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Abstract

During vertebrate blood vessel development, lumen formation is the critical process by
which cords of endothelial cells transition into functional tubular vessels. Here, we use
Xenopus embryos to explore the cellular and molecular mechanisms underlying lumen for-
mation of the dorsal aorta and the posterior cardinal veins, the primary major vessels that
arise via vasculogenesis within the first 48 hours of life. We demonstrate that endothelial
cells are initially found in close association with one another through the formation of tight
junctions expressing ZO-1. The emergence of vascular lumens is characterized by elonga-
tion of endothelial cell shape, reorganization of junctions away from the cord center to the
periphery of the vessel, and onset of Claudin-5 expression within tight junctions. Further-
more, unlike most vertebrate vessels that exhibit specialized apical and basal domains, we
show that early Xenopus vessels are not polarized. Moreover, we demonstrate that in em-
bryos depleted of the extracellular matrix factor Epidermal Growth Factor-Like Domain 7
(EGFL7), an evolutionarily conserved factor associated with vertebrate vessel develop-
ment, vascular lumens fail to form. While Claudin-5 localizes to endothelial tight junctions of
EGFL7-depleted embryos in a timely manner, endothelial cells of the aorta and veins fail to
undergo appropriate cell shape changes or clear junctions from the cell-cell contact. Taken
together, we demonstrate for the first time the mechanisms by which lumens are generated
within the major vessels in Xenopus and implicate EGFL7 in modulating cell shape and cell-
cell junctions to drive proper lumen morphogenesis.

Introduction

The formation of a functional vascular system during embryogenesis is critical for growth and
survival. The development of a majority of organs and tissues first requires the proper estab-
lishment of a closed circulatory loop capable of transporting blood and nutrients, removing
waste, and facilitating gas exchange. Blood vessels initially arise via vasculogenesis, which is
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characterized by the de novo assembly of endothelial precursors called angioblasts into primi-
tive capillary-like networks [1,2,3]. Further expansion and remodeling of this primary plexus
occurs by angiogenesis, or the sprouting of new vessels from preexisting vessels. Sprouting an-
giogenesis is the primary means by which a hierarchically branched and perfusable vascular
system comprised of veins, arteries, and capillaries is ultimately formed [4,5,6,7,8].

Vascular development is well-conserved from fish to mammals. In addition to the presence
of a pulmonary circulatory system, an inherent feature that makes Xenopus an ideal model in
which to study the early events associated with endothelial cell assembly is their external devel-
opment thus enabling one to easily visualize embryonic blood vessel formation with minimal
physical manipulation. Some of the earliest vessels that arise via vasculogenesis in Xenopus in-
clude the paired posterior cardinal veins, the dorsal aorta, the vitelline vein network, the aortic
arches, and the endocardium, all of which are derived from the mesoderm [9,10]. However, the
cellular origins of these vessels differ as has been demonstrated by fate-mapping experiments,
wherein by the 32-cell stage, the endothelial lineage becomes restricted to four blastomeres
each of which give rise to different endothelial cell populations [11,12,13]. Angioblasts of the
vitelline vein network form in close association with hematopoietic precursors in clusters
known as the ventral blood islands whereas the dorsal lateral plate mesoderm (DLPM) contrib-
utes to the posterior cardinal veins and the dorsal aorta [13].

The posterior cardinal veins and the dorsal aorta constitute the major embryonic vessels
and begin forming shortly after neurulation [14]. DLPM angioblasts first align into two bilater-
al strips in an anterior-to-posterior direction beginning at late neurula stage (stage 20) [11].
During tailbud stages (stage 27-32), a subset of these cells migrates over the underlying endo-
derm to the midline and settles directly beneath the hypochord to ultimately form the dorsal
aorta [14,15]. It has been shown that this wave of angioblast migration occurs in response to
vascular endothelial growth factor (VEGF) expressed by the hypochord [14]. It is still unclear
whether DLPM cells are the sole contributors to the dorsal aorta in Xenopus as studies in chick
have also demonstrated a contribution from somitic mesoderm [16,17]. Migration is complet-
ed by late tailbud stage (stage 33/34) thereby specifying the positions where the posterior cardi-
nal veins and dorsal aorta will differentiate. Tubular vessels become apparent beginning at
early tadpole stage (stage 35/36) concomitant with the commencement of circulation.

Very few studies to date have examined how vascular lumens are generated in Xenopus, al-
though Vokes and colleagues demonstrated that tube formation, but not angioblast specifica-
tion, requires the endoderm [18]. Indeed, vascular lumen formation is still an incompletely
understood process in other organisms as well. Studies using cultured human endothelial cells,
zebrafish, and mouse have elucidated some important molecular determinants of vascular
lumen formation [19,20,21,22,23,24,25,26]. The predominant mechanism by which lumens are
generated has been termed cord hollowing or extracellular lumen formation referring to a cell-
cell separation event that results in a luminal compartment contained between multiple cells
[27,28,29]. Previous studies in the mouse elegantly demonstrated that endothelial cells of the
dorsal aorta initially adhere to each other through the formation of multiple junctions along
the contact surface [22]. Prior to cell-cell separation, these vascular cords establish apicobasal
polarity and it is hypothesized that this polarization event drives the redistribution of junctions
away from the cord center to the periphery of the vessel [22,30]. Furthermore, Rho kinase
(ROCK)-dependent signaling facilitates the appropriate cell shape changes needed to accom-
modate the developing lumen. Similar cord hollowing mechanisms have been observed in zeb-
rafish vessels; however, additional mechanisms including intracellular lumen formation via
coalescence of pinocytic vacuoles or apical membrane invagination as well as lumen ensheath-
ment have also been demonstrated thus signifying that different species and/or different
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vascular beds may use diverse ways to generate and maintain vascular lumens
[21,23,24,25,28,31,32].

Epidermal Growth Factor-Like Domain 7 (EGFL7) is a small protein of 20-30 kD that is
highly expressed in endothelial cells actively engaged in vessel assembly during embryonic de-
velopment, injury, pregnancy, and tumorigenesis [33,34,35,36,37,38,39]. Structural analysis of
EGFL7 revealed it to contain an Emilin-like domain characteristic of secreted proteins and in-
deed, EGFL7 is secreted by endothelial cells and deposited into the extracellular matrix (ECM)
[33,40]. Numerous studies have implicated EGFL7 in vascular lumen morphogenesis as well as
sprouting angiogenesis. In zebrafish, EGFL7 was shown to be required for the establishment of
vascular lumens likely by providing a permissive environment for endothelial cell adhesion
and migration [35]. In accordance with these studies, we have shown that EGFL7 is also re-
quired for vascular lumen formation in Xenopus and modulates endothelial cell behaviors in-
cluding cell shape and adhesion to promote vessel sprouting [41]. Overexpression studies in
mouse have further indicated that EGFL7 plays a role in vessel patterning and remodeling
potentially through its interaction with Notch receptors [42]. Finally, EGFL7 is currently being
investigated in Phase II clinical trials by Genentech for its role in promoting tumor angiogene-
sis. The company has developed monoclonal antibodies against EGFL7 which have been
shown to augment the efficacy of anti-VEGF therapies in pruning and damaging tumor vessels
in a model of non-small cell lung cancer [43]. Thus, understanding the function and regulation
of this protein is of therapeutic value.

For the first time, we demonstrate the cellular and molecular mechanisms underlying
vascular lumen formation in Xenopus using the posterior cardinal veins and the dorsal aorta as
models. While lumens do appear to be generated via cord hollowing, we note some distinct fea-
tures in Xenopus such as the absence of apicobasal polarity. Furthermore, we investigated the
underlying defects associated with impaired lumen formation in EGFL7-depleted embryos and
determined that cells fail to undergo proper cell shape changes and reorganize cell-cell junc-
tions in order to accommodate the luminal compartment.

Materials and Methods
Xenopus embryo manipulation and collection

Xenopus embryos were prepared and collected as previously described [44]. Embryos were
staged according to Nieuwkoop and Faber [45]. Egfl7 and control morpholinos were used as
previously described [41,46]. Five hundred pg of mRNA encoding membrane-GFP/pCS2
(Construct kindly provided by John Wallingford lab, UT-Austin) were co-injected with 35 ng
of Egfl7 or control morpholino into 1-cell stage embryos. For explant assays, the anterior region
of stage 28 embryos consisting of the head and heart was removed using sterilized forceps.
Explants were cultured for 24 hours in 0.1X Modified Barth's Solution (MBS) containing

10 pg/mL gentamycin before fixation. xFlk-1:GFP transgenic frogs were a kind gift from P.E.
Mead [47].

Whole mount in situ hybridization

In situ hybridization was carried out as previously described using an anti-sense probe against
Ets-related gene (Erg) [41,48]. For experiments in which in situ hybridization was coupled with
immunohistochemistry, changes to the published in situ protocol were made as follows: 1) Em-
bryos were fixed in 4% paraformaldehyde (PFA) for two hours at room temperature or 4° over-
night then stored in 1X phosphate buffered solution (PBS); 2) Fixed embryos were rinsed three
instead of five times in PBS-T (0.1% Tween-20) prior to Proteinase K treatment; 3) Embryos
were incubated in 10 pg/mL Proteinase K (Roche) for 10 minutes; 4) Embryos were rinsed
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once in PBS-T following Proteinase K treatment and immediately fixed in 4% PFA for 20 min-
utes; 5) Following color reaction in BM Purple (Roche), embryos were washed three times in
1X PBS and immediately processed for histology and immunostaining.

