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Abstract

Proteins are the building blocks of life. While proteins and their localization within cells and sub-cellular
compartments are well defined, the proteins predicted to be secreted to form the extracellular matrix - or
matrisome - remain elusive in the model organism C. elegans. Here, we used a bioinformatic approach
combining gene orthology and protein structure analysis and an extensive curation of the literature to define
the C. elegans matrisome. Similar to the human genome, we found that 719 out of ~20,000 genes (~4%) of
the C. elegans genome encodes matrisome proteins, including 181 collagens, 35 glycoproteins, 10
proteoglycans, and 493 matrisome-associated proteins. We report that 173 out of the 181 collagen genes
are unique to nematodes and are predicted to encode cuticular collagens, which we are proposing to group
into five clusters. To facilitate the use of our lists and classification by the scientific community, we
developed an automated annotation tool to identify ECM components in large datasets. We also established
a novel database of all C. elegans collagens (CeColDB). Last, we provide examples of how the newly
defined C. elegans matrisome can be used for annotations and gene ontology analyses of transcriptomic,
proteomic, and RNAi screening data. Because C. elegans is a widely used model organism for high
throughput genetic and drug screens, and to study biological and pathological processes, the conserved
matrisome genes may aid in identifying potential drug targets. In addition, the nematode-specific matrisome

may be exploited for targeting parasitic infection of man and crops.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Around one third of the human world population,
including a majority of children, is infected by
parasitic nematodes [1,2]. In addition, plant-parasitic
nematodes are one of the most infectious species in
agriculture with an impact on economic loss of about
100 billion dollars per year [3]. The major barriers for
drugs to penetrate parasitic nematodes are its
collagenous cuticle, an exoskeleton, and an extra-
cellular matrix (ECM). The free-living nematode C.

elegans has been widely used as a surrogate model
organism for parasitic nematodes [4], as well as for
host-pathogen interactions [5], and other fundamen-
tal biological processes [6]. C. elegans is also used
as a pioneering in-vivo model for biomedical
research because about 40% of C. elegans genes
are conserved in the human genome [7], and vice
versa between 60 and 80% of human genes have a
corresponding orthologue in the C. elegans genome
[8]. In addition, 40% of human genes associated with
diseases are well conserved in C. elegans [9]. C.
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In-silico characterization of C. elegans matrisome

elegans is genetically tractable for high throughput
screens and is one of the best curated organisms for
genetic, genomic, and phenotypic data. The vast
array of openly shared molecular tools paved the
way to gain molecular, functional, and mechanistic
insights into gene and protein functions [8]. In
particular, the two major extracellular matrices of C.
elegans, the cuticle [10] and basement membrane
[11-13], have recently become models to study
cancer cell invasion [14] and aging [15]. However, a
precise Gene Ontology term or a comprehensive
compendium of genes predicted to form the C.
elegans matrisome remains to be defined.

Using characteristic features of ECM proteins and
a computational pipeline combining interrogation of
protein and gene databases, we previously defined
the matrisome as the ensemble of ECM and ECM-
associated proteins [16—-18]. In mammals, the
matrisome represents 4% of the genome, or
approximately 1000 genes. We further classified
these genes into core matrisome components,
consisting of collagens, proteoglycans, and glyco-
proteins (including laminins, fibronectins, etc.), and
matrisome-associated components, including pro-
teins that could incorporate into ECMs or are co-
purified with ECM proteins. These components are
further subdivided into ECM-affiliated proteins (e.g.,
C-type lectins, galectins, annexins, semaphorins,
syndecans, and glypicans), ECM regulators (e.g.,
MMPs, ADAMs, and crosslinking enzymes), and
secreted factors (e.g., TGF-B, BMPs, FGFs, Wnt
proteins, and chemokines) [16—18]. More recently,
we employed a computational approach to predict
the in-silico matrisome of the zebrafish [19]. Defining
the matrisome of organisms has been instrumental

Ce orthologues in
Ortholist (2013)

to annotate transcriptomic and proteomic data and
has permitted the identification of ECM signatures of
biological processes [20] and of human diseases
including cancers and fibrosis [21-25].

Here, we devised a novel bioinformatic pipeline
combining gene orthology and de-novo identification
to define the C. elegans matrisome. We report the
identification of 719 genes potentially encoding ECM
and ECM-associated proteins, including 181 colla-
gens of which 173 are predicted to be components of
the cuticle. Based on their collagen-domain organi-
zation, we propose to group these cuticular colla-
gens into five novel clusters and further divide them
in sub-clusters. In addition, we demonstrate that the
newly defined C. elegans matrisome can be used to
annotate data from high throughput RNAI screens,
transcriptomic, and proteomic data, and can assist
with the identification of ECM genes or signatures
relevant in the context of various physiological and
pathological processes.

Computational approach to define the C.
elegans matrisome

The workflow and steps for defining the C. elegans
matrisome are outlined in Fig. 1.

