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ABSTRACT

Apical extracellular matrices (aECMs) are associated with all epithelia and form a
protective layer against biotic and abiotic threats in the environment. C. elegans molting
offers a powerful entry point to understanding developmentally programmed aECM
remodeling. Several protease inhibitors are implicated in molting, but their functions
remain poorly understood. Here we characterize mlt-11, an unusual protease inhibitor
with 10 conserved Kunitz domains. MLT-11 oscillates and is localized in the cuticle and
in lysosomes in larvae and in the embryonic sheath starting at the 3-fold embryo stage.
mit-11 (RNAI) produced a developmental delay, motility defects, failed apolysis, and a
defective cuticle barrier. mlt-11 null and C-terminal Kunitz domain deletion mutants are
embryonic lethal while N-terminal deletions cause a rolling phenotype indicative of cuticle
structure abnormalities. mlt-11 activity is primarily necessary in seam and hypodermal
cells and accordingly mit-11 (RNAI) causes defects in localization of the collagens ROL-
6 and BLI-1 over the cuticle. mit-11 (RNAi) molting phenotypes can be suppressed by
genetically inhibiting endocytosis. Our model is that MLT-11 is acting in the aECM to
coordinate remodeling and timely ecdysis.

INTRODUCTION

Specialized extracellular matrices cover the apical surface of all epithelial cells and form
the skin in almost all animals (Li Zheng et al., 2020). These apical extracellular matrices
(aECMSs) also line the lumen of internal tubular epithelia to form a protective layer against
biotic and abiotic threats (Li Zheng et al., 2020). Despite their importance, understanding
the structure and dynamics of aECM components in development and disease remains
challenging.

C. elegans is emerging as a powerful model to study aECM structure and remodeling.
They have a collagen-based ECM so understanding its assembly may provide insight into
mammalian skin (Page and Johnstone, 2007). The components of the cuticle are
secreted by hypodermal and seam cells and are assembled in distinct layers (Page and
Johnstone, 2007). During each larval stage animals must build a new aECM underneath
the old one, separate the old aECM (apolysis) and then shed it (ecdysis) (Lazeti¢ and
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Fay, 2017b). A specialized, transient structure known as the pre-cuticle is thought to
pattern the new cuticle and is then shed during ecdysis (Cohen and Sundaram, 2020).
The sheath is a similar structure in embryos which ensures embryonic integrity and directs
force during elongation (Vuong-Brender et al., 2017). The vulval aECM has recently been
shown to be highly dynamic, and specialized aECMs also line the rectum and excretory
system (Cohen et al., 2019; Cohen et al., 2020; Gill et al., 2016).

A major question is how is the aECM remodeled during molting? Proteases are required
for ecdysis in both C. elegans and in parasitic nematodes, presumably by promoting
apolysis, though some are thought to function in collagen processing (Davis et al., 2004;
Hashmi et al., 2004; Kim et al., 2011; Stepek et al., 2011). Protease inhibitors have been
implicated in molting through RNAI screening, and have been suggested to suppress
ecdysis (Frand et al., 2005; Lazeti¢ and Fay, 2017b). BLI-5 has homology to the Kunitz
domain family of protease inhibitors and mutations cause molting defects. However,
recombinant BLI-5 enhanced the activity of two serine proteases from distinct classes
(Page et al., 2006; Stepek et al., 2010). MLT-11 is another putative protease inhibitor in
the Kunitz family and mlt-11 (RNAi) causes molting defects (Frand et al., 2005). mit-11
MRNA oscillates, peaking mid molt and its expression is regulated by NHR-23, a nuclear
hormone receptor transcription factor necessary for molting (Frand et al., 2005). However,

mlt-11 remains poorly characterized.

Here we demonstrate that MLT-11 is localized to the cuticle, lysosomes, the rectal
epithelium, excretory duct lumen, and vulval lumen. It is also secreted into the
extracellular space in embryos before localizing to the cuticle prior to hatching. mi/t-11 null
alleles cause embryonic lethality, characterized by disorganization of adherens junctions.
RNA. in larvae causes developmental delay, apolysis, and ecdysis defects. mlt-11 activity
in seam cells is necessary for molting and a normal developmental rate. mit-11
inactivation causes a defective cuticle barrier and aberrant localization of the collagens
ROL-6 and BLI-1. Genetic data suggests that MLT-11 acts in the aECM. This work
provides the first insight into how MLT-11 functions to promote embryogenesis and aECM
integrity during molting.
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Fig. 1. mit-11 is expressed in larval and embryonic epidermal cells. (A) Genome browser track of
mit-11 promoter depicting NHR-23 and H3K4me3 ChIP-seq peaks and conservation calculated across
26 nematode species. The promoter used in Fig. 1B and 1C and Frand et al. (2005) are indicated.
Genomic sequence on chromosome V is indicated above. mit-11p::mNeonGreen (mNG), DIC, and
overlay images of the indicated larval and adult (B) and embryonic (C) stages. In B, white arrows indicate
seam cells (top), rectal epithelial cells (middle) and vulval cells (bottom) and yellow arrows indicate
hypodermal cells near rectum. Images are representative of 40 animals examined over two biological
replicates. Scale bars in B are 20 ym and in C are 10 um.

RESULTS

mlt-11 is expressed in embryonic, larval, and adult epidermal cells

mlt-11 has been reported to be an NHR-23 target gene (Frand et al., 2005). There are
four NHR-23 ChlIP-seq peaks in the mlt-11 promoter (Johnson et al., 2022), and the
sequences under these peaks are highly conserved in other nematodes (Fig. 1A; see

Conservation track). There are additional areas of the promoter which display elevated
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88 conserved sequence, which may indicate other regulatory elements (Fig. 1A). We used
89 2.8 kilobases of upstream sequence to create a single copy mlt-11p::NLS::mNeonGreen
90 promoter reporter. We note that this sequence differs in part from the promoter used by
91 Frand et al., 2005 (Fig 1A). Expression in embryos was first detected at the bean stage
92 in posterior epithelial cells and persisted through the 3-fold stage spreading more
93 anteriorly (Fig. 1C). Expression was detected in hypodermal, rectal and vulval cells in
94  both larvae and adults as well as seam cells in larvae (Fig. 1B).
95
96 MLT-11is an oscillating secreted protein that localizes to the aECM and lysosomes
97 To determine where MLT-11 localized, we knocked an mNeonGreen::3xFLAG cassette
98 into the 3’ end of the gene producing a C-terminal translational fusion that labels all
99 described mit-11 isoforms (Fig. 2A). MLT-11::mNeonGreen::3xFLAG (MLT-11::mNG)
100 was detected in the excretory duct, hypodermal cells, seam cells and the rectum (Fig.
101 2B). In the hypodermis MLT-11::mNG was non-nuclear and either diffuse through the
102  cytoplasm or in bright punctae, lysosomal based on morphology (Miao et al., 2020). The
103  cytoplasmic expression was reminiscent of secreted proteins. We confirmed that this
104  pattern reflected localization to the endoplasmic reticulum through co-localization with an
105 mCherry:: TRAM marker (Fig. 2C)(Chen et al., 2012). MLT-11::mNG localization in the
106  vulva was dynamic. In early L4 (stage 4.3 by vulva morphology) MLT-11::mNG was
107  lumenal and by mid-L4 (stage 4.5) we saw expression within the vulD cell (Fig. 2D). In
108 late L4 (stage 4.8) MLT-11::mNG was robustly expressed in vulD and in the vulval lumen
109  (Fig. 2D). In embryos, MLT-11::mNG was first observed at the bean stage (Fig. 2E). From
110  this stage to the 3-fold stage MLT-11::mNG appeared to be secreted, localizing in the
111 space between the embryo and the eggshell with enrichment at the embryo epidermis
112  (Fig. 2E). During elongation, MLT-11::mNG perinuclear expression was observed,
113  reminiscent of the collagen DPY-7 localization to embryonic endoplasmic reticulum
114  (McMahon et al., 2003). Before hatching there was a striking shift in MLT-11::mNG
115 localization where it labeled annuli in the aECM (Fig. 2E). Immunoblotting revealed that
116  MLT-11 oscillates, and three isoforms were detected (Fig. 2F). Two isoforms are large
117 (260 kDa) and align with the predicted size of full-length MLT-11 isoforms with an mNG
118 tag (268.5-371.4 kDa); these isoforms peak in early L4 and rapidly disappear (Fig. 2H).
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Fig. 2. MLT-11 localization. (A) Schematic of mlt-11::mNG::3xFLAG knock-in. (B) MLT-11::mNG
localization in the indicated tissues along with DIC overlay. Boxes on the left are magnified cellular or
subcellular structures within the larger images to the right. (C) MLT-11:mNG overlay with
mCherry::TRAM. (D) MLT-11::mNG vulval localization in the indicated L4 stages. (E) MLT-11::mNG
localization in the indicated embryonic stages. Images are representative of 40 animals examined over
two biological replicates. Scale bars in B and C are 20 ym and in E are 10 ym. (H) Immunoblotting with
the indicated antibodies of mit-11::mNG::3xFLAG lysates harvested at the indicated time points post-

release. A developmental stage for each time point as determined by vulva morphology is provided (Mok
et al., 2015).

