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All nematodes possess an external structure known as the cuticle, which is crucial for their development
and survival. This structure is composed primarily of collagen, which is secreted from the underlying
hypodermal cells. Extensive studies using the free-living nematode Caenorhabditis elegans demonstrate
that formation of the cuticle requires the activity of an extensive range of enzymes. Enzymes are required
both pre-secretion, for synthesis of component proteins such as collagen, and post-secretion, for removal
of the previous developmental stage cuticle, in a process known as moulting or exsheathment. The

ﬁiyr;’v :trf;; excretion/secretion products of numerous parasitic nematodes contain metallo-, serine and cysteine
Cuticle proteases, and these proteases are conserved across the nematode phylum and many are involved in
Collagen the moulting/exsheathment process. This review highlights the enzymes required for cuticle formation,
Moulting with a focus on the post-secretion moulting events. Where orthologues of the C. elegans enzymes
Ecdysis have been identified in parasitic nematodes these may represent novel candidate targets for future
Protease drug/vaccine development.

C. elegans © 2014 Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. The cuticle

All nematodes are encased in an exoskeleton (known as the
cuticle), a structure key to the success and diversity of nematode
species. This complex extracellular matrix covers the outermost
layer of cells and is required for body shape, movement, and
functions as the primary interface with the environment
(Fig. 1A). The cuticle structure and its biogenesis have been
most extensively studied in the free-living model nematode
Caenorhabditis elegans (Singh and Sulston, 1978; Page and
Winter, 2003; Page and Johnstone, 2007). As a new cuticle is
generated for each developmental stage, it is synthesised five times
during the nematode lifecycle, with synthesis of the first cuticle
beginning during late embryogenesis. Progression through
development requires that the cuticle from the previous stage is
shed and replaced with the new cuticle in a process known as
moulting. The importance of the cuticle in maintaining body
shape has been illustrated by genetic analysis in C. elegans. Strains
carrying mutations in either the structural components of the
cuticle, or the enzymes required for cuticle formation, result in
drastically altered body morphology or lethality (Kramer, 1997,
Page and Winter, 2003; Page and Johnstone, 2007).

Collagen and collagen-like proteins, at 80% of total protein,
constitute the vast majority of the cuticular structural
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components. Compared with vertebrate collagen monomers,
which are large and consist of long uninterrupted runs of the
defining Gly-X-Y motif (where Gly is glycine, and X and Y are
most often proline and hydroxyproline, respectively), nematode
collagen monomers are generally smaller, around 35 kDa, and
contain multiple interruptions within the Gly-X-Y repeat regions.
The C. elegans cuticle collagen family consists of 167 members, 22
of which result in informative body morphology defects when
mutated; these include phenotypes known in C. elegans nomen-
clature as dumpy (or Dpy, which are short and fat), roller (or
Rol, helically twisted), long (or Lon), squat (or Sqt, short and
twisted) and blistered (or Bli, fluid-filled blistering of the cuticle)
(Page and Johnstone, 2007). Similar morphological phenotypes
are found in mutants where the enzymes required for collagen
and cuticle synthesis are defective (Page and Winter, 2003;
Page and Johnstone, 2007). In addition to collagen, an unusual
highly cross-linked class of insoluble protein called cuticlin
is present in the nematode cuticle (Sapio et al., 2005), with
C. elegans cuticlin mutants displaying dumpy morphological
defects in specific developmental stages (Muriel et al., 2003;
Sapio et al., 2005).

Collagen biogenesis is a complex, multi-step process with
modifications that occur both intra- and extra-cellularly and
requires the function of numerous enzymes (Fig. 1B). Some of
the key enzymes involved in this pathway in C. elegans will be
discussed in detail and their relevance to important human and
animal parasitic nematodes will be highlighted.
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Fig. 1A. The organization and structure of the C. elegans cuticle. Left image is a transmission electron micrograph (TEM) depicting a longitudinal cross-section of the adult
cuticle. Right panel is a cartoon depiction highlighting the distinct structural layers and their composition. With the exception of the epicuticle and surface coat, collagens are
present in all major layers. Cuticlins are restricted to the cortical layer. The epicuticle contains lipids and is covered by a glycoprotein-rich coat (scale bar 1 pm).

