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ABSTRACT Oxidative damage contributes to human diseases of aging including diabetes, cancer, and cardiovascular disorders.
Reactive oxygen species resulting from xenobiotic and endogenous metabolites are sensed by a poorly understood process, triggering a
cascade of regulatory factors and leading to the activation of the transcription factor Nrf2 (Nuclear factor-erythroid-related factor 2,
SKN-1 in Caenorhabditis elegans). Nrf2/SKN-1 activation promotes the induction of the phase II detoxification system that serves to
limit oxidative stress. We have extended a previous C. elegans genetic approach to explore the mechanisms by which a phase II enzyme
is induced by endogenous and exogenous oxidants. The xrep (xenobiotics response pathway) mutants were isolated as defective in
their ability to properly regulate the induction of a glutathione S-transferase (GST) reporter. The xrep-1 gene was previously identified
as wdr-23, which encodes a C. elegans homolog of the mammalian b-propeller repeat-containing protein WDR-23. Here, we identify
and confirm the mutations in xrep-2, xrep-3, and xrep-4. The xrep-2 gene is alh-6, an ortholog of a human gene mutated in familial
hyperprolinemia. The xrep-3 mutation is a gain-of-function allele of skn-1. The xrep-4 gene is F46F11.6, which encodes a F-box-
containing protein. We demonstrate that xrep-4 alters the stability of WDR-23 (xrep-1), a key regulator of SKN-1 (xrep-3). Epistatic
relationships among the xrep mutants and their interacting partners allow us to propose an ordered genetic pathway by which
endogenous and exogenous stressors induce the phase II detoxification response.
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OXIDATIVE stress is widely recognized to be a major
contributor to thepathophysiologyofnumerousdiseases

including diabetes, cancer, and cardiovascular and neurode-
generative disorders. The downstream defense mechanisms
providing protection against reactive oxygen species, a major
source of acute oxidative stress, are mediated by a highly-
conserved set of phase II detoxification enzymes including the
glucuronosyltransferases and the glutathione S-transferases
(GSTs) (Jakoby and Ziegler 1990). These enzymes act in
combination to metabolize almost any hydrophobic com-
pound that contains nucleophilic or electrophilic groups.

Toxic compounds generated by normal metabolism or be-
cause of phase I detoxification of xenobiotics are primarily
acted upon by the glutathione transferases, facilitating their
removal. Thus, cellular detoxification mechanisms must
sense oxidative or xenobiotic insults resulting from a wide
range of endogenous and exogenous stimuli, which activate a
battery of cellular response genes with broad specificity and
high capacity.

Caenorhabditis elegans, like mammals, exhibits evolution-
arily conserved mechanisms for dealing with cellular stress,
including the MAPK kinase cascades, insulin signaling, and
nuclear factor-erythroid-related factor (Nrf)/SKN-1 path-
ways regulating genes that encode GSTs (Carroll et al.
1997; Pal et al. 1997; Rupert et al. 1998; Kahn et al. 2008;
Hasegawa and Miwa 2010; Sykiotis and Bohmann 2010; Li
et al. 2011; Paek et al. 2012; Glover-Cutter et al. 2013; Pang
et al. 2014; Blackwell et al. 2015). C. elegans provides an
unbiased genetic means of identifying important regulatory
components in these signaling and transcriptional pathways.
One common assay is the activation of a gst-4 reporter gene,
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used previously to identify genes involved in the response to
acrylamide (Hasegawa et al. 2008), cadmium (Roh et al.
2009), and other sources of oxidative stress (Hasegawa et al.
2007, 2010; Hasegawa and Miwa 2010; J. Wang et al. 2010;
Jones et al. 2013; Leung et al. 2013; Crook-McMahon et al.
2014).

In a forward genetic screen for acrylamide-responsive genes
(Hasegawa and Miwa 2010), a gst-4::gfp reporter was used to
identify a collection of xenobiotics response pathway (xrep)
mutants. Of the 24 mutants identified in this screen, four com-
plementation groups were reported (xrep-1, -2, -3, and -4).
The xrep-1 gene was identified as wdr-23, the nematode ho-
molog of the mammalian b-propeller repeat-containing pro-
tein WDR-23 (Hasegawa and Miwa 2010). Prior evidence
indicated that gst-4 expression was regulated in part by SKN-
1 (Hasegawa et al. 2008). In mammalian systems, the
b-propeller repeat protein Keap1 interacts with Nrf2, the
ortholog of SKN-1, to govern oxidative stress response genes
(Itoh et al. 1999; Kobayashi et al. 2004; Osburn and Kensler
2008; Nguyen et al. 2009). A functional equivalence was pro-
posed for WDR-23 and SKN-1 in the regulation of acrylamide-
responsive genes in C. elegans (Choe et al. 2009; Przybysz et al.
2009; Hasegawa and Miwa 2010); the molecular identities of
the remaining xrep mutations remained to be determined.

In this report, we have employed whole-genome sequenc-
ing (WGS) with Hawaiian SNP mapping (Doitsidou et al.
2010), candidate gene sequencing, RNAi phenocopy, trans-
genic assays, and mutant rescue to identify xrep-2, -3, and -4.
The xrep genes alh-6 (xrep-2), skn-1 (xrep-3), and the F-box
protein-encoding gene F46F11.6 (xrep-4), in conjunction
with the previously identified wdr-23 (xrep-1), form a coher-
ent genetic signaling pathway based on epistasis analysis.
These results provide a framework for understanding the
organismal response to endogenous and exogenous oxidative
stress, and support the increasingly widespread use of C.
elegans as a model for toxicology and high-throughput drug
screening (Hasegawa et al. 2004, 2007; Leung et al. 2013;
Rangaraju et al. 2015).

Materials and Methods

Strains and cultures

Standard C. elegans culture conditions were used (Brenner
1974). The following strains were used in this study: N2
(Bristol), CB4856 (wild-type, Hawaiian), MJCU017 (unc-
119(ed3) III, kIs17[gst-4::gfp, pDPMM#016B] X) referred
to throughout as gst-4::gfp, MJCU047 (unc-119(ed3) III,
kIs41[gst-30::gfp, pDPMM#016B] X) referred to throughout
as gst-30::gfp, MJCU085 (unc-119(ed3) III, kIs84[xrep-1(+)::
gfp, pDP#MM016B]) referred to throughout as wdr-23::gfp,
MJCU1007 wdr-23(k1007); gst-4::gfp, MJCU1018 alh-
6(k1018); gst-4::gfp, MJCU1022 alh-6(k1022); gst-30::gfp,
MJCU1023 skn-1(k1023); gst-4::gfp, and MJCU1024 xrep-
4(k1024); gst-4::gfp. Isolation of the xrep mutants was pre-
viously described (Hasegawa and Miwa 2010). Acrylamide

exposure used NGM plates containing 200 mg/liter of
acrylamide.