119 A ~50-70 kDa band smaller than any predicted isoform appears in early L4 and persists
120  until late L4 (Fig. 2H). Together, these data indicate that MLT-11 is an oscillating secreted
121 protein with dynamic localization to aECM in embryos and larvae.
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Cysteine #1 Cysteine #2
KunitzDomain1/1-58 | TKEEVGV- SLPGPE- - - - - - HGSF 17
KunitzDomain2/1-70 1 ------- PENNKVVGLQTSGARATRESLP- KERGPE- - - - - - DKYE 32
KunitzDomain3/1-64 | R TTTDSVNRELHP- RDSGNE- - - - - - RGQF 22
KunitzDomain4/1-59 | T PDFSQVESND- VDAGEE- - - - - - NGVF 20
KunitzDomain5/1-61 | RN MAMKKSPVATE@EAD- IEVGEE- - - - - - AGVF 24
KunitzDomain6/1-71 1 ------ KPDQLPNLPRNLAAQIEEKELQP- VEPGPE- - - - - - KNFA 33
KunitzDomain7/1-56 | B GRVVEAMP- PDAGVE- - - - - - TNYT 18
KunitzDomain8/1-67 | I R PHHVILAQVPDRESFD- KDSGEGSG- - - - - - KGYN 26
KunitzDomain9/1-56 | B R ANPLEIQP- VVKGSE- - - - - - QEAH 18
KunitzDomain10/1-83 1 DEKKEVEEEDVTTTTEKMMVQDKSVEQ IKP SEGRVEINDSETPTRTN 46
BPTI/1-53 | T FELEP - PYT.P —————— KART 15
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Fig. 3. MLT-11 Kunitz domain alignment. Alignment of the ten MLT-11 Kunitz domains to Bovine
Pancreatic Trypsin Inhibitor (BPTI). Positions of the six cysteine residues critical for the structure of each
Kunitz domain are indicated above.

mlt-11 is an essential gene required for embryogenesis and molting

MLT-11 is predicted to be a large protein (234-341 kDA) with a signal sequence, a
thyroglobulin domain, and 10 Kunitz protease inhibitor domains (Fig. 3, 4A). A key feature
of Kunitz domains is the presence of 6 conserved cysteine residues which form three
disulfide bonds critical for stabilizing the domain (Ranasinghe and McManus, 2013; Fig.
3). While Kunitz domain 8 may not be active as it is missing cysteines in the second and
fourth position, the remaining Kunitz domains appear functional as they contain key
conserved residues (Fig. 3). To gain insight into MLT-11 structure and function, we
generated a deletion series to determine which domains were necessary for mit-11
function. Homozygous deletion of the signal sequence, Kunitz domains 2-10, 3-10, or 7-
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135 10 caused embryonic lethality. We balanced the mutations genetically by crossing to a
136  strain with a myo-2p::GFP::unc-54 3'UTR cassette inserted into F46B3.7, a gene roughly
137  40kb away. We never observed progeny from balanced mutant worms lacking GFP.
138 There was no evidence of haploinsufficiency as we could maintain balanced deletion
139  strains. Additionally, these balanced worms produced roughly 25% dead embryos, a rate
140 expected for a homozygous lethal mutation (Fig. 4C). In contrast, Kunitz domain 10

141 appeared dispensable for development as deletion animals were viable (Fig. 4C).
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Fig. 4. The MLT-11 C-terminus is essential for embryonic development. (A) Schematic of the mit-
11 genomic locus with location of the indicated domains and deletions generated by genome editing. (B)
Representative DIC and DLG-1::mNG images of embryos laid by a mit-11(AKunitz 3-10)/+ animal. One-
quarter of the embryos show the disrupted DLG-1 pattern on the right. Images are representative of 40
animals examined over two biological replicates. White arrows show invaginations of the outer
membrane in homozygous mutant embryos. Blue star indicates the suspected aggregation of epithelial
cells in homozygous mutant embryos. Scale bars are 20 um. (C) Embryonic viability of the indicated
mit-11 deletion mutants.
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Deletion of Kunitz domains 1-2, 3-5 and 3-6 were completely viable, producing no dead
eggs as homozygotes, but instead had coordination defects rolling to the right during
forward movement. Given MLT-11::mNG expression in embryos (Fig. 2), we next
examined the nature of the embryonic lethality in mlt-11 deletion mutants using a DLG-
1::mNG allele to mark adherens junctions (Heppert et al., 2018). In control embryos, DLG-
1::mNG labeled adherens junctions in the pharynx, intestine, and hypodermis (Fig 4B). In
contrast, Kunitz 3-104 embryos matched to the same stage displayed severe

disorganization (Fig. 4B). The pharynx and foregut adherens junctions appeared wild
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Fig. 5. mit-11 knockdown causes developmental delay, molting defects, and reduction of motility.
(A and B) Images of MLT-11::mNG in control, mit-11 (RNAi), or mNeonGreen(RNAI) animals with and
without a DIC merge. (C) Representative images of molting defects in mit-11 (RNA|) animals. The bracket
highlights a corset phenotype, the white arrow a discontinuous alae and the black arrow, residual cuticle
material stuck onto the alae following ecdysis. In A-C Scale bars are 20 ym and images are
representative of 40 animals examined over two biological replicates. (D) Animals were synchronized by
a timed egg lay on control or mit-11 (RNAi) plates and scored for developmental stage 48 hours later
using vulval development (Mok et al., 2015). Data are pooled from two independent replicates (E) 20 L4
animals grown on control or mit-11 (RNAi) plates were picked into a drop of M9+gelatin and thrashes
were counted for one minute.
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150 type, but the remainder of the junctions were disorganized and there was evidence of
151  invaginations in the hypodermis (Fig. 4B). These data implicate the signal sequence and
152  Kunitz 7-10 region as being essential for embryonic development.

153

154  mlit-11 knockdown causes defective cuticle structure and function

155  As we were interested in the role of mlt-11 in promoting molting, we turned to RNAI. Both
156  mlt-11 (RNAi) and mNeonGreen (RNAI) reduced levels of MLT-11::mNG (Fig. 5A,C), and
157  resulting phenotypes included ecdysis defects where animals were trapped in the old
158 cuticle or failed to shed the old cuticle producing a corset (Fig. 5B). We also observed
159  disorganized and discontinuous alae (Fig. 5B). mi/t-11 (RNAi) animals developed more
160  slowly than control animals (Fig. 5D) and appeared to move more slowly. To test whether
161  mit-11 (RNAI) caused a locomotion defect, we performed a thrashing assay, scoring body
162  bends/minute. mlt-11 RNAI caused nearly a 2.5-fold decrease in thrashing compared to
163  control animals (Fig. 5E). To determine in which tissue(s) mlt-11 was necessary to
164  promote molting we used a set of tissue-specific RNAi strains (Fig. 6A). mlt-11 knockdown
165 in JDW371, a tissue-specific RNAI strain that restricts knockdown to seam, hypodermal,
166  and intestinal cells (Johnson et al., 2022), phenocopied m/t-11 (RNAi) in wildtype or mit-
167  11::mNG (JDW391) animals with respect to developmental delay and molting defects
168  (Fig. 6A-C). mit-11 (RNAI) in QK52, a hypodermal and seam cell-specific RNAI strain,
169  produced less penetrant developmental delay and molting defects (Fig. 6A-C). Notably,
170 mit-11 (RNAi) in a hypodermal-specific RNAi strain, JDW510, produced no
171 developmental delay or molting defects, suggesting that mlt-11 activity is necessary in
172  seam cells.

