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Introduction
The mechanisms underlying cell polarity and lumen formation are well described within
epithelial structures of mammalian systems, and invertebrate model organisms. Only
recently has the molecular control of endothelial polarity and vessel lumen formation
undergone similar investigation. The endothelial layer requires similar organization
including a requisite apical-basolateral polarity corresponding to luminal and abluminal
membranes. In addition, the endothelium also exhibits features of planar cell polarity
traditionally described in drosophila eye and wing discs (1), where in response to flow
endothelial cells orient in a planar fashion. Coincident with providing a barrier to flow, the
endothelial layer also functions to regulate permeability. Key molecules known to regulate
endothelial permeability have been shown to control polarity, suggesting the processes may
be linked. The integrity of the polarized endothelial layer becomes paramount when
initiating new vascular growth. New vascular sprouts require breaking the existing
symmetry within a vascular tube, and the adoption of a migratory phenotype typified by the
front-rear polarity previously described in leukocytes (2). We will review the various types
of polarity as they apply to endothelial cells. In addition, we will touch upon vascular lumen
formation and how polarity plays an integral role in the process.

Balancing migratory polarity with permeability
Endothelial cells require directed migration in response to a variety of growth factors and
matrix signals (review in (3)). One physiologic example of a front-rear polarized endothelial
cell is the tip cell that leads an angiogenic front. While tip cells are discussed in detail
elsewhere in this issue [ref], there exist a number of coordinated events in the initiating
vascular sprout that require the integration of opposing polarity cues. When presented with a
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local migratory cue, such as VEGF, the responsive endothelial cell (or selected tip cell) will
orient filopodia and lamellipodia to the leading front while the cell undergoes significant
cytoskeletal changes (4). To account for the generation and assembly of actin based
structures that make up the filopodial and lamellipodial extensions, the cell must
counterbalance forces by integration of stress fibers that associate with focal adhesion
proteins at membrane protrusion initiation points, and ECM and cell-cell attachment (5–7).
RhoA, Rac1, and Cdc42 all belong to a family of Rho GTPases that have demonstrated
integrin mediated activation at extracellular matrix (ECM) cell contacts (review in (8)), and
localize to focal adhesions which serve as initiation points for membrane protrusion (6). In
endothelium, caveolin-1 (the main component of caveolae) is polarized to the trailing edge
of a migrating cell on 2D surfaces and serves to participate in β1 integrin endocytosis (9–
11). However caveolin-1 polarization has been shown to localize to the leading edge of
endothelial cells in 3D environments suggesting dependence on local contextual cues
(10,12). Regardless of localization, one function of caveolae during migration is the
recycling of integrins, and mediating integrin interactions with Rho GTPases (Figure 1)(13–
15). Biosensor activity of Rho GTPases in mouse fibroblasts implicates RhoA in the initial
activation at the site of protrusion, where Rac1 and Cdc42 function to propagate the
initiating event via actin assembly and stabilization (fig. 1) (14). Specific loss of endothelial
Rac1 results in absence of focal adhesion formation and reduced lamellipodia and filopodia
extensions culminating in loss of polarized cell migration and attachment (16). In
leukocytes, localized Rac1 activity leads to cellular tension mediated by actin assembly and
polarized membrane protrusion which allows for the maintenance of cell front-rear polarity
(17). It is possible that leading tip cells and/or other migrating endothelial cells adopt a
similar tension mechanism to maintain their polarized membrane extensions. Unlike
leukocytes however, endothelial cells at the angiogenic front migrate in a coordinated group
dynamic where the polarized rear of the migrating tip cell is associated with another
endothelial stalk cell via cell-cell adhesion. As stretch has been demonstrated to induce
endothelial proliferation via Rac1 activation, and requires VE-cadherin cell-cell adhesion
(18), it is conceivable that endothelial tip cell membrane protrusion opposes the force of tip-
stalk cell-cell attachment to generate activation “stretch”. In addition to the migration and
proliferation of endothelial cells that make up the angiogenic front (19), the growing
network must also modulate vascular permeability through tight junction regulation. Loss of
endothelial Rac1, which disrupts migration, also creates a resistance to VEGF induced
vascular permeability (16), suggesting that the growing endothelial sprout may compromise
tight junction stability for migratory ability.