Identification of C. elegans orthologues of hu-
man matrisome genes

The orthologue list was created by comparing the
human matrisome gene list downloaded from the
Matrisome Project website (http://matrisome.org/)[26]
with the C. elegans genome using the Greenwald Lab
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Fig. 1. Workflow of the pipeline devised to define the in-silico C. elegans matrisome.
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Table 1.

Comparison of the number of human to C. elegans matrisome
genes. Corresponding genes for each category are found in
Supplementary Table 1.

Human C. elegans

Complete matrisome 1027 719

Core matrisome ECM glycoproteins 195 35
Collagens 44 181

Proteoglycans 35 10

Cuticlins 0 12

Total 274 238

Matrisome- ECM-affiliated proteins 171 301
associated ECM regulators 238 128
Secreted factors 344 52

Total 753 481

OrthoList website (http:/greenwaldlab.org/ortholist/;
accessed 07.04.2017, [7]). The OrtholList uses four
different orthology-prediction programs (Ensembl
Compara, In Paranoid, Homologene, and OrthoMCL)
to obtain the C. elegans orthologues from human
Ensembl ID numbers. We included all genes that were
found by at least one prediction program from the
OrthoList. The human Ensemble IDs were then
translated back into HUGO gene names using
Ensembl BioMart [27]. This approach allows the
identification of 348 C. elegans genes orthologous to
human matrisome genes (Supplementary Table 1).

Domain-based definition and Gene Ontology
annotations of matrisome proteins

We initially defined the mammalian matrisome by
using the presence of characteristic protein domains
commonly found in ECM proteins [17,18]. To verify that
the orthology approach identified key components of
the C. elegans matrisome, we focused on a specific
category of matrisome proteins: the ECM-affiliated
proteins, which are proteins that share structural and
functional homologies with ECM components [17,18].
To do so, we retrieved the C. elegans reference

Table 2.

proteome (UP000001940 downloaded August 14,
2017; Supplementary Table 2A) from the UniProt
database [28] and identified proteins containing do-
mains previously defined as characteristic of the 6
families of ECM-affiliated components (Fig. 1 and
Supplementary Table 2B): the transmembrane proteo-
glycans syndecans and glypicans, the galectins, the
plexins and semaphorins, and the annexins. Compar-
ison of the list of proteins obtained using this approach
(Supplementary Table 2C—H) and the list of genes
identified by orthology revealed that all but 2 ECM-
affiliated proteins were found by both approaches
(Supplementary Table 1), suggesting that both ap-
proaches may be used to define the complete
matrisome. However, the orthology-based approach
does not permit to identify nematode-specific ECM
proteins. One ECM structure specific to C. elegans is
the cuticle. Itis made of cuticular collagens and cuticlins
[10,29,30]. To define the ensemble of proteins poten-
tially contributing to cuticle ECM, we identified an
InterPro domain termed “Nematode cuticle collagen, N-
terminal” (InterPro domain IPR002486; [31]), this
domain retrieved 171 UniProt entries in the C. elegans
proteome, out of which 128 also contain the canonical
collagen triple helix repeat (IPR008160) (Supplemen-
tary Table S2I and J). Close examination of the list of
collagen genes obtained revealed that some might not
have been found using the InterPro domain. We thus
further sought to define C. elegans collagens using a
more rigorous structure-based approach.

De-novo identification of C. elegans collagens

To identify in an unbiased manner and de-novo all
the collagen proteins in C. elegans, we downloaded all
reviewed and unreviewed protein entries from the
UniProt database (release 2018_01; [28]). Using
HMMER3 [32] and the standard HMM profile
(PFO1391) for collagens from the Pfam website [33]
identified 219 sequences, which included several
duplicated entries. However, this approach missed

Comparison of conserved versus nematode-specific matrisome genes. Corresponding genes for each category are found in

Supplementary Table 1.

Conserved matrisome Nematode-specific matrisome

Human to C. elegans orthologues
[# found/total (percentage)]

Not found in mammals
[# found/total (percentage)]

Complete matrisome

467/1027 (45%) 252/719 (35%)

Core matrisome ECM glycoproteins
Collagens
Proteoglycans
Cuticlins

Total

ECM-affiliated proteins
ECM regulators
Secreted factors

Total

Matrisome-associated

35/195 (18%)
4/44 (9%)
3/35 (9%)

0/35 (0%)
177/181 (98%)
7/10 (70%)
12/12 (100%)
196/238 (82%)
11/301 (4%)
31/128 (24%)
14/52 (27%)
56/481 (12%)