Mutation identification

The xrep-2 and xrep-4 mutations were identified by WGS
(Table 1). Mutation intervals were determined by the one-
step SNP mapping method (Doitsidou et al. 2010) via crosses
to Hawaiian strain CB4856 (Hodgkin and Doniach 1997).
Libraries from each strain were constructed using either NEB-
Next DNA or Ultra DNA library prep kits for Illumina (Cat.
Nos. E6040 or E7370, respectively, New England Biolabs,
Beverly, MA). Single-end 50 bp sequencing was performed
on a HiSequation 2500 instrument (Illumina, San Diego,
CA), yielding a minimum of 20-fold genome coverage for
each library. Variants were identified using a pipeline of
BBMap for alignment (Bushnell 2015), FreeBayes for variant
calling (Garrison and Marth 2012), ANNOVAR for gene an-
notation (K. Wang et al. 2010), BEDTools for Hawaiian SNP
annotation (Quinlan and Hall 2010), and R for Hawaiian
SNP frequency plots (R Core Team 2016). Candidate muta-
tions were defined as nonparental, homozygous, and non-
synonymous variants within the map interval (Table S1).
The gain-of-function skn-1(k1023) allele, previously identi-
fied as xrep-3(k1023), was determined by Sanger sequencing
of the skn-1 exons amplified from the strain MJCU1023.

RNAi constructs and procedures

The xrep-2mutation was confirmed as alh-6 via RNAi pheno-
copy by injecting alh-6 dsRNA into the gst-4::gfp translational
fusion reporter strain. To identify the xrep-4 mutation, 12 of
26 genes (unc-89, cec-10, F27C1.3, F46F11.6, tyr-4, C48E7.6,
hrpk-1, pcbd-1, dcp-66, apb-3, mys-4, and B0511.12) in the
Hawaiian SNP mapping interval by WGS were tested individ-
ually by injecting dsRNA into the MJCU1018 (alh-6 mutant)
strain. To test SKN-1 dependence of GST activation, a skn-1-
specific RNAi construct was used that does not include any
conserved nucleotide sequence with the related gene, sknr-1.
The skr-1/2 RNAi construct used the skr-1 gene as a template
for cDNA amplification, which is �83% identical to skr-2 at
the nucleotide level. All RNAi clones were generated by am-
plifying target sequences using a wild-type cDNA prepara-
tion. Gel-purified amplicons were inserted into the L4440
plasmid that was used to synthesize dsRNA. Most of the RNAi
experiments were performed by injection of dsRNA into the
gonads of adult animals using standard techniques and assay-
ing the progeny. In some cases, RNAi knockdown of gene
function was achieved by feeding RNAi (Ahringer 2006)
starting with L1-stage animals. Primers used for all RNAi
constructs are shown in Supplemental Material, Table S2.

Mutant rescue

All injections to generate transgenic strains included the
dominant rol-6(su1006) plasmid (pRF4, 100 ng/ml) as a vis-
ible marker (Mello et al. 1991). To rescue mutants, genomic
regions encompassing either wild-type alh-6 or xrep-4
were amplified by PCR with alh-6pF1 and alh-6R(39UTR) or
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F46F11.6pF and F46F11.6R(39UTR) primer sets, respectively.
Purified PCR fragments (1 ng/ml) were injected into corre-
sponding alh-6(k1018) or xrep-4(k1024) mutant strains.
Plasmids of the genomic fragments used for rescue were con-
structed with a C-terminal mCherry tag so that the rescuing
protein products could be visualized. Amplified genomic DNA
fragments were cloned into pCR2.1-TOPO by using the TOPO
cloning kit (Invitrogen, Carlsbad, CA, cat#K4500-01). An
mCherry::unc-54 39-UTR fragment from pKM1271 was
inserted into the 39-end of the alh-6 or xrep-4 gene construct
via standard cloning methods. The appropriate mCherry-
tagged rescue construct (10 or 40 ng/ml) was injected into
either alh-6(k1018) or xrep-4(k1024) mutant strain and
transgenic progenywere scored for their gst-4::gfp expression
phenotypes.

For xrep-4 mutants, rescue following tissue-restricted ex-
pression of the wild-type xrep-4 genomic region was tested
with promoters driving expression in the intestine [pho-1 pro-
moter (pKM1272)] or muscle [myo-3 promoter (pKM1273)].
The tissue-specific constructs (50 ng/ml)were injected into the
gst-4::gfp strain MJCU017. Detailed primer information is
provided in Table S2.

Imaging and processing

Animals were mounted either on agarose pads or anesthetic
buffer solution (100mM levamisole in PBS) and imaged using a
NikonCFI60microscope system (Nikon, GardenCity, NY)fitted
with a Retiga 2000R digital camera (Qimaging) and captured
with iVision imaging software (BioVision Technologies). Image
data were processed using Adobe Photoshop CC software.

Western analysis

Synchronized L1 animals were prepared from wdr-23::gfp
and wdr-23::gfp; xrep-4(k1024) populations. L1 worms were
grown on NGM plates for �24 hr at room temperature after
recovering from starved conditions used to synchronize the L1
population. Animals were transferred to fresh plates with or
without acrylamide. Animals were incubated for another
�24 hr at room temperature before total proteinwas extracted
at the late L3 and early L4 stages using a Mini-Beadbeater-16
(Biospec Products). Protein concentrations were measured by
280 nm absorbance (Nanodrop 2000c, Thermo Scientific) and

similar amounts of protein loaded for gel electrophoresis and
western blotting. The anti-GFP antibody (A-11120, Thermo
Scientific) was used to detect WDR-23::GFP and the anti-
a-tubulin antibody (DM1A, Sigma [Sigma Chemical], St.
Louis, MO) was used to detect a-tubulin as the internal load-
ing and transfer control. The anti-mouse peroxidase (Cat#
715-035-150, Jackson ImmunoResearch) was used as a sec-
ondary antibody and the SuperSignal West Dura Extended
Duration Substrate (Cat# 34075, Thermo Scientific) was used
for detection of the signal. Signals were captured using the
digital gel imaging system “Fluorchem E” (ProteinSimple)
and the results averaged over at least three biological repli-
cates for each strain and growth condition.

Data availability

Strains and genomic sequences are available upon request.
All oligonucleotides used for cloning are listed in Table S2.

Results

XREP-2 is ALH-6, linking aberrant proline catabolism to
the constitutive stress response

The initial genetic mutant screen recovered six xrep-2 strains
that exhibit constitutive adult expression of gst-4::gfp (five
strains) or gst-30::gfp (one strain) reporter genes in the absence
of acrylamide exposure (Hasegawa andMiwa 2010); gst-4::gfp
expression was most evident in bodywall muscle (BWM)
whereas gst-30::gfp was strongest in the posterior pharyn-
geal bulb. We utilized WGS with the one-step Hawaiian
SNP mapping method of one representative xrep-2 strain
(MJCU1018) to delimit the mapping interval to chromosome
II, between 0 and 2 Mb (Doitsidou et al. 2010). We also per-
formed WGS and variant calling for the remaining xrep-2
strains and the unmutagenized parental strain that contained
the gst-4::gfp translational reporter. Comparisons of de novo
(nonparental) variants revealed that the five strains derived
from the gst-4::gfp-containing parent were genetically identical
and, likely, represented a single clonal line rather than
independently generated alleles; a single independent
mutant, xrep-2(k1022), was isolated in the gst-30::gfp reporter
background. By comparing xrep-2 candidate mutations from