The tip-stalk designation within a growing vascular sprout is not static. Recent data
demonstrates that the leading angiogenic front is made up of a migratory network of cells
that change position frequently, instead of immutably specified tip and stalk cells (20,21).
Thus, membrane protrusions, cell-ECM, and cell-cell adhesion are all dynamically
interchangeable while vascular permeability is regulated within the trailing lumenized
vascular network. Angiomotin (Amot) and angiomotin-like1 (AmotL1), proteins interact
with apical Crbs:Pals:Patj polarity complex members through their PDZ binding domain to
regulate downstream RhoA (22–24). In the leading angiogenic front, it appears AmotL1
functions to stabilize tight junctions in stalk cells, while Amot functions primarily in
polarization and migration of the tip cell (22). Angiopoietin-1 and VEGF have opposing
effects on junctional stability and vascular permeability through localization of Syx, a
RhoGEF (Rho guanine nucleotide exchange factors) specific for RhoA (25). Syx acts
downstream of Crumbs polarity complexes to localize to tight junctions (TJs) and maintain
barrier integrity (25). Angiopoietin stabilizes Syx localization to TJs, while VEGF results in
loss of Syx from TJs (25). Amot may cooperate with VEGF in the disruption of junctional
complexes for cell migratory behavior, as Syx is co-trafficked with Amot and pVEGFR2
(fig. 1) in Rab13 vesicles (26,27). Thus a migratory tip cell that encounters VEGF, will via
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its downstream signaling displace Syx from VE-cadherin and ZO (zona occludens) with
subsequent tight junction disassembly (26). Similar to Amot proteins, Scrib protein
stabilizes adherens junctions (as part of the Scribbled basolateral polarity complex which
includes lethal giant larvae (Lgl) and discs large (Dlg)), and via its PDZ domain recruits the
GEF βPIX, which regulates Rac1 and Cdc42 activation for directed cell migration (28,29).
While Scrib localizes to endothelial cell-cell contacts, it also associates with α5 integrin in
the basolateral surface of migrating endothelial cells, and serves to protect α5 integrin from
Rab7a dependent lysosomal degradation (30). In epithelial structures, the Crumbs apical
complex and Scrib-Lgl-Dlg basolateral complex play antagonistic roles in apical/basal
polarity (31). In endothelial migration the two complexes seem to play similar roles in
directed chemotactic migration. Whether they do so within distinct localized regions of the
cell (i.e. front-rear polarized domains) remains to be investigated. To maintain vascular
plexus growth and tissue perfusion, multiple tip cells in the angiogenic front need to
coalesce into a functioning vascular network. Recent data has suggested that as proximal
endothelial cells form cell-cell junctions they appear to do so via a lamellipodia bridge
transition (32). Upon lamellipodia retraction, thin cytoplasmic processes remain and
remodel into VE-cadherin rich filopodia-like structures between cells, with subsequent
expansion of the cell-cell boundary, with presumed loss of front-rear polarity (32). Loss of
front-rear polarity and incorporation into an endothelial layer requires the subsequent
acquisition of apical-basal polarity, regulation of permeability, and lumen formation.

