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Abstract

Maintenance of osmotic homeostasis is one of the most aggressively defended homeostatic set points in physiology. One major mech-
anism of osmotic homeostasis involves the upregulation of proteins that catalyze the accumulation of solutes called organic osmolytes.
To better understand how osmolyte accumulation proteins are regulated, we conducted a forward genetic screen in Caenorhabditis ele-
gans for mutants with no induction of osmolyte biosynthesis gene expression (Nio mutants). The nio-3 mutant encoded a missense mu-
tation in cpf-2/CstFé4, while the nio-7 mutant encoded a missense mutation in symk-1/Symplekin. Both cpf-2 and symk-1 are nuclear
components of the highly conserved 3" mRNA cleavage and polyadenylation complex. cpf-2 and symk-1 block the hypertonic induction
of gpdh-1 and other osmotically induced mRNAs, suggesting they act at the transcriptional level. We generated a functional
auxin-inducible degron (AID) allele for symk-1 and found that acute, post-developmental degradation in the intestine and hypodermis
was sufficient to cause the Nio phenotype. symk-1 and cpf-2 exhibit genetic interactions that strongly suggest they function through
alterations in 3" mRNA cleavage and/or alternative polyadenylation. Consistent with this hypothesis, we find that inhibition of several
other components of the mRNA cleavage complex also cause a Nio phenotype. cpf-2 and symk-1 specifically affect the osmotic stress
response since heat shock-induced upregulation of a hsp-16.2::GFP reporter is normal in these mutants. Our data suggest a model in

which alternative polyadenylation of 1 or more mRNAs is essential to regulate the hypertonic stress response.
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Introduction

mRNA processing plays a key role in the response to diverse types
of environmental stress. For example, post-transcriptional spli-
cing of the xbp-1 mRNA by activated IRE1 endonuclease is the
key step in activation of the endoplasmic reticulum (ER) stress re-
sponse (Calfon et al. 2002). In the DNA damage response, localized
mRNA splicing plays a key role in the active repair of double
strand breaks (Shanbhag et al. 2010; Pederiva et al. 2016). In the
heat shock response, hsp-70 mRNA undergoes alternative polya-
denylation (APA), resulting in a shortened 3’ UTR, the function
of which is unknown (Tranter et al. 2011; Kraynik et al. 2015).
Likewise, 3" UTR lengthening through selection of more distal
polyadenylation sites (PASs) is a common feature of ribotoxic
stress (Hollerer et al. 2016). Recently, 3' mRNA cleavage compo-
nents from transcriptionally active genomic loci were found to
undergo hyperosmotic stress-induced phase separation, which
was associated with a global impairment of transcriptional ter-
mination (Jalihal et al. 2020). Whether or not 3’ mRNA cleavage
or other types of mRNA processing play a more direct functional
role in the regulation of the hyperosmotic stress response is
unknown.

In eukaryotes, the 3’ ends of ~30-60% of all mRNAs are cleaved
and polyadenylated at more than 1 PAS, which results in mRNAs
with different 3’ ends (Steber et al. 2019; Yuan et al. 2021). Much
like alternative splicing, APA also leads to the diversification of
mRNA transcripts through 2 distinct mechanisms. First, 3’ UTR
APA gives rise to mRNAs with different length 3° UTRs, which
can provide isoform-specific binding sites for mRNA regulators
such as microRNAs (miRNAs) and RNA-binding proteins (Mayr
and Bartel 2009). Second, upstream region APA (UR-APA) can in-
clude alternative exons that, when translated, give rise to proteins
with unique sequences and/or domains (Alt et al. 1980). The 3’
mRNA end processing complex is composed of ~85 proteins that
regulate mRNA cleavage, polyadenylation, and APA (Shi et al.
2009). Biochemical and structural features of the core complex
of ~20 protein are relatively well described (Pancevac et al. 2010;
Clerici et al. 2017, 2018), and new sequencing and bioinformatics
approaches are enabling the identification of mRNA targets of
APA (Ha et al. 2018; Wang et al. 2018). While APA is associated
with aspects of cellular physiology, such as cellular stress re-
sponses (Chang et al. 2018; Zheng et al. 2018), the physiological
roles of 3' mRNA cleavage/APA are poorly understood, largely be-
cause genetic null alleles of most 3’ mRNA cleavage components
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are lethal, although some important exceptions do exist
(Subramanian et al. 2021).

In Caenorhabditis elegans, hypertonic stress activates a gene ex-
pression program that restores cell volume and protects against
hypertonicity-induced macromolecular damage (Rohlfing et al.
2010). Like all cells and organisms, C. elegans uses solutes called
organic osmolytes to restore volume and provide protection
(Lamitina et al. 2004, 2006; Burkewitz et al. 2012). The major C. ele-
gans osmolyte is glycerol, which is rapidly accumulated following
exposure to hypertonicity, in part through the upregulation of the
glycerol-3-phosphate dehydrogenase gpdh-1 (Lamitina et al. 2004).
Genetic screens for regulators of gpdh-1 expression have identified
many positive and negative regulators of this stress response
pathway (Lamitina et al. 2006; Rohlfing et al. 2010, 2011; Urso
et al. 2020; Wimberly and Choe 2022). However, it is not known
whether components of the 3 mRNA cleavage complex play a
functional role in the regulation of the hypertonic stress response.

