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ABSTRACT The body’s external surfaces and the insides of biological tubes, like the vascular system, are lined by a lipid-, glycoprotein-,
and glycosaminoglycan-rich apical extracellular matrix (aECM). aECMs are the body’s first line of defense against infectious agents and
promote tissue integrity and morphogenesis, but are poorly described relative to basement membranes and stromal ECMs. While some
aECM components, such as zona pellucida (ZP) domain proteins, have been identified, little is known regarding the overall composition
of the aECM or the mechanisms by which different aECM components work together to shape epithelial tissues. In Caenorhabditis
elegans, external epithelia develop in the context of an ill-defined ZP-containing aECM that precedes secretion of the collagenous
cuticle. C. elegans has 43 genes that encode at least 65 unique ZP proteins, and we show that some of these comprise distinct
precuticle aECMs in the embryo. Previously, the nidogen- and EGF-domain protein DEX-1 was shown to anchor dendrites to the C.
elegans nose tip in concert with the ZP protein DYF-7. Here, we identified a new, strong loss-of-function allele of dex-1, cs201. dex-1
mutants die as L1 larvae and have a variety of tissue distortion phenotypes, including excretory defects, pharyngeal ingression, alae
defects, and a short and fat body shape, that strongly resemble those of genes encoding ZP proteins. DEX-1 localizes to ZP-containing
aECMs in the tissues that show defects in dex-1mutants. Our studies suggest that DEX-1 is a component of multiple distinct embryonic
aECMs that shape developing epithelia, and a potential partner of multiple ZP proteins.
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APICAL extracellular matrices (aECMs) line exposed ep-
ithelial surfaces, such as the epidermis and the insides of

tubes. For example, the stratum corneum lines the outside of
the skin (Feingold 2007), a glycocalyx lines the inside of
blood vessels (Reitsma et al. 2007), and surfactant coats
the inside of lung alveoli (Pérez-Gil 2008). aECMs serve as
primary barriers to infectious agents and have important
roles in tissue shaping and integrity (Plaza et al. 2010;
Johansson et al. 2013; Tarbell and Cancel 2016). However,
aECMs are poorly characterized relative to stromal ECMs or
basement membranes, in part due to their fragility under

fixation conditions (Chappell et al. 2009; Luschnig and Uv
2014). It is clear that aECMs are lipid-, glycoprotein-, and
glycosaminoglycan-rich structures that often form distinct
layers (Chappell et al. 2009; Johansson et al. 2013; Gill
et al. 2016). Despite the importance of aECMs, individual
aECM components’ functions, and their relationships with
other components, are often poorly described.

Zona pellucida (ZP) proteins can be found in high abun-
dance in many apical matrices (Plaza et al. 2010). For exam-
ple, the founding members of the family, ZP1, ZP2, and ZP3,
are found in the mammalian egg-coat, the ZP, where they
both enable fertilization and serve as a barrier to polyspermy
(Gupta 2018). Other ZP proteins are found in the lumen
of the vascular system [endoglin and betaglycan (ten Dijke
et al. 2008)], the kidney tubules [uromodulin and oit3
(Zaucke et al. 2010; Yan et al. 2012)], or in the tectorial
membrane of the inner ear [tectorins (Legan et al. 1997)].
Loss or dysfunction of these ZP proteins can cause hereditary
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hemorrhagic telangiectasia (HHT), chronic kidney disease,
or deafness, respectively (Rampoldi et al. 2011; Richardson
et al. 2011; Saito et al. 2017). In invertebrates such as
Caenorhabditis elegans and Drosophila, various ZP proteins
are part of the cuticle or exoskeleton (Sebastiano et al.
1991; Muriel et al. 2003; Sapio et al. 2005; Fernandes et al.
2010). While some ZP proteins are involved in signaling via
protein–protein interactions, others polymerize to form ma-
trix fibrils with presumed structural roles (Jovine et al. 2002;
Bokhove et al. 2016; Saito et al. 2017). Better understanding
of how ZP-containing matrices shape tissues will require
identification of other components of these matrices.

The nematode Caenorhabditis elegans contains multiple
different types of aECMs, and is a tractable model system
for studying aECM composition, assembly, and function.Most
external surfaces of larvae and adults are lined by a cuticle
composed primarily of collagens (Page and Johnstone
2007), with different ZP proteins termed cuticlins (CUT pro-
teins) contributing to stage-specific lateral ridges or alae
(Sebastiano et al. 1991; Muriel et al. 2003; Sapio et al.
2005). In contrast, the pharynx or foregut is lined by a dif-
ferent type of cuticle containing the polysaccharide chitin
(Zhang et al. 2005), and internal epithelia such as the gut
are not lined by cuticle, although their alternative aECMs
have not yet been described. Finally, in the embryo, cuticles
are not secreted until the completion of epidermal elongation
and morphogenesis, and epithelial tissue development oc-
curs in the context of a still ill-defined precuticular or
“sheath” matrix (Priess and Hirsh 1986). Multiple ZP pro-
teins, including FBN-1, NOAH-1, NOAH-2, and LET-653,
are components of this early precuticular matrix, and play
important roles in embryonic tissue shaping (Kelley et al.
2015; Gill et al. 2016; Vuong-Brender et al. 2017). Other
apparent components of this early matrix include mem-
bers of the extracellular leucine-rich repeat only (eLRRon)
(Mancuso et al. 2012) and lipocalin (Forman-Rubinsky
et al. 2017) families, which also play important roles in the
shaping or protection of mammalian tissues (Paragas et al.
2012; Chen and Birk 2013), suggesting similarities between
the C. elegans precuticular matrix and ECMs of other organ-
isms. Such similarities make this early matrix of particular
interest.

C. elegans has several advantages for studying aECM. First,
aECM components can be easily visualized in live animals
using fluorescent fusion proteins, avoiding typical aECM de-
struction by fixation. Second, unbiased genetic screening ap-
proaches can be used to identify new matrix components.
Foundational studies on ZP components of the aECM suggest
some of the phenotypes that we would expect to see in new
precuticle matrix mutants. For example, FBN-1 anchors the
pharynx to the nose tip as the embryo elongates. In fbn-1
mutants, the pharynx recedes into the animal’s interior
(Pharynx Ingressed, Pin), such that the animal cannot feed
(Kelley et al. 2015). NOAH-1 and NOAH-2 maintain epider-
mal integrity during embryonic elongation; noah-1 and noah-
2 mutants experience epidermal rupture (Vuong-Brender

et al. 2017). Finally, LET-653 maintains the tiny excretory
duct tube during its elongation. The unicellular duct tube is
the middle tube of the C. elegans excretory system, which is
required for osmoregulation (Nelson et al. 1983; Nelson and
Riddle 1984). During embryogenesis, the duct tube elongates
from a simple toroid to a more complex shape with a looped
lumen (Sundaram and Buechner 2016). In let-653 mutants,
the duct lumen fragments and develops dilations (Gill et al.
2016). LET-653 is also required for proper morphogenesis of
cuticular alae in L1 larvae and adults (Gill et al. 2016;
Forman-Rubinsky et al. 2017). Here, we determined that
these different ZP mutant phenotypes can be explained in
part by nonuniform tissue distributions of different embry-
onic ZP proteins, thereby defining a diverse set of precuticu-
lar aECMs.

We sought new mutants with ZP-like phenotypes and
identified a new allele of the previously described gene dex-
1. DEX-1 is a proposed partner of the ZP protein DYF-7 in a
dendritic cap matrix that anchors sensory dendrites and glia
to the nose tip (Heiman and Shaham 2009; Low et al. 2018).
In both dex-1 and dyf-7 mutants, dendrites retract into the
body cavity under tension from elongation forces in the em-
bryo. dex-1 encodes a nidogen- and EGF-domain transmem-
brane protein related to the conserved basement membrane
protein nidogen and to other mammalian matrix proteins
including alpha-tectorin, MUC4, and SNED1. Here, we show
that DEX-1 localizes to diverse ZP-containing aECMs in the
embryo and to L1 cuticle alae. The originally described dex-1
allele leaves the nidogen and EGF domains intact and is hy-
pomorphic. By characterizing a new, stronger allele that dis-
rupts those domains, we show that DEX-1 is important for a
variety of aECM-dependent tissue shaping processes in the
embryo. DEX-1 is not normally expressed beyond the L1 lar-
val stage, but in the accompanying manuscript (Flatt et al.,
2019), we show that starvation signaling upregulates DEX-1
to remodel cuticle structure and generate alae in dauer lar-
vae. Together, our studies suggest that DEX-1 is a component
of diverse aECMs and shapes tissues in concert with many
different C. elegans ZP proteins.

