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REVIEW

The luminal connection
From animal development to lumopathies
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Interconnection of epithelial tubules is a crucial process during organogenesis. Organisms have evolved sets of molecular
and cellular strategies to generate an interconnected tubular network during animal development. Spatiotemporal
control of common cellular strategies includes dissolution of the basement membrane, apoptosis, rearrangements of
cell adhesion junctions, and mesenchymal-like invasive cellular behaviors prior to tubular interconnection. Different
model systems exhibit varying degrees of active invasive-like behaviors that precede tubular interconnection, which
may reflect changes in cell polarity or differential adhesive cell states. Studies in this newly-emerging field of tubular
interconnections will provide a greater understanding of pediatric diseases and cancer metastasis, as well as generate
fundamentally new insights into lumen formation pathology, or lumopathies.

Introduction

Interconnecting epithelial tubules is an essential process during
organogenesis. After the juxtaposition of two tubular systems
with pre-existing lumens, the formation of a continuous lumen
involves precise cell and tissue rearrangments to fuse epithelial
lumens (Fig. 1A and B). In my review, I will illustrate four sets
of cellular strategies associated with tubular interconnections
that are found with varying degrees across different animal
phyla. First, modulation of the intervening basement membrane
between epithelia is achieved through at least two types of mech-
anisms: (1) diminished synthesis of matrix proteins in the base-
ment membrane (Xenopus primary mouth),' and (2) sliding of
the basement membrane (C. elegans uterus-vulva connection).?
Second, programmed cell death (apoptosis) is a shared cellular
strategy among ureter repositioning in mouse, cloacal formation
in zebrafish, and Xenopus primary mouth formation;*> however,
in other developmental systems, such as during foregut morpho-
genesis in C. elegans, no visible signs of cell death is observed.®
The final two cellular strategies, namely cell rearrangements and
invasive behaviors at the future site of luminal connection, are
quite widespread between animal phyla; these two thematic cel-
lular strategies have tissue-specific variations at the molecular
and cellular levels. In the mammalian kidney, for example, two
distinct epithelial tubules—namely the nephron and collecting
duct epithelium—are derived independently: one from the pro-
genitor pool kidney mesenchyme that gives rise to the nephron,
while the other is a product of reiterative branching morphogen-

esis from the pre-existing epithelium called the Wolffian duct
(Fig. 1C1-D2).”8 These two separate epithelia ultimately fuse to
form the functional filtration system of the kidney. A longstand-
ing yet important question remains: how does the distal segment
of the nephron connect and form a continuous lumen with the
collecting duct epithelium? Similarly, in the mammalian uro-
genital system, the ureteric bud epithelium must fuse with the
bladder to achieve passage of fluid removal from the developing
organism; failure to remove urine may result in human diseases
such as hydronephrosis. A comparative view of the literature sug-
gests that many fusion events proceed through similar stages and
cellular mechanisms. Basement membrane modification between
adjacent epithelia, apoptosis of juxtaposed cells, repositioning of
cell-cell junctions, and active protrusive behavior of epithelial
cells are all common features of epithelial fusion events in differ-
ent organisms. By examining cellular mechanisms that underlie
the spatiotemporal control of connecting tubular networks across
different organisms, this review provides a cellular framework of
tubule fusion for future molecular and cellular studies of how
the kidney and other branched organs form, and may also guide
development of therapeutic strategies for a novel class of human
diseases resulting from defects in lumen formation; lumopathies.

Breaking Down Barriers: Spatiotemporal Control
of Basement Membrane Dissolution

Across different vertebrate organisms, the temporal and spa-
tial control of basement membrane dissolution is crucial for
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are able pass from the uterus and hatch outside
of the mother. First, Sherwood and Sternberg
in 2003 described how the anchor cell from the
> gonad breaks down the basal lamina between