173

174  mlit-11 inactivation causes defects in aECM structure and function

175  The developmental delay and molting defects caused by seam cell specific mlt-11 (RNAI)
176  were reminiscent of our recent work on nhr-23 (Johnson et al., 2022). As NHR-23
177  depletion causes a defect in the cuticle barrier, we tested whether mlt-11 inactivation also
178  compromises this barrier. We incubated control and m/t-11 (RNAi) animals with the cuticle
179 impermeable, cell membrane permeable Hoechst 33258 dye and scored animals with
180  stained nuclei. In control animals we observed no Hoechst staining while in mit-11 (RNAI)

10
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Fig. 6. mit-11 is necessary in seam cells for molting and larval development. (A) Tissue-specific
RNAI strains used. A timed egg lay of animals of the indicated genotype were performed on control or
mlit-11 (RNAI) plates and phenotypes were scored three days later. (B) Representative images of control
and mit-11 (RNAI) on the indicated strains. The red box highlights conditions that produced smaller larvae
with molting defects. (C) Developmental delay was scored in the indicated strains grown on control or
mlt-11 (RNAi) plates and classified as a failure to reach adulthood after 72 hours of growth. (D) Molting
defects were scored in the indicated strains on control or mit-11 (RNAI) plates. Scored defects included
animals dragging cuticles, ecdysis failure and cuticle corsets. Tissue-specific RNAI data is from two
independent replicates.
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182  depleted animals (Johnson et al., 2022), mlt-11 (RNAi) also caused sensitivity to hypo-
183  osmotic shock (Fig. 7C) and activation of an nip-29::GFP promoter reporter activated by
184 infection, acute stress, and physical damage to the cuticle (Fig 7D; Pujol et al., 2008;
185  Zugasti and Ewbank, 2009).

186

187  Weak nekl alleles suppress mit-11 (RNAi) phenotypes

188  We observed MLT-11::mNG localization to lysosomes and the aECM in the cuticle, rectal
189  epithelium, vulva, and excretory duct (Fig. 2) and mlt-11 inactivation caused defects in
190 the aECM barrier function and localization of select aECM components (Fig. 7). MLT-11
191  could be acting directly in the aECM or could function in lysosomes, as this organelle has
192  been shown to play an important role in aECM remodeling during molting (Miao et al.,
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Fig. 7. mit-11 knockdown causes defective aECM structure and function. (A,B)

Synchronized animals were grown on control or mit-11 (RNAI) plates for 48 hours before being washed
off and incubated with the cuticle impermeable/membrane permeable Hoechst 33258 dye.
Representative images are shown in A. Quantitation of Hoechst 33258 nuclear staining in control and
mit-11 (RNAJ) animals. Data from 40 worms are pooled from two independent replicates. (C) Hypo-
osmotic shock assay. 40 synchronized control and mlt-11 (RNAi) young adult animals were picked into
200 pl of dH20 and viability was scored 20 minutes later. Two biological replicates were performed and
data pooled. (D) Representative images of animals carrying an nip-29p::GFP reporter grown on control
or mit-11 (RNAI) plates. The reporter is activated by infection, acute stress, and physical damage to the
cuticle (Pujol et al., 2008; Zugasti and Ewbank, 2009). Several biological replicates were performed and
over 100 animals scored.
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193  2020). To distinguish between these possibilities, we examined the genetic interaction
194  between mlit-11 (RNAIi) and weak nekl alleles. nekl-2 and nekl-3 encode NIMA-related
195  kinases that regulate endocytosis and are required for completion of molting (Joseph et
196  al., 2020; Lazeti¢ and Fay, 2017a; Yochem et al., 2015). Weak nekl-2 and nekl-3
197  hypomorphs are viable but display reduced clathrin-mediated endocytosis (Joseph et al.,
198 2020). We reasoned that if MLT-11 acted in the aECM then weak nekl alleles might
199  suppress the mit-11 (RNAI) defects by trapping more MLT-11 in the aECM. Conversely,
200 if MLT-11 activity was necessary in lysosomes then weak nekl alleles might enhance the
201 mit-11 (RNAI) defects by reducing the amount of MLT-11 that is trafficked to lysosomes.
202  Weak nekl-2(fd81) and nekl-3(gk894345) alleles suppressed the small body size of mit-
203 11 (RNAi) animals (Fig. 8A-C) and suppressed mlt-11 (RNAi) molting defects (Fig 8D).
204

205 NHR-23 depletion causes reduced levels and mis-localization of the medial cuticle layer
206  strut collagen BLI-1 and defective localization of the basal layer collagen ROL-6 (Johnson
207 et al., 2022), so we examined the effect of mit-11 (RNAi) on these markers. In control
208 animals, BLI-1::mNG localized to regularly spaced punctae in rows and was excluded
209 from the area of the aECM over seam cells (Fig. 8F). mit-11 (RNAi) caused BLI-1 to
210 localize to larger, irregularly spaced punctae which were also found over the seam cells
211 (Fig. 8F). This exclusion zone and BLI-1::mNG organization pattern were partially
212  restored in weak nekl allele worms grown on mit-11 (RNAi). ROL-6::mNG, in control
213 animals, localized to striped annuli, with an irregular but tight zipper-like pattern over
214  seam cells (Fig. 8G). mit-11 (RNAi) animals displayed thick and aggregated ROL-6::mNG
215  with a large gap over seam cells where left and right side extensions typically meet (Fig.
216 8G). Weak nekl allele worms treated with mit-11 (RNAi) had a similar aggregation of
217  ROL-6::mNG over hypodermal cells, but more frequent connections across seam cells to
218 ROL-6::mNG in annuli on the opposite side. These data indicated that milt-11 is
219  necessary for aECM structure and MLT-11 acts in the aECM to promote development

220 and molting.
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Fig. 8. Weak nekl alleles suppress mit-11 (RNAi) defects. (A) Representative images of animals of
the indicated genotypes grown on control or mit-11 (RNAI) plates. Average length (B) and width (C) of
animals of the indicated genotypes grown on control or mlt-11 (RNAI) plates. Horizontal black lines
indicate average from 2 independent experiments. Synchronized animals of the indicated genotypes
were grown on control or mit-11 (RNAI) plates and scored for the number that displayed molting defects
(D). Schematic displaying the primary layers and structures making up the C. elegans cuticle including
the localization of ROL-6 and BLI-1 collagens used in (F) and (G). Representative images of rol-6::mNG
(F) and bli-1::mNG (G) animals grown on control or mit-11 (RNAI) plates. Scale bars are 20 um. Two
independent experiments were performed and a minimum of 30 worms observed. In F, white stars
indicate where the seam cells and alae are located.

