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ABSTRACT Lipocalins are secreted cup-shaped glycoproteins that bind sterols, fatty acids, and other lipophilic molecules. Lipocalins
have been implicated in a wide array of processes related to lipophilic cargo transport, sequestration, and signaling, and several are
used as biomarkers for human disease, but the functions of most lipocalins remain poorly understood. Here we show that the
Caenorhabditis elegans lipocalin LPR-1 is required to maintain apical membrane integrity and a continuous lumen in two narrow
unicellular tubes, the excretory duct and pore, during a period of rapid lumen elongation. LPR-1 fusion protein is expressed by the duct
and pore and accumulates both intracellularly and in apical extracellular compartments, but it can also function cell nonautonomously
when provided from outside of the excretory system. Jor-7 mutant defects can be rescued by increased signaling through the epidermal
growth factor (EGF)-Ras-extracellular signal regulated kinase (ERK) pathway, which promotes the more elongated duct vs. less
elongated pore tube fate. Spatial and temporal rescue experiments indicate that Ras signaling acts within the duct and pore tubes
during or prior to cell fate determination to bypass the requirement for LPR-1. /jor-7 mutations did not disrupt LIN-3/EGF-dependent
duct-fate specification, prevent functioning of any specific LIN-3/EGF isoform, or alter LET-23/EGFR localization, and reduced signaling
did not phenocopy or enhance /pr-1 mutant defects. These data suggest that LPR-1 protects lumen integrity through a LIN-3/EGF-

independent mechanism, but that increased signaling upregulates some target(s) that can compensate for /pr-7 absence.
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LIPOCALINS (“fat cups”) are a large and diverse group of
secreted glycoproteins that bind sterols, fatty acids, and
other lipophilic molecules within the body. Members of the
lipocalin family have limited sequence homology, but share a
common secondary structure called the “lipocalin fold,”
which comprises an eight-stranded antiparallel B-barrel
flanked by N- and C- terminal helices (Flower 1996). In mam-
mals, lipocalins have been implicated in a wide array of
processes related to lipophilic cargo transport, sequestration,
and signaling. For example, retinol binding protein delivers
dietary retinol (vitamin A) to target tissues with high retinol
demand such as the eye (Quadro et al. 1999; Chou et al.
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2015). Tear lipocalin transports and/or sequesters phospho-
lipids within the tear film to enable proper lubrication of the
eye (Glasgow et al. 1995; Gouveia and Tiffany 2005). Lipocalin2
(Len2, also known as 24p3 or neutrophil gelatinase associated
lipocalin) sequesters iron-containing siderophores to protect
against bacterial infections (Flo et al. 2004), and can influence
signaling by hepatocyte growth factor during kidney tube devel-
opment (Wu and Han 1994; Gwira et al. 2005; El Karoui et al.
2016). The lipocalin Swim (secreted interacting Wnt molecule)
facilitates transport of lipid-modified Wnt ligands (Mulligan et al.
2012), and the plasma lipocalin apolipoprotein M (ApoM) facil-
itates transport of the signaling lipid sphingosine-1-phosphate
(S1P) (Christoffersen et al. 2011). Humans have several dozen
lipocalins, some of which are used as biomarkers for stress and
diseases (e.g., kidney disease, cardiovascular disease, airway
disease, and dry eye disease) (Enriquez-de-Salamanca et al.
2012; Dittrich et al. 2013; Joshi and Viljoen 2015; Kashani
and Kellum 2015), but the functions of most remain poorly
understood.
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We showed previously that a mutation in the Caenorhab-
ditis elegans lipocalin-related gene [pr-1 disrupts integrity
of the excretory duct and pore tubes within the excretory
(renal-like) system (Stone et al. 2009). The excretory duct
and pore are narrow unicellular tubes with an intracellular
lumen (Figure 1, A-C). These tubes connect the larger excre-
tory canal cell (also a unicellular tube) to the outside envi-
ronment for fluid excretion. In [pr-1 mutants, the tube cells
are still connected in tandem via ring-shaped apical junc-
tions, but the lumen is discontinuous, leading to a lethal
defect in fluid excretion. [pr-1 defects could be rescued by
ectopic expression of [pr-1 outside of the excretory system
(Stone et al. 2009), suggesting that LPR-1 is involved in an
extracellular transport or signaling mechanism important for
lumen formation or maintenance.

Proper development of the C. elegans excretory system also
requires epidermal growth factor (EGF) signaling through
Ras and extracellular signal regulated kinase (ERK). During
ventral enclosure, the duct and the pore cell precursors,
which are initially equivalent and express the EGF receptor
(EGFR) LET-23, migrate toward the canal cell, which ex-
presses the EGF-like ligand LIN-3 (Abdus-Saboor et al.
2011). EGF-Ras-ERK signaling plays a critical role during
duct vs. pore cell fate determination. Wild-type (WT) animals
always have one duct and one pore, but increased signaling
results in two duct cells and decreased signaling results in
two pore cells (Abdus-Saboor et al. 2011). Following cell fate
determination, the duct and pore form unicellular tubes by
wrapping and forming auto-cellular junctions (AJs); the duct
then rapidly auto-fuses to become a seamless toroid (Stone
et al. 2009). By the 1.5-fold stage of embryogenesis, the canal
cell, the duct cell, and the pore cell have connected to each
other and formed a continuous lumen. Over the next several
hours, the pore cell grows modestly, while the duct cell elon-
gates dramatically. By the time the embryo hatches to a first
stage (L1) larva, the duct has an asymmetric shape with a
long, narrow process that links it to the pore cell, and a lumen
that takes a winding path through the cell body (Figure 1,
C and C'). In addition to promoting duct vs. pore cell fate
determination, EGF-Ras-ERK signaling might be required
for subsequent duct tube morphogenesis (Abdus-Saboor
et al. 2011). Whereas null mutants lack an excretory duct,
many hypomorphic EGF-Ras-ERK-pathway mutants have
an abnormal duct cell with a cystic lumen. Requirements
for EGF signaling in tube elongation have also been de-
scribed in other model systems (Zhang et al. 2010; Saxena
et al. 2014).

Given the similarities in the [pr-1 and EGF-Ras-ERK-mutant
phenotypes, we investigated the relationship between these
pathways.