Apical/basolateral polarity and barriers to permeability
Apical and basolateral polarity has been well delineated in mammalian epithelium in vivo,
and in vitro with the use of self organizing 3D structures comprised of mammary or kidney
epithelium (33). In epithelial structures, tall cuboidal shaped cells display distinct complexes
that identify apical and basal regions by segregation of phosphoinositides and protein
complexes to different cell surfaces. Critical to this process in a variety of cell types are the
polarity complex proteins Par3, Par6 and atypical protein kinase C (aPKC) (34). Par3 is
known to interact at epithelial cellular junctions, while Par6 and aPKC delineate the apical
domain (33). Crumbs (apical) and Scribble (basolateral) complexes interact with the par
complex machinery to orchestrate cell polarity in epithelium (31,35). Thus far, endothelial
angiomotins (36) are known to interact with members of the Crumbs complex which include
Crbs:Pals:Patj to orchestrate endothelial polarity and vascular morphogenesis (22). In
mammals, the complex consists of the Crbs transmembrane proteins, and scaffolding
proteins Pals1 and PatJ (35). Crbs has a role in the stability of apical cell junctions, and can
associate with Pals1 PDZ domains, that in turn bind PatJ (a multi-PDZ domain protein that
interacts with zonula occludens (ZO) junctional proteins) (35). The crumbs signaling
pathway intersects with the par polarity complex through Par6 binding to Pals1 N-terminus,
possibly recruiting Par6 to Crb in apical junctions (37). Amot and angiomotin like proteins
AmotL1 and AmotL2 localize to endothelial tight junctions, as evidenced by colocalization
with ZO-1, and bind via their PDZ domain to PatJ (22,23,38). As previously described, Syx
localization to TJs via Amot plays an important role in tight junction integrity, and
interestingly loss of Amot, AmotL1 and Syx all demonstrate increased vascular permeability
with reduced sprouting (36,39–41). Intersection of this particular pathway (AmotL1/PatJ)
with the par complex in the endothelium, and possible downstream effects on polarized
endothelial proteins remains to be seen. The Scribble complex includes two membrane-
associated scaffold proteins Scrib and Dlg, each with PDZ domains that allow their mutual
association at the basolateral cortex (42). Lgl (lethal giant larvae) is genetically linked to the
Scrib/Dlg complex, and its localization is regulated in part by its phosphorylation by aPKC
(42). While there is not extensive data implicating a role of the Scrib-Lgl-Dlg complex in
endothelial apical-basal polarity, loss of Scrib does exhibit vascular hemorrhaging
suggestive of defective permeability barriers and a likely role in endothelial polarity (30).
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The Scrib complex has recently been shown to regulate hippo pathway members (43). Amot
family proteins also intersect with the Hippo signaling pathway, where Amot and AmotL1
can bind YAP and TAZ transcriptional activators (44). As the Hippo pathway has recently
been implicated in apical polarity (45,46), independent of its well known role in organ and
tissue size, the intersection of Amot, Crbs, Scrib, Par and now Hippo may account for
multiple layers of cell polarity regulation that remain to be fully investigated in the
endothelium.

Endothelial Par3 has been demonstrated to regulate endothelial polarity in the context of 31
integrin loss (47), VE-cadherin loss (48–50), and Ras interacting protein 1, Rasip1, loss
(which results in decreased Cdc42 and Rac1 activity) (51). The requisite flattened cell shape
of an endothelial cell makes detection of truly segregated apical and basal complexes
challenging. Yet, a growing body of work suggests that many of the epithelial apical-
basolateral polarity mechanisms also play a critical role in endothelial polarity. Endothelial
specific loss of β1 integrin results in a transcriptional decrease in Par3 resulting in cuboidal
endothelial cell shape and circumferential expression of adhesion proteins (including VE-
cadherin) with mislocalization of apical markers (47). This is partially rescued by Par3
restoration (47). In contrast, total loss of function of Par3 in a wildtype background is not
reported to exhibit abnormal endothelial cell shape or polarity in vivo (52), suggesting that
other cues may be sufficient to maintain endothelial cell polarization. Yet Par3 knockdown
in vitro demonstrates luminal defects in endothelial tube formation assays (49). Par3 and
separately Par6, in absence of aPKC, are able to directly complex with VE-cadherin in the
endothelium (48,50). Loss of VE-cadherin results in abnormal endothelial cell polarity with
mis-expression of apical and basal markers, as well as mislocalization of Par3 (49).
However, Par3 knockdown (or Tiam, a Rac exchange factor known to interact with the par
complex for migration (53)), does not result in mislocalization of VE-cadherin (49).
Knockdown of CCM1, a gene deleted in cerebral cavernous malformation that also localizes
to VE-cadherin at endothelial cell adherens junctions, results in mislocalizaton of Par3 as
well as VE-cadherin (49). Thus, endothelial Par3 and VE-cadherin may rely on a variety of
partners to maintain endothelial polarity and function.

