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Abstract

Unicellular tubes or capillaries composed of individual cells with a hollow lumen perform
important physiological functions including fluid or gas transport and exchange. These tubes are
thought to build intracellular lumina by polarized trafficking of apical membrane components, but
the molecular signals that promote luminal growth and luminal connectivity between cells are
poorly understood. Here we show that the lipocalin LPR-1 is required for luminal connectivity
between two unicellular tubes in the Caenorhabditis elegans excretory (renal) system, the
excretory duct cell and pore cell. Lipocalins are a large family of secreted proteins that transport
lipophilic cargos and participate in intercellular signaling. Ipr-1 is required at a time of rapid
luminal growth, it is expressed by the duct, pore and surrounding cells, and it can function cell
nonautonomously. These results reveal a novel signaling mechanism that controls unicellular tube
formation, and provide a genetic model system for dissecting lipocalin signaling pathways.
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Introduction

Tubes are an essential component of many organs such as the kidney, lungs, and vasculature
(Lubarsky and Krasnow, 2003). These tubes can vary widely in size and structure, but all
have an apical surface lining a hollow lumen through which vital liquids or gases can be
transported. Although tubes can be many cells in diameter, the smallest tubes are unicellular.
Examples of such unicellular tubes include many capillaries found in the terminal vascular
bed of mammalian organs such as the kidney, duodenumand cerebral cortex (Bar et al.,
1984), specialized tip cells in the trachea of Drosophila (Samakovlis et al., 1996), and a
variety of epithelial, glial and mesodermal cells in the nematode C. elegans (Buechner et al.,
1999; Nelson et al., 1983; Perens and Shaham, 2005; Rasmussen et al., 2008; Ward et al.,
1975).

Unicellular tubes can form by either wrapping or hollowing mechanisms. During wrapping,
the cell body folds around and forms an adherens junction with itself (termed an autocellular
junction), and the resulting lumen is formed from a previously extracellular space
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(Rasmussen et al., 2008; Ribeiro et al., 2004). In contrast, during hollowing, vesicular
structures within a cell's cytoplasm coalesce and grow to form an eventual interior lumen
(Berry et al., 2003; Buechner, 2002; Davis and Camarillo, 1996; Folkman and
Haudenschild, 1980; Kamei et al., 2006). Such tubes are termed “seamless” because they
lack autocellular junctions (Bar et al., 1984). Recently, it has been shown that cells that form
unicellular tubes by wrapping also can lose their autocellular junctions and become seamless
through a self-fusion event (Rasmussen et al., 2008). Whether formed initially by wrapping
or hollowing, the lumen of a unicellular tube often grows extensively during development
and must connect with that of other tubes to generate a functional conduit. The molecular
signals that control lumen formation, growth, and connectivity are poorly understood.

The C. elegans excretory (renal) system is a simple model system for studying unicellular
tube formation, since it consists of only three connected unicellular tubes (Nelson et al.,
1983) (Fig. 1). Two of these tubes (the excretory canal cell and duct cell) are seamless; the
canal cell forms a tube by a hollowing mechanism (Berry et al., 2003; Buechner, 2002),
while the duct cell appears to form a tube through wrapping and self-fusion (see Results).
The third tube (the pore) has an autocellular junction and thus forms by wrapping. The
largest of these tube cells is the excretory canal cell, whose cell body is located in the head
of the animal, but which extends two hollowtubules, termed canals, anteriorly and
posteriorly along the entire length of the animal, forming a large H-shape (Buechner, 2002).
The canal cell has an apical cytoskeleton that stabilizes the luminal structure and maintains
its uniform size and shape (Buechner, 2002; Gobel et al., 2004). The canals, which are
closed at their termini, collect and transport fluid to the excretory cell body for subsequent
expulsion through the duct and pore cells (Nelson et al., 1983; Nelson and Riddle, 1984).
The canals join at the excretory sinus within the excretory canal cell body, and the sinus
forms an apical junction (termed the “secretory junction™) to connect with the excretory duct
cell (Nelson et al., 1983). The duct cell connects to the pore cell through another apical
junction, and together the duct and pore lumina (which are both lined with cuticle, unlike the
canal cell lumen) form a continuous channel that opens out of the body, allowing fluid to be
excreted (Nelson et al., 1983; Nelson and Riddle, 1984).

The excretory system functions as the primitive renal system of the worm and has an
essential role in osmoregulation. Larvae in which any of the three tubular cells are ablated
accumulate fluid within the body cavity and die with a characteristic rod-like morphology
(Nelson and Riddle, 1984). Mutants that lack the excretory duct cell (Yochem et al., 1997)
or mutants that have physiological defects in excretory system function (Liegeois et al.,
2007), have a similar rod-like lethal phenotype, arresting at an early larval stage. This
distinctive phenotype can be used to identify gene products important for various steps of
excretory system development or function.

Here we describe several interesting aspects of excretory duct and pore development and
identify Ipr-1 as a gene important for connection between these two unicellular tubes.

Timeline of duct and pore development in wild-type

We first examined the time course of duct and pore cell development in wild-type animals
(summarized in Fig. 1). The presumptive duct and pore cells are born on the left and right
sides, respectively, of the developing embryo, and then migrate towards the ventral midline
during enclosure (Sulston et al., 1983). The fates of these cells are specified by Ras-
mediated signaling, which promotes the duct (vs. pore or “G1”) fate (Yochem et al., 1997).
The cells adopt stereotypic positions adjacent to the excretory canal cell by the comma stage
of embryogenesis, at which time the secretory junction between the canal cell and duct cell
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becomes detectable with the adherens junction marker AJM-1::GFP (data not shown). By
the 3-fold stage of embryogenesis, AJM-1::GFP also marks the junctions between the duct
cell and pore cell, between the pore cell and ventral epithelium, and the pore cell
autocellular junction (Figs. 1-3). In wild-type embryos and larvae, the duct cell lacks a
visible autocellular junction, but in larvae mutant for the fusogen aff-1 (Sapir et al., 2007),
the duct now has an autocellular junction (Fig. 2), suggesting that the duct cell forms a
seamless tube through a wrapping and self-fusion mechanism (Rasmussen et al., 2008).

