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Introduction

Tubular organs are the thoroughfares through which the gases and liquids that sustain life

are transported. Such organs also often serve as factories for the synthesis and delivery of

the hormones and enzymes that are essential for tissue homeostasis and energy metabolism.

Examples of tubular organs in mammals include the blood vessels, kidneys, lungs, pancreas,

and the mammary, salivary and lacrimal glands, as well as the heart and central nervous

system at early developmental stages. Several model systems have been developed to study

the molecular and cellular events required to organize cells into functional tubular organs

(see poster panel ‘Model systems for tubulogenesis’); these include Madin-Darby canine

kidney (MDCK) cells and human umbilical vein endothelial cells (HUVECs), both of which

can form tubes when grown in 3D matrices in the presence of appropriate signals (Brouns et

al., 2000) (O’Brien et al., 2002). Other model systems include the Drosophila melanogaster

trachea and salivary gland (Kerman et al., 2006), the single-cell kidney of Caenorhabditis

elegans (Buechner, 2002), and the zebrafish gut and vasculature (Ober et al., 2003;

Weinstein, 2002). In addition, recent developments in the ex vivo culture of the mammalian

salivary and mammary glands, in combination with RNAi knockdown, small-molecule

inhibitors and antibody-based blocking experiments, are providing exciting new information

about the molecules and mechanisms that drive tube formation, growth and elaboration

(Hinck and Silberstein, 2005; Patel et al., 2006; Sternlicht et al., 2006). An understanding of

the molecular and cellular events that underlie tube formation and maintenance is key to

human health, as many of the most common human diseases, including atherosclerosis and

kidney disease, arise from defects in tubular architecture. Here, we focus on the earliest

stages of tube formation in several model systems, studies of which reveal some common

underlying mechanisms (Hogan and Kolodziej, 2002; Lubarsky and Krasnow, 2003). We

describe the details of epithelial-tube architecture and discuss how tubular organs initially

form from either polarized or unpolarized cells.

Architecture of cellular tubes

Tubular organs vary considerably in size and shape but all tubes, whether they are highly

intricate networks of branched tubes or simple cylinders, comprise a polarized epithelium

that surrounds a shared central lumen (see poster panel ‘Architecture of an epithelial tube’).

The apical (or free) surface of each epithelial cell is ‘in’ (faces the lumen), whereas the basal
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surface is ‘out’ (faces surrounding tissues). The lateral surfaces of each cell contact

neighboring cells via a set of specialized junctions [adherens junctions, tight junctions and

(in invertebrates) septate junctions] that anchor cells to one another, provide a barrier

function, and block the movement of integral membrane proteins between the different cell

surfaces; this enables specialized membrane functions at the different surfaces and allows

the vectorial delivery of ions and secretory vesicles to the membrane. The formation of tubes

from epithelia that are already polarized, such as the mammalian neural tube, lung and liver,

and the D. melanogaster salivary gland and trachea, typically occurs through two related

mechanisms – wrapping and budding – and requires only a change in cell shape and/or

organization (see poster panels ‘Forming tubes from polarized epithelia: wrapping’ and

‘Forming tubes from polarized epithelia: budding’). By contrast, the formation of tubes from

unpolarized groups of cells, which occurs during the development of the mammalian

vasculature, mammary gland, kidney, salivary gland and pancreas, first requires the

establishment of a polarized epithelium that has distinct apical and basolateral cellular

domains (see poster panel ‘Forming tubes from unpolarized cells: de novo formation of a

polarized epithelium’). As the cells acquire polarity, they form tubes by one of three general

mechanisms: cord hollowing, cell hollowing or cavitation (see poster panel ‘Forming tubes

from unpolarized cells: lumen formation’).

