» biosensor (PH-
GFP) in which Slp2a and PH-GFP dynamically colocalized at junctions in 2D culture
(Supplemental Figure 1B, C) [162]. Overall, these results demonstrate that Slp2a is

resident at the apical membrane downstream of binding to PIP;.
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Figure 6: Slp2a (synaptotagmin-like protein-2a) is an apically localized protein required
for sprout formation. A. Cartoon model of 3-dimensional sprouting assay denoting
imaging setup. B. Localization of transduced mCherry (Cherry)-Slp2a during lumen
formation in sprouts stained for VE-Cadherin (VE-Cad), moesin, and podocalyxin
(Podxl). C. Images of Slp2a siRNA (si) knockdown and scramble (scram) control sprouts
stained for indicated proteins. D. Representative confirmation of Slp2a siRNA-mediated
knockdown by Western blot probed for Slp2a and a-Tub (a-tubulin). n=3 individual
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Western blot experiments. E. Quantification of sprout length for indicated groups. F.
Quantification of nonlumenized sprouts between indicated groups. G. Mosaic rescue
experiment in which cells were treated with indicated siRNAs and transduced with
Cherry-Slp2a (red). Arrows indicate a lack of lumen in addition to a lack of Cherry-Slp2a
expression. H. Quantification of percent nonlumenized sprouts between indicated groups.
I. Mosaic knockdown experiment in which cells were treated with Slp2a siRNA (red) and
then mixed with scramble-treated cells (nonfluorescent) and then challenged to sprout.
Top row depicts nonopposing siRNA-treated cells. Bottom row depicts opposing siRNA-
treated cells. Arrow denotes a lack of lumen. J. Quantification of mosaic KD sprouts with
percent nonlumenized sprouts. All experiments used human umbilical vein endothelial
cells. In all parts, L denotes lumen; white box denotes magnification; white lines denote
exterior of sprout; values are means+=SEM; n=individual sprouts across 3 experimental
repeats; NS indicates not significant; significance: *P<0.05 and ***P<(.0005. Statistical
significance was assessed with an unpaired t test or a 1-way ANOVA followed by a
Dunnett multiple comparisons test.

We next asked if Slp2a played a role in angiogenic sprouting and lumen formation via
loss of function using siRNA knockdown. Morphologically, Slp2a knockdown did not
alter migration programs as sprout lengths were unaffected (Figure 6E); however, the
sprouts were visibly thinner in appearance compared with controls (Figure 6C, D and
Supplemental Figure ID). To investigate this phenotype, we quantified the percentage of
non-lumenized sprouts (sprouts with no discernable, or contiguous, lumen cavity). We
determined that loss of Slp2a significantly increased the percentage of non-lumenized
sprouts compared with controls (Figure 6F). We next performed a rescue experiment by
mosaically overexpressing mCherry-Slp2a on a Slp2a knockdown background to further
examine if Slp2a deficiency was underlying the lack of lumen formation. ECs expressing
mCherry-Slp2a exhibited a significant increase in lumen formation compared with non-
transduced controls (Figure 6G, H). In a similar approach, we tested if loss of Slp2a was
cell autonomous in terms of its impact on lumenogenesis. To do so, we knocked down

Slp2a in a population of ECs that were then labeled with red CellTracker. This population

was mixed with scramble siRNA-treated ECs and challenged to sprout. We observed that
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in Slp2a knockdown ECs opposite wild-type (WT) a lumen opening was maintained,
albeit small; while 2 opposing knockdown ECs failed to create a luminal cavity
(Figure6l, J). These results suggest that Slp2a is cell autonomous and required for lumen
formation in vitro.

Slp2a Interacts with WPBs

To better understand the mechanism(s) by which a Slp2a deficiency results in lumen
defects, we employed two Slp2a domain mutants: (1) a deletion of the PIP; binding
C2AB domains (Slp2a-AC2AB) and (2) expression of only the C2AB domains (Slp2a-
C2AB; Figure 7A). In a mosaic rescue assay, both mCherry-Slp2a-AC2AB and mCherry-
Slp2a-C2AB mutants were transduced into sprouts on a Slp2a siRNA knockdown
background. Neither mutant proved capable of rescuing lumen abnormalities (Figure 7B-
D), suggesting both domains are required for Slp2a to function properly during vascular
lumen formation. Upon further inspection, the Slp2a-C2AB mutant localized largely to
the apical membrane similar to WT Slp2a in lumenized sprouts. Conversely, the
mCherry-Slp2a-AC2AB mutant no longer localized to the apical membrane, but
decorated rod-like puncta that strongly colocalized with VWF, a well-established WPB
marker (Figure 7E and Supplemental Figure 2A) [157]. We next determined if the Slp2a-
AC2AB-decorated WPBs showed any localization preference during the lumenization
process. The Slp2a-AC2AB—decorated WPBs exhibited a heightened cytoplasmic
distribution in non-lumenized sprouts. However, in sprouts with a defined lumen, the
Slp2a-AC2AB—decorated WPBs, preferentially localized to the apical membrane (Figure

7F, G and Supplemental Figure 2B,C). Taken together, in the absence of membrane

37



binding, Slp2a’s default localization is on WPBs that are being actively transported to the

apical membrane during lumenogenesis.
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Figure 7: Slp2a (synaptotagmin-like protein-2a) lacking C2 domains localizes to Weibel-
Palade bodies. A. Cartoon model of Slp2a domains and mutants used for
experimentation. Slp2a-AC2AB lacks 2 phospholipid-binding C2 domains. Slp2a-C2AB
mutant lacks the Rab-binding domain as well as residues linking it to the C2AB domains.
B. GFP (green fluorescent protein)-Slp2a-C2AB expressing in both scramble (scram) and
Slp2a siRNA(si) knockdown groups and stained for indicated proteins. Arrow indicates
lack of lumen. C. MCherry(Cherry)-Slp2a-AC2AB expressing in both scramble and
Slp2a siRNA knockdown groups and stained for indicated proteins. Arrow indicates lack
of lumen. D. Quantification of lumen formation of individual sprouts. Cells were treated
with scramble or Slp2a siRNA and then infected with indicated constructs. Green
represents lumen formation, and red represents non-lumenized sprouts. N value
represents individual sprouts across 3 experimental repeats. E. GFP-SIp2a-C2AB and
Cherry-Slp2a-AC2AB expressing in sprouts stained for moesin and with Weibel-Palade
body (WPB) marker, VWF (von Willebrand factor). F. Localization of Cherry-Slp2a-
AC2AB before lumen opening (pre-lumen, top) and after lumen opening (lumenized,
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bottom). Arrows indicate heavy localization at the apical membrane. G. Quantification of
Cherry-Slp2a-AC2AB localization pre-lumen and during lumenogenesis (lumenized). N
value represents individual sprouts across three experimental repeats. H. Live imaging of
mCherry-Slp2a-wild-type (WT) and GFP-Slp4a-WT. Yellow arrow identifies future
lumen expansion and white arrow indicates open lumen. All experiments use human
umbilical vein endothelial cells. In all parts, L denotes lumen; white box denotes
magnification.

Slp4a has previously been reported to interact with Slp2a in epithelial cells [154]. In
endothelium, Slp4a is reported to decorate WPBs but has not yet been functionally linked
to Slp2a [163]. To determine if Slp4a interacted with Slp2a, we expressed both family
members at the same time. Slp2a and Slp4a exhibited disparate localization patterns;
Slp2a maintained its localization at the apical membrane, while Slp4a resided on WPBs
(Supplemental Figure 3A, B). Similarly, live imaging of Slp2a and Slp4a in 3D sprouts
revealed that areas of lumen formation were decorated by Slp2a, while Slp4a-positive
WPBs trafficked to the apical membrane, presumably for exocytosis of WPB secretory
granules into the luminal space (Figure 7H). Given Slp2a and Slp4a’s previous
association, we wanted to determine if Slp4a played a role in lumen formation.
Knockdown of Slp4a did not affect sprouting or lumen formation parameters
(Supplemental Figure 3C, D). These data suggest that Slp2a is distinct from Slp4a in its
localization and role in lumen formation.

Slp2a Binds Rab27a Resident on WPBs

Rab27a has been shown to directly bind Slp2a in other systems as well as in ECs
[152,154,157]. To test if this was true in our model, we overexpressed a GFP-tagged
Rab27a construct. Overexpression of WT Rab27a in 2D culture produced colocalization

with WT Slp2a at discrete puncta, while Slp2a was also located at the membrane (Figure

8A). Slp2a-AC2AB mutant overexpression in 2D strongly colocalized with Rab27a
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puncta only (Figure 8A). In 3D sprouts, Rab27a and Slp2a did not show similar
localization patterns. Slp2a localized solely to the apical membrane while Rab27a was on
WPB puncta and, to some extent, on the apical membrane (Figure 8B). However,
expression of Slp2a-AC2AB mutant exhibited strong colocalization with Rab27a puncta
that were localized to WPBs in sprouts (Figure 8B and Supplemental Figure 4A). We
confirmed this direct interaction via immunoprecipitation using a GST (glutathione S-
transferase)-tagged Slp2a as bait and detected Rab27a binding (Figure 8C). Next, we
performed a mitochondrial mis-targeting assay. Here, a mitochondrial-targeting sequence
(Tom20) was added to the N-terminal GFP-tag to unnaturally anchor Rab27a to the outer
mitochondrial membrane (Figure 8D) [164]. This allowed us to visualize what proteins or
complexes were pulled along with Rab27a to the mitochondria as an intracellular readout
for binding interactions. WT Slp2a moderately and the Slp2a-AC2AB mutant strongly
localized to the mitochondria in ECs expressing Tom20-GFP-Rab27a, suggesting that
Slp2a is binding Rab27a (Figure 8E). To determine if this binding was dependent on
Rab27a’s activation state, either an inactive form (GDP [guanosine diphosphate]) or an
active form (GTP [guanosine triphosphate]), we performed the same experiment using a
constitutively active (CA, Q78L) and a dominant-negative (L130P) Rab27a mutant
[165]. Co-expression of Slp2a-AC2AB with Rab27a constitutively active exhibited robust
colocalization at the mitochondria, while expression of the Rab27a dominant-negative
mutant abolished mitochondrial localization of Slp2a-AC2AB (Figure 8E). Overall
scoring of Slp2a localization between all above conditions clearly indicated that Slp2a
binds Rab27a in a GTP-dependent fashion (Figure 8F). Given Rab27a was located on

WPBs, we also probed for VWF to determine if mis-localizing Rab27a also distorted the
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spatial distribution of WPB cargo. Mitochondrial-targeted Rab27a demonstrated a mixed
phenotype: in some instances, WPBs were mislocalized to the mitochondria; however, in
others, WPBs were not mistargeted (Supplemental Figure 4B, C). Overall, this data

suggests the Rab27a and Slp2a are robust binding partners.
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Figure 8: Slp2a (synaptotagmin-like protein-2a) binds Rab27a. A. Two-dimensional (2D)
localization of mCherry (Cherry)-Slp2a and GFP (green fluorescent protein)-Rab27a in
top. Bottom, localization of Cherry-Slp2a-AC2AB and GFP-Rab27a. B. Localization of
Cherry-Slp2a and GFP-Rab27a in sprouts (top) and Cherry-Slp2a-AC2AB and GFP-
Rab27a (bottom). C. Representative image of immunoprecipitation of GST (glutathione
S-transferase)-tagged Slp2a and GST (control) proteins used to probe for Rab27a
binding. Image is one of 3 experimental repeats. D. Tom20-tagged GFP-Rab27a
expressing cells also stained for mitochondria (Mito-tracker). E. Tom20-GFP-Rab27a
mis-localization experiments in 2D to test for binding interactions. Rab27a constitutively
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active (CA, Q78L) and dominant-negative (DN, L130P) mutants were co-expressed with
Cherry-Slp2a-AC2AB and Cherry-Slp2a. F. Quantification of localization of Cherry-
Slp2a-AC2AB and mCherry-Slp2a in each of the 2D experiments presented in E.
n=number of individual cells over 3 experimental repeats. All experiments use human
umbilical vein endothelial cells. In all parts, L denotes lumen; white box denotes
magnification; and white lines denote exterior of sprout. WPB indicates Weibel-Palade
body.

Previous studies in nonendothelial tissues have reported that Rab27a transports
podocalyxin, a negatively charged glycoprotein shown to be required for lumen
formation [147,148,150,166]. Thus, Slp2a may be mediating podocalyxin transport by
way of Rab27a. This association could potentially explain why loss of Slp2a results in
lumen formation defects. To explore this, we determined the localization of both Rab27a
and podocalyxin in lumenizing sprouts. Neither Rab27a or VWF colocalized with
podocalyxin, suggesting Rab27a is not interfacing with this protein during vascular
lumenogenesis (Supplemental Figure 4D). Additionally, Rab27a knockdown did not
affect podocalyxin localization; also suggesting that Rab27a does not transport
podocalyxin in ECs (Supplemental Figure 4E).

Slp2a Regulates WPB Exocytosis

Since Slp2a and Rab27a demonstrated direct binding, we next tested whether Rab27a
was involved in lumen formation during angiogenic sprouting. In the 3D sprouting assay,
siRNA knockdown of Rab27a did not affect lumen formation compared with a Slp2a
knockdown (Figure 9A, B). Interestingly, lumen diameter was significantly larger in the
absence of Rab27a, whereas ablation of Slp2a in any condition abolished lumen
formation resulting in significantly thinner sprouts (Figure 9C). This data suggests that

although Slp2a and Rab27a are bona fide binding partners Rab27a does not negatively

impact lumen biogenesis during angiogenic sprouting but enhances lumen width.
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Figure 9: Slp2a (synaptotagmin-like protein-2a) is required for WPB exocytosis. A.
Representative Western blot confirmation of Rab27a siRNA (si) knockdown. n=3
individual Western blots. B. Quantification of non-lumenized sprouts in indicated groups.
n=individual sprouts over 3 experimental repeats. C. Quantification of lumen diameter at
multiple locations within sprouts. Distances were measured proximally, at the midpoint,
and distally from the bead. n=individual sprouts over 3 experimental repeats. D.
Localization of Weibel-Palade body cargo VWF (von Willebrand Factor), during lumen
formation between siRNA-treated groups. Arrows indicate accumulation of VWF within
the lumen. E. Quantification of VWF localization in indicated siRNA-treated groups.
n=individual cells located in sprouts across 3 experimental repeats. F. Images of phorbol
12-myristate 13-acetate (PMA)- and vehicle (DMSO)-treated cells between indicated
groups. G. Quantification of VWF fluorescent intensity between indicated conditions.
n=individual cells across three experimental repeats. H. Mosaic rescue effect on VWF
localization in sprouts between indicated groups. Cells were transduced with mCherry
(Cherry)-Slp2a and treated with indicated siRNA. All experiments use human umbilical
vein endothelial cells. AU indicates arbitrary unit; NS, not significant; and a-Tub, a-
tubulin. In all parts, L denotes lumen; white box denotes magnification; white lines
denote exterior of sprout; values are means+=SEM; significance: *P<0.05, ***P<0.001,
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*#x4p<(0.0001. Statistical significance was assessed with a I-way ANOVA followed by a
Dunnett multiple comparisons test.

Given both Slp2a and Rab27a interact with WPBs, we next tested their respective
roles in WPB-mediated exocytosis of VWF in 3D sprouts. As previously shown (Figure
6C-F), loss of Slp2a resulted in a lack of lumen formation, thus there was little-to-no
apical space for VWF to be secreted. As such, in Slp2a knockdown sprouts, we observed
VWF contained within the cytoplasm adjacent to sites of vacuolation (Figure 9D). In this
condition, VWF puncta did not accumulate at interior junctions, the presumptive sites of
lumen expansion. By contrast, knockdown of Rab27a resulted in a robust secretion of
VWEF into the luminal cavity compared with controls (Figure 9D). This finding is in line
with previous literature designating Rab27a as a negative regulator of WPB exocytosis,
although, this has not been demonstrated in 3D sprouts [163]. Double knockdown of
Slp2a and Rab27a resulted in a dramatic accumulation of VWF at cell-cell junctions
(Figure 9D, E). As the loss of Slp2a abolished lumen formation, we could not ascertain if
the VWF was able to be secreted into the lumen or was trapped in the subapical space. To
address this, we performed the same experiment in 2D culture to track VWF secretion.
First, we compared phorbol myristate acetate—induced VWF secretion with and without
Slp2a knockdown. Loss of Slp2a significantly reduced the ability of VWF to be secreted
into the media compared with controls (Figure 9F, G). Histamine-mediated release of
VWEF was also blunted in the absence of Slp2a compared with controls (Supplemental
Figure SA-C). To further test Slp2a’s involvement in VWF secretion, we performed a
rescue experiment by overexpressing mCherry-Slp2a on a knockdown background. We

observed that ECs overexpressing mCherry-Slp2a were capable of trafficking VWF to
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the apical membrane to a greater extent than non-transduced controls (Figure 9H).
Overall, these results indicate that Slp2a is likely an upstream regulator of WPB
exocytosis.

We next aimed to understand if Slp2a or Rab27a affected each other’s localization in
3D sprouts. In other words, is there a dependency between Slp2a and Rab27a for
localization to the apical membrane or on WPBs? Loss of Slp2a did not affect Rab27a or
Slp4a’s localization to WPBs (Supplemental Figure 6A, B). Similarly, knockdown of
Rab27a did not affect Slp2a localization to the apical membrane during lumen formation
or Slp4a’s localization to WPBs (Supplemental Figure 6C, D). To also explore if
knocking down either Slp2a or Slp4a altered each other’s expression levels, we probed
for protein levels. Knockdown of Slp2a did not affect expression of Slp4a and vice versa
(Supplemental Figure 6E). Similarly, overexpression of Slp2a-AC2AB did not affect
levels of Slp4a on WPBs (Supplemental Figure 6F, G). These data indicate that Slp2a
does not affect Rab27a and Slp4a’s ability to localize to WPBs. In addition, Slp2a
localization to the apical membrane is not dependent on Rab27a.

Secretion of Ang-2 is Required for Lumen Formation

Given loss of Slp2a results in elevated non-lumenized sprouts and ablated WPB
exocytosis, we postulated that vascular lumenization required the secretion of a WPB-
housed factor(s) whose secretion was being controlled by Slp2a. Of the many proteins
reported to be contained within WPBs, Ang-2 has been shown to have a proangiogenic
effect in certain circumstances by differentially regulating Tie-2 signaling [167,168]. To
determine if Ang-2 was resident in the same WPB population that Slp2a decorated, we

constructed an RFP (red fluorescence protein) and GFP-tagged version of Ang-2.
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Expression of Ang-2 demonstrated strong colocalization with VWF, Rab27a, and Slp2a-
AC2AB positive WPBs in 2D culture (Figure 10A). Here, we did observe some Slp2a-
AC2AB puncta that did not colocalize with Ang-2, Ang-2 potentially being in non-WPB
cytoplasmic granules (Figure 10B). Interestingly, we also observed that in ECs
containing WPBs, Ang-2 was packaged into dense WPB puncta; however, in ECs lacking
WPBs Ang-2 was largely scattered throughout the cytoplasm in granular puncta (Figure
10D). This phenotype was not observed in 3D sprouts (Figure 10C, D), suggesting the 3D
environment promotes Ang-2 trafficking via the WPB pathway to a greater extent than
2D culture. Next, we investigated when Ang-2 was being released during lumen
formation. In sprouts actively forming a luminal surface, there was elevated levels of
Ang-2 localized to the apical membrane as compared with sprouts that already

established a stable lumen cavity (Figure 10E, F). In total, these data suggest that Ang-2
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is housed in Slp2a-decorated WPBs and is targeted to the apical membrane during lumen
formation.
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Figure 10: Ang-2 (angiopoietin-2) is housed within Slp2a (synaptotagmin-like
protein-2a)-AC2AB positive WPBs. A. Ang-2 colocalization experiments in 2-
dimensional (2D) culture. Images show localization of Ang-2-RFP (red fluorescence
protein), GFP (green fluorescent protein)-Rab27a, VWF (von Willebrand Factor),
mCherry (Cherry)-Slp2a, and Cherry-Slp2a-AC2AB. B. Ang-2 in cells with and without
Weibel-Palade bodies (WPBs) denoted by VWF-positive staining. C. Quantification of
Ang-2-GFP localization to WPBs between 2D culture and 3D sprouts. n=localization
measurement in individual cells across 3 experimental repeats. D. Ang-2-GFP and VWF
localization in 3D sprouts. E. Ang-2-GFP localization at different time points during
sprout development. The left are localization during the early stage of lumen formation,
and the right are after lumens are established. F. Quantification of Ang-2-GFP
localization at different developmental time points. n=intensity measurement in
individual cells located in sprouts across 3 experimental repeats. AM indicates apical
membrane; AU, arbitrary unit; IC, intracellular; and NS, not significant. n=individual
sprouts over 3 experimental repeats. All experiments use human umbilical vein
endothelial cells. In all parts, L denotes lumen; white box denotes magnification; white
lines denote exterior of sprout; values are means+=SEM; significance: *P<0.05. Statistical
significance was assessed with an unpaired t test.