Table 1 Strains for whole-genome sequencing

Strain Description Mutationa
Gene and

substitutionb

MJCU017 gst-4::gfp parental strain N/A N/A
K1017 xrep-2; gst-4::gfp ChrII: 1,306,476, C . T F56D12.1, Gly534Asp
K1018 x CB4856 xrep-2; gst-4::gfp Haw cross ChrII: 1,306,476, C . T F56D12.1, Gly534Asp
K1019 xrep-2; gst-4::gfp ChrII: 1,306,476, C . T F56D12.1, Gly534Asp
K1020 xrep-2; gst-4::gfp ChrII: 1,306,476, C . T F56D12.1, Gly534Asp
K1021 xrep-2; gst-4::gfp ChrII: 1,306,476, C . T F56D12.1, Gly534Asp
K1022 xrep-2; gst-30::gfp ChrII: 1,306,500, G . A F56D12.1, Ser526Phe
K1024 xrep-4; gst-4::gfp ChrI: 5,617,911, C . T F46F11.6, Arg92Opal

N/A, not applicable; Chr, chromosome.
a Mutation position based on reference genome version WS250 (www.wormbase.org).
b Amino acid position based on isoforms F56D12.1a and F46F11.6a, respectively.
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the gst-4::gfp and gst-30::gfp-bearing strains we identified a
single gene, alh-6, that had distinct mutations in the two
strains.

The alh-6 gene encodes an aldehyde dehydrogenase most
similar to the human aldehyde dehydrogenase 4 family
(ALDH4A1). These are highly conserved, NAD-dependent en-
zymes found in themitochondrialmatrix that catalyze a step in
the proline degradation pathway; loss of ALDH4A1 activity in
humans results in recessive type II hyperprolinemia disorder
(Flynn et al. 1989). ALDH4A1 converts d-1-pyrroline-5-
carboxylate (P5C) to glutamate and its loss leads to the accu-
mulation of P5C, which is toxic to cells and tissues (Mitsubuchi
et al. 2008). Interestingly, a previous genetic screen in C. elegans
has also linked alh-6 proline catabolism to lipid oxidation and
the phase II detoxification response mediated by SKN-1 (Pang
and Curran 2014; Pang et al. 2014).

The mutation we identified in the xrep-2(k1018) strain
(and clonal isolates) was in the last exon of the alh-6a iso-
form, resulting in a Gly534Asp amino acid substitution
(Figure 1A). The mutation in the xrep-2(k1022) strain was
similarly located in the last exon of alh-6, resulting in a
Ser526Phe substitution (Figure 1A). Both mutations alter
the evolutionarily conserved C-terminal domain of ALH-6a.
Structures of the highly homologous mouse and human
ALDH4A1 proteins localized the binding sites for NAD and
glutamate to this domain (Srivastava et al. 2012). Mutations
that we (Figure 1A, in blue) and others (in black) have iden-
tified in alh-6a are adjacent to the active site residues that
contact glutamate substrate (in red) in mouse ALDH4A1; this
active site is also near the conserved NAD-binding site. These
findings demonstrate that many of the mutations identified
to date in ALH-6a map to the region corresponding to the
conserved NAD/glutamate-interaction domain.

To further confirmthat thexrep-2(k1018)andxrep-2(k1022)
mutations were loss-of-function alleles of alh-6, we employed
two additional approaches. First, we demonstrated that the ab-
errant gst-4::GFP reporter patterns observed in xrep-2 mutants
could be induced following alh-6RNAi (Figure 1B). Second, we
rescued one of the mutant strains (MJCU1018) using either a
wild-type alh-6 genomic fragment or a similar genomic con-
struct containing a C-terminal fusion to mCherry (Figure 1C).
When introduced into the mutant alh-6(k1018); gst-4::gfp
strain, both constructs suppressed the constitutive mutant gst-
4::gfp reporter expression pattern in both pharyngeal (Figure 1,
A and B) and BWMs (Figure 1, C and D). These findings were
consistent with the nearly ubiquitous tissue distribution ob-
served with the mCherry-tagged rescuing transgene. Taken to-
gether, we hypothesized that loss of ALH-6 activity results in the
accumulation of a proline catabolism intermediate (PC5) that
triggers an endogenous toxic signal, activating the phase II de-
toxification pathway, including the expression of gst-4.

XREP-4 is essential for the phase II stress response to
both endogenous and exogenous toxins

A single xrep-4mutationwas isolated as a recessive allele that
fails to express the gst-4::gfp reporter in the presence of

acrylamide (Figure 2A) (Hasegawa and Miwa 2010). The
xrep-4 genetic locus interval was identified by WGS and Ha-
waiian SNP mapping as described above, and delimited to
chromosome I between positions 3–11 Mb; the interval con-
tained nonsynonymous mutations in 26 candidate genes. To
determine which of these genes corresponded to xrep-4, we
took advantage of the constitutive gst-4::gfp reporter signal in
the muscle tissues of alh-6mutants. We reasoned that XREP-
4 activity might be required for this constitutive expression
pattern and confirmed that the xrep-4 mutation prevented
constitutive gst-4::gfp expression caused by loss of alh-6 (Fig-
ure 2B). By using injection RNAi or feeding RNAi for candi-
date genes for which injection RNAi resulted in embryonic
lethality, 12 of the 26 candidate genes from the mapped in-
terval were screened. Of those tested, only RNAi directed
against F46F11.6 in the alh-6(k1018) background blocked
the constitutive gst-4::gfp signal in muscle (Figure 2C).

WGS of the xrep-4(k1024) mutant strain (MJCU1024)
identified a single mutation in F46F11.6 resulting in a pre-
mature termination signal, due to an Arg to Opal stop codon
substitution (Figure 2D); the predicted translational product
lacks the C-terminal two-thirds of the protein. To validate
that loss of F46F11.6 activity represents xrep-4, we assayed
mutant rescue with a wild-type F46F11.6 genomic fragment
or a similar construct containing a C-terminal fusion to
mCherry (Figure 2E). Both transgenes restored the ability
of xrep-4 mutant animals to activate the gst-4::gfp reporter
gene even in the absence of additional stressors and trans-
gene mosaicism indicated that this xrep-4 activity was cell
autonomous in both intestinal and muscle tissues (Figure
2E); we used RNAi to confirm that the activation of gst-4::
gfp in these strains was SKN-1-dependent (data not shown).
We concluded that xrep-4(k1024) is an allele of the F-box-
encoding gene F46F11.6 that acts genetically downstream of
alh-6. Moreover, XREP-4 mediates the response to both en-
dogenous (presumably P5C) and exogenous (acrylamide)
toxic stress in activating the phase II stress response pathway.