Formation of tubes from polarized epithelia

Wrapping and budding – the two pathways by which polarized epithelia form tubes –are

mechanistically similar processes, both of which are driven by apical constriction (Lubarsky

and Krasnow, 2003). Wrapping occurs when cells within an epithelial sheet undergo

coordinated apical constriction, which causes the inward curving or bending of the sheet of

cells. This continues until the edges of the sheet meet and seal to form a tubular structure

that lies parallel to the plane of the epithelium. The best-known examples of wrapping are

neurulation in vertebrates and mesoderm invagination during gastrulation in D.

melanogaster. Cells that form tubes by wrapping often first adopt a columnar morphology

giving rise to an epithelial placode (a plate-like thickening) of cells that are elongated along

the apical-basal axis. Subsequently, actinomyosin-driven contraction of the apical cell

surface in a subset of these cells changes their shapes from columnar to pyramidal, which

drives the bending and internalization of the placode.

In contrast to wrapping, budding occurs as cells within an epithelium invaginate through

apical constriction and subsequently extend in a direction that is orthogonal to the plane of

the original epithelium (Lubarsky and Krasnow, 2003); the tube often remains contiguous

with the surrounding epithelium. Orthogonal extension of the tube can occur through

additional cell recruitment, cell division and/or cell elongation. Budding is the mechanism of

tube formation in the D. melanogaster salivary gland and trachea (Kerman et al., 2006), and

is the mechanism by which the branches of the mammalian salivary gland and lung are

formed (Hogan and Kolodziej, 2002). During branching morphogenesis, new buds form

from existing branches and the new lumena remain contiguous with the original lumen.
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Molecular mechanisms of epithelial invagination

Many of the molecular events that drive apical constriction in wrapping and budding have

been described (see poster). During gastrulation in D. melanogaster, the transcription factor

Twist is expressed in the mesodermal primordium and regulates the expression of two key

factors for invagination: Folded gastrulation (Fog), an apically secreted ligand, and T48, an

apically localized transmembrane protein (Barrett et al., 1997; Dawes-Hoang et al., 2005;

Hacker and Perrimon, 1998; Kolsch et al., 2007). Fog binds to an unknown G-protein-

coupled receptor that activates Concertina (Cta), a Gα subunit. Cta and T48 recruit

adherens-junction components and the downstream cytosolic effector RhoGEF2 to sites of

apical constriction (Rogers et al., 2004). RhoGEF2 travels to the cortex through its

association with the microtubule plus-end tracking protein EB1. Activated Concertina is

proposed to drive localized dissociation of RhoGEF2 from the plus ends of microtubules in

the apical domain. Apical RhoGEF2 drives Rho into its active GTP-bound form, activating

the downstream effector Rho kinase (Rok). Active Rok leads to the activation and

recruitment of non-muscle myosin to the apical membrane. In parallel, RhoGEF2 and the

Abelson (Abl) tyrosine kinase recruit and organize filamentous actin at the apical surface

(Fox and Peifer, 2007). Contraction of myosin leads to apical constriction because the

actinomyosin cytoskeleton is tethered to the apical adherens junctions.

Similar to gastrulation in D. melanogaster, vertebrate neurulation requires the activation of

Rho kinases at the apical surface. In this case, however, the actin-binding adherens-junction

protein Shroom3 binds directly to the Rho kinases ROCK1 and ROCK2, which leads to

local activation and accumulation of nonmuscle myosin, again through Rok-dependent

phosphorylation of myosin (Haigo et al., 2003; Nishimura and Takeichi, 2008). As in the D.

melanogaster mesoderm, the mammalian Abl homologues Abl and Arg organize actin at the

apical surface of the invaginating neural plate (Koleske et al., 1998). p190RhoGAP has also

been implicated in neural-tube closure, during which it might downregulate apical actin

accumulation and/or Rho activation (Brouns et al., 2000).

Similar to tubes that form through wrapping, compartmentalization of Rho regulators is key

to the morphogenesis of tubes that form through budding. An excellent example of this is

the D. melanogaster salivary gland, in which defects in invagination are observed when

genes that also affect mesodermal invagination are mutated, including fog, rhoGEF2, rho1

and rok. Similarly, mutations in genes that encode salivary-gland-expressed RhoGAPs

disrupt invagination (Kolesnikov and Beckendorf, 2007; Nikolaidou and Barrett, 2004; Xu

et al., 2008).