222 DISCUSSION

223 How aECMs are dynamically remodeled during development and disease remains poorly

224 understood. Using the C. elegans cuticle as a model aECM we demonstrate a role for the
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225  protease inhibitor MLT-11 in promoting embryogenesis, molting, wild type developmental
226 rate, and the aECM barrier. MLT-11::mNG oscillates and localizes to the aECM in the
227 larval cuticle, vulva, rectum, and excretory pore, and is also in lysosomes. In embryos,
228 MLT-11::mNG is secreted into the space between the eggshell and the embryo and then
229 localizes to the cuticle prior to hatching. Tissue-specific RNAi data indicates that mit-11
230 primarily acts in seam cells. Depletion of mlt-11 results in mislocalization of the collagens
231  ROL-6 and BLI-1, and genetic data suggests that MLT-11 functions primarily in the aECM.
232

233  We observed three distinct phenotypes depending upon the severity of mlt-11 mutation
234  ordepletion: i) embryonic lethality; ii) larval molting defects and developmental delay; and
235 iii) rolling. Any C-terminal deletions removing Kunitz domains 7-10, including Kunitz 2-10
236 and Kunitz 3-10 deletions, produced embryonic lethality (Fig. 4). DLG-1::mNG revealed
237  severe disorganization of adherens junctions in these mutants with defects being most
238 pronounced in the hindgut and hypodermis (Fig. 4). One possibility is that MLT-11 is
239 required for embryonic sheath function. The embryonic sheath is an aECM that preserves
240 embryonic integrity and distributes force during embryo elongation (Kelley et al., 2015;
241 Vuong-Brender et al., 2017). MLT-11 is secreted during the window of morphogenesis,
242  when the embryo elongates. One model is that MLT-11 restrains protease activity to
243  ensure sheath integrity during elongation and in its absence the sheath is compromised.
244  Inactivation of sheath components has been shown to cause embryo arrest and rupturing
245  (Vuong-Brender et al., 2017). It is unclear whether the molting defects and developmental
246  delay incurred by mit-11 (RNAI) reflect a distinct molecular defect or arise from a similar
247  role for MLT-11 during larval aECM remodeling. The collagens ROL-6 and BLI-1 exhibited
248  aberrant localization in mlt-11 (RNAI) treated larvae. A conditional deletion approach
249  would be ideal to create a mit-11 null in larvae, bypassing the embryo phenotypes.

250

251 Our Kunitz 1-2, 3-5 and 3-6 deletions all produced a weak right roller phenotype. The
252  mapping locus rol-9 was recently discovered to be encoded by a gain-of-function mit-11
253 allele (Rich et al.,, 2022). How does a protease inhibitor mutation cause a roller
254  phenotype? Aside from mlt-11, the only non-collagen roller gene is rol-3, which encodes
255 a predicted receptor tyrosine kinase (Jones et al.,, 2013). ROL-3 is hypodermally
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256 expressed and necessary for ecdysis and cuticle formation (Jones et al., 2013). rol-3
257  mutations cause defects in seam cell formation and mlt-11 is necessary in seam cells for
258 developmental progression and molting (Fig. 6). One possibility is that weak mlt-11 alleles
259 provide sufficient activity to promote ecdysis but elevated protease activity disrupts
260 collagen processing, leading to a roller phenotype. Interestingly, mlt-11 (RNAi) disrupts
261 ROL-6::mNG localization and specific alleles of both m/t-11 and rol-6 cause a right roller
262 phenotype. In the future it will be interesting to test whether mlt-11 and rol-3 genetically
263 interact and whether mlit-11 inactivation affects the localization of collagens that when
264  mutated produce left roller phenotypes.

265

266  Transcription factors regulate complex networks of genes to control cellular and
267 developmental processes. Assigning the regulation of a single regulated gene to a
268 phenotype incurred by inactivation of a given transcription is challenging. NHR-23
269 depletion causes developmental delay, molting defects, and defective aECM structure
270 and barrier function (Johnson et al., 2022). Strikingly, m/t-11 (RNAi) phenocopies NHR-
271 23 depletion in many regards. Both cause developmental delays, apolysis defects, and a
272  loss of the aECM barrier function (Fig. 5-7; Johnson et al., 2022). The ROL-6:mNG
273 localization defects are highly similar, with annular disorganization and a gap over the
274  seam cells (Fig. 8; Johnson et al., 2022). Tissue-specific RNAi indicates that the seam cells
275 are a key site of action for both nhr-23 and mlt-11, though nhr-23 activity also appears
276 necessary in hypodermal cells (Fig. 6; Johnson et al., 2022). NHR-23-regulated genes
277  are enriched in protease inhibitors (Johnson et al., 2022), and mlt-11 is a critical gene for
278  promoting aECM remodeling during molting (Fig. 8). An open question is whether MLT-
279 11 is unique in mediating the NHR-23-dependent molting program or whether these
280 terminal phenotypes are a common feature of disrupting components in the NHR-23 gene
281 regulatory network. Given that mlt-11 is a protease inhibitor gene, the common
282  phenotypes suggest that some aspects of the NHR-23 depletion phenotype may be due
283 to unrestrained protease activity. ldentifying which protease(s) that MLT-11 inhibits and
284  the protease substrates is a critical future direction.

285
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286 Why does MLT-11 have so many Kunitz domains? The extensively studied bovine
287  pancreatic trypsin inhibitor has a single Kunitz domain (Ascenzi et al., 2003), as do other
288  proteins such as Alzheimer Precursor Protein (Beckmann et al., 2016). Others such as
289 Tissue Factor Pathway Inhibitor and C. elegans MEC-9 have multiple Kunitz domains
290 (Broze and Girard, 2012; Du et al., 1996). One possibility was that the large number of
291  Kunitz domains in C. elegans MLT-11 arose through recent duplication. Arguing against
292  this possibility many Caenorhabdid species, as well as more distantly related nematodes
293  (P. pacificus, O. vovlulus, B. malayi) have large MLT-11 homologs with predicted signal
294  sequences and 10 Kunitz domains (Fig. S1). In C. elegans, Kunitz domains 1-6 and 10
295 appear dispensable whereas deletion of Kunitz domains 7-9 causes embryonic lethality
296 (Fig. 4). Notably, there is additional sequence flanking Kunitz domain 9 that is conserved
297  (Fig. S1). Interestingly, our immunoblotting experiments detect a smaller isoform of 50-
298 70 kDa that could be produced by cleavage at or near the start of Kunitz domain 9. An
299 interesting approach would be to exogenously express a C-terminal fragment of mit-11
300 containing Kunitz domains 7-10 in worms with an endogenous null allele of mlt-11 to see
301 if this region is sufficient to rescue embryonic inviability. We would reasonably expect
302 these rescued worms to be right rollers as our deletion strains lacking Kunitz 1-2, 3-5 and
303 3-6 are right rollers.

304

305 Our data could suggest that the different Kunitz domains may play distinct roles, or that
306 their location within the protein is important. Kunitz domains work as competitive protease
307 inhibitors, which would suggest that MLT-11 could serve as a scaffold to bind to and
308 inactivate proteases. Kunitz domains tend to inactivate serine proteases, yet there are no
309 serine proteases implicated in molting (Frand et al., 2005). nas-37, an astacin
310 metalloprotease, peaks in expression 30 minutes after m/t-17 mRNA peaks in expression
311 and genes expressed at similar points in development often function in common
312  processes (Davis et al., 2004; Farrell et al., 2018; Hendriks et al., 2014; Meeuse et al.,
313 2020). MLT-11 may regulate uncharacterized protease inhibitors or could inactivate
314  different classes of protease inhibitors. An unusual family of Kunitz domain protease
315 inhibitors from the parasitic nematode Fasciola hepatica was shown to inhibit cathepsin
316 proteases, not serine proteases (Smith et al., 2020). Alternatively, MLT-11 may not
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317 function as a protease inhibitor. The Kunitz domain containing molting factor BLI-5 was
318 shown to enhance the activity of two serine proteases, rather than inhibit them (Stepek et
319 al.,, 2010). Similarly, the ADM-2 protease regulates molting by modulating levels of the
320 low-density lipoprotein receptor—related protein, LRP-1, through a mechanism
321 independent of its protease activity (Joseph et al., 2022).

322

323  Future perspective

324  Our characterization of MLT-11 provides an entry point into understanding how proteases
325 and protease inhibitors interact to promote aECM remodeling. Going forward, exploring
326 whether MLT-11 plays roles in specialized aECM such as the vulval lumen, excretory
327 duct, and glial socket cuticle will be important. As proteases are important targets to
328 combat parasitic nematode infections, understanding how they are regulated during
329 development by endogenous protease inhibitors will be critical to develop novel
330 approaches to combat this group of devastating pathogens.

331 MATERIALS AND METHODS

332 Strains and culture

333 C. elegans were cultured as originally described (Brenner, 1974), except worms were
334 grown on MYOB media instead of NGM. MYOB agar was made as previously described
335 (Church et al., 1995).

