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Abstract

Considerable progress has been made toward a molecular
understanding of how cells form lumen and tube structures
in three-dimensional (3D) extracellular matrices (ECM). This
progress has occurred through work performed with endo-
thelial and epithelial cell models using both in vitro and in
vivo approaches. Despite the apparent similarities between
endothelial and epithelial cell lumen and tube formation
mechanisms, there are clear distinctions that directly relate
to their functional differences. This review will focus on en-
dothelial cell (EC) lumen formation mechanisms which con-
trol blood vessel formation during development and post-
natal life. Of great interest is that an EC lumen signaling com-
plex has been identified which controls human EC lumen
and tube formation in 3D matrices and which coordinates
integrin-ECM contacts, cell surface proteolysis, cytoskeletal
rearrangements, and cell polarity. This complex consists of
the collagen-binding integrin «231, the collagen-degrading
membrane-type 1 matrix metalloproteinase (MT1-MMP),

junction adhesion molecule (Jam)C, JamB, polarity proteins
Par3 and Par6b, and the Rho GTPase Cdc42-GTP. These inter-
acting proteins are necessary to stimulate 3D matrix-specific
signaling events (including activation of protein kinase cas-
cades that regulate the actin and microtubule cytoskele-
tons) to control the formation of EC lumens and tube net-
works. Also, EC lumen formation is directly coupled to the
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generation of vascular guidance tunnels, enzymatically gen-
erated ECM conduits that facilitate EC tube remodeling and
maturation. Mural cells such as pericytes are recruited along
EC tubes within these tunnel spaces to control ECM remodel-
ing events resulting in vascular basement membrane matrix
assembly, a key step in tube maturation and stabilization.
Copyright © 2011 S. Karger AG, Basel

Introduction

A fundamental required step in vascular morphogen-
esis is the creation of networks of endothelial cell (EC)-
lined tubes in both developmental and postnatal contexts
[Adams and Alitalo, 2007; Davis et al., 2007, 2011b; Hold-
erfield and Hughes, 2008; Iruela-Arispe and Davis, 2009;
Warren and Iruela-Arispe, 2010; Senger and Davis, 2011].
The molecular control of this process is being elucidated
using a variety of experimental approaches including
both in vitro and in vivo models that have led to major
advances in our developing mechanistic understanding
of this process. ECs, like epithelial cells, are capable of
forming cell-lined tubes when placed in a three-dimen-
sional (3D) extracellular matrix (ECM) environment
when appropriate cytokines are supplied (that support
morphogenesis and survival) [Iruela-Arispe and Davis,
2009; Andrew and Ewald, 2010; Datta et al., 2011; Davis
et al., 2011b; Senger and Davis, 2011]. This is in marked
contrast to other cell types such as fibroblasts, pericytes,
and vascular smooth muscle cells which fail to form lu-
mens and tubes when they are placed under the same
conditions. The molecular basis for this fundamental dif-
ference remains a critical question for understanding
why ECs and epithelial cells form lumens and tubes and
why fibroblasts and other cell types do not.

EC-lined tubes are unique in that they become ex-
posed to high flow and pressure forces [Lucitti et al., 2007;
Dejana et al., 2009; Iruela-Arispe and Davis, 2009; Wa-
genseil and Mecham, 2009; Culver and Dickinson, 2010].
This major functional difference between these tubes and
epithelial cell tubes needs to be emphasized. In general,
blood EC tubes (contrasting them with lymphatic EC
tubes) propel blood cells and plasma fluids and partici-
pate in a closed, pressurized circuit connected to a heart
pump [Wagenseil and Mecham, 2009; Culver and Dick-
inson, 2010], while many epithelial tubes are typically se-
cretory in nature but can also propel fluids, albeit in a low
pressure environment. These distinctions are highly rel-
evant, and although EC and epithelial tubulogenesis
mechanisms are related, their functional dissimilarities
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likely play major roles in why their tube formation mech-
anisms show significant differences as well.

Another key distinction is the major accumulation of
mural cells that become invested around EC-lined tubes
in the blood vasculature [Armulik et al., 2005; Hughes,
2008; Gaengel et al., 2009; Davis et al., 2011a; Senger and
Davis, 2011]. This mural cell recruitment process and the
functional consequences of these events lead to tubes that
are able to control systemic processes such as blood pres-
sure (through arteriolar contractility) and elastic recoil
forces (i.e. from large arteries) that propel blood through
the vasculature in conjunction with the cardiac contrac-
tility cycle [Segal, 2005; Hill et al., 2007; Wagenseil and
Mecham, 2009]. The process by which mural cells be-
come recruited to EC-lined tubes is being elucidated us-
ing both in vitro and in vivo models [Davis et al., 2007,
2011a, b; Hughes, 2008; Gaengel et al., 2009; Stratman et
al., 20094, 2010]. Of great interest is that pericyte recruit-
ment to EC tubes in the developing and stable microvas-
culature leads to ECM remodeling and, specifically, vas-
cular basement membrane matrix assembly, a funda-
mental step in the maturation of the vasculature [Strat-
man et al., 2009a, 2010].

One apparent distinction between EC and epithelial
tubes is the relative lack of transmembrane proteins that
are specific to the apical membrane in ECs versus epithe-
lial tubes [Davis et al., 2011b]. Podocalyxin is a trans-
membrane protein that appears to show apical targeting
in ECs [Dekan etal., 1990; Lampugnani et al., 2010]; how-
ever, it again appears less than that observed in epithelial
tubes. An interesting consideration is that the accumula-
tion of mural cells specifically on the basal surface of EC
tubes along with vascular basement membrane at this
surface could represent a major polarizing signal for ECs.
Importantly, the apical surface in ECs is exposed to sig-
nificant flow and pressure forces [Culver and Dickinson,
2010] and this type of stimulus may also represent a major
polarizing signal for ECs. Flow forces are known to cause
centrosome reorientation in the direction of flow, an
event that requires Cdc42 [Tzima et al.,, 2003]. Perhaps
the specialized apical surfaces of epithelial cells [Bryant
and Mostov, 2008], which are highly linked to secretory
and absorptive functions, are not compatible with such
forces. ECs are also very thin and flat cells in most vas-
cular beds with small EC-EC junctions compared with
the large cuboidal epithelial cell shape and large mem-
brane contact zones in typical epithelial cell-cell junc-
tions [Lampugnani and Dejana, 2007; Bryant and Mo-
stov, 2008; Dejana et al., 2009; Iruela-Arispe and Davis,
2009]. These marked distinctions likely underlie many of
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the new differences that are becoming apparent in studies
of both EC and epithelial lumen formation. However, it is
also clear that studies of both systems have lead to impor-
tant advances in our understanding of the lumen and
tube formation process that have applicability toward
both events.

In this review, the molecular basis for EC lumen and
tube morphogenesis will be discussed, and we will em-
phasize the critical importance of studies using both in
vitro and in vivo approaches to elucidate the molecular
basis for these fundamental biological processes. We will
focus on a number of key issues including the role of
ECM, integrin and Rho GTPase signaling, protein kinase
cascades, cell polarity mechanisms, multiprotein com-
plexes that control EC lumen formation and signaling,
EC-mural cell interactions that influence EC tube forma-
tion and vascular basement membrane matrix assembly,
and regulation of vascular tube morphogenesis by cyto-
kines.

Morphologic Changes That Characterize the EC
Lumen and Tube Assembly Process in 3D ECM: Role
of Intracellular Vacuoles in EC Lumen Formation

It has been important over the years to characterize
the EC lumen and tube formation process from a mor-
phologic perspective [Folkman and Haudenschild, 1980;
Davis and Camarillo, 1996; Davis et al., 2002; Davis and
Bayless, 2003; Lubarsky and Krasnow, 2003; Filla et al.,
2004; Sainson et al., 2005; Kamei et al., 2006; Saunders et
al., 2006; Yaniv et al., 2006; Zamir et al., 2006; Aplin et
al.,2008; Holderfield and Hughes, 2008; Koh et al., 2008b;
McKinney and Weinstein, 2008; Nakatsu and Hughes,
2008; Herbert et al., 2009; Sato et al., 2010]. The develop-
ment of real-time imaging approaches to visualize these
events in vitro and in vivo have strongly facilitated our
ability to identify and characterize particular steps in the
process. In addition, basic histologic approaches have re-
vealed considerable information as well. As shown in fig-
ure 1, human ECs are able to assemble into multicellular
tube networks when they are suspended as single cells in
3D matrices in assay systems that mimic ‘vasculogenesis’
or in others where ECs are seeded on the surface of 3D
ECM gels and allowed to sprout into the matrix to form
tubes and tube networks (mimicking angiogenesis). A
key point is that cross sections of such cultures need to
demonstrate the presence of lumens as shown in figure
1c, d, and f. It is clear that the structures are multicellular
(fig. 1a, e) but, to demonstrate this point further, ECs car-
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rying either green fluorescent protein (GFP) or separate-
ly monomeric red fluorescent protein (mRFP) were co-
cultured to demonstrate multicellular tube assembly dur-
ing this process (fig. 1b).

