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Biological tube formation (tubulogenesis) is a key process during vasculogenesis and angiogenesis, and
is required for the proper exchange of nutrients and waste within tissues.

Introduction

EXC-4/CLICs are small globular proteins structurally related to the omega-class of glutathione S-
transferases (GSTs) (Fig. 3A, B). CLICs exist in soluble and membrane-associated forms, and in the case
of vertebrate CLIC1 and CLIC4, transition between these states appears to be regulated by oxidation4.
However, the molecular, cellular and physiological function of CLICs is still not well understood.

Fig. 3: CLIC structure and localization (adapted from refs. 3-5,17). A) CLIC domain structure. N-terminal thioredoxin-like and C-terminal 𝛂-
helical domains are shown in blue and green, respectively. The thioredoxin-like domain has a putative transmembrane domain (PTMD, yellow).
Red asterisk indicates a Cys residue found in most CLICs required for thioredoxin-like activity (not conserved in EXC-4). B) Tertiary structure of
hGSTO1, CeEXC-4, hCLIC1, and hCLIC4, highlighting their similarity. C) Membrane translocation of CLIC4 upon GPCR activation by LPA
stimulation. D) ExCa with cytoplasmic CFP, expressed from the transgene arIs198, and Venus-tagged EXC-4, expressed from the transgene
arIs191, showing clear apical membrane accumulation of EXC-4::Venus.

Fig. 1: Modes of cell hollowing tube morphogenesis. Depiction of morphological processes of cell hollowing tube formation and examples of
where they occur.

Fig. 2: The C. elegans excretory canal (ExCa) cell. A) Cartoon of the single-celled ExCa development. C) The ExCa in wildtype and in an exc-4
null (0) showing the cystic (cyst) phenotype caused by loss of EXC-4. The ExCa is marked with cytoplasmic CFP, driven by an ExCa-specific
promoter. ExCa tips marked by arrowheads. Cell body marked by asterisk. Yellow dotted line outlines worm body. bc= buccal cavity, vul= vulva,
rect=rectum. Scale bar = 100 µm.

It has been shown that vertebrate CLIC1 and CLIC4 are expressed in vascular endothelial cells and are
required for angiogenesis6-8. Importantly, CLIC1, when targeted to the apical plasma membrane using
the EXC-4 putative transmembrane domain, can rescue C. elegans exc-4(0) mutants 9, demonstrating
conservation of function, and a critical role for membrane localization in EXC-4/CLIC function during
tubulogenesis.
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In both of these mechanisms, tubes arise from a polar-
ized epithelium. By contrast, in the mechanisms de-
scribed below, tubes arise from clusters of cells or indi-
vidual cells that are not epithelial, and the cells polarize
and/or establish junctions as the tubes form.

During cavitation, cells organized in a thick cylindrical
mass create a central cavity by eliminating cells in the
center of the mass, as occurs during salivary gland mor-
phogenesis (Borghese, 1950; Melnick and Jaskoll, 2000)
and formation of the proamniotic cavity (Coucouvanis

Figure 1. Types of Simple Epithelial Tubes and Martin, 1995) in vertebrate embryos. In cord hol-
lowing, cells assembled in a thin cylindrical cord create aTube walls are formed by polarized epithelial cells with their apical

membrane surface (red) facing inward toward the lumen space, and lumen between cells, without cell loss. Examples include
their basal surface (green) exposed to the extracellular matrix. the Caenorhabditis elegans gut (Leung et al., 1999), the
(A) A multicellular tube with four curved cells in the cross-section Drosophila heart (Rugendorff et al., 1994), and Madin-
of the tube.

Darby canine kidney (MDCK) cultured cells (Pollack et(B) A unicellular tube formed by a single cell, rolled up to enclose
al., 1998). Cell hollowing is distinct from the other pro-the lumen, and sealed with an autocellular junction.
cesses in that it involves one cell rather than a group(C) A unicellular tube with the lumen in the cytoplasm of the cell.