Materials and Methods
Strains and plasmids

Strains were grown according to the standard methods
(Brenner 1974) and maintained at 20° unless otherwise
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noted. Bristol N2 was the WT strain. See Supplemental Ma-
terial, File S1 for a complete list of strains used in this study.
See File S2 for details about plasmid construction.
Ipr-1(cs207) (Q72stop) and [pr-1(cs209) (W217stop) were
isolated as rod-like lethal mutants after standard EMS muta-
genesis (Brenner 1974) of strain UP2214 (see File S1).
Alleles were outcrossed twice before analysis. sos-1(pd10gf),
an E99K missense substitution, was isolated by N. Hopper
(personal communication) in a screen for suppressors of
sem-5(n1619If) lethality. pd10 is inferred to be a gain-of-
function (gf) allele based on this suppressor property, al-
though it causes no apparent single mutant phenotype.

Construction of extrachromosomal transgenic strains

Transgenic animals were generated by injecting N2 with
plasmid DNA at 10-20 ng/pl together with transgenic
markers pCFJ90 (myo-2p::mCherry) (3 ng/pl) or pRF4
[rol-6(su1006)] (80 ng/wl) or pIM175 (unc-119p::GFP)
(100 ng/pl) and pSK+ to a total DNA concentration of
150-200 ng/pl.

Construction of lin-3 mos1-mediated single copy
insertion transgenic strains

[in-3 complementary DNAs (cDNAs) were a generous gift from
Cheryl Van Buskirk (California State University, Northridge,
CA) and Paul Sternberg (California Institute of Technology,
Pasadena, CA). Complete sequences of these cDNAs are given
in File S3. lin-3 cDNAs were inserted within mosl-mediated
single copy insertion (MosSCI) destination clone pCFJ150 or
pCEJ151 (Frokjaer-Jensen et al. 2008), downstream of a prox-
imal 1987 bp lin-3 promoter containing the first [in-3 intron
and an artificial stop codon. See Extended Materials and Meth-
ods File S2 for details.

Single copy transgene lines were obtained by microinjec-
tion of the expression constructs (pEP36, pEP46, pEP47) at
10 ng/pl with co-injection markers pCFJ90 (myo-2p::
mCherry) at 3 ng/pl, pCFJ104 (myo-3p::mCherry) at 5 ng/pl,
pGH8 (rab-3p::mCherry) at 10 ng/pl, and transposase
plasmid pCFJ601 (elt-3p::mosase) at 50 ng/pul into strain
EG4322. Insertions into chromosome II were verified by
PCR using primers flanking the insertion (Frokjaer-Jensen
etal. 2008). None of the integrated lin-3 transgenes caused
a Multivulva phenotype, consistent with modest levels of
expression.

Embryonic RNA sequencing analysis

Temporal RNA sequencing (RNA-seq) data were downloaded
from modENCODE (http://www.modencode.org; Gerstein
et al. 2010). Lineage-specific RNA-seq data were obtained
from our prior study (Burdick et al. 2016); these reads
are available in the Sequence Read Archive (SRA) at ac-
cession SRX1272936 (pros-1), SRX1272933 (unc-130),
SRX1272898 (ceh-6), and SRX1272935 (ceh-6+hlh-16).
Reads were aligned to the WS220 genome using Tophat
2 (Trapnell et al. 2009). For the modENCODE data, we quan-
tified isoforms using Cufflinks, with default settings (Trapnell
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Figure 1 /pr-7 null mutants have incompletely penetrant defects in duct and pore lumen maintenance. (A-F) Schematic representations of excretory
system morphology in (A-C) WT and in (D-F) lpr-1(cs207). G, pore cell is shown in blue, duct cell in yellow, canal cell in red. White regions represent
lumen. Heavy black lines represent apical junctions. Arrowhead, duct-canal intercellular junction. Anterior is to the left and ventral is down in all images.
(A'—F") Progressive lumen fragmentation in Jor-7 mutants. Inverted grayscale fluorescent images of (A'-C’) WT and (D'—F’) lpr-1(cs207) animals
expressing the apical membrane marker RDY-2::GFP and junction marker AJM-1::GFP. * marks lumen dilation near the canal-duct junction. White
arrows point to the breakage of the duct lumen. Black arrows indicate pore AJ. (C” and F”) Show the duct cell marker /in-48p::mRFP (red), which is overlaid with the
lumen and junction markers in (C" and F") to show that the duct cell and pore cell were still connected to each other. Bar, 5 um. (G) Schematic representation of
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et al. 2010). For the lineage-specific data, we manually
counted reads visualized using the Integrative Genomics
Viewer (Robinson et al. 2011).

Microscopy and imaging

Differential interference contrast (DIC) and epifluorescence
microscopy were performed using a Carl Zeiss (Thornwood,
NY) Axioskop, and images were taken with a Q1CAM mono-
chrome charge-coupled device camera. All confocal mi-
croscopy was performed on a Leica TCS SP8 multiphoton
microscope. Images were processed for brightness and con-
trast by ImageJ or Fiji (Schindelin et al. 2012; Schneider et al.
2012).

Scoring of viability

For most experiments, young adult hermaphrodites were
allowed to lay eggs for a few hours. Then, adults were re-
moved and the number of embryos was counted. Two days
after egg laying, the number of live worms was counted. The
live percentage = live worms/eggs laid. For transgenic rescue
experiments, the genotype of unhatched eggs could not be
assessed reliably, so these were excluded and the live per-
centage = live worms/live worms + rods. Since the number of
unhatched eggs was generally low (<5%), ignoring them
would not have a major impact on the outcome.

Scoring of lumen dilation

Lumen dilation was visualized by DIC as a small bubble
adjacent to the canal cell nucleus. Then, 1.5-fold-stage eggs
were picked onto seeded NGM plates and incubated at 20° for
the indicated number of hours prior to microscopy, or three-
fold-stage eggs were picked onto seeded NGM plates and
40 min later newly hatched L1 larvae were mounted for
microscopy.

Heat-shock experiments

Young adult hermaphrodites were allowed to lay eggs at 20°
for 1 hr. Adults were removed and the number of embryos on
each plate was counted. Eggs were incubated at 20° for the
indicated number of hours prior to heat shock at 31° for 1 hr.
The number of embryos that had survived to L3 larvae was
counted 2 days later.

