GENETICS, 2022, 220(3), iyab217

https://doi.org/10.1093/genetics/iyab217
Advance Access Publication Date: 27 November 2021

Investigation

OXTORD

GENETICS

An extracellular matrix damage sensor signals through
membrane-associated kinase DRL-1 to mediate
cytoprotective responses in Caenorhabditis elegans

Keon Wimberly* and Keith P. Choe*

Department of Biology and Genetics Institute, University of Florida, Gainesville, FL 32611, USA

*Corresponding author: Email: kchoe@ufl.edu (K.P.C.); kwimberl1@ufl.edu (K.W.)

Abstract

We and others previously identified circumferential bands of collagen named annular furrows as key components of a damage sensor in
the cuticle of Caenorhabditis elegans that regulates cytoprotective genes. Mutation or loss of noncollagen secreted proteins OSM-7,
OSM-8, and OSM-11 activate the same cytoprotective responses without obvious changes to the cuticle indicating that other extracellular
proteins are involved. Here, we used RNAI screening to identify protein kinase DRL-1 as a key modulator of cytoprotective gene expression
and stress resistance in furrow and extracellular OSM protein mutants. DRL-1 functions downstream from furrow disruption and is
expressed in cells that induce cytoprotective genes. DRL-1 is not required for the expression of cytoprotective genes under basal or oxida-
tive stress conditions consistent with specificity to extracellular signals. DRL-1 was previously shown to regulate longevity via a “Dietary
Restriction-Like” state, but it functions downstream from furrow disruption by a distinct mechanism. The kinase domain of DRL-1 is related
to mammalian MEKK3, and MEKK3 is recruited to a plasma membrane osmosensor complex by a scaffold protein. In C. elegans, DRL-1
contains an atypical hydrophobic C-terminus with predicted transmembrane domains and is constitutively expressed at or near the plasma

membrane where it could function to receive extracellular damage signals for cells that mount cytoprotective responses.
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Introduction

Cellular and organismal homeostasis are essential for animal de-
velopment, reproduction, and healthy aging (Cannon 1929; José
De Rosa et al. 2018). Within cells, cytoprotective gene activation
promotes homeostasis during environmental stress, aging, and
disease (José De Rosa et al. 2018). Subsets of cytoprotective genes
tailored to specific conditions are regulated by distinct intracellu-
lar sensors and signaling mechanisms (Fontana et al. 2010; Fulda
et al. 2010; Shore et al. 2012; Kishimoto et al. 2018). For example,
metazoan detoxification responses regulated by electrophile-
sensitive cap-n-collar transcription factors promote longevity
and reduce the occurrence or severity of cancer, chronic inflam-
mation, and neurodegenerative disease (Lewis et al. 2010; Tang
and Choe 2015; Tebay et al. 2015; Lin et al. 2018). Mammalian os-
motic stress responses regulated by transcription factor NFAT5S
are essential for homeostasis of cells in the renal medulla (Beck
et al. 1998; Danziger and Zeidel 2015) and influence inflammation
and extracellular matrix deposition in joints (Sadowska et al.
2018).

Epidermal tissues include extracellular matrices that are
physical barriers to mechanical insults, pathogens, toxins, and
osmotic imbalances (Zhang et al. 2015). Although regulation of
cytoprotective gene responses via intracellular chemical signal-
ing is well-studied, little is known about regulation via

extracellular mechanical signals. It is becoming increasingly
clear that cytoprotective responses can be regulated by structural
perturbations in the epidermis. For example, mechanical wound-
ing of epidermal tissues induces antimicrobial peptide expression
in humans, Drosophila, and Caenorhabditis elegans (Sgrensen et al.
2006; Pujol et al. 2008a; Patterson et al. 2013; Zhang et al. 2015),
and disruption of actin polymerization was shown to activate
a detoxification response in mouse epidermal cells (van der
Kammen et al. 2017).

Caenorhabditis elegans is a powerful model for understanding
molecular and genetic mechanisms. A defining feature of nemat-
odes is a collagen-rich barrier and exoskeleton termed the cuticle
(Cox et al. 1981; Page and Johnstone 2007; Chisholm and Hsiao
2012). Caenorhabditis elegans cuticle collagens are encoded by over
150 genes and are synthesized and secreted by underlying epider-
mal cells (Cox et al. 1981; Page and Johnstone 2007; Chisholm and
Hsiao 2012). Loss or mutation of 21 of these collagens cause obvi-
ous morphological and behavior phenotypes (Page and Johnstone
2007). Genome-wide genetic screens for regulators of osmotic
and innate immune genes identified some of these cuticle colla-
gens suggesting a link between the cuticle and stress responsive
gene regulation (McMahon et al. 2003; Wheeler and Thomas 2006;
Dodd et al. 2018). We and others recently used RNAI to systemati-
cally test collagens and other epidermal integrity genes for
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regulation of six distinct stress responses and discovered that six
specific collagens (dpy-2, 3, 7, 8, 9, and 10) are required for regula-
tion of osmotic, detoxification, and innate immune responses,
but not heat shock or organelle-specific unfolded protein
responses (Dodd et al. 2018). These six collagens are required for
positioning of circumferential bands of collagen termed annular
furrows (McMahon et al. 2003; Thein et al. 2003; Dodd et al. 2018).
Therefore, furrows are associated with an extracellular sensor for
cuticle damage that regulates adaptive stress response genes in
underlying cells (Dodd et al. 2018).