2. Enzymatic modifications occurring within the endoplasmic
reticulum

2.1. Hydroxylation of proline residues

The first step in collagen synthesis involves the co-translational
hydroxylation of Y position proline residues to 4-hydroxyproline in
the Gly-X-Y domain, a modification that is required to stabilise the
final assembled collagen triple helix. This reaction is catalysed by
collagen prolyl 4-hydroxylase (C-P4H), which in multi-cellular
animals are oligomeric enzymes consisting of o subunits, which
contain the active site residues, and B subunits, formed by protein
disulphide isomerase (PDI). Our lab has studied C-P4H extensively
in the free-living nematode C. elegans where they are developmen-
tally essential. C. elegans lacking a single C-P4H o subunit (DPY-18)
are viable but show abnormal body morphology, cuticle structure,
collagen localisation, and reduced levels of cuticular
4-hydroxyproline (Winter and Page, 2000), while combined loss of
both o subunits (DPY-18 and PHY-2) results in embryonic lethality
(Winter and Page, 2000; Winter et al., 2007b). Oligomeric C-P4Hs
in all species examined contain only one type of B subunit PDI,
which is present in all forms of the complex. Therefore, in C. elegans
single loss of the B subunit (PDI-2) results in phenotypes
equivalent to combined disruption of both o subunits (Winter
and Page, 2000; Winter et al., 2007b) (Fig. 2). Recombinant C. elegans
C-P4H are effectively inhibited using co-substrate analogues
and in vivo these compounds replicate the phenotypes found by
genetic disruption in C. elegans (Myllyharju et al., 2002). In vitro
and in vivo work demonstrated that the C. elegans C-P4H com-
plexes were formed from combinations of subunits that are unique
to nematodes (Myllyharju et al., 2002). Similar analysis of a close
relative of C. elegans, Caenorhabditis briggsae, revealed further
nematode-specific C-P4H complexes that differ significantly from
their vertebrate counterparts (Winter et al., 2007b).

Using a novel RNAi approach, our lab demonstrated that C-P4H
is also developmentally essential in the human infective filarial
nematode Brugia malayi (Winter et al, 2013). Analysis of the
B. malayi genome (Ghedin et al., 2007) aided identification of all
potential C-P4H subunits. Simultaneous RNAi of both o subunits
(Bma-PHY-1 and -2) in cultured B. malayi adult females resulted
in a highly penetrant body morphology defect in the released
microfilariae (L1s) (Winter et al., 2013) (Fig. 2). This effect was rep-
licated following RNAi of the single B subunit (Bma-PDI-2) (Winter
et al., 2013). These results are supported by previous studies which
showed that 4-hydroxyproline levels in B. malayi cuticle collagens
were similar to those of C. elegans (Cox et al., 1981; Petralanda and
Piessens, 1991) and that moulting of cultured B. malayi L3s was
dependent on addition of ascorbate, a co-factor essential for

C-P4H activity (Rajan et al., 2003). While the B. malayi RNAI results
clearly mirrored the C. elegans genetic analysis, biochemical
approaches revealed unusual aspects of the parasitic nematode
proteins. In contrast to o subunits from every other multi-cellular
species examined, recombinant Bma-PHY-1 and -2 proteins did not
require PDI for solubility (Winter et al., 2003). Also, co-expression
of all three B. malayi C-P4H components (Bma-PHY-1, -2 and
Bma-PDI-2) in all combinations failed to produce highly active enzyme.
In addition, the B. malayi proteins did not complement a C. elegans
C-P4H mutant. Importantly, lack of complementation using
B. malayi proteins is not a general phenomenon, as Bma-PDI-2
can complement a C. elegans pdi-2 mutant. This also confirmed that
Bma-PDI-2 was a bona fide C-P4H B subunit. Further investigation
into the B. malayi proteins revealed that parasite-derived, but not
recombinant, B. malayi material contained a non-reducible
covalent bond linking the subunits. This indicated that B. malayi
C-P4H activity was dependent on this modification and its absence
in recombinant proteins accounted for lack of activity/function in
the assays employed. Enzymes from additional parasitic nematode
species will need to be examined to determine if the B. malayi
enzymes are unique in this respect. However, a covalent crosslink
is not found between C-P4H subunits from any other species exam-
ined to date, including the extensively studied vertebrate enzymes.
It is possible that the major differences in enzyme assembly
between nematodes and vertebrate enzymes may be exploitable
in the development of nematode-specific C-P4H inhibitors.

2.2. Procollagen registration: disulphide bond formation

The next important step in collagen biogenesis is the registra-
tion and trimerisation of the collagen chains. Registration involves
the correct association of the monomers and is catalysed by PDI
through disulphide bond formation of highly conserved C-terminal
cysteine clusters in the cuticle collagens. This event may be key to
the selection and assembly of the correct partners to form homo-
or indeed hetero-trimers. In addition to the role in proline hydrox-
ylation, it has been established that PDI-2 is also involved in this
oxidative registration step in C. elegans (Winter et al., 2007b).
Mutations in pdi-2 cause severe cuticle defects and adult sterility,
whereas the combined mutations of pdi-1, pdi-2 and pdi-3 cause
embryonic lethality and it was concluded that PDI-2 performs
two essential functions during morphogenesis: one that is C-P4H
dependent and the other contributing to disulphide bond
formation. The importance of disulphide bonds and the
oxidative/reductive state of the cuticle has also been found to be
critical during the moulting process (Stenvall et al., 2011) and will
be addressed further under the moulting section.
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Fig. 1B. The cuticle collagen biogenesis pathway in C. elegans. Steps within the
endoplasmic reticulum (ER) (blue) include, proline hydroxylation by DPY-18,
disulphide bond formation by PDI, and proline isomerisation, by proline isomerases
(PPlases). Export from the ER requires a functional COPII-pathway (sec-23). All
cuticle collagens are predicted to be N-terminally processed by the subtilisin-like
protease BLI-4, whereas a subset of collagens are C-terminally processed by the
BMP-like protease DPY-31. The final step in collagen maturation involves tyrosine
cross-link formation and is catalysed by peroxidase enzymes including BLI-3 and
MLT-7. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2.3. Procollagen trimerisation and proline isomerisation