2 the uterus and vulva to form a continuous
lumen during C. elegans larva development.”
Recent studies further defined a diffusive sig-
nal cue from vulva cells that is required for
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the anchor cell’s invasive cellular property. It
has been reported that UNC-6/Netrin is the
secreted factor emanating from the vulva uter-
ine cells that first polarizes the distribution of
actin regulators (filamentous actin and phos-
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netrin receptor unc-40."" Recent work by Thara
et al. have shown that basement membrane slid-
ing, achieved through a homolog of tumor sup-
pressor Kank (VAB-19) and integrin INA-1/
PAT-3, creates a gap in the intervening base-
ment membrane.? In addition, transcription
factors fos-1, hlh-2/e/daughterless, as well as inte-
grin signaling are crucial molecules that regu-
late anchor cell invasion through the basement
membrane.'' Once the anchor cell has broken
down the basal lamina, it then fuses to form the

}medial

}proximal

multinucleate uterine seam “utse” cell that joins

Figure 1. Connecting epithelial networks during organogenesis. (A) Two juxtaposed
epithelial networks (green or red) with pre-existing lumens (blue). Polarized epithelial cells
have basal lamina (thick red or green lines), lateral (thin green or red lines), and apical (blue)
surfaces. (B) Luminal connection established between two epithelial systems (continuous
lumen labeled blue) allows unidirectional fluid flow (black arrows mark unidirectional fluid
flow). (C1 and 2) Highlighted stages of embryonic mouse kidney development. (C1) Em-
bryonic day 11.5 (E11.5) depicts collecting duct epithelium (red) invading into neighboring
kidney mesenchyme. Reciprocal mesenchymal-epithelial interactions result in formation
of condensed cap mesenchyme (blue) surrounding tips of collecting duct. (C2) Embryonic
day 13.5 (E13.5) shows induced formation of nephron precursors’?>¢ (green) that are derived
from Six2* cap mesenchymal cells during nephrogenesis. (D1 and 2) Close-up views at
early stages of nephron precursor morphogenesis. (D1) Cross-section of renal vesicle stage
depicting intact basal lamina at future site of luminal interconnection. Arrows mark distal
and proximal cell types. (D2) Distal outpouching at early S-shaped stage illustrating two
epithelia are juxtaposed to each other, yet no luminal interconnection is established.

these two epithelial organs.”” Later, MAPK and
NOTCH signals mediate lumen expansion of
the vulva.!® In the mammalian kidney, two
recent studies show that the basal lamina is
largely discontinuous at the future site of lumi-
nal interconnection between the renal vesicle
and late-S shaped nephron precursor stages.””'®
It is possible that the punctate distribution of
the basal lamina may provide an inhibitory
cue by an unknown signaling mechanism that
may act in preventing luminal interconnection.
Since the intervening basal lamina is largely
denuded at the future interconnection zone, it is

generating functional tubular networks (Fig. 2A and Table 1).
During primary mouth formation in the Xenopus laevis larvae,
basement membrane dissolution is an early process that occurs
between the juxtaposed endoderm and ectoderm tissues located
at the extreme anterior of the animal.** Here, the breakdown of
basal lamina is achieved by inhibiting canonical 3-catenin medi-
ated Wnt signaling through two antagonist factors: the secreted
Frizzled related protein (Frzb-1) and Crescent.' It remains to be
determined how the molecular actions of Wnt antagonists leads
to the diminished synthesis of laminin and collagen. In contrast,
during the development of the hermaphrodite worm C. elegans,
different sets of molecular pathways control the breakdown of the
intervening basement membrane that resides between the juxta-
posed uterus and vulva. By locally removing the basement mem-
brane at the future site of luminal interconnection, fertilized eggs
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less likely that breakdown of basal lamina alone
achieves luminal interconnection in the devel-
oping kidney. Future molecular loss and gain of function stud-
ies will be needed to test how basement membrane breakdown,
Laminin or Collagen-IV deposition and synthesis are modulated
at the interconnection zone during kidney development.