Histology

For time course analysis of lumen formation, in situ hybridization was performed as previously
described without the above modifications [48]. After completion of BM purple color reaction,
embryos were taken through a methanol:PBS gradient (five minutes each in 25% metha-
nol:75% PBS, 50% methanol:50% PBS, 75% methanol:25% PBS) and dehydrated in 100%
methanol for at least 24 hours. Embryos were subsequently rehydrated in PBS and taken
through a PBS:glycerol gradient (24 hours each in 25% glycerol:75% PBS, 50% glycerol:50%
PBS, 75% glycerol:25% PBS, 100% glycerol). Embryos were incubated in a gelatin solution
(0.4% Gelatin Type A [Sigma], 27% Bovine Serum Albumin [Sigma], 18% sucrose, PBS) for

24 hours and then embedded in the gelatin mixed with 25% glutaraldehyde (Grade II, Sigma).
A Leica VT1200S vibratome was used to cut 20 um transverse sections. Sections were directly
mounted onto slides and imaged on an Olympus IX81 inverted fluorescent microscope. For
immunohistochemistry, following the modified in situ protocol the head and the posterior
trunk including the tail were first removed and the anterior trunk region was used for section-
ing to ensure more consistent and comparable analysis across sections as formation of the ves-
sels occurs in an anterior-to-posterior direction [9,14]. The anterior trunk regions were
embedded in 4% low melting point agarose (Promega) made in 1X PBS and a Leica VT1200S
vibratome was used to cut 70 um transverse sections that were collected in 0.5X PBS. For xFlk-
1:GFP studies, 100 um thick transverse vibratome sections were collected.

Immunohistochemistry and imaging

Immunohistochemistry (IHC) was carried out on sections post-in situ hybridization in a 48-
well plate beginning with three 30-minute PBS-T (1% Triton X-100) washes followed by incu-
bation for one hour in PBS-T containing 10% fetal bovine serum (FBS). Primary antibodies as
listed in S1 Table were applied overnight at 4° (Laminin IHC was performed on sections not
previously processed by in situ hybridization). The following day, sections were washed five
times for one hour each in PBS-T before incubation with secondary antibodies as listed in S1
Table overnight at 4°, rinsed five times in PBS-T, incubated with 200 ng/mL DAPI/PBS solu-
tion (Sigma) for 30 minutes, and mounted. For F-actin staining, sections that had not been pro-
cessed by in situ hybridization were washed and blocked as above and incubated with
Phalloidin-Alexa Fluor 488 (Molecular Probes A12379, 1:100 in DAPI/PBS solution) for

30 minutes. Images and Z-stacks were taken with a Zeiss 700 confocal microscope using a 63X
oil objective. For Z-stacks, slices were imaged at 1 um intervals and stacks were reconstructed
to represent 1-3 um projected images using Image]. The luminal area of the posterior cardinal
veins was measured using Image].

Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol (#13-
260) was approved by the IACUC committee of the University of North Carolina at Chapel
Hill. Xenopus laevis embryos were used to perform in vivo assays described above. Embryos
were obtained by in vitro fertilization of Xenopus laevis eggs laid by adult females primed with
1000U Chorulon (human chorionic gonadotrophin hormone). Females were allowed to recov-
er for 2-3 months before priming again. Testes were collected from euthanized (2 g/L tricaine
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methane sulfonate [Argent Labs] + 2g/L sodium bicarbonate in water) adult males, as needed.
A single female will lay thousands of eggs on a given day after being primed. Enough eggs were
fertilized to provide sufficient numbers of embryos for each type of assay. Care was taken to en-
sure that animals did not experience any discomfort during any of the procedures outlined
above. All euthanasia was carried out according to IACUC protocols. All procedures are con-
sistent with the recommendations of the Panel of Euthanasia of American Veterinary Medical
Association.

Results
Lumens of the major veins and artery arise simultaneously in Xenopus

Lumen formation has been reported to occur through a variety of mechanisms in different ver-
tebrate model systems. Xenopus offers a unique perspective in this regard since it is evolution-
arily positioned between animals that have an undivided circulation, i.e. zebrafish and those
vertebrates that have a separate pulmonary and systemic circulation. To investigate the mecha-
nisms underlying vascular lumen formation in Xenopus, we conducted a time course during
vessel development to determine when vascular lumens arise. Our studies focused on three
major vessels, the dorsal aorta as an example of arterial endothelial cell types, and the paired
posterior cardinal veins as examples of the venous endothelial cell types.

In Xenopus just prior to mid-tailbud stage, endothelial cells of the dorsal lateral plate meso-
derm coalesce in two bilateral strips corresponding to the positions of the posterior cardinal
veins [11,12]. Shortly thereafter, a subset of these angioblasts migrates over the underlying en-
doderm towards the midline. We found that this group of cells, as marked by endothelial-spe-
cific Ets-related gene (Erg), begin to coalesce just dorsal to the hypochord to form the dorsal
aorta (Fig. 1A). The wave of migration is completed by late tailbud stage (stage 33/34) when all
three populations corresponding to the endothelial cells of the posterior cardinal veins and the
dorsal aorta can be distinguished. However, at this stage no lumens can be detected (Fig. 1A).
By early tadpole stage (stage 35/36), a time corresponding to E7.5-E8.0 in mouse and 18+1
days in human, vascular lumens of both the veins and the aorta become evident (Fig. 1B).
These data imply that lumenization of the posterior cardinal veins and the aorta occurs simul-
taneously by early tadpole stages.

Circulation is not essential for lumen formation

Lumen formation is often associated with the onset of a functional circulatory loop. Further-
more, it has been postulated that circulation is required for vessel remodeling and stabilization
[49,50,51]. Therefore one hypothesis is that lumen formation is a function of vascular flow. To
address this possibility, we took advantage of the ability to culture Xenopus embryo explants
for extended periods of time in culture [41,52,53], removing the anterior-most region of em-
bryos inclusive of the heart at a stage prior to cardiac development (i.e. stage 28). From these
studies we found that the loss of the cardiac region of the embryo has no effect on the migra-
tion, aggregation or critically, the lumenization of either the posterior cardinal veins or aorta
(Fig. 1C-D). Thus, these studies imply that cardiac development and the establishment of cir-
culation are not prerequisites for the initial establishment of vascular lumens in Xenopus.

Early Xenopus vessels are not characterized by distinct apical and basal
domains

The establishment of apicobasal polarity has been found to be associated with lumen formation
in zebrafish and mouse [22,27,54,55]. To test the role of polarity in Xenopus lumen formation,

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 5/23



..@.' PLOS | ONE Lumen Formation in Xenopus

Control

Late Tailbud Early Tadpole
(St 33/34) (St 35/36)

B ¥

Early Tadpole (St 35/36)

Unrmanlpulated Explant
Gl e 5

k2 N P -

i S i
¥ D .
A>3

Fig 1. Vascular lumen formation proceeds independently of circulation in Xenopus. (A-B). In situ
hybridization with endothelial-specific Erg followed by sectioning was performed to determine the time course
of vascular lumen formation of the dorsal aorta (DA) and posterior cardinal veins (PCV) in Xenopus. (A).
Endothelial cells are coalesced together at the correct positions of the DA and PCVs in late tailbud stage
(stage 33/34) control embryos. (B). Lumenized DA and PCVs become apparent by early tadpole stage (stage
35/36) in control embryos. 3—4 embryos from each condition/stage were assessed from at least three
independent injection batches at the same position along the anterior-posterior axis of the embryo. (C-D). In
situ hybridization with Erg followed by sectioning. (C). Transverse section of an early tadpole stage (stage 35/
36) wildtype embryo depicting lumenized DA and PCVs. (D). Following the removal of the anterior and heart
of early tailbud embryos, explants were cultured until early tadpole stage (stage 35/36) and processed as
indicated above. PCV and DA lumens readily form in the absence of a functioning heart or circulatory system.
3-4 embryos from each condition were assessed from two independent experiments. Top image of each
panel was taken at 20x magnification. Black boxes correspond to enlarged images of each vessel displayed
below. Scale bars represent 20 um.

doi:10.1371/journal.pone.0116086.9001
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we examined the distribution of proteins known to be enriched on either the basal or apical
surface of blood vessels in zebrafish and mouse. We first examined fibronectin, an ECM mark-
er with preferential basal localization in vessels [56,57,58,59], and found little enrichment on
the basal surface of endothelial cells of the aorta and veins of stage 35/36 embryos (Fig. 2A,D).
In some cases fibronectin appeared along the apical surface of endothelial cells, particularly in
the veins (Fig. 2D) but overall was not extensively polarized. Consistent with these results lami-
nin, a marker of basement membrane [60,61,62], also failed to preferentially localize to the
basal surface of the aorta and veins in stage 35/36 embryos although basal localization was evi-
dent in the kidney (Fig. 2B,E,F). However, deposits of laminin were observed on the apical sur-
face of venous endothelial cells implying that early Xenopus vessels lack apicobasal character
despite the presence of a lumen. We next examined later tadpole stages (stage 46) when remod-
eling of the embryonic vasculature is complete and the paired posterior cardinal veins have
fused into a single vessel [10,47]. Interestingly, we found that laminin was exclusively localized
to the basal surface of endothelial cells of both the aorta and the vein (Fig. 2C,G). Taken togeth-
er, these results imply that formation of a primary vascular lumen does not necessarily coincide
with the establishment of basal polarity, a characteristic that is clearly indicative of further re-
modeled, mature vessels.