42/274 (15%)
290/171 (170%)
97/238 (41%)
38/344 (11%)
425/753 (56%)
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various bona fide collagens in C. elegans, such as col-
51and col-142, probably due to their small collagenous
domains interrupted by non-collagenous stretches.
Collagen domains are characterized by their glycine-
X-Y amino acid triplet repeats, whereby X and Y are
frequently proline and 4-hydroxyproline residues,
respectively. In vitro, 10 Gly-X-Y repeats are typically
sufficient to form stable triple helices with melting
temperatures, depending on the content of proline and
hydroxyproline residues on the X and Y positions.
Therefore, for a more sensitive approach, we generat-
ed a simple regular expression in Python matching at
least 10 Gly-X-Y repeats (regex = r(G.){10,}) and used
it against the above-mentioned dataset. In total, we
found 243 entries in the UniProt database matching this
pattern. After deleting duplicated entries and cross-
referencing against WormBase (WS262) [34], we
obtained a list of 201 unique entries. However, besides
a repeating Gly-X-Y pattern, collagens also need
frequent proline residues at the X and Y positions as
this amino acid is important for the formation of single
poly-proline Il helices, which are the backbone of the
collagen triple helix. In vertebrates, the percentage of
proline residues at the X and Y position is approx-
imately 30%. To avoid missing any potential se-
quences, we decided to use a cut-off of 10% proline
at both positions, which still represents the double of the
normal frequency of proline residues in the C. elegans
proteome [35]. With this criterion, the list was narrowed
to 190 potential collagen sequences, which were all
curated manually for the likelihood of being a collagen.
Five sequences (UniProt Q4W4Y5, G5EDSO,
B3GWA1, 061209, QIN3IO) were excluded, since
they contain short glycine rich repeats, with only very
few proline residues and no apparent collagen
structures. These five proteins were also not recog-
nized by the Pfam collagen profile. On the other hand,
various sequences were not predicted to be collagen
by the Pfam profile, but upon manual inspection have
proper collagen domains (COL-51, COL-103, COL-
161, COLI-142 and COL-183,). Finally, after manual
curation, we identified 185 genes in total that encode
collagen-domain containing proteins in C. elegans
(Supplementary Table 4). Of these, 4 genes could be
classified as gliomedins or collectins based on their
small collagenous domain and the presence of further
signature domains (see below). The remaining 181
proteins define the existent collagens in C. elegans.

The C. elegans matrisome consists of 719 genes

After combining the lists of genes and proteins
identified above, we manually curated each entry
and assigned them to matrisome divisions and
categories. Last, in order to identify putative matrisome
genes and proteins that have not been captured by the
gene orthology approach or the structural domain-
based approach, we searched both WormBase (http:/
www.wormbase.org/, release WS263; [34]) and the C.

elegans reference proteome from UniProt to identify
genes and proteins annotated as ECM genes by a
selection of Gene Ontology — Cellular Component
terms (Supplementary Table 3). This last step allowed
us to identify an additional 11 genes that had not been
identified otherwise and may be considered as matri-
some components (Supplementary Table 1; see
Column A, with the exception of col-78, which was
identified earlier by the structural domain-based
approach).

Altogether, we identified 719 C. elegans matri-
some genes out of the total ~20,000 C. elegans
protein-encoding genes, suggesting that 4% of the
C. elegans genome is dedicated to ECM genes
(Table 1; Supplementary Table 1). This is compara-
ble to the 1027 human matrisome genes, which also
represents about 4% the human genome [17,26].
We further classified these 719 genes into divisions
and categories proposed to classify the mammalian
matrisomes. We found 226 genes for the C. elegans
core-matrisome (ECM glycoproteins, collagens, pro-
teoglycans). 181 out of the 226 core-matrisome
genes are collagen genes (Table 1), of which 173
are predicted to be nematode-specific cuticular
collagens (see below). We found that the C. elegans
genome encodes 35 ECM glycoproteins compared
to 195 found in humans (Table 1). All 35 C. elegans
ECM glycoproteins have mammalian orthologues
and thus far no C. elegans-specific ECM glycopro-
tein was identified (Table 2). By contrast, 7 out of the
10 C. elegans proteoglycans are nematode-specific
and several are sulfate-less-chondroitin-binding pro-
teoglycans (cpg-1-4, cpg-7-9) [36]. The remaining
three proteoglycans are similar to the heparan
sulfate proteoglycan perlecan (unc-52; Hspg2 in
mammals) [13], a SPOCK/Testican (test-1), and a
leucine-rich proteoglycan nyctalopin (/ron-8) (Sup-
plementary Table 1).

The C. elegans genome comprises 493 matri-
some-associated genes (ECM-affiliated proteins,
ECM regulators, and secreted factors) compared to
the 753 human matrisome-associated genes. The
majority of these 493 C. elegans matrisome-associ-
ated genes are C-type lectins (240 genes; Table 1
and Supplementary Table 1) [37].