To determine if Ang-2 was required for lumen formation, we knocked down Ang-2 in
3D sprouts. Loss of Ang-2 phenocopied Slp2a knockdown in significantly elevating the

percentage of non-lumenized sprouts (Figure 11B,C and Supplemental Figure 7A). This
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finding also fits our previous result demonstrating Rab27a knockdown did not affect
lumen biogenesis, but significantly increased lumen diameter presumably from increased
Ang-2 release (Figure 9C, D). Depending on the context, Ang-2 has been shown to both
activate Tie-2 signaling or act as an antagonist to Ang-1 limiting Tie-2 activation [168-
176]. Staining pTie-2 (phosphorylated Tie-2) revealed strong localization at the apical
membrane and at cell-cell junctions in sprouts undergoing active lumen formation
(Figure 11A). Loss of Slp2a or Ang-2 significantly reduced pTie-2 activation at the apical
membrane (Figure 11D), indicating that Ang-2 is enforcing Tie-2 activation during lumen
formation. To investigate if Tie-2 activation was necessary for lumen development, we
added the Tie-2 inhibitor Bay-826 on different days during lumen development (Figure
11E, F and Supplemental Figure 7B). Tie-2 inhibition significantly increased the
percentage of non-lumenized sprouts on day 1 and day 2 which coincide with the key
stages of lumen formation (Figure 11G). However, inhibiting Tie-2 activation on day 3
did not significantly impact lumen development, indicating Tie-2 activation is required
for lumen formation, not maintenance. To ensure, Slp2a was controlling Ang-2 release,
we assayed for secreted Ang-2 in the culture media. Knockdown of Slp2a reduced the
amount of Ang-2 present in the media, suggesting blunted secretion (Figure 11H).
Likewise, we assayed the intracellular Ang-2 pool, reasoning that if Slp2a is diminishing
secretion there would be increased intracellular retention. Indeed, loss of Slp2a resulted
in higher intracellular Ang-2 compared with control (Figure 11I). Overall, our results
suggest that Slp2a regulates the release of Ang-2 which is necessary for lumen formation

via activation of Tie-2 signaling.
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Figure 11: Slp2a (synaptotagmin-like protein-2a) mediates Ang-2 (angiopoietin-2)
secretion and downstream Tie-2 signaling during lumen formation. A. Images of
scramble (scram), Slp2a, and Ang-2 siRNA (si) knockdown sprouts stained with actin
and phosphorylated Tie-2 (pTie-2). Last column pseudo-colored to visualize antibody
staining intensity. B. Representative confirmation of Ang-2 knockdown via Western blot
probed for Ang-2 and a-Tub (a-tubulin). n=4 Western blots. C. Quantification of percent
nonlumenized sprouts between indicated groups. n=individual sprouts across 3
experimental repeats. D. Quantification of pTie-2 fluorescent intensity between indicated
groups. n=individual cell intensities across 3 experimental repeats. E. Schematic of
experimental setup with Tie-2 inhibitor Bay-826 to determine effect of Tie-2 signaling on
lumen formation. F. Representative images of sprouts treated with Bay-826 or DMSO
(control) on indicated day and stained for luminal marker moesin and actin. G.
Quantification of percent nonlumenized sprouts between indicated groups. n=individual
sprouts across 3 experimental repeats. H. Representative Western blotting for Ang-2
secretion into culture media between indicated conditions. n=3 individual Western blots.
I. Representative Western blot probing for intracellular Ang-2 by indicated groups. n=3
individual Western blots. All experiments use human umbilical vein endothelial cells.
AU indicates arbitrary unit; and NS, not significant. In all parts, L denotes lumen; white
box denotes magnification; white lines denotes exterior of sprout; values are
meanstSEM; n=individual sprouts across 3 experimental repeats; significance: *P<0.05
and ****P<(0.00005. Statistical significance was assessed with a 1-way ANOVA
followed by a Dunnett multiple comparisons test.
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Slp2a/b and Tie-2 Signaling Are Required for Lumen Formation in Developing

Zebrafish Blood Vessels

To confirm our results in vivo, we turned to the zebrafish model of vascular
development. Zebrafish blood vessel development is an established model of vascular
lumen formation demonstrating stereotyped blood vessel morphology with an easily
identifiable lumen cavity [177]. Furthermore, zebrafish are exceptionally well-suited for
gene knockout studies using CRISPR/Cas9 editing [189-181]. Using CRISPR/Cas9
targeting as previously described, we knocked out both paralogs of Slp2 (A and B) [178].
Our sequence analysis showed an 75% indel formation with a =50% reduction in both
Slp2a and Slp2b transcripts (Figure 12A). Knockouts, singly or in combination, did not
alter larvae body plan or growth kinetics (Supplemental Figure 8A). Inspection of the
intersomitic vessels (ISVs) showed an increase in non-lumenzed ISVs particularly in the
Slp2a/b crispants compared with scrambled sgRNA (single-guide RNA) injected controls
(Supplemental Figure 8B). Interestingly, ISVs were fully formed, connecting to the
dorsal longitudinal anastomotic vessels (DLAV) at 36 hours post fertilization
(Supplemental Figure 8B), suggesting migratory processes were unaffected. Also, we did
not observe any major differences in survival, ectopic, or incomplete ISVs at 36 or 48
hours post fertilization (Supplemental Figure 8C-H). Next, we used microangiography to
demarcate blood vessels with an open, contiguous luminal cavity. This method allowed
us to conclusively assess whether vascular lumens were open, narrowed, or nonexistent
(Figure 12B). Compared with controls, knockout of both Slp2 paralogs significantly
increased the percentage of nonperfused ISVs (Figure 12C, D). This result tracked with

significantly elevated number of nonlumenized ISVs in the double Slp2a/b knockout
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compared with individual paralogs knockouts or controls (Figure 12E). This increase in
nonlumenized vessels was independent of defects in ISVs as there was no difference in
the number of formed ISVs between groups (Figure 12F). Using a different approach, we
marked the apical membrane of the forming ISVs by expressing PHluorin-podocalyxin.
PHluorin is a GFP variant that is nonfluorescent in acidified vesicles, but fluorescence is
rescued at neutral pH following membrane fusion [182]. This method allowed us to
visualize podocalyxin that was inserted into the plasma membrane, clearing defining the
apical surface (Supplemental Figure 9A). Using this marker, knockout of Slp2a/b also
demonstrated a defined collapse of the apical membrane marked by a loss of PHluorin-
podocalyxin signal (Supplemental Figure 9B). Overall, this data suggests that Slp2a/b is

necessary for lumen formation in vivo.
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Figure 12: Genetic knockdown of Slp2a (synaptotagmin-like protein-2a)/b in
zebrafish blunts lumen formation. A. Sequence of fish targeting sites after CRISPR/Cas9
gene-editing aligned to wild-type (WT) sequence. Bands are RT-PCR analysis of mRNA
transcript levels in zebrafish injected with indicated sgRNA (single-guide RNA)
normalized to a GAPDH expression control. Four fish per guide were analyzed for
targeting analysis, and 20 fish per condition were homogenized for RT-PCR over 3
experimental repeats. In a pooled sample expression of Slp2a/b KD is =50% reduced
relative to WT. B. Cartoon schematic of microangiography. Zebrafish were perfused with
Quantum dot 647 (Qdot647) to highlight the vascular lumen cavity. C. Forty-eight hours
post fertilization (hpf) zebrafish tg(kdrl:GFP [green fluorescent protein]) perfused with
Qdot 647 between indicated conditions. Arrowheads indicate sites of lumen collapse. D.
Quantification of percentage of perfused intersomitic vessels (ISVs) between indicated
crispant groups. n=numbers of ISVs over 3 experimental repeats. E. Quantification of
percentage of nonlumenized ISVs at 48 hpf. n=individual fish over 3 experimental
repeats. F. Quantification of number of ISVs between indicated crispant groups. N value
represents individual fish over 3 experimental repeats. G. Quantification of nonlumenized
ISVs between DMSO (control) and Bay-826 (small molecule Tie-2 inhibitor). N values
represent individual fish over 3 experimental repeats. H. Quantification of ISV number
between indicated groups. N values represent individual fish over 3 experimental repeats.
I. Representative images of 48 hpf zebrafish ISVs perfused with Qdot 647 between
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indicated conditions. In all panels, L denotes lumen; arrowheads denote lumen failure;
values are means=SEM; NS indicates not significant; significance: *P<0.05 and
**%Pp<(0.001. Statistical significance was assessed with an unpaired students t test or 1-
way ANOVA followed by a Dunnett multiple comparisons test.

To test if Slp2a or Rab27a maintained their cellular localization patterns in forming
zebrafish blood vessels, we mosaically overexpressed tagged-version of Rab27a, pro-
VWF, and Slp2a. Similar to our in vitro results, we observed both VWF and Rab27a were
located in intracellular puncta in zebrafish ISVs (Supplemental Figure 9C) [163].
Interestingly, overexpression of pro-VWF also accumulated in the luminal space,
suggestive of clot formation. Overexpression of tagged-Slp2a also demonstrated similar
localization patterns as compared with our in vitro sprouting model. Both Slp2a WT and
Slp2a-C2AB were membranous, while the Slp2a-AC2AB mutant was cytoplasmic
(Supplemental Figure 9D).

To further substantiate our in vitro results, we applied the Tie-2 inhibitor Bay-826
used previously to larvae at 24 hours post fertilization and then quantified for lumen
defects at 48 hours post fertilization. During this time, ISVs sprout dorsally from the
dorsal aorta and lumenize before forming the DLAV. In line with our in vitro results, we
observed a significant increase in the number of non-lumenized ISVs compared with a
vehicle control (Figure 12G, I). Again, these results were independent of alterations in
ISV number or body plan (Figure 12H, Supplemental Figure 8I). Cumulatively, our data
indicates that Tie-2 signaling is required for blood vessel lumenogenesis in vivo (Figure

13).
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WPB Apical Membrane Tethering

Figure 13: Proposed model of Slp2a (synaptotagmin-like protein-2a) function in vascular
lumen formation. Top cartoon representation of Slp2a acting as a tether at the apical
membrane for WPBs (Weibel-Palade bodies) binding. Ang-2 housed within the WPBs
are then successfully targeted to the apical membrane and secreted. Once secreted, Ang-2
(angiopoietin-2) binds the activates Tie-2 leading to downstream signaling promoting
lumen formation and sprout stabilization. The bottom cartoon is lacking Slp2a. Loss of
Slp2a prevents WPBs from properly exocytosing their cargo, reducing Ang-2 secretion
and autocrine activation of Tie-2 signaling cascade.

3.4 Discussion

In the present investigation, we demonstrate that Slp2a is required for vascular lumen
formation. Our results establish that Slp2a resides at the apical membrane where it can
tether Rab27a positive vesicles. Unique to endothelial tissue, Slp2a controls the fusion of
WPBs for secretion of their contents into the luminal space during angiogenesis. Ang-2 is
a Tie-2 receptor ligand that is selectively exocytosed from WPB secretory granules and is
necessary for proper blood vessel development in specific contexts [175]. In the absence
of Slp2a, WPB contents cannot fuse with the apical membrane precluding the release of

Ang-2, diminishing Tie-2 signaling necessary for proper lumen formation (Figure 13).
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Overall, our results demonstrate that Slp2a is required for targeting secretory vesicles to
the apical membrane during vascular lumen development and a core component of the
WPB secretory pathway.

A fundamental morphogenic program during blood vessel development is the creation
of a continuous lumen as a conduit for blood flow [145, 146, 174]. This feat requires the
establishment of apicobasal membrane polarities via the recruitment of lipids and
proteins to differential plasma membrane domains. In the present investigation, we
demonstrate that Slp2a is necessary for lumen formation in vascular development by
regulating the secretion of WPB vesicles at the apical membrane. We believe as all blood
vessels form a lumen during their development, Slp2a could be a major contributor to
lumenogenesis in all vessel beds ranging from small capillaries to large arteries.
Interestingly, and unlike epithelial tissue, Slp2a’s trafficking partner Rab27a does not
deliver podocalyxin in ECs but is intimately involved in WPB granule secretion. This
novel association highlights an endothelial-specific function as ECs are the predominant
harbor of WPBs due to their central role in hemostasis. This finding brings into question
if Rab27a is not transporting podocalyxin, what other(s) trafficking pathway has been
evoked in its place?

Rab27a is one of the best characterized exocytic Rab GTPase family members [153,
175, 176]. Rab27a function in vascular tissue has been shown to regulate VEGFR1
(VEGF receptor 1) trafficking by directing palmitoylation, con- trolling receptor
recycling or through receptor degradation.19 In the current investigation, Rab27a
localized only to WPBs—we did not detect any obvious receptor labeling. Our findings

were congruent with Nightingale, et al., in which Rab27a was a negative regulator of
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WPB exocytosis. Our results show that when Rab27a is ablated, WPB cargo is readily
released, while lumen formation was not reduced, but increased. However, in the absence
of Slp2a, Rab27a-evoked WPB exocytosis is halted at the apical membrane precluding
cargo release. If Rab27a binding to Slp2a was a requisite for WPB cargo secretion, then
knockdown of Rab27a would have also blunted VWF and Ang-2 release, we did not
observe this. Thus, the exact mechanism by which Slp2a is tethering WPBs at the apical
membrane remains unknown, we can only conclude that it is required for this process. To
this effect, Slp2a could be also required for membrane fusion, such as in SNARE (SNAP
receptor), Unc13 (protein UNC 13) (protein UNC 13), VAMP (vesicle-associated
membrane protein) mediated events and not simply involved in tethering WPBs adjacent
to the apical membrane [177, 184, 185]. To this end, Zhou, et al., reported that loss of
CCM3 (cerebral cavernous malformations 3), a causative gene in cerebral cavernous
malformations, suppressed UNC13B/VAMP3-dependent exocytosis in brain ECs leading
to elevated Ang-2 secretion [186]. It is tempting to speculate that SIp2a may also be
involved in the CCM or UNC13B/VAMP3-dependent exocytosis pathway given our
results suggests that Slp2a tethering is required for secretion of Ang-2. Additionally,
other Ca2+-dependent synaptotagmins could be aiding in exocytic events at the luminal
membrane [187]. Indeed, further experiments are required to fully understand Slp2a’s
role in WPB docking and fusion at the apical membrane as well as its other potential
functions as an exocytic regulator during angiogenic development.

The spatiotemporal regulation of WPB trafficking is complex demonstrating both
constitutive and induced exocytic behaviors in ECs. In addition to this complexity, the

contents of WPBs are vast, with as many as 40 proteins cited as WPB cargo [188]. It has
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been reported that sub-populations of WPB granules exhibit preferential housing of
certain proteins, to the exclusion of others [157, 172]. For example, P-selectin and Ang-2
occupy mutually exclusive WPB populations [183]. Our results support this notion as we
observed some selectivity in Ang-2 localization compared with VWF-positive WPBs.
These observations necessitate the notion of unique trafficking programs that WPBs
execute to complement their growing role as a dynamic exocytic depot. We also observed
that the nonmembrane binding Slp2a-AC2AB mutant decorated virtually all VWF and
Ang-2 positive vesicles, indicating that regardless of the WPB sub-population, Slp2a is
likely a requirement for apical membrane tethering and secretion.

Due to the continuously growing body of new data, Ang-2’s exact contribution to
angiogenesis has yet to be resolved and is at present considered context dependent. Both
Ang-1 and Ang-2 can bind the Tie-2 receptor. Initial Ang-2 investigations provided
evidence for Ang-2 solely functioning as an antagonist of Ang-1, in which Ang-1 binding
promoted Akt signaling, fortifying vascular barrier function [169, 190, 191]. In this
context, Zhou, et al., reported that super-physiological levels of Ang-2 antagonize Ang-
1I’s Tie-2 activation leading to loss of blood vessel stabilization programs [186]. Contrary
to these results, other studies reported Ang-2 expression can promote Tie-2 activation as
well as interacting with integrins [171, 191]. Like our results, an investigation by
Mochizuki, et al., demonstrated that Ang-2 promoted tube-like structure formation down-
stream of c-Fes and c-Fyn [171]. This phenomenon has been observed during tumor-
induced angiogenesis as well as in inflamed endothelium [172, 192]. Further
complicating this interplay is the unique expression patterns between ECs and pericytes.

Ang-1 is primarily secreted by pericytes whereas Ang-2 is released from the endothelium
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[193, 194]. In the absence of pericyte-derived Ang-1, we observed that knockdown of
Ang-2 drastically affected vascular lumen formation. Furthermore, reduction of Ang-2
resulted in lower phosphorylated Tie-2 levels at the apical membrane in vascular sprouts,
signifying an activating role in our model. Given these results, it is tempting to speculate
that our fibrin-bead sprouting model may be more akin to tumor angiogenesis in which
Ang-2 is converted to a Tie-2 activating ligand in the absence of pericyte-derived Ang-1.
Our experiments also demonstrate elevated Ang-2 exocytosis into the luminal space
during the beginning phases of lumen development and a reduction of luminal Ang-2
after sprouts were lumenized. To our knowledge, this is the first direct evidence of a
graded secretion of Ang-2 into the lumen space, supportive of a requirement for Ang-2-
mediated Tie-2 activation during lumen formation. Additionally, we provide new
evidence for Slp2a acting as a gatekeeper for exocytic events involving WPB fusion at
the apical membrane.

In summary, the present study provides a novel characterization of Slp2a and its role
as an upstream apical membrane tether required for vascular lumen formation. Our
evidence highlights a direct association between Slp2a, Rab27a, and WPBs in which
Slp2a functions to facilitate WPB secretion. Our results also show that WPB-housed
Ang-2 is a critical secreted factor for physiological progression of vascular lumen
formation. Cumulatively, Slp2a is a major upstream apical mem- brane protein
controlling regulated secretion programs during angiogenic development, which may
have other uncharacterized roles in both angiogenesis and adult blood vessel homeostasis

controlling trafficking at the apical membrane.
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Chapter Three: Rab35 Regulates Actin Dynamics at the Plasma Membrane

4.1 Introduction

Angiogenesis is the process of sprouting and growth of new blood vessels from
preexisting ones and is the primary driver of network expansion [195-198]. Many
extrinsic and intrinsic biological systems have been shown to affect endothelial biology
and, by extension, blood vessel formation. Membrane trafficking is one such system that
is less well-characterized in endothelial tissue but has recently become more appreciated
as additional organotypic trafficking signatures are aligned with important endothelial
behaviors [199-202]. Membrane trafficking refers to vesicular transport of protein(s) to,
or in vicinity of, the plasma membrane [203-205]. Here, trafficking regulators, such as
Rab GTPases, interface with a host of effectors involved in receptor recycling,
cytoskeletal regulation, shunting to degradative organelles, lumen formation, basement
membrane secretion, and many other signaling events [203, 206, 207]. Indeed, critical to
the understanding of how endothelial cells build dynamic and resilient vascular structures
is the regulation of membrane trafficking during angiogenic development [208].

The GTPase Rab35 has been shown to be a multi-faceted regulator of membrane
trafficking and continues to be an intensely researched Rab family member [209]. The
promiscuity of Rab35 touching multiple pathways has created a cognitive bottleneck in
attempting to assign function in any system, due to its seemingly endless diversity of
roles. For instance, Rab35 has been shown to be involved in cytokinesis as well as

transcytosis of the apical protein podocalyxin during lumen biogenesis in epithelial cysts
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[210, 211]. In other investigations, Rab35 has been reported to be a negative regulator of
the integrin recycling protein Arf6 via its effector ACAP2 [212-214]. Additionally,
MICAL-1 has been shown to also facilitate Rab35’s association with Arf6 and play a role
in actin turnover [214-216]. In Drosophila, Rab35 regulates apical constriction during
germband extension as well as actin bundling via recruitment of Fascin [217, 218]. To
date, there is no unified study on Rab35 taking into account its many disparate functions
in any tissue. Regarding blood vessel function, no endothelial studies exist detailing how,
or if, Rab35 functions in sprouting angiogenesis.

In the current study, our goal was to comprehensively characterize Rab35’s role in
sprouting angiogenesis. To do so, we took a holistic approach in investigating established
partners of Rab35 and characterized their effect on sprouting behaviors and downstream
cellular morphodynamics in vitro and in vivo. Primarily using a three-dimensional
sprouting assay, our results reveal that Rab35 is required for sprouting as its loss
significantly disrupts apicobasal polarity. Focusing on Rab35 effectors, we demonstrate
that of the many reported effectors only ACAP2 is capable of directly binding Rab35 in
endothelial cells. However, upon investigating ACAP2 and its target Arf6, we determine
this established Rab35 trafficking cascade is largely insignificant with regard to sprouting
angiogenesis. Excluding all other pathways, we focused on the Rab35 guanine exchange
factor (GEF), DENNdIc, and its role in localizing Rab35 to actin structures. Our results
demonstrate that DENNd]c facilitates Rab35 tethering to the actin cytoskeleton. Once on
actin, Rab35 acts as a negative regulator of actin polymerization and is critical for the
formation of proper actin architecture. In vivo, we show the requirement of Rab35 in

zebrafish blood vessel development using a gene editing approach. Overall, our results
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provide evidence of a focused role for Rab35 as a regulator of actin assembly during

sprouting angiogenesis.

4.2 Materials and Methods
Cell Culture

See Annex A.

Sprouting Angiogenesis Assay

See Appendix A.

Lentivirus and Adenovirus Generation and Transduction

See Appendix A.

Antibody Feeding Assay

Antibody feeding assay was carried out as previously described [265]. Briefly, cells
were moved to 4 °C for 30 min, and then B1-integrin antibody was added to the culture
for an additional 30 min. Following incubation, cells were washed and moved back into
the 37 °C incubator for 20 min and then fixed with 4% Paraformaldehyde. B1-integrin
antibody was added once more for 45 min to label extracellular integrins, washed, and
then incubated with the secondary antibody. The secondary was washed, and cells were
permeabilized with 0.5% Triton-X for 10 min to gain access to the endocytosed 1-
integrin pool. Then a complementary secondary antibody was added for 20 min to label
the endocytosed integrins.

Migration Assay

Treated cells were moved to Ibidi culture insert plates with a two well silicone insert

allowing for a defined cell-free gap. At 3 days post siRNA treatment the silicone insert
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was removed, and cells were allowed to migrate for 6 h. Thereafter, cells were fixed, and
immunohistochemistry was performed. The distance traveled into the cell free space was
measured between groups.

Immunoblotting and Protein Pull-Down

See Appendix A.

Detection of Globular and Filamentous Actin

Globular and filamentous actin ratios were determined by western blot as described
by commercially available G-actin/ F-actin In Vivo Assay Kit (Appendix A, Table 2).
Globular and filamentous immunocytochemistry was performed as previously described
[243]. Briefly, cells were fixed with 4% PFA for 10 min and permeabilized in ice cold
acetone for 5 min and washed. Cells were then incubated for 15 min in 2% BSA with
globular actin-binding protein GC globulin (Sigma). Following incubation, cells were
washed three times in PBS. After washes cells incubated with an anti-GC antibody in
BSA for 15 min, washed three times, and incubated in anti-rabbit-555 secondary prior to
imaging.

Tracking of Cell Dynamics

Cell tracking was performed in Image J (Fiji) using the ADAPT plug-in, as
previously described [240].

Immunoflourescence and Microscopy

See Appendix A.

Zebrafish Transplantation, Microangiography, and Gene Editing

All animal studies were approved by the University of Denver IACUC in accordance

with AAALAC recommendations. Zebrafish (Danio rerio, AB strain) larvae between 24
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and 72 h post fertilization were used for all animal experiments, no adults were used.
Zebrafish transplantations were performed as previously described [244]. Briefly, cells
were harvested at the blastula stage from a tg(kdrl:mCherry) line and treated with
CRISPR (described below) line using an Eppendorf CellTram and deposited into
recipients harboring a tg(kdrl:eGFP) transgene allowing us to distinguish between host
and recipient blood vessels.

For microangiography, see Appendix A.

Tol2-mediated transgenesis was used to generate mosaic intersomitic blood vessels as
previously described [196, 197]. Briefly, Tol2 transposase mRNA were synthesized
(pT3TS-Tol2 was a gift from Stephen Ekker, Addgene plasmid # 31831) using an SP6
RNA polymerase (mMessage Machine, ThermoFisher) [198]. A total of 400 ng of
transposase and 200 ng of plasmid vector were combined and brought up to 10 uL with
phenol red in ddH20. The mixture was injected into embryos at the 1-2 cell stage.
Injected zebrafish were screened for mosaic expression at 48 hpf and imaged.

CRISPR/cas9-mediated knockouts were performed as previously described [199].
Briefly, equal volumes of chemically synthesized AItR® crRNA (100 pM) and
tractrRNAr RNA (100 uM) were annealed by heating and gradual cooling to room
temperature. Thereafter the 50:50 crRNA:tractrRNA duplex stock solution was further
diluted to 25 uM using supplied duplex buffer. Prior to injection 25 uM crRNA:tracrRNA
duplex stock solution was mixed with 25 pM Cas9 protein (Alt-R® S.p. Cas9 nuclease,
v.3, IDT) stock solution in 20 mM HEPES-NaOH (pH 7.5), 350 mM KCl, 20% glycerol)
and diluted to 5 uM by diluting with water. Prior to microinjection, the RNP complex

solution was incubated at 37 °C, 5 min and then placed on ice. The injection mixture was
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micro-injected into 1-2 cell stage embryos. Crispant DNA was retrieved via PCR and
subjected to sanger sequencing to visualize indel formation (Supplementary Table 5).

Zebrafish Live Imaging and Quantification

See Appendix A.

Scanning Electron Microscopy

Cells fixed for SEM were followed the procedure outlined by Watanabe, et al. [267].
Scanning electron microscopy was performed at the University of Colorado Anschutz
Medical Campus by Dr. Eric Wortchow.

Statistical Analysis

Experiments were repeated a minimum of three times. Statistical analysis and
graphing were performed using GraphPad Prism. Statistical significance was assessed
with a student’s unpaired t-test for a two-group comparison. Multiple group comparisons
were carried out using a one-way analysis of variance (ANOVA) followed by a Dunnett
multiple comparisons test. Data was scrutinized for normality using Kolmogorov—
Smirnov test. Zebrafish sex distribution was not adjusted as sex determination did not
occur at the stage of development in which the specimens were assayed. Statistical

significance set a priori at p <0.05.

4.3 Results

Rab35 is Required for Sprouting Angiogenesis

To characterize the role of Rab35 in sprouting angiogenesis, we first cloned a
fluorescently tagged version of Rab35 into a lentivirus expression system [219].
Thereafter, we transduced ECs and then challenged the cells to sprout in a fibrin-bead

assay (Figure 14A) [220, 221]. Rab35 in 3-dimensional (3D) sprouts demonstrated strong
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membrane localization, co localizing with apical marker podocalyxin and luminal actin,
opposite basally located B1-integrin (Figure 14B). To test whether Rab35 was necessary
for endothelial sprouting, we knocked down Rab35 using siRNA (Figure 14C). Loss of
Rab35 reduced sprout length and sprouts per bead by ~50%, with a significant increase in
the percentage of non-lumenized sprouts (Figure 14D-G). Morphologically, the sprouts
appeared stubby, non-lumenized, and generally dysmorphic compared with controls
(Figure 14D). These results indicate that Rab35 is required for proper sprout

development.
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Figure 14: Rab35 is an apical membrane protein required for sprout formation. A.
Representative images of the fibrin-bead assay (FBA) at low and high magnification.
Arrows mark sprout structures. Inset depicts lumenized sprout. b GFP-Rab35 localization
in endothelial sprouts with actin (top panels), podocalyxin (Podxl, middle panels), and
B1-integrin (bottom panels). ¢ Western blot confirmation of siRNA (si) knockdown (KD)
of Rab35 (average 72.5% KD relative to control, n = 3). d Representative image of
scramble (Scram) control and Rab35 siRNA KD sprouts. Arrowheads denote short and
non-lumenized sprouts. Dashed lines outline the microbead. e—g Graphs of indicated
sprouting parameters between groups. n = number of sprouts. Error bars represent
standard deviation, middle bars are the mean. h Representative images of sprout
morphology of mosaic Scram and Rab35 KD cells, green indicates cell tracker of siRNA
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treated cells. 1, ] Representative images of non-opposing (top panels, an isolated siRNA
treated cell) and opposing (bottom panels, two adjacent siRNA treated cells) cells stained
as indicated. Arrowheads denote aberrant actin accumulations. k, 1 Quantification of
indicated parameters across groups. n =number of sprouts. Error bars represent standard
deviation, middle bars are the mean. m Quantification of non-lumenized sprout area
across indicated groups. n = mean percentage of each experimental repeat (each group
contains >20 cells). Error bars represent standard deviation, middle bars are the mean. In
all images L denotes lumen. NS = non-significant. Statistical significance was assessed
with an unpaired t-test or a I-way ANOVA followed by a Dunnett multiple comparisons
test. Insets are areas of higher magnification. White dotted lines mark sprout exterior. All
experiments were done using Human umbilical vein endothelial cells in triplicate.