XREP-4 functions tissue-autonomously in activating the
phase II detoxification response

Thedifferential response of our gst-4::gfp reporter in tissues such
asmuscle and intestine suggested that XREP-4 sensed stress in a
tissue-specific manner. To address this directly, we generated
constructs in which the coding region of xrep-4 was driven by
either a strong muscle (myo-3) or intestinal (pho-1) promoter.
BWMexpression of thewild-type xrep-4 coding regionwas able,
on its own, to induce the gst-4::gfp reporter specifically in this
tissue (Figure 3,middle row). Because the ectopically-expressed
xrep-4 transgenes were maintained on a mitotically unstable
extrachromosomal array, we were also able to determine (as
above) that this activity was cell autonomous. Cell autonomous
overexpression of xrep-4 in the intestinal cells was also able to
induce the gst-4::gfp reporter (Figure 3, bottom row). Addition-
ally, we noticed that therewas variability among resulting trans-
genic strains in the levels of expression and that the level of
transgene expression correlated with strain viability; high levels
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of xrep-4 activity were not tolerated. We concluded that boost-
ing the levels of XREP-4 above baseline levels was sufficient to
trigger a cell- and tissue-specific stress response, suggesting that
an acute upregulation of XREP-4 underlies the normal stress
response to endogenous and exogenous toxins.

xrep-3(k1023) is a gain-of-function allele of skn-1

The xrep-3 mutant phenotype was previously described as a
single dominant allele that exhibited constitutive expression of

the gst-4::gfp reporter gene (Hasegawa and Miwa 2010). Pre-
vious studies have implicated skn-1 as a positive activator of
gst-4::gfp (Hasegawa et al. 2008) and identified skn-1 gain-of-
function (gof) alleles as dominant activators of gst-4::gfp (Paek
et al. 2012). Because xrep-3(k1023) mapped to the same chro-
mosome as skn-1 (Hasegawa and Miwa 2010) and had a
gst-4::gfp expression phenotype that was similar to that of
skn-1(gof) mutants (Paek et al. 2012), we considered the pos-
sibility that xrep-3might be amutation in skn-1. We tested this

Figure 1 Identification of xrep-2 as an allele of alh-6. (A) The alh-6 gene structure and mutations. The gene structure of alh-6 is diagramed (black) along
with part of its neighboring gene in the operon, emc-2 (gray). The positions of alleles identified in this study (k1018 and k1022) are shown in blue
relative to several previously identified mutations [Schlipalius et al. (2012) and Pang and Curran (2014)]. Many cluster in the last exon, which encodes an
evolutionarily conserved interface between the inferred substrate and NAD+-binding pockets of ALH-6 based on sequence homology to mammalian
ALDH4A1 (Srivastava et al. 2012). A segment of the protein sequence from this region is shown, with active site residues in red and mutant substitutions
(black and blue) as indicated. (B) Phenocopy of the xrep-2mutation by alh-6 RNAi (RNA interference). Control wild-type adult animals harboring the gst-
4::gfp translational fusion reporter gene are shown next to the same strain after alh-6 RNAi. Knockdown of alh-6 activity results in strong upregulation
of gst-4::gfp expression in bodywall muscles (BWMs). (C) alh-6 mutant rescue. Genomic wild-type and mCherry (mCh)-tagged alh-6-rescuing constructs
are diagramed at the top; each was introduced separately into alh-6(k1018) mutants harboring the gst-4::gfp reporter gene and stable extrachromo-
somal strains were established. The left panels (a and b series) illustrate the head expression, emphasizing pharyngeal patterns for both reporters; the
arrowhead indicates expression in the posterior pharyngeal bulb. Note that expression of the mCh-tagged wild-type alh-6 transgene is strong in the
posterior bulb of the pharynx (b and b”; arrowhead) and completely suppresses the mutant pattern of gst-4::gfp expression in this tissue (a’ and a”;
arrowhead). A similar comparison of mutant and rescue transgene expression is shown for midbody BWMs and hypodermal cells (HYPs) (c and d series),
with BWM expression of alh-6::mCh (carets) suppressing gst-4::gfp expression. The arrowhead (d’ and d”) points to a single, nonrescued BWM cell still
expressing gst-4::gfp; background gut auto-fluorescence captured in the GFP channel is also visible in these images.
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Figure 2 Phenotypes and the identification of xrep-4 as F46F11.6. (A) The xrep-4 mutants do not induce robust gst-4::gfp reporter expression in
response to toxins. A comparison of wild-type and xrep-4(k1024) mutant adult animals harboring the gst-4::gfp translational fusion reporter after
exposure to acrylamide for �24 hr. Wild-type animals show a robust gst-4::gfp response whereas there is little to no response in xrep-4(k1024)
mutants. (B) The xrep-4;gst-4::gfp phenotype is epistatic to alh-6 RNA interference (RNAi). In a wild-type background, alh-6 RNAi is sufficient to
induce robust gst-4::gfp expression in bodywall muscles (BWMs) (see Figure 1B). However, little to no gst-4::gfp is detected following alh-6 RNAi in
the xrep-4(k1024) mutant background. (C) Phenocopy of the xrep-4 mutation by F46F11.6 RNAi. The alh-6(k1018) mutant results in constitutive
gst-4::gfp expression, a phenotype that was exploited to test candidate genes from the xrep-4 mapped interval for their ability to phenocopy
xrep-4(k1024). Knockdown of F46F11.6 alone among tested genes was sufficient to block the constitutive alh-6(k1018); gst-4::gfp reporter
expression, phenocopying the xrep-4(k1024) mutants. (D) xrep-4 mutants have a premature stop codon mutation in F46F11.6. A single mutation
in the F-box-encoding gene F46F11.6 was identified in xrep-4(k1024) mutant animals corresponding to an Arg92 to Opal92 stop codon in the
fourth exon. (E) Rescue of xrep-4 mutants with F46F11.6 genomic constructs. Genomic wild-type and mCherry (mCh)-tagged F46F11.6-rescuing
constructs are diagramed, each of which was introduced separately to xrep-4(k1024) mutant animals harboring the gst-4::gfp reporter gene.
Both genomic clones rescued the xrep-4 mutant phenotype. (F) xrep-4 activity is tissue- and cell-specific. Mosaic expression of a nonintegrated
mCh-tagged xrep-4 genomic clone is shown relative to the gst-4::gfp reporter in transgenic xrep-4(k1024) mutant animals. Intestinal (INT) cell
expression is highlighted in the top panels with arrowheads pointing to individual cells. The bottom panels highlight BWM (arrowheads) and HYP
(arrows) expression patterns in these mosaic transgenic rescue strains. Note that in all cases, the gst-4::gfp signal is present only in cells that are
also xrep-4::mCh-positive, demonstrating that transgenic xrep-4 expression driven by the endogenous promoter is sufficient to activate this
stress response reporter gene, even in the absence of an exogenous stressor.
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hypothesis by PCR amplification of the skn-1 genomic region
from DNA prepared from xrep-3(k1023) animals and Sanger
sequencing of the exons. We found a singlemissense mutation
in xrep-3(k1023) that resulted in an Arg to Cys amino acid
substitution in SKN-1 (Figure 4). To validate that this change
was the causative mutation in xrep-3(k1023), we amplified
the genomic region encoding skn-1 from either wild-type or
xrep-3(k1023) mutant animals and introduced them sepa-
rately into xrep-4(k1018) animals carrying the gst-4::gfp re-
porter. As expected, the wild-type skn-1 genomic sequences
did not activate gst-4::gfp in any progeny derived from the
40 injected hermaphrodites. In contrast, the xrep-3(k1023)
mutant skn-1 genomic sequences resulted in constitutive gst-
4::gfp reporter gene activation inmany F1 animals (27 positive
F1s from 25 injected hermaphrodites). These results demon-
strated that the k1023mutant of skn-1 is a gain-of-function (gof)
allele that was sufficient to activate gst-4::gfp in a cell autono-
mous manner. In addition, heterozygous xrep-3(k1023) outcross
progeny also constitutively activate the gst-4::gfp reporter dem-
onstrating that this allele is indeed dominant, as previously re-

ported (Hasegawa andMiwa 2010). Finally, we determined that
skn-1-specific RNAi in the xrep-3(k1023) mutant background
abolished gst-4::gfp reporter gene expression (Figure S2B
and Table 2). Taken together, our results demonstrated that
xrep-3(k1023) is a dominant, gain-of-function allele of skn-1.