Using unbiased forward genetic screening for mutants that ex-
hibit no induction of gpdh-1 expression in response to hyperton-
icity, we identified viable hypomorphic alleles of 2 3’ mRNA
cleavage complex genes, cpf-2 and symk-1. cpf-2 and symk-1
physiologically regulate the transcriptional induction of multiple
hypertonicity induced mRNAs through their activity in the hypo-
dermis and intestine. CPF-2 and SYMK-1 proteins colocalize with-
in the nucleus of all cells and form subnuclear puncta in response
to hypertonicity. Both symk-1 and cpf-2 mutants do not significant-
ly alter general mRNA polyadenylation but instead exhibit pheno-
types consistent with inhibition of APA. Consistent with this
hypothesis, inhibition of several other 3' mRNA cleavage complex
genes also blocks hypertonic induction of gpdh-1 transcription.
cpf-2 and symk-1 are not required for the transcriptional induction
of a heat shock inducible GFP reporter, suggesting that their roles
in regulating stress response pathways may be specific. Our find-
ings reveal a physiological role for the 3’ mRNA cleavage complex
in the hypertonic stress response and provide new genetic tools
that should facilitate the in vivo study of this essential mRNA
regulatory mechanism in developmental and tissue-specific
contexts.

Materials and methods
C. elegans strains and culture

Strains were cultured on standard NGM media with Escherichia coli
OP50 bacteria at 20°C unless otherwise noted. Hypertonicity was
induced by increased plate NaCl concentration to either 250 or
600 mM NaCl. For the auxin-induced degradation experiments,
we included 0.5-1.0 mM naphthaleneacetic acid (K-NAA) in the
NGM media prior to pouring plates. A list of strains used in this
study can be found in Table 1.

Genetic methods

L4 stage drls4 animals (P,) were mutagenized in 0.6 mM
N-ethyl-N-nitrosourea (ENU) diluted in M9 for 4 h at 20°C, and
Nio mutants were isolated as previously described (Urso et al.
2020). Backcrossing of both nio-3(dr16) and nio-7(dr23) to the wild-
type dris4 strain showed that both mutants were recessive.
Trans-heterozygotes between drl6 and dr23 exhibited comple-
mentation. SNPs in both drl6 and dr23 were identified using
whole-genome resequencing and a Galaxy workflow (Urso et al.
2020). Candidate genes were tested using gene-specific RNAI in
the drls4 background. RNAi was performed as described previous-
ly (Urso et al. 2020).

Table 1. Caenorhabditis elegans strains.

Strain Genotype

OG119  dris4 (gpdh-1p::GFP; col-12p::dsRed2)

OG975  nio-3/cpf-2(dr16); dris4

0G996  nio-7/symk-1(dr23); drls4

0G1137  symk-1(dr88); drls4

OG1165 cpf-2(dr99); drls4

0G1200  kin-20(dr116)

0G1202  kin-20(dr118); symk-1(dr88)

0G1207 = cpf-2(dr121); lin-15(n765ts)

0G1209  cpf-2(dr99); kin-20(dr122)

0G1224 wrdSi23 (eft-3p:TIR-1:F2A: mTAG BFP2:AID* NLS: tbb3’
UTR); drls4; symk-1(dr127) [symk-1::AID"::GFP]

0G1226  reSi2 (col-10p:TIR-1:F2A: mTAG BFP2:AID* NLS: tbb3'UTR);
drls4; symk-1 (dr129) [AID* GFP CRISPR into symk-1]

0G1227  reSi12 (ges-1p:TIR-1:F2A: mTAG BFP2:AID* NLS: tbb3'UTR);
drls4; symk-1 (dr130) [AID* GFP CRISPR into symk-1]

0G1241 ¢pSi171 [vha-8p:TIR1:F2A:mTagBFP2::AID*::NLS::tbb-2 3’
UTR]; drls4; symk-1(dr142) [AID* mNeonGreen CRISPR
into symk-1]

OG1142 cpf-2(dr92) (TagRFP CRISPR at N-terminus of CPF-2)

0G1144 ogt-1(dr84); cpf-2(dr92)

OG1194 symk-1(dr111) (GFP CRISPR just before NLS)

OG1195 cpf-2(dr92); symk-1(dr112) (GFP CRISPR just before NLS)

0G1203  cpf-2(dr99); gplsl

0G1204 symk-1(dr88); gplsl

0G1205 cpf-2(dr92 dr119); symk-1(dr112) (TagRFP::cpf-2 with G42E

and symk-1::GFP)

COPAS Biosort acquisition and analysis

Day 1 adults from a synchronized egg lay or hypochlorite prepar-
ation were seeded on 50 or 250 mM NaCl OP50 or the indicated
RNAiI NGM plates. After 18 h, the GFP and RFP fluorescence inten-
sities, time-of-flight (TOF), and optical extinction (EXT) of each
animal were acquired with the COPAS Biosort. Events in which
the RFP intensity of adult animals (TOF > 400) was <20 (dead
worms or other objects) were excluded from the analysis. The
GFP fluorescence intensity of each animal was normalized to
its RFP fluorescence intensity. To determine the fold induction
of GFP for each animal, each GFP/RFP was divided by the average
GFP/RFP of that strain exposed to 50 mM NacCl.

CRISPR/Cas9 genomic editing

For CRISPR editing, we injected purified and assembled Cas9/
gRNA/tractrRNA complexes with the purified repair template
(all from IDT) and the rol-6 marker plasmid into the germlines
of day 1 adult hermaphrodites. Editing protocols primarily fol-
lowed Ghanta and Mello (2020) with some modifications. We
found that the high concentrations of nucleic acids frequently
led to precipitation of Cas9 complexes and needle clogging dur-
ing injection. Reducing the input levels of gRNA and tracer RNA
to 20ng/ul and repair templates to 25ng/ul (oligo repair) or
10 ng/ul (PCR-based repair templates) prevented needle clogging
and led to similar numbers of editing events. Overall, 10-20 POs
were injected and 2-3 plates with >10 rollers were selected for
screening. Since CRISPR editing appears to occur primarily in
the distal germline while transgene formation occurs primarily
in the proximal germline, we screened 24 non-Rol F1 animals
that were younger than the Rol animals for editing events using
edit-specific PCR approaches. We isolated homozygous edit-
positive animals from 2-3 independent heterozygous POs. All
edits were verified by DNA sequencing. A list of all guide RNAs,
repair template oligos/primers, and genotyping primers can be
found in Table 2.
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Table 2. Primers used in this study.