Given Rab35 depletion exhibited such a profound impact on sprouting parameters, we
stained for various cytoskeletal, apical, and basal markers to determine if Rab35 was
affecting specific polarity pathways or producing a more global cellular defect. Imaging
for VE-cadherin (cell-cell junctions), podocalyxin, B1-integrin (basal membrane), moesin
(cytoskeletal, apical membrane), synaptotagmin-like protein-2 (apical membrane), and
phosphorylated-Tie2 (apical membrane) revealed that Rab35 knockdown affected all
protein localization (Supplementary Figure 10A), suggesting that loss of Rab35 globally
disturbs cell polarity programs. Emblematic of this was the significant lack of lumen
formation and the increase in discontinuous vacuoles in the Rab35 depleted condition
(Supplementary Figure 10B), as lumenogenesis requires proper apicobasal signaling to
form [208, 221]. We also observed that Rab35 knockdown reduced the number of nuclei
per sprout, indicating the presence of cell division defects in line with other reports
(Supplementary Figure 10C) [211, 222-224]. We tested for Rab35 knockdown efficiency
in prolonged 2D culture to ensure our siRNA knockdown was not diminished at day 4 of
sprouting. At day-4 and day-5, Rab35 expression was dramatically lower than controls
(Supplementary Figure 10D). Overall, this data suggests that Rab35 plays a significant

role in establishing cell polarity during angiogenic sprouting.
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Using a mosaic approach, we determined the cell autonomous nature of Rab35
depletion in a sprout collective. To do so, we treated ECs with either Rab35 siRNA or a
scramble control and then mixed 50:50 with wild-type ECs. The resulting mosaic sprouts
contained a mixture of siRNA-treated and untreated ECs (Figure 14H). Cells contained
within sprouts were then binned into two categories: (1) not-opposing, an isolated
siRNA-treated cell; or (2) opposing, two adjacent siRNA-treated ECs (Figure 141, J).
Rab35 knockdown in not-opposing ECs contained actin-labeled vacuolations and polarity
defects as indicated by a reduction in lumen formation compared with scramble-treated
controls (Figure 14K-M). For Rab35 depleted ECs in the opposing orientation, defects
were more pronounced with complete lumen failures at these sites, while also exhibiting
multiple vacuolations and polarity defects (Figure 14M). Overall, these results indicate
that Rab35 is cell autonomous and is required for EC polarity.

Rab35 Resides at the Apical Membrane During Sprouting

Next, we sought to better understand Rab35’s cellular localization to gain insight into
its potential function. In sprouts, quantification of Rab35 enrichment between different
cellular compartments showed a preference for the apical membrane for wild-type (WT)
and constitutively active (CA) Rab35 variants, while the dominant-negative (DN) Rab35
mutant resided in the cytoplasm (Figure 15A). Subcellular imaging of WT and CA Rab35
showed a strong colocalization with apical podocalyxin (Figure 15B). Similar to loss of
Rab35, expression of the DN Rab35 also produced polarity defects, such as mis-
localization of podocalyxin and large actin accumulations (Figure 15B). To more
conclusively assign Rab35 phenotypes, we performed several rescue assays by knocking

down the endogenous Rab35 protein and then over-expressing Rab35 variants in sprouts.
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Expression of WT or CA Rab35 decreased the number of non-lumenized sites in sprouts
compared to Rab35 knockdown alone expressing a GFP control, but not to levels in the
scramble treated group (Figure 15C-D and Supplementary Figure 11A, B). Rab35
knockdown and expression of the DN Rab35 mutant showed the highest increase in
dysmorphic sprouts, exhibiting numerous accumulations of actin puncta and lumen

defects, again suggesting Rab35 is associated with sprout function.
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Figure 15: Rab35 mutant localization and rescue in endothelial sprouts. A. Quantification
of GFP-Rab35 wild-type (WT), constitutively-active (CA), and dominant-negative (DN)
localization in endothelial sprouts. Apical plasma membrane (PM, uniformly localized to
apical membrane), basal PM (Rab35 uniformly located at the basal membrane), cytosolic
(localized in the cytoplasm), equal PM (Rab35 equally distributed between the apical and
basal membranes). n = number of cells. B. GFP-Rab35 WT (top panels), CA (middle
panels), and DN (bottom panels) localization in endothelial sprouts. Co-staining with
podocalyxin (Podxl) and actin. Arrowheads in top panels denote Rab35 apical
localization and puncta. Arrowheads in bottom panels denote abnormal accumulations of
actin. C. Rescue experiment using scrambled (Scram) or Rab35 siRNA (si)-mediated
knockdown (KD) with overexpression of indicated constructs. Percentages represent
quantification of lumen formation in described conditions. n = number of sprouts. D.
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Representative images of Scram and Rab35 KD sprouts expressing either GFP (control),
or GFP-Rab35-WT/CA/DN. Arrowheads denote actin accumulations. White dotted lines
mark sprout exterior. L denotes lumen in all images. Insets are areas of higher
magnification. All experiments were done using human umbilical vein endothelial cells
in triplicate.

Within the sprout body, Rab35 also localized to actin at cytokinetic bridges as
previously described but had no preference for filopodia extensions or tip-cell positioning
(Supplementary Figure 12A, B and Supplementary Figure 13A-C) [211, 222, 224]. We
also observed that Rab35 modestly colocalized with filamentous actin in a monolayer;
however, this association was reduced in migratory cells (Supplementary Figure 12C, D).
Previous reports have implicated Rab35 in Wiebel Palade Body (WPB) granule release;
although, in our hands, Rab35 did not colocalize with these structures in 2D or 3D culture
systems (Supplementary Figure 12E, F) [225]. These results indicate that Rab35 is
largely localized to the apical membrane in its active form as well as areas of high actin
density.

Reports in epithelial tissue suggest that Rab35 participates in trafficking of
podocalyxin to the apical membrane [210, 211]. In the sprouting model, we indeed
observed a strong colocalization of Rab35 and podocalyxin at the apical membrane as
well as mislocalization of podocalyxin in the absence of Rab35. This data could be
interpreted as a loss of, or defective, podocalyxin trafficking given Rab35’s previous
association with this pathway. As colocalization of podocalyxin and Rab35 at the apical
membrane could be circumstantial as numerous proteins localize to the apical membrane
during lumenogenesis, we overexpressed TagRFP-Rab35 and stained for endogenous
podocalyxin in 2D culture and did not detect any significant signal overlap

(Supplementary Figure 14A). Previous literature showed that Rab35 directly binds to the
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cytoplasmic tail of podocalyxin [211]. Overexpression of the human podocalyxin
cytoplasmic domain (residues 476—551) and TagRFP-Rab35 also did not show any
obvious association (Supplementary Figure 14A). To further probe for binding between
Rab35 and podocalyxin, we engineered a mitochondrial-targeted (Tom20) Rab35 to test
what proteins or complexes bind Rab35 and are then “pulled’ along to mitochondria.
Expression of WT or CA Tom20-Rab35 did not show any association with endogenous
podocalyxin or overexpression of its cytoplasmic tail domain (Supplementary Figure14B,
C). We next reasoned if mistrafficking of podocalyxin by way of Rab35 depletion was
the predominant mechanism underpinning the sprouting defects, then knocking down
podocalyxin would produce a similar phenotype as compared with loss of Rab35.
Knockdown of podocalyxin did not phenocopy Rab35-mediated sprouting defects
(Supplementary Figure 14D-I). The only exception was that podocalyxin knockdown
increased the percentage of non-lumenized sprouts compared with controls. Overall, our
data suggests that Rab35 does not directly participate in podocalyxin trafficking in ECs.

Rab35 Interacts with ACAP2 in Endothelial Cells

To take a more holistic approach in determining how Rab35 functions in endothelial
tissue, we performed a functional screen by knocking down the most highly cited Rab35
effectors (ACAP2, Rusc2, OCRL, MICAL-L1, MICAL-1, and Fascin) singly and in
combination, to determine if any effector phenocopied Rab35 sprouting defects (Figure
16A, B) [210, 212-215, 223, 225-228]. First, we found that Rab35 itself did not produce a
significant effect on 2D cell motility, suggesting the primary defect in sprouting may be
due to altered apicobasal polarity only detectable in a 3D sprout environment

(Supplementary Figure 15A, B). As Rab35 and ACAP2 have been shown to affect the
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integrin recycling pathway via their association with Arf6, we also assayed for integrin
recycling as defective integrin signaling could also affect cell polarity. As compared with
the scramble controls, knockdown of Rab35, ACAP2, and MICAL-LI significantly
increased integrin recycling, while OCRL, MICAL-1, and Fascin (treated with inhibitor
NP-G2-044) had no effect or were directionally dissimilar (Supplementary Figure 15C,
D).

Next, we determined that Rusc2 protein levels were not detectable in ECs, thus was
excluded from our screen (Supplementary Figure 15E). Focusing on single knockdowns,
ACAP2, OCRL, MICAL-L1, MICAL-1, and Fascin demonstrated phenotypic similarity
to Rab35 knockdown with regard to sprouting parameters (Figure 16C-F). Upon closer
inspection, all proteins, excluding MICAL-L1, were associated with elevated frequencies
of non-lumenized sprouts with varying degrees of disorganized actin; albeit, to a much a
lesser extent than compared with Rab35 (Figure 16G). Unlike loss of Rab35, individual
knockdowns of all other proteins did not significantly reduce sprout length, suggesting a
potential difference in phenotypes. For double knockdowns, we primarily focused on
associations with ACAP?2 as this is a more established Rab35 effector. Similar to
individual knockdowns, loss of any combination of effectors significantly promoted
lumen defects; although, no combination phenocopied Rab35 knockdown sprouting

length defects (Supplementary Figure 15F-I).
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a Effector Function Binding Domain Citations
ACAP2 Arf GTPase GAP (e.g Arf6), Rab35 Effector ANK-domain 17,18, 31

RUSC2 Rab1 binding protein, Rab35 Effector RUN-domain 31 é
OCRL PI(4,5)P2 Phosphatase, Golgi localized ASH domain 30,72 ((/)‘3
MICAL-L1  Plasma membrane endosome formation  Coiled-coiled domain 20, 21
Fascin Actin cross-linking Unknown 20,21
MICAL-1 Depolymenzatlon of actin Coiled-coiled domain 20, 21
Abbreviations: Phosp (4,5) Bisphosphate (PI(4,5)P2) 5
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Figure 16: Rab35 effector localization and requirement for sprouting. A. Table listing
each effector, respective function, and citations. B. ACAP2, OCRL, MICAL-L1 and
MICAL-1 knockdown (KD) validation by western blotting (ACAP2 average 70.5% KD
relative to control, n=3; OCRL average 72.9% KD relative to control, n=3; MICAL-L1
average 61.5% KD relative to control, n =3; MICAL-1 average 69.3% KD relative to
control, n=4). C-E. Graphs of indicated sprout parameters between groups. n=number of
sprouts. Error bars represent standard deviation, middle bars are the mean. F.
Representative images of sprout morphology between indicated siRNA (si) KD groups.
Dashed lines outline microbeads. G. Representative images of siRNA-mediated KD of
each effector. White arrowhead denotes abnormal localization of f1-integrin. Red
arrowheads denote abnormal podocalyxin (Podxl) localization. Yellow arrowheads
denote abnormal actin accumulations. White dotted lines mark sprout exterior. In all
images L denotes lumen. NS = non-significant. Statistical significance was assessed with
an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test.
n =number of sprouts. Insets are areas of higher magnification. All experiments were
done using human umbilical vein endothelial cells in triplicate.

Both ACAP2 and OCRL have been reported to directly bind Rab35; however, this
interaction has not been validated in ECs [212-214, 223, 225, 228]. First, we

overexpressed tagged versions of ACAP2, OCRL, MICAL-L1, MICAL-1, and Fascin to
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visualize their localization patterns with Rab35 in ECs. Only ACAP2 and Fascin showed
strong colocalization with Rab35 at the plasma membrane along with peripheral actin
(Figure 17A, B). We again used the mitochondrial-targeted Tom20-Rab35 to visualize
any physical association between Rab35 and these previously published effectors. Co-
expression of WT and CA Tom20-Rab35 with ACAP2 demonstrated strong
colocalization at the mitochondria, while the DN Rab35 showed no significant binding of
ACAP?2 (Figure 17C, D and Supplementary Figure 16A, B). We performed this same
experiment using ACAP2 with the ankyrin repeat domain deleted and observed no
binding, indicating Rab35 directly interacts with this domain (Supplementary Figure
16B). As a control, we also co-expressed a tom20-Rab27a and ACAP2 and observed no
mislocalization of ACAP2 (Supplementary Figure 16C). Co-expression of WT, CA or
DN Tom20-Rab35 with OCRL, MICAL-L1, MICAL-1 or Fascin did not show any
colocalization at the mitochondria, signifying a lack of binding (Figure 17C, D and
Supplementary Figure 16d-H). These results demonstrate that only ACAP2 directly

interacts with Rab35 in endothelial tissue.
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. =12
n=11 n=17

Figure 17: ACAP2 binds with Rab35. A. Two-dimensional localization of GFP-Rab35 or
TagRFP-Rab35 with indicated effectors and stained for actin. B. Pearson’s Coefficient
between Rab35 and indicated effectors. n = number of cells. Error bars represent standard
deviation, middle bars are the mean. C. Pearson’s Coefficient between Tom20-Rab35 and
indicated effectors. n= number of cells. Error bars represent standard deviation, middle
bars are the mean. D. Representative images of mitochondrial mis-localization
experiment. Rab35 was tethered to the mitochondria with a tom20 N-terminal tag to test
if indicated effectors were also mislocalized. NS = non-significant. Statistical significance
was assessed with an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple
comparisons test. Insets are areas of higher magnification. All experiments were done
using Human umbilical vein endothelial cells in triplicate.

Rab35 Activates Arf6 Activity in Endothelial Cells

ACAP?2 has been implicated as a GTPase activating protein (GAP) with Rab35 to
inactivate the GTPase Arf6 [212, 213, 226]. To test if this association exists in ECs, we
first determined the localization of Arf6 relative to Rab35 and ACAP2 in culture. Cells
expressing Rab35 and Arf6, or ACAP2 and Arf6 demonstrated modest colocalization
primarily at the cell cortex (Supplementary Figure 17A, B). Using WT, CA, and DN
versions of Arf6, we probed for actin to determine if Arf6, like Rab35, associated with

these filaments. Wild-type and CA Arf6 demonstrated moderate colocalization with
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actin; however, this association did not persist on filamentous actin located towards the
cell interior (Supplementary Figure 17C). In sprouts, Arf6 showed modest localization to
the apical membrane as compared to Rab35 (Supplementary Figure 17D). Mitochondrial-
targeted Rab35 or ACAP2 did not pull Arf6, indicating a lack of binding interaction
(Supplementary Figure 17E). We reasoned that the lack of binding between Arf6 and
ACAP2 could be due to an insufficiency of Rab35; however, simultaneous expression of
Tom20-GFP-Rab35 and TagRFP-ACAP2 did not localize HA-Arf6 to mitochondria,
suggesting ACAP2 does not directly act upon Arf6, or that this signaling does not require
a robust binding interaction in ECs (Supplementary Figure 17F).

Due to the wealth of literature demonstrating loss of Rab35 increases Arf6 activity in
non-endothelial tissues, we sought to confirm this signaling biochemically. First, we
expressed WT, CA, and DN versions of Arf6 in ECs and used recombinant GGA3 to
pulldown the active form of Arf6 (Supplementary Figure 18A) [229]. Knockdown of
Rab35 increased Arf6 activity as others have described (Supplementary Figure 18B, C)
[212, 213,222]. Given our mitochondrial-mistargeting results, this may be due to a more
transient protein-protein interaction between the Rab35/ACAP2 complex and Arf6, or
potentially mediated through other unidentified Rab35 effectors. These results suggest
that loss of Rab35 increases Arf6 activation; thus, we next tested if overactivation of Arf6
would phenocopy the Rab35 loss of function sprouting phenotype. We observed that
overexpression of Arf6é marginally affected sprouting parameters with the WT and CA
Arf6 increasing the frequency of lumen failures (Supplementary Figure 18D).
Inconsistent with Rab35 knockdown-associated actin aggregates and non-apical

podocalyxin, ECs expressing CA Arf6 demonstrated normal actin architecture as well as
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typical polarity markers (Supplementary Figure 17D). These results suggest that
overactivation of Arf6 due to loss of Rab35 is likely not the causative pathway
underlying sprouting defects.

Exploring the Arf6 axis further, we knocked down Arf6 to determine how this would
affect sprouting parameters. Loss of Arf6 significantly increased the proportion of non-
lumenized sprouts to a greater extent than Rab35 (Supplementary Figure 18E-I).
Interestingly, double knockdown of Rab35 and Arf6 did not further exacerbate this
phenotype, suggesting that Arf6’s effect on sprouting is independent from, or upstream of
Rab35. Lastly, we tested if there was a dependency of Rab35 on Arf6, or vice versa, for
proper localization in 3D sprouts. Knockdown of either protein did not prevent normal
localization to apical actin (Supplementary Figure 18J), suggesting Rab35’s and Arf6’s
localization behaviors are likely not functionally linked during angiogenesis.

DENNd1c is Required for Rab35 Function

We were intrigued by the idea that other roles of Rab35 were being unaccounted for
as Arf6 overactivation could not fully reprise the Rab35 knockdown phenotype. To this
end, Rab35 has three GEFs, DENNdla-c [230-233]. DENNdIc¢ has been shown to be not
involved with GTP hydrolysis but has the lone ability to bind to both globular and
filamentous actin, potentially mediating Rab35 localization [230]. Exploring this
association, we knocked down DENNd1la-c individually and in combination. Loss of
DENNdla and DENNdI1b did not produce any significant impact on sprouting
morphology; however, knockdown of DENNdIc alone resulted in growth of dysmorphic
sprouts mirroring Rab35 loss of function (Figure 18 A-G). Knockdown of all DENNd1s

produced the greatest effect on sprouting behaviors, presumably because the GEF activity
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provided by DENNd1la/b was also lost (Figure 18D-F). Knocking down any given
DENNGAI1 did not result in a compensatory increase in expression of the remaining
DENNGd1s (Supplementary Figure 19A). We next cloned and tagged DENNdIc and
confirmed colocalization with Rab35 on actin in 2D cell culture (Supplementary Figure
19B, C). We also expressed Rab35 with the integral actin protein Arp2 known to mediate
actin branching [234]. Rab35, Arp2, and filamentous (F)-actin strongly colocalized in the
cell cortex (Supplementary Figure 19B). To explore if DENNdlc, per se, was responsible
for tethering Rab35 to actin, we individually knocked down all three DENNd1s and
quantified the relative amount of Rab35 uniformly localized at the plasma membrane,
accumulated at the plasma membrane or in the cytoplasm. DENNd1c knockdown
exhibited the greatest increase in apical plasma membrane accumulations compared with
DENNdla or DENNdI1b (Figure 18H). These data indicate that loss of DENNdlc
phenocopies the Rab35 knockdown effect on sprouting parameters and the actin

cytoskeleton.

78



p<0.0001 p=0.0002

N> o o NS p=0.0524
a b S S & S & & 7 apow © 0, ot
SIRNA: of bp SRNA: 8" & o SiRNA: é}"’ & bp n=37 " n=20 n=20 T G000t g,
=38 =29 3 =33 n=32. - N=26
c DENNd1a| s -330 DENNd1b| W -320 DENNd1c| e -876 §e % .n_ = 300{1500. o2 n=24
o ‘6) : . 3
© GAPDH| " s | 350 GAPDH| W Wwwe | 350 GAPDH | W W | g5, — ; ii— s T AR
O (o] S4{- - —1 200 L =
(,) - 9 =1 l $ 2
/ 3 a ) ¥ 3%
- =3 :
2 &100] *
@ 5555 PN
= PN A AN
- OGSO E IS
o PR PR
z D ®
zZ 10 um g p<0.0001
Ll — <0.0001 w
= = R 206 p<TBOBT  n=ss
: p<0.0001 ' n=29 & n=34 n=33
n=38 n=29 T n=33
o= 3100 ] 2
2 o RS n=27 S
e zZ to =3 3
o Z S g n=20 L =32
s & E2 | .01 e
- o 33 50] = l o :
zZ @ I 5} e
S o + =
L ] l <
z
[a) S £ : T
3
» c,oé\ééé(;"}(cé‘@‘e\e‘
B a SRR TP SO0
o - Qzézei\ke@ & S
o ] PR FEE
3 pd Rab35 Localization with DENNd1a/b/c KD
P
= w Scram DENNd1a @@ Apical PM
L o @ % Bl Apical PM
<y, Accumulation
= ik £ Equal PM
Bl Cytosolic
? @ 2%
» [$)
=z b= DENNd1b DENNd1c
s pd
Z
= o
<

Figure 18: DENNdIc is required for sprouting and Rab35 function. A. Sprout
morphology of scramble (Scram), DENNd1a-c, and combined siRNA (si)-treated sprouts,
stained with actin to denote the general morphology. Dashed line denotes microbead. B.
Knockdown confirmations for DENNdla-c by RT-PCR. Base-pair (BP). C.
Representative images of siRNA knockdowns described in panel A with GFP-Rab35
localization. L denotes lumen and arrowheads denote abnormal actin accumulations.
White dotted lines mark sprout exterior. D-G. Graphs of indicated sprout parameters
across groups. n = number of sprouts. Error bars represent standard deviation, middle bars
are the mean. h GFP-Rab35 localization in DENNd1a-c siRNA-treated sprouts.
Localizations were binned to apical plasma membrane (PM, Rab35 > 80% at apical
membrane), apical PM accumulations (non-continuous, visible puncta), equal PM
(equally enriched at apical and basal membranes), and cytosolic. n =number of sprouts.
NS =non-significant. Statistical significance was assessed with an unpaired t-test or a 1-
way ANOVA followed by a Dunnett multiple comparisons test. Insets are areas of higher
magnification. All experiments were done using human umbilical vein endothelial cells
in triplicate.
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Rab35 and DENNd1c Localize to Sites of Actin Polymerization

We next characterized the association between Rab35, DENNd1c, and branched
actin. Both Rab35 and DENNd1c demonstrated strong colocalization to Arp2 and the
underlying actin (Figure 19A). To perturb the branched actin network, we next treated
cells with the Arp2/3 inhibitor CK-666 and then determined the effect on Rab35 and
DENNGdIc localization [235]. In 3D sprouts, inhibition of branching actin resulted in
normal sprouting with elevated indices of actin puncta similar to the Rab35 knockdowns
(Figure 19B and Supplementary Figure 19D). In 2D culture, CK-666 treatment rapidly
depleted actin at the cell cortex (Figure 19C). Rab35 prior to CK-666 administration
exhibited a uniform distribution in the plasma membrane with enrichment at sites of
actin. Following CK-666, Rab35 collapsed into discrete puncta scattered throughout the
cytoplasm (Figure 19C). As a control, we performed the same experiment with Rab11a
and did not observe any alteration in Rab11a localization with CK-666 treatment
(Supplementary Figure 19E). Using the same approach, we observed that DENNd1c was
highly enriched at cortical actin and CK-666 effectively depleted DENNdIc from this
actin population (Figure 19D). Unlike Rab35, CK-666 treatment did not cause the
formation of puncta, but the redistribution of DENNdIc to unaffected actin, such as F-
actin towards the cell interior (Figure 19E). As a control, we treated cells with CK-666
expressing both Rab35 and Arp2. As expected, Arp2 was no longer located at the cell
cortex, collapsing into puncta, while remaining adjacent to Rab35 (Figure 19E). These
data suggest that Rab35 and DENNdIc are recruited to actin filaments.