Orthology relationship between human and C.
elegans matrisome genes

Next, we determined the conserved versus nema-
tode-specific matrisome genes for each matrisome
category (Table 2). We compared the human matri-
some genes to the C. elegans matrisome genes and
vice-versa using OrthoList [7], or directly aligned them
and examined the conservation of domains. In
agreement with previous reports [10,38], most of the
C. elegans collagens are predicted to be cuticular
collagens that share no or little orthology to mammalian
collagens (Table 2). However, other collagens and
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ECM proteins that originated in basal metazoans are
found to be well conservedin C. elegans (Fig. 2). These
include basement membrane proteins (laminins, colla-
gen type IV, nidogen, perlecan), transmembrane
proteoglycans classified as ECM-affiliated proteins,
syndecan and glypican, other collagens (type IX, XVIII,
and XXV collagens), and axon guidance proteins
(netrins, slits, agrin, fibrillin) (Fig. 2). Although throm-
bospondins are found in metazoans and we found
many C. elegans proteins containing thrombospondin
domains, we did not find a thrombospondin orthologue
in agreement with previous reports [39]. Furthermore,
ECM proteins that evolved during the vertebrate
expansions, such as fibronectin, complex collagens,
LINK proteins, and hyalectans (Fig. 2), were not
identified in the in-silico searches in C. elegans,
consistent with previous reports [16]. Last, some
ECM proteins identified are shared between nema-
todes and humans, but not with other organisms like
yeasts or Drosophila. These proteins include hemi-
centin (him-4) [40], SPARC/osteonectin (ost-1) [41,42],
fibulin (fbl-1) [43], spondin (spon-1) [44], and olfacto-
medin (unc-122) [45].

Taken together, our survey of the C. elegans
genome and proteome provides the first compre-
hensive compendium of the C. elegans matrisome.
To facilitate the use of our lists of predicted genes
encoding ECM and ECM-associated proteins in the
C. elegans genome, we have deposited them on a
dedicated page of the Matrisome Project website

C. elegans
Cuticular
collagens

(http:/matrisome.org) [26]. In addition, we have built
an online tool, the C. elegans Matrisome Annotator,
which, provided a list of genes, returns it annotated
for matrisome components (http://ce-matrisome-
annotator.permalink.cc/; tutorial provided as Supple-
mentary Data).

Proposal of a novel classification of C.
elegans collagens

In order to better classify and study the 185
collagen-domain-containing proteins in C. elegans,
we propose to define a novel nomenclature based
on their collagen-domain organization and the
addition of other characteristic protein domains (e.
g. C-type lectin; C4, the collagen IV NC1 domain;
TSP; FNIII), similar to the mammalian collagen
classification [46]. To do so, we clustered the 181
collagens and the 4 collagen-domain containing
proteins into four major groups: (1) the vertebrate-
like collagens (similar to mammalian type IV, XVIII,
XXV), (2) the collagen-domain-containing proteins
with mammalian orthologues (collectins and gliome-
din), (3) the non-cuticular collagens with no clear
orthology to mammalian collagens, and (4) the
cuticular collagens. This last group contains the
largest number of 173 collagens and which we
further propose to subdivide into five main clusters (A to
E). For detailed comparison and to facilitate the

Mammals
Fibronectin, Tenascins,
Reelin, LINK proteins,
Complex collagens,
Osteopontin,
Hyalectans,
etc

Shared between
nematodes and humans
Hemicentin (him-4),
Fibulin (fbl-1), Spondin (spon-1),
Collectins (clec-222, clec-223),
Olfactomedins (unc-122, cof-2)

Missing in C. elegans

Thrombospondins,
Fibrillar collagens

Fig. 2. Conserved C. elegans matrisome in the context of the evolution of ECM proteins. Figure is adapted from [16].
Corresponding C. elegans orthologues are italicized and indicate in parenthesis e.g. (lam-1). Individual genes and
corresponding orthologues are found in Supplementary Table 1.
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diffusion of this proposed classification, we constructed
the C. elegans collagen database, CeColDB, available
at: http://CeColDB.permalink.cc/.

Group 1: the conserved vertebrate-like col-
lagens in C. elegans

Although fibrillar collagens are found in metazoans
[47,48], our computational approach did not find any
genes encoding fibrillar collagens in the C. elegans
genome, which is in agreement with previous reports
[49]. It has been hypothesized that C. elegans might
have lost fibrillar collagens, since no evidence for an
interstitial matrix is found in C. elegans [14,49,50].
However, the basement membrane type IV colla-
gens are well conserved in C. elegans [13]. The C.
elegans collagen-1V-like proteins are encoded by
two genes emb-9 and let-2, which both have
collagenous domains of 1488 and 1487 amino
acids, respectively, similar to their vertebrate (1398
amino acids) counterparts (Fig. 3A). The C-terminal
domain (C4) is well conserved and the sequence
identity of 52% and 69% among the nematode and
human domains are similar to the variance in the 6
existing human genes. In phylogenetic analyses, the
C-terminal domain of LET-2 consistently clusters
with the even-numbered collagen alpha chains (a2
(IV), a4(IV) and a6(1V)), while EMB-9 groups with the
odd-numbered collagen IV chains (a1(lV), a3(IV)
and a5(1V)) (Fig. 3B). In humans, heterotrimers of
collagen IV are formed by one even-numbered and
two odd-numbered chains ([a1]s[02], [a3][a4][a5],
[a5]o[a6]). Thus, we speculate that the collagen IV in
C. elegans is an [EMB-9]5[LET-2] heterotrimer. In
addition, let-2 is alternatively spliced whereby one
version is predominantly found in embryos and the
other version in larval stages [51]. Both emb-9 and
let-2 are essential genes and glycine mutations in
the Gly-X-Y repeats result in retainment of this
mutant collagen in the endoplasmic reticulum and
arrest in embryonic development [52,53].