In vitro analysis of vertebrate type Il collagen demonstrates
that trimer folding is rate-limited by the slow cis—trans isomerisa-
tion of proline and hydroxyproline residues and requires the
assistance of peptidyl prolyl cis-trans isomerase (PPlase) enzymes
(Bachinger, 1987). The PPlase enzyme superfamily contains the
cyclophilin (CYN) and FK506-binding protein (FKB) families,
members of which are defined as receptors for the structurally
unrelated immunosuppressive drugs cyclosporin A (CsA) and
FK5086, respectively.

CsA (Page et al., 1995; Bell et al., 1996) and novel PPlase inhib-
itors (Yang et al., 2007; Dunsmore et al., 2011) cause severe gut
and cuticle related phenotypes in C. elegans suggesting that PPlase
enzymes are required to fold the structural components, such as
the proline and hydroxyproline-rich collagens. To date, the exact
combination of CYN enzymes, from a pool of 18, that are involved
in this process have not been defined, as genetic analysis of cyns in
C. elegans revealed widespread redundancy (Bell et al., 1996).
However, combined loss of two ER-localised C. elegans FKBs, fkb-4
and -5, caused a cold-sensitive lethal phenotype with associated

collagen and cuticle matrix defects (Winter et al., 2007a). It is
therefore envisaged that this rate-limiting folding event is ther-
mally catalysed under normal conditions and that only under
adverse cold stress conditions is there an absolute requirement
for these PPlase enzymes.

3. Modifications that occur outside the endoplasmic reticulum

The transit of collagen from the ER to through the secretory
pathway coincides with the N- and C-terminal processing events.
The removal of the globular non-Gly-X-Y domain results in protein
insolubility and precedes the final multimerisation and cross-
linking events. A number of key enzymes play important roles in
the post-ER maturation of collagens, and may therefore represent
novel drug targets.

3.1. Collagen N-terminal processing

All C. elegans cuticle collagens possess a highly conserved
N-terminal Kex2, furin-type cleavage site (RX(K/R)R), which has been
experimentally defined as a requirement for processing the cuticle
collagens ROL-6, SQT-1 (Yang and Kramer, 1994, 1999) and DPY-5
(Thacker et al., 2006). The serine protease BLI-4 is required for
post-embryonic viability in C. elegans (Peters et al., 1991; Thacker
et al., 1995) and was originally defined by a viable partial loss-
of-function mutant with a blistered adult cuticle. Similarly, RNAi
depletion of BLI-4 reveals another cuticle-related phenotype as
moulting defects were observed (Kamath et al., 2003). These
findings suggested that BLI-4 is the enzyme that processes the
N-terminal pro-region of the cuticle collagens and this is supported
by its hypodermal expression pattern (Thacker et al., 1995) and by
the genetic suppression of the bli-4 phenotype by mutations in the
cuticle collagen gene dpy-5 (Thacker et al., 2006). Orthologues of
BLI-4 are present in many parasitic nematode genomes including
Onchocerca volvulus (Poole et al., 2003). Thus, BLI-4 is an essential
enzyme during embryogenesis, and is required for formation of the
cuticle in C. elegans, most likely due to processing the N-terminal
pro-region of cuticle collagens, and is likely to perform this role
in a range of parasitic nematode species.

A targeted RNAi screen for disruption of cuticle collagen
localisation performed in our lab, identified BLI-5 (Page et al.,
2006). Mutation of bli-5 resulted in a blistered cuticle, while over-
expression produced a severe moulting phenotype (Page et al.,
2006). Protein annotation suggested BLI-5 was a protease inhibi-
tor; however biochemical characterisation of C. elegans BLI-5
revealed that it activated, rather than inhibited, serine protease
activity (Stepek et al., 2010b). BLI-5 orthologues from the parasitic
nematodes Haemonchus contortus and B. malayi were both able to
complement the C. elegans bli-5 mutant and both also activated
serine protease activity in vitro (Stepek et al., 2010b). The biochem-
ical characterisation and phenotypic similarity between bli-5 and -4
mutants suggests BLI-5 might regulate BLI-4 (Stepek et al.,
2010b). In support of this, both bli-5 and bli-4 were found to share
common temporal and spatial expression patterns and combined
bli-4/bli-5 RNAi produced a variable but synergistic effect (Stepek
et al., 2010b).