336 Strains created by injection in the Ward Lab and used in this study:

Name Genotype

JDW330 rde-1 (ne300) V.; jsTi1493 [mosL loxP mex-5p FLP sI2 mNeonGreen rpl-28p FRT GFP-HIS
58 FRT3 mosR] IV (Johnson et al., 2022)

JDW371 jsTi1493 {mosL loxP [wrdSi72(SCMp::pes-10delta::rde-1 CDS+3'UTR)] FRT3::mosR} IV
; rde-1(ne300) V (Johnson et al., 2022)

JDW380 jsTi1493 {mosL IloxP [wrdSi72(mlt-11(-2.8kb)p::mNeonGreen(dpi)::tbb-2 3'UTR)]
FRT3::mosR} IV
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JDW383 mit-11(wrd78[mit-11 Kunitz 2-10 deletion]), oxTi633 [eft-3p::tdTomato::H2B::unc-54
3'UTR / F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR + rps-27p::neoR::unc-54 3'
UTR + loxP]) V.

JDW385 him-8(e1489) IV, mit-11(wrd80[mit-11 Kunitz 7-10 deletion]), o0xTi633 [eft-
3p::tdTomato::H2B::unc-54 3'UTR] / F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR
+ rps-27p::neoR::unc-54 3' UTR + loxP]) V

JDW386 him-8(e1489) IV ; mit-11(wrd81[mit-11 Kunitz 10 deletion]), o0xTi633 [eft-
3p::tdTomato::H2B::unc-54 3'UTR] V

JDW387 mit-11(wrd82[mlit-11 Kunitz 3-10 deletion]) , oxTi633 [eft-3p::tdTomato::H2B::unc-54
3'UTR] / F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR + rps-27p::neoR::unc-54 3'
UTR + loxP]) V

JDW389 bli-1(wrd84[linker::mNeonGreen::3xFLAG::linker])

JDW391 mlt-11(wrd86[C-terminal mNeonGreen::3xFLAG]) V

JDW458 rol-6(wrd117[rol-6::C-term mNeonGreen (dpi)::3xFLAG::linker]) (Johnson et al., 2022)

JDW497 mit-11(wrd122[mlit-11 Kunitz 3-6 deletion]), oxTi633 [eft-3p::tdTomato::H2B::unc-54 3'
UTR] V

JDW503 mit-11(wrd124[mit-11  thyroglobulin  domain  deletion]) , 0xTi633 [eft-
3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc-119(+)] V

JDW504 mit-11(wrd125[mlt-11 Kunitz 3-5 deletion]) , oxTi633 [eft-3p::tdTomato::H2B::unc-54
3'UTR] + Cbr-unc-119(+)] V

JDW510 jsTi1493 {mosL loxP [wrdSi97(suro-1p::rde-1 CDS+3'UTR)] FRT3::mosR} IV ; rde-1
(ne300) V (Johnson et al., 2022)

JDW512 wrdEx40[dpy-7p::mCherry:: TRAM::unc-54 3 UTR]; mit-11(wrd86[C-terminal
mNeonGreen::3xFLAG]) V

337 Strains created by crossing in the Ward Lab and used in this study:

Strain Genotype Crossing Crossing

strain 1 strain 2
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JDW359 ezls2 Ill [fkh-6::GFP + unc-119(+)] ; him-8(e1489) IV ; | DZ325 VC4276
F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR +
rps-27p::neoR::unc-54 3' UTR + loxP]) V.

JDW401 mlt-11(wrd82[mit-11 Kunitz 3-10 deletion]) , oxTi633 [eft- | JDW387 LP598
3p::tdTomato::H2B::unc-54 3'UTR] /
F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR +
rps-27p::neoR::unc-54 3" UTR + IloxP]) V. dlg-
1(cp301[dig-1::mNG-C173xFlag]) X

JDW511 ezls2 [fkh-6::GFP + unc-119(+)] / + lll ; him-8(e1489) / + | EG7968 JDW359
Iv ;  mit-11(wrd126[mit-11  signal =~ sequence
deletion..mNG::3xFLAG]) / F46B3.7(gk5359[loxP +
myo-2p::GFP::unc-54 3' UTR + rps-27p::neoR::unc-54 3'
UTR + loxP]) V

JDW516 bli-1(wrd84[linker::mNeonGreen::3xFLAG::linker]) Il ;| WY1141 JDW389
nekl-3(gk894345) X
JDW517 rol-6(wrd117[rol-6::C-term-mNeonGreen WY1141 JDW458

(dpi)::3xFLAG::linker]) Il ; nekl-3(gk894345) X

JDW522 nekl-2(fd81);  rol-6(wrd117[rol-6::C-term-mNeonGreen | WY 1122 JDW458
(dpi)::3xFLAG:linker]) Il

JDW526 nekl-2(fd81);bli- WY 1122 JDW389
1(wrd84{linker::mNeonGreen::3xFLAG::linker]) Il

338 Strains provided by the Caenorhabditis Genetics Center:

N2 Wild-type

QK52 rde-1(ne219) V ; xkIs99(wrt-2p::rde-1::unc-54 3'UTR) (Melo and Ruvkun, 2012)

VP303 rde-1(ne219) V ; kbis7[nhx-2p::rde-1 + rol-6(su1006)]) (Espelt et al., 2005)

JU2039 mfls70 [lin-31p::rde-1 + myo2p::GFP] IV ; rde-1(ne219) V (Barkoulas et al., 2013)

WM118 rde-1(ne300) V ; nels9(nels9 [myo-3::HA::RDE-1 + rol-6(su1006)]) X (Watts et al.,
2020)
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MGH171 alxIs9 [vha-6p::sid-1::SL2::GFP] sid-1(qt9) V ; alxIs9 (Melo and Ruvkun, 2012)

WY 1122 nekl-2(fd81[Y84L,G88A]) | (Lazeti¢ and Fay, 2017a)

WY1141 nekl-3(gk894345) X (Lazetic and Fay, 2017a)

Dz325 ezls2 lll [fkh-6::GFP + unc-119(+)] ; him-8(e1489) IV (Chang et al., 2004)

VC4276 F46B3.7(gk5359[loxP + myo-2p::GFP::unc-54 3' UTR + rps-27p::neoR::unc-54 3' UTR

+JoxP]) V (Au et al., 2019)

LP598 dlg-1(cp301[dlg-1::mNG-C13xFlag]) X (Heppert et al., 2018)

EG7968 unc-119(ed3) lll; oxTi633 [eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc-119(+)] V
(Frokjeer-Jensen et al., 2014)

339

340 Other strains

341  NM5548 jsSi1579 jsSi1706 jsSi1726[loxP myo-2p FRT nlsCyOFP myo-2 3' mex-5p FLP
342 D5 glh-2 3' FRT3] Il was a gift from Dr. Michael Nonet and will be described elsewhere.
343 The sequence of this landing pad can be found on the Nonet lab website
344  (https://sites.wustl.edu/nonetlab/rmce-insertion-strains/ -last edited 6-4-2022) and is
345 inserted at an sgRNA within 50 base pairs away from the ttTi5605 insertion site.