The C. elegans CLE-1 protein has similarities to
collagen type XV [54] and XVIII [55]. CLE-1 is also
found in basement membranes, but predominantly
localized around neurons. Similar to the phenotype of
the Col18a1-null mice [55], reduction of C. elegans cle-
1 function results in defects in the organization of the
nervous system, but, in contrast, also results in a
partially-penetrant embryonic lethality which may be
due to failure of epidermal cell migration [56]. CLE-1
has one or two fibronectin-type-lll-ike domains, a
laminin G-like domain, a very short interrupted collag-
enous domain, and an endostatin domain (Fig. 3C).
Based on the last domains, CLE-1 is classified as an
orthologue of collagen type XV [54] or XVIII [55],
however, it is worth noting that the overall sequence
identity is only 14% and 18% for collagen XV and XVIII,
respectively, and the collagenous domain of CLE-1 is
shortin contrast to collagen XV or XVIII. The C. elegans

collagen COL-99 is also not an essential protein, but is
important for the organization of the nervous system
[57]. COL-99 is a type Il transmembrane-domain-
containing protein with a smaller cytoplasmic region
and a larger extracellular region containing 10 smaller
collagenous domains. It therefore formally groups with
the vertebrate Membrane-Associated Collagens with
Interrupted Triple-helices (MACITs: collagen types XIII,
XXIII, and XXV; Fig. 3D) [58].

Group 2: collagen-domain-containing proteins
with mammalian orthologues

We identified four collagens with additional non-
collagenous domains, which, based on their domain
organization, resemble mammalian gliomedins and
collectins. The group of gliomedin-like proteins
consists of cof-2 and unc-122. Both have a predicted
N-terminal transmembrane domain, followed by a
collagenous domain of 15 triplets and a C-terminal
olfactomedin-like domain (Fig. 4A). However, de-
spite their similar domain organization both proteins
only share approximately 26% sequence identity
with each other. Mutations in unc-122 cause an
uncoordinated locomotory behavior, the so-called
Unc phenotype [59]. The group of collectins har-
bours two genes (clec-222 and clec-223) which are
oriented in a head-to-tail fashion on chromosome V.
Both have very short collagenous domains (10
triplets), which might still permit trimerization and 1
or 3 C-type lectin domains (Fig. 4B).

Group 3: the C. elegans non-cuticular collagens
with no clear orthology to mammalian collagens

This group consists of four collagens that cluster
neither with basement membrane or vertebrate-like
collagens nor with cuticular collagens. We can
speculate that they might have specialized functions
or localize to other ECMs than the basement
membrane or the cuticle. MEC-5 is a collagen of
medium size with a short collagen domain, similar to
the N-terminal pro-helices found in fibrillar collagens,
followed by a major uninterrupted collagenous
domain. There is no further domain predicted and
no obvious similarities to vertebrate collagens (Fig.
4C). The MEC-5 collagen is produced and secreted
from hypodermal cells to anchor the ion channel/
degenerin complex (MEC-4/10) that is expressed
from touch receptor neurons to the ECM and thus
MEC-5 is essential for the mechanosensory re-
sponse to gentle touch [60,61]. COL-55 and ROL-8
are similar to the cuticular collagens discussed
below, but are missing certain features, like the N-
Pro-helix or the characteristic cysteine knots. COL-
55 and ROL-8 are predicted to have a transmem-
brane domain, which overlaps with the predicted N-
cuticular domain (Fig. 4C). Mutations in rol-8 cause a
left-handed rolling phenotype (a helically twisted
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Fig. 3. Group 1: C. elegans collagens with orthologues in vertebrates. (A) Collagen type IV. Alignment of collagen type
IV a1 from Homo sapiens with EMB-9 and LET-2 from Caenorhabditis elegans. (B) Phylogenetic analysis of collagen type
IV. The C-terminal collagen type IV domains (C4) of humans and C. elegans were analyzed using ClustalO [70] followed by
Neighbor Joining. The numbers indicate the bootstrap values of 100 replicates. The nematode-specific sequences are
indicated in bold (EMB-9 and LET-2). (C) Endostatins. Comparison of CLE-1 from C. elegans with endostatin-containing
collagens type XV and XVIII from H. sapiens. Asterisk (*) indicate domain predictions with weak significance. (D)
Transmembrane collagens. Comparison of C. elegans COL-99, the only non-cuticular transmembrane collagen, with its
human orthologues (collagens type XlII, XXIIl, XXV). For human proteins, dark outlines group collagenous stretches
recognized as collagen domains in earlier publications. All panels are drawn to scale. Colour codes are as follow: light blue:
signal peptides; pink: transmembrane region; orange: frizzled domain or collagen C4 domain; yellow: Laminin G-like
domain; purple: endostatin domain; blue: collagenous Gly-X-Y repeats.