There is no autocellular junction; the tube is “seamless.” of cells. For instance, some capillary endothelial cells
form a membrane-bound lumen within the cytoplasm
that spans the length of the cell and opens to the exterior

bud grows. This is how tubes arise during branching at both ends (Wolff and Bar, 1972).
morphogenesis of many organs, including the mamma-
lian lung and the major branches of the Drosophila tra- Cellular Events in Tube Formation
cheal (respiratory) system (Metzger and Krasnow, 1999; Initial investigations of the cell biology of tubulogenesis
Hogan and Kolodziej, 2002). New branches bud from suggested that the cellular mechanisms of tube forma-
the walls of an existing branch, and the lumen of the tion might be as diverse as the gross differences in
new branch is a direct extension of the lumen of the morphogenesis implied. Each system examined seemed
parental branch. to highlight a different cellular event (Hogan and Kolod-

ziej, 2002). One of the earliest and most intensively stud-
ied systems, primary neural tube formation in chicks,
pointed to the importance of cell shape changes (re-
viewed in Schoenwolf and Smith, 1990). The first mor-
phological event is elongation of cells in the apicobasal
dimension, with subsequent apical narrowing and basal
expansion to create wedge shape cells that promote
epithelial bending and wrapping. This and other investi-
gations of epithelial morphogenesis led many to focus
on cytoskeletal and cell shape changes in tubulogen-
esis. However, studies of other systems suggested a
role for cell death in creating a luminal cavity (Glucksmann,
1951; Coucouvanis and Martin, 1995), and early studies
of thyroid follicle cells (Remy et al., 1977) and blood
vessel endothelial cells (Folkman and Haudenschild,
1980) noted a possible role for cytoplasmic vesicles in
lumen formation (see below). Tubulogenesis processes
appeared to have little in common mechanistically.

This view began to change over the past few years as
modern cell biological tools were applied to cell culture
systems in which the cellular events in tube formation
could be carefully analyzed. Results from a number of
systems, like the MDCK and endothelial cell culture sys-
tems described below, converged on a critical role forFigure 2. Morphological Processes of Tube Formation
apical membrane biogenesis and vesicle fusion in creat-Wrapping: a portion of an epithelial sheet invaginates and curls until
ing a lumen. During this same period, studies of tubethe edges of the invaginating region meet and seal, forming a tube
growth and maturation in several invertebrate and verte-that runs parallel to the plane of the sheet.
brate organs, including the respiratory and renal organsBudding: a group of cells in an existing epithelial tube (or sheet)

migrates out and forms a new tube as the bud extends. The new discussed below, also directed attention to morphologi-
tube is a direct extension of the original tube. cal and molecular events at the apical surface.
Cavitation: the central cells of a solid cylindrical mass of cells are
eliminated to convert it into a tube. Hollowing a Cord of MDCK Cells: Cell PolarizationCord hollowing: a lumen is created de novo between cells in a thin

and Exocytosis in Lumen Formationcylindrical cord.
MDCK cells grown on the surface of a thin (“two-dimen-Cell hollowing: a lumen forms within the cytoplasm of a single cell,

spanning the length of the cell. sional”) collagen substrate have long been recognized
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Figure 1
Cartoon representation of DmCLIC and EXC-4 structures. Cartoon representations of the backbone structures of A: DmCLIC in stereo. B: The A subunit of EXC-4 in the
P21 crystal form in stereo. C: Human CLIC1. D: Backbone alignment of the DmCLIC (purple) and CLIC4(ext) (green) crystal structures. E: Orthogonal views of the
EXC-4 dimer as seen in the asymmetric unit of the crystal structure. In each cartoon panel, helices shown in red (except in the dimer, where blue is used for the B
subunit), b-strands in yellow and loop regions in green. Breaks in electron density are shown with dotted magenta lines. Secondary structural elements and the N- and
C-termini are labeled. Figures produced using the programs MOLSCRIPT29 and RASTER3D.30
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Understanding the mechanism of tubulogenesis and the proteins involved is crucial, because even
minor disruptions in this process can lead to disease.

The chloride intracellular channel (CLIC) family was first implicated in tubulogenesis by the discovery
that EXC-4, a worm CLIC, is required for development of the C. elegans excretory canal1 (ExCa). The
ExCa is a unicellular cell tube that develops via a cell hollowing mechanism and is a proven model for
studying conserved regulators of tubulogenesis2 (Fig. 2).