Scoring of duct and pore cell fates

Duct and pore cell fates were assessed in late threefold
embryos or early L1 larvae based on the pattern of the junction
marker AJM-1::GFP (Koppen et al. 2001), as visualized by
epifluorescence microscopy. The duct is a seamless tube and
lacks AJM-1::GFP signal along its length, whereas the pore has

an AJ (Abdus-Saboor et al. 2011). We also confirmed cell fates in
WT, Ipr-1(cs207), LIN-3 overexpression (OE), and Ipr-1(cs207);
LIN-3 OE by examining the duct cell markers lin-48p::mRFP
(Parry and Sundaram 2014) and lin-48p::NLS::GFP.

Vulva induction assay

Vulva induction was scored by counting induced and unin-
duced vulval precursor cells by DIC at the L4 stage as described
(Sternberg and Horvitz 1986; Han et al. 1990).

Data availability

Strains and plasmids are available upon request. File S1 con-
tains detailed descriptions of all strains. File S2 contains in-
formation about all plasmids. File S3 contains specific lin-3
cDNA sequences used. RNA-seq data are available in the SRA
at accession SRX1272936 (pros-1), SRX1272933 (unc-130),
SRX1272898 (ceh-6), and SRX1272935 (ceh-6+hlh-16).

Results

Ipr-1 null mutants have an incompletely penetrant
defect in duct lumen maintenance during
tube elongation

The original allele of Ipr-1, cs73, is a splice donor mutation
that strongly reduces but may or may not eliminate gene
function (Stone et al. 2009). In a genetic screen for additional
[pr-1-like mutants (see Materials and Methods), we identified
two new nonsense alleles that are predicted to truncate the
LPR-1 protein just prior to or just after the B-barrel domain
(Figure 1G); the former, [pr-1(cs207), should be a molecu-
lar null allele. Both new alleles caused incompletely pene-
trant cystic duct and lethal phenotypes similar to those of
[pr-1(cs73) mutants, and both were efficiently rescued by a
WT [pr-1 transgene (Figure 1, H and I). Mutant animals that
escaped lethality were fertile and laid eggs normally. We
conclude that the Ipr-1 null phenotype is incompletely
penetrant.

Prior studies did not distinguish between requirements for
Ipr-1 in initial lumen formation or maintenance. To address
this issue, we compared WT and [pr-1 mutants over a time
course of development (Figure 1, A'-F'). [pr-1 mutants had
one pore and one duct as in WT (Figure S1), and initial steps
of duct and pore tube development appeared normal based
on the expression patterns of the apical junction marker AJM-
1::GFP and the apical membrane marker RDY-2::GFP (Figure
1D). Duct lumen discontinuities and cysts first appeared
during tube elongation in the latter part of embryogenesis
(Figure 1, E’ and I). In most newly hatched L1 larvae, duct

LPR-1 protein and the positions of three mutant alleles. Allele cs207 is a C to T transition at the first nucleotide of codon 72, which results in a premature
stop. Allele cs209 is a G to A transition at the third nucleotide of codon 217, which results in a premature stop. Allele cs73 affects a splice donor site, as
described previously (Stone et al. 2009). SS, secretion signal peptide. (H) All three mutant alleles of [pr-7 were rescued by multi-copy transgenes
containing lpr-1 genomic DNA. ***P < 0.0001 compared to /pr-7 mutants (Fisher’s exact test). n.s, not significant. (I) Time line of lumen dilation in jpr-1
mutants. Lumen dilation was visualized by DIC as a small bubble anterior to the canal cell nucleus. (i) At 1.5-fold plus 4 hr stage, the size of the lumen
bubble was similar to the size of the canal nucleolus and adjacent to it. (i) At later stages, the bubble size increased. Scale bar, 5 microns.
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cell shape appeared normal and the duct and pore cells were
still connected by an apical junction, despite absence of lu-
men in the distal region of the duct (Figure 1F’). We conclude
that Ipr-1 is not required for de novo lumen formation but is
important to maintain duct and pore lumen integrity during
elongation.

In addition to [pr-1, the C. elegans genome contains at least
six other lipocalin-related (Ipr) genes, four of which share
sequence homology with [pr-1 (Figure S2). Transgenic
cross-rescue experiments using three of the most closely re-
lated other Ipr genes (Ipr-3, [pr-4, and [pr-5) did not support
the hypothesis that incomplete penetrance of [pr-1 mutants is
explained by redundancy with another lipocalin (Figure S2).

LPR-1 localizes to both intracellular and apical
extracellular compartments

An [pr-1 transcriptional reporter is expressed in most external
(cuticle-producing) epithelia, including both the duct and
pore cells and the epidermis, but not in internal epithelia such
as the gut or excretory canal cell (Stone et al. 2009). Impor-
tantly, however, LPR-1 contains a predicted signal peptide
and can function cell nonautonomously when ectopically
expressed, suggesting that it is a secreted protein that can
be provided from outside of the excretory system (Stone et al.
2009).

To determine the localization of the LPR-1 protein, we
analyzed fusions tagged either N-terminally or C-terminally
with GFP or with Superfolder GFP, a variant that folds more
rapidly and fluoresces more brightly than standard GFP when
present in oxidizing extracellular environments (Aronson
et al. 2011). When driven by the Ipr-1 promoter, all fusions
rescued [pr-1 lethality (Figure 2A) and were detected within
the duct and pore cells and other external epithelia beginning
at the 1.5-fold stage (Figure 2, B and C). The fusions were
also secreted apically between the embryo and the eggshell
(Figure 2, B, D, and E) and appeared enriched in or near the
duct and pore lumens at the threefold stage (Figure 2, D and
F). N-terminally GFP-tagged LPR-1 lacking a signal sequence
was not detectably secreted at all (Figure 2G) and failed to
rescue [pr-1 lethality (Figure 2A), indicating that secretion is
indeed important.