3.2. Collagen C-terminal processing

The C-terminal processing of vertebrate fibrillar collagens is an
essential step that is carried out by zinc metalloproteases of the
astacin BMP class (bone morphogenic protein) (Canty and Kadler,
2005). The nematode astacins (NAS) represent a large gene family
of 39 members in C. elegans that includes the subgroup V forms
that, in addition to a metalloprotease domain, have a unique
nematode-specific domain arrangement that includes an epider-
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Fig. 2. Collagen prolyl 4-hydroxylase (C-P4H) is essential in C. elegans and B. malayi. (A) Wild type (N2) adult C. elegans showing normal body morphology. (B) Mutation in
C. elegans dpy-18 C-P4H o subunit resulting in a dumpy (short fat) phenotype. (C) C. elegans phy-2 RNAI in a dpy-18 mutant background causing larval lethality from loss of
both C-P4H o subunits. (D) Wild type morphology of control (C. elegans phy-3) RNAi on B. malayi microfilaria following treatment of cultured adult females (Winter et al.,
2013). (E) Mutant microfilaria body morphology phenotype following double C-P4H o subunit RNAi treatment of cultured adult females (Winter et al., 2013). Scale bars

100 pm.

mal growth factor (EGF) domain, a complement subcomponent
C1r/C1s (CUB) domain and a thrombospondin (TSP) type 1 domain
(Mohrlen et al.,, 2003; Stepek et al., 2010a). Mutations in the
C. elegans astacin V-encoding gene nas-35 (a.k.a. dpy-31) resulted
in a temperature sensitive severe dumpy phenotype as well as
embryonic and post-embryonic lethality (Novelli et al., 2004). This
enzyme is expressed in the hypodermal tissue and is required for
normal collagen secretion. Screens for genetic suppressors of
dpy-31 identified the cuticle collagen SQT-3 as a major substrate
for this enzyme, and highlighted its cleavage site adjacent to the
C-terminal tyrosine cross-linking site. dpy-31 therefore encodes
an essential procollagen C-peptidase (Novelli et al., 2004, 2006);
(Fig. 1B). Orthologues of this essential enzyme are found in the
parasitic nematodes B. malayi and H. contortus (Stepek et al.,
2010a). Heterologous expression of the Brugia dpy-31 promoter
in C. elegans showed it directed strong expression of a reporter
gene to the secretory gland cells and the gut. Complementation
experiments revealed that the H. contortus gene could rescue the
C. elegans dpy-31 mutant whereas the B. malayi gene did not. The
functional significance of the nematode enzymes was confirmed
biochemically by performing metalloprotease assays and by the
in vitro cleavage of recombinant C. elegans SQT-3 cuticle collagen
at the specific C-terminal site (Stepek et al., 2010a). These assays
substantiated the key role that this enzyme plays in the processing
of nematode collagens and highlighted the conservation of
function between the C. elegans and parasitic nematode enzymes.

3.3. Collagen cross-linking

The final steps in collagen maturation and cuticle synthesis are
the structural cross-linking events. The cuticle collagens and cutic-
lins are covalently cross-linked via di- and tri-tryrosine cross-links.
These non-reducible cross-links impart the characteristic strength
and integrity to the cuticle (Page, 2001) and are distinct from the
hydroxylysine-derived cross-links commonly found in the verte-
brate collagens (Myllyharju and Kivirikko, 2004). The major cuticle
cross-linking enzyme is a NADPH dual oxidase enzyme called BLI-3
(Edens et al., 2001; Simmer et al., 2003) (Fig. 1B). This large
enzyme has a membrane-bound peroxide generating domain and
a pseudo-peroxidase domain (Edens et al., 2001). RNAi (Edens
et al., 2001) or mutation (Simmer et al., 2003) of BLI-3 results in

weakened cuticles that lack tyrosine cross-links, producing adult
worms that are devoid of cuticle struts and exhibit dumpy and
blister phenotypes. BLI-3 does however lack a highly conserved
haem-binding motif that is essential for peroxidase activity, and
through RNAi screens an additional Haem peroxidase called
MLT-7 was subsequently identified (Thein et al., 2003, 2009).
MLT-7 protein has haem-binding and metridin ShK toxin domains,
with mutants arresting as larvae with moulting defects. Like bli-3
mutants, mlt-7 mutants have fragile, permeable cuticles that are
devoid of tyrosine cross-links and combined bli-3/mlt-7 mutants
arrest prematurely as severely misshapen L1s. BLI-3 and MLT-7
are therefore the key enzymes that cooperate to promote the oxi-
dative cross-linking of the collagens with a model suggesting that
BLI-3 produces the H,0, that is used by MLT-7 to generate the
tyrosine linkages (Thein et al.,, 2009). Within their peroxidase
domains, the MLT-7 orthologues from H. contortus and B. malayi
show 82% and 50% identity, respectively, with C. elegans MLT-7
(Thein et al., 2009). The plant nematode, Meloidogyne incognita,
has a dual oxidase gene (Miduox) that encodes a multifunctional
enzyme involved in tyrosine cross-linking of the developing cuticle
during normal cuticle biosynthesis (Charlton et al., 2010). RNAI
knockdown of this gene resulted in a slower developmental rate
and a reduction in plant infectivity (Bakhetia et al., 2005). This
Duox enzyme has significant identity to BLI-3 in C. elegans.