To visualize Rab35’s temporospatial recruitment to cortical actin, we employed a

chemically switchable GFP-binding nanobody, termed ligand-modulated antibody
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fragments (LAMASs) [236]. This method sequesters GFP-tagged Rab35 at the
mitochondria and then rapidly releases the protein upon drug treatment, enabling
dynamic imaging of localization patterns (Supplementary Figure 19F). Using GFP-
Rab35, LAMA and TagRFP647-LifeAct expressing cells, we released GFP-Rab35 from
mitochondria and live-imaged its subsequent localization [237]. Rab35 quickly localized
to the cell periphery following trimethoprim (TMP) treatment, avoiding longer-lived F-
actin (Figure 19F). When repeated with Arp2 and DENNdIc, Rab35 quickly (~2 min)
localized to both proteins on the cell cortex (Figure 19G, H). Next, we released Rab35,
and then treated with CK-666 to determine how this association would be affected.
Administration of CK-666 rapidly dissociated Rab35 and Arp2 at the cortex (Figure 191).
Lastly, to test if DENNdIc was responsible for recruiting Rab35 to branched actin, we
knocked down DENNd1c and observed a significant reduction in Rab35’s ability to
localize to cortical Arp2 (Figure 19J, K). Overall, these data suggest that Rab35 is rapidly

recruited to the actin cortex and is anchored by DENNdlc.
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Figure 19: Rab35 localizes to cortical actin. A. Two-dimensional localization of GFP-
Arp2 with DENNdIc (top panels) and GFP-Rab35 (bottom panels). B. Representative
images of DMSO and CK-666 (Arp Inhibitor) treated sprouts expressing GFP-Rab35. L
denotes lumen. C, D. Live imaging of GFP-Rab35 or TagRFP-DENNdIc with
TagRFP647-LifeAct at baseline and after treatment with CK-666. White arrowheads
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denote the disappearance of Rab35 puncta over time. E. Representative live-images of a
cell expressing mCherry-Arp2 and GFP-Rab35 before and after CK-666 treatment. White
arrowheads denote the disappearance of Rab35 puncta over time. F. Live-image of a cell
expressing GFP-Rab35, TagRFP647 (647)-LifeAct and ligand-modulated antibody
fragments targeted to the mitochondria (mito-LAMA) before and after TMP
administration. G. Live-image of a cell expressing GFP-Rab35, mCherry-Arp2, and mito-
LAMA before and after TMP administration. H. Live-image of a cell expressing GFP-
Rab35, TagRFP-DENNdIc, and mito-LAMA before and after TMP administration. 1.
Live-image of a cell expressing GFP-Rab35, mCherry-Arp2, and mito-LAMA before and
after TMP administration and then treated with CK-666. J. Live-image of a cell
expressing GFP-Rab35, mCherry-Arp2, and mito-LAMA treated with DENNd1c siRNA
(si) before and after TMP administration. K. Pearson’s Coefficient of Rab35 and Arp
between Scram and DENNdIc siRNA treated cells 2 min following TMP treatment.

n =number of cells. Error bars represent standard deviation, middle bars are the mean.
Statistical significance was assessed with an unpaired t-test. Insets are areas of higher
magnification. All experiments were done using human umbilical vein endothelial cells
in triplicate.

Rab35 Regulates Actin Assembly

Our next aim was to test whether Rab35 affected actin polymerization, per se. Prior
literature indicates that Rab35 would increase actin polymerization via its purported
trafficking interactions with Cdc42 and Racl; however, others have claimed Rab35 may
act as a brake for actin polymerization through its association with MICAL-1 [216, 230,
231, 233].To explore how Rab35 impacts actin in ECs, we transfected Rab35 variants
WT, CA, and DN into freely migrating ECs. It is well-established that lamellipodia
protrusions and retractions are primarily mediated by local actin assembly and
disassembly [238, 239]. To monitor lamellipodia dynamics, we employed the open-
source software ADAPT [240]. Our analysis determined that only the Rab35-CA mutant
significantly increased both the cells protrusive and retractive capabilities, a finding in
line with enhanced migration (Figure 20A, B) [241]. Interestingly, knockdown of Rab35
did not shift 2D-membrane dynamics significantly, potentially suggesting Rab35-based

actin regulation may play a more central role in 3D sprouting.
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Figure 20: Rab35 Regulates Actin Dynamics. A. Top panels depict change in
membrane velocities over time in described conditions. Green represents protraction and
red represents retraction of cell membrane. Arrows indicate directionality. The bottom
panels are heat maps in which the Red is indicative of retractive movement and green is
protractive movement over time. Yellow indicates no change in velocity. B.
Quantification of cell membrane velocities between indicated groups. Above the dashed
line is the protractive velocities and below the dashed line is retractive velocities.

n =number of cells. Error bars represent standard deviation, middle bars are the mean. C.
Western blot of globular (G) and filamentous (F) actin in siRNA (si)-treated groups. D.
Quantification of the ratio of globular to filamentous actin from blots represented in panel
(c). n=number of cells. Error bars represent standard deviation, middle bars are the
mean. E. Representative images of cells stained for globular and filamentous actin
between indicated conditions. F. Quantification of the ratio of globular to filamentous
actin fluorescent intensities. n = number of cells. Error bars represent standard deviation,
middle bars are the mean. G. Scanning electron microscopy of filament network between
groups. Top panel is the lowest magnification with higher magnifications in panels (i)
and (ii). Bottom- cartoon representation of SEM filament network and hypothesized role
of Rab35. NS = non-significant. Statistical significance was assessed with an unpaired t-
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test or a 1-way ANOVA followed by a Dunnett multiple comparisons test. Insets are
areas of higher magnification. All experiments were done using human umbilical vein
endothelial cells in triplicate.

We reasoned that if Rab35 was involved with actin polymerization, then knockdown
of Rab35 would shift the balance between globular (G) and F-actin to skew more
globular, assuming less filaments are being assembled. We isolated the G- and F-actin
pools and found that Rab35 knockdown significantly increased the G-actin ratio
compared with control (Figure 20C, D) [242]. In staining for G-actin using GC-globulin
and phalloidin to detect F-actin, we observed a significant increase in the G/F-actin ratio
in the absence of Rab35 as compared with controls (Figure 20E, F) [243]. Co-staining for
G/F actin while expressing Rab35, we validated Rab35 colocalized with both actin
populations (Supplementary Figure 19G). This data suggests that loss of Rab35 is
associated with elevated cellular G-actin.

Using scanning electron microscopy, we visualized the filament network in ECs
depleted of Rab35 or treated with CK-666. Qualitatively, there was reduced filament
density in the lamellipodia regions of the Rab35 depleted and CK-666 treated conditions
as compared with control (Figure 20G). In Rab35 depleted ECs, we also observed
elevated instances of disorganized actin bundles (Figure 20G), potentially representing
nodes of atypical actin polymerization. Overall, these results suggest that Rab35 is
associated with regulating local sites of actin assembly.

Loss of Rab35 Promotes Chronic Cytoskeletal Rearrangements

Cumulatively, our data suggests that Rab35 has a potent ability to perturb actin
dynamics; however, we were still uncertain to how this was being achieved

mechanistically. In other words, does the loss of Rab35 decrease actin polymerization
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programs or enhance it? Given Rab35 naturally localizes to the actin cortex in 2D, we
investigated how loss of Rab35 impacted two actin networks interfacing through Racl or
RhoA. Racl is a highly characterized GTPase that mediates branched actin
polymerization, while RhoA mediates assembly of actin stress fibers [244]. To our
surprise, we observed that both Racl and RhoA activity were elevated in the absence of
Rab35 (Figure 21A-D) This finding is in line with DENNdIc’s ability to bind both actin
populations; although, it is contrary to our previous assumption that loss of Rab35
reduced actin polymerization. To our knowledge, this is the first indication that loss of
Rab35 promotes chronic actin rearrangements.

We next sought to reconcile our previous results showing elevated G-actin in Rab35
knockdown cells. Curious as to why stimulating two of the most prominent pro-actin
polymerization pathways resulted in more G-actin, we treated cells with combinations of
Racl and RhoA inhibitors (NSC23766 and Y27632) as well as activating compounds
(CNO02 and CNO3). Over-activation of RhoA significantly skewed cells towards elevated
G-actin, while over-activation of Rac1 did not affect G-/F-actin ratio (Figure 21E-H).
This result agrees with our finding that Rab35 loss of function biases the actin pool

towards more globular state likely due to increased RhoA activity.
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Figure 21: Loss of Rab35 promotes chronic actin remodeling. A. Representative western
blot pulldown for activated Racl. Cells were treated with scramble (Scram) and Rab35
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siRNA (si) or treated with Rac Inhibitor NSC23766 (NSC) then probed for active (GTP)
Racl. B. Quantification of Rac1 activity between indicated groups normalized to control.
n =number of pull-downs. Error bars represent standard deviation, middle bars are the
mean. C. Representative western blot pulldown for activated RhoA. Cells were treated
with scramble and Rab35 siRNA or ROCK inhibitor (Y27632). D. Quantification of
RhoA activity between indicated groups normalized to control. n = number of pull-
downs. Error bars represent standard deviation, middle bars are the mean. E. Western blot
of globular (G) and filamentous (F) actin populations treated with DPBS (vehicle), NSC,
or Racl activator (CN02). F. Quantification of the ratio of globular to filamentous actin
from blots represented in panel (e). n = number of blots. Error bars represent standard
deviation, middle bars are the mean. G. Western blot of globular and filamentous actin
population treated with DPBS, Y27632, and RhoA activator (CNO03). H. Quantification of
the ratio of globular to filamentous actin from blots represented in panel (g). n = number
of blots. Error bars represent standard deviation, middle bars are the mean. I-K. Graphs of
indicated sprout parameters across groups. n = number of sprouts. Error bars represent
standard deviation, middle bars are the mean. L. Representative images of sprouts treated
with indicated compounds. M. Representative images of Scram (left figure) and Rab35 si
(right figure) treated sprouts with indicated drug treatments. N. Quantification of non-
lumenized vessels/bead from experiments in panel (m). n = number of sprouts. Error bars
represent standard deviation, middle bars are the mean. O. Model of Rab35 mechanism.
In all panels, L denotes lumen. NS = non-significant. Statistical significance was assessed
with an unpaired t-test or a I-way ANOVA followed by a Dunnett multiple comparisons
test. Insets are areas of higher magnification. All experiments were done using human
umbilical vein endothelial cells in triplicate.

To understand how aberrant Racl and RhoA activation affected sprouting, we over-
activated both Racl and RhoA in sprouts. Over-activation of either protein caused
significantly increased lumen failures as well as generalized sprouting defects (Figure
211-L). To further confirm over-activation of RhoA downstream of Rab35 knockdown,
we transduced sprouts with a RhoA localization sensor (C-terminus of Anillin) [245]. In
control sprouts, ECs showed limited localization of the Biosensor on actin after
lumenogenesis; however, in the Rab35 knockdown sprouts the biosensor was primarily
distributed on F-actin (Supplementary Figure 20A). Lastly, we used Racl and RhoA
inhibitors to reduce chronic activation of these pathways on a Rab35 loss of function

background. Indeed, dampening of Rac1, not RhoA, significantly improved the
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percentage of lumenized sprouts on a Rab35 knockdown background (Figure 21M-O).
Overall, this data suggests that loss of Rab35 promotes chronic over-activation of both
Racl and RhoA; however, aberrant Racl activity is likely the underlying mechanism
driving chronic actin remodeling and generalized sprout dysmorphogenesis.

Rab35 is Required for Blood Vessel Development in Zebrafish

We next generated a Rab35 knockout in zebrafish using CRISPR/Cas9 gene editing
to test if Rab35 was also required for in vivo angiogenic processes [246]. In zebrafish, we
targeted both Rab35 paralogs, Rab35A and Rab35B (Figure 22A and Supplementary
Figure 20B). Double Rab35A/B knockout was embryonic lethal marked by a lack of
normal development as compared with scramble guide injected controls, suggesting
Rab35 is critical for normal embryonic development (Figure 22B). However, we did
produce a spectrum of developmental defects when the single-guide RNA amount was
diluted. In a vascular Lifeact-GFP expressing line injected with a sublethal dosage of
Rab35A/B single-guide RNA, we focused on actin defects. Here, we did not quantify
vascular defects due to the generalized tissue dysmorphogenesis of these embryos;
alternatively, our goal was to determine if similar actin accumulations occurred in vivo as
observed in vitro. In line with our in vitro data, we observed a significant increase in actin
aggregations in the Rab35A/B knockout group compared with controls (Figure 22C, D).
Vascular overexpression of the DN Rab35 mutant or treatment with CK-666 also
promoted an increase in aberrant Rab35 accumulations, presumably bound to actin
(Figure 22E, F). To subvert the lethality of global Rab35A/B deletion, we generated
chimeric embryos using blastomere transplants [247]. Transfer of Rab35A/B CRISPR

injected cells into a WT host generated mosaic intersomitic blood vessels (ISVs) allowing
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for comparison of both WT and Rab35A/B null blood vessels side-by-side. Similar to our

in vitro results, Rab35A/B null ISVs were dysmorphic, marked by a thin appearance and

the absence of a lumen as assessed by microangiography (Figure 22G, H). Overall, these

results indicate Rab35 is necessary for organismal viability and actin homeostasis in vivo.
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Figure 22: Rab35 is required for blood vessel development in zebrafish. A. CRISPR-
mediated knockout of Rab35A/B confirmation by sequencing. Four random fish were
sequenced following CRISPR/guide injections. B. Zebrafish morphology at 48 h post
fertilization (hpf) post injection of scramble (Scram) and Rab35A/B CRISPR guides. C.
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Representative images of intersomitic blood vessels (ISVs) of Scram and Rab35A/B
knockout, as well as CK-666 (Arp Inhibitor), treated zebrafish at 48 hpf expressing
endothelial specific LifeAct-GFP. Red arrowheads indicate abnormal aggregates of actin.
D. Quantification of actin aggregates between groups. n = number of ISVs. A minimum
of 5 fish were used per group. Error bars represent standard deviation, middle bars are the
mean. E. Representative images of mosaic expression of Tag-RFP-Rab35 WT (top row),
CA (second row), DN (third row), and WT with CK-666 treatment in zebrafish at 48 hpf.
Red arrowheads depict excess of Rab35 at the plasma membrane. F. Percentage of non-
lumenized vessels at 48 hpf between groups mentioned in panel (). n =number of ISVs.
G. Cartoon representation of microangiography in zebrafish larvae using quantum dots
647 (Qdot647) at 48 hpf. H. Representative images of ISVs after transplantation of
Tg(kdrl:GFP) donor (D) into Tg(kdrl:mCherry) host (H) (top panels). Bottom panels-
representative images of ISVs after transplantation of Rab35A/B knockout donor cells
from Tg(kdrl:GFP) line into Tg(kdrl:mCherry) host. Red arrowheads indicate lumen
failure. NS = non-significant. Error bars represent standard deviation. Statistical
significance was assessed with an unpaired t-test or a 1-way ANOVA followed by a
Dunnett multiple comparisons test. Insets are areas of higher magnification. All
experiments were done in triplicate.

4.4 Discussion

The primary goal of this work was to interpret what of the many reported functions of
Rab35 matters most during blood vessel morphogenesis by systematically characterizing
Rab35 itself and the downstream effector pathways. Using a combination of 3D
sprouting, biochemistry and in vivo gene editing, we demonstrate that Rab35’s most
prominent function is to regulate actin dynamics during angiogenesis. More specifically,
we show that the GEF DENNdIc tethers active Rab35 to the actin cytoskeleton. Once
localized to actin, Rab35 limits actin polymerization and remodeling required for sprout
formation (Figure 210). To our knowledge, this is the only investigation demonstrating
the requirement of Rab35 for blood vessel function and the only investigation in any
tissue dissecting Rab35’s most dominant biological role accounting for the most
prominent effector pathways.

The current project was originally aimed to characterize how podocalyxin was

trafficking in ECs, as this is still an outstanding question in the field. Our past work
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demonstrated Rab27a, that was largely implicated in podocalyxin trafficking in epithelial
cells, was not related to this pathway, thus our very next candidate was Rab35 [201].
Others have comprehensively established a direct association between Rab35 and
podocalyxin as well as the downstream impact on lumen biogenesis [210, 211]. Our data
in the current investigation once again shows that endothelial trafficking signatures
greatly differ from epithelial programs. We expansively tested for both localization and
direct binding interaction between Rab35 and podocalyxin of which we found none.
Although, this negative result prompted us to further investigate Rab35 function during
angiogenic sprouting.

Rab35 has been shown to have many roles that vary by tissue type, organism, and
developmental stage. In distilling the literature, it can be argued that Rab35 has six major
effectors that mediate its function in vertebrates: Rusc2, MICAL-L1, MICAL1, ACAP2,
OCRL, and Fascin. We began by first establishing that Rab35 was required for sprouting,
and then determined how each effector contributed to the loss of Rab35 phenotype.
Surprisingly, most effectors failed to directly bind Rab35. ACAP2 exhibited the best
phenotype for recapitulating the Rab35 loss of function effect. The predominant
hypothesis is that GTP Rab35 binds ACAP2 sequestering its ability to inactivate Arf6,
resulting in a gain of function for Arf6. In ECs, we confirmed direct binding between
ACAP2, and also observed that Rab35 knockdown increased Arf6 activity as previously
reported [212-214, 222, 225, 226, 248, 249]. However, overexpression of CA Arf6 did
not phenocopy the Rab35 loss of function effect on sprouting, suggesting that aberrantly
high Arf6 activity was likely not causing sprout dysmorphogenesis in the absence of

Rab35.
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A major finding was that the GEF DENNdIc played a key role in Rab35 function.
Canonically, GEFs primarily convert proteins from a GDP to GTP-bound state; however,
DENN(dIc is evolutionarily divergent from both DENNd1a/b that solely control Rab35
GTPase activity [231]. In our hands, DENNdIc localized Rab35 to actin fibrils.
Knockdown of DENNdIc strongly phenocopied loss of Rab35 suggesting that
localization to actin is a primary function of Rab35 during sprouting angiogenesis.

Actin plays a pivotal role in angiogenesis both from a cell migration and vessel
stabilization aspect [250-254]. Loss of normal actin architecture has been shown to
drastically affect virtually all facets of blood vessel formation [255- 259]. In this sense,
our results are not surprising in that actin mis-regulation promoted such a profound
negative effect on sprouting parameters. However, given Rab35’s broad scope of
function as well as never being characterized in angiogenic processes, it would be
exceedingly hard to predict. Our results paint a scenario that trafficking-based regulators
can control vital crosstalk with the actin cytoskeleton. Our results strongly indicate that
Rab35 limits the activation of Racl and RhoA-mediated cytoskeletal rearrangement.
Whereby loss of Rab35 creates a scenario in which the actin cytoskeleton is never fully
stabilized promoting gross polarity defects in sprouts. It is still an outstanding question as
to how this activation is achieved or what is the Rab35 interactome. Importantly, our
results may provide an additional mechanism of why loss of Rab35 causes elevated
cancer invasiveness through loss of tissue architecture [260-262].

Overall, our investigation is the first to systematically rule out other known Rab35
pathways, highlighting Rab35’s function in mediating actin dynamics during blood vessel

formation in vitro and in vivo. In general, we contend that mapping endothelial
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trafficking patterns will shed important light on how ECs orchestrate blood vessel

formation by integrating both cell-autonomous and collective-cell signaling.
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Chapter Four: Arf6 Regulates Endocytosis by Promoting Filamentous Actin

Assembly in Endothelium

2.1 Introduction

Small GTPases are most recognized for their contribution to vesicular and organellar
transport. This large family of proteins tightly regulate intracellular traffic by
characteristically switching between an active (GTP-bound) or an inactive (GDP-bound)
state [4]. ADP-ribosylation factor (Arf) GTPases are a sub-family of small GTPases with
six isoforms identified [289]. Within this subfamily, Arf6 is reported to operate at the
plasma membrane with a well-defined role in cytoskeleton rearrangement [268, 289].
This localization is highly distant from the other Arf family members which are
associated with Golgi trafficking [268]. Arf6 remodels plasma membrane actin by
promoting the assembly of filamentous actin; however, the mechanism by which it
achieves this remains uncertain [283].

In addition to its role in modifying plasma membrane actin architecture, Arf6 is well
known to facilitate membrane protein internalization [269, 270]. Moravec, et al., show
that Arf6 co-localizes with Clathrin-coated pits and is required for B-integrin endocytosis
in epithelium [269]. In endothelium, Hongu and colleagues’ data suggests that Arf6 is
required for hepatocyte growth factor (HGF)-induced tumor neo-angiogenesis and

growth [279]. In this study, Arf6 knockout abolished HGF-stimulated B-integrin
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recycling and slowed tumor vascularization [279]. Beyond the mentioning of these two
studies, Arf6 has been linked to many endocytic pathways across tissue types.

Several proteins have been linked to the molecular regulation of Arf6. Like other
small GTPases, Arf6 is activated by guanine nucleotide exchange factors (GEFs) and in-
activated by GTPase-activating proteins (GAPs) [4]. Out of fifteen Arf-family GEFs
identified, eight have been clarified to promote GDP/GTP exchange specific to Arf6
[290]. From the Arf GAP family of thirty-one proteins, nine are identified that inactivate
Arf6 [291]. ARNO, a GEF to Arf6, is reported to cycle Arf6 activation at the plasma
membrane and induce cytoskeletal rearrangements and endocytic events in epithelium
and neurons [271-273, 282, 284]. ACAP2, a proposed GAP of Arf6, is equally important
to the cycling of activity states to regulate actin and endocytosis [212, 213, 226, 228,
281]. However, limited information is available regarding these effectors roles in
sprouting angiogenesis and lumen formation.

Research on Arf6 in endothelium has focused on cancer metastasis and vascular
permeability [275-280]. Several studies echo the importance of Arf6 in stabilizing cell-
cell junctions [276, 278]. Arf6 is the focus of therapeutic targeting as it positively
regulates internalization of growth factor and integrins, both pathways are conducive to
cancer cell migration [279, 280]. Consistent with other reports of growth factor
internalization, an investigation by Ikeda, et al., reported Arf6 co-localized with VEGFR2
and is necessary for autophosphorylation of VEGFR2 [275]. Their data suggests an
important role for Arf6 in VEGF signaling linked to sprouting angiogenesis.

We investigated Arf6 using the 3-dimensional fibrin bead assay (FBA). This assay

allowed for live imaging of Arf6 trafficking as well as in depth imaging analysis of Arf6
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with a range of endothelial specific transmembrane proteins. Our findings indicate that
Arf6 is imperative to filamentous actin assembly in addition to membrane protein
internalization. VEGFR2, VE-Cadherin and podocalyxin internalization are all disrupted
in the absence of Arf6. Our data suggests that the regulation of cortical actin by Arf6 is
the key mechanism of action. While Arf6 localizes to sites of Clathrin-mediated
endocytosis, it will only dissociate from the plasma membrane when Arp is inhibited,
however, not when Clathrin-mediated endocytosis is inhibited. This data provides insight
into the broad role of Arf6 in sprouting angiogenesis. Our findings also agree with
previous reports of Arf6 regulating filamentous actin turnover as well as ligand
internalization. This contextualizes the role of Arf6 at the plasma membrane with its

regulation of actin and endocytic events in endothelium.

2.2 Materials and Methods
Cell Culture

See Annex A.

Sprouting Angiogenesis Assay

See Annex A.

Plasmid Constructs

See Annex A Table 6.

Lentivirus and Adenovirus Generation and Transduction

See Annex A.
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Membrane Fraction Assay

Membrane fractions were performed according to the guidelines provided using the
Thermo-Scientific Mem-PER Plus Membrane Protein Extraction Kit (Appendix A, Table
2). Total concentration of protein in membrane fraction lysate was quantified using the
Pierce™ BCA Protein Assay Kit measured at 562 nm and compared to a standard curve.
Samples were then prepared for immunoblotting as described in Appendix A:
Immunoblotting and protein pull-down.

Immunoblotting and Protein Pull-Down

See Appendix A.

Immunofluorescence and Microscopy

See Appendix A.

Quantification of Fluorescent Intensity

Fluorescent intensity was determined by first projecting the entire sprout to a single
image, setting the scale of the image and designating a region of interest around a sprout.
The resulting intensity was then divided by the area of the sprout. For quantifying
western blot band intensity between groups, the area was set constant from band to band
and fluorescent intensity was compared with equal areas.