Careful imaging of the EC tubulogenic process in 3D
matrices in vitro revealed the surprising finding that ECs
undergo marked intracellular vacuolation and fusion
events during tube formation (fig. 2) [Davis and Camaril-
lo, 1996; Bayless et al., 2000; Bayless and Davis, 2002; Da-
vis et al., 2002; Davis and Bayless, 2003; Kamei et al.,
2006]. Importantly, these phenomena have been observed
both in vitro and in vivo [Egginton and Gerritsen, 2003;
Kamei et al,, 2006; Liu et al.,, 2010; Wang et al., 2010;
Zovein et al.,, 2010]. A critical question that has yet to be
answered after all of these years is: why is this necessary?
In support of such a concept is the clear observation that
single ECs, without contact from neighboring ECs (and
without EC-EC junctional contacts), can form lumen
structures [Davis and Camarillo, 1996; Davis et al., 2002].
A real-time image series of a single EC forming vacuoles
and a lumen structure over 24 h is shown in figure 2a.
Real-time imaging at lower power reveals fields of ECs
forming intracellular vacuoles and then expanding their
lumens in conjunction with EC sprouting and branching
events leading to multicellular tube assembly (fig. 2b). To
partially address the question raised above, it is apparent
that ECs need to assemble multicellular tube structures
very rapidly (within hours) in order to accommodate em-
bryonic developmental requirements (i.e. oxygenation to
meet rapid growth needs). Interestingly, EC tubulogene-
sis in vitro (1-2 days) [Koh et al., 2008b] appears to be
much more rapid than that observed for epithelial tubu-
logenesis (1-2 weeks) [O’Brien et al., 2006]. In order to
transfer basal membranes to an apical position rapidly to
accommodate the timing of the EC tubulogenic process,
it would make sense to rapidly pinocytose basal mem-
branes into a presumptive apical membrane position (i.e.
a process that resembles macropinocytosis) through in-
tracellular vacuole formation and vacuole-vacuole fusion
events (fig. 3). In fact, our laboratory has clearly observed
that this process occurs during EC lumen formation in
vitro [Davis and Camarillo, 1996; Bayless et al., 2000; Da-
vis et al., 2002]. Interestingly, other intracellular mem-
branes appear to fuse with intracellular vacuoles also as
we observed that Weibel-Palade bodies could be shown
to fuse and transfer their contents (i.e. von Willebrand
factor) into early vacuoles and early lumenal structures
[Davis and Camarillo, 1996; Davis and Bayless, 2003].
Thus, it appears that ECs may use such mechanisms to
rapidly create apical membranes that are fluid filled
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Vasculogenic assay

Angiogenic assay

Vasculogenic assay

Fig. 1. EC tube morphogenesis during vasculogenesis and angio-
genesis in 3D collagen matrices. Human ECs were seeded within
or on 3D collagen matrices and were allowed to undergo tube
morphogenesis and sprouting over time using assays that mimic
the vasculogenesis or angiogenic sprouting. a-c, e, f Human ECs
seeded within 3D collagen matrices and after 2 (e, f), 3 (b), or 5 (a,
c) days were fixed and stained with toluidine blue (a, e) or were
cross sectioned (c, f) and then photographed. b Human ECs car-

which distinguishes them from the basal membranes in
contact with ECM.

Recently, controversy has arisen over whether this
process even occurs in ECs [Blum et al., 2008; Strilic et
al., 2009]. We have recently discussed these issues in de-
tail in a separate review [Davis et al., 2011b] but, to sum-
marize our previous discussion, it is clear that intracel-
lular vacuolation is an important component of EC lu-
menogenesis in many vascular beds. These dynamic
vacuole structures have been observed by multiple inves-
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rying GFP or mRFP were seeded together in equal numbers and
allowed to form tubes for 72 h; they were then photographed un-
der fluorescence microscopy. d ECs were seeded on the surface of
collagen matrices and were allowed to sprout for 48 h; they were
then cross sectioned to visualize tube structures. Arrowheads in-
dicate lumen and tube structures. Scale bars = 100 wm (a), 25 pm
(b, ¢, f), and 50 pm (d, e).

tigators and using different systems both in vitro and in
vivo (fig. 3) [Davis and Camarillo, 1996; Yang et al., 1999;
Bayless and Davis, 2002; Davis et al., 2002; Davis and
Bayless, 2003; Egginton and Gerritsen, 2003; Stratman et
al., 2009a; Liu et al., 2010; Wang et al., 2010; Zovein et al.,
2010]. Furthermore, we recently reported the presence of
EC intracellular vacuoles in quail ECs during tube as-
sembly in the chorioallantoic membrane at embryonic
day 5 [Stratman et al., 2009a] and we also show another
example in figure 3e. During human EC tube formation
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Fig. 2. Single ECs can form lumenal structures through intracellular vacuole formation and fusion as well as
MT1-MMP-dependent lumen expansion in 3D collagen matrices. Real-time video analysis of EC lumen and
tube formation was performed examining a single EC (a) versus multiple ECs (b) in 3D collagen matrices over
a 24-hour period. Intracellular vacuoles are dynamically formed and through fusion events rapidly create api-
cal membranes necessary for the accelerated events which underlie the EC lumen formation process. Arrow-
heads indicate intracellular vacuoles, arrows indicate the border of lumen structures, and the open arrow indi-
cates an extended process to facilitate multicellular tube assembly. Scale bars = 25 pm (a) and 50 pm (b).

in vitro, it is a major mechanism controlling lumen for-
mation and it is directly linked to integrin- and Cdc42/
Racl-mediating signaling which are major regulators of
EC tubulogenesis in 3D matrices [Bayless and Davis,
2002; Koh et al., 2008a, 2009; Sacharidou et al., 2010].
Furthermore, GFP-tagged Cdc42 or Racl target to vacu-
ole membranes and these targeting vectors have been
very helpful to visualize them in vitro and in vivo (fig. 3)
[Bayless and Davis, 2002; Kamei et al., 2006; Davis et al.,
2007]. Additionally, GFP-RalA (fig. 3b) [Davis et al,,
2007] and GFP-moesin (expressed in zebrafish) [Wang
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et al,, 2010] have been shown to target to intracellular
vacuole membranes during tube formation events. The
GFP-Cdc42 fusion protein was expressed using an EC-
specific promoter in zebrafish and it was shown that in-
tracellular vacuoles were dynamically formed and par-
ticipated in EC lumen formation during intersegmental
sprouting events in vivo during vascular development
[Kamei et al., 2006]. They could even be filled through
extracellular application of fluorescent microspheres or
dyes, a finding reproduced by two independent groups
using zebrafish [Kamei et al., 2006; Wang et al., 2010].
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Fig. 3. ECintracellular vacuoles control lumen formation through
rapid creation of apical membranes during EC tubulogenesis in
vitro and in vivo in 3D matrices. a ECs were transfected with ad-
enoviral vectors carrying GFP-Cdc42 (a), GFP-RalA (b), or GFP-
Racl (c) and ECs undergoing morphogenesis were photographed
under fluorescence microscopy. In a and b, carboxyrhodamine
was added as an extracellular tracer to label structures that arise
through pinocytic events such as the pinocytic intracellular vacu-
oles shown. Note the strong vacuole membrane labeling by GFP-
RalA (b) with lesser but detectable labeling with GFP-Cdc42 (a).
c Strong intracellular labeling is noted with GFP-Racl in this 24-
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hour image where vacuoles appear to arise in the cell periphery
(white arrows) and are transported toward the apical surface to
fuse. The apical membrane (facing the lumenal compartment; L)
of the developing tube is also labeled with GFP-Racl. v = Intracel-
lular vacuoles. d, e Electron micrographs of ECs with intracellular
vacuoles are shown from in vitro cultures (d) and developing EC
tubes in vivo during quail vascular development (e). Arrows in-
dicate collagen type I matrix and arrowheads indicate fine pro-
cesses extending from the pinocytosed preapical vacuole mem-
brane or EC cell surface. Scale bars = 15 um (a, b), 25 pm (c), 10
pm (d), and 5 pwm (e).
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Fig. 4. Molecular mechanisms controlling EC lumen and tube as-
sembly in 3D ECM environments. This schematic diagram illus-
trates two major mechanisms that control EC lumen and tube as-
sembly during vascular morphogenesis. Importantly, the molecu-
lar and signaling requirements for these processes control a 3D
matrix-specific event since lumen and tube formation do not occur
on 2D surfaces. There are many common features in the two mech-
anisms including dependence on actin and microtubule function,
integrins, dependence of Cdc42 and Racl, and inhibition of these
events by RhoA. Furthermore, membrane invagination events oc-

Thus, intracellular vacuoles appear to be similar to mac-
ropinosomes which were demonstrated in our past in vi-
tro studies [Davis and Camarillo, 1996; Bayless and Da-
vis, 2002; Davis et al., 2007] and which also demonstrat-
ed that the vacuoles undergo both intracellular fusion
and exocytic fusion events with plasma membranes
(both apical and basal) (fig. 3a, b).