Lumen formation
Not surprisingly, formation of a lumen requires polarization of participating cells and hence
many of the pathways already described above play a critical role in endothelial lumen
formation. Detailed review of endothelial lumen formation has been described elsewhere
(review in (54)), but here we will briefly outline the various mechanisms of lumen formation
and the key pathways implicated.

As tip and stalk cells progress in building a functional vascular network, lumen formation
must occur shortly after the initial branches of the network are formed. The leading tip cell
is by definition not lumenized, however the stalk cells that make up the trailing network do
rapidly form lumens. This process has been described as cord (or cell) hollowing, and has
been noted to occur via two proposed mechanisms. The first is through the coalescence of
intracellular vacuoles within single stalk cells. The vacuoles fuse intracellularly to form a
contiguous lumen in a new vessel sprout, and has been depicted in both 3D human
endothelial cell matrices and in live imaging of zebrafish (55). A second mechanism
involves either unicellular membrane invaginations or multicellular cord hollowing. Both
are mediated through cell rearrangements after coalescence of fused junctional rings
comprised of adhesion proteins (ZO-1 and VE-cadherin), as visualized in the zebrafish (56).
Whether the two mechanisms of cord hollowing (vacuolar coalescence versus adhesive
boundary fusion) are mutually exclusive within vascular beds remains to be seen. Vascular
lumen stability must be counterbalanced with sprouting angiogenesis. This is seen in Scrib
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mutants where loss of Scrib-regulated endothelial migration results in enhanced
tubulogenesis (30). This is in stark contrast to the role of Scrib in the mammalian lung where
Scrib mutants exhibit absence of epithelial lumens within the developing lung airways (57).
The luminal defect in the lung epithelia appears mediated through the planar cell polarity
pathway (PCP) (57). As Scrib has been demonstrated to complex with TAZ of the hippo
pathway in breast cancer epithelia (58), it may be that Scrib regulation of endothelial
tubulogenesis occurs via regulation of hippo signaling in absence of PCP pathways.
Angiomotin like 2 (amotL2), a protein important in migration with ties to Crumb polarity
complexes as well as the Hippo signaling pathways, demonstrates decreased endothelial
tubulogenesis after knockdown in matrigel assays (59). In epithelial cysts, AmotL2
knockdown resulted in a similar phenotype with abnormal cell-filled lumens and was noted
to be YAP and TAZ dependent (60). Thus, the opposing functions of Crumbs/Amot and
Scrib complexes in epithelial cell polarity may also regulate Hippo pathway members in an
opposing fashion to regulate endothelial migration, polarity and lumen formation.

Formation of the paired aortae requires migration of angioblasts with self-assembly into
single lumenized structures. Rearrangement of cellular adhesion molecules and polarity
mediators appears to be a common theme in lumen formation of the developing aortae. A
study by Strilic et al. 2009, demonstrated that the aortic lumens develop initially through
small extracellular gaps between endothelial cells that progress to larger diameters (61). The
initial separations between cells occur after the apical distribution of CD34 and podycalyxin
sialomucins (Figure 2), suggesting that cells polarize prior to forming a lumen, and that the
acquisition of luminal/abluminal polarity is VE-cadherin dependent (61). VE-cadherin and
CCM1, mentioned previously as apical basal polarity mediators, also demonstrate luminal
defects after loss of function (49). VE-cadherin is noted to play a role in Moesin and F-actin
recruitment to cell-cell contacts (and subsequently non muscle (nm) myosin II, which
induces cell shape changes) (61). Protein kinase C (PKC) is responsible for linking CD34 to
the actin cytoskeleton via Moesin phosphorylation, while ROCK (Rho associated protein
kinase) activity is critical for recruitment of nm Myosin II, and subsequent cell shape
changes. Together, the data suggest that apical polarity is acquired first, with sialomucins
creating membrane repulsion (due to their negatively charged residues), and subsequent
events lead to force generation of cytoskeletal and cell shape changes to support an apically
located lumen (fig. 2) (61). The Rho GTPase family, integral to lumen formation in vitro
where it interacts with the par complex (62), has been recently confirmed as the pathway
responsible for failure of aortic lumen formation after loss of endothelial-restricted Rasip1
(51). Loss of function of Rasip1 (a regulator of GTPase signaling) or Arghap29 (a RhoA-
specific GTPase activating protein (GAP)) results in a decrease in Cdc42/Rac1 signaling
leading to abnormal aortic lumen formation (51). In the context of Rasip1 or Arghap29 loss,
cells exhibit mislocalization of Par3, decreased activation of 31 integrin, but retain normal
localization of CD34, podoxalyxin, moesin, and nm myosin II (51). However, mutant
Rasip1 endothelium also demonstrated an overabundance of phosphorylated myosin light
chain protein, which is required for nm myosin II activity, resulting a hypercontractile
phenotype (51). Thus, both models suggest downstream cytoskeletal contractile forces are
critical in lumen formation; with too little (as evidenced by PKC and ROCK inhibition (61))
or too much (in Rasip1 mutants with increased ROCK activity (51)) resulting in loss of a
patent vascular lumen. The requisite balance of contractile forces for endothelial lumen
formation is further evidenced in a recent study that demonstrates critical role for a
controlled level of acetylated tubulins in endothelial lumen formation (63). Thus, the apical
luminal membrane in endothelium is formed through a balance of oppositional extracellular
and intracellular forces.