Materials and Methods

Worm strains, alleles, and transgenes

All strains were derived from Bristol N2 and were grown at
20� under standard conditions (Brenner 1974). dex-1 mu-
tants were obtained from mothers rescued with a dex-1(+)
transgene or homozygous for dex-1. Mutants used included:
dex-1(ns42) I (Heiman and Shaham 2009), dex-1(cs201)
I (this study), fbn-1(ns283) III (Kelley et al. 2015), dyf-
7(ns117) X and dyf-7(ns119) X (Heiman and Shaham
2009). Transgenes used included: aaaEx78 (mini-FBN-1::
mCherry) (Kelley et al. 2015), cbcEx1 (dex-1pro,long::GFP,-
unc-122pro::GFP) (Flatt et al., 2019), hmnEx144 (DYF-7::-
SfGFP) (Low et al. 2018), csEx402 (dex-1pro::DEX-1,
unc-119pro::GFP) (this study), csEx503 (dex-1pro::DEX-
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1(ecto)::SfGFP, lin-48pro::mRFP) (this study), csEx808 (dex-
1pro::ssSfGFP::DEX-1, lin-48pro::mRFP) (this study), csIs61
(RDY-2::GFP, lin-48pro::mRFP) I (Gill et al. 2016), csIs66
(let-653pro::ssSfGFP::LET-653(ZP), let-653pro:PH-mCherry,
lin-48p::mRFP) X, jcIs1 (AJM-1::GFP, rol-6d) IV (Köppen et al.
2001),nsEx1339(pMH118=pJIM20dex-1pro:his-24-mCherry, -
pRF4) (Heiman and Shaham 2009), nsEx1404(pMH136 =
pJIM20dex-1prolong:his-24-mCherry, pRF4) (Heiman and
Shaham 2009), qnEx59 (dct-5pro:: mCherry, unc-119+)
(Abdus-Saboor et al. 2011), and zwEx113 (inx-13pro::GFP,
lin-15+) (Altun et al. 2009). CRISPR insertions used in-
cluded: noah-1[mc68 (noah-1::
mCherry)] I and noah-2[mc93 (noah-2::gfp)] IV (Vuong-
Brender et al. 2017). See Supplemental Material, Table S1
for a complete list of strains used in this study.

Bioinformatic analyses of C. elegans ZP proteins

To survey the full complement of ZP proteins encoded by the
C. elegans genome, we used Uniprot (The UniProt Consor-
tium 2018) to identify all predicted C. elegans ZP proteins
(Figure S1 and Table S2), and then aligned the ZP domain
sequences using M-Coffee, a multiple sequence alignment
package (Wallace et al. 2006; Moretti et al. 2007) (Figure
S2). We also cross-referenced these predictions with Worm-
Base to identify all predicted splice isoforms (Lee et al. 2018);
in most cases, alternative splicing affected domains outside of
the ZP domain, but in six cases the ZP domain was affected
(Figure S1 and S2). This analysis showed that C. elegans has
43 genes encoding 65 unique ZP proteins (Figure S1), many
more than humans (Bokhove and Jovine 2018) or Drosophila
(Fernandes et al. 2010). In literature searches, we found that
only 11 out of 43 C. elegans ZP genes have been previously
studied, as summarized in Table S3 and the Introduction.

Most ZP domains consist of two independently folding
subdomains, ZPn and ZPc, each of which contains at least
four conserved cysteines (#1–8) involved in disulfide bond
formation (Bokhove and Jovine 2018) (Figure S1). Most hu-
man ZPc domains contain two additional cysteines (a, b) that
may confer unique folding conformations (Figure S2) (Lin
et al. 2011; Bokhove and Jovine 2018). Likewise, we ob-
served additional cysteines in many C. elegans ZPc domains
(Figure S1 and S2). We defined three classes of C. elegans ZP
proteins depending on whether the ZPc domain has four, six,
or eight cysteines (Figure S1), and we defined subfamilies
within the large class III depending on which specific con-
served cysteines are present (Figure S1 and S2). We also
found five C. elegans ZP proteins contain a ZPc domain but
lack a ZPn domain (Figure S1 and S2).

Staging and microscopy

Embryos were selected at the 1.5-fold stage and then incu-
bated for the number of hours indicated before mounting for
imaging. Larvae were staged by hours after hatch, or by size
and gonad morphology. Fluorescent, differential interference
contrast (DIC), and Dodt (an imaging technique that simu-
lates DIC; Dodt and Zieglgänsberger 1990) images were cap-

tured on a compound Zeiss Axioskop fitted with a Leica
DFC360 FX camera, or with a Leica TCS SP8 confocal micro-
scope. Images were processed and merged using ImageJ.
Duct-canal secretory junction dimensions and larval width
were measured using the straight-line tool in ImageJ, while
pore autocellular junction and larval length measurements
were performed using the freehand line tool in ImageJ. For
each specimen, measurements were made in triplicate and
then averaged. To measure fluorescence intensity, a box was
drawn around the entire embryo. The image was cropped to
the dimensions of the box and 10 consecutive slices from the
embryo’s midsection (where the duct and pore are located)
were chosen. Total fluorescence intensity was measured
within the cropped images in each chosen slice. Fluorescence
intensity measurements were averaged across all values from
an individual embryo.

dex-1 mutant isolation and allele identification

dex-1(cs201) was isolated based on its rod-like lethal pheno-
type after standard ethylmethanesulfonate (EMS) mutagen-
esis (Brenner 1974) of strain UP2214 (unc-119; jcIs1;
qnEx59), as previously described (Gill et al. 2016). The mu-
tant was outcrossed three times, and the linked and unlinked
markers were removed (and then reintroduced as appropri-
ate) prior to analysis. The dex-1 lesion was detected after
whole-genome sequencing followed by bioinformatics anal-
yses with Cloudmap (Minevich et al. 2012), and was deter-
mined to be causal based on transgenic rescue experiments
(Figure 2) and analysis of the allele ns42. cs201 changes the
splice donor at intron 4 from G to A.

RT-PCR

For RT-PCR analysis, RNA was extracted from mixed popu-
lations of dex-1(cs201) and N2 using the RNeasy Mini Kit
(Qiagen). Genomic DNA was then removed from RNA sam-
ples using the TURBO DNA-Free Kit (ThermoFisher Sci-
entific) and reverse transcribed using First Strand DNA
Synthesis (New England Biolabs). A fragment from dex-1
exon 4–exon 5 was PCR amplified from dex-1(cs201) and
WT cDNA using primers oJC342 (GTCAGCACTTATTATTA
CTTGGG) and oJC344 (CTGTATATGAAGTTGGCAAATGTT
CCG), and then sequenced with primer oJC342. The predom-
inant band obtained from dex-1(cs201) cDNA contained a
small portion of intron 4 and then spliced to exon 5 (Figure
S3). Larger molecular weight products, including a com-
pletely unspliced product, were observed with lower abun-
dance and frequency. All products encoded a stop codon near
the failed splice site. We saw no evidence for normal splicing
in cs201 mutants.