Other extracellular proteins are also involved in regulating the
same three stress responses. Loss of three noncollagen extracel-
lular proteins secreted from epidermal cells (OSM-7, OSM-8, and
OSM-11) cause strong constitutive activation of osmotic stress re-
sponse genes without obvious cuticle phenotypes (Solomon et al.
2004; Wheeler and Thomas 2006; Rohlfing et al. 2011). Loss of
OSM-11 was also shown to activate the detoxification response
(Dresen et al. 2015). OSM-7 and -11 are secreted or transmems-
brane proteins that have been linked to extracellular Notch sig-
naling (Komatsu et al. 2008; Singh et al. 2011). OSM-8 is a mucin-
like glycoprotein, which form hydrated gels that function as
lubricants and signaling modifiers (Rohlfing et al. 2011). Prior epis-
tasis analysis demonstrates that osmolyte accumulation is non-
additive when osm-7 loss is combined with furrow disrupting
alleles of dpy-2, dpy-7, or dpy-10 consistent with functional over-
lap (Wheeler and Thomas 2006).

These studies establish a specific collagen structure and other
extracellular proteins as regulators of conserved stress
responses, but downstream signaling is largely unknown. Here,
we used RNAI to screen protein kinases for regulation of stress re-
sponse genes in a furrow collagen mutant. Loss of drl-1, Dietary
Restriction-Like kinase, caused the most consistent suppression
of stress response gene expression. DRL-1 has an N-terminal ki-
nase domain homologous to mammalian MEKK-3, which has
been implicated in regulating cell osmotic responses via p38
MAPK (Uhlik et al. 2003; Padda et al. 2006; Craig et al. 2008). Loss of
C. elegans drl-1 was previously shown to increase fat metabolism
and extend lifespan by a mechanism similar to dietary restriction
(Chamoli et al. 2014). We find that DRL-1 is required for full acti-
vation of detoxification, osmotic, and innate immune responses
in worms with mutations in annular furrow collagens or extracel-
lular proteins OSM-7 or OSM-8. Loss of drl-1 does not reduce ex-
pression of the same stress response genes under basal or
oxidative stress conditions consistent with specificity. Genetic in-
teraction analyses suggest that DRL-1 mediates cytoprotective
gene expression by a mechanism that is independent of dietary
restriction and the p38 MAPK pathway. Loss of drl-1 from either
the epidermis or intestine partially suppresses cytoprotective
gene expression in a furrow collagen mutant consistent with cell
autonomous regulation. DRL-1 protein is predicted to contain
three C-terminal transmembrane domains, and DRL-1::GFP
colocalizes with a plasma membrane specific dye. Therefore,
DRL-1 is positioned where it could function at the surface of cells
to receive and transduce extracellular damage signals originating
from the cuticle.

Materials and methods

Caenorhabditis elegans strains

All strains were cultured and maintained at 20°C under standard
conditions unless mentioned otherwise (Brenner 1974). The follow-
ing strains were used: wild-type N2 Bristol, CB128 dpy-10(e128),
CB88 dpy-7(e88), QV248 dpy-7(e88); duvls19[gst-4p::GFP], QV261 dpy-

7(e88); kbIs24[gpdh-1p::DsRed2; myo-2p::GFP; unc-119 rescue], 1G1689
dpy-7(e88); frIs7[nlp-29p::GFP + col-12p::GFP], QV337 drl-1(virll),
QV341 dpy-10(e128); drl-1(virll), QV342 dpy-7(e88); drl-1(virll), TP12
kals12[COL-19::GFP], QV329 dpy-10(e128); kals12, HA1857 osm-
7(tm2256), MT3571 osm-8(n1518), QV346 dpy-10(128); eat-2(ad465),
QV334 dpy-10(e128); nhr-49(nr2041), QV356 dpy-10(e128); rde-1(ne219),
QV348 dpy-10(e1289); rde-1(ne219), kzls9 [(pKK1260) lin-26p::NLS::GFP,
(pKK1253)  lin-26p:rde-1;  1ol-6(sul006)], QV343  dpy-10(e128);
rde-1(ne219); kbls7 [nhx-2p:rde-1-+rol-6(sul006)], QV355 zjEx144
[drl-1::GFP; myo-2p::tdTomato], QV361 zjEx145[drl-1p::GFP; myo-2p::
tdTomato], QV362 zjEx146[drl-1p including intron 1:GFP; myo-
2p::tdTomato).

RNAIi experiments

An RNAI screen targeting 381 protein kinase genes was per-
formed by feeding worms with Escherichia coli [HT115(DE3)] engi-
neered to synthesize double-stranded RNA (dsRNA). RNAi clones
were taken from the ORFeome RNAi feeding library (Open
Biosystems, Huntsville, AL) and missing clones were supple-
mented from the MRC genomic library (Geneservice, Cambridge,
UK). Synchronized QV248, QV261, and IG1689 L1 larvae were
grown on liquid or agar nematode growth medium (NGM) supple-
mented with 25ug/ml carbenicillin and 3mM isopropyl B-d-1-
thiogalactopyranoside (IPTG). All worm strains were fed
dsRNA-producing bacteria for 2-3days and screened manually
for suppression of fluorescence with a Zeiss Stemi SV12 micro-
scope. Phenotypes were scored as follows: 0, no suppression in
>50% of worms; 0.5, suppression in >50% of worms but also sick-
ness; 1, partial suppression in >50% of worms without sickness;
and 2, full suppression in >50% of worms without sickness.