4. The enzymology of the moulting process

All nematodes are encased in a protective cuticle but this
resilient structure restricts growth and therefore must be succes-
sively shed and re-synthesised. All nematodes undergo four cuticle
moults from the L1 hatchling to the mature adult. The moulting
process replaces the cuticle from the previous stage with a new
cuticle, and occurs in three general steps: (1) lethargus, in which
the activity of the worm decreases; (2) apolysis, in which the old
cuticle separates from the hypodermis; and (3) ecdysis, in which
the old cuticle is completely shed and the worm emerges as the
next stage with a new cuticle. In C. elegans, this moulting process
is repeated every 10 h and lasts for approximately 2 h, with the
final ecdysis stage occurring rapidly within a matter of minutes
(Singh and Sulston, 1978).
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The process of moulting is unique to the Ecdysozoa clade, which
in addition to nematodes, also includes arthropods, and may
therefore represent a more general target for a wider group of pest
species. The endocrine trigger for the moulting process in nema-
todes remains to be identified but in arthropods, such as Drosophila,
this pathway is well characterised and centres on the hormone
ecdysone, the nuclear ecdysone receptor (ECR) and ultraspiracle
(USP) (Tzertzinis et al., 2010). In C. elegans, an ecdysone hormone
has not been identified but a functional ECR homologue has been
characterised in the filarial nematode B. malayi (Tzertzinis et al.,
2010). The moulting process in C. elegans does require cholesterol,
an essential low-density lipoprotein receptor (LRP-1) (Yochem
et al., 1999) and an essential sterol synthesising enzyme LET-767
that is localised to the nematode gut (Kuervers et al., 2003). The
genome of C. elegans does, however, encode a large family of
orphan nuclear hormone receptors, two of which, NHR-23 and
NHR-25, are essential for proper moulting (Kostrouchova et al.,
1998, 2001).

Characterisation of the components of the moulting pathway in
C. elegans is helping to uncover many nematode-specific features
that may prove fruitful in future nematode control strategies. A
global RNAI screen in C. elegans uncovered 159 genes that, when
disrupted, affect the moulting process to some degree (Frand
et al., 2005); this list includes proteases, protease inhibitors, perox-
idases, matrix components, sterol sensing proteins, nucleic acid
binding/interacting proteins, signalling proteins and a range of
other novel proteins, many of which are exclusively found in mem-
bers of the nematode phylum. The importance of a key moulting
component, MLT-10, identified in this screen (Frand et al., 2005)
has been confirmed following a cholesterol-sensitivity mutagenic
screen (Meli et al., 2010). MLT-10 is a member of a large family
of novel nematode-specific proline-rich proteins and is essential
for both the synthesis of the new and removal of the old cuticle
(Meli et al., 2010).

The oxidative state of disulphide linkages in the nematode
cuticle has recently been shown to be a key feature in the apolysis
process. Characterisation of the sole selenocysteine containing pro-
tein in C. elegans, thioredoxin TRXR-1, revealed that in combination
with the glutathione reductase (GSR-1), both proteins are essential
for the normal moulting process (Stenvall et al., 2011). It was noted
that the cuticular disulphide linkages are actively reduced during
apolysis, an effect that could be induced prematurely by incubating
worms in strong reducing agents or glutathione (GSH). TRXR-1 is
expressed in the hypodermis and has an absolute requirement
for selenocysteine. This study revealed that the oxidative state of
the disulphide groups in the cuticle is tightly regulated during
the moulting cycle, and that, when the combined functions of
trxr-1 and gsr-1 are perturbed, these groups remain in an oxidised
state resulting in moulting defects (Stenvall et al., 2011). This
process may be linked to the PDI-catalysed collagen chain registra-
tion steps (Fig. 1A) (Winter et al., 2007¢) and/or the higher order
PDI-catalysed matrix formation events (Eschenlauer and Page,
2003).

4.1. Ecdysis enzymes

In addition to the collagen biogenesis and cuticle assembly
pathways, numerous enzymes play key roles in the subsequent
cuticle shedding and moulting processes. The astacin metallopro-
teases, as well as being involved in procollagen C-processing, are
also involved in the ecdysis process in C. elegans, and recombinant
forms of these C. elegans enzymes can specifically digest the cuticle
and permit exsheathment of the parasitic nematode H. contortus
(Davis et al., 2004; Stepek et al., 2011). NAS-36 and -37 represent
the subgroup V astacins that play key roles in cuticle ecdysis in
C. elegans (Novelli et al., 2004).