Primer Primer sequence Notes

0G592  TGCAGAGATTCCAGGAAACCAGG gpdh-1 gPCR sense

0G593  CCCTTTTGTAGCTTGCCACGGAG gpdh-1 gPCR antisense

0G596 GTAATGGATCCATCGCCAACAACTT hmit-1.1 gPCR sense

0G597  GGTTAAGCCCGCGTATAGCCAAA hmit-1.1 gPCR antisense

OG606  ggaggatatggaagaggatatggagga nlp-29 gPCR sense

0G607  ccgtatcctecgtacattccacgte nlp-29 gPCR antisense

0G1342 tacctgttccatggecaacacttgte GFP gPCR sense

0G1343 CTTTCCTGTACATAACCTTCGGGC GFP gPCR antisense

0OG1720 ccgaagacacgattcgctccatt cpf-2(drl6) sequencing fwr primer

0OG1721 aacttcggcggtttgaatgtctg cpf-2(dr16) sequencing rev primer

0OG1722 cgataaagaagctgcggagatgt symk-1(dr23) sequencing fwr primer

0G1723 gttcgagtagccttgatattgtg symk-1(dr23) sequencing rev primer

OG1753 attttattctttccaattaaaatactgaaaaaaaggatccaggcagaaatgtgtt ssDNA repair template for CRISPR conversion of WT to
gtcgatcaaaatggttcacgatcggg cpf-2/nio-3(dr16) Gly—>Glu

OG1756 gtggagcaaggttgatgtatcagaaattagttgtctggcttacaacgaggttt ssDNA repair template for CRISPR conversion of symk-1
tgggaagattgtactccatttgaagaaaagttgat WT to dr23

OG1757 tccggctgacgactagatte gRNA symk-1

0G1780 CAGGTTGAAAAATGATGTCC gRNA for N-term CRISPR insertion of TagRFP into cpf-2

OG1781 aatttattcattttcaatttccaggttgaaaaatggtatccaagggagaagagttgatt sense primer for TagRFP-cpf-2 N-term fusion (SP9 at 5’ end)

0G1782 TTGCCCACTCCGGATGATTTGTATCCTCCGGACATGGCGCC antisense primer for TagRFP-cpf-2 N-term fusion (SP9 at 5’
GAATTCAGATCTCCTAGG end)

0G1783 gggtggagctagaggcaacgaatatg tRFP-cpf-2 genotyping N-term

0G1784 GGATTCCTTGGGTGTGGTTGATGAAG tRFP-cpf-2 genotyping N-term

0OG1785 gcgggcgegeagttttcgcaagtgtg tRFP-cpf-2 genotyping N-term

0G1786 CGGGATCCGTACATGAAGGAGGTGGC tRFP-cpf-2 genotyping N-term

0OG1787 cacctaccgttccaagaagccagec tRFP-cpf-2 genotyping C-term

0G1788 CGAATTGCAACTTCGGCGGTTTGAATG tRFP-cpf-2 genotyping C-term

0G1789 CAAGATGCCAGGAGTCTACTACGTC tRFP-cpf-2 genotyping C-term

0G1790 GGAAATTCAATAAATCCGTATCCC tRFP-cpf-2 genotyping C-term

0G1791 CGATCAAAATGGTTCACGAT gRNA for CRISPR conversion of cpf-2 to drlé

0OG1938 cttaattgtaataatttcagcgagaaaatcaaagaagagttgcatgatatgagt sense primer for symk-1-GFP template (SP9 modified at 5')
aaaggagaagaact

0G1939 AGTCGCTTATCTCGTTCACGATTTTCTCGTTCTTTTTTGT antisense primer for symk-1-GFP template (SP9 modified at
ATAGTTCATCCATGC 5)

OG1940 ttcgaatcgttcgtcgcaaate symk-1 GFP screening primer

0G1941 TTCCTTTCCACTTTCGCGAGTTCG symk-1-GFP screening primer

0G1942 GAAGATGTATCAACAATCGGATCG symk-1 GFP screening primer

0G1943 GCGAGTTCGTTCCTTTTCTCTTTCC symk-1-GFP screening primer

0G1944 GGGTAAGTTTTCCGTATGTTGCA symk-1-GFP screening primer

0G1937 TTTCAGCGAGAAAATCAAAG gRNA for symk-1 GFP

OG1953 aacatcaacatatcgcatat kin-20 gRNA

0G1954 ttggactagcgaaacgctatcgtgatagcaaacattaacatatcgeatatege kin-20(0x423) repair template with mutation
gaaaataagaatctaactggaactgcaagatacge

0G1955 gccggataactttttgatgggtct kin-20 outer primer (sense)

0G1956 TGCAACTTCAAAAACATACCAATTC kin-20 outer primer (antisense)

OG1957 gatgggtcttggaaagcgagg kin-20 inner primer (sense)

0G1958 CCTCGATGAGTATTTATACTGGCG kin-20 inner primer (antisense)

0G1959 GCATAAGGTGTTCACCGGGCACCAC gpdh-1 3’ UTR for polyA length assay

0G1960 GTTCATTCAAAATCAAAAATTGTACA gpdh-1 3’ UTR for polyA length assay

0G1983 AACCATGAAGATCAAGATCATCGC act-2 3’ UTR for polyA length assay

0G1984 CGGGGTGTGAAAATCCGTAAGGC act-2 3" UTR for polyA length assay

0G1993 GTCTTCCTCCAGGGACCACGATCTG rpl-18 sense—polyA length (spans exons 4/5)