Several studies have suggested or shown the absence
of large intracellular vacuoles (few small vacuoles were
observed in the mouse aorta) within the developing aor-
ta despite the clear ability of these ECs to form lumen
structures [Strilic et al., 2009; Wang et al., 2010]. Our pre-
vious studies in vitro have demonstrated that intracellu-
lar vacuoles are one, but not the only, mechanism utilized
by ECs to form lumenal structures (fig. 4) [Davis et al.,
2002, 2007, 2011b; Saunders et al., 2006; Stratman et al.,
2009b; Sacharidou et al., 2010]. For example, we have
shown that MT1-MMP appears to function primarily in
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cur during both processes, with one revealing pinocytic structures
(intracellular vacuoles) (left side) and the other invaginating mem-
brane, but pinosomes are less prominent (right side). However,
marked membrane transfer from basal membranes to apical mem-
branesis key to both mechanisms as well as MT1-MMP-dependent
lumen expansion which is required to create vascular guidance
tunnels during the morphogenic process. Importantly, lumen for-
mation mechanisms from ECs seeded as single cells versus pre-
aggregated cells in 3D collagen matrices appear to be very similar
in terms of both molecular and signaling requirements.

EC lumen expansion through required proteolytic events
(and which create physical spaces in the ECM termed vas-
cular guidance tunnels) (fig. 5) [Saunders et al., 2006;
Stratman et al., 2009b; Sacharidou et al., 2010]. This same
process occurs whether ECs are suspended as single cells
or EC-EC aggregates (fewer vacuoles are observed in ag-
gregates but they are not absent). Also, the activity of
MT1-MMP appears to facilitate vacuole-vacuole fusion
events to promote lumenal expansion, but blockade of
MT1-MMP does allow for some intracellular vacuole for-
mation events [Saunders et al.,, 2006; Stratman et al,,
2009b; Sacharidou et al., 2010]. However, when MT1I-
MMP is inhibited, lumens and tubes fail to form because
the lumenal spaces require concomitant vascular guid-
ance tunnel space formation (an MT1-MMP-dependent
event) [Stratman et al., 2009b].

Additional work reveals that EC lumen signaling com-
plexes [Sacharidou et al., 2010] as well as a previously de-
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Fig. 5. EC lumen signaling complexes are critical regulators of EC
tubulogenesis in 3D matrices by controlling both tube and vascu-
lar guidance tunnel formation. An EC lumen signaling complex
consisting of the a21 integrin, MT1-MMP, JamC, JamB, Par3,
Par6a and Par6b, Cdc42-GTP, and Racl-GTP has been identified
which is necessary for human ECs to form lumens and tube net-
works in 3D collagen matrices. GFP-labeled ECs were seeded in
3D collagen matrices, and after 24 h cultures were fixed and
stained with anti-collagen type I antibodies and immunofluores-

scribed kinase cascade [Koh et al., 2008a, 2009] control
EClumen formation whether ECs are suspended as single
cells or as preaggregated cells within 3D collagen matrices
[Sacharidou et al., in preparation]. We preaggregated ECs
in order to mimic conditions that would occur in large
vessel assembly such as in the aorta. Importantly, Cdc42,
and Racl, but not RhoA or Rho kinase [Bayless and Davis,
2002, 2004; Koh et al., 2008a; Sacharidou et al., 2010; Da-
vis et al., 2011b], control EC lumen formation from single
or aggregated ECs in 3D collagen matrices along with
a2B1, MT1-MMP, JamB, JamC, Par3, and Par6b [Sacha-
ridou et al., in preparation]. There are a few subtle distinc-
tions between single versus aggregated ECs in controlling
EC lumen in that Pak-2 and Yes appear to be less critical
when they are aggregated compared to single ECs but, in
contrast, other kinases, protein kinase C (PKC)g, Src, and
atypical PKC (aPKC) (i.e. PKCiota) are required during
these processes [Sacharidou et al., in preparation]. Impor-
tantly, the major findings demonstrate that the critical EC
lumen signaling complex and its downstream effectors
[Sacharidou et al., 2010] are necessary whether ECs are
single or aggregated cells and thus strongly suggests that

Vascular Lumen Formation in 3D
Matrices

cent images were prepared. Arrows indicate the borders of vascu-
lar guidance tunnels that are created as a result of the EC lumen
signaling complex which contains the collagenolytic MMP, MT1-
MMP. Vascular guidance tunnels represent matrix conduits that
are created as a result of the EC tube formation process and which
play a key role in vessel assembly, remodeling, and EC-mural cell
interactions that are important during later steps of vascular tube
maturation. Scale bar = 25 pm.

the molecular and signaling requirements for lumen and
tube assembly are likely to be very similar in different vas-
cular beds of varying diameter and location. Clearly, this
is an important area for future investigation.

Fundamental Role for ECM and Integrins in EC
Lumen Formation and Tube Stabilization

EC interactions with 3D ECM are essential in order for
these cells to migrate, invade, and assemble into tube net-
works (fig. 1) [Davis and Senger, 2005; Davis et al., 2007,
2011b; Hynes, 2007, 2009; Rhodes and Simons, 2007; So-
manath et al., 2009; Arroyo and Iruela-Arispe, 2010; War-
ren and Iruela-Arispe, 2010; Senger and Davis, 2011]. Im-
portantly, EC tubulogenesis is a 3D matrix-specific event
which does not occur on 2D ECM surfaces (fig. 4). During
vasculogenesis, individual ECs locate each other within
3D matrices requiring process extension, cell shape
changes including intracellular vacuole formation cou-
pled with lumen formation, EC surface-directed proteoly-
sis to direct motility and lumen expansion and then mul-
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ticellular tube assembly (fig. 1, 2, 4). In all cases, integrin
contacts with the ECM are required for these events in 3D
matrices. Two types of ECM appear to be particularly
conducive to EC tube morphogenesis and sprouting and
they include collagen type I and fibrin matrices [Davis
and Senger, 2005; Senger and Davis, 2011]. Interestingly,
the a231 integrin controls EC tube formation and sprout-
ing in collagen matrices [Davis and Camarillo, 1996; Sen-
ger et al., 1997; Bayless and Davis, 2003] while a581 and
av[33 control these events in fibrin matrices [Bayless et al.,
2000; Bayless and Davis, 2003; Carnevale et al., 2007];
thus, the integrins involved in vascular morphogenesis
are directly linked to the ECM environment in which the
process is occurring. These integrins have also been
shown to be involved in regulating EC tube morphogen-
esis during developmental and adult neovascularization
events [Drake et al., 1992; Senger et al., 1997; Stupack and
Cheresh, 2004; San Antonio et al., 2009; van der Flier et
al., 2010; Zovein et al., 2010]. In contrast, basement mem-
brane matrices containing laminin variants (i.e. laminins
511, 521, 411, and 421), collagen type IV, and tissue inhib-
itor of metalloproteinase (TIMP)-3 appear to provide in-
hibitory signals to EC tube morphogenesis but, interest-
ingly, contribute to the development of vascular tube mat-
uration, stabilization, and EC quiescence [Liu and Senger,
2004; Davis and Senger, 2005; Saunders et al., 2006; Strat-
man et al., 2009a, 2010; Senger and Davis, 2011].