XREP-4 genetically functions upstream of both WDR-23
and SKN-1 in regulating the phase II stress response

XREP-4 encodes an F-box protein (Figure 2D), one of
326 such members of this family predicted to be present in
C. elegans (Kipreos and Pagano 2000; Dankert et al. 2017).
The F-box is a protein–protein interaction motif of �50 aa,
first identified as components of SCF (Skp1, Cullin, and F-box
protein) ubiquitin ligase complexes required for ubiquitin-
mediated proteolysis; F-box proteins have since been shown
to be required in other cellular processes, including chromo-
some segregation, transcriptional elongation, and transla-
tional control (Kipreos and Pagano 2000; Dankert et al. 2017).

Since xrep-4 remains largely uncharacterized in C. elegans,
we sought to place it in the stress response pathway and

Figure 3 Tissue-specific expression of xrep-4 is sufficient to induce cell-autonomous gst-4::gfp expression. To address whether XREP-4 activity was cell
autonomous, we generated transgenic strains in the gst-4::gfp translational fusion reporter background in which the wild-type xrep-4 coding sequence
was driven by strong, tissue-specific promoters, usingmyo-3 for muscle expression and pho-1 for intestinal expression. In the absence of toxins, the gst-
4::gfp reporter is silent (top panels). However, when high levels of xrep-4 are generated in both muscle (middle panels) and intestine (bottom panels),
robust activation of the gst-4::gfp reporter is observed. The induction of this reporter gene was cell- and tissue type-specific, as revealed by the mosaic
nature of these transgenes; an example is shown in the middle row panels where a gap in GFP signal within a bodywall muscle (BWM) quadrant is
highlighted (arrowhead). A similar observation was made in intestinal (INT) cells shown in the bottom row of panels with individual INTs identified with
arrowheads. As above, induction of gst-4::gfp expression in these strains occurred in the absence of toxin exposure, revealing that high levels of XREP-4
activity alone could trigger this stress response.
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determine how it might function. Specifically, we were inter-
ested in the relationship between XREP-4, the SCF ubiquitin
ligase complex, and the stress pathway components WDR-23
(originally identified as XREP-1) (Hasegawa andMiwa 2010)
and SKN-1 (identified above as XREP-3). XREP-4 has been
reported to physically interact with SKR-1 in high-throughput
protein interaction screens (Boxem et al. 2008). SKR-1 and -2,
nearly identical proteins, are related to the SCF ubiquitin ligase
complex member Skp-1, a known F-box-interacting protein
(Nayak et al. 2002; Yamanaka et al. 2002). SKR-1/2 have been
linked to the regulation of gst-4 expression via WDR-23 and
SKN-1 (Wu et al. 2016), and WDR-23 has been shown to in-
teract with a CUL-4 SCF ubiquitin ligase complex to regulate
nuclear SKN-1 levels and activity (Choe et al. 2009).

We were interested in genetically ordering the function of
XREP-4 relative to WDR-23, SKN-1, and SKR-1/2 in activat-
ing our gst-4::gfp reporter gene in response to both endoge-
nous and exogenous stresses. A complication to exploring
these epistatic relationships is that strong loss-of-function
mutations in many of these pathway components cause em-
bryonic or early larval lethality or larval arrest. Therefore, we
combined genetic mutants in individual factors with RNAi of
secondary genes to order known components in the pathway
relative to either endogenous and/or exogenous toxins.

The results of epistasis testing are summarized in Table 2.
Expression of gst-4::gfp is induced either by exogenous stress
via acrylamide exposure or endogenous stress via loss of ALH-
6 activity; in the latter case, the most robust response is seen
in muscle tissue. When alh-6(k1018); gst-4::gfp mutant ani-

mals are also exposed to acrylamide, gst-4::gfp is further in-
duced in many tissues, including the pharynx, hypodermis,
and intestine (Figure S1). We found that the response to
endogenous stress in alh-6 mutants was dramatically re-
duced by RNAi knockdown of either skn-1 (Figure S2) or
skr-1/2 (Figure 5A), consistent with previously reported
roles for these genes (Pang and Curran 2014; Wu et al.
2016). As indicated above (Figure 2, A and B), xrep-
4(k1024) mutants failed to respond to either exogenous ac-
rylamide or endogenous toxins resulting from the loss of
ALH-6 activity. In contrast, knockdown of wdr-23 activity in
an xrep-4(k1024) mutant strongly activated the gst-4::gfp re-
porter, even in the absence of acrylamide (Figure 5B). This
result demonstrates that much of the phase II signaling path-
way remains functional in xrep-4 mutants. Finally, loss of
xrep-4 activity had no effect on constitutive gst-4::gfp in the
skn-1(gof) mutants (Figure 5C), whereas expression was
strongly eliminated by targeting skn-1 itself by RNAi (Figure
S2B), confirming a previous report (Paek et al. 2012). Differ-
ent exogenous toxins have been shown to elicit the phase II
detoxification response through distinct pathways (Wu et al.
2016), although all converge on the regulation of SKN-1; our
results demonstrate that XREP-4 also functions through SKN-
1. Taken together, our findings place XREP-4 at an upstream
nodal point that senses and/or triggers the phase II detoxifi-
cation pathway in response to both endogenous and exoge-
nous toxins, with the primary response limited to either
BWM or pharyngeal, hypodermal, and intestinal tissues,
respectively.

XREP-4 regulates the stability of WDR-23

During the course of our studies with the functional genomic
WDR-23::GFP translational reporter (Hasegawa and Miwa
2010), we noticed that the levels of WDR-23::GFP in late
larval stage animals were dynamic in response to toxins
and different mutant or transgenic backgrounds. For exam-
ple, WDR-23::GFP levels decreased in transgenic animals ex-
posed to acrylamide when compared to unexposed controls

Figure 4 Identification of xrep-3 as skn-1. The gene structure for the skn-
1 locus is diagramed at top with splicing patterns of two transcriptional
products (a and c) indicated below. Targeted skn-1 gene sequencing of
xrep-3(k1023) mutant genomic DNA identified a single-base change of C
to T at position 5,655,485 (WS250). This mutation results in an Arg to Cys
amino acid substitution, as shown in blue, corresponding to position
131 or 41 in SKN-1a and SKN-1c isoforms, respectively; additional, pre-
viously identified alleles are indicated above the gene structure.