Statistical Analysis

See Appendix A.
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2.3 Results

Arf6 Localizes to the Plasma Membrane and is Required for Sprouting

Angiogenesis and Lumenogenesis

Arf6 is widely reported to localize to the plasma membrane across tissue types. To
validate this in endothelium, we employed the 3-dimensional (3D) fibrin bead assay
(FBA) to validate this [159]. In this assay, human umbilical vein cells (HUVECs) were
adhered to microbeads and challenged to sprout into surrounding fibrin matrix [159, 160].
As HUVEGC: are highly sensitive primary cells, lentiviral transduction has served as the
best delivery for plasmid over-expression. Thus, Arf6-CFP (Cyan Fluorescent Protein)
was transduced to HUVECs and live-imaged in sprouts and fixed for
immunohistochemistry. Live Arf6-CFP showed enrichment at sites of lumen formation as
well as decorating vesicles at the membrane. In fixed sprouts, Arf6-CFP co-localized
with podocalyxin (podxl), a transmembrane protein implicated in endothelial lumen
formation (Figure 23A). Overall, Arf6-CFP was enriched in the apical plasma membrane
but often equally enriched basally and apically (Figure 23B).

Next, we aimed to determine the requirement of Ar6 expression during sprouting
angiogenesis. Sprouts were treated with scram control and Arf6 siRNA and sprouting
parameters were compared following four days of growth. Arf6 knockdown (KD) sprouts
produced shorter, thinner sprouts with no discernable lumen (Figure 23C-F). There were
also more vacuolations present in knockdown sprouts, a possible compensatory effort by
the sprout to form a lumen cavity (Supplemental Figure 21B). Interestingly, in two-
dimensions (2D) we did not observe a significant difference in migration of scram and

Arf6 siRNA treated sprouts (Supplemental Figure 21C, D). It appears that Arf6 is more
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important to cell migration as part of collective cellular movement in a 3D environment.
Our siRNA-mediated knockdown was confirmed using western blotting (Figure 23G).
Given the severity of the Arf6é knockdown, we shifted our 3D assays to a mosaic Arf6
KD. To accomplish this, a population of siRNA treated cells were applied with cell
tracker, then combined with untreated cells. The mosaic sprouts presented two sprout
scenarios, sprouts with not-opposing knockdown cells and sprouts with knockdown cells
opposing. The mosaicism rescued sprout length and sprouts per bead (Figure 231-K).
However, in both scenario, sprouts were significantly less lumenized in the presence of
knockdown cells, with the phenotype more severe when knockdown cells were opposing
(Figure 23L). Notably, knockdown cells have diminished filamentous actin (f-actin) as
well as instances where actin appears to accumulate abnormally (Figure 231). In the same
assay, B-integrin localization appears abnormal in KD cells, with it localized apically

rather than basally (Supplemental Figure 21A).
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Figure 23: Arf6 Localizes Apically and is Required for Vessel Formation. A.
Representative image of Arf6-CFP expression in the fibrin-bead assay (FBA) with
podocalyxin (red) and actin (magenta). B. Quantification of Arf6-CFP localization in the
FBA. C. Representative sprout morphology images of scramble (Scram) control and Arf6
siRNA knockdown (KD) sprouts. Dashed lines outline the microbead. D-F. Graphs of
indicated sprouting parameters between groups. n = number of sprouts. Error bars
represent standard deviation, middle bars are the mean. G. Western blot confirmation of
siRNA (si) knockdown (KD) of Arf6 (average 60.8% KD relative to control, n=3). H.
Representative images of sprout morphology of mosaic Scram and Arf6 siRNA KD cells.
Dashed lines outline the microbead. I. Representative images of non-opposing (top
panels, an isolated siRNA treated cell) and opposing (bottom panels, two adjacent siRNA
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treated cells) cells stained as indicated. Arrowheads denote aberrant actin accumulations.
K-L. Quantification of indicated parameters across groups. n = number of sprouts. Error
bars represent standard deviation, middle bars are the mean. m Quantification of non-
lumenized sprout area across indicated groups. n = mean percentage of each experimental
repeat (each group contains >20 cells). Error bars represent standard deviation, middle
bars are the mean. In all images L denotes lumen. NS = non-significant. Statistical
significance was assessed with an unpaired t-test or a 1-way ANOVA followed by a
Dunnett multiple comparisons test. Insets are areas of higher magnification. White
dashed lines mark sprout exterior. All experiments were done using Human umbilical
vein endothelial cells in triplicate.

In agreement with previous reports, our data confirmed that Arf6 localizes to the
plasma membrane and cells deficient in Arf6 present abnormalities in f-actin and (3-
integrin. Unique to our model, we show Arf6 is required for sprout migration and lumen
formation. Considering the severity of the phenotype we observed, this led us to question
whether endothelial specific transmembrane proteins are also disrupted in the absence of
Arfo.

Arf6 is Required for Transmembrane Protein Internalization

Potentially, the mechanism behind the necessity of Arf6 for angiogenesis is the
failure of transmembrane proteins to be internalized. Thus, we again siRNA treated
sprouts with scram control and Arf6 siRNA and stained for endogenous transmembrane
proteins of relevant to sprouting angiogenesis. Podocalyxin (podxl) is involved in
lumenogenesis, Vascular Endothelial-Cadherin (VE-Cad) maintains cell-cell junctions, -
integrin binds the extracellular matrix, and Vascular Endothelial Growth Factor Receptor
2 (VEGFR?2) is a receptor-tyrosine kinase which receives and transmits growth factor
signal [317-319]. Finally, Tyrosine-protein kinase receptor 2 (TIE-2) acts as a cell-
surface receptor for Angiopoietin-1, -2, and -4 (Ang-1,-2,-4) and regulates angiogenesis,

endothelial cell survival, proliferation, migration, adhesion, and reorganization of the
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actin cytoskeleton [307,320-321]. All the proteins presented abnormally in Arf6 siRNA
treated sprouts when compared with scram control sprouts (Figure 24A). Quantification
of fluorescent intensity resulted in higher signal detected for all probed proteins,
however, only podxl and B-integrin were significantly higher (Figure 24B). In addition to
the KD assays, we observed co-localization of each of these proteins with Arf6-CFP
transduced in sprouts. Sites of enrichment of Arf6-CFP co-localized particularly with
podxl, VEGFR2, and TIE-2 but less so with B-integrin and VE-Cad (Supplemental Figure
22A). This is potentially context dependent, as sprouts were fixed during lumen
formation.

To attempt a closer examination of these results, membrane fractions were isolated
from scram and Arf6 siRNA populations of cells and probed for the same proteins
assessed in sprouts. VE-Cad and podxl resulted in significantly higher detection relative
to scram cells, where TIE-2, VEGFR2, and B-integrin did not (Figure 24C-D). We also
employed a seeding assay to examine more carefully the requirement of Arf6 for
internalization. Our results show that B-integrin is internalized significantly less in Arf6
KD cells compared with control cells (Supplemental Figure 22B-C). The discrepancies in
our 2D results could be attributed to differences in protein expression and trafficking
behaviors between 2Dand 3D environments [83].

It is clear from our results that Arf6 is required for the endocytosis of a range of
transmembrane proteins, highlighting the ubiquitous nature of Arf6. While Arf6-

mediated internalization is likely under strict regulation by its effectors, the polar
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specificity of the membrane proteins that Arf6 internalizes is unclear. In our hands, basal,

junctional and apical transmembrane proteins were impacted by Arf6.
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Figure 24: Loss of Arf6 Results in Accumulation of Transmembrane Proteins. A.
Representative images of scramble (Scram) control and Arf6 siRNA knockdown (KD)
sprouts in the fibrin bead assay (FBA) with endogenous podocalyxin (podxl, top panels),
VE-Cadherin (VE-Cad, second panels), B-integrin (third panels), Vascular Endothelial
Growth Factor Receptor 2 (VEGFR2, fourth panels), and TIE-2 (bottom panels). Actin
(green) is shown in all sprouts. In all panels, L denotes lumen. White box is area of
magnification. Insets are areas of higher magnification. Dashed lines mark sprout
exterior. B. Quantification of fluorescent intensity for proteins in A. n =number of
sprouts. AU is arbitrary unit. Error bars represent standard deviation, middle bars are the
mean. C. Western blotting of membrane fractions isolated from Scram and Arf6 siRNA
KD cells. D. Quantification of band fluorescent intensity from membrane fractions in G.
n = individual membrane fraction experiments. Error bars represent standard deviation,

104



middle bars are the mean. NS = non-significant. Statistical significance was assessed with
an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test.
All experiments were done in Human umbilical vein endothelial cells in triplicate

Arf6 Promotes the Assembly of Filamentous Actin

Having further characterized endocytic defects, we re-visited the initial actin defects
reported in Figure 23. First, we were curious about the dynamics of actin in 3D between
scram and Arf6 siRNA mediated KD sprouts. We observed a thinner network of
filaments in addition to overall disorganized actin architecture in the Arf6 KD sprout
compared with a control sprout (Figure 25A). In fixed sprouts, quantification of f-actin
intensity was significantly lower in Arf6 KD sprouts compared with control sprouts
(Figure 25B).

Next, we wanted to compare the population of globular actin (g-actin) to filamentous
actin (f-actin). Again, we observed a thinner network of f-actin where the population of
g-actin is comparable to that of scram cells (Figure 25C). When quantified, the
proportion of f-actin to g-actin was lower in Arf6 KD cells (Figure 25D). Finally, we
observed Arf6-CFP localization upon treatment with an Arp inhibitor (CK-666). We
established baseline Arf6-CFP localization, then promptly recorded changes in
localization upon treatment with the Arp inhibitor. Following treatment, Arf6-CFP
abruptly abandoned its localization in the plasma membrane and appeared to aggregate
internally (Figure 25E). Co-localization with mCherry-Arp2 was significantly diminished

(Figure 25F).
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Figure 25: Arf6 Promotes Filamentous Actin Assembly. A. Live imaging of scramble
(Scram) control and Arf6 siRNA knockdown (KD) sprouts expressing mCherry-LifeAct
lentivirus at indicated timepoints. Red arrowheads denote actin aggregates. Dashed line
denotes sprout exterior. B. Quantification of filamentous-actin (F-Actin) fluorescent
intensity in Scram and Arf6 siRNA knockdown sprouts. n = number of sprouts. AU is
arbitrary unit. C. Image representatives of cells stained for globular (G-Actin) and F-
Actin between indicated conditions. D. Quantification of the ratio of globular to
filamentous actin fluorescent intensities. n = number of cells. E. Pearson’s Coefficient of
Arf6-CFP and mCherry-Arp2 between Scram and Arf6 siRNA treated cells following
CK-666 treatment. n = number of cells. F. Live imaging of Arf6-CFP with mCherry-Arp2
at baseline and after treatment with CK-666. In all images L denotes lumen. White box
denotes area of magnification. Error bars represent standard deviation, middle bars are
the mean. NS = non-significant. Statistical significance was assessed with an unpaired t-
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test or a 1-way ANOVA followed by a Dunnett multiple comparisons test. All
experiments were done in Human umbilical vein endothelial cells in triplicate.

Once more, our findings agreed with previous reports of Arf6 promoting filamentous-
actin assembly. However, it remained unclear whether Arf6’s primary role was to
promote the assembly of actin filaments or to act as a member of the protein complex
required for protein internalization.

Arf6 and Cortical Actin Localize to Sites of Clathrin-Mediated Endocytosis

Thus far, our data indicated that Arf6 was required for endocytosis at the plasma
membrane and that it impacted the assembly of f-actin. What remained unclear was
whether Arf6 was a component of Clathrin-coated pits or if it simply promoted actin
assembly required for endocytic events. To begin to address this, we first looked at
whether Arf6-CFP co-localized with tagRFP-Clathrin. We observed significant overlap
between these proteins (Figure 26 A-B). Next, we sought to determine whether depletion
of Arf6 would alter the localization, or amount, of Clathrin detectable at the plasma
membrane. We were surprised by the significant difference in detectable Clathrin in 3D
sprouts (Figure 26C, D). These results indicated that Arf6 had preference for sites of
Clathrin in addition to cortical actin. The accumulation of Clathrin in the membrane may

be indicative of endocytic failures occurring.

107



a Arf6-CFP 33
Co-Localization

-
o

Pearson’s Coefficient
o
o
=
n
LY
o

Scram

Arf6 si

Figure 26: Arf6 Promotes Actin Assembly at Sites of Clathrin-Mediated Endocytosis.
A. Pearson’s Correlation of cytosolic tdTomato control and tagRFP-Clathrin with Arf6-
CFP, and Pearson’s Correlation of cytosolic tdTomato control and tagRFP-Clathrin with
Emerald-Arp2. B. Image representatives of 2-dimensional localization of Arf6-CFP (top
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panels) and Emerald-Arp2 (bottom panels) with tagRFP-Clathrin. C. Quantification of
Clathrin fluorescent intensity for indicated conditions. AU is arbitrary unit. D. Image
representatives of scramble (Scram) and Arf6 siRNA knockdown (KD) sprouts with
Clathrin (green), podocalyxin (podxl, red) and actin (magenta). L denotes lumen. Dashed
white lines mark sprout exterior. E. Live imaging of Arf6-CFP with tagRFP-Clathrin at
baseline and after treatment with CK-666. F. Pearson’s Coefficient of Arf6-CFP and
tagRFP-Clathrin between Scram and Arf6 siRNA treated cells following CK-666
treatment. n = number of cells. G. Pearson’s Coefficient of Arf6-CFP and tagRFP-
Clathrin between Scram and Arf6 siRNA treated cells following PitStop2 treatment.

n =number of cells. H. Live imaging of Arf6-CFP with tagRFP-Clathrin at baseline and
after treatment with PitStop2. In all images white box denotes area of magnification.
Error bars represent standard deviation, middle bars are the mean. NS = non-significant.
Statistical significance was assessed with an unpaired t-test or a 1-way ANOVA followed
by a Dunnett multiple comparisons test. All experiments were done in Human umbilical
vein endothelial cells in triplicate.

To provide insight to whether Arf6 KD induced accumulations at Clathrin were due
to, or independent of, the accumulation of cortical actin, we co-expressed Arf6-CFP with
tagRFP-Clathrin and collected live baseline activity. We then treated the cells with an
Arp inhibitor to observe whether Arf6-CFP disassociated from tagRFP-Clathrin. With
Arp inhibited, Arf6-CFP and Clathrin co-localization was reduced (Figure 26E,F). We
repeated the same experiment with PitStop2, a potent inhibitor of Clathrin-mediated
endocytosis. In this case we did see some shifting of Arf6-CFP localization but not to the
same degree as the Arp inhibitor (Figure 26G,H). These experiments suggested that Arf6
primarily localized to cortical actin, and the accumulations observed with Clathrin were
simply due to accumulations of cortical actin.

Arf6 Localizes to Cortical Actin and Clathrin Via ARNO

The molecular regulation of Arf’s are linked to eight GEFs and nine GAPs [217,
291]. Compartment and substrate specificity narrowed Arf6s regulation to GEFs and
GAPs which operate at the cell periphery [217]. We investigated the GEF, ACAP2, as it

both compartment restricted and was reported to regulate cytoskeletal changes through
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modulation of Arf6 activity [217, 271]. We also investigated the GAP, ARNO, given
similar reports [272-274]. First, we over-expressed Arf6-CFP with ACAP2 and ARNO to
confirm co-localization of the proteins. As predicted, Arf6-CFP co-localized well with
both tagRFP-ACAP2 and GFP-ARNO (Figure 27A,B).

The next step in our characterization was to determine whether ACAP2 or ARNO
impacted the activity state of Arf6. We incubated cell lysate treated scam, ACAP2, or
ARNO siRNA with GGA3-PBD beads which recognize and bind the active (GTP-bound)
form of Arf6 [275]. There was a slight increase in detectable active-Arf6 in lysate
deficient in ACAP2, whereas the opposite was the case in lysate deficient in ARNO

(Figure 27C, D). Knockdowns were validated by western blotting (Figure 27E).
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Figure 27: ARNO Coordinates Arf6 Activity at Sites of Clathrin-Mediated
Endocytosis. A. Image representatives of 2-Dimensional localization of Arf6-CFP with
tagRFP-ACAP?2 (top panels) and Arf6-HA with GFP-ARNO (bottom panels). B.
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Pearson’s Correlation between Arf6-CFP (or Arf6-HA) and cytosolic tdTomato control,
tagRFP-ACAP2, and GFP-ARNO. n = number of cells. C. Pulldown assay using GGA3
to probe for activated Arf6. Cells were treated with scramble (Scram) control, ACAP2
siRNA (si) or ARNO si [285]. D. Quantification of Arf6 activity. n=number of pull-
downs. E. Western blot confirmation of siRNA knockdown (KD) of ACAP2 (average
70.5% KD relative to control, n=3) and ARNO (average 41.7% KD relative to control).
F-H. Graphs of indicated sprouting parameters between groups. n = number of sprouts. 1.
Representative sprout morphology images of Scram, Arf6, ACAP2 and ARNO siRNA
KD sprouts. Dashed lines outline the microbead. J. Image representatives of actin in
Scram, Arf6, ACAP2 and ARNO siRNA KD sprouts. K. Quantification of actin
fluorescent intensity for indicated conditions. AU is arbitrary unit L. Image
representatives of Arf6-CFP and tagRFP-Clathrin in cells treated with scram, ACAP2 and
ARNO siRNA. M. Pearson’s Correlation of Arf6-CFP with tagRFP-Clathrin for indicated
KD conditions. In all images L denotes lumen. White box denotes area of magnification.
Error bars represent standard deviation, middle bars are the mean. NS = non-significant.
Statistical significance was assessed with an unpaired t-test or a 1-way ANOVA followed
by a Dunnett multiple comparisons test. All experiments were done in Human umbilical
vein endothelial cells in triplicate.

Thus far, our data validated reports of ACAP2 in-activating Arf6 and ARNO
activating Arf6. We wanted to target the regulator that was key to Arf6’s mechanism of
cytoskeletal regulation. Our first approach was to compare sprouting parameters of
scram, ACAP2 and ARNO siRNA KD sprouts. Unlike Arf6 KDs, ACAP2 and ARNO
sprouts showed no significant difference in sprouts per bead or sprout length (Figure 27F,
G). However, non-lumenized sprouts were significantly higher in both ACAP2 and
ARNO KD sprouts (Figure 27H). The sprout morphology of ACAP2 and ARNO KDs
were like Arf6 in their thinner presentation, yet they migrated further (Figure 271). This
data suggested that Arf6’s molecular regulation was clearly more complex than the
effects of the single GEF and GAP we investigate here.

We wanted to focus our investigation on the cytoskeletal effects of both ACAP2 and
ARNO KD, so we analyzed actin defects when sprouts were depleted of either protein.

Frustratingly, both ACAP2 and ARNO KD sprouts produced defects in the actin
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cytoskeleton (Figure 27J, K). This finding was consistent with previous reports but did
not help our aim of identifying a key effector. We gathered that the effectors could
disrupt localization of Arf6 with cortical actin or with Clathrin. We again performed KDs
of scram, ACAP2 and ARNO and transduced cells with Arf6-CFP in 3D to assess
differences in Arf6-CFP localization. ARNO KD sprouts resulted in little change,
however, ACAP2 KD sprouts reduced the apical membrane localization of Arf6-CFP
(Supplemental Figure 24A, B). In 2D, ARNO KD reduced the co-localization of Arf6-
CFP with tagRFP-Clathrin (Figure 27L, M). These results indicate that ARNO’s
molecular regulation of Arf6 is important for its function at sites of cortical actin and
clatrhin-mediated endocytosis. ACAP2-mediated activity state turnover of Arf6 could be

relevant to its localization.

2.4 Discussion

Arf6 is a widely studied small GTPase with hundreds of investigations associated
with its cellular function [305, 306]. Our primary contribution to the existing body of
Arf6 literature is the relevance of Arf6 to sprouting angiogenesis and lumen formation.
Sprouting parameters were significantly diminished in sprouts depleted of Arf6 and they
harbored pronounced cytoskeletal defects. In addition to this, we sought to clarify
whether Arf6 functioned more as a generic cytoskeleton regulator or specifically at sites
of Clathrin-coated invaginations. We concluded that Arf6 localized preferentially to
Clathrin, however this can be disturbed by inhibiting Arp-mediated actin branching.

To our knowledge, Arf6 has not yet been linked to podxl or TIE-2 internalization. We
speculate that Arf6 could be required for internalization of many membrane proteins.

This seems logical since Arf6’s mechanism is linked to such diverse cellular processes. If
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endocytosis is universally hindered, the downstream effects of this could be broad.
Remodeling cell surface protein composition is imperative, evidenced by diseases, such
as Alzheimer’s, directly linked to impaired clearance [325-327]. A key regulator of
membrane protein turnover and trafficking is ubiquitination [325, 326]. In the future, it
would be interesting to assess ubiquitination of membrane proteins in Arf6 KD cells.

We examined ACAP2 and ARNO in association with Arf6 and concluded that other
Arf GAPs and GEFs modulate Arf6’s mechanism. GIT1, an Arf6 GAP, when over-
expressed has been shown to inhibit Clathrin-dependent endocytosis [286]. This other
method of Arf6é downregulation could be site, or context, specific. Additionally, Hongu,
et al., report an Arf6 specific GEF, Grpl, mediated growth factor stimulated B-integrin
internalization in endothelium [280]. Thus, another possible activator of Arf6. For a more
complete picture of Arf6’s molecular regulation, a comprehensive screening of Arf6
specific GAPs and GEFs is warranted. Which GAPs and GEFs function together to
coordinate the complex cellular activities of Arf6 remains an outstanding question.

Overall, our combination of 3D assays and biochemistry provides another piece to the
Arf6 mechanism puzzle. We contend that investigations, such as this, investigating
proteins across tissue types is relevant to our understanding of cell biology and the

improvement of more targeted therapeutic measures.
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Chapter Five: Rab8 Traffics Apically Bound Cargo at the Trans Golgi Network

Independent of the WPB Pathway

2.1 Introduction

The Golgi Apparatus is a dynamic organelle which balances the continuous arrival
and departure of membrane-bound vesicles, tubules, and compartments. At steady state,
there is a predictable makeup of Golgi cisternae. Cisternae at the entrance of the Golgi
(cis-Golgi), receive vesicles from the endoplasmic reticulum (ER) [308-311]. Proteins
traffic through the intermediate compartment of the Golgi, undergoing post-translational
modifications and sorting, until reaching the Golgi exit site known as the trans-Golgi
network (TGN) [308-311]. This constant shuttling of membrane requires tightly regulated
trafficking in order to maintain distinct Golgi cisternae.

Rab GTPases are master regulators of membrane and vesicular transport. They
achieve this by interfacing with a broad spectrum of tethering complexes, motor proteins,
and lipids. Of the roughly 70 identified human Rabs, approximately one third of them
interact with either ER or Golgi membranes [308, 309]. In several studies, when Golgi
Rabs, or Golgi Rab effectors, are altered there is a significant disruption of Golgi
architecture as well as impaired trafficking of cargo [308, 309]. Together, this data
suggests that Rabs play a significant role in the maintenance and morphology of the

Golgi network.
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The role of each Golgi Rab is generally consistent across tissue types. However,
trafficking pattern discrepancies do occur, and it is important to identify these
inconsistencies. Endothelial cells must traffic apically destined proteins in a timely
manner in order to initiate lumen formation. Additionally, endothelial cells generate a
unique secretory vesicle known as a Weibel-Palade Body (WPB) [125]. This is a
relatively large, cigar-shaped vesicle which buds from the Golgi and is housed in the
actin cytoskeleton in a primed state [125]. It remains unclear which Golgi Rabs
contribute to the formation and budding of WPBs from the Golgi and whether there is
overlap with apical trafficking pathways.

Rab8 is identified as a TGN specific Rab important for trafficking cargo from the
TGN to the apical membrane in a polarized cell [312-314, 335]. In one investigation,
Rab8 was critical to trafficking of podocalyxin (podxl), an apical transmembrane protein
important for lumen formation [315]. However, this study, and nearly every other study,
of Rab8 was not in endothelium, nor in a 3-dimensional (3D) environment. Therefore, we
investigated Rab8 in 3D endothelium to determine whether it was required for podxl
trafficking from the TGN.

In our hands, Rab8 was involved in the trafficking of podxl. Surprisingly, Rab8
deficient sprouts resulted in higher levels of detectable podxl in the plasma membrane.
The absence of Rab8 did not disrupt basolateral trafficking, Weibel-Palade body (WPB)
formation, or endothelial specific receptors TIE-2 and VEGFR2. Of note, apically
destined proteins were still delivered in the absence of Rab8, however vessel defects
persisted. This suggested apical trafficking was still disrupted. Interestingly, despite the
apical targeting of WPB’s, their biogenesis was independent from Rab8 trafficking. Our
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data distinguishes the WPB biogenesis pathway was separate prior to reaching Rab8

decorated TGN cisternae.

2.2 Materials and Methods
Cell Culture

See Annex A.

Sprouting Angiogenesis Assay

See Annex A.

Plasmid Constructs

See Annex A Table 6.

Lentivirus and Adenovirus Generation and Transduction

See Annex A.