body), suggesting its importance in cuticle assembly  X-Y repeats. Proline residues are under-represented
and/or chirality [62]. COL-135 has been predictedto =~ compared to other C. elegans collagens especially
be a collagen but has a very particular composition. at the Y position (17.0% and 3.6% for X and Y in
Its sequence contains a signal peptide, three short COL-135, 43.3% and 23.9% in all collagens), but
collagen domains, and a rather large domain of Gly-  lysine and aspartate residues are over-represented
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Fig. 4. Domain organization of C. elegans collagens from Group 2 and 3. (A-B) Group 2: Collagen-domain containing
proteins with mammalian orthologues. (A) Gliomedin-like collagens are characterized by an olfactomedin-like domain. (B)
Collectins carry C-type lectin domains and only small collagenous domains. (C) Group 3: The C. elegans non-cuticular
collagens with no clear orthology to mammalian collagens. MEC-5 is a neuron-specific collagen. For COL-55 and ROL-8
the hypothetical Nematode cuticle collagen N-terminal domain (PF01484) overlaps with the predicted transmembrane
domain. COL-135 is high in GxK and GxD repeats (Supplementary Fig. 1). All panels are drawn to a common scale. Colour
codes are as follow: light blue: signal peptides; pink: transmembrane region; dark violet: N-cuticular domain (PF01484);
green: C-type lectin; red: olfactomedin-like domain; blue: collagenous Gly-X-Y repeats.

(28.6% and 22.2%, respectively in COL-135, com-
pared to 4.3% and 8.1% in all collagens) (Supple-
mentary Fig. 1A). Furthermore, 109 out of the 198
triplets are Gly-X-Lys repeats (Supplementary Fig.
1B). Although COL-135 meets the criteria stated
above for being recognized as a collagen, it is
uncertain whether it is able to form a bona fide
collagen triple helix.

Group 4: the cuticular collagens

Approximately 80% of the cuticle is made of
collagenous proteins [29]. Previously, cuticular
collagens were grouped according to their cysteine
knots into 6 groups based on 20 collagen se-

quences known at that time [63]. Furthermore,
these 20 known collagen sequences showed four
shared amino-acid-sequence motifs (termed “ho-
mology blocks”) in the N-terminal region before the
Gly-X-Y domains [63]. Expanding the analysis from
20 to the 173 cuticular collagen genes identified in
our study, we did not identify these shared
homology blocks. We found three conserved
features which occur in various combinations in
many but not all cuticular collagens: a serine (in
position 21 in BLI-6 and position 78 in the
alignment; conserved in 75% of all cuticular
collagens), a potential furin cleavage site with an
RxxR consensus (in position 71-74 and 195-198,
respectively; 93% conservation), and a tyrosine (in

Cluster typical domain architecture # members
A - — 6
B I — 84
C —EE— 7-21 7-12 7 —— 53
D S 10 ol 7-10 [FZEF-—— 28
E - — 2
I 111-132Aa (85% between 128-131Aa) : 173

Fig. 5. Organization of the cuticular collagen clusters. The 173 cuticular collagens were grouped into 5 clusters based
on the interruptions in their main collagenous domain (blue boxes). All cuticular collagens contain a shorter N-terminal
helical domain (red box) and typically three cysteine-rich regions (yellow) flanking the collagenous domains. Numbers in

the boxes correspond to the number of Gly-X-Y repeats.
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position 78 and 273, respectively; approx. 50%
conservation) that may be important for tyrosine-
tyrosine crosslinking (Supplementary Fig. 2).

Here, we defined the cuticular collagens based
on their characteristic collagenous domains con-
sisting of 37 to 43 Gly-X-Y triplets, which are flanked
by N- and C-terminal cysteine knots (Fig. 5;
Supplementary Table 4). As in fibrillar collagens
found in vertebrates, there is an additional N-Pro-
helix of usually 10 G-X-Y repeats long located
between 12 and 31 residues (in 97% of the cases
between 13 and 23) N-terminally of the collagenous
domain. This N-Pro-helix is often stabilized by an
additional cysteine knot (Fig. 5; Supplementary
Table 4). Based on the interruptions in their main
collagenous domain, we grouped the cuticular
collagens into five main clusters (A to E), having
either 0, 1, 2, 3, or >3 interruptions (Fig. 5;
Supplementary Table 4). We further classified
these five main clusters based on the length of
their collagenous domains, the positions of inter-
ruptions, and their prediction of being transmem-
brane or secreted (Supplementary Figs. 3-7;
Supplementary Table 4). These sub-clusters are
numbered based on the length of their uninterrupt-
ed collagenous stretches, counting from the C-
terminus in an ascending manner (Supplementary
Table 4). Members of a sub-cluster often have the
same cysteine knot (Supplementary Table 4)
although the same cysteine knot might also occur
in different clusters (Supplementary Table 4). One
type of cysteine knot, reported to be important for
tyrosine-crosslinking [63], can be found in 35
collagens (Supplementary Table 4/CysKnot C-
Col domain, red-marked Y). Many, but not all, of
the predicted transmembrane collagens have
predicted furin cleavage sites potentially enabling
the shedding of these collagens (Supplementary
Table 4).