Table 2 Effects of stress pathway component perturbations on
gst-4p::gfp expression

Genotype

GST-4::GFP levels

Untreated Acrylamide

Wild-type 2 ++
alh-6(k1018) ++ +++
xrep-4(k1024) 2 2
skr-1/2(RNAi) 2 2
wdr-23(k1007) +++ N.D.
skn-1(k1023)(gof) +++ N.D.
skn-1(RNAi) 2 2
alh-6(k1018); skr-1/2(RNAi) 2 N.D.
alh-6(k1018); skn-1(RNAi) 2 N.D.
xrep-4(k1024); alh-6(RNAi) 2 N.D.
xrep-4(k1024); wdr-23(RNAi) +++ N.D.
xrep-4(RNAi); skn-1(k1023)(gof) +++ N.D.
skn-1(k1023)(gof); skn-1(RNAi) 2 2

N.D., not determined.
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(Figure 6A). To quantitate this effect, we comparedWDR-23::
GFP protein levels by western blotting among age-synchronized
(L3 and L4) animals with or without acrylamide exposure (Fig-
ure 6B); WDR-23::GFP levels dropped significantly in this pop-
ulation in response to acrylamide. Note that our functional
reporter could generate bothWDR-23a andWDR-23b isoforms,
which are indistinguishable by the anti-GFP antibody used for
detection. If XREP-4 was acting as a trigger and/or sensor, then
the decrease in WDR-23::GFP due to acrylamide exposure
should not occur when XREP-4 activity is lost. Indeed, western
analysis shows no change in steady-state levels ofWDR-23::GFP
after acrylamide exposure in an xrep-4mutant background (Fig-
ure 6B). We also observed reciprocal expression patterns for
XREP-4::mCherry andWDR-23::GFP in transgenic animals har-
boring both functional, translational reporter constructs (Figure
6C). We conclude that XREP-4 functions by reducing the stabil-
ity of WDR-23 in response to toxins.

Discussion

C. elegans has emerged as an excellent model to dissect the
molecular mechanisms involved in the organismic response
to oxidative stress and environmental toxins. The high degree
of conservation of disease pathways between C. elegans and
higher organisms makes for an effective in vivo genetic model
that is amenable to detailed analysis of the responses to such
stressors. Toxicology experiments and high-throughput drug
screens carried out inC. elegans require a thorough understand-
ing of the detoxification systems in this organism (Hasegawa
et al. 2010; Leung et al. 2013; Rangaraju et al. 2015).

In this report, we have molecularly identified several xrep
mutants emerging from a genetic screen using a gst-4::gfp
translational fusion reporter to measure responses to acryl-
amide exposure (Hasegawa and Miwa 2010). We employed
bothwhole-genomemapping and candidate gene sequencing
strategies to identify the causative mutations, which we con-
firmed by RNAi phenocopy and transgenic functional assays.
Identification of the genes harboring these causativemutations—
alh-6 (for xrep-2), the F-box protein encoding F46F11.6 (for xrep-
4), and skn-1 (for xrep-3)—has allowed us to define a signaling
pathway consistent with the genetic and biochemical properties
of these genes (Figure 7, A and B).

SKN-1 as a master controller of cellular stress pathways

The C. elegans skn-1 gene encodes an ortholog of the Nrf
family of transcription factors that share both Cap‘n’Collar
and Basic Region domains (Blackwell et al. 2015). In mam-
mals, these transcription factors regulate many protective
and homeostatic pathways including resistance to cytotoxic
insults (Blackwell et al. 2015). In contrast to the multiple
mammalian Nrf family members, C. elegans has a single
skn-1 gene encoding multiple alternatively spliced isoforms
that share a core DNA-binding domain. The skn-1 gene was
originally identified for its role in early embryonic develop-
ment (Bowerman et al. 1992), whereas most recent studies
have focused on its postembryonic roles in mediating homeo-
stasis and the stress response. Recent work has shown that
skn-1 also functions in the unfolded protein response (Choe
and Leung 2013), the response to germ cell absence
(Steinbaugh et al. 2015), proteasomal regulation (Keith
et al. 2016; Lehrbach and Ruvkun 2016; Raynes et al.
2016), and the regulation of autophagy and mitophagy
(Salminen and Kaarniranta 2012; Mizunuma et al. 2014;
Palikaras et al. 2015a,b,c; Keith et al. 2016).

Intriguingly, many mechanisms that promote C. elegans
longevity also increase SKN-1 activity such as the insulin/
insulin-like growth factor signaling (IIS) andMAPK pathways
(Figure 7C; Blackwell et al. 2015 and references contained
therein). Insulin signaling is an important nutrient-dependent
mediator of SKN-1 activation and is thought to act through the
downstream kinases AKT-1 and AKT-2. SKN-1 is phosphory-
lated by AKT at multiple positions in vitro and localizes to in-
testinal nuclei constitutively after mutation of a Ser residue
predicted at high stringency to be an AKT target (Blackwell

Figure 5 Epistatic relationships among stress pathway components. (A)
skr-1/2 RNA interference (RNAi) is epistatic to alh-6. The alh-6(k1018)
mutants constitutively activate the gst-4::gfp reporter gene that is most
obvious in bodywall muscles. Knockdown of the nearly identical Skp-related
genes skr-1 and skr-2 by RNAi results in a severe reduction of the gst-4::gfp
signal in the alh-6(k1018) mutant background, placing skr-1/2 downstream
of alh-6 in the stress response pathway. (B)wdr-23 RNAi is epistatic to xrep-4.
The xrep-4(k1024) mutants are unable to induce the gst-4::gfp translational
fusion reporter gene expression in response to exogenous toxins such as
acrylamide. However, knockdown of wdr-23 by RNAi in the xrep-4(k1024)
mutant background strongly induces gst-4::gfp reporter gene expres-
sion, placing WDR-23 activity downstream of XREP-4. (C) The skn-1(gof)
allele is epistatic to xrep-4. The skn-1(k1023) mutation is a dominant
gain-of-function allele that results in constitutively active gst-4::gfp ex-
pression, even in the absence of stress. That phenotype is unchanged
when skn-1(k1023) mutant animals are exposed to xrep-4 RNAi, placing
skn-1 downstream of XREP-4.
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et al. 2015). SKN-1 activity is also typically regulated by signal-
ing through the p38 MAPK pathway. Treatment with oxidative
stressors like sodium arsenite activates p38 MAP kinase, and
genetic interference with the p38 pathway prevents both
SKN-1 nuclear accumulation and impairs resistance to oxidative
stress (Blackwell et al. 2015). However, recent evidence sug-
gests that the WDR-23-dependent localization of SKN-1 may
be independent of p38 MAPK signaling (Wu et al. 2016).

The SKN-1 transcription factor has previously been impli-
cated as a positive regulator of gst-4 (Hasegawa et al. 2008)
and skn-1(gof) alleles as dominant activators of gst-4 (Paek
et al. 2012). In our study, xrep-3was recovered as a dominant
constitutive activator of gst-4::gfp (Hasegawa and Miwa
2010). We identified the xrep-3 mutation as an Arg/Cys
amino acid substitution in the coding sequence of two splice
variants of skn-1, a and c; skn-1 RNAi demonstrated that
constitutive gst-4::gfp expression in the xrep-3 strain was de-

pendent upon SKN-1 itself. Our results are consistent with
and reinforce the notion proposed by others that SKN-1 is a
master controller of the stress pathway (Paek et al. 2012;
Blackwell et al. 2015).