More recent work has shown an exciting new aspect
of integrin function during these events and this has
been revealed comparing EC-only tubulogenesis to EC
tubulogenesis in the presence of pericytes in 3D collagen
matrices. We recently reported that EC-pericyte hetero-
typic cell interactions are necessary for vascular base-
ment membrane matrix assembly in vitro and in vivo
during quail vascular development [Stratman et al.,
2009a, 2010]. In the absence of pericytes, EC-only cul-
tures fail to assemble a vascular basement membrane
matrix. Importantly, blocking antibodies directed to the
integrins o5B1, a3B1, a6B1, and alPl (fibronectin,
laminin, nidogen and collagen type IV receptors) only
have inhibitory effects when ECs and pericytes are co-
cultured [Stratman et al., 2009a]. In contrast, a231
blocking antibodies markedly interfere with EC tube
formation as well as stability in EC-only cultures [Strat-
man et al., 2009a]. Interestingly, in EC-pericyte cocul-
tures, the influence of 231 diminished with time as the
collagen type I matrix was remodeled with vascular
basement membrane matrix underlying EC tubes [Strat-
man et al., 2009a]. a5B1, a3B1, 61, and «1B1 all in-
teract with basement membrane components; this ap-
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pears to be the reason why they now become function-
ally relevant selectively in EC-pericyte cocultures, which
is coincident with the deposition of vascular basement
membrane matrix (representing the ECM ligands for
these integrins). Previous studies focusing on vascular
development have strongly implicated o531 and fibro-
nectin matrix deposition during these events [Francis et
al.,, 2002; Astrof et al., 2007; Hynes, 2007; Astrof and
Hynes, 2009; van der Flier et al., 2010]. EC-only tubes
become much wider with time in the absence of base-
ment membrane deposition compared to EC-pericyte
tubes with basement membrane [Stratman et al., 2009a,
2010]. This increased width depends on MMP activity,
and inhibition of MT1-MMP appears to be one mecha-
nism whereby EC-pericyte interactions lead to de-
creased tube width [Saunders et al., 2006; Stratman et
al., 2009a, b]. Inhibitors of tube morphogenesis appear
to be present in vascular basement membranes such as
laminins and TIMP-3 [Bayless and Davis, 2003; Liu and
Senger, 2004; Saunders et al., 2006]. Interestingly, we
have preliminary data that laminin addition to 3D col-
lagen matrices blocks EC lumen and tube formation
and, furthermore, that laminin receptors such as w631
appear to be involved in this inhibitory response [Sacha-
ridou and Davis, unpubl. observations]. TIMP-3, which
is produced by pericytes and which is an ECM-binding
TIMP, blocks EC tube formation through inhibition of
MT1-MMP [Saunders et al., 2006]. Thus, the ECM re-
modeling process during EC-pericyte tube coassembly
limits vascular morphogenesis and leads to tube stabili-
zation in part through inhibition of tube formation
mechanisms. A second mechanism by which pericytes
affect tube stabilization is by preventing proregressive
stimuli (e.g. MMP-1 and MMP-10) [Saunders et al,
2005; Chang et al., 2006] from collapsing and regressing
EC tube networks. This latter mechanism appears to be
controlled by EC-derived TIMP-2 and pericyte-derived
TIMP-3 [Davis and Saunders, 2006; Saunders et al.,
2006; Stratman et al., 2009a].

Fundamental Role for the Rho GTPases Cdc42
and Rac1 in EC Lumen and Tube Formation; in
Contrast, RhoA Controls Vascular Tube Collapse
and Regression

Integrin binding to ECM leads to Rho GTPase activa-
tion and this activation mechanism is a fundamental step
in the ability of ECs to form lumens and tubes in 3D ECM
(fig. 4). This is the case whether isolated ECs undergo in-
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Table 1. Key regulators of vascular lumen formation in 3D matrices (I)

Regulator  Functional properties Interacting partners References

Cdc42 Regulator for actin and microtubule Many effectors including Pak-2, Pak-4, Bayless and Davis, 2002;
cytoskeletons to control lumen formation; ~ and Par6b which play a role in lumen Koh et al., 2008a, 2009;
binds to effectors such as Pak-2 and Pak-4 formation; present in EC lumen signaling  Sacharidou et al., 2010;
and Par6 isoforms; its activation depends on  complexes with integrins, MT1-MMP, Hoang et al., 2010b
EC lumen signaling complexes in 3D JamB, JamC, Par3, and Par6b
matrices

Rac-1 Regulator for actin and microtubule Many effectors including Pak-2 and Pak-1;  Kiosses et al., 2002;
cytoskeletons to control lumen formation; its activation is regulated by Tiam1, Bayless and Davis, 2002;
binds to effectors such as Pak-2 and Par6 a Rac GEF and binding partner of Par3 Koh et al., 2008a;
isoforms; its activation is regulated by Lampugnani et al., 2010
VE-cadherin; appears to inhibit RhoA

Integrins Regulate actin and microtubule Key component of EC lumen signaling Drake et al., 1992;
cytoskeletons to control lumen formation; complexes; 231 and MT1-MMP interact ~ Davis and Camarillo, 1996;
particular integrins involved relate to the to coordinate EC-collagen interactions Senger et al., 1997;
ECM environment where tube formation and MT1-MMP-dependent proteolysis Bayless et al., 2000;
occurs; influence EC Par3 expression to that controls EC lumen formation Sacharidou et al., 2010;
control lumenogenesis Zovein et al., 2010

MT1-MMP Regulates EC surface proteolysis in EC lumen signaling complexes containing  Lafleur et al., 2002;
collagen and fibrin matrices to control lumen MTI1-MMP control EC lumen formation; Chun et al., 2004;
formation; involved in the generation of also coordinates Cdc42 activation and Saunders et al; 2006;
vascular guidance tunnels which regulate EC ~ downstream kinase signaling cascades Stratman et al., 2009b;
tube remodeling and EC tube maturation necessary for lumen formation Sacharidou et al., 2010
events in 3D matrices

JamB/JamC JamB and JamC form heterodimeric The JamB and JamC cytoplasmic tails are ~ Sacharidou et al., 2010
complexes that regulate EC lumen necessary for Par3 binding, Cdc42
formation; interact with the lumen regulator activation, and EC lumen formation in 3D
Par3; present in EC lumen signaling matrices; JamB and JamC are components
complexes that control Cdc42 activationin  of EC lumen signaling complexes
3D but not 2D matrices

Par3, Par6b Proteins that regulate lumen formation and ~ Par3 and Par6b are components of EC Koh et al., 2008, 2009;

apical-basal polarization; Par3 binds to Jam
cytoplasmic tails to control EC lumen
formation; Par6b binds Cdc42-GTP and
Par3; B1 integrin expression controls Par3
levels

lumen signaling complexes that connect
integrin signaling, MT1-MMP-mediated
proteolysis, JamB/C, Cdc42 activation,
and kinase signaling cascades to control
EC lumenogenesis

Sacharidou et al., 2010;
Lampugnani et al., 2010;
Zovein et al., 2010

tracellular vacuole formation to form lumens or ECs are
interacting with each other (fig. 4). Although, EC adhe-
sion to 2D ECM surfaces leads to Rho GTPase activation,
this does not lead to lumen formation, which is a 3D ma-
trix-specific process [Davis et al., 2002, 2007, 2011b; Sa-
charidouetal., 2010]. This is an important issue that needs
to be considered in terms of why EC lumen formation and
tubulogenesis occurs in a 3D matrix-specific manner and
not on 2D surfaces. Our laboratory first described that
Cdc42 controls EC lumen formation (table 1) [Bayless and
Davis, 2002]. A dominant negative inhibitor of Cdc42

Vascular Lumen Formation in 3D
Matrices

completely blocked lumen formation of human ECs in 3D
collagen matrices [Bayless and Davis, 2002]. Later, we
demonstrated that siRNA suppression of Cdc42 also com-
pletely abrogates lumen and tube formation [Davis et al.,
2007; Koh et al., 2008a]. Dominant negative Racl and
siRNA directed to Racl also markedly blocked lumen for-
mation, while blockade of RhoA had no inhibitory influ-
ence [Bayless and Davis, 2002; Davis et al., 2007; Koh et
al., 2008a]. Thus, EC lumen formation in 3D matrices de-
pends on Cdc42 and Racl, but not RhoA. In support of
these findings, both Cdc42 and Racl have been implicated
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in vivo during either vascular developmental or postnatal
vascularization responses [Tan et al., 2008; Hoang et al.,
2010a, b]. Of great interest is the observation that RhoA
controlled vascular tube collapse following microtubule
depolymerization [Bayless and Davis, 2004]. Thus, RhoA
was actually an inhibitor of the process and actively par-
ticipated in EC tube collapse (fig. 4) [Bayless and Davis,
2004]. We initially reported that expression of constitu-
tively active RhoA in ECs completely blocked their ability
to form intracellular vacuoles and lumens (fig. 4) [Bayless
and Davis, 2002]. Later work by several groups demon-
strated an important role for a downstream effector of
RhoA, Rho kinase (ROCK), in mediating tube collapse
and regression [Mavria et al., 2006; Im and Kazlauskas,
2007]. Interestingly, they reported that Src and Erk1/2 ac-
tivation led to inhibition of ROCK. We recently demon-
strated that Cdc42- and Racl-mediated signaling during
EC lumen formation induces marked activation of both
Src and Erk1/2 [Koh et al., 2009; Sacharidou et al., 2010],
suggesting that this pathway would not only induce the
formation of tube networks but at the same time prevent
tube collapse by blocking RhoA and ROCK activation.
Blockade of Src or Erk1/2 completely interferes with EC
lumen formation, thus indicating that Cdc42/Racl active-
ly opposes the action of RhoA and vice versa [Koh et al.,
2009; Sacharidou et al., 2010].