Live imaging of D. melanogaster tracheal-tube invagination in wild-type flies and EGF-

pathway mutants has revealed that, although apical constriction initiates invagination,

oriented cell divisions and cell intercalation also contribute (Nishimura et al., 2007). Most

tracheal cells invaginate in EGF-pathway mutants (Llimargas and Casanova, 1999; Wappner

et al., 1997); without EGF-pathway activity, however, cells fail to select a single focus for

apical constriction, to coordinate cell rearrangements, and to delay mitosis until the cells are

in a position where their oriented divisions contribute to internalization (Nishimura et al.,

2007).
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Lumen expansion

Tube formation through epithelial budding requires that the apical surface expand following

invagination to enable lumen growth. In the D. melanogaster salivary gland, this process is

regulated by the transcription factors Huckebein (Hkb) and Ribbon (Rib). Hkb upregulates

the expression of Klarsicht (Klar), a protein that mediates delivery of apical-membrane

vesicles, and stabilizes Crumbs (Crb), a protein that is implicated in apical-membrane

expansion in several developmental contexts (Myat and Andrew, 2002). In both the salivary

gland and the trachea, Rib upregulates Crb expression and deactivates moesin, an ezrin-

radixin-moesin (ERM) family member that, in its active form, links the apical membrane to

the underlying actin cytoskeleton (Kerman et al., 2008). The increased genesis and delivery

of apical membrane and decreased linkage of this membrane to the underlying cytoskeleton

facilitates lumenal expansion during tube elongation.

Formation of tubes from unpolarized condensations

Establishing apical-basal polarity

Many tubular organs begin as condensations or cords of unpolarized mesenchymal cells,

which must first polarize to form epithelial tubes (Martin-Belmonte and Mostov, 2008;

Nelson, 2003). A key step in mesenchymal-to-epithelial transitions is the upregulation of the

transmembrane protein E-cadherin and the formation of the E-cadherin–catenin junction.

The homotypic interactions of the extracellular domains of E-cadherin between neighbors

anchors cells within the epithelium. The E-cadherin junctional complex, which recruits

several other protein complexes (see below) that are involved in establishing and

maintaining overall apical-basal polarity, develops into the mature adherens junction, which

physically separates the apical (lumen-facing) membrane domain from the basolateral

membrane domain. Adherens junctions link the apical plasma membrane to the apical actin

network via the cytosolic proteins α-catenin, β-catenin (Armadillo in D. melanogaster) and

γ-catenin (also known as plakoglobin); they therefore organize the actin belt that surrounds

the apical surface of epithelial cells (the zonula adherens).

Differential distributions of the phosphatidylinositides phosphatidylinositol (4,5)-

bisphosphate (Ptd(4,5)P2) and phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3),

as well as interactions among three interdependent protein complexes – the Crumbs-

Stardust-PATJ complex, the Par3 (Bazooka)-Par6-aPKC complex and the Lethal-giant-

larvae–Scribble–Discs-large complex (Nelson, 2003) are key to the apical-basal polarity of

epithelia (see poster panel ‘Forming tubes from unpolarized cells: de novo formation of a

polarized epithelium’). In mammalian epithelia, PtdIns(4,5)P2 is highly enriched in the

apical domain, whereas PtdIns(3,4,5)P3 is restricted to the basolateral domain; this occurs

because PTEN, the enzyme that converts PtdIns(3,4,5)P3 to PtdIns(4,5)P2, is localized

apically. The three protein complexes, working in part through a mutual exclusion

mechanism, establish and maintain polarity. The link between the polarity complexes and

phosphoinositide distribution is not fully understood (see Martin-Belmonte and Mostov,

2008), but it is clear that the correct assembly of these protein complexes and the differential

distribution of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are both required for the asymmetric

targeting of other lipids and membrane proteins. Moreover, the polarity complexes are
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required for the localization and assembly of additional cell-cell junctions, including the

apical tight junctions in vertebrates and the lateral septate junctions in invertebrates, which

provide barrier function to the epithelium and maintain ionic homeostasis. Additionally,

studies of MDCK cells in 3D culture indicate that interactions between cells and the

extracellular matrix (ECM) contribute to the overall direction of polarity (O’Brien et al.,

2002; Yu et al., 2005). Interestingly, reversal of polarity in this system requires Rho and the

same downstream effectors (Rho-kinase and myosin) as drive invagination in polarized

epithelia (Yu et al., 2008). Thus, by utilizing the same molecular machinery for both

processes, tube formation from unpolarized primordia might link the acquisition of cell

polarity to the cell-shape changes that are required for tube construction.