346

347 Genome Editing

348  All plasmids used are listed in Table S1. Annotated plasmid sequence files are provided
349 in File S1. Specific cloning details and primers used are available upon request. JDW380
350 jsTi1493 {mosL IoxP [wrdSi72(mlit-11(-2.8kb)p::mNeonGreen(dpi)::tbb-2 3'UTR)]
351 FRT3:mosR} IV was created by recombination-mediated cassette exchange
352 (RMCE)(Nonet, 2020). A 2.8 kb mit-11 promoter fragment was initially Gibson cloned into
353 the NLS::mScarlet (dpi)::tbb-2 3’UTR vector pJW1841 (Ashley et al., 2021) to generate
354 pJW1934. The mScarlet cassette was then replaced with mNeonGreen (dpi) to generate
355 pdJW2229. The mit-11p (-2.8kb) mNeonGreen (dpi)-tbb-2 3'UTR fragment was PCR
356 amplified from pJW2229 and Gibson cloned into Sphl-HF+Spel-HF double digested
357 RMCE integration vector pLF3FShC to produce pJW2337. This vector was integrated into
358 NMS5179 and the SEC was excised as previously described (Nonet, 2020).
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359

360 mit-11 deletion strains were created by injection of Cas9 ribonucleoprotein complexes
361 (RNPs)(Paix et al., 2014; Paix et al., 2015) [700 ng/ul IDT Cas9, 115 ng/ul each crRNA
362 and 250 ng/ul IDT tracrRNA], oligonucleotide repair template (110 ng/ul) and pSEM229
363  co-injection marker (25 ng/pl)(El Mouridi et al., 2020) for screening into strain EG7968.
364 Where possible, we selected “GGNGG” crRNA targets as these have been the most
365 robust in our hand and support efficient editing (Farboud and Meyer, 2015). F1s
366 expressing the co-injection marker were isolated to lay eggs and screened by PCR for
367 the deletion. F2 progeny of a verified F1 deletion mutant were crossed to JDW359 males
368 expressing myo-2::GFP to genetically balance the mutation. Genotyping primers are
369 provided in Table S2. JDW389 and JDW391 and were created by injection of RNPs [700
370 ng/ul IDT Cas9, 115 ng/ul crRNA and 250 ng/ul IDT tracrRNA] and a dsDNA repair
371 template (25-50 ng/ul) created by PCR amplification of a plasmid template into N2
372 animals (Paix et al., 2014; Paix et al., 2015)(Table S1). PCR products were melted to
373  boost editing efficiency, as previously described (Ghanta and Mello, 2020). For the mlt-
374 11 C-terminal knock-in, the mNeonGreen::3xFLAG cassette was inserted right at the
375 double-strand break and a stop codon followed the 3xFLAG sequence. We re-coded the
376  sequence between the insert and native stop codon and placed it in 5’ to the mNeonGreen
377 3xFLAG insertion (File S2). Sequences of CRISPR/Cas9-mediated genome edits are
378 provided in File S2. crRNAs used are provided in Table S3. F1 progeny were screened
379 by mNeonGreen expression. JDW512 wrdEx40[dpy-7p::mCherry:: TRAM::unc-54 3'
380 UTRJ];, mit-11(wrd86[C-terminal mNeonGreen::3xFLAG]) V was generated by injection of
381 a dpy-7p::mCherry::tram-1::unc-54 3’'UTR vector (25 ng/pl)(Chen et al., 2012) into
382 JDW391. F1 progeny were screened by mCherry:: TRAM expression.

383

384 Imaging

385 Synchronized animals were collected from MYOB, control, or auxin plates by either
386  picking or washing off plates. For washing, 1000 pl of M9 + 2% gelatin was added to the
387 plate or well, agitated to suspend animals in M9+gelatin, and then transferred to a 1.5 ml
388 tube. Animals were spun at 700xg for 1 min. The media was then aspirated off and
389 animals were resuspended in 500ul M9 + 2% gelatin with 5§ mM levamisole. 12 pl of
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390 animals in M9 +gel with levamisole solution were placed on slides with a 2% agarose pad
391  and secured with a coverslip. For picking, animals were transferred to a 10 yl drop of
392 M9+5 mM levamisole on a 2% agarose pad on a slide and secured with a coverslip.
393 Images were acquired using a Plan-Apochromat 40x/1.3 Qil DIC lens or a Plan-
394  Apochromat 63x/1.4 Oil DIC lens on an Axiolmager M2 microscope (Carl Zeiss
395  Microscopy, LLC) equipped with a Colibri 7 LED light source and an Axiocam 506 mono
396 camera. Acquired images were processed through Fiji software (version: 2.0.0- rc-
397 69/1.52p). For direct comparisons within a figure, we set the exposure conditions to avoid
398 pixel saturation of the brightest sample and kept equivalent exposure for imaging of the
399 other samples.

400

401  Western Blot

402  For the western blot in Fig. X JDW391 animals were synchronized by alkaline bleaching
403  (dx.doi.org/10.17504/protocols.io.j8nlkkyxdl5r/v1) and released on MYOB plates.
404  Animals were harvested at the indicated time points by picking thirty animals into 30 pl of
405 M9+0.05% gelatin. Laemmli sample buffer was added to 1X and then samples were
406 immediately incubated for five minutes at 95°C. Lysates were stored at -80°C until
407  resolution by SDS-PAGE. Lysates were resolved using precast 4-20% MiniProtean TGX
408 Stain Free Gels (Bio-Rad) with a Spectra™ Multicolor Broad Range Protein Ladder
409 (Thermo; # 26623) protein standard. For the anti-FLAG blots, proteins were transferred
410 to a polyvinylidene difluoride membrane by wet transfer using Towbin buffer (25 mM Tris,
411 192 mM glycine, 20% methanol, pH 8.3) supplemented with 0.1% SDS and 30V was
412  applied for 16 hours in a cold room. The buffer was chilled prior to use and a freezer back
413  was added to the transfer container. For the anti-Tubulin blots, a semi-dry transfer with a
414  TransBlot Turbo (Bio-Rad) was performed. Blots and washes were performed as
415  previously described (Johnson et al., 2022, 23). Anti-FLAG blots used horseradish
416  peroxidase (HRP) conjugated anti-FLAG M2 (Sigma-Aldrich, A8592-5x1MG, Lot
417 #SLCB9703) at a 1:2000 dilution. Mouse anti-alpha-Tubulin 12G10 (Developmental
418  Studies Hybridoma Bank; “-c” concentrated supernatant) was used at 1:4000 and Digital
419  anti-mouse (Kindle Biosciences LLC, R1005) diluted 1:20,000 was used as the 2°. Blots
420 were incubated for 5 minutes with 1 ml of Supersignal West Femto Maximum Sensitivity
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421  Substrate (Thermo Fisher Scientific, 34095) and the final blot were imaged using the
422  ‘chemi high-resolution’ setting on a Bio-Rad ChemiDoc MP System.

423

424  RNAi Knockdown

425 RNA interference experiments were performed as in Johnson et al. (2022). Control RNAI
426  used either an empty L4440 or high-efficiency T444T RNAI vector (Sturm et al., 2018).
427  The mit-11 (RNAI) vector was streaked from the Ahringer library (Kamath et al., 2003).
428 The mNeonGreen(RNAI) vector was generated by synthesizing a cDNA fragment and
429 cloning it into T444T. Synthesis and cloning were performed by Twist Bioscience. Vector
430 sequences are provided in File S1.

431

432

433 Acknowledgements

434  We would like to thank Doug Kellogg and Tyler DeWitt for helpful conversations. We thank
435 Zoe Johnson, Javier Hernandez Lopez, Zoie Reyna, Emma Cadena, Valarie Hallin, and
436  Olivia Vedar for research support. Some strains were provided by the Caenorhabditis
437  Genetics Center, which is funded by the NIH Office of Research Infrastructure Programs
438 [P40 ODO010440]. The anti-alpha tubulin 12G10 monoclonal antibody developed by J.
439  Frankel and E.M. Nelson of the University of lowa was obtained from the Developmental
440  Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The
441  University of lowa, Department of Biology, lowa City, IA 52242.

442

443 Competing interests

444  The authors declare no competing or financial interests.

445

446  Author Contributions

447  Conceptualization: J.M.R, J.D.W.

448  Methodology: J.M.R, J.D.W.

449  Validation: J.M.R, J.D.W.

450 Formal analysis: J.M.R, J.D.W.

451  Resources: J.M.R, J.D.W.

24


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

452  Data curation: J.M.R, J.D.W.

453  Writing - original draft: J.M.R, J.D.W.

454  Writing - review & editing: J.M.R, J.D.W.

455  Supervision: J.M.R, J.D.W.

456  Project administration: J.D.W.

457  Funding acquisition: J.D.W.

458

459  Funding

460 This work was funded by the National Institutes of Health (NIH) National Institute

461  of General Medical Sciences (NIGMS) [RO0OGM107345 and R01 GM138701] to J.D.W.
462

463 REFERENCES

464 Ascenzi, P., Bocedi, A., Bolognesi, M., Spallarossa, A., Coletta, M., Cristofaro, R.

465 and Menegatti, E. (2003). The Bovine Basic Pancreatic Trypsin Inhibitor (Kunitz
466 Inhibitor): A Milestone Protein. Curr. Protein Pept. Sci. 4, 231-251.