Interestingly, siRNA suppression of cerebral cavern-
ous malformation (CCM) 1 or CCM2 leads to blockade
of EC lumen formation (table 2) [Whitehead et al., 2009;
Lampugnani et al.,, 2010] but is also accompanied by
marked activation of RhoA and ROCK [Glading et al.,
2007; Kleaveland et al., 2009; Whitehead et al., 2009;
Stockton et al., 2010] which leads to disassembly of EC-
EC junctional contacts. Recently, we completed an inter-
esting experiment where siRNA suppression of either
CCM1 or CCM2 was performed at the same time as
siRNA suppression of RhoA. These results demonstrate
that suppression of RhoA expression completely rescues
the inhibitory influence of CCM1 or CCM2 knockdown
on EC lumen and tube formation [Sacharidou et al., in
preparation]. Furthermore, we have confirmed this result
by expressing dominant negative RhoA in CCM1 or
CCM2 siRNA-treated ECs which also completely rescues
the lumen formation defect in these treated cells [Sacha-
ridou et al., in preparation]. Thus, much of the influence
of CCM1 and CCM2 on EC lumen formation appears to
be related to their ability to inhibit RhoA activation dur-
ing the lumen formation process. The details of how these
events occur at a molecular level are actively being pur-
sued by our group as well as others.
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An important function of Rho GTPases is to activate
downstream effectors that then regulate their biological
influence. Using an siRNA screening strategy, we identi-
fied p21-activated kinase (Pak)-2 and Pak-4 as well as the
polarity protein Par6b as key effectors that controlled EC
lumen formation [Koh et al., 2008a; Sacharidou et al.,
2010; Davis et al., 2011b]. We further demonstrated that
dominant negative mutants of both Pak-2 and Pak-4
completely inhibited EC lumen formation in 3D collagen
matrices. Importantly, we showed that Pak-2 and Pak-4
activation (as indicated by phosphorylation) directly cor-
related with the time course of EC lumen formation [Koh
et al., 2008a]. In addition, we demonstrated that Cdc42-
GTP could be shown to be interacting with both activat-
ed Pak-2 and Pak-4 in ECs undergoing tube formation in
3D collagen matrices [Koh et al., 2008a]. Also, we dem-
onstrated that both Par6b and its binding partner, Par3,
could be shown to be interacting with Cdc42-GTP con-
taining complexes during the tube formation process
[Koh et al., 2008a; Sacharidou et al., 2010]. Previous work
implicated Pak-1 in these events [Kiosses et al., 2002].
Furthermore, a study implicated a functional role for
Pak-2 in zebrafish vascular development [Liu et al., 2007]
while another study demonstrated a role for Pak-4 during
mouse vascular development [Galan Moya et al., 2009;
Tian et al., 2009]. Interestingly, Pak-4 has been reported
to inhibit the activity of several Rho guanine exchange
factors (GEFs) [Callow et al., 2005] and thus can decrease
RhoA activation (an inhibitor of EC lumen formation)
(tig. 4) [Bayless and Davis, 2002, 2004; Mavria et al., 2006;
Im and Kazlauskas, 2007].

Cdc42-GTP is part of an EC lumen signaling complex
that contains Par6b, Par3, junction adhesion molecule
(Jam)B, JamC, MT1-MMP, and the a231 integrin (fig. 5)
[Sacharidou et al., 2010]. Recent studies indicate that
Par6a and Racl are also part of this complex [Sacharidou
et al., in preparation]. Together, this complex of proteins
controls human EC lumen formation and directly regu-
lates Cdc42 activation in 3D collagen matrices but not on
2D collagen surfaces [Sacharidou et al., 2010]. In addition,
EC motility was selectively inhibited in 3D matrices but
not on 2D matrix surfaces when the expression of each of
the EC lumen signaling complex components was blocked
by siRNA suppression. A key regulator of these events is
MT1-MMP, which selectively controls 3D matrix motility
due to its proteolytic activity (since ECM is a barrier to cell
motility in 3D matrices but not 2D matrices) (fig. 5) [Strat-
man et al., 2009b]. siRNA suppression of MT1-MMP or
blockade of its activity with chemical or protein inhibitors
selectively blocked EC motility and lumen formation in
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Table 2. Key regulators of vascular lumen formation in 3D matrices (II)

Regulator

Functional properties

Interacting partners

References

VE-cadherin

Regulator of cell-cell junctions and
other signaling functions; controls
formation of lumens and/or facilitates
lumen maintenance; plays a role in
directing vacuoles to the EC apical
membrane surface

Binds (3-catenin and CSK, a negative
regulator of EC lumen formation;
interacts with Par3 to facilitate EC
polarization and lumen formation/
maintenance

Carmeliet et al., 1999;
Yang et al., 1999;

Koh et al., 2009;

Strilic et al., 2009;
Wang et al., 2010;
Lampugnani et al., 2010

CCM1, These three proteins form a complex of ~CCM1, CCM2, and CCM3 interact; Whitehead et al., 2009;
CCM2, CCM3 proteins which is altered in the human ~ CCM1 is a RapGEF and CCM2 can bind  Kleaveland et al., 2009;
disease CCM; CCM1, CCM2, and [3-catenin; CCM3 binds STK kinases; Stockton et al., 2010;
CCM3 control EC lumen formation siRNA suppression of CCM1 or CCM2  Lampugnani et al., 2010;
leads to marked RhoA activation Chan et al,, 2011
Rasipl An EC-specific gene that when deleted ~ Binds to Arhgap29, a Rho-specific GAP, Xu et al., 2009, 2011
from mice or suppressed in human Myh9 (myosin II) and Ras; Rasip1
ECs leads to marked blockade of lumen  appears to coordinate small GTPase
formation; siRNA suppression of Rasip  signaling and affects EC cytoskeletal and
leads to strongly reduced Cdc42 and adhesive functions to control vascular
Racl activation and increased RhoA morphogenesis
activation in 3D matrices (leads to
inhibition of lumen formation)
Moesin Can control EC lumen formation Moesin can target to actin-rich plasma  Strilic et al., 2009;

through EC vacuole formation and
targeting of vacuoles to the apical
surface; activated downstream of CCM
proteins; possible negative regulator of
RhoA activation

membranes such as those on the apical
surface or intracellular vacuole
membranes; activated by STK kinases
(e.g. STK25) which control lumen
formation

Wang et al., 2010;
Zheng et al., 2010;
Chan et al,, 2011

PKCe,aPKC, Src,
Yes, Pak-2, Pak-4,
C-Raf, B-Raf, Mekl,
Erk1/2, STKs

Kinase cascades control EC lumen and
tube formation; integrin- and Cdc42/
Racl-dependent signaling stimulate
these kinases to regulate the lumen
formation process in 3D matrices

PKCe activates Src and then activates
Pak-2 and Pak-4, etc., to stimulate the
lumen formation cascade; blockade of
either PKCe or Src disrupts EC lumen
formation and dissociates the EC lumen
signaling complex

Koh et al., 2008a, 2009;
Zheng et al., 2010;
Sacharidou et al., 2010;
Chan et al., 2011

3D collagen matrices (fig. 6) [Stratman et al., 2009b]. EC
motility in 3D matrices is necessary for EC lumen and
multicellular tube assembly (through generation of vascu-
lar guidance tunnels), and thus MT1-MMP proteolytic
activity is required for these events [Saunders et al., 2006;
Stratman et al., 2009b]. Importantly, MT1-MMP activity
also plays a critical role in controlling Cdc42 activation in
3D collagen matrices but not on 2D collagen surfaces [Sa-
charidou et al., 2010]. Thus, the EC lumen signaling com-
plex is required for each of the key steps in EC lumen and
tube formation including: (i) EC interactions with ECM
through integrins, (ii) ECM proteolysis to create vascular
guidance tunnels and promote cell motility, (iii) activa-
tion of Cdc42 and Racl and suppression of RhoA to con-
trol cytoskeletal rearrangements and Par3-dependent po-
larity signaling, (iv) membrane trafficking events to

Vascular Lumen Formation in 3D
Matrices

transfer membrane components from basal to apical sur-
faces (i.e. intracellular vacuoles and other vesicle traffick-
ing), and (v) activation of protein kinase cascades includ-
ing PKCeg, aPKC, Src, Yes, C-Raf, B-Raf, and Erk1/2 which
together play critical roles in controlling these events
(fig. 4, 5) [Davis et al., 2007, 2011b; Sacharidou et al., 2010].
In this latter case, considerable effort will be required to
identify the particular kinase targets as well as target res-
idues that are phosphorylated by these kinases to affect
the EC lumen and tube formation process.