To confirm and extend these findings, we examined the expression of the apical marker,
atypical protein kinase C zeta (aPKCC) [54,63,64,65]. Although localization of apical proteins
along the cell-cell contact even prior to lumen formation has been shown to be apparent in
mouse [22], we found that in Xenopus aPKCC fails to localize to the apical surface of endotheli-
al cells of the dorsal aorta before lumen formation (stage 33/34; Fig. 3A). We also failed to de-
tect aPKCCon the apical membrane of the lumenized dorsal aorta at stage 35/36 (Fig. 3B).
While aPKCC is localized to the apical surface of the kidney, we could not detect enrichment of
aPKCC on the apical or basal surface of endothelial cells of the veins prior to (stage 33/34) or
after (stage 35/36) lumen formation (Fig. 3E,F). F-actin has also been demonstrated to localize
to the cell-cell contact and the apical surface before and following dorsal aorta lumen formation
in mouse due to its linkage to apical proteins including CD34-sialomucins such as PODXL and
moesin [22,66,67]. Consistent with our observations for aPKCC, we further observed that F-
actin enrichment to the cell-cell contact in stage 33/34 control embryos is not evident (Fig. 3C,
G). F-actin also fails to localize to the apical surface of the aorta or veins by stage 35/36
(Fig. 3D,H). Since we could not detect the organization of laminin, fibronectin, aPKCZ, or F-
actin to distinct basal or apical domains, these findings would imply that early Xenopus vessels
lack apicobasal character.

EGFL?7 is required for vascular lumen formation

The findings that Xenopus lumen formation is not associated with flow or apicobasal polarity
led us to investigate the function of the ECM-associated protein Epidermal Growth Factor-
Like Domain 7 (EGFL7) in Xenopus. EGFL7 has been reported to be expressed and required
for lumen formation in zebrafish and Xenopus [35,41,68]. However, the mechanisms by which
EGFLY7 acts in lumen formation are yet to be established. Therefore, we sought to determine
the precise cellular function of EGFL7 in Xenopus lumen formation in embryos lacking
EGFL7. From these studies, we found that migration and localization of endothelial cells to the
positions of the veins and the aorta are indistinguishable between control and EGFL7-depleted
embryos at stage 33/34 (Fig. 4A,C), thus suggesting that EGFL7 is not required for specifica-
tion, migration or the coalescence of endothelial cells to the locations of the veins and aorta.
However, at slightly later stages (stage 35/36) we observe significant differences in vascular de-
velopment between controls and EGFL7-depleted embryos. Contrary to the well-developed
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Fig 2. Basement membrane proteins are deposited on both the basal and apical surfaces of early
vessels in Xenopus. (A-G) Representative confocal images of transverse sections of the dorsal aorta (DA)
and posterior cardinal veins (PCV) stained with laminin or fibronectin (red). In A,B,D,E,F staining with GFP to
mark cell membranes (MEM-GFP) and DAPI to mark nuclei (blue) is also shown. In C and G, Flk-1:GFP
transgenic animals were used to identify endothelial cells (green). Allimages taken at 63x magnification with
scale bars indicating 20 pm. Dotted white lines in all panels delineate the endothelial cells comprising each
vessel. As anatomical references, the hypochord in (A-B) and the kidney in (D-F) are indicated by solid white
lines. Dotted lines in the magnified images represent vessels. Asterisks denote the vessel lumen. (A). The
DA of early tadpole stage (stage 35/36) control embryos display deposition of fibronectin on both apical and
basal surfaces (arrowheads point to apical staining). (B). DA of early tadpole stage (stage 35/36) control
embryo exhibits the laminin staining on the basal and the apical surfaces of the vessel (arrowheads point to
apical staining). (C). By late tadpole stage (stage 46), proper polarity is established in the dorsal aorta with
laminin localizing to the basal surface of endothelial cells (arrowheads point to basal staining). (D) PCV of
early tadpole stage (stage 35/36) control embryo exhibits apically and basally deposited fibronectin
(arrowheads point to apical staining). (E-F). The kidney displays appropriate basal expression of laminin
(arrow), however, the PCV of early tadpole stage (stage 35/36) control embryos display aggregates of laminin
staining on the apical surface (arrowheads). (G) Laminin becomes distributed on the basal surface of the
posterior cardinal vein in late tadpole stage (stage 46) embryos (arrowheads point to basal staining). 3—4
embryos from each condition/stage were assessed from at least three independent injection batches at the
same position along the anterior-posterior axis of the embryo.

doi:10.1371/journal.pone.0116086.9002
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Fig 3. Apical polarity is not established in Xenopus vessels. (A-H). Representative confocal images of
transverse sections of the dorsal aorta (DA) and posterior cardinal veins (PCV) stained with atypical PKC(
(aPKC¢; red), GFP to mark cell membranes (MEM-GFP; green), and DAPI to mark nuclei (blue; A,B,E,F) or
Phalloidin to mark F-actin (green) and DAPI (blue; C,D,G,H). Phase contrastimages for the PCVs in (E) and
(F) represent the Erg in situ signal. All images taken at 63x magnification with scale bars indicating 20 pm.
Dotted white and red lines in all panels delineate the endothelial cells comprising each vessel. As anatomical
references, the hypochord in (A-D) and the kidney in (E-H) are indicated by solid white lines. Asterisks denote
the vessel lumen. (A-B). aPKCC enrichment is absent from the cell-cell contact in late tailbud stage (stage
33/34) control embryos and the apical membrane of the DA of early tadpole stage (stage 35/36) control
embryos. 3—4 embryos from each condition/stage were assessed from at least three independent injection
batches at the same position along the anterior-posterior axis of the embryo. (C-D). F-actin fails to localize to
the cell-cell contact or apical surface of the dorsal aorta at late tailbud and early tadpole stages. (E-F). aPKC(
can readily be detected on the apical surface of the kidney (arrow) but not at the cell-cell contact or apical
membrane of the PCV at late tailbud (stage 33/34) or early tadpole stages (stage 35/36). (G-H). F-actin is
evenly distributed in venous endothelial cells. 3—4 embryos from each condition/stage were assessed from at
least two independent injection batches at the same position along the anterior-posterior axis of the embryo.

doi:10.1371/journal.pone.0116086.9003

vascular lumens of control vessels (Fig. 4B), endothelial cells of both the aorta and veins in
EGFL7-depleted embryos remain clustered and fail to generate discernible lumens (Fig. 4D).
These data suggest that EGFL7 acts at the initial stages of lumen morphogenesis in both the ar-
terial and venous system.

To investigate the cellular dynamics of lumen formation in Xenopus, we introduced GFP
tagged to CAAX into one-cell stage embryos to allow the visualization of cell membranes
(MEM-GEFP) [69]. As the presence or absence of a lumen can be easily deciphered based on the
MEM-GEFP staining, we quantified the percentage of control and EGFL7-depleted embryos
that displayed lumenized vessels by stage 35/36. While both vein and aorta lumens were de-
tected in 81.4% of control embryos by stage 35/36, only 21.3% of EGFL7-depleted embryos had
undergone lumen formation by this time (Fig. 4E). In addition, of EGFL7-depleted embryos
that did exhibit some sort of venous luminal compartment, the area of the lumen was signifi-
cantly smaller compared to control embryos (Fig. 4F; 218 um in control vs. 75.4 um in EGFL7-
depleted).

EGFL7 is required for endothelial cell elongation during lumen formation

Lumen formation in the dorsal aorta in mouse has previously been shown to proceed via dy-
namic coordinated changes in endothelial cell behaviors including alterations in cellular mor-
phology [22]. Prior to the emergence of a vascular lumen, endothelial cells coalesce into a cord-
like structure. As the lumen is generated, the endothelial cells undergo elongation and take on
a narrow shape to accommodate the developing luminal compartment [22]. Given our findings
that embryos lacking EGFL7 fail to initiate lumen formation, we next investigated the role of
EGFLY7 in regulating the morphogenetic movements associated with the first steps in lumen
formation.

Using MEM-GFP as a marker of cell membranes, we observed that the endothelial cells of
the aorta are juxtaposed to the hypochord and display an oblong shape in control and EGFL7-
depleted embryos at stage 33/34 (Fig. 5A,B). By stage 35/36, we found that endothelial cells of
control embryos change shape appearing as thin, elongated cells (Fig. 5C). In stark contrast, ar-
terial endothelial cells of EGFL7-depleted embryos appear to arrest morphogenetic movements
at stage 33/34 and fail to undergo any further changes in cell shape (Fig. 5D). These data sug-
gest that EGFL7 is required for modulating the morphological events associated with lumen
formation.

To determine if the role of EGFL7 in mediating cellular elongation associated with lumen
formation is unique to arterial endothelial cells, we further examined the role of EGFL7 in the
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Fig 5. Cellular morphology of endothelial cells undergoing lumen formation. (A-H). Representative
confocal images of transverse sections of the dorsal aorta (DA) and posterior cardinal veins (PCV) stained with
GFP to mark cell membranes (MEM-GFP; green) and DAPI to mark nuclei (blue). Phase contrast images for
the PCVs represent the Erg in situ signal. Allimages taken at 63x magnification with scale bars indicating 20
um. Dotted white and red lines in all panels delineate individual endothelial cells. As anatomical references, the
hypochord in (A-D) and the kidney in (E-H) are indicated by solid white lines. (A). Endothelial cells of the DA are
oblong-shaped at late tailbud stage (stage 33/34) control embryos. (B). Endothelial cells of late tailbud stage
(stage 33/34) EGFL7-depleted DAs display a similar morphology to controls. (C). Endothelial cells elongate
during DA lumen formation in early tadpole stage (stage 35/36) control embryos. (D). Endothelial cells of the DA
remain oblong-shaped and do not elongate to accommodate the vascular lumen in early tadpole stage (stage
35/36) EGFL7-depleted embryos. (E). Endothelial cells of the PCVs have a polygonal cobblestone-like shape in
late tailbud stage (stage 33/34) control embryos. (F). Endothelial cells of late tailbud stage (stage 33/34)
EGFL7-depleted PCVs are similarly shaped as controls. (G). Endothelial cells elongate, becoming narrower as
PCV lumens form by early tadpole stage (stage 35/36) control embryos. (H). Endothelial cells of the PCVs
retain their polygonal morphology in early tadpole stage (stage 35/36) EGFL7-depleted embryos. 3—4 embryos
from each condition/stage were assessed from at least three independent injection batches at the same
position along the anterior-posterior axis of the embryo.

doi:10.1371/journal.pone.0116086.9005

posterior cardinal veins. At the stage prior to lumen formation (stage 33/34), control and
EGFL7-depleted venous endothelial cells are located adjacent to the developing kidney and dis-
play a polygonal cobblestone-like morphology (Fig. 5E,F). Similar to the aorta, the venous en-
dothelial cells at stage 35/36 elongate and become narrower to accommodate the formation of
the lumen (Fig. 5G). Conversely, the morphology of EGFL7-depleted venous endothelial cells
at stage 35/36 fail to undergo cell shape changes (Fig. 5H). Of note, examination of fibronectin
revealed no discernible differences in ECM deposition between EGFL7-depleted embryos and
controls suggesting that processes other than matrix remodeling are dependent on EGFL7
function (S1 Fig.). Taken together these results argue that EGFL7 is required within both ve-
nous and arterial endothelial cells to regulate the cell shape changes associated with lumen
formation.