Membrane Fraction Assay

Membrane fractions were performed according to the guidelines provided using the
Thermo-Scientific Mem-PER Plus Membrane Protein Extraction Kit [Appendix Table 2].
Total concentration of protein in membrane fraction lysate was quantified using the
Pierce™ BCA Protein Assay Kit measured at 562 nm and compared to a standard curve.
Samples were then prepared for immunoblotting as described in Appendix A.

Immunoblotting

See Appendix A.

Immunofluorescence and Microscopy

See Appendix A.
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Zebrafish Transgenics

The transgenic lines used in this study include Tg(kdrl:GFP) and Tg(UAS:GFP;
kdrl: GALAFF). Tol2- mediated transgenesis was used to generate mosaic intersomitic
blood vessels as previously described [140-143]. Briefly, Tol2 transposase mRNA were
synthesized (pT3TS-Tol2 was a gift from Stephen Ekker, Addgene plasmid # 31831)
using an SP6 RNA polymerase (mMessage mMachine, ThermoFisher). Tol2 injection
mixture consisted of 500ng of DNA, 500ng of Transposase (1uL), and 1 uL 0.1% Phenol
Red with total volume brought up to Sul.

Zebrafish Live Imaging and Quantification

See Appendix A.

Quantification of Fluorescent Intensity

Fluorescent intensity was determined by first projecting the entire sprout to a single
image, setting the scale of the image and designating a region of interest around a sprout.
The resulting intensity was then divided by the area of the sprout. For quantifying
western blot band intensity between groups, the area was set constant from band to band
and fluorescent intensity was compared with equal areas.

Statistical Analysis

See Appendix A.

2.3 Results

Rab8 is Golgi Localized and Required for Lumen Formation In Vitro
Rab8 is a well-established resident to the trans-Golgi network (TGN), we first aimed
to validate this in endothelium in 3-dimensions (3D). We transduced a tagRFP-Rab8

virus into primary endothelial cells and challenged them to sprout in the fibrin-bead assay
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(FBA) [159]. We fixed and stained sprouts for podocalyxin (podxl) and actin. TagRFP-
Rab8 appeared Golgi localized with some overlap of podxl (Figure 28A). We stained for
Golgi matrix protein 130 (GM130) with tagRFP-Rab8-wildtype (WT), constitutively
active (CA, Q67L), and dominant negative (DN, T22N) [328]. TagRFP-Rab8-WT and
CA strongly co-localized with GM130, but this association is diminished with the DN
mutant (Supplemental Figure 25A).

We next sought to determine the requirement of Rab8 for sprouting angiogenesis.
We grew scramble (scram) control and Rab8 siRNA-mediated knockdown (KD) sprouts
for four days and observed podxl (apical membrane), B-integrin (basal membrane) and
actin localization. Each protein localized correctly, however vessels lacked a lumen
(Figure 28B, F). Unexpectedly, we observed hyper-sprouting in Rab8 KD sprouts (Figure
28C). Quantification of sprouts per bead indicate significantly more sprouts on Rab8 KD
beads compared with control beads (Figure 28E). Sprout length was no different between
groups (Figure 28G). KDs were confirmed by western blotting (Figure 28D). Taken
together, these results indicate that sprouts maintain migration and polarity programs in
the absence of Rab8.

To better establish our Rab8 KD phenotype, we performed a rescue assay. Cells were
siRNA-treated and transduced with either GFP (control) or tagRFP-Rab8 virus to allow
for mosaic rescue. Our results validate that the lumen failures are rescued in cells
expressing tagRFP-Rab8 (Figure 28H-I). Our results indicate that Rab8 is necessary for

lumen formation as well as the regulation of sprouting in endothelium.
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Figure 28: Rab8 is Golgi Localized and Required for Endothelial Lumen Formation.
A. TagRFP-Rab8-wildtype (WT), -constitutively active (CA), and -dominant negative
(DN) in endothelial sprouts with podocalyxin (Podxl, green), and actin (magenta). B.
Representative image of scramble (Scram) control and Rab8 siRNA KD sprouts. Dashed
lines outline the microbead. C. Representative images of sprout morphology of Scram
and Rab8 KD cells. Dashed line outlines microbead. D. Western blot confirmation of
siRNA (si) knockdown (KD) of Rab8. E-G. Graphs of indicated sprouting parameters
between groups. n =number of sprouts. Error bars represent standard deviation, middle
bars are the mean. H. Rescue experiment using scram or Rab8 siRNA (si)-mediated KD
with overexpression of indicated constructs. Percentages represent quantification of
lumen formation in described conditions. n = number of sprouts. I. Representative images
of Scram and Rab8 KD sprouts expressing either GFP (control), or tagRFP-Rab8-WT.
White dashed lines mark sprout exterior. L denotes lumen in all images. Insets are areas
of higher magnification. NS = non-significant. Statistical significance was assessed with
an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test.
Insets are areas of higher magnification. All experiments were done using human
umbilical vein endothelial cells in triplicate.

Rab8 Does Not Directly Target Podocalyxin in Endothelium
We next investigated whether Rab8 directly targeted podxl. In 2D, tagRFP-Rab8-WT,
-CA, and -DN localization was compared with the localization of endogenous podxl as

well as podxI-cytosolic-tail (Supplemental Figure 25B). While there was co-localization
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between podxl and tagRFP-Rab8, podxl could simply be localized to the Golgi and not
necessarily specific to Rab8. Therefore, we mis-localized Rab8 to the mitochondria using
a tom20-tag and assessed whether podxl mis-localized to the Golgi with it (Supplemental
Figure 25C). Tom20-tagRFP-Rab8-WT did not co-localize with podxl or podxI-tail
(Supplemental Figure 25D). Additionally, the tom20-taRFP-Rab8-CA and -DN did not
co-localize with podxl (Supplemental Figure 25E). These findings suggest that Rab8
does not bind directly to podxl. This does not rule out the possibility that podxl is cargo
that Rab8 traffics indirectly.

Rab8 Traffics Apical Cargo in 3D Sprouts

Many reports suggest Rab8 traffics apically bound cargo from the TGN. However,
much of this data is sourced from 2D assays. There could exist discrepancies in Rab§-
mediated trafficking in a 3D environment. Thus, we investigated transmembrane proteins
specific to different membrane domains. We probed the junctional VE-Cadherin (VE-
Cad), the basal B-integrin, apical podxl, apical and junctional TIE-2, and finally Vascular
Endothelial Growth Factor Receptor 2 (VEGFR2) which is ubiquitously localized [317-
321]. First, we visualized localization of tagRFP-Rab8 positive vesicles and tubules with
the aforementioned proteins. Of note, we did not focus on localization at the Golgi, this
would be redundant as all of the proteins stated localize at the Golgi at one point. We
observed Rab8 decorated tubules and vesicles primarily targeting the apical membrane
(Figure 29A, B). TagRFP-Rab8-WT co-localized with podxl, phosphorylated-TIE-2 (p-
TIE2), and, variably, with VE-Cad (Figure 29A). We did not observe co-localization

between VEGFR2 or B-integrin and tagRFP-Rab8-WT sprouts.
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In addition to fixed imaging, we employed live imaging of tagRFP-Rab8 to visualize
vesicles and tubules actively target the apical membrane. Indeed, we captured these
events occurring over 20 minutes in vessel sprouts (Figure 29B). However, we
recognized that over-expressing protein could result in atypical localization. To ensure
that Rab8 does traffic beyond the TGN we also transduced another Golgi resident, GFP-
Rabb, in sprouts to control for this. We did not observe GFP-Rab6 outside of the Golgi,
suggesting that Rab8 traffics cargo beyond the Golgi (Supplemental Figure 26). Our
results specify Rab§ trafficking targeting the apical and junctional membrane in 3D

sprouts.
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B-Integrin | VE-Cad

Figure 29: Rab8 Co-Localizes with Apical Transmembrane Proteins but is not
Required for Their Delivery to the Membrane in 2D. A. Representative images of
tagRFP-Rab8-wildtype (WT, middle panels) localization in the fibrin bead assay (FBA)
with endogenous podocalyxin (podxl, first column), 3-Integrin (seond column), VE-
Cadherin (VE-Cad, third column), phosphorylated-TIE-2 (p-TIE2, fourth column), and
Vascular Endothelial Growth Factor Receptor 2 (VEGFR2, last column). B. Live imaging
of tagRFP-Rab8-WT in sprouts over 20 minutes. Red arrowheads indicate apically
targeted vesicles and tubules. In all panels, L denotes lumen. White box is area of
magnification. Insets are areas of higher magnification. Dashed lines mark sprout
exterior. All experiments were done in Human umbilical vein endothelial cells.
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Rab8 Knockdown Results in Greater Detectable Podxl in 3D but not in 2D Cells

Thus far, we determined Rab8 was required for lumen formation and trafficked to
apical and junctional plasma membrane domains. However, we lacked a mechanism for
our Rab8 KD phenotypes. Therefore, we repeated our KDs in sprouts and tested whether
there was more, or less, endogenous protein in the plasma membrane. We compared the
fluorescent intensity of podxl, VE-Cad, and B-integrin. B-integrin and VE-Cad resulted in
no significant difference, however, podxl had significantly higher endogenous protein
detected in Rab8 KD sprouts (Figure 30A-E).

The Weibel-Palade body (WPB) pathway is unique to endothelium and has yet to be
investigated with respect to Rab8. WPBs generally traffic apically and could require
Rab8 for their biogenesis, albeit indirectly. Thus, we quantified the number of WPBs in
scram and Rab8 KD sprouts (Figure 30G-H). We found no significant difference in the
number of WPBs between conditions, suggesting the pathways are independent of each
other.

To address the Rab8 hyper-sprouting phenotype, we assessed VEGFR2 in Rab8 KD
sprouts. VEGFR?2 signaling leads to new vessel sprouting and formation [329]. Since
podxl detection was greater in Rab8 KD sprouts, we gathered that if VEGFR2 were more
prevalent this could account for excessive sprouting. Nevertheless, VEGFR2 clusters
were not significantly different between scram and rab8 KD sprouts (Figure 30G, I). In
the same vein, if too much protein were exiting the TGN, perhaps more lysosomes would
be present in order to degrade the excess. Therefore, we quantified lysosomes in sprouts
by staining for lysosomal marker, LAMP. Again, there were no difference in the number

of LAMP-positive puncta between scram and Rab8 KD sprouts (Figure 30D, F).
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Next, we sought to supplement our imaging analysis of membrane proteins with
biochemistry. We isolated membrane fractions from scram and Rab8 KO cells and
probed for podxl, B-integrin, VEGFR2, p-TIE2, and VE-Cad. There were no significant
differences between conditions (Figure 30J, K). Taken together, our results indicated that
plasma membrane protein composition is almost no different between scram and Rab8
KD cells. The greater detection of podxl in 3D was unexpected but could provide insight
to Rab8’s mechanistic role at the TGN. The discrepancy between podxl detection in
membrane fractions could be attributed to variations in expression of podxl between 2D

and 3D miceoenvironments [330, 331].

125



a
N
b £ ¢ NS
£ = 1 = 300001 n=5
@ $ T 40000 neib 5 = .
5 o £ n=10 33 i
& 8> s
S © 30000 5 820000
33 I 1 38 %
r< ! i
< 20000 : =
c 2 = o
=% @ 10000
(o) 7]
2 S 10000 3 3
T E > £
@ 0 ol
& S N
%C) & %(, Q"b
p=0.0005 f NS
= n=22 3
20000] N=20 2 300 n=20
= . n=21 -
©15000 E 4 *;2200 g %
< S
310000 i & ?( &
D 2 100
& 5000 5
= 3
M S o D P
)
D \S) > D
%c} Q@ ' %c} Qg}a
I
NS 5 NS
35 400 o 140
a n=‘5 n=8 (% n=5 n=8
@ 300 . ® 120{ :
1] ols [0
SR,
S 200 {LL 2 100 % JI
o i (@)
>
L 100 g 80 _
= &
0! . W 60 .
> > S o
%(}’b 60‘2) %(} 60
Membrane Fraction k =) NS 2 NS =) NS 5 NS 3 NS
J S & 2400, —— <250, > < 250 s SO0 =220, —
SRNA: ¢ @ > o £ n=s 2 n=3 > > | n=4 n=s
2 & 00 n=3 2 200 @ 200 3 20
Podx/| e (130 & n=3 2 g 5180 n=4 & =
c £ 150 £ 150 = 2
i . = 200 ° o o= =180
B-Integrin | e - 110 g % §100 §100 §160 E:,
VEGFR2| & 210 ®@ 100 E 59 N 50 o0 @160
3 5 2 o 3
TIE-2| - - 3 8 w
p-TIE-2 14080@%20@%80@%“40&%&140@%
VE-Cad - 140 > S A > > > P ;> P> S
- s 8 S S & <€ s

Figure 30: Rab8 Knockdown Results in Greater Detectable Podxl in 3D but not in
2D. A. Image representatives of scramble (Scram) control and Rab8 siRNA knockdown
(KD) sprouts in the fibrin bead assay (FBA) with endogenous moesin (magenta), 3-
integrin (red), and VE-Cadherin (VE-Cad, green). B-C. Quantification of fluorescent

intensity for indicated proteins. n = number of sprouts. D. Image representatives of scram

and Rab8 siRNA KD sprouts in the fibrin bead assay (FBA) with endogenous LAMP

(magenta), actin (red), and podocalyxin (Podxl, green). E-F. Quantification of fluorescent

intensity for indicated proteins. . n =number of sprouts. G. Image representatives of
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scram and Rab8 siRNA KD sprouts in the fibrin bead assay (FBA) with endogenous von
Willebrand factor (vVWF, magenta), actin (red), and Vascular Endothelial Growth Factor
Receptor 2 (VEGFR2, green). H-1. Quantification of fluorescent intensity for indicated
proteins. n = number of sprouts. J. Western blotting of membrane fractions isolated from
Scram and Arf6 siRNA KD cells with indicated probes. K. Quantification of band
fluorescent intensity from membrane fractions in J. n = individual membrane fraction
experiments. Error bars represent standard deviation, middle bars are the mean. In all
panels, L denotes lumen. Dashed line outlines sprout exterior. White box denotes area of
inset. Error bars represent standard deviation, middle bars are the mean. NS = non-
significant. AU is arbitrary unit. Statistical significance was assessed with an unpaired t-
test or a 1-way ANOVA followed by a Dunnett multiple comparisons test. All
experiments were done in Human umbilical vein endothelial cells in triplicate.

Rab8 Trafficking is Independent to WPB Trafficking in Endothelium

There was no difference in the number of WPBs in 3D. To ensure no overlap between
the Rab8 and WPB trafficking pathways, we investigated WPB-positive Rab3d and
Rab27 with Rab8. Both Rab3d and Rab27 localize to WPBs with little overlap to Rab8 at
the Golgi (Figure 31A). To ensure the Golgi is required for WPB formation at all, we
treated cells with Brefeldin A to ablate the Golgi and stained for WPB marker von
Willebrand Factor (vVWF). Brefeldin-A ablated both the Golgi and WPB formation,
indicating the organelle is indeed required for WPB formation (Figure 31B, C).

Next, we next compared Rab27-positive and Rab3d-positive WPBs in scram and
Rab8 KD cells. There were no observable differences in Rab27-positive or Rab3d-
positive WPBs (Figure 31D, E). We quantified the total fluorescent intensity of vWF in
scram and Rab8 KD cells and found no significant difference in detectable vVWF (Figure
31F-G). Together these results suggest that while the Golgi is required for WPB

formation, Rab8 trafficking from the TGN is independent from this pathway.
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Figure 31: Rab8 is Not Required for the Biogenesis of WPB's. A. Image
representatives of tagRFP-Rab8 with GFP-Rab3d (top panels) and GFP-Rab27 (bottom
panels) in 2-dimensions. B. Quantification of von Willebrand factor (vWF) fluorescent
intensity in DMSO and Brefeldin A treated cells. n = number of cells. C. Image
representatives of DMSO and Brefeldin A (BFA) treated cells with vWF (green) and
Golgi matrix protein 130 GM130 (red). Bottom row are image representatives at 20x
magnification. D. Image representatives of scramble (Scram) and Rab8 siRNA
knockdown (KD) cells with Weibel-Palade body cargo angiopoietin-2 (Ang-2, red),
GM130 (magenta), GFP-Rab27, and E. GFP-Rab3d. F. Scram and Rab8 KD knockdown
cells with vWF (green) and GM130 (red) at 20x magnification. G. Quantification of vVWF
fluorescent intensity in scram and Rab8si KD cells. In all panels, white box denotes area
of inset. n = number of cells. AU is arbitrary unit. Error bars represent standard deviation,
middle bars are the mean. NS = non-significant. Statistical significance was assessed with
an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test.
All experiments were done in Human umbilical vein endothelial cells in triplicate.
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Rab8 is Golgi Localized but is Not Required for Lumen Formation In Vivo

To substantiate our results in vivo, we used Zebrafish given the excellent resolution
of vessel development. Using CRISPR/Cas9 gene editing, we targeted both paralogs of
Rab8 (Rab8A and Rab8B) [145]. Knockout (KO) of Rab8 resulted in a modest phenotype
with slightly smaller embryos and delayed intersomitic vessel (ISVs) development
(Figure 32A-B). When quantified, the vessel number was no different between scram and
Rab8 KO embryos, however the number of abnormal ISVs were significantly higher in
Rab8 KO embryos (Figure 32C-D).

We also aimed to visualize Rab8 live in embryo vessels. To accomplish this, we used
the Gal4/UAS transgenic tool to express tagRFP-Rab8-WT, -CA, and -DN exclusively in
endothelial cells [332]. Each mutant localized similarly as in vitro, although we do not
mark the Golgi (Figure 32E). Overall, over-expression of Rab8 and its mutants did not
produce an abnormal phenotype in vivo (Figure 32F). Altogether, these results are

consistent with our observations in vitro.

129



Rab8 KO
e

" o N

’:,.-vf&;".; i
g’ ; .
o

Tg(kdrl:eGFP) »
- \ )
\
£ L
®©
S
)
? L
@)
X
©
e!
© |*
(hd
z o Over-Expression ISV Development
C  15p=13"8n=33 d & f P g
2 40 E Normal ISV
%g cz) B Abnormal ISV
§ 510 (_Eu 30 tagRFP-Rab8-WT tagRFP-Rab8-CA tagRFP-Rab8-DN
<z =
L g g 20
a m ﬁ 5 <
R> I&L 10
I
S g0 80%
@ & 0
F I &
00\ & \)(\

Figure 32: Rab8 is Required for Proper Intersomitic Vessel Development in
Zebrafish. A. CRISPR-mediated knockout (KO) of scramble (Scram) control and Rab8 in
Zebrafish embryos at 48 hours post fertilization (hpf). Red arrowhead indicates smaller
bodyplan. B. Scram and Rab8 KO Zebrafish intersomitic vessels (ISVs) at 20x
magnification (left column) and 40x magnification (right column). Arrowheads denote
vessel narrowing and lack of chevron shape. Red box indicates area of magnification. C.
Quantification of ISV number, and D. percent of abnormal vessels at 48hpf. E.
Localization of tagRFP-Rab8-wild-type (WT), constitutively-active (CA), and dominant-
negative (DN) in Zebrafish. F. Quantification of ISV abnormalities in indicated over-
expression plasmids. In all panels, L denotes lumen. n = number of cells. Error bars
represent standard deviation, middle bars are the mean. NS = non-significant. Statistical
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significance was assessed with an unpaired t-test or a 1-way ANOVA followed by a
Dunnett multiple comparisons test. All experiments were done in Zebrafish in triplicate.
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Figure 33: Model of Rab8 Function in Endothelium.
2.4 Discussion

The objective of this work was to assess the role of Rab8 in endothelial cell
trafficking and its relevance to sprouting angiogenesis and lumenogenesis. Using 3D
sprouting assays, biochemistry, and in vivo gene editing we illustrate that Rabs is
required for lumen formation, the downregulation of vessel sprouting, and trafficking of
podxl (Figure 33). Moreover, we show Rab8 mediated trafficking is independent of the
endothelial specific WPB pathway. To our knowledge, this is the first characterization of
Rab8 with membrane proteins in 3D vessel sprouting.

What initially inspired the current investigation was to characterize podxl trafficking
in endothelium. Previously, we investigated Rab27 as it was implicated in podxl
trafficking in epithelial cells, however Rab27 was not related in endothelium [84]. We
next characterized Rab35 as it was also reported to traffic podxl in epithelium. In fact,
others have comprehensively established a direct association between podxl and Rab35

[210, 211]. Once more, this was not the case in endothelium [322]. Thus, we turned to
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Rab8, which has again been reported to traffic podxl in epithelium [166, 315]. In sprouts
deficient of Rab8, we observed an accumulation of podxl at the membrane. While we
were excited to discover a potential candidate for podxl trafficking, this was an
unexpected result. It also did not explain hyper-sprouting or lumen failures caused by
Rab8 KD.

Rab8 trafficking is relatively broad. With so many proteins trafficked by Rabs, it is
extremely difficult to test for the root cause of our phenotypes. We chose to investigate
proteins belonging to specific membrane domains to provide insight to the directionality
of proteins exported through the Rab8 pathway. All proteins investigated were ultimately
delivered to their destination in the plasma membrane, despite the absence of Rab8.
While disappointing, this does not rule out trafficking defects. Even with Golgi cisternae
ablated with Brefeldin A, proteins can still reach their destination [323]. Moving forward,
experiments focusing on the temporal aspect of protein delivery in the absence of Rab8
should follow this report.

WPBs are unique to endothelium and involve many trafficking proteins. The proteins
which directly target WPBs are well documented, and Rab8 has not been directly linked
to their biogenesis [324]. However, there was the possibility Rab8 was upstream of their
biogenesis and thus still required for WPBs to form. Our data shows that this is not the
case, and that Rab8 is independent of the WPB pathway. Once proteins reach the TGN
there appears to be clear distinction between proteins trafficked out via the WPB pathway
or via the Rab8 pathway.

Overall, our data supports previous evidence of Rab8 localized to the trans-Golgi

network and involved in the trafficking of apically bound cargo. Limitations of the
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present study include, and are not limited to, the inability to address hyper-sprouting,
lacked a mechanism for excess detectable protein in the plasma membrane, and no in
vivo data. It is unclear if the excessive protein detected is a result of a direct trafficking

defect from Rab8 KD or an indirect effect, such as changes in expression resulting from

Rab& KD.
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Chapter Six: Conclusions

Small GTPase regulated intracellular protein trafficking encompasses a highly
complex and interesting sect of cell biology. The 30,000 to 40,000 gene products
produced by the cell are largely transported by this family of proteins. Even a singular
defect in any cellular trafficking programs can cause devastating, if not fatal,
consequences for an organism. Therefore, the work presented in this dissertation
advances our collective understanding of small GTPase trafficking and organellar
transport and advances our understanding of this critically important protein family.
What’s more, each project utilized a 3-dimensional (3D) assay in endothelium to analyze
polarized trafficking. All the investigations showed variability between 2-dimensional
(2D) and 3D work as well as dissimilarity of cargo trafficked in endothelium. The results
of the Rab27 investigation demonstrated both points very well.

Rab27 trafficking in endothelium is unique to an endothelial specific organelle, the
Weibel-Palade body (WPB). It housed WPBs in the actin cytoskeleton primed for
secretion. The excessive secretion resulting from loss of Rab27 in 3D was far more
pronounced compared with 2D knockdowns (KD). Moreover, the hyper-growth observed
in 3D would not have been evident in 2D. In future investigations, Rab27 KDs could be a
useful tool to induce secretion of WPBs without the use of a drug. Lastly, in this
investigation only one protein was linked to pro-angiogenic signaling, yet WPBs house

many other proteins that should be explored.
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Investigating Rab35 was a very difficult endeavor, to say the least. Data was often
inconsistent or conflicting which ultimately led to the comprehensiveness of the study.
The conclusion that Rab35 down-regulated actin assembly at the plasma membrane was
difficult to come to and should be scrutinized. The complex mechanism by which Rab35
changes cytoskeletal behaviors could best be unraveled by identifying effectors, GEFs
and GAPs that are compartment or context dependent. Given the ubiquitous nature of
Rab35, it is logical to assume a considerable network of proteins regulate it.

The Rab35 project was similar to the Arf6 investigation in several ways. The Arf6
literature was also vast and, at times, conflicting; and Arf6 was also reportedly an actin-
regulating protein. The data presented here is in agreement that Arf6é modulates actin, and
we further show that Arf6 is relatively specific to Clathin-coated pits. Nevertheless, the
mechanism by which Arf6 accomplishes this remains an outstanding question. Continued
examination of Arf6 should attempt to identify direct effectors of Arf6 that link it to its
mechanism.