For subsequent RNAI experiments, worms were grown on aga-
rose NGM plates supplemented with 25pg/ml carbenicillin and
3mM isopropyl B-d-1-thiogalactopyranoside (IPTG). Synchronized
L1s were fed dsRNA bacteria for 2-3 days and allowed to develop to
L4 larvae or young adults before being used for experiments. The
control RNAI clone was pPD129.36 (LH4440); it encodes a 202-bp
dsRNA that is not homologous to any C. elegans gene.

Transgenic reporter generation and microscopy
GFP constructs were generated with PCR fusion as we have
described previously (Hobert 2002; Choe et al. 2009; Wu et al.
2017). For one transcriptional construct, a ~2.5kb region up-
stream of the drl-1 start codon was fused with GFP; for the longer
transcriptional construct, the same ~2.5kb upstream region,
exon 1, and the first intron of the drl-1 locus were fused with GFP
at the start of exon 2; for the translational construct, the ~2.5kb
region upstream of the drl-1 start codon along with the rest of the
drl-1 locus (excluding intron 1) was fused to GFP just before the
stop codon; intron one is large (2609bp) and was excluded to
facilitate amplification.

Worms were mounted on 2% agarose pads with 5mM levami-
sole and imaged using an Olympus BX60 microscope with a Zeiss
AxioCam MRm camera fitted with either a GFP or RFP filters.
Exposure settings were consistent for each strain. Color was
added using Image] Version 1.53c; adjustments to contrast and
brightness were made evenly to whole images. Dissected intes-
tines were stained with 1.5 ug/mL CellMask Orange plasma mem-
brane stain (Life Technologies, Cat No. C10045) for 10min in
NGM buffer and fixed in 2% formaldehyde for 10 min before im-
aging on 0.5% agarose pads. Colocalization was quantified in the
intestine with Image J plugin “JaCoP.”
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Quantitative PCR

Worms were washed and lysed via sonication and RNA was puri-
fied using Zymo Research RNA MicroPrep kit (Cat. no. R1051).
Each of these samples were then treated with dsDNAse from
ThermoFisher (Cat. no. ENO771). cDNA was synthesized using
Promega GoScript Reverse Transcriptase (REF A5004) with
oligo(dT)15 primers. Quantitative PCR (qPCR) assays were
performed in an Eppendorf RealPlex2 using primers for rpl-2 and
cdc-42 as reference genes. Primer sequences are available upon
request.

High salt motility assay

Young adult worms were transferred (via chunking) to agar plates
supplemented with high salt levels and without bacteria. Chunks
were slid and removed leaving worms on the surface of high salt
agar. After 10min, the total and number of worms able to make
lateral movement were counted. At least 20 total worms were
scored for each replicate.

Glycerol assay

Synchronized adults were lysed via sonication as performed pre-
viously with a BioVision PicoProbe Free Glycerol Assay Kit (K643-
100) (Dodd et al. 2018). Glycerol concentrations were normalized
to total protein content in each sample using a Thermo Scientific
Pierce BCA Protein Assay Kit (23225).

Statistical analysis

Statistical significance was determined using a Student’s t-test
when two means were compared. P-values of < 0.05 were taken
to indicate statistical significance. For experiments with multiple
gene comparisons, the Benjamini-Hochberg method was used to
determine which P-values remained significant at an FDR of 5%.
All graphs were generated using PRISM 5.04 software (La Jolla,
CA, USA).

Results

drl-1 is required for cytoprotective gene activation
in cuticle furrow mutants

To identify regulators of cytoprotective responses downstream
from furrow disruption, we generated dpy-7(e88) annular furrow
mutant strains carrying fluorescent transcriptional reporters for
core organic osmolyte (gpdh-1), detoxification (gst-4), and innate
immune (nlp-29) stress response genes (Figure 1A). These strains
were used in RNAi screens of 381 predicted protein kinases and
average scores for clones with reproducible effects are summa-
rized as a heat map in Figure 1B. Clone drl-1 caused the most con-
sistent suppression of gpdh-1, gst-4, and nlp-29 reporters
(Figures 1B and 2A). Suppression by drl-1 RNAi was confirmed us-
ing gRT-PCR in dpy-7(e88) and dpy-10(128) annular furrow
mutants (Figure 2B). In addition to the genes tested in the initial
screens, drl-1 RNAI suppressed additional core osmolyte accumu-
lation (hmit-1.1) and detoxification (gst-10) genes in dpy-7 and dpy-
10 worms (Figure 2B).

In wild-type worms under basal conditions, drl-1 RNAI did not
decrease expression of osmolyte accumulation genes, gst-4, or
nlp-29 (Figure 2B). Alternatively, drl-1 RNAi suppressed gst-10 ex-
pression by at least 80% in wild-type and dpy worms. These
results suggest that drl-1 is dispensable for osmolyte accumula-
tion and nlp-29 gene expression under basal conditions but may
have a broader role in regulating some detoxification genes.

The original drl-1 dsRNA clone targets exons 2-10; drl-1 mRNA
levels are reduced over 80% by this clone confirming silencing
(Figure S1A and B). To evaluate specificity, we generated and
tested two nonoverlapping dsRNA clones targeting drl-1 as previ-
ously reported (Chamoli et al. 2014). One of these new drl-1 dsRNA
clones targets exons 2-5 and part of 6; the second one targets the
rest of exon 6, and exons 7-10 (Figure S1A). Both nonoverlapping
drl-1 dsRNA clones suppressed all three stress-response reporters
in dpy-7 worms similar to the original clone (Figure S1C).