TEM analysis of archival wild-type embryos revealed that the duct is seamless and lumen is
continuous through the canal, duct and pore cells by the 1.5-fold stage (Fig. 1A). The duct
cell initially has a compact, block-like shape and a simple, linear lumen, but as the worm
elongates and grows to the 3-fold stage, the duct cell changes shape and stretches, while the
duct lumen expands greatly in length, looping through the cell body and then within a
narrow cell process to connect to the pore cell (Fig. 1B). Thus, wrapping of the duct and
pore cells and the initial connection of their lumina must occur at or soon after the comma
stage, with significant duct luminal growth and cellular morphogenesis continuing into the
3-fold stage.

After hatching, pore identity changes and the duct—pore connection must be remodeled
(Sulston and Horvitz, 1977; Sulston et al., 1983). During the latter part of the first larval
stage, the embryonic excretory pore cell (G1) withdraws from the excretory system and
divides to generate two neuronal daughters. As G1 withdraws, a neighboring cell, G2, takes
over pore function, apparently first wrapping around the ventral portion of the pore opening
(Fig. 1C). Later in the second larval stage, G2 divides and its daughter G2.p becomes the
pore. These are interesting cases of epithelial remodeling and apparent transdifferentiation.

Ipr-1 mutants arrest with severely distorted excretory canals

To identify genes important for excretory tube development, we performed an EMS
mutagenesis screen for rod-like lethal mutants. One of the mutants we identified is
Ipr-1(cs73). A second, cold-sensitive allele of lpr-1, h276 (originally called let-124), was
kindly provided by Ann Rose (U. of British Columbia). Ipr-1 mutants have a recessive,
incompletely penetrant zygotic lethal phenotype, with >90% of the mutants dying during or
before the first larval stage (Table 1). These larvae have severely truncated and abnormal
excretory canals, as visualized with the canal cell marker vha-1::GFP (Figs. 3B, D). The
remaining mutants survive to become fertile adults, and appear essentially normal, with only
mild shortening of the excretory canals (data not shown). Therefore, the mutant strains can
be propagated as homozygous stocks (Table 1). Based on genetic studies with the deficiency
hDf10, cs73 appears to be a strong loss-of-function allele, while h276 is hypomorphic (Table
1).

Ipr-1 encodes a lipocalin-related protein

We mapped cs73 to the left arm of chromosome | by standard methods and obtained rescue
of ¢s73 rod-like lethality with fosmids WRMO0630CF11 andWRMO0611DHO06 (Geneservice,
UK) (Materials and methods). Three candidate genes were covered by both fosmids. We
amplified their genomic sequences from cs73 mutants and sequenced their predicted coding
regions and splice junctions. Only Y65B4BR.2 contained a molecular lesion (Fig. 4B). We
rescued cs73 rod-like lethality with a 7.7 kb Xhol/Hindlll genomic fragment (pCS1)
containing only the Y65B4BR.2 gene, as well as with a Y65B4BR.2 cDNA construct (Table
1, Figs. 4A, B). We conclude that Ipr-1 is Y65B4BR.2.

We characterized three Y65B4BR.2 cDNA clones as well as RT-PCR products and found
evidence for three splice isoforms, but only one (isoform a) appeared functional in
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transgenic rescue assays (Fig. 4B and Materials and methods). Ipr-1(cs73) mutants have a G
to A nucleotide change that affects a splice donor site in isoform a (Fig. 4B). RT-PCR
analysis showed that cs73 can eliminate splicing, leading to an in-frame insertion, or can
result in use of a cryptic splice donor site, leading to an in-frame deletion (Fig. 4C).
Although cs73 is not a molecular null, our genetic analysis (Table 1) indicates that it is a
strong loss-of-function allele.

Ipr-1(h276) mapped to the same region and failed to complement ¢s73, and its lethality
could also be rescued with the Y65B4BR.2 genomic rescue construct (Table 1 and data not
shown). Nevertheless, we did not find a molecular lesion in h276 mutants within the
Y65B4BR.2 coding region, the exon/intron boundaries, nor the 5’ or 3’ flanking regions
present within the Y65B4BR.2 genomic fragment. Y65B4BR.2 introns are highly repetitive,
and we could not fully sequence them, leaving open the possibility that a lesion is present in
one of these introns. By real-time PCR, we found that Y65B4BR.2 RNA transcript levels are
reduced 5-fold in h276 mutant embryos compared to wild-type (Fig. 5). The h276 allele may
therefore contain a molecular lesion in an unidentified regulatory element.

Conceptual translation of Y65B4BR.2a predicts a protein of the Lipocalin family (Fig. 4D).
Lipocalins are small, secreted proteins that are generally believed to deliver small lipophilic
cargos to target cells via interactions with specific, membrane-bound receptors (Blaner,
2007;Devireddy et al., 2005;Flower, 2000). Lipocalins share a common tertiary structure but
have little overall sequence homology beyond a short lipocalin signature sequence (Flower
et al., 2000). They have an eight-stranded anti-parallel beta barrel that forms a “cup-like”
structure for cargo binding, and this barrel is flanked by N-and C-terminal helices (Flower et
al., 1993;Ganfornina et al., 2000). Y65B4BR.2a has all of the expected features of a
lipocalin, including: 1) a predicted signal sequence for secretion at its N-terminus according
to SMART protein database (Schultz et al., 1998), 2) an internal lipocalin signature
sequence matching the consensus [DENG]-{A}-[DENQGSTARK]-x(0,2)-[DENQARK]-
[LIVEY]-{CP}-G-{C}-W-[FYWLRH]-{D}-[LIVMTA] (Prosite pattern PS00213) (Hulo et
al., 2008), and 3) a predicted eight-stranded beta barrel flanked by N- and C-terminal helices
according to the SCOP (Structural Classification of Proteins) and PredictProtein databases
(Andreeva et al., 2008;Rost et al., 2004).We therefore named Y65B4BR.2 Ipr-1 (LiPocalin
Related-1).