EGFL7 is required for clearing junctions away from the cord center

Reorganization of cell junctions has been shown to be a critical event underlying vascular
lumen formation [22,23,24,32]. We therefore examined the distribution of junctions prior to
and following lumen formation in Xenopus in the context of EGFL7-depletion. Zonula occlu-
dens-1 (ZO-1) is a well-established marker of tight junctions shown to localize to cell-cell con-
tacts during the early stages of vessel assembly in zebrafish [24,32,56,70]. In the dorsal aorta of
Xenopus control embryos at stage 33/34, we observed ZO-1 to be expressed between adjacent
endothelial cells (Fig. 6A). We additionally observed ZO-1 to be expressed at the cell-cell con-
tact between arterial endothelial cells of EGFL7-depleted embryos indicating that EGFL7 is not
required for the formation of tight junctions prior to lumen formation (stage 33/34; Fig. 6B). In
control embryos at stage 35/36, we found that ZO-1 becomes distributed to discrete contacts
between endothelial cells at the periphery of the aorta lumen thus suggesting that tight junc-
tions are cleared from the cord center to permit lumen formation (Fig. 6C). In contrast, we
found that tight junctions persist along the cell-cell contact in the absence of EGFL7 (Fig. 6D)
suggesting that EGFL7 acts to clear tight junctions between endothelial cells of the dorsal aorta
to allow lumen formation to progress.

Similar to our findings in the aorta, we also observed that ZO-1 is expressed in a punctate
pattern between endothelial cells of the posterior cardinal veins at the cell-cell contact of con-
trol embryos prior to lumen formation (stage 33/34; Fig. 6E). Likewise, ZO-1 tight junctions
form along the cord center between venous endothelial cells of EGFL7-depleted embryos at
stage 33/34 (Fig. 6F). In control veins, the junctions are reorganized away from the cord center
but maintained at discrete points of cell-cell contact surrounding the lumen by stage 35/36

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 13/28
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Fig 6. EGFL7 is required for proper reorganization of tight junctions. (A-H). Representative confocal
images of transverse sections of the dorsal aorta (DA) and posterior cardinal veins (PCV) stained with ZO-1
(red), GFP to mark cell membranes (MEM-GFP; green), and DAPI to mark nuclei (blue). Phase contrast
images for the PCVs represent the Erg in situ signal. Allimages taken at 63x magnification with scale bars
indicating 20 um. Dotted white and red lines in all panels delineate the endothelial cells comprising each
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vessel. As anatomical references, the hypochord in (A-D) and the kidney in (E-H) are indicated by solid white
lines. (A). ZO-1 localizes to tight junctions between endothelial cells of the DA in late tailbud stage (stage
33/34) control embryos. (B). ZO-1 tight junctions between endothelial cells of the DA in late tailbud stage
(stage 33/34) EGFL7-depleted embryos appear similar to controls. (C). Tight junctions are redistributed to
distinct puncta between endothelial cells at the periphery of the lumen in early tadpole stage (stage 35/36)
control embryos. (D). Tight junctions are retained between endothelial cells of the DA in early tadpole stage
(stage 35/36) EGFL7-depleted embryos. (E). Tight junctions assemble along the cord center between
endothelial cells of the PCV in late tailbud stage (stage 33/34) control embryos. (F). Similar to controls, tight
junctions assemble between adjacent endothelial cells of the PCV in late tailbud stage (stage 33/34) EGFL7-
depleted embryos. (G). Tight junctions are redistributed to the periphery of the lumenized PCV and appear as
distinct points of cell-cell contact in early tadpole stage (stage 35/36) control embryos. (H). Tight junctions are
retained along the cord center of the PCV in early tadpole stage (stage 35/36) EGFL7-depleted embryos. 3—4
embryos from each condition/stage were assessed from at least 3—4 independent injection batches at the
same position along the anterior-posterior axis of the embryo.

doi:10.1371/journal.pone.0116086.9006

(Fig. 6G). In contrast, the venous endothelial cells of EGFL7-depleted embryos remain as a
cluster and tight junctions are retained along the contact region where the lumen should have
formed by stage 35/36 (Fig. 6H). Collectively, these data suggest that EGFL7 is required for
clearing tight junctions away from the cord center to the periphery of lumenized arteries

and veins.

Hierarchical tight junction assembly impedes lumen formation in the
absence of EGFL7

To verify our findings with ZO-1, we examined the expression of Claudin-5, a second marker
of tight junctions restricted to cell types in the cardiovascular lineage [56,71]. Examination of
Claudin-5 expression in the dorsal aorta and posterior cardinal veins reveals that in contrast to
Z0-1, Claudin-5 is absent from endothelial tight junctions prior to lumen formation at stage
33/34 in both the aorta and veins of control and EGFL7-depleted embryos (Fig. 7A,B,E,F).
However, once lumens have formed in control embryos by stage 35/36, Claudin-5 is distinctly
detected at points of cell-cell contact in both the aorta and veins (Fig. 7C,G). These results
would therefore imply that endothelial tight junctions are hierarchically assembled, with ex-
pression of Claudin-5 following that of ZO-1 to denote more mature vessels. Interestingly, de-
spite the absence of an apparent lumen within the aorta or veins of EGFL7-depleted embryos,
Claudin-5 expression can be detected at junctions between adjacent endothelial cells at stage
35/36 (Fig. 7D,H). While the onset of Claudin-5 does not appear to be altered in the absence of
EGFL?7, these results raise the possibility that EGFL7-depleted endothelial cells may be delayed
in either undergoing appropriate cell shape changes or reorganizing cell junctions away from
the cord center thus inhibiting the progression of lumen formation.

Discussion

The transition from cords of endothelial cells into functional vascular tubes is a dynamic
morphogenetic process requiring cells to alter their behaviors to promote the expansion of a
luminal compartment. Here we have demonstrated some of the cellular and molecular deter-
minants underlying lumen formation of the major vessels in Xenopus. Angioblasts that will
give rise to the paired posterior cardinal veins and the dorsal aorta are initially specified from
the dorsal lateral plate mesoderm. A subset of these angioblasts will go on to migrate towards
the midline to form the dorsal aorta while the remaining population will differentiate into the
veins. Both arterial and venous endothelial cells are initially found adhered to one another
through the formation of ZO-1-containing tight junctions. In addition, the cells exhibit a po-
lygonal, cobblestone-like appearance at this stage further indicative of immature vessels. These
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Fig 7. EGFL7 is required for junctional reorganization but not for the hierarchical assembly of tight
junctions. (A-H). Representative confocal images of transverse sections of the dorsal aorta (DA) and
posterior cardinal veins (PCV) stained with Claudin-5 (red), GFP to mark cell membranes (MEM-GFP; green),
and DAPI to mark nuclei (blue). Phase contrast images for the PCVs represent the Erg in situ signal. All
images taken at 63x magnification with scale bars indicating 20 um. Dotted white and red lines in all panels
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delineate the endothelial cells comprising each vessel. As anatomical references, the hypochord in (A-D) and
the kidney in (E-H) are indicated by solid white lines. (A-B). Claudin-5 expression is absent from endothelial
cells of the DA in late tailbud stage (stage 33/34) control and EGFL7-depleted embryos. (C). Claudin-5
localizes to tight junctions between endothelial cells once the DA lumen has formed in early tadpole stage
(stage 35/36) control embryos. (D). Claudin-5 expression is apparent in tight junctions between EGFL7-
depleted endothelial cells of the DA despite failed lumen formation at early tadpole stage (stage 35/36). (E-F).
Claudin-5 expression is absent from endothelial cells of the PCV in late tailbud stage (stage 33/34) control
and EGFL7-depleted embryos. (G). Claudin-5 localizes to distinct tight junctions between endothelial cells
around the periphery of the PCV lumen in early tadpole stage (stage 35/36) control embryos. (H). Claudin-5
localizes to tight junctions along endothelial cell contacts within the PCV of early tadpole stage (stage 35/36)
EGFL7-depleted embryos. 3—4 embryos from each condition/stage were assessed from at least three
independent injection batches at the same position along the anterior-posterior axis of the embryo.

doi:10.1371/journal.pone.0116086.9007

initial events appear to be highly conserved as similar cord-like structures have been observed
in zebrafish and mouse major vessels [22,56]. In all three species, the formation of an extracel-
lular lumen is accompanied by elongation of cell shape and clearance of junctions away from
the cord center. Furthermore in Xenopus, we have shown that lumen-containing vessels are
also characterized by the expression of Claudin-5 at tight junctions. In zebrafish, ZO-1 expres-
sion also precedes Claudin-5 expression therefore suggesting that Claudin-5 marks more ma-
ture vessels [56]. However, while Claudin-5 expression was restricted to the arterial lineage in
zebrafish [56], we noted its expression in both arteries and veins in Xenopus.