0G1994 GACACATTTTTATTCGGCATGATTCG rpl-18 3’ UTR antisense—polyA length

0G1995 CAGATGAAGAAGGTTCTCTGCCTCTC rpl-1 sense—polyA length (spans exons 2/3)

0G1996 CAACAATGTTTATTGAATAACAAAG rpl-1 antisense—polyA length

0G1997 GGTTCATGATCAGGTTCTCGATGGAG col-144 sense—polyA length (spans exons 1/2)

0G1998 GCAAACTTTATAATTGTGTGTTTGGAG col-144 antisense—polyA length

0G1999 CAAGACGGACAACGTGGATCCGGAGC col-144 sense—polyA length (in exon 2/use in case longer

product does not work)

0G2000 GTCGCCGTTATCTCGGTGTGCGTCACTCTTCC col-117 sense polyA length (spans exons 1/2)

0G2001 GTTGAATTTCTCATAACATTTAACGG col-117 antisense—polyA length

0G2002 CCAAACGGAAACCCAGGAGCCCCAG col-117 sense—polyA length (in exon 2/use in case longer

product does not work)

0G2003 GGTTGAGGAAGCTGAGGAACTCGCCAAC unc-54 sense—polyA length (spans exons 8/9)

0G2004 GTGTACACAGAACATTGTGTAGATTTTGGG unc-54 antisense—polyA length

0G2005 CTCTTGCCCCATCAACCATGAAGATCAAG act-3 sense—polyA length (spans exons 2/3)

0G2006 GATGGTCTTTTTGAATGGTCTCATGATCG act-3 antisense—polyA length

0OG2016 cttaattgtaataatttcagcgagaaaatcaaagaagagttgcatgatgg sense primer for amplifying GFP-AID* with symk-1

tggeggtggatcgggaggaggagg
AGTCGCTTATCTCGTTCACGATTTTCTCGTTCTTTGCCT
CCGGACGATGCTCCTGAGGCTC

homology (SP9 at 5’ end)
antisense primer for amplifying GFP-AID* with symk-1
homology (SP9 at 5’ end)
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Hypertonic adaptation assay

This assay was previously described, with the modification that
adaptation in the present work occurred at 250 mM NaCl (Urso
etal. 2020). Briefly, day 1 adult animals were placed on NGM plates
(3-5 plates containing 10 animals each) containing either 50 mM
NaCl (unadapted) or 250 mM NacCl (adapted) for 24 h. Animals
from each set were then moved to 600 mM NacCl plates, and motil-
ity (defined as the ability to move at least half a body length) was
quantified for each animal.

mRNA isolation, cDNA synthesis, qPCR, and
polyA tail analysis

Day 1 animals were plated on 50 or 250 mM NaCl OP50 NGM plates
for 24 h. After 24 h, 35 animals were picked into 50-ul Trizol for
mRNA isolation. RNA isolation followed a combined Trizol/
RNeasy column purification method as previously described
(Rohlfing et al. 2010). cDNA was synthesized from 1-ug total RNA
using the SuperScript VILO Master Mix. SYBR Green master mix,
2.5-ng RNA, and the primers listed in Table 2 were used for each
quantitative PCR (qPCR) reaction. qPCR reactions were carried
out using a BioRad CFX gPCR machine. act-2 primers were used
as a control for all gPCR reactions. At least 3 biological replicates
of each gPCR reaction were carried with 3 technical replicates per
biological replicate. gPCR data were analyzed through AACt ana-
lysis with all samples normalized to act-2. polyA tail length ana-
lysis was performed using the Poly(A) Tail-Length Assay Kit
(Thermofisher).

Symk-1-AID* alleles and auxin-induced
degradation experiments

symk-1AID*GFP or symk-1-AID*mNeonGreen cassettes were PCR
amplified from previously described plasmids (Ashley et al. 2021)
and used as the repair substrate for CRISPR/Cas9 injections into
TIR1;drls4 strains. TIR1 strains were previously described (Ashley
et al. 2021). AID* alleles of symk-1 recapitulated the symk-1 null
phenotype (100% emb/larval lethal) when gravid adults expres-
sing TIR1 globally were placed on plates containing either 0.5 or
1.0 mM K-NAA. For tissue-specific Nio experiments, AID* homozy-
gotes eggs were placed onto NGM plates containing 0.5 or 1 mM
KAA (Sigma). L4 stage animals were picked to new 1 mM auxin
plates and aged for 24 h. Day 1 adults were placed on either
50 mM NaCl NGM/auxin or 250 mM NaCl NGM/auxin plates for
18-24 h. For temporal experiments, day 1 adult symk-1-AID* was
placed on 0.5 mM K-NAA for 4 h prior to transfer. Animals were
then imaged, and the GFP and RFP signals from the drls4 reporter
were quantified on a COPAS Biosort.

Microscopy

For whole worm images, worms were anesthetized (10 mM lev-
amisole) and manually arrayed on agar plates for fluorescence mi-
croscopy. Images were collected on a Leica MZI16FA stereo
dissecting scope with a DFC345 FX camera (Leica Microsystems,
Wetzlar, Germany). Images within an experiment were collected
using the same exposure and magnification settings.

kin-20 and lin-15 suppression assays

The 0x423 allele of kin-20 was CRISPR edited into WT, cpf-2(dr99),
or symk-1(dr88). Verified kin-20 homozygotes in each background
were placed on a clean NGM plate as a day 1 adult. Thirty seconds
of movement was video captured using a Leica M205 microscope
and DFC camera at 15 frames per second. These data were

analyzed for multiple kinetic and kinematic parameters using
WormlLab (MBF Biosciences).