dex-1 reporters

dex-1 rescue plasmid pMH7 (dex-1pro::DEX-1), 5.7kb dex-
1pro::GFP transcriptional reporter plasmid pMH111, Super-
folderGFP source plasmid pCW11, and dex-1 transcriptional
reporter strains OS2336 and OS2438 all were obtained
from Max Heiman (Harvard University). The dex-1 rescue
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transgene csEx402 was generated by coinjecting 30 ng/ml
pMH7 with 30 ng/ml pIM175 (unc-119pro::GFP). The
5.7 kb dex-1pro::GFP reporter cbcEx1 was generated by coin-
jecting 20 ng/ml pMH111 with 80 ng/ml of unc-122pro::
GFP as the coinjection marker (K.M.F. et al., unpublished
results). To build DEX-1(ecto)::SfGFP (pJC15), a 2.1-kb frag-
ment containing the dex-1 promoter and upstream regula-
tory region was digested from pMH7 with restriction
enzymes XbaI and AgeI and cloned into pPD49.26. DEX-1-
(ecto) was PCR amplified from pMH11 with primers oJC19
(GGGAAAGCTAGCAAAATGCGCAATAGGCATGCCCTTC) and
oJC32 (GAAAAGTTCTTCTCCTTTGCTTTGAGTTGTACTCTGGG
CACG) and PCR sewn with SfGFP using primers oJC32
(CGTGCCCAGAGTACAACTCAAAGCAAAGGAGAAGAACTTTTC)
and oJC18 (GGGAGATCTGATCCTTTGTAGAGCTCATCCATGCC),
then inserted into pPD49.26 behind the dex-1 promoter. To
build ssSfGFP::DEX-1 (pJC24), SfGFP was PCR amplified
from pCW11 using primers oJC6 (GGGAGATCTAAGCAAAG-
GAGAAGAACTTTTCACTGG) and oJC18 (GGGAGATCT-
GATCCTTTGTAGAGCTCATCCATGCC) and inserted within
pMH7 at an existing BglII restriction site. Plasmids were
coinjected at concentration of 30 ng/ml with marker pHS4
(lin-48pro::mRFP) at concentration 50 ng/ml.

Data availability statement

All strains and plasmids are available upon request. Supple-
mental datafiles are available at https://figshare.com/. Table
S1 contains complete genotypes of all strains used. Table S2
contains GenBank and Uniprot accession numbers for all C.
elegans ZP protein sequences. Table S3 contains summary
information for 11 previously studied ZP proteins. Figure
S1 contains a diagram of C. elegans ZP proteins sorted by
ZPc cysteine number. Figure S2 contains multiple sequence
alignments for all C. elegans ZP proteins. Figure S3 contains
RT-PCR results for dex-1(cs201). Figure S4 contains images
of dyf-7 mutants. Figure S5 contains images of dex-1 mutant
excretory canals. Supplemental material available at Fig-
share: https://doi.org/10.25386/genetics.7312148.

Results

Precuticle ZP composition varies between tissues

The epidermal precuticle ensheaths the developing embryo
beginning between the bean and 1.5-fold stages (Priess and
Hirsh 1986), and later serves as a template for building the
cuticle (Costa et al. 1997; Forman-Rubinsky et al. 2017; Katz
et al. 2018). A morphologically similar aECM lines develop-
ing tubes, such as the excretory duct and pore, that connect to
the epidermis (Mancuso et al. 2012), but possible molecular
distinctions among these precuticle matrices have not been
described.

We are particularly interested in the composition of the
excretory duct and pore precuticle, which we previously
showed contains the ZP protein LET-653 (Gill et al. 2016).
Since ZP proteins often function together, we wondered if

other family members might also be present in this matrix.
Bioinformatic analyses using Uniprot and Wormbase
revealed that C. elegans contains 43 genes that encode at least
65 different ZP proteins (Materials and Methods, Figure S1
and S2). These ZP proteins fall into three classes based on the
number and spacing of cysteines (Figure S1). Of the 11 ZP
proteins that have been studied, three others besides LET-
653 have been previously found in the C. elegans precuticle
(Kelley et al. 2015; Vuong-Brender et al. 2017) (Table S3).
Available RNA-seq data suggest that the corresponding genes
are transcribed in the excretory duct and pore (Burdick et al.
2016; Cao et al. 2017). To determine if any of these other
known precuticle ZP proteins contribute to the excretory duct
and pore aECM, we examined existing mutants and trans-
lational reporters.

FBN-1 contains a C-terminal ZP domain attached to a pro-
tein with overall similarity to human fibrillin (which is not a
ZP protein) (Kelley et al. 2015); 62% (n = 292) of fbn-
1(ns283) strong hypomorphic mutants arrested as embryos
or larvae, but they did not exhibit “rod-like lethality” or any
visible dilations indicative of excretory system defects. Al-
though a mini-FBN-1::mCherry fusion containing the FBN-1
signal peptide, ZP domain, and C-terminal transmembrane
domain lined the embryonic epidermis, buccal cavity, and
rectum, we did not observe any accumulation in the excre-
tory duct or pore (Figure 1B). However, mini-FBN-1::
mCherry did appear in the excretory duct and pore lumen
during later larval molt cycles (Figure 1C), suggesting poten-
tial stage-specific partners.

NOAH-1 and NOAH-2 are related to Drosophila sensory
matrix protein NOMP-A (Chung et al. 2001). Like LET-653,
they each contain plasminogen-like (PAN) domains in addi-
tion to ZP domains. noah-1 and noah-2 mutants arrest as
embryos prior to excretory tube morphogenesis (Vuong-
Brender et al. 2017), precluding their analysis. Like mini-
FBN-1::mCherry, CRISPR-generated NOAH-1::mCherry and
NOAH-2::GFP were both visible lining the epidermis (Vuong-
Brender et al. 2017). However, NOAH-1 was absent from the
rectum, buccal cavity, and excretory duct and pore lumen
(Figure 1D). NOAH-2 also could not be reliably detected in
these areas, but it was extremely faint overall and therefore
more difficult to evaluate (Figure 1E). In early L1 larvae,
NOAH-1 appeared primarily intracellular (Figure 1F), as pre-
viously described (Vuong-Brender et al. 2017).

We also examined mutants and reporters for the dendritic
cap matrix ZP protein DYF-7, whose expression has been pre-
viously reported in the excretory canal cell (Heiman and Sha-
ham 2009). Some dyf-7(ns119) null mutants arrested as L1s
or disappeared from the plates (22%, n= 125), and many of
these exhibited an ingressed or unattached pharynx (Pin or
Pun) phenotype similar to that described for fbn-1 mutants
(Kelley et al. 2015) (Figure S4), but the excretory duct and
pore appeared normal in all animals examined (n = 35)
(Figure S4). In 1.5-fold embryos and L1 larvae, a discrete
spot of DYF-7::SfGFP was observed near the excretory canal
cell, but it did not extend through the duct and pore lumens
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(Figure 1, G and H). The vast majority of DYF-7::SfGFP
accumulated near the nose tip, as previously described
(Heiman and Shaham 2009; Low et al. 2018), and we did
not detect any signal in the remainder of the epidermis (Fig-
ure 1, G and H).