Mutations in nas-36 and nas-37 result in moulting defects
where worms are incarcerated in the cuticle from the previous
stage, which remains unshed due to a tight anterior ring of undi-
gested cuticle (Davis et al,, 2004; Suzuki et al.,, 2004) (Fig. 3).
NAS-37 is expressed in the C. elegans hypodermis just prior to
ecdysis. The protein accumulates in the anterior cuticle and aids
the proper digestion of the anterior cap, an event that concludes
the moulting process and allows the worms to escape from the
old cuticle (Davis et al., 2004). This specific enzymatic function is
analogous to exsheathment in H. contortus, where an anterior
refractile ring forms in the L2 cuticle sheath prior to infection of
the host by the L3 stage (Gamble et al., 1989, 1996). A specific func-
tion was recently established when recombinantly-expressed C.
elegans NAS-37 and NAS-36 were shown to induce refractile ring
formation in the H. contortus L2 cuticle sheath (Davis et al., 2004;
Stepek et al., 2011). Both H. contortus and B. malayi have a NAS-
36, but lack a NAS-37 orthologue. The B. malayi gene can comple-
ment C. elegans strains mutant in either nas-36 or nas-37, and a
combined mutant of nas-36/nas-37, indicating that NAS-36 is the
dominant molecule involved in cuticle ecdysis in parasitic nema-
todes. This result also confirmed that NAS-36 metalloprotease
plays a functionally conserved role in phylogenetically divergent
nematode species (Stepek et al., 2011).

4.2. Additional cuticle-associated zinc metalloproteases

Zinc metalloproteases, with a similar crucial involvement in the
L2 to L3 moult and exsheathment of L3, are present in the excre-
tion/secretion (ES) of the infective L3 of many additional parasitic
nematodes, including Brugia pahangi (Hong et al., 1993), Dirofilaria
immitis (Richer et al., 1992), Ancylostoma caninum and Ancylostoma
duodenale (Hotez et al., 1990; Hawdon et al., 1995), and the bovine
filarial nematode, Setaria cervi (similar to Wuchereria bancrofti)
(Pokharel et al., 2006). A similar zinc metalloprotease is also
involved in the formation and degradation of the old and new cuti-
cles during the moulting of the L3 to L4 of Ascaris suum (Rhoads
et al.,, 1998) and the nematode of fish, Hysterothylacium aduncum
(Malagon et al., 2010b).

The third-stage larvae of many parasitic nematodes, including
Trichuris suis (Hill et al., 1993), Trichinella spiralis (Lun et al.,
2003) and the fish nematode, H. aduncum (Malagon et al., 2010a),
secrete metalloproteases that aid in the penetration of the host
tissues. The hookworms, A. caninum and Necator americanus, the
filarial nematode, O. volvulus, and the gastrointestinal nematode,
Strongyloides  stercoralis, secrete astacin metalloproteases
(Ac-MTP-1, Na-MTP-1, Ov-AST-1 (onchoastacin) and Ss40 (strongy-
lastacin), respectively), that aid in host skin penetration by hook-
worm L3 (Culley et al, 2000; Williamson et al., 2006) and
S. stercoralis L3 (Brindley et al., 1995) and migration through the
host tissue by filarial microfilariae (Borchert et al., 2007) to initiate
infection. These enzymes have collagenolytic activity to help aid

Fig. 3. Moulting defects due to mutations in C. elegans metalloprotease NAS-37. (A)
Mid-body constriction due to unshed cuticle and incomplete ecdysis due to
mutation in nas-37. (B) SEM image of mid-body cuticle constriction due to nas-37
mutation. Scale bars 100 pum.
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the degradation of the collagen in the host skin so that the parasite
can penetrate and infect the host and are thus potential targets for
new vaccines or drugs (Zhan et al., 2002; Hotez et al., 2003;
Williamson et al., 2006).

ACN-1 is an angiotensin-converting enzyme (ACE)-like protein
from C. elegans that is essential for larval development and adult
morphogenesis, in particular the ecdysis step in moulting.
Expression of acn-1 is regulated by the moulting-associated genes
nhr-23 and nhr-25 (Brooks et al., 2003) however, no homologues
have been found in parasitic nematodes.

5. Cuticle-associated cysteine and serine proteases and their
inhibitors

Cysteine proteases in nematodes (as for serine proteases,
metalloproteases and aspartic proteases) have potential roles in
digestion of the old cuticle, degradation of cuticular proteins and
activation of moulting enzymes by processing their proenzymes.
C. elegans encodes a cathepsin-L cysteine protease (Ce-cpl-1) that
is similar to the proteases in O. volvulus, B. pahangi, H. contortus,
Dictyocaulus viviparus, Toxocara canis, A. caninum, A. suum, and
plant parasitic nematodes such as Heteodera glycines (Britton and
Murray, 2002), and is believed to be involved in post-embryonic
development through degradation of the eggshell and cuticular
proteins. Expression of this gene is greatest ~4 h prior to each
moult, indicating a possible role in moulting to degrade the old
cuticle whilst processing the next cuticle. This cysteine protease
is either involved directly or indirectly by regulating other
enzymes involved in the moulting process (Hashmi et al., 2002).
B. malayi adults express the cathepsin-like cysteine proteases
Bm-cpl-1, Bm-cpl-5 and Bm-cpz-1 that all have potential roles in
embryogenesis, larval moulting and eggshell and cuticle remodel-
ling, and share similarities with the C. elegans homologues (Ford
et al., 2009). The cathepsin L cysteine proteases, cpl-1, -4 and -5
are secreted from O. volvulus (Guiliano et al., 2004), are involved
in the L3 to L4 moult (Lustigman et al., 1992, 1996) and share many
characteristics with the CPLs of B. malayi (Guiliano et al., 2004), D.
immitis (Richer et al., 1992, 1993) and B. pahangi (Guiliano et al.,
2004).