For lin-15 suppression, cpf-2(dr99) and symk-1(dr88) heterozy-
gous males were crossed into lin-15(n765ts) at the permissive tem-
perature (16°C) using standard genetic crossing and genotyping
methods. For unknown reasons, the symk-1(dr88) allele was syn-
thetic lethal with lin-15(n765ts), preventing further analysis.
Animals were analyzed for the presence of a multivulval (Muv)
phenotype at the restrictive temperature (20°C).
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Fig. 1. nio-3 and nio-7 are caused by missense mutations in the
polyadenylation complex genes cpf-2 and symk-1. a) Protein domains
found in SYMK-1 and CPF-2. The location of each missense mutation is
indicated. For cpf-2, we used the available crystal structure of the APA
complex to map the location of the conserved G42 residue on the yeast
homolog of cpf-2, Rnal5 (Pancevac et al. 2010). b) Overlayed transmitted
light and GFP images of CRISPR-engineered animals carrying missense
Nio alleles of either symk-1 or cpf-2 exposed to either 50 or 250 mM NacCl
for 18 h. ¢) COPAS quantification of animals imaged in b. Bar graphs show
the mean + SD, with individual data points overlayed. d) Hypertonic
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biological replicates. Individual data points are plotted. ***P < 0.0001; **P < 0.001; *P < 0.05; ns P> 0.05; 1-way ANOVA with Sidak multiple comparisons

test.

Statistical analysis

Comparisons of means were analyzed with either a 2-tailed
Student’s t-test (2 groups) or ANOVA (3 or more groups) using
the Dunnett’s, Sidék, or Tukey’s post-test analysis as indicated
in GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA,
USA). P-values of <0.05 were considered significant.

Results

An ENU screen for mutants that inhibit
osmosensitive gene expression identify missense
alleles in the 3’ mRNA cleavage complex genes
cpf-2 and symk-1

In a forward genetic screen for mutants with no induction of the
osmolyte biosynthetic transcriptional reporter gpdh-1p::gfp report-
er (Nio muants), we identified nio-3(dr16) and nio-7(dr23). Mapping,
complementation testing, and whole-genome sequencing re-
vealed that dr16 caused a G42E missense mutation in the cpf-2
gene while dr23 caused a R580W missense mutation in the
symk-1 gene (Fig. 1a). Both alleles were genetically recessive and
segregated Nio animals from heterozygous hermaphrodites close
to expected single gene Mendelian ratios (dr16-24/111, 21.6%;
dr23-22/145, 15.2%). cpf-2 and symk-1 encode 2 proteins that
are core components of the 3' mRNA cleavage and polyadenyla-
tion complex and are known to interact in mammalian cells

(Ruepp et al. 2011). This complex recognizes polyadenylation sig-
nals in the mRNA and directs mRNA cleavage and transcriptional
termination through a multisubunit protein complex (Shi et al.
2009). Several additional experiments show that these nonnull
mutations in cpf-2 and symk-1 are the basis for the Nio phenotype.
First, post-embryonic RNAi of both cpf-2 and symk-1 also caused a
Nio phenotype (Supplementary Fig. 1). Second, extrachromosom-
al arrays carrying either fosmids or genomic DNA PCR products
encompassing either the cpf-2 and symk-1 loci rescue drl6 and
dr23 accordingly (Supplementary Fig. 2). Third, CRISPR-
engineered alleles of dr16 and dr23 that recreated each missense
mutation in a nonmutagenized drls4 background also blocked
hypertonicinduction of gpdh-1p::GFP (Fig. 1b and c) and eliminated
the ability to adapt to normally lethal hypertonic environments
(Fig. 1d). Notably, null or strong loss-of-function alleles of both
cpf-2 and symk-1 are embryonic/larval lethal (Steber et al. 2019),
whereas the Nio alleles are viable and fertile under isotonic condi-
tions. Taken together, these data show that nio-3(drl6) and
nio-7(dr23) are caused by nonnull hypomorphic alleles in cpf-2
and symk-1.

cpf-2 and symk-1 Nio alleles block hypertonic
upregulation of specific mRNA transcripts

The Nio screen utilized the drls4 reporter strain to identify mu-
tants with defective transcriptional responses to hypertonic
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stress. To determine if these alleles also affected endogenous
mRNAs, we performed gPCR on several genes previously shown
to be upregulated by hypertonicity (Rohlfing et al. 2010).
Hypertonic upregulation of endogenous gpdh-1 mRNA, as well
as another hypertonicity upregulated gene hmit-1.1 and the
transgene derived gfp mRNA, was strongly attenuated in both
cpf-2(dr99) and symk-1(dr88) (Fig. 2). However, upregulation of
nlp-29, an antimicrobial peptide previously shown to be in-
duced by infection, wounding, and hypertonicity (Pujol et al.
2008), continued to be upregulated to wild-type levels in
cpf-2(dr99) and symk-1(dr88). Therefore, cpf-2 and symk-1 are re-
quired to upregulate some but not all hypertonicity responsive
mRNAS.