Cytoprotective gene expression was also analyzed with a drl-
1(virl11) allele crossed with dpy-7(e88) and dpy-10(e128). A drl-1
null allele is not available and would be expected to cause em-
bryonic lethality and sterility based on RNAI phenotypes
(Kamath et al. 2003). The drl-1(vir11) allele was isolated from a
mutagenesis screen for altered viral responses (Sandoval et al.
2019); it contains a G-to-A mutation at the splice acceptor site
for the ninth exon and a G-to-A missense mutation resulting in
a D522N amino acid substitution (Figure S1A). Functional conse-
quences of D522N are difficult to predict because it is located
well outside of the putative kinase domain. Total drl-1 mRNA
levels are slightly increased in drl-1(virll) worms (Figure S1D);
we detected altered splicing of exons 8 and 9 in a fraction of
transcripts amplified with RT-PCR and visualized by gel electro-
phoresis (Figure S1E). Intron 8 is a multiple of 3 (42), and its re-
tention is not predicted to change reading frame or introduce a
stop codon. Real-time PCR demonstrated that drl-1(virll) sup-
presses osmotic, detoxification, and innate immune response
genes in dpy-7 and dpy-10 worms similar to drl-1 RNAI except for
gpdh-1 (Figure S1F) providing further evidence that drl-1 influen-
ces cytoprotective gene expression. However, given uncertainty
about the exact functional consequence of virll on DRL-1
function, we use drl-1 RNAi for the remainder of functional
experiments.

Loss of drl-1 reduces glycerol and osmotic stress
resistance in annular furrow mutants

C. elegans accumulates the osmolyte glycerol when exposed to
hypertonic stress (Lamitina and Strange 2005; Choe and Strange
2007a, 2007b; Choe 2013). Organic osmolyte accumulation helps
balance high environmental osmolarity and can limit acute
hyperosmotic water loss (Lamitina and Strange 2005; Choe and
Strange 2007b; Choe 2013). Furrow mutants have elevated glyc-
erol levels compared to wild type worms under standard culture
conditions (Lamitina et al. 2006; Wheeler and Thomas 2006; Dodd
et al. 2018). As shown in Figure 2, A and B, drl-1 loss suppresses
gpdh-1 in furrow mutants; gpdh-1 encodes a rate-limiting enzyme
for glycerol synthesis (Lamitina and Strange 2005; Lamitina et al.
2006). As shown in Figure 2C, drl-1 RNAI reduced glycerol accu-
mulation in dpy-7(e88) and dpy-10(e128) worms by 60% and 35%,
respectively.

Hypertonic water loss causes collapse of the nematode hydro-
static skeleton and paralysis within minutes (Lamitina and
Strange 2005; Wheeler and Thomas 2006; Choe and Strange
2007a, 2007b; Burkewitz et al. 2012; Choe 2013); annular furrow
mutants have an acute “OSmotic Resistant” (OSR) phenotype
that allows them to remain mobile (Wheeler and Thomas 2006).
To test if drl-1 loss suppresses OSR, we ran motility assays with
and without drl-1 RNAI in dpy-7 and dpy-10 mutants. Worms were
grown under standard conditions (51mM NaCl) and transferred
to high salt (800mM or 700mM NacCl) plates as young adults;
these salt levels were selected for roughly 80-90% motility in
each dpy strain (Figure 2D). After 10min, the number of motile
and paralyzed worms was counted on each plate; as expected, all
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Figure 1 Protein kinase screen for suppressors of stress responses in an annular furrow mutant. (A) Schematic of three parallel RNAi screens to identify
protein kinases required for activation of organic osmolyte (gpdh-1), detoxification (gst-4), and innate immune (nlp-29) genes in dpy-7(e88) worms. (B)
Heat map of average fluorescence suppression scores for dsRNA clones that reproducibly suppressed at least one of the three reporters. The heat map
reflects average scores for six (gpdh-1 reporter) or four (gst-4 and nlp-29 reporters) trials. For each trial, 30-40 worms were fed dsRNA from the L1 to
young adult stage and scored based on fluorescence. Entire populations of worms were scored manually as follows: 0, no suppression in >50% of
worms; 0.5, suppression in >50% of worms but also some sickness; 1, partial suppression in >50% of worms without sickness; and 2, full suppression in

>50% of worms without sickness.

wild type worms were paralyzed and over 80% of dpy-7 and dpy-
10 worms with control RNAi were motile after 10 min. Motility
was reduced to below 40% when dpy-7 and dpy-10 worms were
grown on drl-1 dsRNA before transfer to hypertonicity (Figure 2D).
Taken together, the results in Figure 2 demonstrate that drl-1 is
required in furrow mutants for full activation of cytoprotective
genes and biochemical and physiological osmotic responses.

DRL-1 does not influence furrow organization and
functions beyond larval development

Cuticle furrow organization is one possible mechanism by which
drl-1 could be required for stress responses in dpy-7 and dpy-10
mutants. Organization of furrows can be visualized in adult
worms using COL-19::GFP, a collagen reporter that permits visu-
alization of furrows (Thein et al. 2003; Dodd et al. 2018). No obvi-
ous change in furrow organization was observed with drl-1 RNAiL
in wild type worms (Figure 3). Furthermore, drl-1 RNAi did not
suppress furrow disorganization in dpy-7 or dpy-10 worms
(Figure 3) consistent with DRL-1 functioning downstream from
the cuticle.