Whilewe cannot exclude very low levels and/or redundant
functions for someof theseZPproteins,we conclude that FBN-
1, NOAH-1/2, and DYF-7 are unlikely to be key partners of
LET-653 in shaping the excretory duct and pore. Rather, ZP
composition varies among different regions of the embryonic
precuticle, which may more accurately be described as a col-
lection of distinct matrices. The different localization patterns
of these various ZP proteins could explain in part the rather
different phenotypes that result frommutations in these genes.

dex-1 strong loss-of-function mutants are larval lethal

To identify matrix proteins present in the excretory duct and
pore,weanalyzedadditionalhits fromthe screen forexcretory
lethality that isolated let-653 mutants (Gill et al. 2016). One
mutant, cs201, corresponded to a new allele of dex-1 (Figure
2, A–C). Most cs201 mutants arrested as L1 larvae (Figure
2C), although a small proportion survived to adulthood;

these escapers yielded progeny with the same L1 arrest phe-
notype, suggesting no significant impact of maternal geno-
type on the dex-1 phenotype. cs201mapped to the left arm of
chromosome III based on balancer mapping with hT2 and
qC1. Whole genome sequencing revealed a G-to-A change at
the splice donor of dex-1 intron 4 (Figure 2A). Via RT-PCR,
we confirmed that this mutation perturbed splicing and led to
inclusion of a premature stop that truncates the DEX-1 pro-
tein (if any is made) within the first nidogen domain (Figure
2B and Figure S3). We were able to rescue dex-1(cs201)
lethality with a transgene expressing the dex-1a cDNA under
control of its endogenous 2.1-kb 59 regulatory region (dex-
1pro short) (Figure 2, A and C). We conclude that cs201 is a
severe loss-of-function and likely null allele of dex-1.

dex-1 encodes a predicted ECM protein with two nidogen
domains, an EGF-like domain, and a low complexity region,
followed by a transmembrane domain and a short cytoplas-
mic tail (Figure 2B, and see Heiman and Shaham 2009).
Nidogen (nido) domains were first identified in the basement
membrane protein nidogen and are thought to be involved in
protein–protein interactions, although their precise role is
unclear (Ho et al. 2008). Calcium-binding EGF domains are

Figure 1 ZP proteins localize to
aECMs in distinct tissues. ZP fusion
proteins, expressed under their en-
dogenous promoters, showed differ-
ent patterns in elongating 1.5- to
2-fold embryos (A, B, D, E, and G)
and L1 larvae (C, F, and H). All tags
are inserted N-terminally to the pre-
dicted ZP cleavage site, except in the
case of LET-653, where the tag is
C-terminal but the cleaved product
remains associated with the matrix
(Gill et al. 2016). Arrowhead: excre-
tory system; bracket: buccal cavity
and nose tip; arrow: rectum. (A) Car-
toon of 1.5-fold embryo, indicating
major regions of aECM accumulation.
Cytoplasm: white; aECM: gray; api-
cal membranes: black. (B) LET-653::
SfGFP (Gill et al. 2016) strongly lined
the duct/pore lumen (Gill et al. 2016),
and was also visible in or near the
buccal cavity, rectum, and epidermis.
Asterisk indicates neuronal coinjec-
tion marker ttx3-pro::GFP present in
the FBN-1 transgene array. (B’) mini-
FBN-1::mCherry (Kelley et al. 2015)
strongly lined the buccal cavity, rec-
tum, and epidermis, but was not de-
tected in the duct/pore lumen at the
1.5- to 2-fold (n = 25) or 3-fold (n =
25) stages. (B”) Merged images illus-
trate distinct localization. (C) mini-

FBN-1::mCherry did line the excretory duct and pore lumen in larvae. (D and D’) NOAH-1::mCherry (Vuong-Brender et al. 2017) was restricted to
the region closely apposed to the epidermis and excluded from the buccal cavity, rectum, and duct/pore lumen (n = 20). (E and E’) NOAH-2::GFP
(Vuong-Brender et al. 2017) was faintly visible lining the epidermis and potentially seen along the duct/pore lumen, but was never visualized at the nose
tip (n = 11). F) NOAH-1::mCherry appeared intracellular in L1 larvae (n = 10). (G and G’) DYF-7::SfGFP (Low et al. 2018) localized specifically to the
nose tip and a region near the duct canal junction (n = 19). (G” and G”’) show magnifications of the excretory canal (c) and nose regions, respectively.
(H) DYF-7::SfGFP remained associated with the canal region in L1 larvae (n = 15).
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found in many matrix proteins and can act in signaling or
bind calcium ions to stiffen the region between two important
domains (Appella et al. 1988; Davis 1990; Selander-Sunner-
hagen et al. 1992). The previously described dex-1(ns42)
allele has potential to encode a truncated protein that retains
the nido and EGF domains (Figure 2B) (Heiman and Shaham
2009), but dex-1(cs201) eliminates these domains (Figure
2B). Some dex-1(ns42) mutants do die as L1 larvae, but
dex-1(cs201) lethality is more penetrant, consistent with
cs201 being a more severe allele (Figure 2C). Although
DEX-1 was previously proposed to be a sensory matrix part-
ner of the ZP protein DYF-7 (Heiman and Shaham 2009), our
analysis showed that the dex-1 null phenotype is much more
severe than that of dyf-7. We therefore hypothesized that DEX-1
may be a matrix component with some DYF-7-independent,
non-neuronal functions.

dex-1 is broadly expressed in epithelial cells of embryos

To determine when and where dex-1 is expressed, we used
transcriptional reporters (kindly provided by Max Heiman)
containing promoter regions upstream of the dex-1 start site
fused to an mCherry-tagged histone. We examined two pro-
moters: one 2.1-kb fragment that was previously used in the
rescuing dex-1 transgene, and a second containing the entire
5.7-kb region between dex-1 and the nearest upstream gene
(Figure 2A). Both transcriptional reporters were broadly
expressed in embryos and L1 larvae, including in cells rele-
vant to the phenotypes discussed below (Figure 2, D–G).
Both reporters showed expression in the canal, duct, and
pore of the excretory system and the seam cells of the epi-

dermis, which sit under the alae and are presumed to secrete
factors required for alae development (Figure 2, D and E)
(Sapio et al. 2005). The reporters were also active in a num-
ber of cells in the pharynx and near the nose tip, where den-
drites are anchored, as previously described (Heiman and
Shaham 2009). Although both reporters were active in L1
larvae, (Figure 2, F and G) they were progressively fainter
in subsequent larval stages and were not observed in adults.
Notably, a 5.7 kb dex-1pro::GFP reporter was not detected in
L1 larvae (n = 10), suggesting that persistent expression of
the histone::mCherry reporter in L1s may be due to protein
perdurance (see also Flatt et al., 2019). This is consistent with
modENCODE RNA seq data (Celniker et al. 2009), which
shows robust dex-1 expression in embryos but little or no
dex-1 expression at larval stages. We conclude that dex-1 is
expressed in epithelial tissues that build external aECMs dur-
ing embryogenesis.

dex-1 mutants have excretory defects with some
similarities to let-653 mutants

dex-1(cs201) was isolated in a genetic screen for mutants
with excretory system defects. To determine the extent and
nature of excretory defects in dex-1 mutants, we first exam-
ined L1 larvaewhose excretory systemswere labeledwith the
external epithelial marker dct-5pro::mCherry and junction
marker AJM-1::GFP. 22% (n = 47/212) of L1 larvae had
excretory defects, with large dilations in the duct and canal
tubes. In the larvae with dilations, 95% (n = 45/47) of the
pore tubes lacked an autocellular junction (Figure 3, B, C, E,
and F). The tube dilations were luminal, as visualized with