To Live or to Die: Temporal Control
of Apoptosis Prior to Lumen Formation

At the future tubule interconnection zone, apoptosis is another
crucial process demonstrated across several vertebrate organisms
(Fig. 2B and Table 1). For instance, programmed cell death of
ectodermal cells is associated with the formation of the primary
mouth in Xenopus laevis,* as well as the formation of the pro-
nephric opening in zebrafish.> While it remains to be investigated
whether Wnt antagonists or other signaling modules are required
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for localized apoptosis, Bone morphogenetic protein (Bmp) sig-
naling appears to be one of the shared signaling mechanisms
required for both primary mouth development in frog larvae and
cloacal formation during zebrafish embryogenesis. It has been
demonstrated that either expression of Bmp antagonist chordin
or dominant negative Bmp receptor block primary mouth forma-
tion in the frog larvae.! Likewise, during zebrafish cloacal devel-
opment, Pyati et al.’ demonstrated that sustained Bmp signaling
coupled with cell death appears are required for the proneph-
ric duct connection to the proctodeum after somitogenesis. By
using a ventral epidermal promoter msxb to label ventral epider-
mal cells, they demonstrated that these epidermal cells undergo
cell death visualized by acridine orange staining.’ It remains to
be investigated whether the selected ventral epidermal cell death
undergoes caspase dependent or caspase independent cell death.
While Parkin et al."” demonstrated that Sonic hedgehog signal-
ing zebrafish mutants exhibit no changes in TUNEL positive
cells compared with wildtype mutants, Slanchev et al.?* found
that nephrocystin-4 mutant zebrafish exhibit decreased numbers
of acridine orange positive cell death in the ventral epidermis.
In addition to cloacal development, apoptosis plays an impor-
tant role in repositioning the ureter to join with the bladder in
the developing mouse urogenital system.’ Here, heroic time-
lapse cinematography and immunostainings of cleaved-caspase
3 labeling desmonstrated that a burst of apoptosis severs the
connection between the ureter and Wolffian duct during ureter
repositioning, which subsequently leads to trigone expansion and
the joining between the ureter and bladder. In contrast, during
mammalian kidney development, the future site of luminal inter-
connection between juxtaposed renal vesicle derivatives and col-
lecting duct epithelium do not reveal signs of cleaved-caspase 3
nor TUNEL positive cells, suggesting that apoptosis is not asso-
ciated with joining the late-S shaped renal vesicle derivative and
collecting duct epithelium.'”® Likewise, during C. elegans develop-
ment, apoptosis is not observed in either foregut morphogenesis
or the joining between the uterus and vulva.**?"2 In sum, local-
ized apoptosis may be utilized as one of the mechanisms leading
to the assembly of a continuous lumen between tubular systems.

The Intricate Choreography of Cell Rearrangements
and Epithelial Junction Dynamics Associated
with Luminal Interconnections

Dynamic cell rearrangements and changes in apico-basolat-
eral junctions is another important feature during the fusion
between tubule systems across different organisms (Fig. 2C and
Table 1). Epithelial junction plasticity may contribute to generat-
ing localized perforation in sheet of epithelia or tubular epithe-
lia networks. In a process reminiscent to Drosophila wing disc
eversion,”® Manni and colleagues identified cell rearrangements
that occur at the future site of fusion between branchial fissure
in the tunicate Botryllus schlosseri** Using electron microscopy,
they demonstrated changes in the localization of tight junction
complexes after breakdown of the basal lamina. It will be impor-
tant in future studies to determine how apico-basolateral polar-
ity is controlled by either molecular signals or mechanical forces
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Figure 2. Spatiotemporal control of cellular strategies at the future inter-
connection zone. (A-D) Schematics highlighting cellular mechanisms
occurring at the future site of luminal interconnections. (A) Basement
membrane dissolution. Basal lamina shown in either thick green or red
lines between two epithelial tubes. (B) Selected burst of apoptosis at
juxtaposed cells located at the future site of luminal interconnection (hy-
pothetical apoptotic cells depicted in magenta colored nuclei that may
occur at either end of each tubular networks). (C) Cell rearrangements
and reorganization of epithelial junctions. Tight junction complexes
indicated in blue. (D) Invasive behaviors emerging from one tubular
network at the future site of luminal interconnection (labeled in green).