467 Ashley, G. E., Duong, T., Levenson, M. T., Martinez, M. A. Q., Johnson, L. C.,

468 Hibshman, J. D., Saeger, H. N., Palmisano, N. J., Doonan, R., Martinez-

469 Mendez, R., et al. (2021). An expanded auxin-inducible degron toolkit for

470 Caenorhabditis elegans. Genetics 217, iyab006.

471  Au, V., Li-Leger, E., Raymant, G., Flibotte, S., Chen, G., Martin, K., Fernando, L.,
472 Doell, C., Rosell, F. I., Wang, S., et al. (2019). CRISPR/Cas9 Methodology for
473 the Generation of Knockout Deletions in Caenorhabditis elegans. G3 9, 135-144.
474 Barkoulas, M., van Zon, J. S., Milloz, J., Van Oudenaarden, A. and Félix, M.-A.

475 (2013). Robustness and Epistasis in the C. elegans Vulval Signaling Network
476 Revealed by Pathway Dosage Modulation. Dev. Cell 24, 64—75.

477 Beckmann, A.-M., Glebov, K., Walter, J., Merkel, O., Mangold, M., Schmidt, F.,

478 Becker-Pauly, C., Gutschow, M. and Stirnberg, M. (2016). The intact Kunitz
479 domain protects the amyloid precursor protein from being processed by

480 matriptase-2. Biol. Chem. 397, 777—-790.

481  Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94.
482 Broze, G. J. and Girard, T. J. (2012). TISSUE FACTOR PATHWAY INHIBITOR:

25


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

483 STRUCTURE-FUNCTION. Front. Biosci. J. Virtual Libr. 17, 262—-280.

484 Chang, W., Tilmann, C., Thoemke, K., Markussen, F.-H., Mathies, L. D., Kimble, J.
485 and Zarkower, D. (2004). A forkhead protein controls sexual identity of the C.
486 elegans male somatic gonad. Development 131, 1425-1436.

487 Chen, C., Samuel, T. K., Krause, M., Dailey, H. A. and Hamza, I. (2012). Heme

488 Utilization in the Caenorhabditis elegans Hypodermal Cells Is Facilitated by
489 Heme-responsive Gene-2. J. Biol. Chem. 287, 9601-9612.

490 Church, D. L., Guan, K. L. and Lambie, E. J. (1995). Three genes of the MAP kinase
491 cascade, mek-2, mpk-1/sur-1 and let-60 ras, are required for meiotic cell cycle
492 progression in Caenorhabditis elegans. Development 121, 2525-2535.

493 Cohen, J. D. and Sundaram, M. V. (2020). C. elegans Apical Extracellular Matrices
494 Shape Epithelia. J. Dev. Biol. 8, 23.

495 Cohen, J. D, Flatt, K. M., Schroeder, N. E. and Sundaram, M. V. (2019). Epithelial
496 Shaping by Diverse Apical Extracellular Matrices Requires the Nidogen Domain
497 Protein DEX-1 in Caenorhabditis elegans. Genetics 211, 185-200.

498 Cohen, J. D., Sparacio, A. P., Belfi, A. C., Forman-Rubinsky, R., Hall, D. H., Maul-
499 Newby, H., Frand, A. R. and Sundaram, M. V. (2020). A multi-layered and
500 dynamic apical extracellular matrix shapes the vulva lumen in Caenorhabditis
501 elegans. eLife 9, e57874.

502 Davis, M. W., Birnie, A. J., Chan, A. C., Page, A. P. and Jorgensen, E. M. (2004). A
503 conserved metalloprotease mediates ecdysis in Caenorhabditis elegans.

504 Development 131, 6001-6008.

505 Du, H., Gu, G., William, C. M. and Chalfie, M. (1996). Extracellular Proteins Needed
506 for C. elegans Mechanosensation. Neuron 16, 183-194.

507 El Mouridi, S., Peng, Y. and Frekjar-Jensen, C. (2020). Characterizing a strong pan-

508 muscular promoter (Pmlc-1) as a fluorescent co-injection marker to select for
509 single-copy insertions. MicroPublication Biol. 2020,

510 10.17912/micropub.biology.000302.

511  Espelt, M. V., Estevez, A. Y., Yin, X. and Strange, K. (2005). Oscillatory Ca2+

512 signaling in the isolated Caenorhabditis elegans intestine: role of the inositol-
513 1,4,5-trisphosphate receptor and phospholipases C beta and gamma. J. Gen.

26


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

514 Physiol. 126, 379-392.

515 Farboud, B. and Meyer, B. J. (2015). Dramatic Enhancement of Genome Editing by
516 CRISPR/Cas9 Through Improved Guide RNA Design. Genetics 199, 959-971.
517 Farrell, J. A., Wang, Y., Riesenfeld, S. J., Shekhar, K., Regev, A. and Schier, A. F.
518 (2018). Single-cell reconstruction of developmental trajectories during zebrafish
519 embryogenesis. Science 360,.

520 Frand, A. R., Russel, S. and Ruvkun, G. (2005). Functional Genomic Analysis of C.
521 elegans Molting. PLoS Biol. 3, e312.

522  Frekjer-Jensen, C., Davis, M. W,, Sarov, M., Taylor, J., Flibotte, S., LaBella, M.,
523 Pozniakovsky, A., Moerman, D. G. and Jorgensen, E. M. (2014). Random and
524 targeted transgene insertion in Caenorhabditis elegans using a modified Mos1
525 transposon. Nat. Methods 11, 529-534.

526 Ghanta, K. S. and Mello, C. C. (2020). Melting dsDNA Donor Molecules Greatly

527 Improves Precision Genome Editing in Caenorhabditis elegans. Genetics 216,
528 643-650.

529  Gill, H. K., Cohen, J. D., Ayala-Figueroa, J., Forman-Rubinsky, R., Poggioli, C.,
530 Bickard, K., Parry, J. M., Pu, P., Hall, D. H. and Sundaram, M. V. (2016).

531 Integrity of Narrow Epithelial Tubes in the C. elegans Excretory System Requires
532 a Transient Luminal Matrix. PLoS Genet. 12, e1006205.

533 Hashmi, S., Zhang, J., Oksov, Y. and Lustigman, S. (2004). The Caenorhabditis
534 elegans cathepsin Z-like cysteine protease, Ce-CPZ-1, has a multifunctional role
535 during the worms’ development. J. Biol. Chem. 279, 6035—6045.

536 Hendriks, G.-J., Gaidatzis, D., Aeschimann, F. and GroBhans, H. (2014). Extensive
537 oscillatory gene expression during C. elegans larval development. Mol. Cell 53,
538 380-392.

539 Heppert, J. K., Pani, A. M., Roberts, A. M., Dickinson, D. J. and Goldstein, B.

540 (2018). A CRISPR Tagging-Based Screen Reveals Localized Players in Wnt-
541 Directed Asymmetric Cell Division. Genetics 208, 1147-1164.

542 Johnson, L. C., Vo, A. A, Clancy, J. C., Aguilera, J. D., Levenson, M. T.,

543 Wohlenberg, C., Rechtsteiner, A. D., Ragle, J. M. and Ward, J. D. (2022).
544 NHR-23 activity is necessary for developmental progression and apical

27


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

545 extracellular matrix structure and function. BioRxiv. 10.27.465992.

546 Jones, M. R., Rose, A. M. and Baillie, D. L. (2013). The ortholog of the human proto-
547 oncogene ROS1 is required for epithelial development in C. elegans. genesis 51,
548 545-561.

549 Joseph, B. B., Wang, Y., Edeen, P., Lazeti¢, V., Grant, B. D. and Fay, D. S. (2020).
550 Control of clathrin-mediated endocytosis by NIMA family kinases. PLoS Genet.
551 16, €e1008633.