Although drl-1 loss did not affect furrow organization, it was
still possible that drl-1 could be required for another larval devel-
opment process that is important to cuticle damage signaling.
Figure S2A shows stress response gene expression in adult dpy-7
worms with drl-1 dsRNA feeding started at L1 or L4; the L4

group was fed control dsRNA until L4. The effects of drl-1
RNAI were similar or stronger in the L4 group than L1 group for
gpdh-1, hmit-1.1, and gst-4 (Figure S2A); drl-1 RNAI effects in the
L4 group were weaker but still significant for gst-10 and not-
significant for nlp-29. These data demonstrate that DRL-1 is
required for osmotic and detoxification gene expression in a fur-
row mutant beyond the time when most larval development is
complete.

Loss of drl-1 suppresses stress responses in
osm-7 and osm-8 mutants

Given that loss of extracellular OSM proteins activates the same
stress responses as furrow loss (Wheeler and Thomas 2006;
Rohlfing et al. 2011; Dresen et al. 2015; Dodd et al. 2018) and that
the two mutant classes functionally interact (Wheeler and
Thomas 2006), we also tested the role of drl-1 in osm-7 and osm-8
mutants. As shown in Figure 4, A-D, osm-7 and osm-8 loss-of-
function mutations induce stress response genes, glycerol
accumulation, and OSR similar to furrow disruption. Loss of drl-1
suppresses all of these phenotypes (Figure 4, A-D). These results
suggest that DRL-1 is a common regulator of cytoprotective gene
responses downstream from furrow collagens and noncollagen
extracellular OSM proteins.

Results for drl-1 in furrow collagen and OSM mutants
(Figures 2 and 4) raised the possibility of broad involvement in
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Figure 2 drl-1 is required for stress response activation in furrow collagen mutants. (A) dpy-7(e88) furrow mutants carrying an osmotic (gpdh-1),
detoxification (gst-4), or innate immunity (nlp-29) fluorescent transgene; worms were fed control or drl-1 dsRNA. (B) mRNA levels for cytoprotective genes
in dpy-7(e88) and dpy-10(e128) furrow mutants fed control or drl-1 dsRNA. Values are normalized to N2 worms fed control dsRNA. N=5 to 9 populations
of worms from 2 to 3 trials. (C) Whole-worm glycerol levels in N2, dpy-7(e88), and dpy-10(e128) worms treated with control or drl-1 dsRNA. N =5-23
populations of worms from 2 to 6 trials. (D) Worm motility 10 min after transfer to agar containing indicated levels of NaCl. N = 3-6 populations of

worms from 1 to 2 trials. (B-D) **P < 0.001, P < 0.01, and *P < 0.05.

adaptive responses to cuticle disruption. Therefore, we next
tested a distinct class of cuticle mutant. BLI-4 is a protease in
the subtilisin-convertase family (Thacker et al. 1995); loss of bli-
4 causes molting defects and strong activation of an nlp-29
transcriptional reporter without activation of gpdh-1 or gst-4
(Dodd et al. 2018). As shown in Figure S2B, bli-1(e937) strongly
activated nlp-29 to the same degree with or without drl-1 RNAI

indicating that drl-1 is not required for response to this molting
defect.

drl-1 regulation of cytoprotective responses is
condition-dependent

Hypertonicity induces osmolyte, detoxification, and innate im-
mune response genes similar to furrow disruption raising the
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possibility that furrow disorganization mimics physical distortion
that occurs during hypertonicity (Lamitina and Strange 2005;
Lamitina et al. 2006; Wheeler and Thomas 2006; Pujol et al. 2008b;
Choe 2013; Dodd et al. 2018). To determine if DRL-1 is also re-
quired for cytoprotective responses in wild-type worms during
hypertonicity, we performed qRT-PCR in control and drl-1 RNAi-
treated wild-type worms grown on 200mM NacCl (Lamitina et al.
2004; Rohlfing et al. 2010). Similar to results in dpy-7 and dpy-10
worms (Figure 2B), drl-1 RNAI strongly suppressed gst-4 and gst-10
over fivefold in worms grown on 200mM NaCl (Figure S5A).
Alternatively, drl-1 RNAi only suppressed gpdh-1 and nlp-29 by
1.8- and 1.5-fold, respectively in worms grown at 200 mM NacCl
(Figure 5A) compared to over 4.0- and 2.9-fold in dpy-7 worms
(Figure 2B). drl-1 RNAi had no effect on hmit-1.1 in worms grown
at 200mM Nacl (Figure SA).

Exposure to 200mM NaCl increases glycerol accumulation
and OSR (Lamitina et al. 2004). Consistent with a small effect on
osmolyte accumulation genes (Figure 5A), drl-1 RNAI did not sup-
press glycerol accumulation or OSR in worms grown at 200 mM
NaCl (Figure 5, B and C). Taken together, these results suggest
that other parallel mechanisms largely compensate for loss of
drl-1 during osmotic stress to activate gpdh-1, hmit-1.1, and nip-29,
but not gst-4. Surprisingly, drl-1 RNAi increased glycerol levels in
wild-type worms under basal conditions (Figure 5B) without af-
fecting gpdh-1 expression (Figure 2B). Previously reported changes
to fatty acid metabolism by drl-1 RNAi could yield free glycerol in-
dependent of gpdh-1 (Arner 2005; Chamoli et al. 2014). Regardless
of the mechanism, drl-1 RNAI did not increase OSR in wild-type
worms (Figure 5C).