cpf-2 and symk-1 function post-developmentally
in the hypodermis and intestine to regulate
hypertonic upregulation of gpdh-1

gpdh-11is upregulated by hypertonic stress in the intestine and the
hypodermis (Lamitina et al. 2004, 2006). If cpf-2 and symk-1 func-
tion cell autonomously, then they should also be required in the
intestine and hypodermis to upregulate gpdh-1 in response to
hypertonicity. To test this hypothesis, we generated
auxin-inducible degradation (AID*) alleles for both cpf-2 and
symk-1 using CRISPR/Cas9 methods. The AID™-GFP-cpf-2 allele
was sick and exhibited low fecundity, suggesting the presence of
nonspecific cpf-2 degradation and was not studied further.
However, the symk-1::GFP::AID" allele exhibited qualitatively nor-
mal growth and fertility in the absence of auxin, suggesting
this allele is functional. We generated homozygous symk-1::GFP::
AID" alleles in genetic backgrounds expressing the TIR1 E3 ligase
in all cells, hypodermis, intestine, or hypodermis and intestine
(Ashley et al. 2021). While symk-1::GFP::AID* animals expressing
global TIR1 robustly expressed nuclear GFP in all somatic and
germline cells in the absence of auxin, exposure of animals to
0.5 mM auxin led to loss of the GFP signal in all tissues within
3-4h (Supplementary Fig. 3). Additionally, 100% of the progeny
derived from L4 animals exposed to 0.5 mM auxin paired with glo-
bal expression of TIR1 were embryonic or larval lethal, suggesting
that auxin-induced depletion of symk-1 mimics the symk-1 null
phenotype.

Next, we examined induction of the gpdh-1p::GFP reporter in
each TIR1 strain in the absence of auxin. GFP expression was in-
duced in the intestine and hypodermis to similar levels as wild
type (Supplementary Fig. 4). When animals were exposed to auxin
starting as L1s, hypertonic induction of GFP was inhibited in the
global TIR1 strain as much as in the symk-1(dr88) allele (Fig. 3a
and b). Hypodermal depletion of symk-1 led to strong inhibition
of GFP induction by hypertonicity, although there was still statis-
tically significant induction. Intestinal depletion of symk-1 had a
minor effect on GFP induction, which also remained statistically
significant. However, simultaneous depletion of symk-1 in both
the intestine and hypodermis resulted in a complete block in
hypertonicity induced gpdh-1::GFP expression (Fig. 3b). We next uti-
lized the symk-1 AID* allele and hypodermal/intestinal TIR1 to
examine the temporal requirements for symk-1 in the activation
of gpdh-1. Exposure to auxin for 4 h in day 1 adult animals imme-
diately prior to exposure to hypertonicity was sufficient to block
gpdh-1p::GFP expression (Fig. 3c). Taken together, these data
show that symk-1 functions cell autonomously in the hypodermis
and intestine to regulate hypertonic gpdh-1 induction.
Additionally, they show that symk-1 has a post-developmental
physiological role in this process.
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Fig. 3. symk-1 is required post-developmentally in the hypodermis and
intestine for the Nio phenotype. a) Overlayed GFP and transmitted light
images of gpdh-1p::gfp expression following 24 h of exposure to 50 or
250 mM NaCl. Animals express TIR1 in the indicated tissues and were
exposed to 1 mM K-NAA from the L1 stage. b) COPAS Biosort
quantification of GFP expression from animals shown in a. Data shown
are mean + SD. N =41-89 animals per sample. “**P <0.0001; ns P> 0.05;
1-way ANOVA with Dunn’s multiple comparison test. c) COPAS Biosort
quantification of animals with TIR1 expression in the hypodermis and
intestine (cpSi171) exposed to 1 mM K-NAA for O, 4, or 72 h prior to
exposure to 50 or 250 mM NaCl. Data shown are mean + SD N =35-61
animals per sample. *** P < 0.0001; ns P> 0.05.

cpf-2 and symk-1 colocalize to subnuclear foci
following exposure to hypertonic stress

If cpf-2 and symk-1 interact within the 3' mRNA cleavage complex
in C. elegans as they do in mammalian cells (Ruepp et al. 2011), we
predicted that they should exhibit spatial colocalization. Indeed,
GFP and RFP alleles of endogenous cpf-2 and symk-1, respectively,
showed that both proteins are expressed ubiquitously (Fig. 4a—c),
exhibit colocalization in the nucleoplasm, and are excluded from
the nucleolus (Fig. 4d-f). Following exposure to hypertonicity,
both proteins formed subnuclear puncta that exhibited complete
colocalization (Fig. 4g-i). In the same screen thatisolated cpf-2 and
symk-1, we also identified mutations in the O-GlcNAc transferase
homolog ogt-1, suggesting that these 3 proteins could be compo-
nents of the same complex that regulates the hypertonic stress re-
sponse. However, our data were inconsistent with this model. We
found that the CPF-2 and SYMK-1 puncta were distinct from pre-
viously reported OGT-1 puncta induced by hypertonic stress
(Supplementary Fig. 5) (Urso et al. 2020). Hypertonicity-
induced CPF-2/SYMK-1 puncta were most apparent in the
hypodermis while no puncta were observed in germline nuclei
(Fig. 4g-i). We considered the possibility that the missense alleles
isolated in our Nio screen may disrupt protein abundance, nuclear
localization, colocalization, and/or foci formation in response to
hypertonic stress. To test this hypothesis, we introduced the
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Fig. 4. CPF-2 and SYMK-1 proteins colocalize into subnuclear puncta following exposure to hypertonic stress. Expression of CRISPR/Cas9-tagged alleles of
Tag-RFP::cpf-2 (a) symk-1::gfp (b), and the merged image (c). (d-f) Higher resolution images of hypodermal (hyp arrows) and germline (gl) nuclei revealing
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Exposure of animals to 600 mM NaCl for 1 h leads to reorganization of SYMK-1 and CPF-2 localization, primarily in the hypodermis. (j-1) Higher resolution
of hypodermal nuclei with SYMK-1 and CPF-2 subnuclear foci. (m-o) higher resolution of hypodermal nuclei with SYMK-1 and CPF-2 carrying the G42E

Nio point mutation.