Figure 2 dex-1 is an essential gene and broadly expressed in the embryo. (A) dex-1 promoter regions, gene structure and mutant alleles. (B) DEX-1a
protein schematic and locations of mutant allele lesions. SP: signal peptide; Nido: nidogen domains; EGF: EGF-like domain. The low complexity region
was previously proposed to have homology to the sperm protein zonadhesin (Heiman and Shaham 2009). We were not able to detect that similarity.
TM: transmembrane domain. (C) Both ns42 and cs201 mutants show larval lethality, with a higher percentage in cs201 mutants. This lethality was
efficiently rescued by a transgene encoding DEX-1a driven by the short dex-1 promoter (see A). *** P , 0.0001. Fisher’s exact test. (D and E) dex-1
transcriptional reporters were widely expressed in embryonic epithelia, including the epidermis, pharynx, nose tip, rectum, duct (d), pore (p), and canal
nucleus (arrowhead, c). DIC: differential interference contrast. (D–D”) Bean stage embryo, ventral view. (E–E”) 1.5-fold stage embryo, lateral view. (F–G)
dex-1 transcriptional reporter expression persisted in L1 larvae. (F–F”) Expression in the duct (labeled with lin-48pro::GFP) (d) and pore (p). (G–G”)
Expression in seam epidermal cells (lines). Reporters contain either the short (D and F) or long (E and G) version of the dex-1 promoter, as shown in (A);
both gave similar expression patterns.
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Figure 3 dex-1 mutants have excretory duct, pore, and canal tube morphological defects. (A) A cartoon of an L1 larva with the canal, duct, and pore
indicated. (B) A cartoon of theWT L1 excretory system. The canal (red) is a seamless, unicellular tube that extends four lumenized arms along the length
of the animal. Its lumen empties into the duct (yellow), another seamless, unicellular tube, which has a looped lumen. The duct connects to the pore
(blue), a seamed, unicellular tube whose autocellular junction runs parallel to its lumen. The pore lumen opens to the outside environment. Arrow
indicates pore autocellular junction, and arrowhead indicates ring-like duct-canal secretory junction. (C) WT L1 larva. Box shows region magnified in
subsequent panels. (C’ and C”) Inset of C showing the excretory system. c; canal nucleus. (C”) The duct (d) and pore (p) were labeled by the epithelial
marker dct-5pro::mCherry. The cell junctions were labeled by AJM-1::GFP. Pore autocellular junction; arrow. Duct-canal secretory junction; arrowhead.
(D) WT L1 labeled by duct marker lin-48pro::mRFP and apical membrane marker RDY-2::GFP; the latter also marks the canal lumen (c). (E) Cartoon of
dex-1 mutant phenotype. The canal and duct lumens contained large dilations (*). The pore autocellular junction is missing, but its ring junctions remain
and the pore has lost its characteristic shape. (F–G) dex-1(cs201) mutant L1 larvae. (F’ and F”) Inset of F showing the excretory system with markers as
above. (G) dex-1(cs201) mutant with large dilation visible within the duct lumen, visualized by markers as above. (H) Timeline of excretory dilation
appearance. dex-1(cs201) embryos were evaluated for presence of duct/canal luminal dilations using the apical membrane marker RDY-2::GFP. Embryos
were picked at 1.5-fold stage and maintained at 20�C for the time indicated. Dilations recorded as present were at least double the normal lumen
diameter. Dilations of this size were never observed inWT (Pu et al. 2017). (I–J) Cartoons of WT and dex-1(cs201) duct cells at the 1.5 + 3 hr stage when
luminal dilations first appeared. Cytoplasm: yellow; Apical membrane: gray; Lumen: white. (I’–J”) Maximum Z projections of 10–15 slices through the
middle of the duct cell. Apical membranes marked by RDY-2::GFP and duct by lin-48pro::mRFP. The WT lumen appeared even in diameter. The dex-1
lumen was discontinuous and has several dilations (*). There was also a region with very thin lumen (bracket). (K–P) Lateral and transverse views of
excretory system junctions labeled with AJM-1::GFP. Arrows indicate pore autocellular junction, and arrowheads indicate ring-like duct-canal secretory
junction. See cartoons (B and E) for reference. (K–L) WT. Dashed lines indicate axes along which measurements were taken. (M–N) let-653(cs178).
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the apical membrane marker RDY-2::GFP (Figure 3, D and
G). This phenotype, though less penetrant, strongly resem-
bled that of let-653 mutants (Gill et al. 2016). Reduced pen-
etrance of excretory defects in dex-1 compared with let-653
mutants indicates that, while the two proteins may act in
concert, LET-653 has additional DEX-1-independent func-
tions in the excretory system.

To determine when excretory defects first appeared, we
examined embryos at different developmental time points.
DEX-1 luminal dilations began to appear during embryonic
elongation (Figure 3H). By 3 hr after 1.5-fold, when em-
bryos have reached threefold elongation, 7/51 embryos
had luminal dilations of varying size in the duct and canal.
In four embryos, the duct lumen dilation seemed to encom-
pass the entire region of visible lumen, similar to what we had
observed in L1 larvae. However, in one embryo, we could
observe irregular thick and thin regions of the duct lumen
downstream of the dilation (Figure 3, I and J). We posit that
this may be a transient state at the start of lumen distortion
and that dilations, once appeared, rapidly and severely dis-
torted the lumen. This phenotype is similar to that seen in
let-653 mutants, where the duct and canal lumens develop
dilations concurrent with downstream luminal discontinu-
ities (Gill et al. 2016), suggesting that dilations are caused
by tube content accumulation upstream of the block. We
conclude that, like let-653, dex-1 promotes normal duct and
pore lumen diameter during tube morphogenesis.

Unlike let-653, dex-1 was expressed in the canal cell
(Heiman and Shaham 2009; Gill et al. 2016; Figure 2, D
and E). To test if the canal had duct-independent phenotypes
in dex-1mutants, we analyzed newly hatched L1s that did not
have duct luminal dilations using the cytoplasmic marker inx-
13pro::GFP or the apical membrane marker RDY-2::GFP
(Figure S5). While the canal lumen took a tortuous path

(potentially due to the shortened and widened body length—
see below), canal outgrowth remained proportional to the
body and there were no additional distortions in diameter
(Figure S5). In contrast, we observed that animals with duct
luminal defects had canal cells with large dilations and very
short, severely distorted arms. In summary, we found no ev-
idence that DEX-1 influences canal lumen diameter indepen-
dently of its effect on the duct and pore lumen.

dex-1 and let-653 mutants have different excretory
junction morphologies

We noticed that, despite the similarity in their duct lumen
phenotypes, dex-1 and let-653 had different excretory junc-
tion morphologies. In WT, an autocellular junction holds the
pore in the shape of a tube, and ring-shaped junctions link the
different unicellular tubes together (Figure 3B) (Sundaram
and Buechner 2016). Both types of junctions were altered in
the mutants.

We used the epithelial junction marker AJM-1::GFP to
measure the length of the junctions in newly hatched let-
653 and dex-1 mutant L1 larvae. dex-1 mutants with excre-
tory dilations rarely had any pore autocellular junction, but
the ring junction linking the duct and pore sometimes
remained (Figure 3, E, K, and O), suggesting that the pore
autocellular junction had never stably formed or had rup-
tured. The few remaining pore autocellular junctions were
of normal length (Figure 3Q). In contrast, most newly
hatched let-653 mutants with excretory dilations still had
the pore autocellular junction, but this junction was often
elongated, occasionally to as much as four times the normal
length (Figure 3, K, M, and Q).

dex-1mutants often had severe distortions in the secretory
junction, the complex ring junction that links the duct, canal,
and gland cells. In dex-1 mutants with lumen dilations,

M shows an example of a mutant with an elongated pore autocellular junction. (O and P). dex-1(cs201) mutant L1 larvae without a pore autocellular
junction, but with remaining pore-duct and pore-epidermis ring junctions (arrows) and an expanded secretory junction. Note some bleedthrough of dct-
5pro::mCherry signal in (P). (Q and R) Quantification of pore autocellular junction and secretory junction length in newly hatched L1 larvae. All let-
653(cs178) mutants had excretory dilations; only those dex-1(cs201) mutants with dilations were measured. Absent pore autocellular junctions were
measured as being of length 0 and were included in statistical analysis. *** P, 0.0001, ** P, 0.001, N. S. = not significant. Mann-Whitney U-test. let-
653 mutant pore autocellular junctions showed greater variation in length, but the mean length was not statistically different from WT.

Figure 4 dex-1 mutants are Pin (pharynx ingressed).
(A) dex-1(cs201) L1 larva. Box indicates region that
will be magnified in subsequent panel. (A’) The
pharynx opening was posterior to the nose tip
(bracket) and presumably did not open to the out-
side environment. (B) dex-1 cDNA efficiently res-
cued the pharyngeal phenotype. (C) twofold dex-1
mutant embryo. (C’) The pharynx was ingressed
(bracket) but attached to the nose tip epithelium,
leaving a large “keyhole” indicative of a true Pin
phenotype (Kelley et al. 2015). (D) The Pin pheno-
type was also observed in dex-1(ns42) mutants. (E)
Quantification of frequency of Pin phenotype in
newly hatched L1 larvae. *** P , 0.0001, Fisher’s
exact test.
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secretory junctions were widened to up to double the diam-
eter of those seen in wild type (Figure 3, L, O, P, and R).
Similar distortions were observed in dex-1(ns42); dyf-
7(ns117) mutants (Figure S4), which were previously de-
scribed to exhibit a synthetic excretory dilation phenotype
(Heiman and Shaham 2009). We never saw loss of this junc-
tion. In contrast, we saw only slightly widened secretory
junctions in let-653 mutants, despite equally severe lumen
dilations (Figure 3, L, N, and R).