Cluster A

Cluster A comprises six members and is sub-
divided into four sub-clusters (A1-4; Supplemen-
tary Fig. 3; Supplementary Table 4). Members of
sub-clusters A2 and A4 are predicted to be
transmembrane proteins. Interestingly, sub-clus-
ters A3 and A4 have the same length of their
collagenous domain (Supplementary Fig. 3; Sup-
plementary Table 4).

Cluster B

Cluster B comprises 84 members divided into 18
sub-clusters (Supplementary Fig. 4; Supplementary
Table 4). The two collagenous domains are typically
20 or 21 triplets long and the non-collagenous
interruption only differs by a few amino acids.

Cluster C

Cluster C comprises 53 members divided into 27
sub-clusters. 19 out of the 27 C sub-clusters consist
only of one cuticular collagen gene (Supplementary
Fig. 5; Supplementary Table 4).

Cluster D

Cluster D comprises 28 members forming 17 sub-
clusters (Supplementary Fig. 6; Supplementary
Table 4). Of note, COL-51 is predicted to be a
multispan-membrane protein with a total of four
transmembrane (TM) regions, with the collagenous
domain between the second and the third TM. If this
prediction is correct, it would be interesting to know
how the collagenous domain of COL-51 forms.

Cluster E

Cluster E comprises two members, with five
interruptions in their collagenous domain (Supple-
mentary Fig. 7; Supplementary Table 4).

Taken together, the newly proposed classification
of cuticular collagens is based on the structural
similarity of the collagenous domain. This will help
identify similar collagens with similar, redundant or
compensatory functions. Furthermore, it is likely that
heterotrimers exist within the cuticular collagen
family. We hope that our system will help to identify
potential candidates for heterotrimerization.

Low amino acid sequence similarity among
cuticular collagens

Among the 173 cuticular collagens, approximately
30 genes form 9 similarity groups that share high
sequence similarity to each other (>90%, Supple-
mentary Fig. 8, pink/white).

Sequences with a similarity of over 90% normally
belong to the same sub-cluster, with the minor
exception of COL-146 and COL-147, which belong
to C21a and C21c, respectively. However, not all
members of a sub-cluster group by sequence
similarity. For example, although many members of
the sub-cluster B9 group together based on the
sequence alignment (Supplemental Fig. 8, green
bars), some members, like COL-152 or COL-123,
are separated and only show weak sequence
similarity to the sub-cluster (approx. 35%, Supple-
mentary Fig. 8 or visit http://CeColDB.permalink.cc/
website and use “recursive on” with cluster B9).
Additionally, some collagens show sequence simi-
larity with members of B9, but group differently
based on their collagen domain organization (e.g.
COL-148 and COL-150). A similar pattern can be
observed in the sub-cluster B14 (Supplemental Fig.
8, green bars). Overall, the cuticular collagens only
show a relatively low sequence similarity (81% with
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<40% identity; Supplementary Fig. 8), with the
exception of COL-126 and COL-127. These two
proteins are identical at the amino acid level, but also
at the nucleotide level (in both exons and introns),
which raises the question of whether this is one gene
misannotated as two collagens. We confirmed by
PCR that col-126 and col-127 are indeed two distinct
genes located next to each other in inverse direction
(Supplementary Fig. 9), suggesting a very recent
gene duplication event.

As the structural similarity of cuticular collagens is
striking, it is very likely that they originate from a
common evolutionary ancestor. The low sequence
identity further suggests that upon gene multiplica-
tion cuticular collagens diversified to fulfill various
important functions in C. elegans. However, as the
prerequisites for collagen helices are relatively low,
there is also the possibility that evolutionary pres-
sure was mostly directed towards domain organiza-
tion and less to the primary sequence.