Mechanism of lumen establishment

It is clear that de novo formation of a lumen is key to the development of tubes that are

formed from unpolarized cells. Lumena can form by several mechanisms, which include

cord hollowing, cell hollowing and cavitation (Lubarsky and Krasnow, 2003) (see poster

panel ‘Forming tubes from unpolarized cells: lumen formation’). During cord hollowing,

which occurs during formation of the zebrafish gut, cells form primitive cell-cell junctions

and acquire apical-basal polarity de novo; concomitantly, they form several small apical

lumena that eventually coalesce into a single common lumen. In the zebrafish gut, formation

of this shared large lumen requires the tight junction protein Claudin15 as well as the gut-

expressed Na+/K+-ATPases. These proteins regulate paracellular ion transport to drive the

accumulation of lumenal fluid, which in turn provides a force for the coalescence of

individual lumena (Bagnat et al., 2007). Cell hollowing, a mechanism that has been

proposed to occur in HUVECs in culture and during the formation of the fine branches of

the insect tracheae (tracheoles), involves the formation of specialized organelles that are

known as vacuolar apical compartments (VACs) (Lubarsky and Krasnow, 2003). These

vesicular structures, which are thought to form through endocytosis of the plasma

membrane, fuse with each other to produce intracellular lumena, and ultimately with the

plasma membrane to connect with the lumena of distal and proximal cells within the tube.

VAC-like structures might also contribute to lumen establishment in MDCK cells and to

tube expansion in the D. melanogaster salivary gland and trachea, although the ‘VACs’ in

these cells are usually smaller and shorter-lived than those seen in HUVECs (Jiang et al.,

2007; Kakihara et al., 2008; Kerman et al., 2008; Martin-Belmonte and Mostov, 2008; Myat

and Andrew, 2002). Whether, and how much, cell hollowing contributes to tube formation

in vivo is unclear; one study suggests that cell hollowing has a major role in formation of the

zebrafish vasculature (Kamei et al., 2006), whereas a more recent study (in which individual

endothelial cells were marked) suggests that cord hollowing is the dominant mechanism

(Blum et al., 2008). In any case, the distinctions between cord hollowing and cell hollowing

are subtle, and are largely limited to whether the lumen forms and expands extracellularly

and is shared among adjacent neighboring cells (cord hollowing), or forms and expands

entirely within a single cell (cell hollowing). Finally, cavitation (or canalization) is the

mechanism by which tubular organs such as the mammalian salivary gland, which begin as a

cord or rod of cells, form; tubes form as cells in the center of the rod or cord die by

apoptosis and cells in the periphery become polarized (Melnick and Jaskoll, 2000). Both

cavitation and cord hollowing occur in MDCK cells, in which the choice of mechanism
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appears to depend on how quickly cells within the cord or cyst become polarized (Martin-

Belmonte et al., 2008).

Conclusions and perspectives

Recent studies of model systems have revealed a number of shared mechanisms for tube

formation. For example, both mechanisms of tube formation in polarized cells – wrapping

and budding – are driven by the process of apical constriction, which is mediated by the

apical localization and activation of an actinomyosin network that is linked to adherens

junctions. Because all tubes are formed from polarized epithelium, mesenchymal-to-

epithelial transitions are necessary to advance unpolarized tube primordia to the same

starting point as polarized epithelial tube primordia. All mechanisms of tube formation

require that lumenal space be created and expanded. In cells that are already polarized,

lumena form from existing apical surfaces that are internalized as a consequence of cell

shape change and reorganization. In unpolarized primordia, lumena form de novo, often

concurrently with cell polarization. Nonetheless, lumenal expansion in both types of systems

involves related organellar structures that share common protein components. This suggests

that the maintenance of tube architecture involves the same molecular and cellular

components that are required to form tubes during development; such commonalities should

provide fertile ground for the improvement of therapies for human diseases that arise from

defects in tube homeostasis.
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