Structural prediction databases (Andreeva et al., 2008) identify only six lipocalins in the C.
elegans genome, much fewer than the >50 predicted in mammalian genomes. The lack of
sequence conservation among lipocalins makes it difficult to identify a specific ortholog of
LPR-1 outside of nematodes, or to predict its likely cargo. Nevertheless, the finding that
Ipr-1 encodes a lipocalin suggests that a novel lipocalin-based signaling mechanism controls
some aspect of excretory system development or function.

Ipr-1 mutants lack a continuous lumen between the duct and pore cells

The rod-like lethality and excretory canal abnormalities observed in Ipr-1 mutants
potentially could be explained by defects in cell fate specification, tubular morphogenesis,
or subsequent osmoregulation. Marker analysis suggested that all relevant excretory system
cell types were present, including the excretory canal cell, duct cell, pore cell, and canal-
associated neurons (Figs. 3B, D, F, H, Table 2), arguing against a role for Ipr-1 in cell type
specification. Temporal rescue experiments (see below) and observations of developing
Ipr-1 embryos instead pointed to a morphogenetic role in joining the unicellular tubes to
form a functional conduit.

In Ipr-1 embryos, the excretory canal cell body and its developing canals appear normal up
until the late 3-fold stage of embryogenesis, around the time that the excretory system may
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begin functioning (Nelson and Riddle, 1984). By 1.5 h before hatch, in >90% of Ipr-1
embryos (n = 29), a swelling develops within the excretory canal cell body (Fig. 3F).
Additional swellings appear within the canals shortly thereafter, suggesting that fluid
accumulates initially within the excretory sinus and then spreads posteriorly within the canal
lumina. As the swellings increase in size, the excretory canals retract into a bolus comprised
of multiple, hollow, circular structures or “cysts” (Fig. 3D). This bolus eventually bursts and
fluid rapidly accumulates throughout the body cavity, apparently leading to the rod-like
lethal phenotype. Since the first excretory canal cell swellings appear near the junction with
the duct, it appears that fluid is unable to be passed out of the excretory canal cell and
through the duct and pore cells.

To observe duct cell and pore cell morphology more closely, we made use of the adherens
junction marker AJM-1::GFP (Koppen et al., 2001). In wild-type embryos at the late 3-fold
stage, AJM-1::GFP marks the secretory junction between the excretory canal cell and duct
cell, and junctions between the duct cell and pore cell, between the pore cell and ventral
epithelium, and the pore cell autocellular junction (Figs. 1B, 2A, 3E). In lpr-1 mutants, all of
these junctions appear intact, yet fluid accumulates immediately posterior to the secretory
junction (Fig. 3F, Table 2). Additional studies with the predominantly cytoplasmic marker
HMP-1::GFP confirmed that the canal cell, duct cell and pore cell bodies are normally
positioned and in close contact (Figs. 3G, H, Table 2). Together with the ultrastructural data
below, these data suggest that pore cell wrapping does occur and that all three tube cells
form apical junctions to connect to each other appropriately, but that the lumina are not fully
connected.

We observed excretory system lumen structure in Ipr-1 mutants by performing transmission
electron microscopy (TEM) of serial thin sections (summarized in Fig. 6A). Late three-fold
stage embryos were selected for this analysis, since that is the stage when Ipr-1 mutant
defects first become apparent by light microscopy. In normal late 3-fold embryos, TEM
reveals a continuous lumen through the excretory canal cell, duct and pore (Fig. 1B). In
Ipr-1 3-fold embryos, the excretory canal cell lumen is widened but otherwise appears
normal and connects with the duct lumen through the secretory junction in 4/4 animals
examined (Fig. 6G). The duct lumen is continuous up to within 300-600 nm of the duct-
pore cellular junction. However, in 4/4 embryos, the duct lumen terminates prematurely
within the duct cell (Figs. 6C-E), and does not connect to the pore lumen (Fig. 6B). The
pore cell itself, however, appears normal and opens to the outside environment (Fig. 6F). In
the distal region of the duct cell near the point where the lumen terminates, multiple
disconnected vesicles are often present, and some of these vesicles appear to span the duct—
pore cellular junction (Fig. 6B). Ipr-1 is therefore required to connect or stabilize the duct
and pore lumina at the site where they meet.

Since the excretory canal cell lumen appears continuous at this embryonic stage, the canal
cell defects observed in Ipr-1 mutant larvae could be a secondary consequence of fluid
backup. The partially lumen-less duct cell probably acts as a “stopper” by blocking fluid
movement from the canal cell to the pore cell. The remaining duct cell lumen has a cuticle
lining which may stabilize it to prevent swelling, whereas the excretory canal cell lumen,
which lacks cuticle, may be more prone to distortion as fluid accumulates. We cannot
exclude the possibility that LPR-1 directly impacts the canal cell lumen. However, since the
earliest defect in Ipr-1 embryos is in the connection between the duct and pore lumina, we
propose that one or both of these cells are the primary target of LPR-1 action.

Ipr-1is required at the time that significant duct lumen growth occurs

To determine when during duct and pore development Ipr-1 is required, we expressed a
heat-shock inducible hsp16.2::Ipr-1(+) transgene in Ipr-1(cs73) animals at various time
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points throughout embryogenesis as well as during the first larval stage (Fig. 7). A pulse of
Ipr-1(+) expression at the comma stage completely rescued Ipr-1(cs73) lethality and
excretory canal defects. Rescue decreased somewhat when Ipr-1(+) was expressed at the
two-fold stage, and decreased dramatically at the early three-fold stage. We observed no
rescue when Ipr-1(+) was expressed during the first larval stage. These experiments confirm
that Ipr-1 acts after the time of cell fate specification and is not required continuously for
osmoregulation or the maintenance of luminal integrity. Furthermore, Ipr-1 appears to act
after the time of initial duct and pore tubulogenesis, and well before the time of G1-to-G2
pore swapping. Instead, Ipr-1 is required during the discrete interval when significant duct
lumen outgrowth occurs (see Fig. 1D). This temporal requirement is consistent with our
phenotypic analysis above, and suggests that Ipr-1 may not be required for the initial
connectivity of the lumina, but rather for the maintenance of this connection during cellular
and luminal growth (see Discussion).