We also compared LPR-1 fusion localization when driven
by other promoters. When driven by the grl-2 promoter,
ssGFP::LPR-1 accumulated specifically within the duct and
pore cells, and was not detected extracellularly (Figure 2H);
suggesting that the duct/pore luminal signal detected pre-
viously may reflect protein that originated elsewhere and
entered the lumen from the extraembryonic space. When
driven by the unc-54 body muscle promoter, ssGFP::LPR-1
accumulated within muscle cells (Figure 2I) and also was
secreted into the pseudocoelom and accumulated in coelo-
mocytes, scavenger-like cells that take up most internally
secreted proteins (Fares and Greenwald 2001) (Figure 2J),
but it did not accumulate detectably near or within
the duct and pore (Video 1 in File S4). Nevertheless, both
duct-pore-expressed and muscle-expressed ssGFP::LPR-1 were

equally effective at rescuing [pr-1 lethality (Figure 2A). We
conclude that LPR-1 (or some downstream effector) can
travel between cells and that its specific site of synthesis is
relatively unimportant. LPR-1 may exert its functions extra-
cellularly and/or within an endocytic compartment. If LPR-1
acts directly on the duct and pore, very low levels (undetectable
by fluorescence) must be sufficient to rescue [pr-1 excretory
tube defects.

Hyperactivation of EGF-Ras-ERK signaling during duct
and pore tubulogenesis rescues Ipr-1 lethality

Nonautonomous action of LPR-1 is consistent with involve-
ment in some signaling or transport mechanism. We showed
previously that EGF-Ras-ERK signaling promotes excretory
duct identity (Abdus-Saboor et al. 2011) (Figure 3A), and
the excretory duct elongates much more than the excretory
pore (Figure 1C). Therefore, EGF-Ras-ERK signaling pro-
motes tube elongation, either directly or indirectly, making
this a pathway of interest.

To test the relationship between [pr-1 and EGF-Ras-ERK
signaling, we analyzed double mutants. [pr-1 mutant lethal-
ity was significantly suppressed by OE from a lin-3/EGF ge-
nomic construct, by hyperactivating mutations in LET-60/
Ras or its guanine nucleotide exchange factor SOS-1, or by
loss of the MPK-1/ERK target LIN-1/Ets (Figure 3B and Fig-
ure S3). Additionally, [pr-1 lethality was slightly rescued by
lin-15(n765) (Figure 3B), a mutant with low levels of ectopic
LIN-3/EGF expression due to modest derepression of [in-3
transcription (Cui et al. 2006; Saffer et al. 2011). Conversely,
LPR-1 OE could not suppress lethality of a hypomorphic
let-60 ras mutant (Figure S3). These epistasis data suggest
that [pr-1 functions either upstream of or in parallel to lin-3/
EGF to affect duct and pore lumen integrity.

Hyperactivation of EGF-Ras-ERK signaling often results in
a pore-to-duct fate transformation (zero pore, two duct phe-
notype), and the two duct cells then fuse to make a binucleate
duct tube (Abdus-Saboor et al. 2011) (Figure 3, A and C).
Ipr-1(cs207) did not affect such cell fate changes caused by
lin-15 loss, lin-3 OE, or a let-60/ras gf mutation (Figure 3C
and Figure S1). Ipr-1(cs73) appeared to have a small effect on
cell fates in the lin-15 background, but this may be
explained by genetic background effects, since the effect
was unique to this allele (Figure S3). Reduced EGF-Ras-
ERK signaling often results in the opposite duct-to-pore
fate transformation (two pore, zero duct phenotype)
(Abdus-Saboor et al. 2011) (Figure 3A). Ipr-1(cs207)
did not cause such cell fate changes, even in a sensitized
sos-1 hypomorphic background (Figure S1 and Figure
S3). Therefore, Ipr-1 loss does not appear to broadly dis-
rupt signaling.

Pore-to-duct cell fate changes did not correlate with the
degree of [pr-1 suppression. For example, sos-1(pd10gf), a gf
allele of the major Ras guanine nucleotide exchange factor
(Chang et al. 2000) (N. Hopper, personal communication; see
Materials and Methods), did not cause cell fate transforma-
tions (Figure 3C) but strongly suppressed Ipr-1 lethality
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(Figure 3B and Figure S3). Conversely, lin-15(n765) caused
cell fate transformations at moderate frequency (Figure 3C),
but was a relatively weak suppressor of [pr-1 lethality (Figure
3B and Figure S3). We therefore conclude that upregulation
of EGF-Ras-ERK signaling bypasses the need for LPR-1
through a mechanism that is independent of changes in pore
cell identity and the associated changes in AJs and intercel-
lular junctions.

1252 P. Pu et al.

lularly. (A) Rescue ability of various
transgenes expressing GFP-tagged
LPR-1 with or without a signal se-
guence. Bars indicate percentage
of transgenic (Tg) (black) or non-
transgenic (non-Tg) (white) ani-
mals showing normal excretory
tube morphology at the L1 stage
as assessed by DIC microscopy.
***P < (0.0001 compared to non-
transgenic siblings (Fisher's exact
test). (B and B’) Expression pattern
of lpr-1p::LPR-1::SfGFP at 1.5-fold.
Duct and pore cells are marked by
grl-2p::mRFP (red). (C and C’) Ex-
pression pattern of [pr-1p::ssGFP::
LPR-1(25-261) at 1.5-fold. Boxes
in (B) and (C) indicate the regions
magnified in (B’) and (C’). (D, D',
D”, and D") Expression pattern of
Ipr-1p::LPR-1::SfGFP at threefold.
(D”) and (D") show a confocal
projection of the duct and pore
from the same embryo. White ar-
rows indicate fusion protein accu-
mulating in the space between
the embryo and the eggshell. (E
and E’) Duct and pore cells are
marked by gr-2p::mRFP. (F and
F’) lor-1p::ssGFP::LPR-1(25-261)
was expressed in the epidermis
and accumulated in the space
between the embryo and the
eggshell, indicated by white ar-
rows. In an early threefold embryo,
lpr-1p::ssSfGFP::LPR-1(25-261) was
enriched cortically in the duct and
pore (marked in red). (G and G’)
lpr-1p::GFP::LPR-1(25-261) lacking
a signal peptide was restricted in
epithelia and not secreted. White
lines indicate the space between
the embryo and the eggshell. (H
and H’) grl-2p::ssGFP::LPR-1(25-
261) was only detectably expressed
in the duct and pore cells (n = 37).
(Iand I") unc-54p::ssGFP::LPR-1(25-
261) was not secreted apically from
embryos, but (J and J') accumu-
lated in coelomocytes (cc) in larvae.