G42E allele into TagRFP-cpf-2. However, TagRFP::CPF-25*F did not
alter CPF-2 protein abundance, nuclear localization, puncta for-
mation, or colocalization with SYMK-1.

cpf-2 and symk-1 Nio alleles also exhibit
phenotypes associated with transcriptional
termination and APA

The 3" mRNA cleavage and polyadenylation complex is required
for general RNA polymerase I mRNA cleavage and polyadenyla-
tion, transcriptional termination, and selection of specific
DNA-encoded polyadenylation signal sequences. Mutation of
cpf-2 and symk-1 could cause a Nio phenotype by disrupting these
or other processes. Three pieces of data suggest that the Nio al-
leles do not disrupt global mRNA cleavage and/or polyadenylation
at a significant level. First, total amounts of nucleic acid, which
should be significantly reduced by inefficient polyadenylation,
are not decreased in either cpf-2(dr99) or symk-1(dr88)
(Supplementary Fig. 6). Second, polyA patterns and lengths for 4
highly expressed mRNAs are qualitatively similar between wild
type, cpf-2(dr99), or symk-1(dr88) (Supplementary Fig. 7). Third, in-
duction of a heat shock inducible hsp-16p::GFP reporter, which
shares the same unc-54 3’ UTR and polyA signal as the gpdh-1p::
GFP reporter, is induced to wild-type levels in cpf-2(dr99) and
symk-1(dr88) (Supplementary Fig. 8). Therefore, inhibition of
cpf-2 and symk-1 does not generally block mRNA cleavage and
polyadenylation.

To test if the Nio mutants alter transcriptional termination
and/or recognition of specific polyA signal sequences, we asked
if they could suppress phenotypes associated with either
lin-15(n765ts) or kin-20(0x423), 2 mutants that were previously
shown to be suppressed by inhibition of the 3’ mRNA cleavage
complex. Suppression of lin-15(n765) and kin-20(0x423) occurs spe-
cifically due to alterations in the ability of the 3’ mRNA cleavage
complex to appropriately recognize DNA encoded APA signal se-
quences (Cul et al. 2008; LaBella et al. 2020). We found that the
Nio allele of cpf-2 completely suppressed the Muv phenotype of
lin-15(n765) (Fig. 5a and b). Additionally, symk-1 and cpf-2 Nio al-
leles both suppressed the motility defects associated with the
kin-20 LOF mutation as well or better than the previously identi-
fied kin-20 suppressor cpsf-4(0x645) (Fig. 5¢c and d). Together, these
data show that cpf-2 and symk-1 Nio alleles both act to inhibit 3’
mRNA cleavage and can disrupt APA for these specific transcripts.

Inhibition of multiple components of the 3’ mRNA
cleavage and polyadenylation complex also cause
a Nio phenotype

If cpf-2 and symk-1 mutants cause a Nio phenotype due to inhib-
ition of 3 MRNA cleavage and selection of appropriate polyadeny-
lation sequences, then inhibition of other components of this
complex should also cause a Nio phenotype. To test this hypoth-
esis, we examined if inhibition of other genes in the 3’ mRNA
cleavage complex could also cause a Nio phenotype. Sixteen or
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Fig. 5. cpf-2 and symk-1 suppress mutant phenotypes that depend on APA.
a) Transmitted light images of lin-15 or lin-15; cpf-2 double mutants.
Arrows in a point to multiple ectopic vulva which produces the
multivulval or Muv phenotype. b) Quantification of the % of Muv and
nonMuv animals from the indicated genotypes. ***P < 0.0001, Fishers
exact test. N =102 animals for lin-15 and 120 animals for cpf-2; lin-15. c)
Movement tracks for day 1 adult animals of the indicated genotypes. Each
color represents and individual track. d) Swim speed for day 1 adult
animals of the indicated genotypes. Data shown are mean + SD for 10-24
animals per genotype. ***P < 0.0001; 1-way ANOVA with Dunn’s multiple
comparison test.

17 genes in the 3’ mRNA cleavage complex have clear orthologs in
C. elegans (Steber et al. 2019). We obtained RNAI clones for 12/17
genes and performed post-developmental feeding-based RNAI in
the gpdh-1p::GFP reporter strain. Following exposure to hypertonic
stress, knockdown of suf-1, cpsf-2, cpsf-4, and rbpl-1, in addition to
cpf-2 and symk-1 (6/12 tested), gave rise to a Nio phenotype (Fig. 6).
Therefore, the Nio phenotype is not restricted to disruption of
cpf-2 and symk-1 specifically but is caused by inhibition of multiple
genes in the 3" mRNA cleavage complex. Taken together, these
data are consistent with a model in which inhibition of cpf-2 and
symk-1 prevent hypertonic induction of gpdh-1 due to the inability
to recognize appropriate polyA signal sequences in a gene(s) re-
quired for activation of the hypertonic stress response.