Functions of cuticular collagens

Twenty one out of the 173 cuticular collagens have
been isolated in genetic mutagenesis screens [10] (bli-
1, bli-2, bli-6, dpy-2, dpy-3, dpy-4, dpy-5, dpy-7, dpy-8,
dpy-9, dpy-10, dpy-13, dpy-14, dpy-17, lon-3, ram-2,
rol-1, rol-6, sqt-1, sqt-2, sqt-3, Supplementary Table 4).
Mutations in these cuticular collagens affect the
synthesis or assembly of the cuticle and thereby alter
body morphology. These cuticular collagens are
named based on their phenotype: long (lon-#) are
about 1.5 times the length of wild type, dumpy (dpy-#)
are short and fat-looking, roller (rol-#) roll around their
helical axis instead of the sinusoid-curve crawling of
wild type, blister (bli-#) show detachment of cuticular
layer forming blisters along the body, Ray abnormal
(ram-#) affects the morphology of the male tail, and
squat (sqgt-#) can lengthen, shorten, or helically twist C.
elegans [10] (Supplementary Table 4). For instance,
sqt-1(e1350) mutation leads to a R69C substitution
altering the predicted furin RVRR cleavage site to
RVRC before the collagen domains. These sqt-1
(e1350) mutant C. elegans show stage-specific phe-
notypes: larval stage L1-2 are wild-type, L3 or dauer
are rolling, and L4 are dumpy [64]. By contrast, sqt-1
null mutants are wild type [64], suggesting that the
absence of SQT-1 collagen has no effect on the
cuticular structure and there is redundancy among the
cuticular collagens to compensate for the absence of
SQT-1. However, the genotype to phenotype interpre-
tation of how these collagens interact to from and
integrate into their ECM is complex [65]. For instance,
sqt-1 null mutations suppress the rolling phenotype of
rol-6 mutants, suggesting that collagen ROL-6 gene
product depends on the presence of collagen SQT-1
[66], whereas both null mutations of sqt-1 or rol-6
suppress lon-3mutant phenotype [67]. Taken together,
with the complete matrisome list, it becomes now

possible to start dissecting out the complex genetics
underlying the formation of ECM structures in vivo.

Utilizing the in-silico C. elegans matri-
some to annotate large datasets

RNA sequencing and proteomics are standard
techniques used by many C. elegans research
laboratories to elucidate physiological and pathological
processes. In addition, genome-wide RNA interference
(RNAI) screens are commonly used to identify the
mechanism(s) underlying phenotypes of interest.

To demonstrate the applicability and power of our
matrisome definition and classification, we used the
Matrisome Annotator we developed here (http://ce-
matrisome-annotator.permalink.cc/) to re-annotate
existing datasets. We first re-analyzed our previous-
ly published study using transcriptomics to identify
genes involved in longevity [15]. We found 79
matrisome genes out of the total 426 transcriptionally
upregulated genes when comparing long-lived C.
elegans under reduced Insulin/IGF-1 conditions with
short-lived C. elegans that lack the oxidative stress
transcription factor SKN-1/Nrf1,2,3 (Supplementary
Table 5) [15]. Although, we previously recognized
the upregulated collagens and potentially secreted
proteases [15], the re-annotation of this data set
paints a more complete picture to envision a
remodeling of the ECM in long-lived C. elegans.
Our list can also be used to annotate proteomic
datasets. Here, we re-annotated a proteomic dataset
from a recently published study aimed at studying
longevity in C. elegans [68]. In contrast to the 11
collagens highlighted in their study, we found 25
matrisome proteins out of the 177 total upregulated
proteins when comparing long-lived germ stem cell
mutant glp-1 with wild-type C. elegans (Supplemen-
tary Table 6). The additionally identified matrisome
proteins includes laminin A and B (EPI-1 and LAM-
1), prolyl 4-hydroxylase (DPY-18), and secreted
proteases (Supplementary Table 6). Together with
the 11 previously identified collagens [68], this
suggests a potential remodeling of the ECM in
long-lived C. elegans, consistent with the findings
from the mRNA expression profile [15]. Last, we set
out to re-annotate data from a whole-genome RNAI
screen aimed at identifying antifungal innate immu-
nity genes [69], since this would help to identify
functional importance of matrisome genes. We
found that 18 out of the 297 gene hits that regulate
antimicrobial peptide gene expression are matri-
some genes (Supplementary Table 7) [69]. These 18
matrisome genes include six cuticular collagens,
three secreted proteases, and one collagen cross-
linking enzyme (Supplementary Table 7), suggest-
ing a potential role for strengthening or stiffening of
the ECM to form a protective barrier against fungal
infections.
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By using the C. elegans Matrisome Annotator tool,
we found substantial enrichment for matrisome
genes in these data sets. Thus, re-analyzing -omic
datasets with the C. elegans Matrisome Annotator
tool may be useful to generate novel hypotheses
about the role of the C. elegans matrisome for
various biological processes.

Conclusions

Defining proteins in cellular compartments has
helped understand their functions and implication in
various processes. The ECM has been implicated in
many biological processes. Components of the ECM
have essential roles for C. elegans development, cell
migration, and aging. In this study, we defined the C.
elegans matrisome, an ensemble of ECM proteins and
associated factors. We identified conserved and
nematode-specific components, which informs bio-
medical research and provides potential targets to
fight pathogenic nematodes. The categorization and
clustering of C. elegans collagens lays the foundation
to experimentally test, for example, whether cuticular
collagens might form heterotrimers. Using the C.
elegans Matrisome Annotator tool, we found enrich-
ment of ECM genes at the mRNA, protein, and
phenotypic level. This will assist researchers in
delineating genotype-to-phenotype relationships for
ECM genes. Modern science is hypothesis-driven.
We hope that our contribution in defining the C. elegans
matrisome and providing tools to analyze -omic data
will aid generating novel hypotheses to propel science
forward.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.mbplus.2018.11.
001.
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