L4 coelomocytes
Bar, 5 uM.

To test if Ras signaling in the excretory duct and pore is
sufficient to rescue [pr-1 mutants, we expressed constitutively
active LET-60/Ras(G13E) under control of the grl-2 pro-
moter, which drives expression in the duct, pore, and a small
number of other cells in the nose and tail (Hao et al. 2006)
(Figure 2F). grl-2p::LET-60(G13E) caused pore-to-duct cell
fate transformation and significantly rescued [pr-1 lethality
(Figure 3D and Table 1). In contrast, transgenes expressing
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Figure 3 Constitutive EGF-Ras-ERK signaling in the duct and pore bypasses the requirement for jor-1. (A) Schematic representation of the major
components of the EGF-Ras-ERK signaling pathway in the excretory system. Duct in yellow, pore in blue, canal in red. (B) Epistasis analysis between /pr-
1(cs207) and components of EGF-Ras-ERK-signaling pathway. Viability of animals of the indicated genotypes is shown. LIN-3 OE was achieved with an
integrated /in-3p::LIN-3::GFP transgene provided by Min Han. ***P < 0.001 compared to Jor-1(cs207) (Fisher's exact test). (C) Loss of LPR-1 did not
affect duct vs. pore cell fate determination. Quantification of cell fate in threefold embryos, duct vs. pore cell fates were assessed by AJM-1::GFP marker.
(D) Effects of tissue-specific expression of LET-60/Ras(G13E) on the viability of jor-1(cs207). The grl-2 promoter is active prior to duct and pore cell fate
determination (“early”) based on the ability of grl-2p::LET-60(G13E) to cause a cell fate switch (see Table 1). The aff-7 and dpy-7 promoters are active by
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LET-60(G13E) slightly later in the duct (aff-1 or lin-48 pro-
moters) or in the pore and hypodermis (dpy-7 promoter) did
not rescue, even when combined (Figure 3D). These data
suggested that increased signaling may be required in one
or both cells prior to duct and pore cell fate determination.

As another approach to determine when signaling is rele-
vant, we used an inducible heat-shock promoter to express the
LIN-3 EGF domain at different stages of embryonic develop-
ment (Figure 3E). Surprisingly, we found that heat shock
alone partly rescued Ipr-1(cs207) lethality (Figure 3E). This
result might be explained by a recent report that heat stress
upregulates LIN-3/EGF signaling activity (Hill et al. 2014),
although heat shock alone did not induce pore-to-duct cell
fate transformations expected for strong LIN-3/EGF upregu-
lation (Table 1). Heat-shock-induced OE of the LIN-3 EGF
domain did induce pore-to-duct cell fate transformations (Ta-
ble 1) and rescued Ipr-1(cs207) lethality more completely
than heat shock alone, with the best rescue obtained when
heat shock was applied at the bean stage (Figure 3E). Heat
shocks after the twofold stage had no beneficial effect
(Figure 3E). Analogous rescue results were also obtained in
Ipr-1(cs209) and [pr-1(cs73) mutant backgrounds (data not
shown). These results prove that OE of the active form of LIN-
3/EGF is sufficient to rescue the Ipr-1(lf) excretory defect.
Considering the 0.5-1 hr delay from heat shock to func-
tional protein production (Bacaj and Shaham 2007), these
time course results suggest that increased LIN-3/EGF sig-
naling during cell fate specification and early steps of duct
and pore tubulogenesis (comma stage and 1.5-fold stage)
is required to rescue the [pr-1 lumen integrity defect.

The predominant LIN-3/EGF isoform in the canal cell has
relatively weak signaling activity

The epistasis data above could be consistent with a model
where LPR-1 facilitates LIN-3/EGF signaling from the canal
cell to the duct. However, such a model would have to explain
why LPR-1 facilitates signaling for lumen elongation, yet
does not seem to affect cell fate specification. Therefore, we
considered the possibility that different LIN-3 isoforms are
specialized for different functions. LIN-3 is the only EGF-
related ligand in C. elegans, but alternative splicing generates
at least four LIN-3 protein isoforms (S, L, XL, and XXL) that
differ in their extracellular juxtamembrane domains (Figure
4, A and B) (Dutt et al. 2004; Van Buskirk and Sternberg
2007; Gerstein et al. 2010). These isoforms may differ in
binding partners or in susceptibility to proteolytic cleavage
(Dutt et al. 2004), which typically releases the active EGF

domain from the transmembrane precursor (Rose-John
2013; Adrain and Freeman 2014). Prior OE studies have
revealed some functional differences among these LIN-3 iso-
forms (Dutt et al. 2004; Van Buskirk and Sternberg 2007),
but their individual expression patterns and requirements are
not known.

To determine which lin-3 splice isoforms are expressed
during embryonic development, we analyzed publicly avail-
able temporal RNA-seq data from the modENCODE project
(Gerstein et al. 2010). The two shortest lin-3 isoforms, S and
L, were present in very early embryonic stages, when most
messenger RNAs (mRNAs) are maternally derived, but then
declined precipitously by the 200 min time point. After the
birth of the excretory canal cell at ~300 min, the S, L, and XL
lin-3 isoforms were detected; with the S isoform at consis-
tently modest levels, the L isoform at lower levels, and the XL
isoform becoming progressively more predominant at later
time points (Figure 4E).

To determine which lin-3 splice isoforms are expressed in
the excretory canal cell, we analyzed RNA-seq data from
FACS-sorted embryonic cell populations that include the ca-
nal cell (Burdick et al. 2016). We examined RNA-seq reads
from four cell populations, sorted on the basis of the canal cell
lineage markers ceh-6, pros-1, and unc-130, as well as a more
specific population of cells expressing ceh-6 but not hlh-16. Of
reads crossing the relevant lin-3 exon boundaries (Figure
4A), 44 supported inclusion of the cassette exon unique to
LIN-3(XL) and LIN-3(XXL), while only 10 reads supported
cassette exon skipping. Specifically, seven reads corre-
sponded to lin-3(S), three to [in-3(1), eight to lin-3(XL),
and one to lin-3(XXL), while 35 additional reads corre-
sponded to either lin-3(XL) or lin-3(XXL), but did not cover
the 5’ splice junction to distinguish between these. Together
with the modENCODE data above, these results suggest that
multiple LIN-3 isoforms are expressed by the canal cell, but
that LIN-3(XL) is likely the predominant isoform.