We propose that luminal dilations impose stress on junc-
tions, and that the different junction phenotypes seen in dex-1
and let-653 mutants reflect these genes’ distinct roles in

resisting that stress. As dex-1 loss of function led to more
severe defects in both the pore autocellular junction and
the secretory junction, DEX-1 may act with additional matrix
proteins, including DYF-7, and therefore have a bigger role
than LET-653 in resisting circumferential expansive forces.

dex-1 mutants have a Pin (pharynx ingressed)
phenotype resembling that of fbn-1 mutants

As less than a quarter of dex-1(cs201) mutants had obvious
excretory defects, we inferred that the majority arrested for
some other reason(s). To determine the cause of dex-1 mu-
tants’ high larval lethality rate, we examined newly hatched

Figure 5 dex-1 mutants have L1 cuticle defects. (A–D) dex-1 mutants were visibly short and fat (Dpy). DIC images of newly hatched L1 larvae. (E)
Quantification of hatchling width. Measurements were performed by drawing a line across the animal’s width at the region of the pharynx terminal bulb
and recording line length in ImageJ. All measurements were taken three times and then averaged to find a final, recorded value. *** P, 0.0001, Mann-
Whitney U-test. (F–I) DIC images of alae in newly hatched L1 larvae. (F and F’) WT L1 larvae had distinct alae, visible as two parallel ridges (arrows). Box
indicates region magnified in subsequent panel. (G–H’) dex-1(cs201) L1 alae were deformed or absent. (I and I’) dex-1pro::DEX-1a transgene used to
rescue lethality (see Figure 2D) rescued alae variably, with regions where alae were normal (arrows) and regions where they were missing (*). Most L1
larvae had at least some regions with normal alae. (J) Quantification of alae phenotypes. *** P , 0.0001, Freeman-Halton Fisher’s exact test. (K and L)
DIC images of newly molted adults. 17/17 dex-1(cs201) mutants had normal adult alae.
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larvae via DIC microscopy. A high proportion of newly
hatched dex-1(cs201) mutants had ingressed pharynxes
(Pin phenotype), which occluded the pharyngeal opening
to prevent feeding (Figure 4, A and E). The dex-1pro::DEX-
1 transgene efficiently rescued this Pin phenotype (Figure 4,
B and E). We could detect a Pin phenotype starting at the
twofold stage of embryonic elongation, as has been reported
for fbn-1 mutants, which fail to maintain the pharyngeal-
epidermal attachment under tension from embryonic elonga-
tion (Kelley et al. 2015) (Figure 4C). Some dex-1(ns42) mu-
tants also had a Pin defect (Figure 4, D and E). We conclude
that, like fbn-1 and dyf-7, dex-1 helps anchor the pharynx to
the nose tip.

dex-1 mutants have body shape and alae defects
resembling cut mutants

We also noticed that dex-1mutant L1 larvaewere short and fat
(Dpy). C. elegans embryos elongate from a round ball of cells
into a long, narrow cylinder. Failure to create a proper aECM
can result in failure to fully elongate or to maintain body elon-
gation (Labouesse 2012; Vuong-Brender et al. 2017). To mea-
sure the extent of the dex-1Dpy phenotype, we used ImageJ to
measure the length and width of newly hatched L1 larvae.
Both ns42 and cs201 mutants are Dpy, and this phenotype
was rescued by the dex-1pro::DEX-1 transgene (Figure 5, A–
E and Figure S5). We conclude that, like multiple ZP proteins
(Table 1), DEX-1 promotes normal body dimensions.

All known ZP proteins that promote proper body shape
(CUT-1, CUT-3, CUT-5, and CUT-6) also influence the devel-
opment of alae, ridged cuticular structures that line L1 larvae,
dauers, and adults (Table S3) (Sebastiano et al. 1991; Muriel
et al. 2003; Sapio et al. 2005). To test if dex-1 mutants had
alae defects, we performed DIC microscopy of newly hatched
L1 larvae. Most dex-1mutants lacked L1 alae, and, when alae
were present, they appeared flattened or misshapen (Figure
5, F–J). Alae defects were partially rescued by the dex-1pro::
DEX-1 transgene that had rescued lethality, but rescue was
quite variable along the length of the animal (Figure 5, I and
J). In contrast to the high penetrance of defects in L1 alae,
dex-1 mutants that survived to adulthood developed normal

adult alae (Figure 5, K and L). We conclude that dex-1 is
required to build normal L1 alae but is dispensable for build-
ing the adult cuticle, consistent with dex-1 being primarily
expressed in embryos (Figure 2). In the accompanying paper,
we show that dex-1 is also required to build alae in the dauer
larva, and that it genetically interacts with the cuticlin cut-5
(Flatt et al., 2019).

In summary, dex-1 mutants have a variety of phenotypes
(Exc, Pin, Dpy, alae defects) that resemble those of ZP mu-
tants (Table 1), suggesting that DEX-1 could be a component
of the embryonic precuticle.

DEX-1 localizes to apical surfaces of embryos and larvae

To determine where DEX-1 localizes, we generated a tagged
version of full-length DEX-1 isoform a. Previous attempts to
visualize DEX-1 have relied on constructs that tagged DEX-1
at its cytoplasmic C-terminus (Heiman and Shaham 2009).
However, like other matrix proteins, DEX-1 may be cleaved to
release its functional ectodomain. Indeed, ProP (Duckert
et al. 2004) predicted several potential sites of cleavage by
a furin-type proprotein convertase (Figure 6A), all of which
would release an extracellular peptide into the ECM. We
therefore propose that localization of an N-terminally tagged
DEX-1 should better reflect the places where DEX-1 is likely
to function. We inserted Superfolder GFP (SfGFP), a GFP
variant that is stable in oxidative, extracellular environments
(Pédelacq et al. 2006; Aronson et al. 2011), into DEX-1 after
the signal peptide to generate SfGFP::DEX-1 (Figure 6A).

SfGFP::DEX-1 rescued dex-1(cs201) lethality, Pin, excre-
tory, and L1 alae defects (Figure 6B). This fusion protein was
first observed around the time of ventral enclosure. In 1.5-
fold embryos, it accumulated in the duct and pore lumen,
along the nose tip, and along the apical surface of the de-
veloping pharynx (Figure 6, C and D). SfGFP::DEX-1 was not
observed along the dorsal or ventral epidermis, but later, in
threefold embryos, it lined the apical surface of the seam
cells, where alae would later appear (Figure 6E). After hatch,
SfGFP::DEX-1 was rarely seen in the duct and pore lumen or
the nose tip, but prominently lined alae of L1 larvae. How-
ever, high levels of SfGFP::DEX-1 sometimes caused flattened
or absent alae in a WT background, suggesting a dominant
negative effect (Figure 6F; Flatt et al., 2019). Correspond-
ingly, this construct showed variable rescue of dex-1 mutant
alae defects, with regions of good rescue corresponding to
modest levels of SfGFP::DEX-1, suggesting that expression
level and stoichiometry are very important. We conclude that
SfGFP::DEX-1 is present along apical surfaces during embry-
onic and L1 stages, consistent with DEX-1 being part of the
precuticular aECM of many external epithelia, as well as part
of the special cuticular aECM of alae.