Once endothelium becomes polarized and flattened with delineated apical/luminal and
basolateral/abluminal surfaces, it is typified as a single cell layer. When 31 integrin ECM
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cues are lost after this vascular morphology is established, the aortic endothelium adopts a
multilayered morphology while mid-sized arterial vessels exhibit luminal defects (47). 31
integrin blockade during early aortic cord formation results in an absence of a patent lumen
(64), as does its blockade in endothelial tube formation assays (65) and in the developing
retina (47). Loss of cell polarity due to 31 integrin loss is exemplified by decreased Par3
expression and mislocalization of apical and basal markers, but preferentially affects arterial
vascular beds at later developmental timepoints (47). A recent intriguing study ties ephrinB2
and Par3 to VEGF receptor endocytosis in the growing vascular front (66). As ephrinB2 is
preferentially expressed in arterial vessels, this interaction of ephrinB2 and Par3 may lend
insight into the differential luminal defects across endothelial subtype noted later in
development (47). Thus, endothelial cells comprising different vascular beds or undergoing
different vascular processes (angiogenesis, vasculogenesis, remodeling) likely employ a
myriad of available mechanisms to achieve lumen formation. Further investigation into
lumen formation and cell polarity in both developmental and pathological contexts with
respect to regional and endothelial subtype may uncover how the various mechanisms and
signaling pathways are employed.

Planar cell polarity and flow-responsive patterning
Sheer stress has been demonstrated to induce cell shape and cytoskeletal changes in a
directional manner when exposed to fluid forces (67). Rho and Cdc42 have been implicated
in this response as they both demonstrate activation of downstream signaling upon shear
stress (68,69). While the alignment of endothelium in response to flow has been questioned
as being truly dependent on planar cell polarity (PCP), recent data suggests that the
endothelium can display hallmarks of PCP, as endothelial microtubule systems (MTOC) are
polarized uniformly to one side of the cell nuclei and are reversibly oriented under blockade
of glycogen synthase kinase 33 (GSK-33, a protein kinase in the Wnt signaling pathway)
(70). In addition, disruption of Wnt PCP (i.e. non-canonical signaling) pathway mediators,
dishevelled (Dvl) and Wnt5a known to be involved in epithelial PCP, result in endothelial
proliferation and patterning defects (71,72). Most recently a frizzled receptor (Fzd4), also
implicated in non-canonical Wnt PCP signaling has been shown to play an important role in
angiogenesis, with mutants exhibiting impaired endothelial proliferation, migration and
lumen formation (73,74). Thus, it is likely that the same pathways implicated in PCP and
microtubule/cytoskeletal polarity in epithelial structures have similar functions in
endothelial morphogenesis and patterning. This would place Wnt, dishevelled, and frizzled
of the non-canonical Wnt PCP signaling pathway upstream of microtubule and cytoskeletal
rearrangements mediated by GSK333and Rho GTPases.