Apicobasal polarity in Xenopus vessels

Our findings do however indicate a fundamental difference between early lumen formation in
Xenopus and other vertebrates. Our studies suggest that apicobasal polarity may not be estab-
lished during early Xenopus vessel formation. Enrichment of makers such as moesin, sialomu-
cins, F-actin, and non-muscle myosin II to the apical surface of endothelial cells is evident as
early as the vascular cord stage in mouse and zebrafish [21,22]. However, we fail to ever detect
apical expression of aPKC{ or F-actin in vessels prior to or even following lumen formation
[63,64,65]. The establishment of apical polarity in mouse and zebrafish vessels has been previ-
ously demonstrated to strongly dictate cell behaviors necessary for lumen morphogenesis and
proper vessel structure [21,22,30,54]. While further studies with additional apical markers, es-
pecially PODXL and moesin, are needed to more clearly deduce the presence or absence of api-
cal polarity in Xenopus vessels, the notion of polarity-independent mechanisms underlying
lumen formation is not unfounded in biology as a recent zebrafish study demonstrated that en-
dothelial cells collectively migrate to wrap around a luminal compartment and also noted the
absence of polarity markers during this novel lumen ensheathment mechanism [25]. Further-
more, in contrast to studies in mouse and zebrafish [26,27,56,59], polarization of fibronectin
and laminin to the basal surface is also absent from early Xenopus vessels. Collectively, these
findings suggest that not only may the establishment of apicobasal polarity be a non-requisite
for Xenous lumen formation but that the mere emergence of lumens does not constitute a ma-
ture vessel with characteristic basal character until a certain amount of remodeling takes place
as by late tadpole stages.

If Xenopus vessels do arise in a polarity-independent manner, then what is the driving force
underlying cell-cell separation in this vertebrate? It remains to be established whether similar
mechanisms as cell-cell repulsion in mouse via the CD34 sialomucins exist in Xenopus [30,67].
It is also noteworthy that the major vessels in Xenopus arise in close association with basement
membranes of other organs; for example, the kidney in the case of the posterior cardinal veins
and the gut endoderm in the case of the dorsal aorta. It is therefore possible that these adjacent
basal surfaces may play some role in the shaping of vascular tubes perhaps by providing a
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scaffold on which to assemble or in more direct ways by means of cell-cell crosstalk. Our results
call for future studies aimed at examining the direct role of polarity, if any, in establishing vas-
cular lumens in Xenopus. The continuous generation of specific antibodies in Xenopus will also
help in addressing the localization of other known apical and basal membrane markers.

EGFL7 regulates endothelial cell behaviors critical for vascular lumen
morphogenesis

We have further delineated the underlying basis for the lumen formation defects observed in
EGFL7-depleted embryos. Endothelial cells appeared indistinguishable between control and
EGFL7-depleted embryos at late tailbud stage (stage 33/34) before the commencement of
lumen formation. Tight junctions formed normally between adjacent endothelial cells and the
characteristic polygonal morphology of the cells was indicative of cord-like structures. Howev-
er, by the time lumens should be generated, EGFL7-depleted endothelial cells fail to elongate
and reorganize junctions away from the cord center resulting in the absence of vascular lumens
in the majority of cases. These findings are in line with the published literature whereby in
EGFL7-depleted zebrafish, angioblasts of the major vessels also fail to reorganize ZO-1-con-
taining junctions and thus remain coalesced together [35]. Although the exact mechanisms un-
derlying endothelial cell shape remain to be elucidated, it has been shown that Rho GTPase
signaling is a major factor in modulating the cytoskeleton [72,73]. In fact, in the mouse dorsal
aorta, impaired Rho kinase (ROCK) signaling was associated with failure of cells to properly
elongate and subsequently form lumens [22]. We have recently demonstrated that EGFL7 lies
upstream of the RhoA pathway wherein EGFL7-depleted human endothelial cells exhibit sig-
nificantly reduced RhoA levels leading to altered cell morphology and aberrant focal adhesion
formation [41]. Thus in line with these results, the failure of EGFL7-depleted endothelial cells
to undergo proper cell shape changes may be attributed to dysregulation of Rho signaling.
However, it still remains to be determined how Rho signaling influences lumen formation in
the context of the Xenopus embryo.

Tight junction assembly during lumen formation

The expression of Claudin-5 in tight junctions only upon lumen formation in control embryos
implies that it is a marker of maturing vessels. Indeed, studies on Claudin-5 strongly implicate
its role in maintaining vascular barrier function, particularly that of the blood-brain-barrier
(BBB). In zebrafish, Claudin-5 is highly expressed in endothelial cells of the brain vasculature
at a stage when the BBB is established consistent with the presence of a vascular barrier
[74,75,76,77]. Furthermore, Claudin-5-null mice do not exhibit any defects in vasculogenesis
but at later stages display selective BBB defects further implying that only mature vessels ex-
press and require Claudin-5 within tight junctions [78]. Finally, Jin et al. and colleagues dem-
onstrated that zebrafish endothelial cells express ZO-1 prior to as well as following tube
formation but that the onset of Claudin-5 expression coincides with the emergence of vascular
lumens [56]. However, there is also the possibility that the absence of Claudin-5 in early vessels
simply implies that tight junctions have not yet formed and that instead ZO-1 localizes to other
junctions, namely adherens junctions. There is a precedent for this notion in epithelial cells
where ZO-1 has been demonstrated to co-localize with o-catenin in adherens junctions
[79,80,81] and even in endothelial cells, where imaging with a ZO-1-expressing transgenic zeb-
rafish line demonstrated some overlap between ZO-1 and the adherens junction marker VE-
Cadherin [24]. Indeed it has been suggested that the formation of adherens junctions facilitates
tight junction assembly and thus the presence of ZO-1 in early as well as late endothelial junc-
tions may be reflective of its dynamic and variable status [80,82]. It will thus be interesting to
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examine the nature of ZO-1-expressing junctions during lumen development once more reli-
able adherens junctions markers (e.g. VE-Cadherin) become available in Xenopus.

It is interesting that Claudin-5 becomes expressed in tight junctions of EGFL7-depleted em-
bryos despite the absence of a visible vascular lumen in need of a barrier. Thus, we propose that
the onset of Claudin-5 is temporally regulated and its appropriate expression by early tadpole
stage (stage 35/36) potentially reflects a delay in EGFL7-depleted endothelial cells from under-
going cell shape changes or reorganizing cell-cell junctions in a timely manner. It may even be
plausible that the formation of Claudin-5-expressing tight junctions could further exacerbate
the defects associated with EGFL7-depletion as they may in fact further restrict the cells from
altering their morphologies or prevent them from redistributing junctions. Consequently,
EGFL7-depleted endothelial cells may end up "stuck" together without the ability to generate
lumens. ZO-1 expressing transgenic lines have been generated in zebrafish to examine the
complex dynamics of junctional reorganization during vessel sprouting and fusion [24,32]. A
similar line expressing Claudin-5 would potentially be very useful in looking at the dynamics
involved in the transition of a cord of endothelial cells into a functional tube and could provide
further insight into the specific role of EGFL7 in mediating the appropriate cellular behaviors
necessary for lumen formation.

Conclusions

We have for the first time demonstrated how vascular lumens arise in the major vessels during
Xenopus vasculogenesis and have described some of the key steps during this process that de-
pend on EGFL7 function. Vascular lumen formation is a critical process towards the establish-
ment of a functional circulatory system capable of supporting life during embryogenesis.
Indeed, the formation of effective and patent vascular tubes is also a current goal of tumor an-
giogenesis therapy for cancers in which blood flow at the tumor site becomes inefficient due to
the abnormal, leaky, tortuous vasculature associated with the tumor microenvironment thus
preventing proper delivery of therapeutic agents [83,84]. "Vessel normalization" aims to re-
model the tumor vasculature by restoring endothelial cell function and inducing vessel matura-
tion thereby enabling efficient blood flow and minimizing dissemination of cancer cells to sites
throughout the body [85,86]. The relationship between EGFL7 and tumor angiogenesis is just
beginning to be uncovered and therefore the basic function of this ECM factor, such as that in
embryonic lumen formation, may provide new or clearer insights into the mechanisms by
which EGFL7 functions during tumorigenesis and how these mechanisms can be harnessed to
generate effective therapeutics.

Supporting Information

S1 Fig. EGFL7 is not required for ECM deposition. (A-D). Representative confocal images of
transverse sections of the dorsal aorta (DA) and posterior cardinal veins (PCV) stained with fi-
bronectin (red), GFP to mark cell membranes (MEM-GFP; green), and DAPI to mark nuclei
(blue). All images taken at 63x magnification with scale bars indicating 20 pm. Dotted white
and red lines in all panels delineate the endothelial cells comprising each vessel. As anatomical
references, the hypochord in (A-B) and the kidney in (C-D) are indicated by solid white lines.
Asterisks denote the vessel lumen. (A) Fibronectin does not exclusively localize to the basal sur-
face of the dorsal aorta in early tadpole stage (stage 35/36) control embryos but some apical de-
posits are apparent (arrowheads). (B) A similar distribution pattern for fibronectin is observed
in the dorsal aorta of early tadpole stage (stage 35/36) EGFL7-depleted embryos. (C) Enrich-
ment of fibronectin to the basal surface of the posterior cardinal vein is not apparent in early
tadpole stage (stage 35/36) control embryos but there is some expression on the apical surface
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(arrowheads). (D) Failure of lumens to form by early tadpole stage (stage 35/36) EGFL7-de-
pleted embryos is not characterized by aberrant deposition of fibronectin around endothelial
cells. 3-4 embryos from each condition/stage were assessed from at least three independent in-
jection batches at the same position along the anterior-posterior axis of the embryo.

(TIF)

S1 Table. List of antibodies used in immunohistochemistry. Antibody name is accompanied

by catalog number and company purchased from as well as dilution used.
(DOCX)

Acknowledgments

This work is supported by grants to F.L.C from NIH/NHLBI (RO1 DE018825 and RO1
HL089641). We would like to acknowledge the faculty of the Microscopy Services Laboratory
at UNC-CH for help with imaging.