B

Human CLIC1 and CLIC4 accumulate in the cytoplasm at steady state, but are recruited to the plasma
membrane upon activation of various G-protein-coupled receptors (GPCRs), including the
lysophosphatidic acid (LPA) and sphignosine-1-phosphate (S1P) receptors (LPARs and S1PRs)5. In
contrast, EXC-4 is constitutively enriched at the apical membrane1,9. How this localization is regulated
in endothelial cells or in C. elegans remains unknown.

S1P signaling, via heterotrimeric G proteins and Rho-family effectors, regulates many aspects of
endothelial cell physiology, including barrier function, cell migration and lumen formation10,11. These
behaviors are critical for tube formation during angiogenesis. Work from the Kitajewski Lab suggests
that CLIC1 and CLIC4 modulate S1P-signalling in endothelial cells, providing a model for their possible
role in angiogenesis. However, the mechanism of CLIC function in this context remains to be defined.

EXC-4/CLIC-mediated	Signaling

Hypothesis:	
EXC-4,	like	CLICs,	are	regulated	by	heterotrimeric	G-proteins	and	

modulates	Rho-family	signaling	in	the	ExCa.

G-protein	Rho-family	signaling	in	C.	elegans

Fig.	4:	Simplified	GPCR	Rho-family	signaling.	GPCRs	stimulate	heterotrimeric	G	proteins	and	downstream	effectors14,	15.	☠	=	null	mutation	
lethal

couple through Gi/o, Gq and G12/13, and S1P4 and S1P5 can
couple through Gi/o and G12/13.

Signaling through Gi/o has been associated with 1) activation
of the small guanosine triphosphatase (GTPase) Ras and the
extracellular signal-regulated kinase (ERK) to promote prolifer-
ation; 2) activation of phosphatidylinositol 3-kinase (Pi3K) and
protein kinase B (PKB/Akt) to increase survival/prevent
apoptosis; 3) induction of Pi3K and the small GTPase Rac to
promote migration, enhance endothelial barrier function and
induce vasodilation; and 4) activation of protein kinase C (PKC)
and phospholipase C (PLC) to increase intracellular free calcium
([Ca2+]i), which is required for many cellular responses.
Furthermore, signaling through Gi/o can inhibit adenylyl cy-
clase (AC) activity to reduce cyclic adenosine monophosphate
(cAMP). Signaling through Gq primarily activates PLC path-
ways, and signaling through G12/13 can promote activation of
the small GTPase Rho and the Rho-associated kinase (ROCK) to
inhibit migration, reduce endothelial barrier function and induce
vasoconstriction. It is important to note that the different
pathways are subject to regulation by other activation and
differentiation signals that may also affect the relative expression
of individual S1P receptor subtypes on individual cells.

3. Roles of sphingosine
1-phosphate receptors in health and disease

S1P can produce cytoskeletal re-arrangements in many cell
types to regulate immune cell trafficking, vascular homeostasis

and cell communication in the CNS. The most critical functions
of the pleiotropic mediator are summarized in Table 1, and
outlined below.

3.1. Immune cell trafficking and inflammation

Inflammatory processes represent a protective response
against insults to the organism. They involve the recruitment of
many cell types and the production of various inflammatory
mediators in attempts to contain and reverse the insult. However,
chronic inflammation can lead to irreversible tissue destruction
by itself and therefore represents a disease state. There is now
evidence that S1P and its receptors regulate inflammatory
processes on several levels. S1P is primarily generated from
the cell membrane constituent sphingomyelin (SM) via the
metabolites ceramide (Cer) and sphingosine (Sph) (Fig. 2). A
variety of inflammatory cytokines, including IL-1, TNFα and
VEGF, activate SphK1 to convert intracellular, pro-apoptotic
sphingosine into anti-apoptotic S1P (Chalfant & Spiegel, 2005),
and this reduces the turn-over and death of pro-inflammatory
cells, i.e. of effector T-cells (Goetzl et al., 1999). Furthermore,
S1P regulates cell migration and trafficking either by acting as a
chemoattractant for migrating cells, or by modulating perme-
ability barriers between different tissues (see below).