DEX-1 can act via its ecto domain in some, but not
all, tissues

Previously, a version of DEX-1 that lacked its transmembrane
and cytoplasmic domains, mimicking the predicted DEX-1
cleavage product, was shown to retain some function in

Table 1 Summary of shared dex-1 and ZP mutant phenotypes

dex-1 mutant phenotype
ZP mutants with
this phenotype References

Dendrite extension
defect (Dex)

dyf-7 Heiman and
Shaham 2009

Excretory tube defects (Exc) let-653, Gill et al. 2016;
dyf-7 (synthetic
with dex-1)

Heiman and Shaham
2009; this study

Pharynx ingressed (Pin) fbn-1, Kelley et al. 2015;
dyf-7 This study

L1 Dpy/alae defects cut-3, cut-5 Sapio et al. 2005;
This study

Dauer Dpy/alae defects cut-6, Muriel et al. 2003;
cut-1, cut-5 Sapio et al. 2005;

Flatt et al., 2019
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anchoring dendrites at the nose tip (Heiman and Shaham
2009). To test whether the ecto domain could localize prop-
erly and function for its other roles, we generated a construct
containing the ectodomain tagged with SfGFP [DEX-1-
(ecto)::SfGFP] (Figure 7A). DEX-1(ecto)::SfGFP rescued
dex-1(cs201) lethality, Pin, and excretory phenotypes, but
failed to rescue the L1 alae defects (Figure 7, B and F). Ac-
cordingly, in embryos, DEX-1(ecto)::SfGFP localized strongly
to the nose tip, pharyngeal lumen, and developing duct and
pore lumen, but failed to attach to the seam epidermis and
rather appeared to fill the space between the embryo and the
eggshell (Figure 7, C and D). Unlike full-length DEX-1, DEX-
1(ecto)::SfGFP accumulated strongly in the gut and at the
developing pharyngeal grinder, a chitinous “tooth” that
breaks down bacteria (Zhang et al. 2005; George-Raizen
et al. 2014) (Figure 7D). After hatch, DEX-1(ecto)::SfGFP
was diffusely associatedwith the cuticle but was not localized
to the alae, unlike full-length DEX-1 (Figure 7E). We con-
clude that the DEX-1 ecto domain is sufficient for function
in some tissues, but that DEX-1 requires its transmembrane
domain, short cytoplasmic tail, or possibly a region near the
SfGFP tag, to anchor along developing L1 alae.

dex-1 is not required for LET-653(ZP) secretion
or accumulation

As DEX-1 localizes to the same aECMs as many ZP proteins,
we hypothesized that DEX-1 could promote ZP protein aECM

integration. To test whether DEX-1 impacted ZP protein se-
cretion or accumulation, we expressed a functional, tagged
LET-653 ZP domain (ssSfGFP::LET-653(ZP)) (Gill et al.
2016) in dex-1 mutants. In 1.5-fold embryos, ssSfGFP::LET-
653(ZP) localized normally to the duct/pore lumen, the nose
tip, and the extra-embryonic space (Figure 8, A and B). To
confirm that LET-653(ZP) accumulated to normal levels, we
measured the total fluorescence intensity of ssSfGFP::LET-
653(ZP) across the entire embryo in a set of 10 confocal
Z-slices through the middle of the embryo. We observed no
difference in fluorescence intensity between WT and dex-1
mutants (Figure 8C). To test whether dex-1 promotes LET-
653(ZP) clearance, we monitored embryos after 1.5-fold
stage. In both WT and dex-1(cs201) embryos, LET-653(ZP)
was efficiently cleared from the duct/pore lumen by 5 hr
after 1.5-fold stage (WT: n = 50; dex-1: n = 20). We con-
clude that dex-1 does not influence LET-653 secretion, local-
ization, or clearance.

Discussion

aECMs shape both planar and tubular epithelia during devel-
opment. Mutation or environmental disruption of aECMs is
associated with a variety of human diseases (Rampoldi et al.
2011; Richardson et al. 2011; Johansson et al. 2013; Saito
et al. 2017). Despite their importance, relatively few aECM
components have been described. One class of key aECM

Figure 6 DEX-1 localizes to the aECM. (A) Model of SfGFP::DEX-1a protein showing position of SfGFP insertion after the signal peptide. Red
arrowheads indicate potential cleavage sites predicted by ProP (Duckert et al. 2004). SfGFP was inserted downstream of the first predicted cleavage
site in order to tag the portion of DEX-1 containing the nido and EGF domains. (B) SfGFP::DEX-1a rescued dex-1(cs201) lethality, excretory, Pin, and alae
defects. *** P, 0.0001, * P, 0.01. Fisher’s exact test. (C–D”) InWT 1.5-fold embryos, SfGFP::DEX-1a localized to apical surfaces. Single Z-slices from a
confocal Z-stack. (C–C”) DEX-1 was present in the duct/pore lumen (arrowhead) and particularly strong near the duct-canal junction (arrowhead). This
region is enlarged in the inset. (D–D”) DEX-1 lines the pharyngeal lumen (arrow). (E–E”) threefold embryo. DEX-1 lines a strip of seam epithelium. (F–F”)
In L1 larvae, DEX-1 lines alae. Bracket indicates a region of missing or abnormal alae, suggesting dominant negative effects related to inappropriately
high expression level. All images shown are of WT animals expressing SfGFP::DEX-1a.

DEX-1 and ZP Matrices in C. elegans 195

http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBVar02149378;class=Variation
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBVar02149378;class=Variation
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017028;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002827;class=Gene


proteins are ZP domain proteins. This study, along with an
accompanying study (K.M.F. et al., unpublished results),
shows that the nidogen- and EGF-domain protein DEX-1 is
an essential aECM component that acts in concert with many
different ZP proteins to shape epithelial tissues in C. elegans.

Modular design of ZP-containing aECMs in C. elegans

Our survey of C. elegans ZP proteins revealed a large number
and sequence diversity of ZP proteins. We identified 43 genes
encoding 65 ZP proteins, more than double the number
found in humans (Bokhove and Jovine 2018). This large
number of ZP proteins is not typical of Nematoda or Ecdyso-
zoa, as some nematodes and many insects, including Drosophila,
contain similar numbers of ZP proteins as humans (Fernandes
et al.2010;UniProtConsortiumT2018). So far, only 11C. elegans
ZP proteins have been studied, all of which are required for
epithelial or matrix shaping (Table S3). However, many
genes encoding ZP proteins show the cyclic expression char-
acteristic of cuticle and precuticle genes (Hendriks et al.
2014), and may encode additional cuticle or precuticle
components.

Different sets of ZP proteins are found in different C. ele-
gans aECMs. Previous work suggested that the morphologi-
cally distinct alae of L1 larvae, dauer larvae, and adults
contain partially overlapping but distinct sets of CUT proteins
(Sebastiano et al. 1991; Muriel et al. 2003; Sapio et al. 2005)
(Table S3). Similarly, we showed that different subsets of ZP
proteins are found within different regions of the embryonic
precuticle, which is in fact a collection of distinct matrices.
For example, LET-653, FBN-1, NOAH-1, and NOAH-2 are all

found in or near the epidermal sheath, but, of these, only
LET-653 is also visible in the excretory duct and pore lu-
men. LET-653, FBN-1, and DYF-7, but not NOAH-1 or
NOAH-2, are abundant at the nose tip. None of these four
proteins are in the precuticle of the pharyngeal lumen,
which later develops a chitinous cuticle that is very differ-
ent from the collagenous cuticle of the epidermis (Zhang
et al. 2005). The different localization patterns of these
various ZP proteins could, in part, explain the rather differ-
ent phenotypes that result from mutations in the corre-
sponding genes.

Different ZP components likely confer different physical
properties to aECMs, which are specialized for the types of
stresses each tissue experiences. For example, embryonic
elongation puts the pharyngeal-epidermal connection, the
glial-epidermal connection, and the epidermis under tension
that ZP proteins (FBN-1, DYF-7, and NOAH-1 and -2, re-
spectively) resist (Heiman and Shaham 2009; Kelley et al.
2015; Vuong-Brender et al. 2017; Low et al. 2018). The
duct/pore lumen is likely under stress from fluid flow as
well as from morphogenetic forces associated with duct lu-
men elongation, which may exert both circumferential and
longitudinal pressures that must be countered by LET-653
to maintain uniform lumen diameter (Gill et al. 2016).
Meanwhile, CUT proteins are thought to mediate apical
constriction to narrow the worm’s body and to create the
buckled cuticle that is alae (Sapio et al. 2005). C. elegans
may have so many ZP proteins because it needs different
types of aECM in different body regions and at different
developmental stages.