Ipr-1is expressed in the excretory duct, excretory pore and surrounding epidermal cells

To determine in what cells Ipr-1 is transcribed, we generated an Ipr-1::GFP transcriptional
reporter in which the GFP coding region (with stop codon) was inserted at the LPR-1 ATG
within the complete Ipr-1 genomic rescue fragment (Fig. 8A). This strategy preserves all
potential Ipr-1 regulatory elements. Consistent Ipr-1::GFP expression initiates immediately
after the comma stage of embryogenesis and continues throughout the remainder of
embryonic and larval development. At the three-fold stage of embryogenesis, Ipr-1::GFP is
expressed within both the excretory duct cell and pore cell, and in G2, which adopts
excretory pore cell function later in development (Sulston et al., 1983) (Figs. 8D, E). We
observed no expression within the excretory canal cell. Ipr-1::GFP is also expressed in hyp7,
seam cells, and P cells (Figs. 8B, C), all of which are epidermal cell types that surround the
excretory system. Thus Ipr-1 is expressed by a variety of cell types surrounding the
excretory system, as well as by the duct and pore cells themselves. If LPR-1 protein is
expressed in all of these cells and is secreted as predicted, the protein could be present at
either the basal or apical (luminal) surfaces of the duct cell and pore cell.

Ipr-1 functions cell non-autonomously

Since LPR-1 is predicted to be a secreted protein, we tested if it could function cell non-
autonomously. To test if Ipr-1 expression outside of the duct cell is sufficient for it to act in
excretory system morphogenesis, we used a 216 bp fragment of the epidermal specific
promoter dpy-7 to drive Ipr-1 expression in lpr-1(cs73) mutants (Gilleard et al., 1997; Myers
and Greenwald, 2005). In embryos, we found that this promoter drives detectable expression
in hyp7, seam cells, P cells and the pore cell, but not in the duct cell (data not shown).
dpy-7p::LPR-1 almost completely rescued Ipr-1(cs73) rod-like lethality (Fig. 8F) as well as
excretory canal morphology (data not shown), suggesting that epidermal and/or excretory
pore expression of LPR-1 is sufficient for function.

Next, we addressed if Ipr-1 could act in excretory system morphogenesis even when it is
made within a tissue where we never observe its expression. We expressed Ipr-1 in body
wall muscle under control of the unc-54 promoter (Graham et al., 1997; Okkema et al.,
1993). We confirmed that, in embryos, this promoter drives detectable expression only in
body muscle, and not in any cells of the excretory system. Similar to dpy-7p::LPR-1, the
unc-54p::LPR-1 transgene rescued Ipr-1(cs73) mutant rod-like lethality (Fig. 8F) and
excretory canal morphology (data not shown). Taken together, the dpy-7p::LPR-1 and
unc-54p::LPR-1 rescue data show that Ipr-1 does not need to be made in a specific place,
and support a model in which secreted LPR-1 acts cell non-autonomously to promote duct—
pore lumen connectivity.
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Discussion

In mammals, unicellular tubes appear to be prevalent in the microvasculature, the capillary
beds that feed organs such as the brain and kidney (Bar et al., 1984). When human vascular
endothelial cells are cultured in vitro, or when zebrafish vascular endothelial cells are
observed in vivo, they initially form unicellular tubes before assembling into more complex
multicellular tubules, suggesting that unicellular tubes could be developmental intermediates
in the formation of other tube types (Blum et al., 2008; Folkman and Haudenschild, 1980;
Kamei et al., 2006). Defects in the formation or maintenance of unicellular tubes would be
expected to have severe consequences for human health, including kidney disease and stroke
(Nangaku and Fujita, 2008;Wang and Shuaib, 2007; Whitehead et al., 2009), yet little is
known about how unicellular tubes form lumen and connect with one another. Animal
models such as the C. elegans system described here will be important in dissecting the
molecular mechanisms controlling unicellular tube formation and connectivity.

Our studies demonstrate that a lipocalin functions cell non-autonomously to control luminal
connectivity between two unicellular tubes in the C. elegans excretory system. Lipocalins
are a large family of proteins and have been implicated in a variety of intercellular signaling
events, including those controlling kidney tubulogenesis or repair (Schmidt-Ott et al., 2007,
Yang et al., 2003). Nevertheless, only a few genetic models for lipocalin function exist (Flo
et al., 2004; Quadro et al., 1999; Sanchez et al., 2006). Thus, our studies not only implicate a
novel signaling mechanism in the control of unicellular tube development, but also provide a
powerful genetic system for further dissection of lipocalin signaling pathways.

Formation of seamless tubes by wrapping and self-fusion

The excretory duct cell appears to form a seamless tube through a wrapping and self-fusion
mechanism similar to that recently described for two cells at the interface of the C. elegans
pharynx and intestine (Rasmussen et al., 2008). Self-fusion requires AFF-1, one of two
transmembrane proteins known to act as homotypic cellular fusogens in a variety of C.
elegans cell types (Sapir et al., 2007). Self-fusion is not absolutely essential for duct cell
function, but may help prevent fluid leakage, as a small percentage of aff-1 mutants
accumulate fluid in their body cavities and die as rod-like larvae (Sapir et al., 2007 and data
not shown). Although seamless tubes traditionally have been thought to form by hollowing
(Lubarsky and Krasnow, 2003), the prevalence of self-fusion in C. elegans seamless tubes
raises the possibility that many seamless tubes in other organisms may also form by
wrapping and self-fusion.