In contrast to osmotic (gpdh-1 and hmit-1.1) and innate im-
mune response genes (nlp-29), drl-1 RNAi strongly suppressed gst-
4 expression in worms exposed to 200mM NaCl (Figure 5A) and
suppressed gst-10 under all conditions tested suggesting a
broader role for detoxification genes. We explored the role of
DRL-1 in detoxification gene expression further by measuring
five detoxification genes under basal and oxidative stress condi-
tions using gRT-PCR. Under basal conditions, drl-1 RNAi

significantly suppressed transcription of two of the five detoxifi-
cation genes analyzed, gst-10 and 30 (Figure S4). Arsenite and ac-
rylamide are electrophile and pro-oxidant molecules that
strongly activate SKN-1 dependent detoxification genes
(Hasegawa et al. 2008; Oliveira et al. 2009; Przybysz et al. 2009; Wu
et al. 2016). As shown in Figure S4, drl-1 RNAi did not significantly
decrease gst-4, gst-12, gst-30, or gcs-1 expression in wild-type
worms exposed to 5mM arsenite or 7 mM acrylamide; gst-10 was
suppressed roughly equally under all conditions. Therefore, drl-1
is not required for detoxification gene induction by pro-oxidants
or electrophiles.

DRL-1 regulates stress responses independently
of nhr-49 and dietary restriction

A previous study reported that loss of drl-1 in C. elegans induces a
dietary restriction-like state with increased longevity and oxida-
tion of fat (Chamoli et al. 2014). Mutations in pharynx-specific
channel EAT-2 reduce feeding and increase life span (Lakowski
and Hekimi 1998; Chamoli et al. 2014). RNAi of drl-1 and an eat-2
mutation were each shown to increase longevity to similar
degrees with no additive effect when combined (Chamoli et al.
2014). If loss of drl-1 controls cytoprotective gene expression by
the same mechanism, then dietary restriction should also sup-
press stress responses in furrow mutants. A long-lived eat-2 allele
(Lakowski and Hekimi 1998; Chamoli et al. 2014) decreased gpdh-1
and increased gst-4 expression in an otherwise wild-type back-
ground (Figure S3A). As shown in Figure 6A, eat-2 mutation
(Lakowski and Hekimi 1998; Chamoli et al. 2014) suppressed de-
toxification genes gst-4 and gst-10 in dpy-10 worms, but had no ef-
fect on gpdh-1, hmit-1.1, or nlp-29; effects of drl-1 RNAi on gpdh-1,
hmit-1.1, and gst-4 were independent of eat-2 (Figure 6A).

The dietary restriction like state induced by drl-1 loss includes
an increase in fatty acid beta oxidization (Chamoli et al. 2014).
When drl-1 is silenced, beta oxidation genes are regulated by a
mechanism that requires nuclear hormone receptor NHR-49
(Van Gilst et al. 2005; Pathare et al. 2012; Chamoli et al. 2014). If the
same mechanism functions in furrow mutants, then nhr-49
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P <0.001, *P <0.01, and *P < 0.05.

should be required for drl-1 RNAi to suppress cytoprotective
genes. In an otherwise wild type background, an nhr-49(nr2041)
loss-of-function allele decreased gpdh-1, hmit-1.1, and gst-4 ex-
pression (Figure S3B). In dpy-10 worms, nhr-49(nr2041) increased
and decreased gpdh-1 and gst-4 expression, respectively
(Figure 6B). However, drl-1 RNAi suppressed cytoprotective genes
in dpy-10 worms independent of nhr-49 (Figure 6B).

DRL-1 regulates osmolyte and detoxification
responses independently of p38 MAPK

Caenorhabditis elegans DRL-1 contains a serine threonine kinase
domain homologous to human mitogen-activated protein kinase

kinase kinase (MAPKKK) MEKK3 (Chamoli et al. 2014; Sandoval
et al. 2019). MEKK3 was reported to regulate osmotic stress
responses via p38 MAPK (Uhlik et al. 2003; Padda et al. 2006). p38
MAPKs regulate responses to stress and inflammatory cytokines
in mammalian cells and C. elegans (Chang and Karin 2001;
Johnson and Lapadat 2002; Kim et al. 2002; Tanaka-Hino et al.
2002; Chuang and Bargmann 2005; Inoue et al. 2005). In C. elegans,
SKN-1 is regulated directly by p38 MAPK during oxidative stress
(Inoue et al. 2005) and nlp-29 is regulated by p38 MAPK following
wounding and infection (Ziegler et al. 2009).

To determine if DRL-1 regulates cytoprotective responses via
the p38 pathway in furrow mutants, a sek-1(km4) deletion allele
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following transfer to 500 mM NaCl. N =4 populations of worms from 1 trial. (A-C) **P < 0.001, *P < 0.01, and *P < 0.05.

was crossed into a dpy-10 background; sek-1 encodes p38 MAPKK
and is required for p38 MAPK activity (Tanaka-Hino et al. 2002).
We used dpy-10 because dpy-7 is on the same chromosome near
sek-1. If DRL-1 functions by regulating p38 MAPK, then loss of sek-
1 should suppress cytoprotective genes on its own but not when
combined with loss of drl-1. Loss of sek-1 suppressed gst-4 in dpy-
10 worms on its own, and this effect was independent of drl-1
RNAI (Figure S5). Loss of sek-1 suppressed nlp-29 in dpy-10 worms
but had a smaller, nonsignificant, effect when drl-1 was silenced
(Figure S5). These results are consistent with DRL-1 influencing
cytoprotective gene expression by a mechanism that is largely
distinct from the p38 MAPK pathway.