Author Contributions

Conceived and designed the experiments: MSC FLC. Performed the experiments: MSC PT
CET EKK. Analyzed the data: MSC PT CET EKK. Contributed reagents/materials/analysis
tools: MSC. Wrote the paper: MSC FLC.

References

1. Flamme |, Frolich T, Risau W (1997) Molecular mechanisms of vasculogenesis and embryonic angio-
genesis. J Cell Physiol 173:206-210. PMID: 9365523

2. Udan RS, Culver JC, Dickinson ME (2013) Understanding vascular development. Wiley Interdiscip Rev
Dev Biol 2: 327-346. doi: 10.1002/wdev.91 PMID: 23799579

3. Marcelo KL, Goldie LC, Hirschi KK (2013) Regulation of endothelial cell differentiation and specifica-
tion. Circ Res 112: 1272-1287. doi: 10.1161/CIRCRESAHA.113.300506 PMID: 23620236

Risau W (1997) Mechanisms of angiogenesis. Nature 386: 671-674. PMID: 9109485

5. Potente M, Gerhardt H, Carmeliet P (2011) Basic and therapeutic aspects of angiogenesis. Cell 146:
873-887.doi: 10.1016/j.cell.2011.08.039 PMID: 21925313

6. Swift MR, Weinstein BM (2009) Arterial-venous specification during development. Circ Res 104: 576—
588. doi: 10.1161/CIRCRESAHA.108.188805 PMID: 19286613

7. Herbert SP, DY S (2011) Molecular control of endothelial cell behaviour during blood vessel morpho-
genesis. Nat Rev Mol Cell Biol 12: 551-564. doi: 10.1038/nrm3176 PMID: 21860391

8. Eilken HM, Adams RH (2010) Dynamics of endothelial cell behavior in sprouting angiogenesis. Curr
Opin Cell Biol 22: 617-625. doi: 10.1016/j.ceb.2010.08.010 PMID: 20817428

9. Cleaver O, Tonissen KF, Saha MS, Krieg PA (1997) Neovascularization of the Xenopus embryo. Dev
Dyn 210: 66-77. PMID: 9286596

10. Levine AJ, Munoz-Sanjuan |, Bell E, North AJ, Brivanlou AH (2003) Fluorescent labeling of endothelial
cells allows in vivo, continuous characterization of the vascular development of Xenopus laevis. Dev
Biol 254: 50-67. PMID: 12606281

11.  Walmsley M, Ciau-Uitz A, Patient R (2002) Adult and embryonic blood and endothelium derive from dis-
tinct precursor populations which are differentially programmed by BMP in Xenopus. Development
129: 5683-5695. PMID: 12421708

12. Ciau-Uitz A, Walmsley M, Patient R (2000) Distinct origins of adult and embryonic blood in Xenopus.
Cell 102: 787-796. PMID: 11030622

13. KauCL, Turpen JB (1983) Dual contribution of embryonic ventral blood island and dorsal lateral plate
mesoderm during ontogeny of hemopoietic cells in Xenopus laevis. J Immunol 131: 2262-2266. PMID:
6605382

14. Cleaver O, Krieg PA (1998) VEGF mediates angioblast migration during development of the dorsal
aorta in Xenopus. Development 125: 3905-3914. PMID: 9729498

15. Cleaver O, Seufert DW, Krieg PA (2000) Endoderm patterning by the notochord: development of the
hypochord in Xenopus. Development 127: 869-879. PMID: 10648245

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116086.s002
http://www.ncbi.nlm.nih.gov/pubmed/9365523
http://dx.doi.org/10.1002/wdev.91
http://www.ncbi.nlm.nih.gov/pubmed/23799579
http://dx.doi.org/10.1161/CIRCRESAHA.113.300506
http://www.ncbi.nlm.nih.gov/pubmed/23620236
http://www.ncbi.nlm.nih.gov/pubmed/9109485
http://dx.doi.org/10.1016/j.cell.2011.08.039
http://www.ncbi.nlm.nih.gov/pubmed/21925313
http://dx.doi.org/10.1161/CIRCRESAHA.108.188805
http://www.ncbi.nlm.nih.gov/pubmed/19286613
http://dx.doi.org/10.1038/nrm3176
http://www.ncbi.nlm.nih.gov/pubmed/21860391
http://dx.doi.org/10.1016/j.ceb.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20817428
http://www.ncbi.nlm.nih.gov/pubmed/9286596
http://www.ncbi.nlm.nih.gov/pubmed/12606281
http://www.ncbi.nlm.nih.gov/pubmed/12421708
http://www.ncbi.nlm.nih.gov/pubmed/11030622
http://www.ncbi.nlm.nih.gov/pubmed/6605382
http://www.ncbi.nlm.nih.gov/pubmed/9729498
http://www.ncbi.nlm.nih.gov/pubmed/10648245

@’PLOS | ONE

Lumen Formation in Xenopus

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sato Y, Watanabe T, Saito D, Takahashi T, Yoshida S, et al. (2008) Notch mediates the segmental
specification of angioblasts in somites and their directed migration toward the dorsal aorta in avian em-
bryos. Dev Cell 14: 890-901. doi: 10.1016/j.devcel.2008.03.024 PMID: 18539117

Pardanaud L, Luton D, Prigent M, Bourcheix LM, Catala M, et al. (1996) Two distinct endothelial line-
ages in ontogeny, one of them related to hemopoiesis. Development 122: 1363—-1371. PMID: 8625825

Vokes SA, Krieg PA (2002) Endoderm is required for vascular endothelial tube formation, but not for
angioblast specification. Development 129: 775-785. PMID: 11830576

Davis GE, Camarillo CW (1996) An alpha 2 beta 1 integrin-dependent pinocytic mechanism involving
intracellular vacuole formation and coalescence regulates capillary lumen and tube formation in three-
dimensional collagen matrix. Exp Cell Res 224: 39-51. PMID: 8612690

Bayless KJ, Davis GE (2002) The Cdc42 and Rac1 GTPases are required for capillary lumen formation
in three-dimensional extracellular matrices. J Cell Sci 115: 1123-1136. PMID: 11884513

Wang Y, Kaiser MS, Larson JD, Nasevicius A, Clark KJ, et al. (2010) Moesin1 and Ve-cadherin are re-
quired in endothelial cells during in vivo tubulogenesis. Development 137: 3119-3128. doi: 10.1242/
dev.048785 PMID: 20736288

Strilic B, Kucera T, Eglinger J, Hughes MR, McNagny KM, et al. (2009) The molecular basis of vascular
lumen formation in the developing mouse aorta. Dev Cell 17: 505-515. doi: 10.1016/j.devcel.2009.08.
011 PMID: 19853564

Blum Y, Belting HG, Ellertsdottir E, Herwig L, Luders F, et al. (2008) Complex cell rearrangements dur-
ing intersegmental vessel sprouting and vessel fusion in the zebrafish embryo. Dev Biol 316: 312-322.
doi: 10.1016/j.ydbio.2008.01.038 PMID: 18342303

Herwig L, Blum Y, Krudewig A, Ellertsdottir E, Lenard A, et al. (2011) Distinct cellular mechanisms of
blood vessel fusion in the zebrafish embryo. Curr Biol 21: 1942—-1948. doi: 10.1016/j.cub.2011.10.016
PMID: 22079115

Helker CS, Schuermann A, Karpanen T, Zeuschner D, Belting HG, et al. (2013) The zebrafish common
cardinal veins develop by a novel mechanism: lumen ensheathment. Development.

Xu K, Sacharidou A, Fu S, Chong DC, Skaug B, et al. (2011) Blood Vessel Tubulogenesis Requires
Rasip1 Regulation of GTPase Signaling. Dev Cell 20: 526-539. doi: 10.1016/j.devcel.2011.02.010
PMID: 21396893

Xu K, Cleaver O (2011) Tubulogenesis during blood vessel formation. Semin Cell Dev Biol.

Charpentier MS, Conlon FL (2013) Cellular and molecular mechanisms underlying blood vessel lumen
formation. Bioessays.

Lammert E, Axnick J (2012) Vascular lumen formation. Cold Spring Harb Perspect Med 2: a006619.
doi: 10.1101/cshperspect.a006619 PMID: 22474612

Strilic B, Eglinger J, Krieg M, Zeeb M, Axnick J, et al. (2010) Electrostatic cell-surface repulsion initiates
lumen formation in developing blood vessels. Curr Biol 20: 2003—-2009. doi: 10.1016/j.cub.2010.09.
061 PMID: 20970336

Kamei M, Saunders WB, Bayless KJ, Dye L, Davis GE, et al. (2006) Endothelial tubes assemble from
intracellular vacuoles in vivo. Nature 442: 453-456. PMID: 16799567

Lenard A, Ellertsdottir E, Herwig L, Krudewig A, Sauteur L, et al. (2013) In Vivo analysis reveals a highly
stereotypic morphogenetic pathway of vascular anastomosis. Dev Cell 25: 492-506. doi: 10.1016/j.
devcel.2013.05.010 PMID: 23763948

Fitch MJ, Campagnolo L, Kuhnert F, Stuhimann H (2004) Egfl7, a novel epidermal growth factor-do-
main gene expressed in endothelial cells. Dev Dyn 230: 316-324. PMID: 15162510

Campagnolo L, Leahy A, Chitnis S, Koschnick S, Fitch MJ, et al. (2005) EGFL7 is a chemoattractant for
endothelial cells and is up-regulated in angiogenesis and arterial injury. Am J Pathol 167: 275-284.
PMID: 15972971

Parker LH, Schmidt M, Jin SW, Gray AM, Beis D, et al. (2004) The endothelial-cell-derived secreted
factor Egfl7 regulates vascular tube formation. Nature 428: 754—758. PMID: 15085134

FanC, YangLY, WuF, Tao YM, Liu LS, et al. (2013) The expression of Egfl7 in human normal tissues
and epithelial tumors. Int J Biol Markers 28: e71-83.