prior to fusion of the branchial fissures; additionally, whether
modification of apico-basolateral polarity is a common theme
during the thinning and intercalation events of primary mouth
formation during Xenopus development deserves future investiga-
tions. Cell rearrangements are not only involved during primary
mouth formation in the frog larvae, but also crucial during two
phases of zebrafish cloacal development: (1) the fusion between
the pronephros and the ventral epidermis, (2) the joining of the
posterior gut tube to the proctodeum.”’ While future studies
will need to address how cell polarity is established by examin-
ing dynamics of desmosomal complexes, adherens junctions,
and tight junction assembly, several reported zebrafish mutants
exhibiting cloacal development defects may provide clues to the
mechanisms that drive these extensive cell rearrangements. Since
genetic zebrafish mutant studies of Sonic hedgehog signaling, as
well as Nephrocystin-4, Par-6, Wtip (Ajuba), and Polycystin-2
5,19,20,25,26 it Wi[l
be important to determine how these signaling components are

exhibit occluded distal segments of the pronephros,

integrated to carry out dynamic cell rearrangements and/or estab-
lishing cell polarity during cloacal morphogenesis. Interestingly,
during forgut development in C. elegans, two studies demon-
strated that loss-of-function mutants zen-4 and laminin mutant
lam-1 fail to establish arcade cell epithelial polarity.?”?* Finally,
while there are several excellent reviews and recent mouse aorta

2% insights into epithelial

lumen formation and in vitro studies,
tubular interconnections could also be drawn from recent work
on blood vessel fusion events during zebrafish embryogensis.
After Folkman and Haudenschild’s electron microscopy studies
of human capillary lumen formation,* Kamei et al. suggested
that pinocytosis via intracellular vacuoles may be a cellular pro-

cess that forms a continuous lumen during blood vessel fusion.”
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Table 1. Highlighted examples of molecular and cellular processes prior to luminal connection across different organisms

Cellular process Developmental system
Primary mouth formation

Basement membrane

dissolution Uterus-vulva connection
Primary mouth
Apoptosis Cloacal formation

Ureter repositioning

Thinning and perforation

Cloacal formation
Cell rearrangement

and/or movement of
adhesive junctions

Branchial fusion

Vessel fusion

Anchor cell invasion

Invasive . .
Cytoplasmic extensions

behavior (Primary ureter- bladder fusion)

Distal cell invasion (mouse kidney)

However, several groundbreaking studies show dynamic cellular
rearrangements, as well as extensively-modified cell-cell adhesion
junctions to generate a functional intersegmental vasculature net-
work during zebrafish development.’®¥” Recent work by Herwig
et al.** demonstrated that two diverse cellular strategies are used
in assembling dorsal longitudinal anastomotic vessels (DLAV)
during zebrafish embryogenesis. On one hand, cord hollowing
is used to form multicellular tubular connections, while mem-
brane invagination is employed for unicellular tubular fusion.*
For investigating the cord hollowing mechanism, Wang et al.
not only demonstrated that the cytoskeletal protein Moesinl is
required for intersegmental vessel (ISV) lumen formation, but
also VE-cadherin positive adherens junctions (rather than ZO-1
tight junctions) is required for ISV tubulogenesis;*® here, Moesinl
may act to establish proper endothelial polarity for ISV tubule for-
mation. These studies collectively may provide new insights into
human vascular diseases, such as Bland-White-Garland disease or
arteriovenous fistula. In the mammalian kidney, distal precursor
cells at the distal outpouching early S-shaped body stage during
nephron morphogenesis have immature epithelial cell junctions
compared with their proximal cell neighbors (Fig. 1, panel D2).®
Recently, Yang et al. revealed that Afadin, an adaptor protein that
connects the actin cytoskeleton to Nectin adhesion junctions, is
required for de novo lumen formation in the developing neph-
ron.”” Here, removal of Afadin in the developing nephron pre-
cursors leads to not only microdomains of pre-apical patches of
nectin 2/aPKC and aberrant apico-basolateral polarity, but also
ectopic Laminin deposition; these results suggest that Afadin may
act to establish apical surfaces and/or cell to cell adherens junc-
tions or cues from the extracellular matrix may also signal to the
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Associated .
Organism References
molecules
Wnt antagonists Xenopus laevis Dickinson and Sive'*
Ziel et al."
Netrin, FOS-1, HLH-2, C eleaans Sherwood et al.”®
INA-1/PAT-3, VAB-19 - Schindler et al.*
Ihara et al.?
Unknown Xenopus laevis Dickinson and Sive*
Bmp Danio rerio Pyati et al.
Ret, Raldh Mus musculus Batourina et al.?
Unknown Xenopus laevis Dickinson and Sive*
s . . Pyati et al.
il WG Daniorrerio Bubenshchikova et al.®
Unknown Botryllus schlosseri Manni et al.**
38
Moesint, Danio rerio I-\I/Z?\?v? eettazlall =E
VE-cadherin, ZO-1 9 .
Blum et al.*”
H n
Netrin, Integrin C. elegans Zieletal.