To test which of these LIN-3 isoforms can promote excre-
tory duct development and rescue [pr-1 mutants, we com-
pared the ability of each isoform to rescue lin-3 and [pr-1
null mutant phenotypes. To facilitate such comparisons and
to mimic the endogenous expression pattern as closely as
possible, each lin-3 isoform was expressed under the control
of the proximal lin-3 promoter, which is active in the canal
cell and gonadal anchor cell (Figure 4, C and D), and trans-
genes were introduced into the genome at single copy using
the MosSCI technique (Frokjaer-Jensen et al. 2008). All three
isoforms could rescue lin-3(n1059) lethality (Figure 4F) and

the 1.5-fold stage (Gilleard et al. 1997; Stone et al. 2009). The /in-48 promoter was reported to come on at 1.5-fold (Wang et al. 2006), but we typically
detect its activity at the threefold stage. ***P < 0.0001 compared to nontransgenic siblings (Fisher’s exact test). (E) Viability of jpr-1(cs207) or Ipr-
1(cs207) carrying the transgene syis6 [hsp16.41p::LIN-3 EGF] after heat shock at 31° for 1 hr at the indicated number of hours (H) after egg lay (AEL).
Stages correspond roughly to bean (4 H AEL), comma (5 H AEL), twofold (6 H AEL) and threefold (7 H AEL) (See Materials and Methods for details). At
least 70 animals were counted per experiment, and three experiments performed for each genotype. Error bars indicate SE. P-value from two tailed
t-test: ***P < 0.001, heat-shocked lpr-1(cs207); syls6 compared to heat-shocked /pr-1(cs207) control. #P < 0.001, heat-shocked /pr-1(cs207) or heat-
shocked lpr-1(cs207); syls6 compared to their nonheat-shocked control. n.s, not significant.
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Table 1 Ipr-1 suppression does not correlate with pore-to-duct cell fate transformation

Genotype Viability (N) (%) Animals with two ducts (N) (%)
lpr-1(cs207); jcls1 6 (97) 0 (26)
lpr-1(cs207); jcIs1 HS? 53 (208) 0(31)
lpr-1(cs207); syls6 [hsp-16.41p::LIN-3(EGF)JN; jcls1 HSP 67 (61) 53 (36)
lpr-1(cs207); csEx455 [gri-2p::LET-60(gf)]; jcis1 65 (93) 100 (28)

Two parallel plates containing eggs of the indicated genotypes were used to determine viability and the percentage of animals having two duct cells, respectively. Animals on
one plate were scored at the threefold stage for duct and pore cell fates using the junction marker jcis7 [AJM-1::GFP]. Animals on the other plate were scored for viability

2 days later. HS, heat shock.
? Heat shock at bean stage at 31° for 1 hr, returned to 20°.
b syls6 generated by Katz et al. (1995).

duct fate (Figure 4G); but they differed markedly in their
ability to rescue vulval development (Figure 4H), another
LIN-3/EGF-dependent process (Hill and Sternberg 1992;
Katz et al. 1995). The isoforms also differed in their ability
to induce pore-to-duct cell fate transformations in a WT back-
ground (Figure 41), and to rescue Ipr-1(cs207) lethality (Fig-
ure 4J), with LIN-3XL having the weakest activity. Duct
development involves signaling between cells that directly
contact each other (Figure 3A), whereas pore-to-duct fate
transformation and vulva development involve signaling be-
tween cells that are separated by intervening cells or by a
basement membrane (Abdus-Saboor et al. 2011; Gupta
et al. 2012). The weak activity of LIN-3(XL) in the two latter
assays suggests this isoform does not signal efficiently at a
distance.

In summary, these data show that multiple LIN-3 isoforms
can function in excretory development, but that the predom-
inant excretory canal isoform, LIN-3XL, has relatively weak
signaling activity compared to LIN-3S or LIN-3L. Therefore,
excretory system development may be particularly sensitive
to the loss of factors that normally facilitate LIN-3 signaling or
its downstream consequences. However, because each LIN-3
isoform could rescue duct fate and at least partially bypass
the requirement for LPR-1, even when modestly overex-
pressed (Figure 4.J), no isoform appears specialized for lumen
elongation or completely reliant on LPR-1 for its signaling
activity.

LET-23/EGFR localizes to apical membranes during
tube elongation

We previously showed that a functional LET-23/EGFR::GFP
reporter was expressed on the surfaces of the presumptive
duct and pore prior to cell fate determination and tube for-
mation (Abdus-Saboor et al. 2011). To examine the dynamic
expression pattern of LET-23 in the excretory system, we took
advantage of a newer functional LET-23::GFP reporter that is
expressed at endogenous levels and more closely mimics the
pattern observed by immunolocalization (Haag et al. 2014).
From comma to twofold stage, when the duct and pore first
form tubes, LET-23::GFP was moderately expressed at the
basolateral surface of the duct and pore cells, and highly
expressed at the apical surface of the developing tubules
(Figure 5, A and B). For the remainder of embryogenesis,
LET-23::GFP was detected only at the apical surface of the

elongating tubules (Figure 5C). LET-23::GFP localization
was not noticeably different in [pr-1 mutants (Figure S4).