LPR-1 signaling promotes luminal connectivity

Once formed, the duct cell lumen must connect to the lumina of the canal cell and the pore
cell and then grow extensively in length while maintaining these connections. This addition
of duct lumen likely requires rapid synthesis of apical membrane components, and vesicular
trafficking and fusion to deliver these components to the pre-existing main lumen.

We have shown that the lipocalin LPR-1 is required for connectivity of the duct and pore
lumina. In lpr-1 mutants at the 3-fold stage, the duct lumen terminates prematurely within
the duct cell body, giving way to disconnected vesicles. At this point we do not know if the
duct and pore lumina never connect in these mutants, or if the lumina connect but then break
during subsequent development — alternatives that can only be resolved definitively
through further TEM studies. These two alternatives have rather different implications. If
Ipr-1 is required for the initial connection, this implies a role in coordinating the duct and
pore cells as they curl up to form tubes, and somehow preventing their new lumina from
closing off at their intercellular junction. On the other hand, if Ipr-1 is required to maintain
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the luminal connection during development, it may play a role in strengthening or building
more lumen as the cells elongate. Our temporal rescue experiments (Fig. 7) seem more
consistent with the latter possibility. If lumen breakage does occur in Ipr-1 mutants, it may
be caused by a failure of the duct lumen to grow at a sufficient pace during duct process
elongation, or may reflect a more specific structural defect at the duct—pore interface.
Notably, discontinuous lumina were observed only in the most anterior region of the duct
cell near its junction with the pore cell, suggesting a special character of the lumen in that
region.

We have also shown that Ipr-1 functions cell non-autonomously, suggesting a signaling
function. lpr-1 is broadly expressed in epithelial cells and in the duct and pore cells
themselves, and the protein is likely secreted from these cells to bathe the region of the
duct—pore cell junction. Since ectopic basal expression is sufficient for Ipr-1 rescue (without
obvious deleterious effects), the precise source of LPR-1 does not seem to be important and
is unlikely to convey positional information about where lumen connections or outgrowth
should occur. Instead, LPR-1 may play a permissive role in connectivity or growth. By
analogy to other characterized lipocalins (see below), LPR-1 may sequester some cargo,
deliver a cargo for uptake into cells and/or stimulate a signal transduction cascade. The duct,
pore, or both cells may be relevant LPR-1 targets.

Interestingly, studies of two other unicellular tubes in C. elegans, the amphid sheath and
socket glia, have also implicated intercellular signaling in lumen formation and connectivity.
The Patched-related transmembrane protein DAF-6 and an unknown cue derived from the
amphid sensory neurons are required for connectivity of the sheath and socket lumina, and
have been proposed to regulate the balance between exocytic and endocytic vesicle
trafficking (Perens and Shaham, 2005). Although DAF-6 and LPR-1 are individually
required for connectivity of distinct lumina, there are indications that both play wider roles
in lumen formation. DAF-6 lines most tubular lumina and acts redundantly with the
Dispatched-related transmembrane protein CHE-14 to affect their development (Michaux et
al., 2000; Perens and Shaham, 2005). LPR-1 is also widely expressed, and Ipr-1 mutant
escapers that survive past the L1 stage have shortened excretory canals (data not shown) and
defects in either the phasmid sensory neurons or their glia (Table 3). While their distinct
tissue-specificities make it unlikely that LPR-1 signals through DAF-6, LPR-1 could
potentially act through another DAF-6-related transmembrane protein to control vesicular
trafficking and lumen growth.

Another possibility is that LPR-1 delivers directly or promotes the synthesis of apical
membrane components that make up the newly added duct lumen. Consistent with such a
model, the Ipr-1 vesicle accumulation phenotype has some similarity to that of mutants for
the ELAV splicing factor homolog EXC-7, which has been proposed to regulate expression
of SMA-1/B-spectrin and other apical membrane proteins and is required for complete
outgrowth of the excretory canal lumina (Fujita et al., 2003). Ipr-1 mutants could have
similar deficits in structural components of the duct lumen that hinder outgrowth or stability.

A genetic system for dissecting lipocalin signaling

LPR-1 is the first of at least six C. elegans lipocalins to be characterized. There are >50
predicted lipocalins in mammals (SCOP database), and studies of a small subset suggest that
lipocalins bind small, lipophilic molecules such as sterols, odorants or heme groups, and
deliver these cargos to target cells via interactions with specific transmembrane receptors
(Flower et al., 2000; Quadro et al.,1999). An archetypal lipocalin is mammalian Retinol
Binding Protein (RBP), which delivers retinol to target tissues via interaction with a recently
identified RBP receptor, STRA6 (Kawaguchi et al., 2007; Redondo et al., 2006). The
internalized retinol can then be converted to retinoic acid and act in nuclear hormone
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receptor signaling (Flower, 2000; Goodman, 2006). Another highly studied lipocalin is
Neutrophil Gelatinase Associated Lipocalin (NGAL), which binds to an iron-chelating
siderophore and delivers iron to target tissues via interaction with a distinct NGAL receptor
(Devireddy et al., 2005; Yang et al., 2002). Some lipocalins, including NGAL, may also act
by sequestering their cargos (Flo et al., 2004) or may act independently of cargo to stimulate
receptor-mediated signaling pathways (Chamero et al., 2007; Gwira et al., 2005). The
cargoes, receptors, downstream signaling pathways and biological functions of most
mammalian lipocalins are unknown. With the powerful genetic approaches available in C.
elegans, studies of LPR-1 and the other C. elegans lipocalins are likely to provide important
insights into the regulation and function of this poorly understood protein family.