In addition to cytoskeletal cell orientation along the vascular axis, endothelial cells have also
been shown to mitotically divide perpendicularly along the vessel long axis (70,75). The
divisional cues are noted to be downstream of VEGF, as divisional axis is disrupted in
VEGF receptor mutants (75). However, the ordered divisional axes are noted in newly
formed vessels that lack blood flow suggesting that PCP cell orientation and polarized
division is patterned independent of flow (75). Thus in vivo, endothelial cells may use PCP
pathways for initial patterning and then rely on flow mechanosensor complexes such as
PECAM-1, VE-Cadherin, and VEGFR2 (76) to further activate integrins and signaling in
response to shear forces. There still remains the difficult task of understanding the separate
contributions of PCP mechanisms and flow mechanotransduction to vascular
morphogenesis.
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Concluding remarks
The creation and maintenance of both newly formed and mature vascular beds requires a
complex balance of physical forces, polarity determinants, adhesive and permeable
properties, as well as the ability to remodel in response to growth and flow cues. Hence the
endothelium must retain quiescent states but be poised for action when new vascular growth
is needed, or changes in fluid dynamics demand for plasticity. All this must occur in
addition to its function as a barrier. Cellular polarity plays an integral role in all these
processes. The mediators of polarity that are implicated in endothelial biology comprise a
dizzying list of pathways that in many cases have incomplete connections to one another.
However, as the longstanding epithelial models begin to provide a more precise picture of
pathway determinants and intersections between them, and endothelial models gain more
traction, we are starting to see some overarching concepts. In particular, the machinery used
for cell-cell adhesion is also co-opted for endothelial migration. Sprouting angiogenesis and
endothelial barrier integrity play opposing roles with similar mediators. Lastly, the
complexes required for requisite apical basal polarity remain critical for lumen formation as
well. The master regulators that emerge in these processes have ties to longstanding polarity
pathways described in non-mammalian systems. The Scrib and Crumbs polarity complexes,
with ties to par polarity complexes, Rho GTPases and Hippo family members are emerging
as important endothelial signaling pathways. As the investigation into how these pathways
interact with one another to regulate endothelial biology proceeds, we may see similar
principles take shape that are not only specific to the endothelium but may be applicable
across various cell types and organisms.
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Highlights

• Key molecules known to regulate endothelial permeability also control polarity.

• Complexes required for apical basal polarity remain critical for lumen
formation.

• Angiogenesis and barrier integrity play opposing roles with similar mediators.
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Figure 1.
Balancing migration and cell-cell adhesion. In response to growth factor cues (in this
example VEGF, pink), the migratory endothelial cell will orient filopodia and lamellipodia
to the leading front while the cell undergoes cytoskeletal rearrangement. Caveolin1 interacts
with 31 integrin as the cell migrates, and participates in the endocytosis and recycling of
integrins. In response to polarity and matrix cues, RhoA is initiated at the site of protrusion
and actin assembly. Cdc42 and Rac1 function to propagate the initiating event. Amot and
AmotL1 interact with Syx (and can interact with each other) to regulate RhoA both at the
cell-cell tight junctions (TJ) and in the polarized leading edge. Phosphorylated VEGFR2
(pVEGFR) is co-trafficked with Amot and Syx and function in TJ disassembly. TJ is
represented by Occludin, ZO-1 and VE-cadherin.
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Figure 2.
Lumen formation within the aorta. The contact sites of neighboring endothelial cells are
comprised of junctional proteins, one of which is VE-cadherin. VE-cadherin can associate
with both CCM-1 and Par3 proteins, which regulate apical/basal polarity and lumen
formation. As the luminal membrane becomes polarized, apical localization of sialomucins
(CD34 and podocalyxin) is noted. Negatively charged sialomucins cause membrane
repulsion, as moesin associates with CD34 and recruits F-actin, and eventually nm myosin
II, to the apical membrane. This actin/myosin recruitment and assembly generates
contractile forces that regulate cell shape changes resulting in a patent lumen. β1 integrin is
located in the basolateral membrane has been demonstrated to also play a role in cell shape
and lumen formation, possibly by acting to counterbalance apical forces in the process.
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