The last study presented in this dissertation was an attempt to identify a Rab GTPase
linked to podxl trafficking. In the beginning, the initial objective of investigating Rab27
was with respect to podxl. As it turned out, podxl trafficking was not associated with the
Rab27 pathway. Rab35 was the next candidate investigated. Again, no relationship was
identified between Rab35 and podxl. Alas, Rab8 was the last candidate investigated with
respect to podxl trafficking.

Rab8 is a relatively upstream Rab. To conclude that Rab8 traffics podxl is akin to
concluding the Golgi traffics podxl. Which would not inform much. Therefore, the

objective of this investigation became identification of membrane domains which were
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impacted by Rab8. Also, the determination of whether WPB biogenesis was dependent
on Rab8. Based on the data, Rab8 traffics primarily apical cargo, however junctions are
disrupted. It is possible the hyper-sprouting observed in Rab8 deficient sprouts was due
to junctional instability. This is a very interesting notion and follow-up experimentation
on this would be very beneficial.

In conclusion, the scope of this work contributes to the field of cell biology by
providing novel 3D in vitro trafficking data. Ideally, future studies will employ 3D assays
to address the discrepancies between 2D and 3D trafficking patterns shown here. The in
vivo data was invaluable to these studies and validated our findings at the organismal

level. Finally, this data will, ideally, inspire novel therapeutics and treatment of disease.
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Appendix A: Methods and Materials

Cell Culture.

Pooled human umbilical vein ECs were purchased from PromoCell and cultured in
proprietary media (PromoCell Growth Medium, ready-to-use) for 2 to 5 passages. For
experiments, glass-bottomed imaging dishes were exposed to deep UV light for 6
minutes and coated with Poly-D-Lysine (ThermoFisher) for a minimum of 20 minutes.
Small interfering RNA (ThermoFisher) was introduced into primary human umbilical
vein ECs using the Neon transfection system (ThermoFisher). See Appendix Table 5 for
sources of siRNA. All siRNA were resuspended to a 20 umol/L stock concentration and
used at 0.5 pmol/L. Normal human lung fibroblasts (Lonza) and HEK-A (ThermoFisher)
were maintained in DMEM supplemented with 10% fetal bovine serum and pen/strep
antibiotics. Both normal human lung fibroblasts and HEKs were used up to 15 passages.
All cells were maintained in a humidified incubator at 37 °C and 5% COs.

Drug Treatments.

Phorbol myristate acetate or histamine (Sigma) was used to induce secretion of WPB
components. To achieve this, cells were serum-starved for 6 hours and treated with a final
concentration of 100 ng/mL phorbol myristate acetate or 100 umol/L histamine for 15
minutes. Cells were then washed with PBS and fixed promptly in 4% paraformaldehyde.
For Tie-2 inhibition, cells were treated with BAY-826 (TOCRIS) at a final concentration

of 1.3 nmol/L for 1 to 3 days during sprouting.
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Cells treated with CK-666 received a final concentration of 1uM; for PitStop2 the
final concentration was S0uM. All live imaging of drug treatments included recording
baseline cell behavior followed by immediately recording cell behavior following drug
administration. For ligand-modulated antibody fragments tethered to the mitochondria
(Mito-LAMA), TMP administration was carried out as previously described [236].

Cells treated with Brefeldin A received a final concentration of 0.55ug/mL. Cells
were treated with Brefeldin A overnight and fixed the following morning. All drugs used
in each investigation are listed in the Appendix Table 3.

Sprouting Angiogenesis Assay.

Fibrin-bead assay was performed as reported by Nakatsu et al [159]. Briefly, human
umbilical vein ECs were coated onto microcarrier beads (Amersham) and plated
overnight. SIRNA-treatment or viral transduction was performed the same day the beads
were coated. The following day, the EC-covered microbeads were embedded in a fibrin
matrix. Once the clot was formed, media was overlaid along with approximately 100,000
normal human lung fibroblasts. Media was changed daily along with monitoring of
sprout development. Sprout characteristics were quantified in the following manner.
Sprout numbers were determined by counting the number of multicellular sprouts
(sprouts that did not contain at least 3 cells were not counted) emanating from an
individual microcarrier beads across multiple beads in a given experiment. Sprout lengths
were determined by measuring the length of a multicellular sprout beginning from the tip
of the sprout to the microcarrier bead surface across multiple beads. Percent of non-
lumenized sprouts were determined by quantifying the proportion of multicellular sprouts

whose length (microcarrier bead surface to sprout tip) was <80% lumenized across
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multiple beads. Sprout widths were determined by measuring the sprout width at the
midpoint between the tip and the microcarrier bead across multiple beads. Experimental
repeats are defined as an independent experiment in which multiple cultures, containing
numerous sprouting beads were quantified; this process of quantifying multiple
parameters across many beads and several cultures was replicated on different days for
each experimental repeat.

Lentivirus Generation and Transduction.

Lentivirus was generated by using the LR Gateway Cloning method [333]. Genes of
interest and fluorescent proteins were isolated and incorporated into a pME backbone via
Gibson reaction (8). Following confirmation of the plasmid by sequencing the pME entry
plasmid was mixed with the destination vector and LR Clonase. The destination vector
used in this study was pLenti CMV Neo DEST (705-1) (gift from Eric Campeau & Paul
Kaufman; Addgene plasmid #17392). Once validated, the destination plasmids were
transfected with the three required viral protein plasmids: pMDLg/pRRE (gift from
Didier Trono; Addgene plasmid # 12251), pVSVG (gift from Bob Weinberg; Addgene
plasmid #8454 ) and psPAX2 (gift from Didier Trono; Addgene plasmid #12260) into
HEK 293 cells. The transfected HEKs had media changed 4 hours post transfection.
Transfected cells incubated for 3-4 days and virus was harvested.

Immunoblotting and Protein Pull-Down.

HUVEC cultures were trypsinized and lysed using Ripa buffer (20 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM

Na3VO04, 1 pg/mL leupeptin) containing 1x ProBlock™ Protease Inhibitor Cocktail-50
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(GoldBio) and processed as previously described [334]. GGA3, Racl and RhoA activity
blots were performed using commercially available kits (Cytoskeleton; Appendix Table
2).

Total concentration of protein in lysate was quantified using the PierceTM BCA
Protein Assay Kit measured at 562 nm and compared to a standard curve. 20-50 pg
protein was prepared in 0.52 M SDS, 1.2 mM bromothymol blue, 58.6% glycerol, 75 mM
Tris pH 6.8, and 0.17 M DTT. Samples were boiled for 10 minutes, then loaded in a 7-
12% SDS gel and run at 150 V. Protein was then transferred to Immun-Blot PVDF
Membrane (BioRad) at 4°C, 100 V for 1 hour 10 minutes. Blots were blocked in 2% milk
proteins for 1 hour, then put in primary antibody at specified concentrations overnight.
After 3 10-minute washes with PBS, secondary antibodies at specified concentrations
were applied for 4 hours. After 3 additional PBS washes, blots were developed with
ProSignal® Pico ECL Spray.

For Rab27a pull-down experiments, GST-SIp2a was grown overnight in 50 mL of
Laria- Bertani broth in NiCo21 E Coli (NEB). The following day the overnight culture
was transferred to 1L of terrific buffer. The culture was monitored for growth and
induced at OD600 with IPTG (GoldBio, 12481) at a final concentration of 100uM.
Following induction, bacteria were incubated for an additional 3 hours. Induced cells
were collected and pelleted, with the pellet resuspended in cold PBS containing 1mg/ml
lysozyme and 1x ProBlockTM Protease Inhibitor Cocktail -50 and then sonicated to lyse
bacteria. Cell lysate was clarified by centrifugation and glutathione agarose resin
(GoldBio) was added to affinity purify the GST-Slp2a. After incubation, agarose resin

was washed 2-3 times with PBS and stored at -200C.
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Immunofluorescence and Microscopy.

For immunofluorescence imaging of 2-dimensional cells, prior to seeding cells,
coverslips were treated with poly-D Lysine for =20 minutes and washed 2x with PBS.
HUVECs were fixed with 4% paraformaldehyde (PFA) for 7 min. ECs were then washed
three times with PBS and permeabilized with 0.5% Triton-X (Sigma) for 10 min. After
permeabilization, cells were washed three times with PBS. ECs were then blocked with
2% bovine serum albumin (BSA) for 30 min. Once blocked, primary antibodies were
incubated for approximately 4-24 h. Thereafter, primary antibodies were removed, and
the cells were washed 3 times with PBS. Secondary antibody with 2% BSA were added
and incubated for approximately 1-2 h, washed 3 times with PBS, and mounted on a slide
for imaging. All primary and secondary antibodies are listed in the Supplemental Data 3.
All images were taken on a Nikon Eclipse Ti inverted microscope equipped with a CSU-
X1 Yokogawa spinning disk field scanning confocal system and a Hamamatusu EM-
CCD digital camera. Images were captured using a Nikon Plan Apo 60x NA 1.40 oil
objective using Olympus type F immersion oil NA 1.518, Nikon Apo LWD 20x NA 0.95
or Nikon Apo LWD 40x NA 1.15 water objective. All images were processed using
Imagel (FLJI).

For imaging the fibrin-bead assay, first fibroblasts were removed from the clot with a
I-minute trypsin incubation. Following incubation, the trypsin was neutralized with
DMEM contain 10% BSA, washed 3x with PBS, and fixed using 4% paraformaldehyde
for 40 minutes. After fixation, the clot was washed 3x with PBS, permeabilized with
0.5% Triton-X for 2 hours and then blocked with 2% BSA for 1 hour before overnight

incubation with primary antibodies. The following day, primary antibodies were removed
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and the clot was washed 5% with PBS and secondary antibody was added with 2% BSA
and incubated overnight. Before imaging, the clot was washed 5% with PBS. All primary

and secondary antibodies are listed in the Data Supplement. Images were taken on a

Nikon Eclipse Ti inverted microscope equipped with a CSU-X1 Yokogawa spinning disk
field scanning confocal system and a Hamamatusu EM-CCD digital camera. Cell culture
images were captured using a Nikon Plan Apo 60x NA 1.40 oil objective using Olympus
type F immersion oil NA 1.518. All images were processed using ImagelJ (FIJI).

Zebrafish Microangiography.

48 hpf embryos were (anesthetized) with 1X tricaine for approximately 20 min prior
to perfusion. Embryos were then loaded ventral side up onto an injection agarose facing
the injection needle. Qdots (ThermoFisher) were sonicated prior to injection. Qdots were
loaded into a pulled capillary needle connected to an Eppendorf CellTram and 1-3 pl of
perfusion solution was injected into the pericardial cavity. Once successfully perfused,
embryos were embedded in 0.7% low melt agarose and imaged promptly. Images were
taken on a Nikon Eclipse Ti inverted microscope equipped with a CSU-X1 Yokogawa
spinning disk field scanning confocal system and a Hamamatusu EM-CCD digital camera
using either Nikon Apo LWD 20x NA 0.95 or Nikon Apo LWD 40x NA 1.15 water
objective.

Zebrafish Live Imaging and Quantification.

All zebrafish presented were imaged at 36 and 48hpf. Prior to imaging, embryos were
treated with 1% Tricaine for 20 minutes and afterwards embedded in 0.7% low melt
agarose. Live imaging of Zebrafish intersomic vessels (ISVs) was performed using a

spinning-disk confocal microscopy system mentioned above. Zebrafish embryos were
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quantified at 36hpf and 48hpf. ISVs that were analyzed were between the end of the yolk
extension and tail. Parameters measured included ISV number, number non-lumenized
vessels (no visible separation between opposing endothelial cells in vessels), number of
ectopic vessels (extra vessels), and number of incomplete vessels (vessels that do not
contact the dorsal longitudinal anastomotic vessel at 48 hpf). For the Rab35 investigation,

number of actin accumulations (actin accumulations with a diameter greater than 4 um).
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Table 2 Major Resources

Reagent Vendor Catalog #

OPTI-MEM 1 Reduced Serum ThermoFisher 31985070
Medium, no phenol red

Polyethyleneamine Branched Sigma-Aldrich 408727
(PEI)

Chloroquine Diphosphate Sigma-Aldrich C6628-25G
Crystalline (CQ)

Endothelial Cell Growth Medium PromoCell C-22011
2

DMEM, High Glucose, with L- Genesee Scientific 25-500
Glutamine

GenClone Fetal Bovine Serum Genesee Scientific 25-514
(FBS)

Penicillin-Streptomycin 100X Genesee Scientific P4333-100ML
Solution

DPBS, no Calcium, no ThermoFisher 14190250
Magnesium

Trypsin-EDTA, 0.25% 1X, Genesee Scientific 25-510
phenol red
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Paraformaldahyde 20% Electron 15713
Aqueous Sol. EM Grade Microscopy Sciences
BSA Lyophilized Powder, Genesee Scientific 25-529

Fraction V

Cytoskeleton G actin/ F actin In

Vivo Assay Kit

Cytoskeleton, Inc.

BK037-BK037

Culture-Insert 2 Well in p-Dish Ibidi 81176
35
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich D2650-5X10ML
Cytodex Microcarrier Beads Sigma-Aldrich C3275-10G
Trimethoprim (TMP) Sigma-Aldrich T7883-5G
High Capacity Reverse ThermoFisher 4368814
Transcription Kit
Fibrinogen Type 1-S from Sigma-Aldrich F8630-1G
Bovine Plasma
Thrombin from Bovine Plasma Sigma-Aldrich T7513-500UN

Aprotinin Protease Inhibitor

ThermoFisher

78432

Phenol-Red (Zebrafish Injection

Mixture)

Avantor/ VWR

34487-61-1
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CRIPSR gRNA

Integrated DNA

Technologies (IDT)

Alt-R® S.p. Cas9 Nuclease V3, Integrated DNA 1081058
100 g Technologies (IDT)

CellTracker Deep Red ThermoFisher M22426

3-Aminobenzoic Acid Ethyl Ester Sigma-Aldrich A5040-25G
(Tricaine)

Latex Beads, Polystyrene Sigma-Aldrich L3280-1ML
Carboxylate Mod

Dynabeads™ Protein G for ThermoFisher 10003D
Immunoprecipitation

MitoTracker DeepRed ThermoFisher M22426

Trizol Reagent ThermoFisher 15596026

Chloroform Sigma-Aldrich 288306

MEGAscript™ T3 Transcription ThermoFisher AM1338
Kit

BCA Protein Assay Kit ThermoFisher 23225

NHLF Lonza CC-2512

HEK 293-A ThermoFisher R70507

Microcarrier beads Amersham 17-0485-01
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Protease inhibitor cocktail GoldBio GB-334-20

Agarose Resin GoldBio G-250-G

Fura Red™, AM, cell permeant ThermoFisher F3020

Arfé Pull-Down Activation Assay Cytoskeleton, Inc. BKO033
Biochem Kit

RhoA Pull-Down Activation Cytoskeleton, Inc. BKO036
Assay Biochem Kit

Rac1 Pull-Down Activation Cytoskeleton, Inc. BKO035
Assay Biochem Kit

Mem-PER™ Plus Membrane ThermoFisher 89842

Protein Extraction Kit
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Table 3 Drugs

Name Vendor or Catalog No./ Working
Source Clone Concentration
Brefeldin-A Sigma-Aldrich B7651-5MG 1 ug/mL
Phorbol12- Sigma-Aldrich P1585 100 ng/mL
myristate13-
acetate (PMA)
BAY-826 R&D 6579/5 1.3 nmol/L
Histamine Free Sigma-Aldrich H7125-1G 100 ymol/L
Base Crystalline
NP-G2-044 Selleck Chem S2962 1 uM
CNO02 Cytoskeleton, CNO2-A 100ng/mL
Inc.
CNO3 Cytoskeleton, CNO3-A Tug/mL
Inc.
NSC Sigma-Aldrich SML0952-5MG 50 uM
Y-27632 Sigma-Aldrich 688001-500UG 10 uM
CK-666 Sigma-Aldrich SML0006-5MG 1uM
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Table 4 Antibodies

Target Antigen Vendor or Catalog No./ Working
Source Clone Concentration
Rab8 Proteintech 55296-1-AP 1:500 (WB)
GM130 Abcam Ab52649 1:1000 (IHC)
VEGFR2 R&D AF357 1:500 (WB)
h-TIE-2 R&D AF313 1:500 (WB)
Slp2a ThermoFisher PA524730 1:500 (WB)
Slp4a ThermoFisher PA5-51605 1:500 (WB)
Rab27a ThermoFisher PA5-51561 1:500 (WB)
Ang2 R&D AF623 1:200 (WB)
Rab35 ThermoFisher PA531674 1:500 (WB)
ACAP2 ThermoFisher PA557069 1:500 (WB)
OCRL ThermoFisher PA527844 1:200 (WB)
MICAL-L1 ThermoFisher PA5107177 1:200 (WB)
RUSC2 ThermoFisher PA572752 1:200 (WB)
Arf6 Santa Cruz sc-7971 1:200 (WB)
Myc-tag ThermoFisher 132500 1:1000 (IHC)
HA-tag ThermoFisher 26183 1:1000 (IHC)
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cyan Bio-Rad AHP2986 1:1000 (IHC)
Alpha-tubulin Abcam ab52866 0.0648ug/mL
(1:10,000) (WB)
GAPDH ThermoFisher PA1988 1:1000 (WB)
Moesin Abcam ab52490 0.05ug/mL
(1:1000) (IHC)
VE-Cadherin ThermoFisher 14-1441-82 0.5ug/mL
(1:1000) (IHC)
Podocalyxin R&D AF1658 15ug/mL
(1:200) (WB & IHC)
Von Willebrand Abcam ab6994 10ug/mL
Factor (1:1000) (IHC)
B-Integrin Abcam ab30394 1:500 (IHC)
MICAL-1 ThermoFisher 14818-1-AP 1:500 (WB)
Phosphorylated Sigma Aldrich ABF131 0.25 ug/mL
TIE-2/TEK (Tyr992) (1:500) (IHC)
Anti-HA-Tag, Sigma-Aldrich SAB5600116- 5ug/mL
Rabbit Monoclonal 100UG
Alexa Fluor™ ThermoFisher A12379 1 uM (1:200)
488 Phalloidin
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Alexa Fluor™

647 Phalloidin

ThermoFisher

A22287

1 uM (1:200)

Alexa Fluor™

555 Phalloidin

ThermoFisher

A34055

1 uM (1:200)

Goat anti-Rabbit
IgG (H+L)
Secondary
Antibody, Alexa

Fluor 488

ThermoFisher

A11008

1ug/mL (1:500)

Donkey anti-
Rabbit IgG (H+L)
Secondary
Antibody, Alexa

Fluor 555

ThermoFisher

A31572

1ug/mL (1:500)

Donkey anti-
goat IgG (H+L)
Secondary
Antibody, Alexa

Flour 488

ThermoFisher

A11055

1ug/mL (1:500)

Donkey anti-
Goat IgG (H+L)

Cross-Adsorbed

ThermoFisher

A21432

1ug/mL (1:500)
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Secondary

Antibody, Alexa

Fluor 555
Chicken anti- ThermoFisher A21443 1ug/mL (1:500)
Rabbit IgG (H+L)
Cross-Adsorbed
Secondary
Antibody, Alexa
Fluor 647
Goat Anti-Rabbit Genesee 20-303 1ug/mL (1:500)
HRP Scientific
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Table 5 siRNA

siRNA Target Vendor ID #
Silencer™ Negative Control No. ThermoFisher AM4611
1 siRNA

Rab8 ThermoFisher siRNA ID: s8681
Slp2a ThermoFisher siRNA ID: s224321
Slp4a ThermoFisher siRNA ID: s230068
Ang2 ThermoFisher siRNA ID: s1361
Rab27a ThermoFisher siRNA ID: s11695
Rab35 ThermoFisher siRNA ID: s21709
ACAP2 ThermoFisher siRNA ID: s24011
OCRL ThermoFisher siRNA ID: s9819
MICAL-L1 ThermoFisher siRNA ID: s39940
RUSC2 ThermoFisher siRNA ID: s19070
Podxl ThermoFisher siRNA ID: s10771
DENNd1a ThermoFisher siRNA ID: s33637
DENNd1b ThermoFisher siRNA ID: s29140
DENNd1c ThermoFisher siRNA ID: s36719
MICAL-1 ThermoFisher siRNA ID: s230028
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Arfé

ThermoFisher

siRNA ID: s1565
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Table 6 Plasmids

Name Vendor or Catalog No.
Source
EGFP-Rab8a-TN Addgene 86077
EGFP-Rab8a-QL Addgene 86076
EGFP-Rab8a-WT Addgene 86075
EGFP-Rab6A 49469
RAB3D (NM_004283) Human Tagged ORF Origene RC202236
Clone
pmCherry-C1 hSlIp2-a Addgene 40056
pEGFP-C1 hSlp4-a Addgene 40032
GFP-C1-PLCdelta-PH Addgene 21179
pEGFP-C1 hSIp2-a C2AB Addgene 40051
GFP-Rab27A Addgene 89237
Angpt2 (NM_007426) Human Tagged ORF Origene MR207970
Clone
GFP-Rab35 WT Addgene 47426
GFP_Rab35 Q67L active Addgene 47425
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GFP-Rab35 S22N inactive Addgene 47426
pARF6-CFP Addgene 11382
pARF6(T27N)-CFP Addgene 11386
pARF6(Q67L)-CFP Addgene 11387
pcDNA3-HA-human OCRL Addgene 22207
mEmerald-Fascin-C-10 Addgene 54094
mEmerald-ARP2-C-14 Addgene 53992
mCherry-ARP2-N-14 Addgene 54980
pCDNA3.0_mitoLAMA-G97 Addgene 130705
pEGFP-RhoA Biosensor Addgene 68026
MICALL1 (GFP-tagged) - Human Origene RG214051
MICAL-like 1 (MICALL1)
DENND1C  (NM_024898) Human Origene RC206410
Tagged ORF Clone
mTagRFP-T-Clathrin-15 Addgene 58005
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Table 7 Oligo's and sgRNA

Name Sequence Function

Slp2a crRNA TCCTGGAAGTGTTGAAAAGA sgRNA Target
Slp2b crRNA AGACACAACCCGTTCAACAG sgRNA Target
Slp2a_seqF CAGCCTTCAAATTGCCCACAGTGA Sequencing Primer
Slp2a_segR TCGTCTGACTTCTTCAGCTCTGC Sequencing Primer
Slp2b_seqF GTTCGGGATCACCTTGTTGATGTGAG Sequencing Primer
Slp2b_segR CAGAGCCCCTGTCTAAAGATTTCCTG Sequencing Primer
Rab35a crRNA CCATCGGTGTGGACTTCAAG sgRNA Target
Rab35b crRNA CTATAGGAGTCGACTTCAAG sgRNA Target

Rab35a_seqF

GCCAATCAGATTCGAGATCCAGAC

Sequencing Primer

Rab35a_seqR

CACTCACGTGGAGGTGATTGTCCTG

Sequencing Primer

Rab35b_seqF

CACGCATAGTTCAATGGTGTGTG

Sequencing Primer

Rab35b_seqR

GCACACCCCTATCATGACACTACTC

Sequencing Primer

Rab8a crRNA

ACAACATCAAGAACTGGATC

sgRNA Target

Rab8b crRNA

ATGAGAAGTCATTTGACAAC

sgRNA Target
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Appendix B: Chapter 2 Supplemental Figures
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Supplemental Figure 1: Slp2a localizes with PI(4,5)P2 at junctions. A, Sprouts
expressing mCherry(Cherry)-tagged Slp2a fixed prior to lumen development and stained
for VE-Cadherin (VE-cad), moesin, and podocalyxin (Podxl). B, Cells transduced with
PH-GFP (PIP2 biosensor) and Cherry-Slp2a and stained as indicated. C, Live imaging of
Cherry-Slp2a co-transduced with PH-GFP. Time points are shown in 10 second intervals
with kymograph on right. D, Sprout diameter (um) of scramble (scram) and Slp2a
siRNA(si) treated HUVECs. N-value represents individual sprouts over three
experimental repeats. All experiments use human umbilical vein endothelial cells. In all
panels L denotes lumen; white box denotes magnification; white lines denote exterior of
sprout. NS= not significant, values are means +/- SEM; N= individual sprouts;
significance: Statistical significance was assessed with unpaired t-test. All experiments
were performed in triplicate.
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1 Moesin