EGF signaling promotes duct tube elongation through a
mechanism that is closely coupled to duct
fate determination

The duct tube elongates much more dramatically than does
the pore tube (Figure 1C), and the spatial and temporal ex-
pression pattern of LET-23::GFP is consistent with prior sug-
gestions that continued EGF signaling could play a direct role
in the duct elongation process (Abdus-Saboor et al. 2011). To
test for such a role, we used the temperature-sensitive allele
sos-1(cs41ts) (Rocheleau et al. 2002; Abdus-Saboor et al.
2011) and examined apical membrane morphology using
RDY-2::GFP. When upshifted to restrictive temperature
at the 1.5-fold stage (after cell fate determination),
sos-1(cs41ts) embryos showed normal duct elongation and
no evidence of lumen fragmentation or dilation until well
after hatch (n = 19), when defects in G; pore delamination
become apparent (Parry and Sundaram 2014). These de-
fects in pore delamination likely explain the cystic lumens
originally observed by Abdus-Saboor et al. (2011). When
upshifted before cell fate determination, rare sos-1(cs41ts)
animals with normal cell fates still had normal lumen mor-
phology (n = 2; Figure S5), while those animals with two
G, pore cells and no duct had a shorter lumen but no evi-
dence of fragmentation or dilation prior to hatch (n = 11;
Figure S5). These experiments did not provide any evi-
dence that continued EGF signaling through SOS-1 is re-
quired for duct tube elongation or for general lumen
integrity. Instead, signaling appears to promote duct tube
elongation through a mechanism that is temporally cou-
pled to duct fate determination.

As an alternative approach to test the role of EGF-Ras-ERK
signaling, we asked if reducing signaling could enhance the
incompletely penetrant lumen defects of [pr-1 mutants. At
20°, sos-1(cs41ts) mutants appear normal but genetically in-
teract with other signaling mutants, suggesting hypomorphic
activity (Rocheleau et al. 2002). Double mutants between
Ipr-1(cs207) and sos-1(cs41ts) did not show enhanced lethal-
ity compared to [pr-1 mutants alone (Figure S5). Similarly,
double mutants between [pr-1(cs207) and the hypomorphic
mutant mpk-1(kul) (Wu and Han 1994) did not show en-
hanced lethality (Figure S5). Therefore, despite the fact that
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Figure 4 The predominant LIN-3/EGF isoform expressed in the excretory system signals with low efficiency. (A) Schematic of /in-3 alternative splicing,
based on Van Buskirk and Sternberg (2007). Exons are represented by boxes, and introns by lines, with colors indicating encoded domains. Orange and
gray regions encode extracellular domains specific to certain splice isoforms. EGF, EGF-like domain (yellow); SS, secretion signal (green); TM, trans-
membrane domain (light green). (B) Schematic structure of four LIN-3 protein isoforms, with domains colored as in (A). See File S3 for corresponding
sequences. (C) Schematic of single-copy MosSClI transgenes expressing different LIN-3 isoforms under control of the /in-3 proximal promoter. /in-3
cDNAs were inserted downstream of the first /in-3 intron and an artificial stop codon, at the position of the second potential start codon. See File S2 and
Materials and Methods for details. (D) Expression pattern of /in-3p::NLS::GFP transcriptional reporter at threefold (arrows point to canal cell) and at L3
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Ras signaling is sufficient to bypass [pr-1, it does not appear to
be required for lumen integrity either on its own or in parallel
to Ipr-1.

Discussion

Growth and elongation of unicellular tubes requires addi-
tion of new apical membrane and stabilization of the rel-
atively narrow apical/luminal compartment. We showed
that the secreted lipocalin LPR-1 is required to maintain
apical membrane integrity and a continuous lumen in the
C. elegans excretory duct and pore tubes during a period of
lumen elongation. EGF-Ras-ERK signaling promotes the
more elongated duct tube fate, and increased signaling
within the duct and pore just prior to fate determination
can bypass the requirement for LPR-1. Below we discuss
possible models for the relationship between LPR-1 and
EGF-Ras-ERK signaling and their roles in lumen growth
and stabilization.

ﬁcana cell

duct cell
pore
Figure 5 Apical localization of
canal cell | | F1.73::GFP during duct and pore
tube elongation. (A-D) LET-23::
GFP (zhls038; Haag et al. 2014)
duct cell localization in the excretory system

at different embryonic stages. (A’
D’) Corresponding overlays with
duct and pore cell marker grl-2p::

pore

mRFP. (A”-D") Schematic interpre-

canal cell

duct cell
pore,

tations of results. LET-23::GFP was
present initially at both apical and
basolateral membrane domains of
the duct and pore, but present ex-
clusively at apical domains later in
embryogenesis. Bar, 5 pM. lu,
lumen.

canal cell

duct cell
pore J

Relationship between LPR-1 and EGF-Ras-ERK signaling

Two general genetic models can explain bypass suppression
such as that observed for [pr-1 null mutants by increased
LIN-3/EGF signaling. A simple linear pathway model would
postulate that LPR-1 facilitates EGF signaling, such that the
primary defect in [pr-1 mutants is inadequate signaling (Fig-
ure 6A). An alternative parallel pathway model would pos-
tulate that LPR-1 and EGF signaling provide separate inputs
into a common downstream process important for lumen in-
tegrity (Figure 6B).

Several observations appear inconsistent with a linear
model in which LPR-1 facilitates LIN-3/EGF signaling from
the canal cell to the duct and pore. First, [pr-1 mutations did
not perturb EGF-dependent duct fate specification, and de-
spite the fact that [pr-1 is widely expressed in other epithelia,
including the vulva, we did not detect any other phenotypes
indicative of a general defect in EGF-Ras-ERK signaling (data
not shown). Second, we could not find conditions where

[arrows point to anchor cell (AC)]. Left panels: fluorescent images of /in-3p::NLS::GFP. Right panels: overlay of DIC and fluorescent images. Bar, 5 wM. (E)
Quantification of different /in-3 mRNA expression levels from MODCODE (Gerstein et al. 2010). (F-J) Functional studies of LIN-3 isoforms using single-
copy MosSCl transgenes. (F-H) Rescue assays in the /in-3(n1059) null background. (I and J) Assays in a /in-3(+) background. In (G) and (), duct vs. pore
cell fates were assessed by AJIM-1::GFP; /in-3(n1059) single mutant data are reproduced from Abdus-Saboor et al. (2011). Note that LIN-3S and LIN-3L
did not cause a two duct phenotype in the /lin-3(n1059) background, consistent with physiological levels of expression. In all graphs, **P < 0.01 and

“*%p < 0.0001 compared to nontransgenic control (Fisher's exact test).
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Figure 6 Two possible models for the relationship between LPR-1 and
EGF-Ras-ERK-signaling pathway. (A) LPR-1 functions upstream of LIN-3/
EGF. (B) LPR-1 functions in parallel to LIN-3/EGF. The data support the
latter model. See text for details.

reduced signaling could phenocopy [pr-1 mutants, suggest-
ing that signaling is not required for lumen integrity. Further-
more, [pr-1 mutation did not abolish activity of any specific
LIN-3/EGF isoform or detectably affect LET-23/EGFR locali-
zation. We were unable to detect phosphorylated MPK-1/
ERK in WT embryos (data not shown), so we could not
directly test whether [pr-1 affected pathway activation. Al-
though we cannot completely exclude the possibility that
LPR-1 facilitates LIN-3/EGF signaling through some other
mechanism, we favor the model that LPR-1 and EGF-Ras-
ERK act in parallel. Since reduced signaling did not enhance
[pr-1 null mutant defects, this parallel model implies that
signaling normally plays only a minor role in lumen integ-
rity, yet when increased is sufficient to bypass the LPR-1
requirement.