The role of the cathepsin Z-like cysteine protease (Ce-CPZ-1) in
C. elegans development is multifunctional, with the mRNA
expressed throughout the lifecycle, increasing just prior to the
L2/L3, L3/L4 and L4/adult moults, and then decreasing just after
each moult. RNAi and gene knock-out result in severe moulting
defects, and larval arrest at the L2 to L3 moult, thus suggesting a
possible role for this enzyme in the moulting pathway; e.g.,
degrading cuticular proteins before ecdysis, or controlling proteins
with essential roles during moulting (Hashmi et al., 2006). It is
similar to Ov-CPZ from O. volvulus and Tc-CPZ from T. canis, indicat-
ing that the CPZ-1 function is possibly conserved in other nema-
todes (Hashmi et al., 2002). N. americanus express an L3 specific
cysteine protease that is found in the exsheathing fluid and may
therefore play a role in ecdysis (Kumar and Pritchard, 1992).

The cysteine proteases involved in the moulting pathway of
C. elegans and parasitic nematodes, such as H. contortus, are devel-
opmentally regulated, although their exact role remains to be estab-
lished. C. elegans CPI-2a is a cystatin-like inhibitor that is present in
the cuticle of all post embryonic stages and may have an essential
regulatory role during oogenesis and fertilisation. This inhibitor
regulates the cysteine proteases, CPL-1 and CPZ-1, during their
essential roles in moulting and embryogenesis. The similar expres-
sion of cpi-2a to that of cpl-1 and cpz-1 (increasing ~2.5-3.5h
before each moult then decreasing after the moults), again, sug-
gests that CPI-2a has an important role in moulting to regulate
the activities of CPL-1 and/or CPZ-1 (Hashmi et al., 2006). Homo-
logues have been found in B. malayi, Litomosoides sigmodontis,

Acanthocheilonema viteae and O. volvulus. Onchocystatin (Ov-CPI-
2)is a potentially secreted cysteine protease inhibitor of O. volvulus
that is found in the hypodermis and cuticle basal layer of moulting
L3 and L4, adults and in the eggshell around the developing micro-
filariae and may regulate the aforementioned cysteine proteases
(Lustigman et al., 1992, 1996; Richer et al., 1993). A homologue
of this inhibitor has been described in Anisakis simplex, where it
localises to the secretory gland and basal layer of the cuticle of
L3 (Rodriguez-Mabhillo et al., 2007).

Serine proteases are implicated in the processing of cuticular
proteins during moulting and development (see collagen
N-terminal processing section), and serine protease inhibitors may
regulate or control this class of proteases (Drake et al., 1994). A
serine protease inhibitor (Ov-SPI-1) was identified in the L3 stage
of O. volvulus, with expression increasing in the moulting larvae
and adults. Ov-SPI-1 is located in the basal layer of the cuticle of
L3, moulting L3 and L4, and in the sperm and eggshells in adults.
RNAi of SPI-1 causes an 84% decrease in moulting and viability of
L3. O. volvulus blisterase is found in the same cuticle regions in
moulting L3 as Ov-SPI-1, so could be a potential target of Ov-SPI-1
(Ford et al, 2005). Ov-SPI-1 homologues are found in the
parasitic nematodes B. malayi, D. immitis, L. sigmodontis, A. suum
and Ascaris lumbricoides.

A cross-class inhibitor of serine proteases and cysteine
proteases (SRP-2) is present in C. elegans during postembryonic
development and is a member of the clade L serpins, of which there
are additional genes in C. elegans. It is present in the eggshell and in
the intestine, hypodermis and cuticle of larvae and adults, suggest-
ing a potential role in development. Overexpression of this gene
leads to slow growth, defective moulting (i.e. failure to shed the
old cuticles), and early (L1/L2) larval arrest/death. The cysteine
protease, CPL-1, is present in C. elegans in the hypodermis, intes-
tine, pharynx, gonad, eggshell and cuticle, and its expression
increases ~4 h prior to each moult, suggesting a potential role in
degrading cuticular proteins. RNAi of cpl-1 results in similar effects
as SRP-2 overexpression: embryonic arrest and slow growth (Pak
et al.,, 2004). As yet, no SRP-2 homologues have been identified in
parasitic nematodes.