Interestingly, NGAL (also known as 24p3 or lipocalin-2) has been implicated in the
development of multicellular tubes in the kidney (Schmidt-Ott et al., 2007). NGAL is
secreted from the ureteric bud and can induce metanephric mesenchyme to express epithelial
markers and form tubular nephrons in culture (Yang et al., 2002). In mouse kidney
mIMCD-3 cells, NGAL knockdown interferes with hepatocyte growth factor (HGF)-
stimulated tubulogenesis, resulting in multicellular cyst formation (Gwira et al., 2005). In
humans, NGAL expression is rapidly induced in response to kidney injury or stress, and is
used by physicians as a biomarker to monitor patient status (Mishra et al., 2005; Mishra et
al., 2003; Schmidt-Ott et al., 2006). While these studies suggest a potential role for NGAL
in kidney nephron tubulogenesis, mouse knockouts of NGAL/lipocalin-2 display no obvious
kidney defects, perhaps due to genetic redundancy (Berger et al., 2006; Flo et al., 2004). It
will be interesting to determine whether NGAL and LPR-1 promote tubulogenesis through
related or distinct mechanisms.

To our knowledge, C. elegans Ipr-1 provides the first genetically tractable model system for
dissecting the molecular pathways through which a lipocalin can control tubulogenesis. We
are characterizing other mutants with an Ipr-1-like mutant phenotype as well as a set of Ipr-1
suppressors that should give further insight into how LPR-1 controls lumen connectivity.

Materials and methods

Strains and phenotypic analysis

Strains were maintained and manipulated by standard methods unless otherwise noted.
Bristol N2 was the wild-type strain. Ipr-1 (cs73) was isolated after EMS mutagenesis of the
N2 strain, and was outcrossed twice before phenotypic analysis. Linkage mapping placed
Ipr-1 very close to bli-3 and to the left of SNP pKP1100. All mapping data are available at
Wormbase (www.wormbase.org).

To quantify the degree of Ipr-1 lethality, hermaphrodites were allowed to lay eggs on NGM
plates for 6- 10 h. Percent lethality was determined by the proportion of progeny that failed
to reach the L4 larval stage 48 h post-egg lay. To assess whether all relevant cell types were
present and properly positioned (Table 2),we used the following markers: vha-1::GFP (Oka
et al., 1997) (excretory canal cell), lin-48:: GFP (Johnson et al., 2001) (duct cell), Ipr-1::GFP
(this work), AJM-1:: GFP (Koppen et al., 2001) and HMP-1::GFP (J. Hardin, personal
communication (duct and pore cells), ceh-23::GFP (Forrester et al., 1998) (canal-associated
neurons). Three-fold embryos were paralyzed by treating their mothers with RNAI against
the muscle gene unc-27 to facilitate analyses of marker expression (Kamath et al., 2003).

Quantitative RT-PCR

RNA was extracted from mixed-stage embryos with Trizol (Invitrogen (Carlsbad, CA)), and
cDNA was subsequently generated with the Superscript First-Strand Synthesis kit
(Invitrogen). RT-PCR was performed with 25 ng cDNA per reaction in triplicate wells. Ipr-1
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TagMan primers (Applied Biosystems (Foster City, CA)) spanning the exonl/exon2
boundary were used to determine Ipr-1 levels. smr-1 was used as an endogenous control for
normalization. RT-PCR was performed on a 7900HT Fast Real-Time PCR System machine
(Applied Biosystems) and all data were analyzed by the comparative C+ method with SDS
2.2.1 software.

Transgenic lines

Microscopy

Details of plasmid generation are available upon request. The Ipr-1 genomic rescue fragment
pCSiwas cloned from fosmid WRMO0630121. Transgenic lines were generated by co-
injection of pCS1 (20 ng/ul) with the marker unc-119::GFP (100 ng/ul). The lpr-1::GFP
transcriptional reporter pCS4 was generated by inserting GFP (with its own stop codon) at
the Ipr-1 ATG within the genomic rescue fragment pCS1. Transgenic lines were generated
by co-injection of pCS4 (10 ng/ul) with the marker pRF4 (rol-6sd) (100 ng/ul) (Mello and
Fire, 1995). pCS4 expression was analyzed in a smg-1(r861) background to circumvent
potential problems with nonsense-mediated decay (Pulak and Anderson, 1993; Wilkinson
and Greenwald, 1995).

hsp-16.2::1pr-1a (pCS7), dpy-7::Ipr-1a (pCS12) and unc-54::Ipr-1a, b,c (pCS17, pEM1 and
pPEMZ2) constructs were generated by inserting the Ipr-1 cDNA into vectors pPD49.78,
pKH11 (a derivative of pPD49.26), or pPD30.38, respectively (Addgene). Transgenic lines
were generated by co-injecting experimental plasmids at 7 ng/pl and pIM175(unc-119::gfp)
at 100 ng/pl. Ipr-1(cs73) mutant lines bearing the hsp16.2::1pr-1a transgene were
maintained at 15 °C to minimize constitutive expression. We staged animals for our heat-
shock experiments by picking comma stage embryos under a dissecting microscope, and
incubating them at 15 °C for an empirically determined amount of time [0 h (comma), 2 h
(2-fold), 4 h (early 3-fold)] prior to a 1-hour 35 °C heat-shock. L1s were picked and heat-
shocked immediately after hatching. We scored for rescue 4 days later by determining the
proportion of animals that survived to become L4 larvae to the number of animals that
became rod-like lethal larvae. Transgenic L4 larvae and rod-like larvae (vs. non-transgenic
siblings) were identified by unc-119::gfp expression.

Animals were examined by Nomarski microscopy and epifluorescence using a Zeiss
Axioskop (Jena, Germany), and images were taken with a Hamamatsu Chilled CCD Camera
(Hamamatsu City, Japan) and analyzed with Adobe Photoshop. Alternatively, animals were
examined by confocal microscopy using a Leica TCS SP (Wetzlar, Germany). All confocal
images were analyzed with Leica Confocal Software.

For transmission electron microscopy, late 3-fold stage embryos were fixed by high pressure
freezing (HPF) followed by freeze substitution (Weimer, 2006), embedded in Eponate resin
and cut into serial thin sections between 50 and 100 nm each. Sections of two wild-type and
five Ipr-1(cs73) embryos were observed on a Philips CM10 transmission electron
microscope (Amsterdam, The Netherlands) and photographed on Kodak 4489 film or with
an Olympus Morada digital camera (Tokyo, Japan). Another similarly prepared and
photographed lin-17 embryo (in which excretory system development appears normal) was
kindly provided by Richard Fetter and Cornelia Bargmann (Rockefeller Univ.).