Figure 7 DEX-1(ecto) retains some, but not all,
functions. (A) Model of truncated DEX-1 protein
showing position of SfGFP insertion after the low
complexity domain, at the position of one predicted
cleavage site. The truncation matches that gener-
ated in Heiman and Shaham (2009). (B) DEX-1-
(ecto)::SfGFP rescued dex-1(cs201) lethality, Pin,
and Exc phenotypes, but did not rescue dex-
1(cs201) alae defects. *** P , 0.0001, Fisher’s Ex-
act Test. (C–D”) In 1.5-fold embryos, DEX-1(ecto)::
SfGFP localized to apical surfaces. Single Z-slices
from a confocal Z-stack. (C–C”) DEX-1 was present
in the duct/pore lumen (arrowhead). (D–D”) three-
fold embryo. DEX-1(ecto)::SfGFP accumulated be-
tween the embryo and the eggshell and within
the gut lumen but was not visible at the epidermal
surface. (E–E”) In L1 larvae, DEX-1(ecto)::SfGFP
showed diffuse signal over the entire the cuticle re-
gion but did not specifically label alae above back-
ground. (F and F’) DEX-1(ecto)::SfGFP failed to
rescue dex-1(cs201) alae defects.
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DEX-1 is a component of multiple aECMs and
shapes epithelia

Heiman and Shaham (2009) previously characterized dex-1
for its dendrite-anchoring function. The present study, along
with the accompanying study (Flatt et al., 2019), demon-
strates that dex-1 is also required to shape many epithelial
tissues, including the pharynx, excretory system, and epider-
mis. We showed that DEX-1 localizes to diverse ZP-containing
precuticle matrices along apical surfaces of the tissues whose
shaping requires dex-1. In the accompanyingmanuscript (Flatt
et al., 2019), we showed that DEX-1 also localizes to apical
surfaces of dauer seam cells and acts cell-autonomously to
shape dauer alae. Although we did not specifically test cell
autonomy in other stages or tissues, the data from (Flatt et
al., 2019) and from (Heiman and Shaham 2009) suggest that
DEX-1 incorporates into aECMs near its site of synthesis to
shape tissues locally.

Consistent with the modular nature of C. elegans aECMs,
DEX-1 is a broad but not ubiquitous aECM component. For
example, DEX-1 is not present in the epidermal sheath, and
dex-1 expression is confined to embryonic and dauer stages
(this study and Flatt et al., 2019). Together with the incom-
plete penetrance of most dex-1 mutant phenotypes, these
data indicate that aECMs can sometimes function without
DEX-1. Other proteins may compensate for the absence of
dex-1 at later stages. Alternatively, the rapid and extensive
tissue remodeling that occurs during embryonic and dauer
stages may create a special requirement for DEX-1.

DEX-1 domains and mammalian relatives

DEX-1 contains nido, EGF, and low complexity domains, all
of which are potential interaction domains found in other
matrix proteins. The low complexity region of DEX-1 has
been called zonadhesin-like and is proposed to mediate ZP
interactions (Heiman and Shaham 2009) by analogy to mam-
malian zonadhesin—a sperm protein that binds to the oocyte’s
ZP-rich ZP (Tardif and Cormier 2011). However, any similar-
ity of DEX-1 to zonadhesin is quite subtle, such that we could

not detect it, and our data comparing dex-1(cs201) to dex-
1(ns42) suggest that the nido and/or EGF domains may be
more critical determinants of DEX-1 function.

Mammalian proteins with nido and EGF domains include
the basementmembraneprotein nidogen (Ho et al.2008), the
inner ear tectorial membrane component alpha-tectorin
(Legan et al. 1997), the putative metastasis factor SNED1
(Naba et al. 2014), and the large mucin MUC4 (Senapati
et al. 2011). Each of these proteins also contains additional
domains, however, and the functions of their nido domains
remain unclear. Here, and in the accompanying manuscript
(Flatt et al., 2019), we showed that a secreted form of DEX-1
can bind to diverse aECMs in C. elegans; this should be an
excellent system in which to test the requirements for nido
domains and ultimately identify specific binding partners and
functions of this mysterious domain.

One surprising result from our current analysis is that the
secreted form of DEX-1 could not properly localize to or shape
L1 alae, whereas it retained all other tested functions, includ-
ing its function in dauer alae (Flatt et al., 2019). These data
suggest that DEX-1 has unique partners or modes of regula-
tion in different tissues, consistent with the concept of mod-
ular aECMs.

What is the relationship between DEX-1 and
ZP proteins?

dex-1mutants share a variety of tissue distortion phenotypes
with previously described ZP mutants. Heiman and Shaham
(2009) initially reported that dex-1 promotes dendrite an-
choring to the nose tip alongside the ZP protein DYF-7. We
showed that dex-1mutant excretory tube distortions strongly
resemble those of let-653 mutants, and pharyngeal tube dis-
tortions resemble those of fbn-1 and dyf-7 mutants. Further-
more, dex-1 mutants also have the short and fat body shape
and missing alae of many cut mutants (this study and Flatt
et al., 2019). Consistent with these pleiotropic requirements,
DEX-1 and these ZP proteins localize to many of the same
apical surfaces. Together, these similarities in both phenotype

Figure 8 dex-1 is not required for LET-653 localiza-
tion or accumulation. (A–B”) Single confocal slices
of WT and dex-1(cs201) mutant 1.5-fold embryos
expressing ssSfGFP::LET-653(ZP) (Gill et al. 2016),
which localized to the duct/pore lumen, nose tip,
and extra-embryonic space. (C) Quantification of
total ssSfGFP::LET-653(ZP) fluorescence taken from
10 consecutive Z-slices through the embryo center.
N.S., no significant difference, Mann Whitney
U-test.
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and localization suggest that dex-1 functions in concert with
many different ZP proteins.

We cannot yet distinguish between models where DEX-1
functions as a direct partner of ZP proteins or simply as
another component of complex ZP-containing aECMs.
DEX-1 domain structure suggests that it might be a direct
ZP binding partner, as first proposed by Heiman and Sha-
ham (2009); however, direct interactions have not yet
been demonstrated, and using LET-653(ZP) as a test case,
we did not find any evidence that DEX-1 promotes ZP pro-
tein secretion, localization, or clearance. Furthermore,
aECMs are complex and contain multiple discreet layers
(Chappell et al. 2009; Johansson et al. 2013; Gill et al.
2016), and it has not yet been possible to distinguish
whether DEX-1 and ZP proteins are in the same layer(s).
It is also important to note that dex-1 phenotypes were
often less penetrant than those of ZP mutants, indicating
that ZP proteins must have at least some DEX-1-independent
functions.

Our study also shows that, despite substantial overlap, not
all ZP-containing matrices also include DEX-1, and not all
DEX-1-containing matrices necessarily include ZP proteins.
For example, DEX-1 was observed in the precuticle aECM
along the pharyngeal lumen, where no ZP proteins have
(thus far) been reported. Therefore, DEX-1 could contribute
to distinct aECMs through interactions with different types of
matrix factors.

Concluding statement

This study (and that of Flatt et al., 2019) now add DEX-1 to
the growing list of epithelial-shaping aECM components in C.
elegans, along with various collagens (Page and Johnstone
2007), ZP proteins (Table S3), eLRRon proteins (Mancuso
et al. 2012), lipocalins (Forman-Rubinsky et al. 2017), and
unknown chondroitin proteoglycans (Hwang et al. 2003).
Further studies of these factors should identify which are di-
rect vs. indirect partners and elucidate the mechanisms by
which different matrix factors assemble into a complex and
layered aECM with the appropriate physical properties to
shape cells and tissues.
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