There is considerable evidence that the lumen regula-
tors identified using in vitro model systems are also op-
erative during these events in vivo (tables 1, 2). Key regu-
lators that have been identified using knockout mice,
morpholino oligos in zebrafish, or zebrafish mutants in-
clude Racl, Pak-2, Pak-4, a2f31 integrin, B1 integrins,
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siRNA:

Luc

MT1-MMP

MT3-MMP

Fig. 6. MT1-MMP is required for EC lumen and tube formation in 3D collagen matrices. siRNA suppression
experiments were performed using mRFP-labeled human ECs and three siRNAs which were control luciferase
(Luc), MT1-MMP, and MT3-MMP. The treated ECs were seeded in FITC-labeled 3D collagen matrices and,
after 24 h, cultures were imaged by confocal fluorescence microscopy. Scale bar = 100 pm.

Par3, CCM1, CCM2, and CCM3 (tables 1, 2). A novel reg-
ulator of EC lumen formation that has just been reported
is Rasipl, an EC-specific gene that shows EC specificity in
mice and Xenopus species [Xu et al., 2009, 2011]. Knockout
of Rasipl leads to complete failure of EC lumen formation
inall vascular beds from the aorta to the microvasculature
[Xu et al., 2011]. Importantly, Rasipl was found to associ-
ate with Arhgap29, a GTPase activating protein with spec-
ificity for inactivating RhoA-GTP. Interestingly, knock-
out of either Rasipl or Arhgap29 leads to marked RhoA
activation of ECs in either 2D or 3D matrices. SiRNA sup-
pression of either Rasipl or ArhGAP29 markedly blocks
EClumen and tube formation in 3D collagen matrices and
leads to suppression of Cdc42 and Racl activation, while
there is a strong increase in RhoA activation [Xu et al,,
2011]. Furthermore, knockdown of Rasipl blocks the ki-
nase cascade controlling EC lumen formation including
suppression of Src, Pak-4, C-Raf, B-Raf, and Erk1/2 [Xu et
al., 2011]. Interestingly, when Rasipl was knocked down,
it was possible to rescue this lumen formation defect when
dominant negative RhoA or siRNA to RhoA were intro-
duced into human ECs in 3D collagen matrices [Xu et al.,
2011]. Thus, a major function of Rasipl is to coordinate
Rho GTPase signaling and thereby affect EC morphogen-
esis, cytoskeletal organization, and integrin-mediated ad-
hesion. It also facilitates Cdc42 and Racl activation while
it suppresses RhoA activation to control the lumen and
tube formation process in 3D matrices.
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Cell Polarity and Membrane Trafficking Mechanisms
in the Molecular Control of EC Lumen and Tube
Formation and Stabilization

As discussed above, membrane trafficking plays a key
role in intracellular vacuole formation and fusion mecha-
nisms that affect lumen formation (fig. 4). Also, it is a
critical process for trafficking of membrane from the bas-
al surface to the apical surface during lumen formation.
Thus, in order for lumen formation to occur, there needs
to be a marked transfer of membrane components (i.e.
lipids, proteins, etc.) to the apical membrane to expand
this surface. Interestingly, DNA microarray analysis has
revealed marked increases in cholesterol biosynthetic en-
zymes (e.g. HMG CoA reductase) during EC lumen for-
mation [Bell et al., 2001], which is consistent with in-
creased membrane requirements such as the creation of
the apical membrane surface.

Basal-to-apical transfer of membrane has been dem-
onstrated during the process of epithelial cell lumen for-
mation where apical and basal membrane polarity is
much more defined with respect to the polarized distri-
bution of apical transmembrane proteins (e.g. podoca-
lyxin and annexin2) as well as membrane-associated cy-
toskeletal components (e.g. actin and moesin) compared
to EC lumen formation [Bryant and Mostov, 2008; An-
drew and Ewald, 2010; Bryant et al., 2010; Datta et al,,
2011]. Recent work reveals a role for Cdc42-dependent
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polarity, Par-3, annexin2, PTEN, and Rabs 11A and 8A
in epithelial membrane polarity during lumen and tube
formation events [Martin-Belmonte et al., 2007, 2008;
Jaffe et al., 2008; Bryant et al., 2010; Hao et al., 2010;
Datta et al., 2011]. The latter two Rab proteins and their
associated proteins play a key role in membrane traf-
ficking as well as apical and basolateral sorting of pro-
tein and membrane cargo during epithelial tube mor-
phogenesis and function [Bryant et al., 2010]. An impor-
tantpointisthatmanyepithelial cell tubesare specialized
for apical secretion or absorption, and thus there is a
critical dependence on sorting of specific transmem-
brane proteins and cytoskeletal components to accom-
plish this specific sorting process [Bryant and Mostov,
2008]. EC-lined tubes are primarily conduits for blood
flow and gas exchange and have less secretory or absorp-
tive functions; thus, their need for such specialized po-
larity as observed in epithelial tubes appears to be much
less.

We would like to suggest that EC polarity may be ac-
complished in different ways that are uniquely related to
the functional differences of EC-lined tubes compared
to other types of tubes. For example, one clear distinc-
tion of EC and epithelial tubes is that mural cells are
recruited to EC tubes in most cases and that they recruit
selectively to the abluminal EC surface (fig. 7, 8). Fur-
thermore, mural cells such as pericytes regulate the de-
position of vascular basement membrane matrix selec-
tively on this abluminal surface, again demonstrating a
polarized process (fig. 8, 9) [Stratman et al., 2009a,
2010]. Furthermore, flow forces selectively affect the EC
apical surface (a fluid interface) and together with the
basal contact with vascular basement membrane (a ma-
trix interface) likely play major roles in EC polarity sig-
naling and control (fig. 8). The relative lack of EC apical-
basal transmembrane protein or cytoskeletal markers
may make the case that polarization of such markers
might not be that relevant to the lumen formation pro-
cess. The rapidity with which EC form lumens and
tubes, without much evidence for apical or basal trans-
membrane protein polarity markers, suggests that this
property may not be a central feature underlying the
mechanistic requirements for lumen formation. Per-
haps ECs and epithelial cells are distinct in this regard.
Another possibility is that polarized molecules in ECs
will be discovered as more information is obtained re-
garding this process. However, it is of great interest that
known polarity regulators such as Cdc42, Par6b, Par3,
and aPKC are fundamental regulators of EC lumen for-
mation; thus, polarity signaling pathways are necessary

Vascular Lumen Formation in 3D
Matrices

for EC lumen formation [Koh et al., 2008a; Sacharidou
et al., 2010; Zovein et al., 2010; Davis et al., 2011b]. Also,
these components are required molecules within EC lu-
men signaling complexes that are necessary for the EC
lumen and tube formation process (fig. 5) [Sacharidou
et al., 2010].

JamB and JamC Interact with the Polarity Protein
Par3 to Control the Assembly of EC Lumen Signaling
Complexes Which Are Required for Tubulogenesis in
3D Matrices

Critical components of the EC lumen signaling com-
plex are JamB and JamC [Sacharidou et al., 2010] (fig. 5),
which were previously implicated in tight junction for-
mation and signaling as well as inflammation [Ebnet et
al., 2003, 2004]. JamC has been implicated in angiogen-
ic responses although its specific functional purpose
during these events was unclear [Lamagna et al., 2005].
A recent study demonstrated mutations in JamC that
lead to neonatal lethality in humans due to vascular ab-
normalities and hemorrhage, particularly in the central
nervous system [Mochida et al., 2011]. JamB and JamC
are known to interact with each other and, through
their cytoplasmic tails, are known to bind the polarity
protein Par3 [Ebnet et al., 2003, 2004]. siRNA suppres-
sion of both JamB and JamC markedly blocks EC lumen
formation as well as the addition of soluble blocking an-
tibodies to both JamB and JamC [Sacharidou et al,,
2010]. Combined blockade of both molecules (using
siRNAs or blocking antibodies) results in dramatic in-
hibition of EC lumen formation [Sacharidou et al., 2010].
This inhibition is accompanied by a lack of Cdc42 acti-
vation, blockade of MT1-MMP-mediated tunnel forma-
tion, and complete blockade of the kinase cascade (i.e.
reduced Src, Pak-2, Pak-4, B-Raf, C-Raf, and Erkl/2
phosphorylation) that is activated downstream of the
EC lumen signaling complex and which is necessary for
EC tubulogenesis in 3D matrices [Sacharidou et al,
2010].