WDR-23 regulates SKN-1-dependent expression of gst-4

The initial paper describing the xrep mutants demonstrated
that xrep-1 encoded WDR-23, the mammalian homolog of
WDR-23 (Hasegawa and Miwa 2010). This protein was orig-
inally identified as a WD40 repeat protein that partners with
the CUL4/DDB1 ubiquitin ligase complex to regulate the nu-
clear abundance and transcriptional activity of SKN-1 (Choe
et al. 2009). Subsequent work has shown that WDR-23 also
plays a role in the regulation of the SKN-1 response to mag-
nesium and pathogens (Papp et al. 2012; Settivari et al. 2013).
A growing body of evidence further links the WDR-23/SKN-1
regulatory paradigm to metabolic stress and synaptic function

Figure 6 WDR-23 levels are dynamic and dependent on stress and wild-type XREP-4 activity. (A) WDR-23::GFP levels are reduced after acrylamide
exposure. Adult animals were scored for WDR-23::GFP signal intensity in posterior intestinal cells after culturing for �24 hr in the absence (2) or
presence (+) of acrylamide. GFP levels were binned after scoring as either strong (upper panels) or weak (lower panels), revealing that the fraction of
animals with strong expression was dramatically reduced (88–42%) after acrylamide exposure. (B) Total WDR-23::GFP protein levels are reduced after
acrylamide exposure by an xrep-4-dependent mechanism. Western blots of total protein isolated from L3-L4 stage populations harboring an integrated
wdr-23::gfp translational fusion transgene in either a wild-type (left panels) or xrep-4(k1024) mutant background (right panels); these L3–L4 animals had
been cultured for �24 hr in the absence (2) or presence (+) of acrylamide. After probing with antibodies to detect GFP and the control protein tubulin,
all band intensities corresponding to full length WDR-23::GFP (double arrowhead) and presumed degradation products (asterisks) were quantified,
normalized to tubulin, and plotted below the corresponding lanes. Marked decreases in the relative GFP levels were detected after acrylamide exposure
in the wild-type background. In contrast, WDR-23::GFP levels did not change at all in the xrep-4(k1024) mutant background, although we did note a
change in the relative GFP-positive band intensities compared to the wild-type background. (C) XREP-4::mCh and WDR-23::GFP reporter patterns are
mutually exclusive. Double transgenic adult animals harboring an extrachromosomal xrep-4::mCh and integrated wdr-23::gfp functional, translational
transgene were assayed for reporter gene expression. Intestinal cells with low levels of XREP-4::mCh had strong WDR-23::GFP signals (arrows). Thus, the
expression of xrep-4::mCh alone was sufficient to downregulate WDR-23::GFP, even in the absence of acrylamide exposure.
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(Papp et al. 2012; Settivari et al. 2013; Staab et al. 2013,
2014). Our genetic analysis exploited the knowledge obtained
from an analysis ofwdr-23 to define the epistatic relationships
with other xrepmutantswe have identifiedmolecularly, result-
ing in the pathways diagramed in Figure 7.

xrep-2 is alh-6, encoding an aldehyde dehydrogenase

In this study,we identified twodifferent alleles ofalh-6 thatwere
responsible for the constitutive expression of the gst-4::gfp and
gst-30::gfp reporter genes. The alh-6 gene has been previously
shown to render worms hypersensitive to ethanol intoxication
(Alaimo et al. 2012). In addition, amutation of alh-6was shown
to accelerate fat mobilization by enhancing fatty acid oxidation
and thus reducing survival in response to fasting (Pang et al.
2014). This response, while distinct from the response to toxi-
cants revealed in the current study, was mediated by skn-1. In
addition, alh-6 mutants age prematurely when fed Escherichia
coli strain OP50 but not HT115 (Pang and Curran 2014),
suggesting that alh-6 is linked to monitoring cellular nutrient
status and serving a protective role. The constitutive activa-
tion of gst-4::gfp we observed in the alh-6 mutants can be
reduced by supplementation with glucose (our unpublished

data), suggesting that the alh-6 loss-of-function mutants may
be triggering a response to both nutrient availability and
oxidative stress.

The behavior of both alh-6 mutant alleles as activators of
phase II detoxification enzymes (gst-4::gfp and gst-30::gfp) is
consistent with a role of alh-6 in degrading P5C (see Discus-
sion below). Whether the amino acid metabolite P5C directly
or indirectly triggers the observed detoxification response is
currently unknown. The strong activation of GST reporters in
muscle tissue may reflect the elevated mitochondrial func-
tion, amino acid synthesis and utilization, and protein turn-
over in the metabolically active tissue.

The mammalian homolog most similar to alh-6 is the
NAD-dependent pyrroline-5-carboxylate dehydrogenase gene
ALDH4A1. This enzyme catalyzes the irreversible conversion of
P5C, derived either from proline or ornithine, to glutamate. In
turn, glutamate is a precursor to a-ketoglutarate, themetabolic
entry point into the tricarboxylic acid cycle. Mutations in
ALDH4A1 that affect enzyme function lead to a human disor-
der called hyperprolinemia type II, a defect in proline catabo-
lism associatedwith childhood seizures (Flynn et al. 1989). Our
analysis reveals that the two mutations in alh-6 corresponding

Figure 7 XREP stress pathway components and relationships. (A) Genetic pathway for the stress response. The stress response pathway based on the
genetic results of this study is shown; this pathway is consistent with several previous studies of many of the components (Choe et al. 2009, 2012; Park
et al. 2009; Hasegawa and Miwa 2010; Paek et al. 2012; Choe and Leung 2013; Glover-Cutter et al. 2013; Crook-McMahon et al. 2014; Pang et al.
2014; Blackwell et al. 2015; Tang and Pang 2016; Wu et al. 2016). We propose that XREP-4 functions as a key sensor or trigger point in the pathway,
the levels of which regulate WDR-23 stability, which in turn regulates SKN-1 transcriptional activity. In nonstress conditions, WDR-23 is able to prevent
SKN-1 from activating the pathway (Choe et al. 2009; Hasegawa and Miwa 2010; Tang and Choe 2015; Wu et al. 2016). In our model, reduction or loss
of ALH-6 activity results in the buildup of a toxic metabolic intermediate, pyrroline-5-carboxylate, that directly or indirectly upregulates XREP-4 levels.
XREP-4 functions with SKR-1/2 to reduce WDR-23 activity in a Skp I, Cul-1, and F-box protein-type ubiquitin-mediated degradation process, releasing
SKN-1 that serves as a master transcriptional activator of downstream stress response target genes, including gst-4. (B) Activity relationships and roles
among stress pathway components. The stress pathway factors in this study are listed, their role defined, and colored to indicate if their activity
promotes suppression (green) or activation (red) of the stress response. (C) Summary of some of the stress pathways operating through SKN-1. Inputs
from several stress pathways converging on SKN-1 are shown, including xenobiotic/endogenous stress (this study), oxidative stress through the p38
MAPK Pathway (Wu et al. 2016), and nutritional stress through the insulin signaling pathway [reviewed in Blackwell et al. (2015)].
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to the xrep-2 alleles are in a highly-conserved region of the
C-terminus. Previously identified mutants of alh-6 also map
near this conserved region (see Figure 1A). Alignments of
ALH-6 with mouse and human ALDH4A1 reveal remarkable
similarity in this region. From the crystal structures of mouse
and human ALDH4A1, we infer that the defects in ALH-6 are
adjacent to a conservedmotif important for interactingwith the
product glutamate and the cofactor NAD.