DRL-1 is localized at or near plasma membranes

drl-1 mRNA was previously shown to be highly enriched in the epi-
dermis and intestine of C. elegans (Pauli et al. 2006; Spencer et al.
2011; Blazie et al. 2017; Han et al. 2017), which are the two tissues
that highly express osmolyte, detoxification, and antimicrobial re-
sponse genes (Lamitina et al. 2006; Pujol et al. 2008a; Lee et al. 2010;
Kage-Nakadai et al. 2011; Choe 2013; Zugasti et al. 2016; Dodd et al.

2018). Epidermal cells also secrete cuticle collagens and are adja-
cent to the cuticle (Chisholm and Xu 2012). To gain more insight
into tissue distribution, we first fused ~2.5kb of intergenic se-
quence upstream from the start codon to GFP coding sequence;
this intergenic reporter only drove GFP expression in the intestine
(Figure S7). However, drl-1 contains a large, ~2.6kb first intron that
could include additional regulatory sequences. We generated a
more complete drl-1p::GFP reporter by fusing GFP coding sequence
to a ~5.1kb genomic fragment that includes the upstream inter-
genic region and intron 1 and co-injected it with pharynx marker
myo-2p::tdTomato. As shown in Figure 7A, drl-1p:GFP was
expressed in the epidermis (i.e., “hyp” cells) and intestine (“int”)
consistent with previous mRNA enrichment studies (Pauli et al.
2006; Spencer et al. 2011; Blazie et al. 2017; Han et al. 2017). These
results suggest that the upstream intergenic region drives expres-
sion in the intestine and that intron 1 also permits expression in
the epidermis. A prior study failed to observe intestinal expression
with a drl-1 transcriptional reporter (Chamoli et al. 2014); however,
this former construct lacked the intergenic region upstream from
exon 1 that drives intestinal expression (Figure S7).
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To gain insights on DRL-1 protein localization, a DRL-1::GFP
construct was generated and expressed in wild-type worms; to
permit cloning of this large ~8.6kb construct, we omitted in-
tron 1 and focused on intestine cells, which are large and well-
suited for visualizing intracellular localization; as expected,
DRL-1::GFP fluorescence was only observed in the intestine.
Within the intestine, fluorescence was enriched near the
boundaries of cells (Figure 7B). To determine if DRL-1::GFP is at
the membrane, we colocalized with amphipathic plasma mem-
brane dye CellMask in dissected and fixed intestines (Wang
et al. 2013). As shown in Figure 7C, DRL-1::GFP and CellMask
colocalize (Pearson’s correlation coefficient of 0.69) at cell bor-
ders consistent with DRL-1 localization at or near plasma
membranes.

DRL-1 is required in the epidermis and intestine
for cytoprotective gene transcription in furrow
mutants

We next used previously established tissue-specific rde-1 rescue
strains to test if cytoprotective gene expression requires drl-1 in
the epidermis or intestine (Qadota et al. 2007). We crossed rde-
1(ne219) and wildtype rde-1 rescue constructs with dpy-10(e128) to
generate RNAi resistant annular furrow mutants with RNAi
active in either the intestine (nhx-2p:rde-1) or epidermis
(lin-26p::rde-1). As shown in Figure 7D, rde-1(ne219) eliminated or
greatly reduced suppression of cytoprotective gene expression by

drl-1 dsRNA in dpy-10 worms as expected; rescue of rde-1 in either
the epidermis or intestine partially rescued suppression of gpdh-
1, hmit-1.1, gst-10, and nlp-29 by drl-1 dsRNA and fully rescued
suppression of gst-4. Therefore, drl-1 is required in both tissues
for full activation of cytoprotective genes by furrow collagen
mutation.

Discussion

The C. elegans cuticle has emerged as a barrier extracellular matrix
sensor for damage that regulates environmental stress responses
(Lamitina et al. 2006; Pujol et al. 2008a; Dodd et al. 2018). Annular fur-
rows are a central factor in this signaling mechanism (Dodd et al.
2018). Loss of any one of six specific collagens (dpy-2, 3,7, 8, 9, or 10)
disrupts furrow organization in the adult cuticle and constitutively
activates osmolyte accumulation, detoxification, and antimicrobial
peptide genes via distinct sets of transcription factors (Dodd et al.
2018). Other signal transduction mechanisms downstream from
this putative mechanosensor remain largely unknown.

DRL-1 functions downstream from furrow
disruption to regulate cytoprotection

Our screen for suppression of cytoprotective gene expression in a
furrow collagen mutant identified several candidate protein kin-
ases with drl-1 dsRNA having the most consistent effects on all
three stress responses (Figure 1). A model integrating our DRL-1
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results with previous understanding of DRL-1 function is shown
in Figure 8. Our genetic interaction and collagen:GFP results
indicate that DRL-1 functions downstream from the furrow-
associated damage sensor and OSM proteins to permit full
activation of cytoprotective genes (Figures 2-4). Loss of drl-1 also
suppressed the same stress responses induced by moderate
hypertonicity, albeit by a reduced degree for osmolyte accumula-
tion and antimicrobial genes (Figure 5); it is likely that other
parallel signaling mechanisms can compensate under this condi-
tion (Lee and Strange 2012; Choe 2013). Alternatively, drl-1 had no
role in activation of detoxification genes by oxidative stress or in
activation of nlp-29 by a molting defect consistent with specificity
(Figures S2B and S4).