Importantly, increased expression of either JamB or
JamC constructs without their cytoplasmic tails leads to
marked blockade of tube formation [Sacharidou et al.,
2010]. Deletion of the C-terminal 5 amino acids of the
JamC cytoplasmic tail which is known to bind Par3 also
completely inhibits EC lumen formation in 3D collagen
matrices. The expression of these constructs also blocked
Cdc42 activation in 3D collagen matrices but, important-
ly, not on 2D collagen substrates; this is an indication that
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Fig. 7. Recruitment of pericytes to EC-lined tubes occurs within
vascular guidance tunnels that are generated during the EC tubu-
logenic process in 3D ECM. EC-only (a) or EC-pericyte (b) cul-
tures were established in 3D collagen matrices, and after 5 days
cultures were fixed, stained, and photographed. Note that the
presence of pericytes creates much more uniformity and complex
patterns in the EC tube networks than in their absence and EC

JamB/JamC interactions with Par3 are necessary for EC
Cdc42 activation in 3D matrices [Sacharidou et al., 2010].
In addition, we demonstrated that increased expression
of JamA interfered with lumen formation while siRNA
suppression of JamA increased lumen formation, which
suggests that JamA inhibits this process [Sacharidou et
al., 2010]. The mechanism by which this occurs is not
clear; however, it may be through competition with Par3
binding which could disrupt the EC lumen signaling
complex and prevent tube formation. Thus, JamB and
JamC appear to play a central role in EC lumenogenesis
by controlling the assembly and function of EC lumen
signaling complexes [Sacharidou et al., 2010; Davis et al.,
2011b].
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tube widths are markedly increased in EC-only versus EC-peri-
cyte cocultures. c-e ECs were seeded with GFP-pericytes and al-
lowed to assemble for 5 days. After fixation, cultures were stained
with collagen type I antibodies to identify vascular guidance tun-
nels (c), CD31 to identify EC tubes (d), and CD31 to label ECs, but
also with the addition of Hoechst dye to label both EC and peri-
cyte nuclei. Scale bars = 50 wm (a, b) and 25 pm (c-e).

Critical Functional Role for MT1-MMP-Mediated
Proteolysis and Vascular Guidance Tunnel
Formation during EC Tube Assembly and Maturation
in3D ECM

Considerable information demonstrates that cell sur-
face proteolysis is a major functional regulator of EC tu-
bulogenesis and invasive phenomena such as sprouting
[Lafleur et al., 2002; Chun et al., 2004; Saunders et al.,
2006; Sabeh et al., 2009; Stratman et al., 2009b]. MT1-
MMP is a key transmembrane proteinase that mediates
many of these cellular behaviors [Fisher et al., 2009; Sa-
beh et al., 2009]. A consequence of these proteolytic
events during tubulogenesis or invasion is the creation of
physical spaces within the ECM termed vascular guid-
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Fig. 8. EC-pericyte interactions control
vascular basement membrane matrix as-
sembly. Electron micrographs are shown
illustrating how EC-pericyte contact and
intercellular communication control vas-
cular basement membrane assembly in 3D
collagen matrices. EC-pericyte cocultures
(a-c) or EC-only cultures (c) were fixed
and processed for transmission electron
microscopy after 5 days of culture. a On-
going basement membrane assembly (ar-
rowheads) underlying ECs is shown and
also a pericyte likely migrating on the EC
abluminal surface within vascular guid-
ance tunnels to stimulate continuous base-
ment membrane deposition along EC
tubes. b Continuous basement membrane
underlying an EC tube with an associated
pericyte. The collagen type I matrix is in-
dicated. ¢ Ongoing vascular basement
membrane matrix formation thatis stimu-
lated by EC-pericyte interactions during
tube coassembly events. d EC-only culture
which shows a lumenal surface but no
underlying basement membrane matrix
when pericytes are not present. The colla-
gen type I matrix is indicated. Scale bar =
0.5 pm (a, ¢, d) and 2 pm (b).

b

ance tunnels (fig. 5). Both blood and lymphatic ECs dem-
onstrate this morphogenic requirement in 3D collagen
matrices (fig. 6, 10). Single cells such as tumor cells, peri-
cytes, and fibroblasts also create tunnel spaces that trail
the invading cells [Fisher et al., 2009; Sabeh et al., 2009].
Importantly, we have observed that all regulators of tu-
bulogenesis that we have identified also directly affect
the generation of vascular guidance tunnels mediated
through MT1-MMP proteolytic activity coordinated
with integrin-, JamB/C/Par3/Par6b-, and Cdc42/Racl-
mediated signaling (i.e. EC lumen signaling complexes)
(tig. 6) [Sacharidou et al., 2010]. The coordination of tu-
bulogenesis with cell surface proteolysis is one of the key
reasons why tube formation is a 3D-specific event, since
such proteolysis is not required for EC motility on 2D
matrix surfaces.

Initial experiments demonstrated that addition of
TIMP-2, TIMP-3, and TIMP-4, but not TIMP-1, could
block either EC lumen formation or EC sprouting events
[Bayless and Davis, 2003; Saunders et al., 2006; Stratman
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et al,, 2009b]. Also, the chemical inhibitor GM6001
blocked both processes [Saunders et al., 2006]. SiRNA
suppression screening experiments revealed a major role
for MT1-MMP, with a lesser but detectable role for MT2-
MMP in both EC lumen formation and EC sprouting into
3D collagen matrices (fig. 6) [Saunders et al., 2006; Strat-
man et al., 2009b]. Increased expression of wild-type but
not catalytically inactive recombinant MT1-MMP leads
to a marked increase in EC lumen formation as well as
vascular guidance tunnel formation [Stratman et al,
2009b]. Interestingly, expression of a wild-type MT1-
MMP recombinant construct without its cytoplasmic tail
leads to a marked increase in EC lumen and tunnel for-
mation [Sacharidou et al., 2010]. Previous reports de-
scribe that the cytoplasmic tail of MT1-MMP mediates
its internalization from the cell surface and thereby neg-
atively regulates cell surface proteolytic activity. These
findings are consistent with our results in that increased
EC lumen and tunnel formation was accompanied by in-
creased cell surface expression of MT1-MMP in the ab-
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Fig. 9. Identification of molecule and signaling requirements for EC tubulogenesis and EC-pericyte tube coas-
sembly which leads to vascular basement membrane matrix assembly and tube maturation. Key steps in vascular
tube morphogenesis as well as pericyte recruitment and vascular basement membrane matrix assembly are il-
lustrated. In addition, specific molecules are listed that are required for EC tube morphogenesis, as well as peri-
cyte recruitment to tubes and basement membrane assembly events. The upper right panel illustrates collagen
type IV (CIV) deposition as an indicator of basement membrane formation that occurs following EC and pericyte
interactions and cocontribution of the indicated basement membrane matrix components. Scale bar = 50 pm.

sence of its cytoplasmic tail. Of great interest was our
finding that expression of catalytically inactive MT1-
MMP without its cytoplasmic domain results in domi-
nant negative inhibition of endogenous MT1-MMP with
complete blockade of lumen and vascular guidance tun-
nel formation [Sacharidou et al., 2010]. Finally, MT1-
MMP, a membrane-tethered collagenase with specificity
for triple-helical collagens, strongly interacts with the
collagen-binding integrin a2f1, and together they are
components of the EC lumen signaling complex which is
required for EC tubulogenesis in 3D collagen matrices
[Sacharidou et al., 2010].