6. Other potential targets of the nematode cuticle

External enzymes, such as papain, bromelain, collagenase,
chitinase and lipase, cause structural damage to the cuticle, leading
to the death of the plant parasitic nematode, Tylenchorhynchus
dubius, but not the plant parasitic nematodes, Hoplolaimus
tylenchiformis and Pratylenchus penetrans. These external enzymes
do, however, cause a decrease in the motility of these latter two nem-
atodes (Miller and Sands, 1977). Cuticle damage and a decrease in
nematode motility also occurred when Heligmosomoides polygyrus,
Trichuris muris, Protospirula muricola and the plant parasitic nema-
todes, M. incognita, Meloidogyne javanica and Globodera rostochiensis,
were incubated with plant cysteine proteases, such as papain and
bromelain, in vitro. This cuticle damage and loss of activity led to
nematode death. This digestion of the cuticle represents a novel
potentially exploitable, mechanism of action. Cuticle damage
occurred together with loss of worm motility. However, the cuticle
proteins that are sensitive to this plant cysteine protease digestion
remain unknown, although as only the post-infection stages are
affected, this suggests that the susceptible cuticle components
are in the parasitic stage cuticles, not the free living stage cuticles
(Stepek et al., 2005; Stepek et al., 2006, 2007a,b). Digestion of the
cuticle in vivo, just as in vitro, also occurred when H. polygyrus,
T. muris and P. muricola infected mice were treated with the
plant cysteine proteases, fruit bromelain and crude papaya latex
(Stepek et al.,, 2006, 2007a,b). H. polygyrus adult worms were
expelled rapidly within 4 h of treatment if they were damaged,
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Table 1

Summary of the reviewed cuticle biosynthesis and moulting targets in C. elegans and their known parasitic nematode orthologues.

Cuticle biosynthesis stage Potential target in C. elegans

Parasitic nematodes with orthologues

Proline hydroxylation P4H, (DPY-18, PHY-2)
PDI-2

PDI-2

PPlase (FKB-4, FKB-5)
BLI-4

BLI-5

DPY-31

BLI-3

MLT-7

LRP-1

LET-767
NHR-23, NHR-25
MLT-10

TRXR-1

GSR-1

NAS-36

NAS-37

ACN-1

CPL-1

CPL-5

CPZ-1

CPI-2a

SRP-2

Disulphide formation
Procollagen trimerisation/proline isomerisation
Collagen N-terminal processing

Collagen C-terminal processing
Collagen cross-linking

Moulting

B. malayi (Bma-PHY-1, -2)
B. malayi (Bma-PDI-2)
B. malayi (Bma-PDI-2)

0. volvulus (blisterase)
H. contortus, B. malayi
H. contortus, B. malayi
Meloidogyne incognita
H. contortus, B. malayi

Hc-BLI-5, Bm-BLI-5)
Hc-DPY-31, Bm-DPY-31)
Miduox)

Hc-MLT-7, Bm-MLT-7)

B. malayi (Bm-MLT-10)

H. contortus, B. malayi (Hc-NAS-36, Bm-NAS-36)

B. malayi (Bm-CPL-1), O volvulus (Ov-CPL-1), H. controtus (Hc-CPL-1), S. vulgaris CPL-1
B. malayi (Bm-CPL-5), O volvulus (Ov-CPL-5),

0. volvulus (Ov-CPZ), T. canis (Tc-CPZ), B. malayi (Bm-CPZ-1)

B. malayi, L. sigmodontis, A. viteae, O. volvulus (Ov-CPI-2), A. simplex
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resulting in a decrease in faecal egg count by 87-97% and a
decrease in worm burden by 92%, suggesting that cysteine
proteases from plants may be a candidate for novel anthelmintics.
However, this treatment has no effect against the development of
mucosal-dwelling L3 and L4 stages, only the adults in the gut
lumen (Stepek et al., 2007b). Proteases from nematophagous
bacteria and fungi can penetrate the cuticle of plant parasitic
nematodes, causing infection of the nematode (Tian et al,
2009). Serine proteases from Bacillus (Lian et al., 2007;
Huang et al., 2009), Hirsutella rhossiliensis (Wang et al., 2009),
Paecilomyces lilocinas (Yang et al, 2011) and Pezizomycotina
(Li et al., 2010) degrade the nematode cuticle, causing death of
the nematode.

Thus, serine proteases from bacteria and fungi, and cysteine
proteases from plants degrade nematode cuticles; however, the
cuticle substrates for these proteases are still, as yet, unknown,
indicating a requirement for further studies to determine these
cuticle substrates that are strong potential candidates for novel
targets for the much-needed new drugs or vaccines.

7. Concluding remarks

Significant progress has been made regarding our understand-
ing of the structure, assembly and turnover of the C. elegans
nematode cuticle. Many of the key enzymes involved in this pro-
cess have now been identified and described in several important
parasitic nematode species (Table 1). It is becoming clear that
enzymes involved in the biogenesis of this critical exoskeleton
and more significantly, in the moulting process, represent a chink
in the armour of these resilient metazoans. With the advent of
completed genomes and the development of crucial experimental
tools such as RNA interference, research into the enzymology of
the cuticle in the parasitic nematodes is entering a promising era
that may uncover novel drug targets and their inhibitors.
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