Supplemental Figure 2: Slp2a-AC2AB Localization throughout lumen formation. A,
Cells expressing mCherry(Cherry)-Slp2a-C2AB (top row) and stained for VE-Cadherin
(VE-Cad). Bottom row, cells expressing Cherry-Slp2a-AC2AB and stained for von-
Willebrand factor (vWF). Yellow arrow indicates cherry-Slp2a-AC2AB localization in
cell expressing vVWF and white arrow indicates cherry-Slp2a-AC2AB localization in cell
lacking vWF expression. B, Cherry-Slp2a- AC2AB transduced sprouts fixed at early and
late stages of lumen formation and stained for VE- Cad. C, Cherry-Slp2a-AC2AB
expressing sprouts fixed at early and late stages of lumen formation. Sprouts were probed
for moesin to highlight lumen cavity. White box denotes magnification. All experiments
were performed in triplicate.
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Supplemental Figure 3: Slp2a, but not Slp4a, influences lumen development. A, Cells
expressing GFP-Slp4a, mCherry(Cherr)-Slp2a, and stained for VE-Cadherin (VE-Cad).
B, Sprouts expressing GFP-Slp4a and stained as indicated fixed before (non-lumenized)
and after (lumenized) lumen formation. C, Representative western blot confirmation of
Slp4a siRNA(si) knockdown. D, Images of Slp4a knockdown sprouts stained as
indicated. All experiments use human umbilical vein endothelial cells. In all panels L
denotes lumen; white box denotes magnification; white lines denote exterior of sprout.
All experiments were performed in triplicate.
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Supplemental Figure 4: Rab27a localizes to WPBs and does not influence lumen
formation. A, Sprouts expressing GFP-Rab27a and stained for VE-cadherin (VE-cad) and
von Willebrand factor (vWF). Images were reconstructed in 3D. B, Three different
scenarios for vVWF localization endogenously and at the mitochondria. Top row, GFP-
Rab27a co-expressed with Cherry-slp2a in cells stained for vWF. Middle row, tom20-
GFP-Rab27a coexpressed with Cherry- Slp2a-AC2AB stained for vWF. Bottom row,
tom20-GFP-Rab27a coexpressed with Cherry-Slp2a showing vWF colocalization at the
mitochondria. C, Quantification of vWF localization at the mitochondria. n= individual
cells across three experimental repeats. D, Localization of podocalyxin (Podxl) in sprouts
relative to GFP-Rab27a and vWF. E, Scramble (scram) vs Rab27a siRNA (si)-treated
sprouts stained for Podxl. All experiments use human umbilical vein endothelial cells. In
all panels L denotes lumen; white box denotes magnification; white lines denote exterior
of sprout. All experiments were performed in triplicate.
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Supplemental Figure 5: Slp2a is required for vWF secretion. A, Optimization
experiment for histamine induced secretion. Fura-red indicator for calcium influx
beginning at 0 seconds (histamine addition) to 150 seconds. Cell expressing GFP-pro-
vWF to visualize secretion over time. B, Images of histamine and vehicle (DMSO)-
treated cells between indicated groups. C, Quantification of vVWF fluorescent intensity
between indicated conditions. n= individual cells across three experimental repeats.
White box denotes magnification; NS= not significant, values are means +/- SEM; n=
individual sprouts; significance: **P<0.01, NS=Not Significant. Statistical significance
was assessed with 1-way ANOVA followed by a Dunnett multiple comparisons test. All
experiments were performed in triplicate.
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Supplemental Figure 6: Slp2a and Rab27a do not affect each other’s localization
during lumen formation. A, Scramble (scram) siRNA(si) knockdown sprouts showing
localization of mCherry(Cherry)-Slp2a, GFP-Slp4a, and GFP-Rab27a. Sprouts were
stained for von-Willebrand factor (vWF), actin and VE-cadherin (VE-cad). B, Slp2a
siRNA knockdown sprouts expressing GFP-Slp4a and GFP-Rab27a probed for moesin
and VE-cadherin. Arrowheads indicate a lack of lumen. C, Rab27a siRNA knockdown
sprouts expressing mCherry-Slp2a and Slp4a-GFP stained for vWF and moesin. D,
Rab27a siRNA knockdown sprouts expressing GFP-Slp4a and stained for vWF. The top
row shows a single z-slice of the sprout and the bottom row shows a z-projection. E,
Western blot confirmation of effects of Slp2a siRNA treatment on Slp4a expression as
well as the reciprocal, Slp4a siRNA effects on Slp2a expression. n=3. F, Quantification
of Slp4a localization intensity to vVWF-positive vesicles with and without Cherry-Slp2a-
AC2AB coexpression in sprouts. n= number of individual cells located in sprouts over
three experimental repeats. G, Localization of Slp4a to vWF-positive vesicles with and
without expression of cherry- Slp2a-AC2AB. In all panels L denotes lumen; white box
denotes magnification; white lines denote exterior of sprout, NS denotes Not-Significant.
NS= not significant, values are means +/- SEM; significance: Statistical significance was
assessed with unpaired t-test.
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Supplemental Figure 7: Ang-2 and Tie-2 inhibition promotes lumen defects. A,
Scramble (scram) control and angiopoietin-2 (Ang-2) siRNA (si) knockdown sprouts
stained for moesin, von Willebrand factor (vWF) and phosphorylated Tie-2 (pTie2). B,
DMSO and BAY-826 (Tie-2 small molecule inhibitor) treated sprouts. Projections show
level of pTie-2 staining compared with DMSO control. All experiments use human
umbilical vein endothelial cells. In all panels L denotes lumen; white box denotes
magnification; white lines denote exterior of sprout. All experiments were performed in
triplicate.
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Supplemental Figure 8: Slp2a/b KO zebrafish defects at 36 hpf and whole embryo
morphology. A, Whole embryo morphology at 48 hours post fertilization (hpf) for
indicated conditions. B, 36 hpf zebrafish intersomitic vessels (ISVs) for indicated
conditions. Red boxes are area of higher magnification. C, Injection death rate at 24 hpf.
n= number of fish D, Quantification of intersomitic vessel (ISVs) number at 36 hpf. n=
number of ISVs. E, Quantification of number ectopic vessels per fish at 36 hpf. n=
number of ISVs. F, Quantification of percent incomplete ISVs per fish at 36 hpf. n=
number of ISVs. G, Quantification of ectopic vessels per fish at 48 hpf. H, Quantification
of percent incomplete ISVs per fish at 48 hpf. n=number of ISVs. I, Representative
image of 48 hpf larvae treated with DMSO (vehicle) or Tie-2 inhibitor Bay-826. NS= not
significant, values are means +/- SEM; significance: NS=Not Significant. Statistical
significance was assessed with 1-way ANOVA followed by a Dunnett multiple
comparisons test. All experiments were performed in triplicate.
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Supplemental Figure 9: Visualization of lumen defects caused by Slp2a/b KO and
localization of vWF, Rab27a and Slp2a. A, PHluorin-podocalyxin (Podxl) expression
marking apical membrane in zebrafish intersomitc vessels (ISVs) on indicated
background. Line scan depicts peaks in fluorescent intensity at the apical membrane.
Green is apically localized pHluorin and red is endothelial mCherry (Cherry). B,
PHIlourin-Podxl localization between indicated scrambled (scram) and Slp2a/b CRISPR
knockouts (KO). C, Mosaic expression of Human eGFP- Rab27a and pro-von Willebrand
factor (vWF) in zebrafish ISVs. Arrowhead denote puncta. D, Zebrafish ISVs expressing
Human mCherry(Cherry)-Slp2a, Cherry-Slp2a-AC2AB and Cherry- Slp2a-C2AB on a
tg(kdrl: GFP) background. All zebrafish are at 48 hours post fertilization. In all panels L
denotes lumen; white box denotes magnification.
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Appendix C: Chapter 3 Supplemental Figures

a Scram Rab35 si

Scram m Lumen

C 4, Po000
n=34

Nuclei/ Sprout

Supplemental Figure 10: Knockdown of Rab35 distorts cell apicobasal polarity. (A)
Scramble (Scram) and Rab35 siRNA(si)-treated sprouts stained for VE-cadherin (VE-
cad), podocalyxin (Podxl), B1-integrin, moesin or phosphorylated Tie2 (pTie2) apical and
basal protein markers. Apical marker synaptotagmin-like protein 2a (mCherry-Slp2a) was
transduced into sprouts. L denotes lumen and white dotted lines outline sprout exterior.
(B) Quantification of lumen formation in Scram and Rab35 siRNA-treated sprouts.
Lumens were defined as an open continuous cavity. Vacuolated sprouts were defined as
sprouts lacking a contiguous lumen, while exhibiting an excess of large vacuoles. The no
lumen group was defined as sprouts that had no visible cavity or vacuoles. n=number of
sprouts. (C) Quantification of nuclei per sprout in Scram and Rab35 siRNA treated
sprouts. n=number of sprouts. Error bars represent standard deviation, middle bars are the
mean. (D) Western blot of Rab35 knockdown (KD) cells lysed 3 days, 4 days, and 5 days
post siRNA treatment. Statistical significance was assessed with an unpaired t-test or a 1-
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way ANOVA followed by a Dunnett multiple comparisons test. Insets are areas of higher
magnification. All experiments were done using human umbilical vein endothelial cells
in triplicate.

Scram Secr. Scr: Scr: Rab35 si Rab35 si Rab35 Rab35 si
+ GFP + GFP-| Rab35 WT + GFP- Rab35 CA + GFP- Rab35 DN + GFP % GFP Rab35 WT + GFP-| Rab35 CA + GFP-| Rab35 DN

Supplemental Figure 11: Rab35 knockdown disrupts sprout polarity programs. (A,B)
Representative images of Scram and Rab35 siRNA (si) knockdown (KD) sprouts
transfected with GFP or GFP-Rab35 wild-type (WT), constitutively-active (CA) or
dominant-negative (DN) for rescues. Sprouts were also stained for apical marker
podocalyxin (Podxl) or basal marker 1- integrin. Arrowheads denote abnormal
localization of podocalyxin or B1-integrin. L denotes lumen in all images. White dotted
lines mark sprout exterior. Insets are areas of higher magnification. All experiments were
done using human umbilical vein endothelial cells in triplicate.
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Supplemental Figure 12: Rab35 localizes to the plasma membrane and not to Weibel-
Palade Bodies. (A) Representative images of GFP-Rab35-wild-type (WT) localization
binned by its proximity to the apical plasma membrane (AM), equal enrichment at the
basal and apical plasma membrane (equal plasma membrane (PM) enrichment), Weibel-
Palade bodies (WPBs), at sites of cytokinesis, filopodia, and most distal cell in the sprout
(tip cell). Sprouts were stained for moesin to mark the apical membrane. (B)
Quantification of GFP-Rab35-WT enrichment with respect to the described conditions in
panel A. (C) Representative images of GFP-Rab35 localization in 2-dimensional culture
stain for actin. The top panels are of a confluent monolayer and the bottom panels are of
migratory sub-confluent cells. Arrowheads indicate colocalization of actin and GFP-
Rab35. (D) Representative images of 2-dimensional localization of GFP-Rab35- WT (top
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panels), constitutively-active (CA, middle panels), and dominant-negative (DN, bottom
panels) stained for actin. (E) Representative images of cells treated with scramble
(Scram) or Rab35 siRNA (si) and stained for WPB marker von Willebrand Factor (vVWF)
and actin or overexpressing GFP-Rab35-WT. (F) Representative images of sprouts
treated with Scram or Rab35 siRNA stained for vWF and actin or expressing GFP-
Rab35-WT in sprouts. Insets are areas of higher magnification. White dotted lines mark
sprout exterior. All experiments were done using human umbilical vein endothelial cells
in triplicate.
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Supplemental Figure 13: Rab35 knockdown does not distort cell positioning in
sprouts. (A) Representative image of GFP-Rab35-wild-type (WT) expression in the
described sprout locations. (B) Quantification of GFP-Rab35-WT mosaic expression in
the described sprout locations. n=number of cells. Error bars represent standard deviation,
middle bars are the mean. (C) Quantification of siRNA (si)-treated cells marked with cell
tracker binned by sprout location. n=number of cells. Error bars represent standard
deviation, middle bars are the mean. NS=non- significant. Statistical significance was
assessed with an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple
comparisons test. Insets are areas of higher magnification. All experiments were done
using human umbilical vein endothelial cells in triplicate.
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Supplemental Figure 14: Rab35 does not affect podocalyxin trafficking. (A) Two-
dimensional localization of GFP-Rab35-wild-type (WT) stained for podocalyxin (Podxl)
(top panels) or expressing of GFP-Podxl-tail (bottom panels). (B). Top panels- cell co-
expressing tom20- TagRFP-Rab35-WT with GFP-Podxl-tail. Bottom panels- cell
expressing tom20-TagRFP-Rab35- WT stained for endogenous podocalyxin. (C)
Representative image of a cell co-expressing tom20-TagRFP-Rab35-constitutively active
(CA) mutant with GFP-PodxI-tail. Bottom panels show a cell expressing tom20-tagRFP-
Rab35-CA mutant stained for endogenous podocalyxin. (D) Representative image of
sprouts treated with scramble (Scram) or podocalyxin siRNA (si) and stained for moesin,
VE-cadherin (VE-cad) and actin. L denotes lumen. White dotted lines mark sprout
exterior. (E) Sprout morphology for the same conditions as D. (F) Confirmation of
siRNA- mediated knockdown by western blot. (G-I) Quantification of indicated sprouting
parameters across groups. n=number of sprouts. Error bars represent standard deviation,
middle bars are the mean. NS=non-significant. Statistical significance was assessed with
an unpaired t-test or a 1- way ANOVA followed by a Dunnett multiple comparisons test.
Insets are areas of higher magnification. All experiments were done using human
umbilical vein endothelial cells in triplicate.
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Supplemental Figure 15: Knockdown of Rab35 impacts integrin internalization, but
not cell migration. A. Migration assay in cells treated with scramble (Scram), Rab35,
ACAP2, OCRL, MICAL-LI1, or MICAL-1 siRNA (si) or Fascin inhibitor NP-G2-044.
Cells were stained for f1- integrin and actin. B. Quantification for the migration assay in
A. n=number of measurements. Error bars represent standard deviation, middle bars are
the mean. C. Antibody feeding assay to test for f1-integrin turnover between conditions.
Cells were treated with indicated siRNA. Green channel represents internalized integrins,
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while the red channel marks only external integrins. As a control to inhibit endocytosis a
group was held at 40C. D. Fluorescence intensity ratio of internalized to external $1-
integrin in panel C. n=number of cells. Error bars represent standard deviation, middle
bars are the mean. E. Western blot image probing for Rusc2 in both HEK293 cells and
human umbilical vein endothelial cells (HUVECS). F. Representative images of sprout
morphology between indicated groups. Dashed lines outline microbeads. G-1. Graphs of
indicated sprout parameters between groups. n= number of sprouts. Error bars represent
standard deviation, middle bars are the mean. NS=non-significant. Statistical significance
was assessed with an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple
comparisons test. All experiments were done using Human umbilical vein endothelial
cells in triplicate.
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Supplemental Figure 16: Rab35 binds only ACAP2. (A) Cells stained for
mitochondria (Mito- tracker) and transfected with tom20-tagRFP-Rab35-wild-type (WT).
(B) Representative images of a cell co-expressing tom20-tagRFP-Rab35-WT,
constitutively-active (CA), or dominant- negative (DN) variants with TagRFP-ACAP2 or
ACAP2 with deleted ankyrin repeat domain (delANK). (C) Representative image of a
cell expressing tagRFP-ACAP2 and tom20-GFP- Rab27a-WT (top panels). Bottom panel
is a representative image of a cell expressing of tom20- GFP-Rab35-WT with tagRFP-
ACAP2. (D) Top panels- representative image of a cell expressing tom20-GFP-Rab35-
CA and OCRL. Bottom panels- cell expressing tom20-GFP-Rab35-DN and TagRFP-
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OCRL. (E) Top panels- representative image of a cell expressing tom20-TagRFP- Rab35-
CA and GFP-MICAL-L1. Bottom panels- cell expressing tom20-TagRFP-Rab35-DN and
GFP-MICAL-LL1. (F) Top panels- representative image of a cell expressing tom20-
TagRFP- Rab35-CA and Emerald-Fascin. Bottom panels- cell expressing tom20-
TagRFP-Rab35-DN and Emerald-Fascin. (G) Top panels- representative image of a cell
expressing tom20-TagRFP- Rab35-CA and GFP-MICAL-1. Bottom panels- cell
expressing tom20-TagRFP-Rab35-DN and GFP-MICAL-1. (H) Representative image of
HA-OCRL and GFP-GalT (Golgi marker) localization. Insets are areas of higher
magnification. All experiments were done using human umbilical vein endothelial cells
in triplicate.
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Supplemental Figure 17: Arf6 localization and interactions with Rab35 and ACAP2.
(A) Two- dimensional localization of CFP-Arf6 with tagRFP-Rab35-wild-type (WT) (top
panels) or tagRFP- ACAP2 (bottom panels). (B) Localization of tag-RFP-Rab35-WT and
CFP-Arf6 in a sprout. (C) Two-dimensional localization of CFP-Arf6-WT (top panels),
constitutively-active (CA, middle panels), or dominant-negative (DN, bottom panels)
stained for actin. (D) Representative images of sprouts transduced with WT, CA, or DN
CFP-Arf6 stained for podocalyxin (Podxl) and actin. (E) Top panel- representative image
of a cell expressing tom20-tagRFP-Rab35-WT and CFP-Arf6. Bottom panel-
representative image of a cell expressing tom20-tagRFP-ACAP2 and HA-Arf6-WT. (F)
Representative image of a cell expressing tom20-GFP-Rab35-WT, tagRFP-ACAP2 and
HA- Arf6-WT. L denotes lumen in all images. White dotted lines mark sprout exterior.
Insets are areas of higher magnification. All experiments were done using human
umbilical vein endothelial cells in triplicate.
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Supplemental Figure 18: Loss of Rab35 affects Arf6 activity. (A) Pulldown assay
using GGA3 to probe for activated Arf6. Cells were transfected with wild-type (WT),
constitutively-active (CA), or dominant-negative (DN) Arf6. (B) Pulldown assay using
GGA3 to probe for activated Arf6. Cells were treated with scramble (Scram) or Rab35
siRNA (si) or transduced with GFP-Rab35-WT. (C) Quantification of Arf6 activity.
n=number of pull-downs. Error bars represent standard deviation, middle bars are the
mean. (D) Quantification of open or collapsed lumens after transduction with WT, CA, or
DN CFP-Arf6. n= number of sprouts. (E) Western blot confirmation of siRNA
knockdown (KD) of Arf6 (average 60.8% KD relative to control, n=3). (F-H) Graphs of
indicated sprout parameters between groups. n=number of sprouts. Error bars represent
standard deviation, middle bars are the mean. (I) Representative images of sprout
morphology between indicated groups. Dashed lines outline microbeads. (J) Epistasis
experiment showing CFP-Arf6- WT localization in Scram or Rab35 siRNA sprouts (top 2
panels) as well as GFP-Rab35-WT localization in Scram and Arf6 siRNA sprouts
(bottom two panels). L denotes lumen in all images. White dotted lines mark sprout
exterior. Insets are areas of higher magnification. NS=non-significant. Statistical
significance was assessed with an unpaired t-test or a 1-way ANOVA followed by a
Dunnett multiple comparisons test. All experiments were done using human umbilical
vein endothelial cells in triplicate.
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Supplemental Figure 19: Rab35 is recruited to sites of actin polymerization. (A) RT-PCR
of DENNd1a-c knockdown. DENNd1’s were individually knocked down using siRNA
(s1) and expression of the remaining two DENND1s were probed to test for compensation
effects. Base- pair (BP). (B) Top panel- representative image of a cell expressing GFP-
Rab35-wild-type (WT) and tagRFP-DENNd1c. Bottom panel- representative image of a
cell expressing GFP-Rab35-WT and Emerald-Arp2. (C) Pearson’s coefficient of Rab35
co-localization with described proteins. n=number of cells. Error bars represent standard
deviation, middle bars are the mean. (D) GFP- Rab35-WT and LifeAct-tagRFP647 (647)
co-expression in sprouts live-imaged with vehicle or following treatment with CK-666.
Arrowheads indicate accumulations of GFP-Rab35-WT and LifeAct-647. Dotted line
indicates sprout exterior. (E) Representative live-image of a cell expressing GFP-Rabl1a
and LifeAct-647 before and after CK-666 treatment. (F) Cartoon of a mitochondria-
localized GFP-nanobody and controlled release of GFP-Rab35 upon treatment with
Trimethoprim (TMP). In the absence of TMP the nanobody sequesters GFP or GFP-
tagged proteins. In the presence of TMP the GFP cargo is released. (G) Representative image
of a cell expressing GFP-Rab35-WT and stained for filamentous (F) and globular (G) actin.
Insets are areas of higher magnification. Statistical significance was assessed with an
unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test. All
experiments were done using human umbilical vein endothelial cells in triplicate.
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Supplemental Figure 20: Rab35 alters RhoA activity in sprouts and CRISPR oft-
target sites in zebrafish. (A) Representative image of GFP-RhoA-Biosensor in scramble
(Scram) and Rab35 siRNA (si) treated sprouts. L denotes lumen, white dashed line
outlines sprouts and insets are higher magnification. (B) Table showing Rab35A/B
single-guide RNA potential off- target genes with one or two nucleotide mismatches.
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Appendix D: Chapter 4 Supplemental Figures
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Supplemental Figure 21: Arf6 is Not Required for 2D Migration. A. Representative
images of non-opposing (top panels, an isolated siRNA treated cell) and opposing
(bottom panels, two adjacent siRNA treated cells) cells stained as indicated. L denotes
lumen. Dashed line marks sprout exterior. B. Quantification for lumen phenotypes in
scramble (Scram) control and Arf6 siRNA knockdown (KD) sprouts. Vacuolated
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indicates large round vacuoles with no contiguous lumen. C. Migration assay in cells
treated with Scram or Arf6 siRNA (si). Cells were stained for B1- integrin and actin. D.
Quantification for the migration assay in A. n=number of measurements. Error bars
represent standard deviation, middle bars are the mean. Statistical significance was
assessed with an unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple
comparisons test. All experiments were done using human umbilical vein endothelial

cells in triplicate.
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Supplemental Figure 22: Arf6 Co-Localization and Seeding Assay. A. Arf6-CFP (top
panels) co-localization with podocalyxin (podxl), VE-Cadherin (VE-Cad), B-Integrin,
VEGFR2, and TIE-2 (mid panels). B. Image representatives of Scram (top panels) and
Arf6 (bottom panels) siRNA knockdown cells. Green channel is internalized -integrin
and red channel is external B-integrin. C. Ratio of detectable internal B-integrin by
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external B-integrin. n = number of cells. Statistical significance was assessed with an
unpaired t-test or a 1-way ANOVA followed by a Dunnett multiple comparisons test. All
experiments were done using human umbilical vein endothelial cells in triplicate.
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Supplemental Figure 23: Actin Polymerization is Required for Endocytosis. A. Image
representatives of indicated staining for cells treated with DMSO and Arp-inhibitor (CK-
666). White arrows are indicative of direction of cell migration. B. Quantification of
fluorescent intensity of indicated proteins by cell area. n = number of cells. NS=non-
significant. Statistical significance was assessed with an unpaired t-test or a 1-way
ANOVA followed by a Dunnett multiple comparisons test. All experiments were done
using human umbilical vein endothelial cells in triplicate.
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Supplemental Figure 24: ARNO and ACAP2 Knockdowns with Arf6-CFP
Localization. A. Image representatives of Arf6-CFP localization in sprouts treated with
scramble (Scram), ACAP2 and ARNO siRNA (si) knockdown (KD)in the fibrin-bead
assay (FBA). Cells were stained for podocalyxin (podxl) and actin. B. Quantification of
Arf6-CFP localization in scram, ACAP2 and ARNO KD sprouts.
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Appendix E: Chapter 5 Supplemental Figures

Supplemental Figure 25: Rab8 Does Not Bind Podocalyxin Directly. A. Image
representatives of tagRFP-Rab8-wildtype (WT), -constitutively active (CA), and -
dominant negative (DN) with GM130 (green). B. Image representatives of tagRFP-Rab8-
WT, -CA, and -DN with podocalyxin (green, top, third, and bottom rows) and the

228



cytosolic domain of podxl mutant (GFP-podxl-tail, second row). C. Image representative
of mitochondria mis-localized Rab8 (red, tom20-tagRFP-Rab8) with mito-tracker
(green). D. Image representatives of tom20-tagRFP-Rab8 with podxl (green, top panels)
and GFP-podxl-tail (bottom panels). E. Image representatives of tom20-tagRFP-Rab§-
CA and -DN with podxl. In all panels, white box denotes area of inset.

0 mi | 5 mi | 10 min

Supplemental Figure 26: Live imaging of tagRFP-Rab8-WT and GFP-Rab6-WT in
endothelial cell sprouts over 10 minutes (min). White dashed line marks sprout exterior.
L denotes lumen. White box represents area of inset.
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