An important consequence of EC tubulogenesis is the
generation of vascular guidance tunnels, which are criti-
cal matrix conduits that control vascular tube remodel-
ing, cell motility, and ECM remodeling events that are
necessary for tube maturation and stabilization (fig. 9). In
fact, pericytes which are recruited along the abluminal
surface of EC-lined tubes are actually recruited into vas-
cular guidance tunnels in which the tubes are embedded
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(fig. 4, 7). In this way, pericytes are able to migrate on this
abluminal surface and, in conjunction with ECs, induce
the deposition of a continuous vascular basement mem-
brane (fig. 8, 9) [Stratman et al., 2009a]. Interestingly,
once vascular guidance tunnels are created, ECs are able
to freely migrate through these matrix conduits in an
MMP-independent manner [Stratman et al, 2009b].
Also, once pericytes are recruited through EC-derived
PDGEF-BB and HB-EGF to the EC tubes within the tunnel
spaces [Stratman et al., 2009a, 2010], they are also able to
migrate on the EC abluminal surface in an MMP-inde-
pendent manner to facilitate the vascular basement mem-
brane matrix assembly process [Stratman et al., 2009a].
Thus, vascular guidance tunnels, which are downstream
of MT1-MMP-dependent proteolysis, play a major role in
a fundamental step in vascular tube remodeling and mat-
uration (i.e. vascular basement membrane assembly sec-
ondary to dynamic EC-pericyte interactions) that is re-
quired for blood vessel structure and function during de-
velopment and postnatal life (fig. 5, 9).
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Fig. 10. Lymphangiogenic sprouting and
lumen formation requires MMP activity in
3D collagen matrices. Human dermal lym-
phatic ECs were seeded on the surface of
collagen gels and angiogenic sprouting was
stimulated by sphingosine-1-phosphate
which was incorporated into the collagen
matrix. Culture media contained reduced
serum supplement, phorbol ester, FGF-2,
and VEGF-C to facilitate survival and
morphogenesis. In addition, GM6001 was
added at 5 pM to block MMP activity (b) or
was not added (a). Arrows indicate lym-
phatic lumen and tube structures. Lym-
phatic ECs were shown to stain with Prox-1
and LYVE-1 (c, d) and were also shown to
attach to anti-podoplanin antibodies coat-
ed on plastic wells, while human umbilical
vein ECs failed to attach under the same
conditions. Overall, these results con-
firmed their identity as lymphatic ECs.
Scalebars =100 wm (a, b) and 25 pm (c, d).

Endothelial Lumen Signaling Complexes
Control Vascular Lumen Formation and Tube
Morphogenesis Specifically in 3D Matrix
Environments

Considerable past work has revealed the critical role of
individual molecules such as integrins, Rho GTPases, po-
larity molecules such as Par3, and MT1-MMP, but there
was previously little understanding of how these mole-
cules work together to control these events (tables 1, 2)
[Davis etal., 2007, 2011b]. The discovery of EC lumen sig-
naling complexes, which represent multiprotein com-
plexes containing Cdc42-GTP, Par6b, Par3, JamB, JamC,
MT1-MMP, and 21 leads to a better mechanistic un-
derstanding of how molecules work together to control a
complex process such as EC tubulogenesis in a 3D matrix
environment [Sacharidou et al., 2010; Davis et al., 2011b].
There appears to be a critical interdependence to control
the 3D matrix-specific tube formation process [Sachari-
dou et al., 2010; Davis et al., 2011b]. As an example, we
demonstrated that MT1-MMP activity is necessary for
Cdc42 activation in 3D collagen matrices and vice versa
in that blockade of Cdc42 leads to markedly reduced
MT1-MMP activity (as indicated by a lack of lumen and
vascular guidance tunnel formation) [Sacharidou et al.,
2010]. In contrast, the molecules do not appear to influ-
ence each other when ECs are seeded on the surface of
collagen matrices; thus, the Cdc42 and MT1-MMP inter-

Vascular Lumen Formation in 3D
Matrices
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dependence requires that ECs be present in a 3D matrix
environment [Sacharidou et al., 2010]. Also, RhoA activa-
tion was not affected by either molecule regardless of
whether the cells were cultured in 3D or on 2D matrices.
Also, we demonstrated that the JamB and JamC cytoplas-
mic tails were necessary for Cdc42 activation, MT1-MMP
activity (to create tunnel spaces), and EC lumen forma-
tion in 3D matrices but not on 2D surfaces [Sacharidou
et al., 2010]. Overall, these data indicate that the EC lu-
men signaling complex controls a 3D matrix-specific EC
signaling pathway that is essential for ECs to form lumens
and tubes during vascular morphogenic events. Further-
more, the EC lumen signaling complex is regulated by
and controls a kinase signaling cascade involving PKCe,
Src, Yes, Pak-2, Pak-4, C-Raf, B-Raf, Mekl, and Erk1/2
[Sacharidou et al., 2010]. Interestingly, PKCe or Src block-
ade leads to the disassembly of EC lumen signaling com-
plexes [Sacharidou et al., unpubl. observations], which
suggests that these kinases play a major role in maintain-
ing the interactions necessary to promote EC lumen for-
mation in 3D matrices. aPKC isoforms such as PKCiota
[Sacharidou et al., in preparation] play a role in EC lumen
formation through direct interactions with Par6 iso-
forms. Finally, kinases downstream of CCM1, CCM2,
and CCM3 activation termed sterile 20 kinases (STKs)
(e.g. STK25) work together to control EC lumenogenesis
[Zheng et al., 2010; Chan et al., 2011]. Moesin, a regulator
of lumen formation [Wang et al., 2010], appears to be a
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kinase substrate of particular STKs [Zheng et al., 2010].
A major future direction will be to pursue phospho-
proteomic strategies to identify phosphorylated targets
downstream of the key lumen regulating kinases that
control these events.

Conclusions and Future Directions

It is clear that considerable progress has been made
regarding the molecular basis for EC lumen and tube for-
mation during vasculogenic and angiogenic events. This
progress has been strongly enhanced by the development
of molecular and signaling approaches to studying these
events in vitro under defined conditions in 3D matrices.
There are now numerous examples which have shown
that particular in vitro tubulogenic systems have very
accurately identified critical molecules that control vas-
cular morphogenesis and maturation and which have
been confirmed using mouse, avian, or zebrafish in vivo
models. Increasingly, collaborative interactions between
groups that specialize in in vivo versus in vitro morpho-
genic systems have strongly advanced our understanding
of these processes.

Future studies should place a strong emphasis on how
protein kinase cascades control vascular morphogenesis
and how they interface with the EClumen signaling com-
plex as well as the microtubule and actin cytoskeletons to
affect these events [Davis et al., 2011b; Senger and Davis,
2011]. Also, considerable work needs to be performed on
how (and which) cytokines control particular steps in
vascular morphogenesis and how ECM affect these re-
sponses [Davis and Senger, 2008; Hynes, 2009; Chen et
al., 2010; Senger and Davis, 2011; Stratman et al., 2011].
Since cytokines and growth factors have specific affini-
ties for particular ECM components [Hynes, 2009; Sen-
ger and Davis, 2011], cosignaling events between growth
factor/cytokine receptors and ECM receptors such as in-
tegrins [Hynes, 2009; Somanath et al., 2009; Senger and
Davis, 2011] will likely create unique signals that charac-
terize the various steps of vascular tube morphogenesis,
sprouting, and maturation.

Recent work using human ECs under serum-free de-
fined conditions revealed some surprising results re-
garding the cytokines that control vascular tube mor-
phogenesis in 3D matrices. We have reported that hema-
topoietic stem cell cytokines, stem cell factor (SCF),
interleukin-3 (IL-3), and stromal-derived factor (SDF)-
1o, when combined, were able to stimulate vascular tube
morphogenesis in 3D matrices [Stratman et al., 2011].
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This occurred with or without pericyte addition, and
pericytes were recruited to developing tubes to stimulate
vascular basement membrane assembly in the presence
of these defined hematopoietic cytokines [Stratman et
al., 2009a, 2011]. In contrast, the combination of VEGF
and FGF when mixed under these conditions was unable
to support EC tube formation even in the presence of
pericytes [Stratman et al., 2011]. Interestingly, this study
also reported that VEGF and FGF can prime (or prepare)
EC responsiveness to hematopoietic cytokines (through
upregulation of hematopoietic cytokine receptors)
[Stratman et al., 2011]. Thus, VEGF and FGF were par-
ticularly effective as EC priming factors, while the hema-
topoietic factors failed to show activity as priming fac-
tors but were strong promorphogenic factors. Thus, the
optimal sequence of factor addition for maximal EC
tube morphogenesis is to prime ECs with VEGF and
FGF, followed by exposure to hematopoietic cytokines
during the process of tube formation; reversing the order
does not allow for EC tube morphogenesis [Stratman et
al., 2011]. This study is one example of how in vitro mod-
els can be utilized to address complex biological ques-
tions in vascular biology. The work identified multiple
novel regulators of vascular tube morphogenesis (i.e.
hematopoietic stem cell cytokines stimulating EC tubu-
logenesis) and revealed new functional roles for previ-
ously described factors that influence vascularization
responses (i.e. VEGF and FGF as EC priming factors
preparing ECs for subsequent morphogenic signals)
[Stratman et al., 2011]. These new insights could lead to
novel therapeutic strategies that affect the vasculature in
a positive or negative way in various disease states such
as cancer, diabetes, and macular degeneration. It is also
clear that such insights into the molecular requirements
for EC tubulogenesis and maturation events can lead
to new approaches for tissue bioengineering through
the ability to generate human microvascular networks
which could be integrated into specific tissue microen-
vironments (e.g. skin and heart) for transplantation and
other applications.
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