Hagedorn et al.”?

Gata3, Raldh Mus musculus Chia et al.®

Unknown Mus musculus Kao et al.’®

cell. Future studies will need to address how distal cells’ immature
epithelial junction phenotype is acquired or maintained during
nephrogenesis, and whether cell rearrangements or cell intercala-
tions (as recently observed in dorsal appendage formation dur-
ing Drosophila eggshell development by Osterfield, et al.*’) may
occur at the future site of luminal interconnection.

Invasive-like Behaviors Preceding Luminal
Interconnection: from Ureters to Kidneys

Across different organisms, there are varying degrees of inva-
sive-like behaviors at the future site of luminal interconnection
(Fig. 2D, Table 1). Anchor cell invasion (C. elegans), tracheal
and blood vessel tip cell filopodial extensions (Drosophila and
zebrafish), and cytoplasmic extensions in capillary endothe-
lial cells during angiogenesis are a variety of different forms of
invasive properties associated with lumen formation.!*** In the
assembly of the mammalian urogenital system, two recent stud-
ies report different invasive behaviors prior to types of luminal
interconnections: (1) the joining of the ureter-bladder, and (2)
the fusion between the nephron and collecting duct. First, Chia
and colleagues have identified cell extensions projecting from the
proximal end of the nephric duct prior to initial insertion to the
cloacal epithelium at embryonic day 9.0 (E9.0).” This invasive
behavior was absent in Ret, Raldh2 and Gata3 mutants, and corre-
lated with the failure of nephric duct insertion. The observation of
cytoplasmic extensions is reminiscent of filopodial extensions sent
by tip cells prior to the fusion of intersegmental blood vessels.*®
Interestingly, removal of Fgfr2 in the surrounding stroma of the
peri-Wolffian duct resulted in ureter insertion abnormalities.* On
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Color legend: M Nephron precursor derivatives M Collecting duct epithelium B Lumen
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Figure 3. Distal invasion and framework for investigating mechanisms of luminal interconnections during kidney development. (A) Prior to luminal
interconnection, nephron precursor cells of distal compartment exhibit unusual invasive-like properties that precede epithelial tubule interconnection.
(B) A repolarization step between the mid to late S-shaped body stages showing re-establishment of tight junction complexes (depicted in blue).

(€) Luminal connection is spatiotemporally controlled at late S-shaped body stage. (D1-D3) Possible signaling modules that control distal invasion.
These cues may be secreted or membrane-tethered chemical signals and/or biomechanical cues. (D1) Stromal signaling cue that is closest to future site
of luminal interconnection (gray arrow). (D2) Invasive cue may come from adjacent epithelial cells of the ureteric bud closest to distal cells of nephron
precusor (red arrow). (D3) An inherent distal invasive cue (green arrow) may come as a self-signaling module independent of stromal and ureteric bud.