DRL-1 loss in C. elegans has been linked to an NHR-49-
dependent dietary restriction-like state, resulting in increased fat
catabolism and lifespan extension (Chamoli et al. 2014). Our
results with dietary restriction inducing mutant eat-2 and nhr-49
indicate that DRL-1 controls stress response gene expression in
furrow collagen mutants independently of this metabolic shift
and the signals controlling it (Figure 6). Therefore, DRL-1 has sep-
arate functions in at least two distinct physiological contexts, ex-
tracellular damage sensor signal transduction and regulation of a
dietary restriction-like state (Figure 8).

DRL-1 was previously shown to have protein kinase activity
in vitro, suggesting that DRL-1 may transduce signals via phos-
phorylation (Chamoli et al. 2014). The kinase domain of DRL-1
has 40.3% amino acid similarity to human MEKK3 (Figure S6).
MEKK3 has been reported to regulate MAPK signaling cascades
including p38, JNK, and ERK (Chang and Karin 2001; Johnson and
Lapadat 2002; Padda et al. 2006; Kim et al. 2007; Pastuhov et al.
2015; Kong et al. 2019). Within the context of cytoprotection,
MEKK3 has been implicated in regulating osmotic stress
responses via p38 MAPK in mammalian cells (Uhlik et al. 2003;
Padda et al. 2006; Craig et al. 2008). Caenorhabditis elegans p38
MAPXK regulates detoxification and antimicrobial responses (Kim
et al. 2002; Inoue et al. 2005; Blackwell et al. 2015; Wu et al. 2016)
making it a candidate target of DRL-1. However, our data with
p38 MAPKK sek-1 indicates that p38 mediates cytoprotective
responses in furrow mutants largely independent of DRL-1

Extracellular damage-
sensor and OSM proteins

L

DRL-1

2 NHR-49
L L
Cytoprotective gene DR-like state
activation lifespan

Figure 8 Working model for DRL-1 function. Prior work demonstrated
that DRL-1 functions to suppress a dietary-restriction like state mediated
by NHR-49 (Chamoli et al. 2014). Our results indicate that DRL-1 also
functions downstream from a cuticle-based extracellular damage sensor
and OSM proteins to permit full activation of cytoprotective genes.

(Figure S5). Future studies are required to determine if DRL-1
functions through other potential downstream signaling path-
ways including the ones identified in our screen (Figure 1B).

DRL-1 contains atypical C-terminal
transmembrane domains

In addition to an N-terminal protein kinase domain, DRL-1 pos-
sesses an atypical hydrophobic C-terminus. Transmembrane pre-
diction programs, such as TMpred (Hofmann 1993) and TMHMM?2
(Moller et al. 2001), predict three transmembrane domains in the
C-terminus (Figure S6). Protein kinases with transmembrane
domains at the C-terminus are rare; most eukaryotic membrane
kinases are receptor tyrosine protein kinases that have N-termi-
nal extracellular receptor and transmembrane domains and a C-
terminal intracellular kinase domain (Lemmon and Schlessinger
2010). There is one other protein in C. elegans with the same atypi-
cal structure, FLR-4 (FLuoride Resistant). FLR-4 also contains an
N-terminal serine/threonine protein kinase domain and a C-ter-
minal hydrophobic domain that has 56% amino acid similarity to
DRL-1 (Figure S6). FLR-4 regulates longevity (Verma et al. 2018)
and defecation rhythm in the intestine together with ion channel
FLR-1 (Take-uchi et al. 2005). Surprisingly, expression of FLR-4
variants that were kinase-dead or missing the entire kinase do-
main were able to rescue defecation rhythm indicating the im-
portance of the C-terminal hydrophobic domain (Kobayashi et al.
2011). Unfortunately, a null drl-1 mutant is not available and is
likely to be inviable. However, future studies with a balanced null
or rescue of drl-1 RNAi with C. briggsae drl-1 variants could be
used to test the relative roles of DRL-1 kinase and transmem-
brane regions.

DRL-1 may function at the cell membrane

Given potential expression at the plasma membrane (Figure 7),
DRL-1 may be able to receive signals from the extracellular envi-
ronment and transduce intracellular signals as a protein kinase.
This model is similar to the CDC42-STE50-STE11-Pbs2 complex
in Saccharomyces cerevisiae and the Rac-OSM-MEKK3-MKK3 com-
plex in mammalian cells (Uhlik et al. 2003; Tatebayashi et al. 2006;
Zhou et al. 2011). In both of these systems, cell volume changes
are detected by osmo/mechano-sensors at the cell membrane
(SHO1 in yeast, condensed actin ruffles in mammals) (Uhlik et al.
2003; Tatebayashi et al. 2006; Zhou et al. 2011). Intracellular Hog1
and p38 MAPK phosphorylation cascades are then activated in
yeast and mammalian cells, respectively leading to activation of
cytoprotective genes (Uhlik et al. 2003; Tatebayashi et al. 2006;
Zhou et al. 2011).

DRL-1 may also function as part of an osmosensor complex at
the membrane. MEKK3 is recruited near the membrane of mam-
malian cells by scaffold protein OSM during hyperosmolarity
(Uhlik et al. 2003). DRL-1 is likely constitutively targeted to mem-
branes by its transmembrane domains (Figure 7) where it could
also interact with structural filaments. Actin bundles in epider-
mal cells are associated with furrows during the molting cycle
and could also play a role during cuticle damage (Costa et al.
1997; McMahon et al. 2003). Future screens for interacting pro-
teins could identify other proteins functioning as part of a puta-
tive membrane sensor.

Data availability
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Supplementary material is available at GENETICS online.
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