552 Joseph, B. B., Edeen, P. T., Meadows, S., Binti, S. and Fay, D. S. (2022). An

553 unexpected role for the conserved ADAM-family metalloprotease ADM-2 in

554 Caenorhabditis elegans molting. PLOS Genet. 18, e1010249.

555 ~Kamath, R. S, Fraser, A. G., Dong, Y., Poulin, G., Durbin, R., Gotta, M., Kanapin,
556 A., Le Bot, N., Moreno, S., Sohrmann, M., et al. (2003). Systematic functional
557 analysis of the Caenorhabditis elegans genome using RNAIi. Nature 421, 231—
558 237.

559 Kelley, M., Yochem, J., Krieg, M., Calixto, A., Heiman, M. G., Kuzmanov, A., Meli,
560 V., Chalfie, M., Goodman, M. B., Shaham, S., et al. (2015). FBN-1, a fibrillin-
561 related protein, is required for resistance of the epidermis to mechanical

562 deformation during C. elegans embryogenesis. eLife 4, 1629.

563 Kim, T. H., Kim, Y. J., Cho, J. W. and Shim, J. (2011). A novel zinc-carboxypeptidase
564 SURO-1 regulates cuticle formation and body morphogenesis in Caenorhabditis
565 elegans. FEBS Lett. 585, 121-127.

566 Lazetié, V. and Fay, D. S. (2017a). Conserved Ankyrin Repeat Proteins and Their

567 NIMA Kinase Partners Regulate Extracellular Matrix Remodeling and Intracellular
568 Trafficking in Caenorhabditis elegans. Genetics 205, 273—-293.

569 Lazeti¢, V. and Fay, D. S. (2017b). Molting in C. elegans. Worm 6, 1-20.
570 LiZheng, S., Adams, J. G. and Chisholm, A. D. (2020). Form and function of the

571 apical extracellular matrix: new insights from Caenorhabditis elegans, Drosophila
572 melanogaster, and the vertebrate inner ear. Fac. Rev. 9, 27.

573 McMahon, L., Muriel, J. M., Roberts, B., Quinn, M. and Johnstone, I. L. (2003). Two
574 sets of interacting collagens form functionally distinct substructures within a

575 Caenorhabditis elegans extracellular matrix. Mol. Biol. Cell 14, 1366-1378.

28


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

available under aCC-BY-NC 4.0 International license.

Meeuse, M. W., Hauser, Y. P., Morales Moya, L. J., Hendriks, G., Eglinger, J.,
Bogaarts, G., Tsiairis, C. and GroBhans, H. (2020). Developmental function
and state transitions of a gene expression oscillator in Caenorhabditis elegans.
Mol. Syst. Biol. 16,.

Melo, J. A. and Ruvkun, G. (2012). Inactivation of conserved C. elegans genes
engages pathogen- and xenobiotic-associated defenses. Cell 149, 452—-466.

Miao, R., Li, M., Zhang, Q., Yang, C. and Wang, X. (2020). An ECM-to-Nucleus
Signaling Pathway Activates Lysosomes for C. elegans Larval Development.
Dev. Cell 52, 21-37 .€5.

Mok, D. Z. L., Sternberg, P. W. and Inoue, T. (2015). Morphologically defined sub-
stages of C. elegans vulval development in the fourth larval stage. BMC Dev.
Biol. 1-8.

Nonet, M. L. (2020). Efficient Transgenesis in Caenorhabditis elegans Using Flp
Recombinase-Mediated Cassette Exchange. Genetics 215, 903-921.

Page, A. P. and Johnstone, I. L. (2007). The cuticle. WormBook. 1-15.

Page, A. P., McCormack, G. and Birnie, A. J. (2006). Biosynthesis and enzymology of
the Caenorhabditis elegans cuticle: identification and characterization of a novel
serine protease inhibitor. Int. J. Parasitol. 36, 681-689.

Paix, A., Wang, Y., Smith, H. E., Lee, C.-Y. S,, Calidas, D., Lu, T., Smith, J.,
Schmidt, H., Krause, M. W. and Seydoux, G. (2014). Scalable and versatile
genome editing using linear DNAs with microhomology to Cas9 Sites in
Caenorhabditis elegans. Genetics 198, 1347-1356.

Paix, A., Folkmann, A., Rasoloson, D. and Seydoux, G. (2015). High Efficiency,
Homology-Directed Genome Editing in Caenorhabditis elegans Using CRISPR-
Cas9 Ribonucleoprotein Complexes. Genetics 201, 47-54.

Pujol, N., Cypowyj, S., Ziegler, K., Millet, A., Astrain, A., Goncharov, A., Jin, Y.,
Chisholm, A. D. and Ewbank, J. J. (2008). Distinct innate immune responses to
infection and wounding in the C. elegans epidermis. Curr. Biol. 18, 481-489.

Ranasinghe, S. and McManus, D. P. (2013). Structure and function of invertebrate
Kunitz serine protease inhibitors. Dev. Comp. Immunol. 39, 219-227.

Rich, M. S., Nix, P. and Jorgensen, E. M. (2022). The C. elegans mapping locus rol-9

29


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

available under aCC-BY-NC 4.0 International license.

is encoded by a gain-of-function mutation in mit-11. MicroPublication Biol. 2022,
10.17912/micropub.biology.000506.

Smith, D., Cwiklinski, K., Jewhurst, H., Tikhonova, I. G. and Dalton, J. P. (2020). An
atypical and functionally diverse family of Kunitz-type cysteine/serine proteinase
inhibitors secreted by the helminth parasite Fasciola hepatica. Sci. Rep. 10,
20657.

Stepek, G., McCormack, G. and Page, A. P. (2010). The kunitz domain protein BLI-5
plays a functionally conserved role in cuticle formation in a diverse range of
nematodes. Mol. Biochem. Parasitol. 169, 1-11.

Stepek, G., McCormack, G., Birnie, A. J. and Page, A. P. (2011). The astacin
metalloprotease moulting enzyme NAS-36 is required for normal cuticle ecdysis
in free-living and parasitic nematodes. Parasitology 138, 237-248.

Sturm, A., Saskéi, E., Tibor, K., Weinhardt, N. and Vellai, T. (2018). Highly efficient
RNAIi and Cas9-based auto-cloning systems for C. elegans research. Nucleic
Acids Res. 46, e105.

Vuong-Brender, T. T. K., Suman, S. K. and Labouesse, M. (2017). The apical ECM
preserves embryonic integrity and distributes mechanical stress during
morphogenesis. Development 144, 4336—4349.

Watts, J. S., Harrison, H. F., Omi, S., Guenthers, Q., Dalelio, J., Pujol, N. and
Watts, J. L. (2020). New Strains for Tissue-Specific RNAIi Studies in
Caenorhabditis elegans. G310, 4167—-4176.

Yochem, J., Lazeti¢, V., Bell, L., Chen, L. and Fay, D. (2015). C. elegans NIMA-
related kinases NEKL-2 and NEKL-3 are required for the completion of molting.
Dev. Biol. 398, 255-266.

Zugasti, O. and Ewbank, J. J. (2009). Neuroimmune regulation of antimicrobial
peptide expression by a noncanonical TGF-f signaling pathway in
Caenorhabditis elegans epidermis. Nat. Immunol. 10, 249-256.

30


https://doi.org/10.1101/2022.06.29.498124
http://creativecommons.org/licenses/by-nc/4.0/

635
636
637
638
639
640
641
642
643
644
645
646
647

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498124; this version posted June 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure S1. Alignment of MLT-11 homologs. MLT-11 homologs from the indicated
nematode species were aligned using Clustal Omega. The length in amino acids of each
homolog follows the species and homolog name. To the left and right of the alignment
are amino acid positions of the end residues for each protein. Blue shading indicates
conserved sequences and the histogram at the bottom depicts the degree of conservation
with a consensus sequence listed below. The positions of the C. elegans MLT-11 signal
sequence, thyroglobulin domain, and ten Kunitz domains are indicated. We note that we
cut off the extended P. pacificus C-terminus (amino acids 2626-3742) since no sequence
aligned to it as all proteins terminated at the C. elegans MLT-11 stop codon. No predicted
motifs are found in the P. pacificus C-terminus.
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