Soncin F, Mattot V, Lionneton F, Spruyt N, Lepretre F, et al. (2003) VE-statin, an endothelial repressor
of smooth muscle cell migration. EMBO J 22: 5700-5711. PMID: 14592969

Nichol D, Stuhimann H (2012) EGFL7: a unique angiogenic signaling factor in vascular development
and disease. Blood 119: 1345-1352. doi: 10.1182/blood-2011-10-322446 PMID: 22160377

Nikolic I, Plate KH, Schmidt MH (2010) EGFL7 meets miRNA-126: an angiogenesis alliance. J Angio-
genes Res 2: 9. doi: 10.1186/2040-2384-2-9 PMID: 20529320

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 21/23


http://dx.doi.org/10.1016/j.devcel.2008.03.024
http://www.ncbi.nlm.nih.gov/pubmed/18539117
http://www.ncbi.nlm.nih.gov/pubmed/8625825
http://www.ncbi.nlm.nih.gov/pubmed/11830576
http://www.ncbi.nlm.nih.gov/pubmed/8612690
http://www.ncbi.nlm.nih.gov/pubmed/11884513
http://dx.doi.org/10.1242/dev.048785
http://dx.doi.org/10.1242/dev.048785
http://www.ncbi.nlm.nih.gov/pubmed/20736288
http://dx.doi.org/10.1016/j.devcel.2009.08.011
http://dx.doi.org/10.1016/j.devcel.2009.08.011
http://www.ncbi.nlm.nih.gov/pubmed/19853564
http://dx.doi.org/10.1016/j.ydbio.2008.01.038
http://www.ncbi.nlm.nih.gov/pubmed/18342303
http://dx.doi.org/10.1016/j.cub.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22079115
http://dx.doi.org/10.1016/j.devcel.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21396893
http://dx.doi.org/10.1101/cshperspect.a006619
http://www.ncbi.nlm.nih.gov/pubmed/22474612
http://dx.doi.org/10.1016/j.cub.2010.09.061
http://dx.doi.org/10.1016/j.cub.2010.09.061
http://www.ncbi.nlm.nih.gov/pubmed/20970336
http://www.ncbi.nlm.nih.gov/pubmed/16799567
http://dx.doi.org/10.1016/j.devcel.2013.05.010
http://dx.doi.org/10.1016/j.devcel.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23763948
http://www.ncbi.nlm.nih.gov/pubmed/15162510
http://www.ncbi.nlm.nih.gov/pubmed/15972971
http://www.ncbi.nlm.nih.gov/pubmed/15085134
http://www.ncbi.nlm.nih.gov/pubmed/14592969
http://dx.doi.org/10.1182/blood-2011-10-322446
http://www.ncbi.nlm.nih.gov/pubmed/22160377
http://dx.doi.org/10.1186/2040-2384-2-9
http://www.ncbi.nlm.nih.gov/pubmed/20529320

@’PLOS | ONE

Lumen Formation in Xenopus

40.

4.

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lelievre E, Hinek A, Lupu F, Buquet C, Soncin F, et al. (2008) VE-statin/egfl7 regulates vascular elasto-
genesis by interacting with lysyl oxidases. EMBO J 27: 1658—1670. doi: 10.1038/emb0j.2008.103
PMID: 18497746

Charpentier MS, Christine KS, Amin NM, Dorr KM, Kushner EJ, et al. (2013) CASZ1 Promotes Vascular
Assembly and Morphogenesis through the Direct Regulation of an EGFL7/RhoA-Mediated Pathway.
Dev Cell 25: 132-143. doi: 10.1016/j.devcel.2013.03.003 PMID: 23639441

Nichol D, Shawber C, Fitch MJ, Bambino K, Sharma A, et al. (2010) Impaired angiogenesis and altered
Notch signaling in mice overexpressing endothelial Egfl7. Blood 116: 6133-6143. doi: 10.1182/blood-
2010-03-274860 PMID: 20947685

Johnson L, Huseni M, Smyczek T, Lima A, Yeung S, et al. (2013) Anti-EGFL7 antibodies enhance
stress-induced endothelial cell death and anti-VEGF efficacy. J Clin Invest 123: 3997-4009. doi: 10.
1172/JC167892 PMID: 23945239

Showell C, Christine KS, Mandel EM, Conlon FL (2006) Developmental expression patterns of Tbx1,
Tbx2, Tbx5, and Tbx20 in Xenopus tropicalis. Dev Dyn 235: 1623-1630. PMID: 16477648

Nieuwkoop PD, Faber J (1967) Normal Table of Xenopus laevis (Daudin). Amsterdam: North Holland.

Tandon P, Showell C, Christine K, Conlon FL (2012) Morpholino injection in Xenopus. Methods Mol
Biol 843:29-46. doi: 10.1007/978-1-61779-523-7_4 PMID: 22222519

Doherty JR, Johnson Hamlet MR, Kuliyev E, Mead PE (2007) A flk-1 Promoter/Enhancer Reporter
Transgenic Xenopus laevis Generated Using the Sleeping Beauty Transposon System: An In Vivo
Model for Vascular Studies. Dev Dyn 10: 2808-2817. PMID: 17879322

Harland RM (1991) In situ hybridization: an improved whole mount method for Xenopus embryos. Meth
Cell Biol 36:675-685. PMID: 1811159

Udan RS, Vadakkan TJ, Dickinson ME (2013) Dynamic responses of endothelial cells to changes in
blood flow during vascular remodeling of the mouse yolk sac. Development 140: 4041-4050. doi: 10.
1242/dev.096255 PMID: 24004946

Lucitti JL, Jones EA, Huang C, Chen J, Fraser SE, et al. (2007) Vascular remodeling of the mouse yolk
sac requires hemodynamic force. Development 134: 3317-3326. PMID: 17720695

Zhong H, Wang D, Wang N, Rios Y, Huang H, et al. (2011) Combinatory action of VEGFR2 and MAP ki-
nase pathways maintains endothelial-cell integrity. Cell Res 21: 1080-1087. doi: 10.1038/cr.2011.41
PMID: 21423276

Mandel EM, Kaltenbrun E, Callis TE, Zeng XX, Marques SR, et al. (2010) The BMP pathway acts to di-
rectly regulate Tbx20 in the developing heart. Development 137:1919-1929. doi: 10.1242/dev.043588
PMID: 20460370

Tandon P, Miteva YV, Kuchenbrod LM, Cristea IM, Conlon FL (2013) Tcf21 regulates the specification
and maturation of proepicardial cells. Development 140: 2409-2421. doi: 10.1242/dev.093385 PMID:
23637334

Lampugnani MG, Orsenigo F, Rudini N, Maddaluno L, Boulday G, et al. (2010) CCM1 regulates vascu-
lar-lumen organization by inducing endothelial polarity. J Cell Sci 123: 1073-1080. doi: 10.1242/cs.
059329 PMID: 20332120

Lizama CO, Zovein AC (2013) Polarizing pathways: balancing endothelial polarity, permeability, and
lumen formation. Exp Cell Res 319: 1247-1254. doi: 10.1016/j.yexcr.2013.03.028 PMID: 23567183

Jin SW, Beis D, Mitchell T, Chen JN, Stainier DY (2005) Cellular and molecular analyses of vascular
tube and lumen formation in zebrafish. Development 132: 5199-5209. PMID: 16251212

Baluk P, Morikawa S, Haskell A, Mancuso M, McDonald DM (2003) Abnormalities of basement mem-
brane on blood vessels and endothelial sprouts in tumors. Am J Pathol 163: 1801-1815. PMID:
14578181

Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE (2009) Pericyte recruitment during vasculo-
genic tube assembly stimulates endothelial basement membrane matrix formation. Blood 114: 5091—
5101. doi: 10.1182/blood-2009-05-222364 PMID: 19822899

Trindade A, Kumar SR, Scehnet JS, Lopes-da-Costa L, Becker J, et al. (2008) Overexpression of delta-
like 4 induces arterialization and attenuates vessel formation in developing mouse embryos. Blood
112:1720-1729. doi: 10.1182/blood-2007-09-112748 PMID: 18559979

Kucera T, Strilic B, Regener K, Schubert M, Laudet V, et al. (2009) Ancestral vascular lumen formation
via basal cell surfaces. PLoS One 4: e4132. doi: 10.1371/journal.pone.0004132 PMID: 19125185

Davis GE, Senger DR (2005) Endothelial extracellular matrix: biosynthesis, remodeling, and functions
during vascular morphogenesis and neovessel stabilization. Circ Res 97: 1093-1107. PMID:
16306453