the other hand, recent work lay the foundation for future research
into tubule fusion in the developing mammalian kidney. In the
early 20th century, Schreiner had used the term Verlothungsstelle
or soldering site—perhaps a process reminiscent of attaching two
pieces of metal pipes—to describe the fusion between these two
epithelial tubes in the developing kidney.” However, recent find-
ings suggest that an intricate spatiotemporal orchestration of
unusual invasive-like properties of the distal nephron precursor
cells closest to the neighboring collecting duct epithelium occurs
prior to luminal interconnection.” By combining cellular imag-
ing with genetic mutant analysis, my colleagues and I identified
another novel group of distal invasive epithelial cells that actively
protrude and delaminate into the lumen of the adjacent collecting
duct network prior to luminal interconnection (Fig. 3A)." Future
work will examine how repolarization and extracellular signal-
ing cues control the formation of luminal interconnections in the
developing kidney (Fig. 3B and C), and when this process is com-
promised, how this contributes to lumopathies in the kidney and
other branched networks, such as the mammary duct and lung
formation. In particular, it will be important to determine the
following: (1) what molecular and mechanical cues control distal
invasion, and (2) whether this cue originates from the neighbor-
ing stromal cells, collecting duct tip cells, or an intrinsic distal sig-
naling cue (Fig. 3D1-3). Since previous studies reported that Rho
GDlalpha knockout mice display signs of chronic renal disease
with distended connecting segments between the nephron and

48,49 3

collecting duct,®* it is conceivable that RhoGTPase activity may

be one of the factors required for either distal outpouching, distal
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invasion, or repolarization at the future site of luminal intercon-
nection. It will be important to re-examine these mouse mutants
for interconnection defects. In light of recent literature, possible
polarity cues include modulators of RhoGTPase activity and p120
catenins.*>® More recently, Yang et al. demonstrated that while
Afadin is required for de novo lumen formation in the developing
nephron, Afadin kidney mutants display normal spatially polar-
ized proximo-distal cell identities of the nephron precursor and
luminal connection between the nephron and collecting duct is
not affected compared with wildtype controls;** these data sug-
gests that additional molecular factors, such as p120 catenins, are
also required for tubule fusion.”® Novel reagents, such as renal
lumography in mice or gut injection assays in zebrafish combined
with molecular studies, will provide a framework for develop-
ing useful diagnostic and therapeutic strategies for detecting and
treating human lumopathies.

Emerging Perspectives
in Interconnecting Epithelial Tubules

Across different organisms, connecting pre-existing lumens is
performed by a combination of cellular strategies: breakdown of
basement membrane, selective apoptosis, cell rearrangements, and
invasive cell behavior. Over the course of evolution, how and why
are certain molecular and cellular processes selected for luminal
interconnections that occur in different organisms? Interestingly,
each cellular process across different organisms may be per-
formed by common or divergent molecular signals, and future
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work will need to determine to what extent shared mechanical
forces are used across different types of luminal interconnections.
Furthermore, while selective localized apoptosis is crucial for
both primary mouth formation in Xenopus and cloacal develop-
ment in zebrafish, there appears to be variations in the types of
cellular rearrangements, adherens/tight junction reorganization,
and invasive cell behaviors across different organisms. It remains
imperative to elucidate the underlying molecular and mechanical
cues that control the spatiotemporal orchestration of these cellular
events at the future site of luminal interconnection. One of the
challenges will be to determine whether invasive behavior, such
as sending directional filopodial processes to neighboring cells,
function as a signaling center that facilitates future luminal con-
nection. Another alternative possibility is active cell protrusion
may serve as a local mechanical perforation for future formation
of a continuous lumen. By integrating recent molecular profiling
data from GUDMAP*"? and high-throughput transcript local-
ization of proximal and distal factors during stages of nephrogen-

esis,"” optical clearing solutions,”®>

and inducible optogenetic and
genetic mutant studies, an array of outstanding questions could
be addressed. It will be important to determine whether morpho-
genetic signals, such as Bmps or Whnts, are involved in regulat-
ing the spatiotemporal luminal interconnection during kidney
development, in particular, the repolarization step in lumen for-

mation. Other questions include how distal invasion is acquired

or maintained during nephrogenesis? It will remain important
to compare the regulatory modules of normal and lumopathy
states to distinguish between common and divergent molecular,
mechanical, and cellular strategies. As the exciting field of tubu-
lar interconnections of the kidney is beginning to unfold, future
cutting-edge molecular, cellular, and biomechanical studies and
modeling approaches will provide new insights into this impor-
tant luminal connection process during normal development and
lumopathies.
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