Given that loss of LIN-1/Ets, a known MPK-1/ERK sub-
strate (Jacobs et al. 1998), efficiently suppresses [pr-1, a rea-
sonable model is that increased signaling antagonizes LIN-1
to transcriptionally upregulate some target(s) that can com-
pensate for [pr-1 absence (Figure 6B). What could these tar-
gets be? Our data do not support one obvious possibility,
which is that signaling upregulates other compensating lipo-
calins, since we found no evidence that related lipocalins could
substitute for LPR-1. Instead, we favor models where both
LPR-1 and EGF signaling affect membrane lipids and/or the
apical extracellular matrix (aECM), which are needed for lu-
men growth and maintenance. Notably, the [pr-1 mutant phe-
notype strongly resembles that caused by loss of the early
aECM component LET-653 (Gill et al. 2016). However, [pr-1
loss did not disrupt LET-653 secretion or localization in the
duct (Gill et al. 2016). Furthermore, LET-653 OE could not
suppress [pr-1 mutant defects (Figure S3), arguing against the
model that let-653 is the key target upregulated by Ras
signaling.

Lipocalins are best known as sterol, lipid, and fatty acid
binding proteins (Flower 1996), and can interact with spe-
cific receptors to deliver lipophilic cargoes to target cells
(Flower 2000). One possibility is that LPR-1 delivers some
such cargo to the excretory duct and pore, although our data
indicate that LPR-1 can function even when undetectable (by
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fluorescence) in those cells. Ras signaling can have wide-
spread effects on cellular metabolism and lipid catabolism
(Kamphorst et al. 2013; Kerr et al. 2016); therefore, Ras
signaling may compensate for loss of LPR-1 by providing an
alternative source of the missing metabolite. Further tests of
these models will require biochemical identification of the
LPR-1 cargo. We have also identified other suppressors of
the Ipr-1 mutant phenotype, whose molecular characteriza-
tion may provide additional insights.

Varied activities of different LIN-3/EGF isoforms

The excretory canal cell is one major source, though probably
not the only relevant source, of LIN-3/EGF expression during
excretory duct development (Abdus-Saboor et al. 2011). Our
RNA-seq analysis suggests that multiple lin-3 isoforms are
expressed in the embryonic canal lineage, and each is capable
of rescuing the excretory duct fate in [in-3 null mutants.
However, the predominant isoform, lin-3(XL), is much less
potent at converting the excretory pore cell into a second duct
cell, suggesting it cannot function efficiently at a distance.

EGF family ligands are initially produced as transmem-
brane precursors, but proteolysis by ADAM-17 or Rhomboid-
family proteases typically occurs in the juxtamembrane region
to release the active EGF peptide for paracrine signaling
(Sahin et al. 2004; Adrain and Freeman 2014). The different
splice isoforms of C. elegans LIN-3/EGF differ in the region
that would be expected to confer protease specificity, so the
different biological activities observed for these isoforms
might reflect different availabilities of isoform-specific prote-
ases. Prior studies have suggested that LIN-3(L) activity
uniquely depends on the Rhomboid-related protease
ROM-1 (Dutt et al. 2004), but proteases acting on LIN-3 (XL)
or the other LIN-3/EGF isoforms are not known. It is possible
that some isoforms of LIN-3/EGF remain uncleaved and
thereby signal only in a juxtacrine manner (Singh and Harris
2005). Since the excretory canal cell directly contacts the
excretory duct around the time of cell fate specification
(Abdus-Saboor et al. 2011), it could be advantageous for this
signaling event to use a juxtracrine mechanism. Unfortu-
nately, our attempts to visualize LIN-3 have not yet been
successful, so the location of LIN-3(XL) and whether or not
it is cleaved remains unknown.

Localization and function of LET-23/EGFR in the
excretory duct and pore

ErbB family receptors have been observed to localize to either
basolateral or apical surfaces of epithelial cells, depending
on the cell type and developmental stage (Wiley et al. 1992;
Nouwen and De Broe 1994; Gesualdo et al. 1996; Nakagawa
et al. 1997; MacRae Dell et al. 2004). For example, during
C. elegans vulval development, LET-23/EGFR is initially
enriched at basolateral surfaces of the vulval precursor cells,
adjacent to the anchor cell, which is the relevant source of
LIN-3/EGF (Kaech et al. 1998). This basolateral localization
is important for efficient signaling. However, after signaling
initiates, LET-23 partly relocates to apical surfaces, where it
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may be sequestered from further interactions with LIN-3
(Haag et al. 2014). In the excretory system, we found that
LET-23 localized to both basolateral and apical surfaces of
the duct and pore during early tubulogenesis, but then relo-
cated exclusively to the apical surfaces at later stages. This
change could potentially sequester LET-23 from further in-
teractions with LIN-3, if LIN-3 is basally secreted from the
canal cell. Alternatively, it could facilitate continued signaling
if LIN-3 is apically secreted from the canal cell or retained at
the canal-duct junction in a transmembrane form. However,
we found no evidence that continued signaling during em-
bryonic development is essential for duct tube elongation, so
any role of signaling during this period may be redundant
with other mechanisms. Somewhat later, in the L1 stage,
EGFR signaling through Ras is required in the duct to facili-
tate delamination of the excretory pore cell (Parry and
Sundaram 2014). It will be interesting to determine if this
is a case of luminal or juxtacrine signaling, and whether the
LIN-3(XL) isoform is specialized for such signaling.
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