3.1.1. Small GTPases of the Rho family and cell migration
Chemotactic responses to S1P have been described in many

cell types, including cells of the immune, cardiovascular and

Fig. 1. S1P receptors, G-protein-coupling and signaling pathways.A) The differential coupling of S1P receptors to Gi/o, Gq, and G12/13 proteins is shown. B) Major
signaling pathways activated through Gi/o, Gq, and G12/13 proteins are shown. Signaling through Gi/o can promote 1) activation of the small guanosine
triphosphatase (GTPase) Ras and the extracellular signal-regulated kinase (ERK) to promote proliferation; 2) activation of phosphatidylinositol 3-kinase (Pi3K) and
protein kinase B (PKB/Akt) to increase survival/prevent apoptosis; 3) induction of Pi3K and the small GTPase Rac to promote migration, enhance endothelial barrier
function and induce vasodilation; and 4) activation of protein kinase C (PKC) and phospholipase C (PLC) to increase intracellular free calcium ([Ca2+]i), which is
required for many cellular responses. Furthermore, signaling through Gi/o can inhibit adenylyl cyclase (AC) activity to reduce cyclic adenosine monophosphate
(cAMP). Signaling through Gq primarily activates PLC pathways, and signaling through G12/13 can promote activation of the small GTPase Rho and the Rho-
associated kinase (ROCK) to inhibit migration, reduce endothelial barrier function and induce vasoconstriction. It is important to note that the different pathways are
subject to regulation by other activation and differentiation signals that may also affect the relative expression of individual S1P receptor subtypes on individual cells.
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Fig. 5: ced-10 and mig-2 mutate analysis in the ExCa. A) Image of wildtype and mutant alleles of ced-10 and mig-2. B,C) Quantification of ExCa
outgrowth of mutant alleles of ced-10 and mig-2. E) Image of ced-10(-)s; mig-2(0) double mutant. F) Quantification of ExCa outgrowth of ced-
10(-)s; mig-2(0) double mutant. ExCa tips marked by arrowheads. Cell body marked by asterisk. Yellow dotted line outlines worm body. bc= buccal cavity,
vul= vulva, rect=rectum. Scale bar = 100 µm.

cell	body

New	hypomorphic allele	of	exc-4 provides	sensitized	
background	for	identifying	genetic	interactions

Fig. 6: Identification of hypomorphic exc-4 allele, exc-4(-). A) Protein alignment of CeEXC-4, hCLIC1, and hCLIC4. Conserved amino acids shaded
in dark grey, similar amino acids shaded in light grey. Putative transmembrane domain (PTMD) labeled in red. Cys 237 to Tyr mutation in
hypomorphic allele of exc-4 marked by asterisk. B) Image of exc-4(0) and exc-4(-) worms. ExCa tips marked by arrowheads. Cell body marked by
asterisk. Yellow dotted line outlines worm body. bc= buccal cavity, vul= vulva, rect=rectum. Scale bar = 100 µm. C) ExCa outgrowth
quantifications of exc-4(-) compared to exc-4(0). exc-4(-) allele is recessive and failed to complement exc-4(0).
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Gαq, Gαs, and Gα12/13 genetically interact with exc-4 to negatively
regulate ExCa outgrowth, while Gαi genetically interacts with exc-4 to
positively regulate ExCa outgrowth.

mig-2/Rac genetically interacts with exc-4 in a parallel pathway to
promote ExCa outgrowth.
ced-10/Rac genetically interacts with exc-4 in the same pathway, with
exc-4 epistatic to ced-10. Mutant analysis suggests that ced-10 acts as a
negative regulator of exc-4 dependent ExCa outgrowth.

Fig. 7: Quantification of ExCa outgrowth from Gα subunits with genetic interactions to exc-4(-). A,B,C) Gαq, Gαs (note activated allele used),
and Gα12/13 genetically interact with exc-4 to negatively regulate ExCa outgrowth, while D) Gαi genetically interacts with exc-4 to positively
regulate ExCa outgrowth. E) Proposed model.

E

Fig. 8: Quantification of ExCa outgrowth from mig-2 and ced-10 genetic interactions with exc-4(-). A) mig-2 mutant alleles reveal parallel
genetic interaction with exc-4 to promote ExCa outgrowth. B,C,D) ced-10 genetically interacts with exc-4 in the same pathway. B,C) exc-4
epistatic to ced-10. D) ced-10 negatively regulates exc-4. E) Proposed model.
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