xrep-4 is the F-box protein-encoding gene F46F11.6

xrep-4 mutants fail to express gst-4::gfp in the presence of
acrylamide. We identified xrep-4 as an allele of the F-box
protein-encoding gene F46F11.6, which we validated by
transgenic rescue. RNAi of alh-6 in the xrep-4 strain failed
to induce gst-4::gfp expression, indicating that xrep-4 acts
after alh-6 in the pathway. However, RNAi of wdr-23 in the
xrep-4mutant background led to gst-4::gfp expression. Inter-
estingly, xrep-4 was previously recovered in a genome-wide
RNAi screen to identify RNAi clones that reduced intestinal
expression of the phase II enzyme gcs-1p::gfp in a prdx-2
(peroxidase) mutant background (Crook-McMahon et al.
2014). However, in that screen, xrep-4 RNAi also decreased
the expression of a non-phase II enzyme suggesting a broader
role in gene expression (Crook-McMahon et al. 2014).

XREP-4 has been shown to interact with SKR-1, a protein
encoded by the skr-1 gene and known partner of F-box proteins
that act as regulators of ubiquitination/protein degradation
(Boxem et al. 2008). A genome-wide RNAi screen to identify
novel regulators that are required for activation of gst-4 during
exposure to the electrophile juglone identified skr-1/2 as the
onlymembers of thismultigene family thatwere required in this
assay (Wu et al. 2016). Based on these observations, we carried
out RNAi inactivation of skr-1/2 and found that, like xrep-4
inactivation, gst-4::gfp expression was blocked by skr-1/2 de-
pletion in the alh-6 endogenous stress mutant background.

Properties of XREP-4 and the relationship to WDR-23/
SKN-1 regulation

The F-box protein XREP-4 is part of a family of �326 F-box
proteins in C. elegans. XREP-4 is conserved throughout nema-
todes, although the F-box domain is the only shared feature.
The F-box domain is a motif of�50 aa that normally mediates
protein–protein interactions. It was first identified in cyclin F
and, in this context, the F-box motif interacts directly with the
SCF protein SKP1 (Bai et al. 1996). SCF complexes bind to their
substrates and target them for ubiquitin-mediated degradation.
Our studies are consistent with a role for the F-box protein
XREP-4 acting in combination with SKR-1/2 to alter the stabil-
ity of the downstream target WDR-23. Our RNAi results sug-
gest that both SKR-1/2 and XREP-4 act upstream ofWDR-23. It
is not known whether SKR-1/2 and XREP-4 act as part of a
commonCUL-1-basedE3ubiquitin ligase complex or in a parallel
pathway. However, our western and in vivo results suggest an
antagonistic relationship between XREP-4 and WDR-23::GFP
levels, strongly suggesting that the upregulation of XREP-4 in
response to stress results in WDR-23 degradation.

Ordering the steps in the pathway of phase II
detoxification based on epistasis of the xrep mutants

Our data suggest that the alh-6 (xrep-2) mutation induces
endogenous metabolic stress, functioning upstream of the
other xrep mutants (Figure 7). The alh-6 mutants constitu-
tively express both gst-4::gfp and gst-30::gfp, consistent with
a continuous activation of the cellular detoxification response,
likely in response to an accumulation of a toxic proline meta-
bolic intermediate. A key sensor of this toxic stress is the F-box
protein-encoding gene xrep-4. XREP-4 functions genetically to
block the ability of WDR-23 to inhibit SKN-1 activity, resulting
in SKN-1-mediated activation of gst-4 and other detoxification
genes. XREP-4 physically interactswith SKR-1 and inactivation
of either xrep-4 or skr-1/2 leads to a disruption of the gst-4
induction in response to either acrylamide or loss of alh-6 (Wu
et al. 2016). Thus, our genetic evidence suggested that the
newly identified XREP-4 F-box protein may interact with
SKR-1/2 to influence the stability of WDR-23. We confirmed
this effect using aWDR-23::GFP reporter; in response to acryl-
amide, WDR-23 levels dropped dramatically in wild-type ani-
mals, but remained unaltered in the xrep-4 mutants. These
epistatic relationships suggest a cascade of inhibitory events
in which XREP-4 participates in a selective targeting of WDR-
23 to reduce its levels in response to acrylamide. The reduced
stability ofWDR-23 influences its ability to regulate the activity
and localization of SKN-1,which in turn regulates downstream
target genes represented by the reporter constructs gst-4::gfp
and gst-30::gfp. Thus, the XREP pathway is one of the key
regulators of SKN-1 signaling, consorting with insulin signal-
ing and p38 MAPK signaling in mediating the response to
various forms of endogenous and exogenous stress (Figure 7C).

Conclusions

One of the key organismic responses to oxidative stress is the
transcriptional induction of genes encoding enzymes, such as
GST, that serve to eliminate the offending metabolite. In this
report, we have characterized several components of a genetic
pathway that further defineshowadefect in proline catabolism
(alh-6) or exogenous stressors such as acrylamide may induce
the phase II detoxification system in C. elegans. The cascade of
regulatory events triggered by endogenous or exogenous stress
is sensed in part by induction of XREP-4, an F-box protein that
alters the stability of WDR-23. WDR-23 is a known negative
regulator of SKN-1 nuclear entry and transcriptional activa-
tion. The xrep pathway leading to the induction of gst-4 and
other phase II detoxification enzymes represents an important
response to environmental and metabolic oxidative stress. An
understanding of the pathways by which toxicants are recog-
nized and eliminated by C. elegansmay provide clues as to how
this evolutionarily conserved process might be regulated.
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http://www.wormbase.org/db/get?name=WBGene00000112;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004804;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004804;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001752;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004807;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004807;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001752;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000112;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004807;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004804;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004804;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000112;class=Gene
http://www.wormbase.org/db/get?name=WBGene00018509;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008419;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004804;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001752;class=Gene


WormBase resource. Some strains were provided by the Cae-
norhabditis Genetics Center, which is funded by the National
Institutes of Health (NIH) Office of Research Infrastructure
Programs (P40 OD-010440). This work was supported, in part,
by the Intramural Research Program of the NIH and the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases.

Note added in proof: During the course of this study, the
Choe Lab (Wu et al., 2017) independently isolated multiple
alleles of F46F11.6 (xrep-4) in a screen for genes required
for the oxidative stress response. Their results support the
same relationships between XREP-4, SKR-1, WDR-23, and
SKN-1 as those described in this study.
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