Discussion

Phenotypes associated with loss of components of the 3' mRNA
cleavage complex, particularly at the organismal level, are poorly
understood due to the fact that loss-of-function mutants in most
members of this complex are lethal (Steber et al. 2019). One recent
exception to this is in C. elegans, where unbiased genetic screens
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Fig. 6. Inhibition of a subset of APA complex genes causes a Nio
phenotype. a) Merged GFP and transmitted light images of drls4 animals
fed either empty vector(RNAi) or RNAi against the indicated APA complex
genes. Only images for animals exposed to 250 mM NaCl for 24 h are
shown for APA RNAI treatments. b) COPAS Biosort quantification of
normalized GFP levels for each APA RNAI treatment following exposure to
either 50 mM NaCl or 250 mM NaCl. Data shown are mean + SD N = 14-61
animals per sample. ***P < 0.0001; ns P > 0.05; 1-way ANOVA with Sidak’s
multiple comparison test.

can isolate nonnull hypomorphic alleles of genes whose null
phenotype is lethal. In this study, we discover a new role for this
complex in the organismal response to hypertonic stress.
Hypomorphic alleles of cpf-2 and symk-1 block hypertonic induc-
tion of gpdh-1 and adaptation to hypertonicity through their post-
developmental function in the intestine and hypodermis. How
might this complex regulate hypertonicity-induced gene expres-
sion and hypertonic adaptation? One possibility is that the Nio de-
fect may be due to generally inefficient polyadenylation which
could reduce mRNA stability and inhibit the accumulation and
translation of stress inducible mRNAs. Arguing against this is
our finding that some inducible mRNAs and proteins, such as
nlp-29 and a heat shock induced gfp reporter, continue to be in-
duced to normal levels in the cpf-2 and symk-1 mutants. This
would be unlikely to occur if these mRNAs were inefficiently poly-
adenylated. Therefore, nonspecific defects in overall mRNA poly-
adenylation seems to be an unlikely explanation for the Nio
phenotype of cpf-2 and symk-1. Large-scale sequencing ap-
proaches mapping 3’ transcript termination sites and measuring
individual transcript polyadenylation lengths will be needed to
determine if these single observations extend to the genome-wide
level.

Another possibility for how the 3' mRNA cleavage complex reg-
ulates the hypertonic stress response is that APA of a specific tar-
get via regulation of the 3 mRNA processing complex could be
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required for appropriate execution of this physiological response.
In this respect, 1 possible APA targetis gpdh-1. However, evidence
from thousands of RNAseq data sets does not reveal evidence for
APA of gpdh-1 itself (Steber et al. 2019), and genetic studies show
that gpdh-1 null alleles can still activate hypertonic adaptation
(Urso et al. 2020). Instead, we hypothesize that 3’ mRNA cleavage
could perform a similar function in the hypodermis and intestine
to thatin the neurons (LaBella et al. 2020), where it regulates polyA
site usage of a signaling gene that is an essential signaling compo-
nent of the hypertonic stress response. Alternatively, the function
of the 3’ cleavage complex could regulate isoform switching for a
suite of genes, such as extracellular matrix genes, whose collect-
ive function appears to be critical for the hypertonic stress re-
sponse (Rohlfing et al. 2010, 2011; Dodd et al. 2018). Arguing
against this second possibility is our observation that removal of
the SYMK-1 protein in young adults after deposition of the ECM
and immediately before exposure to hypertonicity is sufficient
to block the hypertonic stress response. Defining the targets of
3’ mRNA cleavage complex in the C. elegans intestine and hypoder-
mis using RNAseq and evaluating their functional roles in the Nio
phenotype represent an important future direction and will help
to further distinguish between these and other models.

Subcellular localization and protein-protein interactions play
an important role in the function of the 3 mRNA cleavage com-
plex (Ruepp et al. 2011). Both CPF-2 and SYMK-1 are expressed in
all observable somatic and germline nucleiin C. elegans. We found
that hypertonic stress causes both proteins to undergo reorgan-
ization into subnuclear foci. The function of these foci is unclear.
Recently, hyperosmotic stress was found to result in the phase
separation of the APA factor CPSF6 (Jalihal et al. 2020), which leads
to functional impairment of mRNA cleavage and polyadenylation.
Whether or not this relocalization of the APA complex in C. elegans
is related to its role in the Nio phenotype is not known. We found
that introducing the G42E missense Nio allele into CPF-2 did not
impact its ability to form subnuclear foci in response to hyperton-
icity or to colocalize with SYMK-1. Further studies will be needed
to determine if hypertonic stress leads to functional impairment
of transcriptional termination in C. elegans as it does in mamma-
lian cells and whether or not large-scale termination events or
target-specific APA contributes to the Nio phenotype.

In the same genetic screen that identified cpf-2 and symk-1, we
also identified null alleles in the O-GlcNAc transferase ogt-1 (Urso
et al. 2020). The discovery of all 3 genes in the same genetic screen
suggests that they might act together as part of the same signaling
complex. However, our data suggest that this may not be the case.
First, ogt-1 regulates gpdh-1 expression via a post-transcriptional
mechanism while cpf-2 and symk-1 function at the transcriptional
level. Second, while both OGT-1 and CPF-2/SYMK-1 are nuclear
proteins and form subnuclear foci in response to hypertonicity,
these foci are spatially distinct. Despite these differences, there
could be regulatory interactions between ogt-1 and the 3’ cleavage
complex. For example, a recent study shows that the TPR domain
of mammalian OGT interacts with the 3’ cleavage complex com-
ponents PCF11 (CFIIm complex) and CPSF1 (Stephen et al. 2021).
Interestingly, it is the TPR domain, and not the catalytic activity,
of OGT-1 that is required for the hypertonic stress response in C.
elegans (Urso et al. 2020). Studies examining the role of ogt-1 in
the regulation of APA events will be needed to differentiate be-
tween these possibilities.

While the occurrence of APA has been known for several years,
the regulatory mechanisms that determine which polyA site in a
given gene will be utilized remain mysterious. Genetic approaches
in organisms such as C. elegans provide a powerful opportunity to

study this highly conserved and essential complex in many dy-
namic, tissue-specific settings. The tools and insights developed
in this study will play a major role in future studies aimed at un-
derstanding the physiologically relevant targets of 3 mRNA cleav-
age and APA in the hypertonic stress response and investigating
the mechanisms that drive polyA site switching in response to dy-
namic environmental changes.
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