TEM images of young wild-type embryos and of L1 larvae were provided to the Center for
C. elegans Anatomy by John Sulston and Jonathan Hodgkin (MRC) and by Shai Shaham
(Rockefeller Univ.). Embryos EMBL1 (1.5-fold), N2 Egg (1.5 fold), Tadpole (comma-1.5
fold) and N2E6B (1.5-2 fold) each reveal a continuous lumen running through the excretory
canal cell, duct cell and pore cell (Fig. 1A and data not shown). Larva L1C (mid-L1) shows
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the beginning of the G1-to-G2 pore swap (Fig.1C). Many of these images are available at
Worm Image (http://www.wormimage.org/).
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Fig. 1.

Timecourse of excretory system development in wild-type. (A—C) Transmission electron
micrographs (TEMSs) and corresponding schematics of the excretory system in wild-type
animals at different stages. TEMs have been false-colored for clarity. Colored regions
represent cell cytoplasm of the canal cell (red), duct cell (yellow), pore cell (blue), or ventral
epithelium (green) and uncolored areas represent lumen (indicated by white arrows in
TEMS). Thick black circles and lines in schematics indicate C. elegans apical junctions,
which include the canal/duct and duct/pore intercellular junctions (black arrowheads) and
the pore autocellular junction (black arrow). The canal/duct junction has also been termed
the “secretory junction” (Nelson et al., 1983). In all images, ventral is on the bottom. In
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lateral views, anterior is to left. Scale bars, 1 pm. A) 1.5-fold embryo, anterior view. The
cells are compact, and the duct has a short, linear lumen. i) Embryo “N2E6B” TEM kindly
provided by Shai Shaham (Rockefeller U.). Anterior view. ii) Embryo “N2 egg” kindly
provided by John Sulston (MRC). Lateral view. B) Late 3-fold embryo, lateral view. The
tube cells and lumina have expanded in length. For simplicity, only a portion of the canal
cell is shown in the schematic. The duct and pore lumina are lined with cuticle (indicated by
grey outline), whereas the canal cell lumen is not. i, ii) Two TEM sections from the same
embryo, showing i) duct/pore junction, and ii) duct nucleus and cell body (with multiple
cross-sections of lumen) and canal/duct junction. These TEM sections are separated by 3—4
pm. Purple color in ii) indicates an excretory gland cell, which also connects to the canal
and duct lumina at their junction (Nelson et al., 1983). lin-17(n677) embryo kindly provided
by Richard Fetter and Cornelia Bargmann (Rockefeller U.). Anterior view. C) Mid-L1 larva,
lateral view. i, ii) Adjacent TEM sections show G2 (pink) beginning to take over the ventral-
most portion of the pore channel. “L1C” TEMs kindly provided by John Sulston (MRC).
Anterior view. D) Timeline of excretory system development, based on (Sulston et al., 1983)
and TEM data above.
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Fig. 2.

The duct tube forms by wrapping and self-fusion. Shown are (A) wild-type and (B)
aff-1(tm2214) mutant L1 larvae expressing adherens junction marker AJM-1::GFP (Koppen
et al., 2001). Arrow indicates pore autocellular junction and bracket indicates the duct cell
(which retains an autocellular junction only in aff-1 mutants).
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Fig. 3.

Ipr-1(cs73) mutants have normally positioned canal, duct and pore cells. In all panels,
anterior is to the left and ventral is down. (A, C) Wild-type L1 larva showing excretory
canal cell marked with vha-1::GFP. (B, D) Ipr-1(cs73) L1 larva showing severely truncated
and cystic excretory canals marked with vha-1::GFP. Arrowheads mark canal extensions in
A and C, and canal cysts in B and D (E) wild-type and (F) Ipr-1(cs73) late 3-fold embryos
showing apical junctions marked with AJM-1::GFP. Arrow marks the pore cell, hollow
arrowhead marks the secretory junction, and bracket indicates position of the duct cell (not
visible with AJM-1::GFP). The ring-like structure of the intercellular junctions is not
apparent in this lateral view, but could be seen in embryos viewed from the ventral side.
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Note the fluid accumulation posterior to the secretory junction in Ipr-1 mutants, causing a
dramatic cyst within the excretory canal cell body. (G) wild-type and (H) Ipr-1(cs73) 3-fold
embryos showing canal cell, duct cell and pore cell bodies marked with HMP-1::GFP.
Symbols are as above.
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Fig. 4.

Ipr-1 encodes a lipocalin. (A) A 7.7 kb Xhol-Hindlll genomic fragment (pCS1) containing
the Y65B4BR.2 gene rescued Ipr-1 mutant lethality (see Table 1). (B) We found evidence
for three Ipr-1 splice variants based on cDNAs ORFeome 3 (isoform a), yk1753f01 (isoform
b), and yk817908 (isoform c) (Genbank FJ174666, FJ174667, and FJ174668, respectively).
Ipr-1a rescued the excretory canal defects and rod-like lethality of cs73 mutants when
expressed under the control of the hsp16.2, dpy-7 or unc-54 promoters (see Figs. 7, 8F).
Ipr-1b and Ipr-1c fail to splice out intron 5, leading to a premature stop, and encode
truncated proteins that lack a C-terminal alpha helix beyond the predicted beta barrel region.
Ipr-1c also fails to splice out intron 3 and thus inserts an additional 14 amino acids in frame
into the beta barrel region. Neither Ipr-1b nor Ipr-1c were able to rescue cs73 lethality when
expressed under the control of the unc-54 promoter: for each construct, four transgenic lines
averaged 14% and 12% viability respectively (n> 100 each). cs73 is a G to A nucleotide
transition that affects the intron 3 splice donor site in Ipr-1a and Ipr-1b; it would result in a
C-to-Y amino acid change in isoform c. (C) The consequences of the ¢s73 lesion were
determined by sequencing the two predominant RT-PCR products obtained from mixed
stage mutant worm lysates after amplification with primers flanking intron 3. c¢s73 can result
in use of a cryptic splice donor 63 nucleotides upstream of the normal intron 3 donor,
leading to an in-frame deletion of part of the lipocalin signature sequence (LSS).
Alternatively, cs73 can eliminate intron 3 splicing, leading to an in-frame insertion within
the beta barrel region. SS, signal sequence. Grey boxes represent coding exons and white
boxes represent untranslated regions. (D) Sequence of the LPR-1A protein. Box indicates
signal sequence, shading indicates lipocalin signature sequence and additional amino acids
conserved in most lipocalins (Flower et al., 2000) and underlines indicate the eight predicted
beta-sheets that make up the lipocalin beta barrel (PredictProtein database, Rost et al., 2004).
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Fig. 5.