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 22/23


http://dx.doi.org/10.1038/emboj.2008.103
http://www.ncbi.nlm.nih.gov/pubmed/18497746
http://dx.doi.org/10.1016/j.devcel.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23639441
http://dx.doi.org/10.1182/blood-2010-03-274860
http://dx.doi.org/10.1182/blood-2010-03-274860
http://www.ncbi.nlm.nih.gov/pubmed/20947685
http://dx.doi.org/10.1172/JCI67892
http://dx.doi.org/10.1172/JCI67892
http://www.ncbi.nlm.nih.gov/pubmed/23945239
http://www.ncbi.nlm.nih.gov/pubmed/16477648
http://dx.doi.org/10.1007/978-1-61779-523-7_4
http://www.ncbi.nlm.nih.gov/pubmed/22222519
http://www.ncbi.nlm.nih.gov/pubmed/17879322
http://www.ncbi.nlm.nih.gov/pubmed/1811159
http://dx.doi.org/10.1242/dev.096255
http://dx.doi.org/10.1242/dev.096255
http://www.ncbi.nlm.nih.gov/pubmed/24004946
http://www.ncbi.nlm.nih.gov/pubmed/17720695
http://dx.doi.org/10.1038/cr.2011.41
http://www.ncbi.nlm.nih.gov/pubmed/21423276
http://dx.doi.org/10.1242/dev.043588
http://www.ncbi.nlm.nih.gov/pubmed/20460370
http://dx.doi.org/10.1242/dev.093385
http://www.ncbi.nlm.nih.gov/pubmed/23637334
http://dx.doi.org/10.1242/jcs.059329
http://dx.doi.org/10.1242/jcs.059329
http://www.ncbi.nlm.nih.gov/pubmed/20332120
http://dx.doi.org/10.1016/j.yexcr.2013.03.028
http://www.ncbi.nlm.nih.gov/pubmed/23567183
http://www.ncbi.nlm.nih.gov/pubmed/16251212
http://www.ncbi.nlm.nih.gov/pubmed/14578181
http://dx.doi.org/10.1182/blood-2009-05-222364
http://www.ncbi.nlm.nih.gov/pubmed/19822899
http://dx.doi.org/10.1182/blood-2007-09-112748
http://www.ncbi.nlm.nih.gov/pubmed/18559979
http://dx.doi.org/10.1371/journal.pone.0004132
http://www.ncbi.nlm.nih.gov/pubmed/19125185
http://www.ncbi.nlm.nih.gov/pubmed/16306453

@’PLOS | ONE

Lumen Formation in Xenopus

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Yousif LF, Di Russo J, Sorokin L (2013) Laminin isoforms in endothelial and perivascular basement
membranes. Cell Adh Migr 7: 101-110. doi: 10.4161/cam.22680 PMID: 23263631

Chen J, Zhang M (2013) The Par3/Par6/aPKC complex and epithelial cell polarity. Exp Cell Res 319:
1357-1364. doi: 10.1016/j.yexcr.2013.03.021 PMID: 23535009

Assemat E, Bazellieres E, Pallesi-Pocachard E, Le Bivic A, Massey-Harroche D (2008) Polarity com-
plex proteins. Biochim Biophys Acta 1778: 614—-630. PMID: 18005931

Iden S, Rehder D, August B, Suzuki A, Wolburg-Buchholz K, et al. (2006) A distinct PAR complex asso-
ciates physically with VE-cadherin in vertebrate endothelial cells. EMBO Rep 7: 1239-1246. PMID:
17057644

Fehon RG, McClatchey Al, Bretscher A (2010) Organizing the cell cortex: the role of ERM proteins. Nat
Rev Mol Cell Biol 11:276-287. doi: 10.1038/nrm2866 PMID: 20308985

Nielsen JS, McNagny KM (2008) Novel functions of the CD34 family. J Cell Sci 121: 3683-3692. doi:
10.1242/jcs.037507 PMID: 18987355

Ciau-Uitz A, Pinheiro P, Kirmizitas A, Zuo J, Patient R (2013) VEGFA-dependent and—independent
pathways synergise to drive Scl expression and initiate programming of the blood stem cell lineage in
Xenopus. Development 140: 2632—2642. doi: 10.1242/dev.090829 PMID: 23637333

Park TJ, Gray RS, Sato A, Habas R, Wallingford JB (2005) Subcellular localization and signaling prop-
erties of dishevelled in developing vertebrate embryos. Curr Biol 15: 1039—1044. PMID: 15936275

Dejana E, Tournier-Lasserve E, Weinstein BM (2009) The control of vascular integrity by endothelial
cell junctions: molecular basis and pathological implications. Dev Cell 16: 209-221. doi: 10.1016/j.
devcel.2009.01.004 PMID: 19217423

Morita K, Sasaki H, Furuse M, Tsukita S (1999) Endothelial claudin: claudin-5/TMVCF constitutes tight
junction strands in endothelial cells. J Cell Biol 147: 185—-194. PMID: 10508865

Chrzanowska-Wodnicka M, Burridge K (1996) Rho-stimulated contractility drives the formation of
stress fibers and focal adhesions. J Cell Biol 133: 1403—-1415. PMID: 8682874

Maddox AS, Burridge K (2003) RhoA is required for cortical retraction and rigidity during mitotic cell
rounding. J Cell Biol 160: 255-265. PMID: 12538643

Xie J, Farage E, Sugimoto M, Anand-Apte B (2010) A novel transgenic zebrafish model for blood-brain and
blood-retinal barrier development. BMC Dev Biol 10: 76. doi: 10.1186/1471-213X-10-76 PMID: 20653957

Argaw AT, Gurfein BT, Zhang Y, Zameer A, John GR (2009) VEGF-mediated disruption of endothelial
CLN-5 promotes blood-brain barrier breakdown. Proc Natl Acad SciU S A 106: 1977—-1982. doi: 10.
1073/pnas.0808698106 PMID: 19174516

Brown RC, Morris AP, O'Neil RG (2007) Tight junction protein expression and barrier properties of im-
mortalized mouse brain microvessel endothelial cells. Brain Res 1130: 17-30. PMID: 17169347

Nakagawa S, Deli MA, Kawaguchi H, Shimizudani T, Shimono T, et al. (2009) A new blood-brain barrier
model using primary rat brain endothelial cells, pericytes and astrocytes. Neurochem Int 54: 253—-263.
doi: 10.1016/j.neuint.2008.12.002 PMID: 19111869

Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, et al. (2003) Size-selective loosening of the blood-brain bar-
rier in claudin-5-deficient mice. J Cell Biol 161: 653—660. PMID: 12743111

Imamura Y, ltoh M, Maeno Y, Tsukita S, Nagafuchi A (1999) Functional domains of alpha-catenin re-
quired for the strong state of cadherin-based cell adhesion. J Cell Biol 144: 1311-1322. PMID:
10087272

Bazzoni G, Dejana E (2004) Endothelial cell-to-cell junctions: molecular organization and role in vascu-
lar homeostasis. Physiol Rev 84: 869-901. PMID: 15269339

Itoh M, Nagafuchi A, Moroi S, Tsukita S (1997) Involvement of ZO-1 in cadherin-based cell adhesion
through its direct binding to alpha catenin and actin filaments. J Cell Biol 138: 181-192. PMID:
9214391

Hartsock A, Nelson WJ (2008) Adherens and tight junctions: structure, function and connections to the
actin cytoskeleton. Biochim Biophys Acta 1778: 660-669. PMID: 17854762

Meadows KL, Hurwitz HI (2012) Anti-VEGF therapies in the clinic. Cold Spring Harb Perspect Med 2.

Welti J, Loges S, Dimmeler S, Carmeliet P (2013) Recent molecular discoveries in angiogenesis and
antiangiogenic therapies in cancer. J Clin Invest 123: 3190-3200. doi: 10.1172/JCI70212 PMID:
23908119

Carmeliet P, Jain RK (2011) Principles and mechanisms of vessel normalization for cancer and other
angiogenic diseases. Nat Rev Drug Discov 10: 417—-427. doi: 10.1038/nrd3455 PMID: 21629292

Goel S, Wong AH, Jain RK (2012) Vascular normalization as a therapeutic strategy for malignant and
nonmalignant disease. Cold Spring Harb Perspect Med 2: a006486. doi: 10.1101/cshperspect.
a006486 PMID: 22393532

PLOS ONE | DOI:10.1371/journal.pone.0116086 February 23, 2015 23/23


http://dx.doi.org/10.4161/cam.22680
http://www.ncbi.nlm.nih.gov/pubmed/23263631
http://dx.doi.org/10.1016/j.yexcr.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23535009
http://www.ncbi.nlm.nih.gov/pubmed/18005931
http://www.ncbi.nlm.nih.gov/pubmed/17057644
http://dx.doi.org/10.1038/nrm2866
http://www.ncbi.nlm.nih.gov/pubmed/20308985
http://dx.doi.org/10.1242/jcs.037507
http://www.ncbi.nlm.nih.gov/pubmed/18987355
http://dx.doi.org/10.1242/dev.090829
http://www.ncbi.nlm.nih.gov/pubmed/23637333
http://www.ncbi.nlm.nih.gov/pubmed/15936275
http://dx.doi.org/10.1016/j.devcel.2009.01.004
http://dx.doi.org/10.1016/j.devcel.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19217423
http://www.ncbi.nlm.nih.gov/pubmed/10508865
http://www.ncbi.nlm.nih.gov/pubmed/8682874
http://www.ncbi.nlm.nih.gov/pubmed/12538643
http://dx.doi.org/10.1186/1471-213X-10-76
http://www.ncbi.nlm.nih.gov/pubmed/20653957
http://dx.doi.org/10.1073/pnas.0808698106
http://dx.doi.org/10.1073/pnas.0808698106
http://www.ncbi.nlm.nih.gov/pubmed/19174516
http://www.ncbi.nlm.nih.gov/pubmed/17169347
http://dx.doi.org/10.1016/j.neuint.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19111869
http://www.ncbi.nlm.nih.gov/pubmed/12743111
http://www.ncbi.nlm.nih.gov/pubmed/10087272
http://www.ncbi.nlm.nih.gov/pubmed/15269339
http://www.ncbi.nlm.nih.gov/pubmed/9214391
http://www.ncbi.nlm.nih.gov/pubmed/17854762
http://dx.doi.org/10.1172/JCI70212
http://www.ncbi.nlm.nih.gov/pubmed/23908119
http://dx.doi.org/10.1038/nrd3455
http://www.ncbi.nlm.nih.gov/pubmed/21629292
http://dx.doi.org/10.1101/cshperspect.a006486
http://dx.doi.org/10.1101/cshperspect.a006486
http://www.ncbi.nlm.nih.gov/pubmed/22393532


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