Ipr-1(h276) has reduced levels of Ipr-1 mRNA. Quantitative Real-Time PCR was performed
on either wild-type or lpr-1(h276) mixed stage embryos as described in Materials and
methods. Black bars indicate relative Ipr-1 mRNA levels with respect to wild-type (which is
set to 1).
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Fig. 6.

The duct and pore lumina are not connected in Ipr-1 mutants. (A) Schematic and (B-G)
transmission electron micrographs of Ipr-1(cs73) late 3-fold embryos. Canal cell, duct cell,
pore cell, and ventral epithelium are colored red, yellow, blue, and green respectively.
Lumen is uncolored and indicated by white arrows in TEMs. Black arrowheads indicate
intercellular adherens junctions and black arrow indicates pore autocellular junction. Scale
bars, 1 pum. (B) At the region of the duct—pore intercellular junction, the duct contains only
disconnected vesicles (white lines), some of which appear to span the junction. (C-E) depict
sequential sections of the duct cell process going from posterior to anterior, showing (C)
normal lumen, (D) lumen terminating, and (E) lumen replaced by a disconnected vesicle. In
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(E), white arrow indicates region where lumen should have been present and line indicates
disconnected vesicle. The luminal cuticle of the duct and pore cells appears as a diffuse gray
layer beneath a darker-staining plasma membrane in most specimens depending on section
angle (panels C, D), but cuticle material is difficult to resolve inside the most disconnected
vesicles. (F) The pore tube opens normally to the outside environment. (G) The canal cell
and duct cell lumina are continuous through the secretory junction. Purple color indicates
gland cell as in Fig. 1B.

Dev Biol. Author manuscript; available in PMC 2011 January 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stone et al. Page 24

41"

n

B transgenic
non-transgenic

n=33"

Q

2

(=]

- ® o
i nou
Il c £

100+
90 4 |

stage at heat-shock

Fig. 7.

Ipr-1 functions at the time of duct lumen outgrowth. Transgenic lpr-1(cs73); hsp16.2::lpr-1
mutant embryos grown at 15 °C were picked at the comma stage, and then incubated at 15
°C for an empirically determined amount of time prior to a 1-hour 35 °C heat-shock. L1s
were picked and heat-shocked immediately after hatching. See Materials and methods for
further details. Black bars indicate percent viability for transgenic animals, while white bars
indicate percent viability for non-transgenic siblings. *p <0.01 (Fisher's Exact test)
compared to non-heat-shocked controls.
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Fig. 8.

Ipr-1 can function cell non-autonomously. (A) Schematic of the Ipr-1::GFP transcriptional
reporter. (B, C) smg-1 3-fold embryo expressing Ipr-1::GFP in epidermal cell types (hyp7, P
cells, seam cells). (D, E) Close-up view of the ventral head of a smg-1 3-fold embryo
showing expression in the duct, G1 (embryonic and L1 pore), G2 (L2 pore and mother of
L3-adult pore), and W (neuroblast and lineal homolog of G2). (F) Ipr-1a was expressed
under control of the tissue specific promoters dpy-7 (epidermis) or unc-54 (body wall
muscle). The progeny of Ipr-1(cs73) mutant animals bearing these transgenes were scored
for viability to assess rescue (see Materials and methods). Results are shown for two
independent lines carrying the unc-54p::lpr-1a transgene. Black bars indicate percent
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viability for transgenic animals, while white bars indicate percent viability for non-
transgenic siblings. *p <0.01 (Fisher's Exact test) compared to non-transgenic siblings.
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Ipr-1 genetic analysis.

Table 1

iMaternal genotype

% F1 lethal (n)

Ipr-1(cs73)
Ipr-1(cs73) 15 °C
Ipr-1(cs73) 25 °C
bIpr-l(cs73)/+
+/hDf10
Ipr-1(cs73)/hDf10
Ipr-1(h276)
Ipr-1(h276) 15 °C
Ipr-1(h276) 25 °C
Clpr-1(h276)/+
Clpr-1(h276)/hDf10
Clpr-1(cs73)/1pr-1(h276)
dIpr—l(cs73); csEx103
dipr-1(h276); csEx103
dIpr-1(cs73); csEx104

dipr-1(h276); csEx104

94 (66)

95 (99)

98 (118)
16 (237)
27 (120)
94 (151)
77 (92)

95 (103)
65 (186)
35 (187)
92 (195)
91 (265)
17 (162)
30 (215)
32 (115)

42 (126)

a A
All data were collected at 20 °C unless otherwise noted.

bIpr—l(cs73) chromosome is marked with unc-35(e259).

Page 27

cIpr-:L(h276) chromosome is marked with dpy-5(e61) and unc-13(e450). This mutagenized chromosome has only been outcrossed once and may

contain additional lesions, accounting for the higher than expected proportion of lethality seen in progeny of heterozygous mothers.

d - . . .
csEx103 and csEx104 are extrachromosomal arrays containing Ipr-1 genomic rescue fragment pCS1 (see Fig. 4 and Materials and methods). The
majority of F1 lethal progeny were non-transgenic as assessed by unc-119::gfp expression.
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