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ABSTRACT

Gene expression is a multistep process and crosstalk
among regulatory layers plays an important role
in coordinating gene expression. To identify func-
tionally relevant gene expression coordination, we
performed a systematic reverse-genetic interaction
screen in C. elegans, combining RNA binding pro-
tein (RBP) and transcription factor (TF) mutants to
generate over 100 RBP;TF double mutants. We identi-
fied many unexpected double mutant phenotypes, in-
cluding two strong genetic interactions between the
ALS-related RBPs, fust-1 and tdp-1, and the home-
odomain TF ceh-14. Losing any one of these genes
alone has no effect on the health of the organism.
However, fust-1;ceh-14 and tdp-1;ceh-14 double mu-
tants both exhibit strong temperature-sensitive fer-
tility defects. Both double mutants exhibit defects
in gonad morphology, sperm function, and oocyte
function. RNA-Seq analysis of double mutants iden-
tifies ceh-14 as the main controller of transcript lev-
els, while fust-1 and tdp-1 control splicing through a
shared role in exon inhibition. A skipped exon in the
polyglutamine-repeat protein pqn-41 is aberrantly in-
cluded in tdp-1 mutants, and genetically forcing this
exon to be skipped in tdp-1;ceh-14 double mutants
rescues their fertility. Together our findings identify a
novel shared physiological role for fust-1and tdp-1in
promoting C. elegans fertility and a shared molecular
role in exon inhibition.
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INTRODUCTION

Eukaryotic gene expression requires coordination across
multiple layers of regulatory control, including transcrip-
tion, RNA processing, and translation. Two major classes
of proteins responsible for this gene expression regula-
tion are transcription factors (TFs) and RNA binding pro-
teins (RBPs). Regulatory activities for individual TFs and
RBPs have been well described, but less is known about
how TFs and RBPs might coordinately control gene ex-
pression across multiple regulatory layers. Nevertheless, a
growing body of recent evidence demonstrates extensive
crosstalk between transcriptional and post-transcriptional
factors occurs to regulate gene expression (1-6).

RBPs regulate many aspects of RNA processing includ-
ing pre-mRNA splicing, mRNA export and localization,
and translation (7). RBP dysfunction is especially notable
in the nervous system, and RBP mutations have been im-
plicated in multiple neurodegenerative diseases (8—11). For
example, the RBPs TDP-43 and FUS are involved in several
RNA-related functions, including splicing and RNA trans-
port (12,13). Mutations in either RBP are directly linked
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to Amyotrophic Lateral Sclerosis (ALS) cause their mis-
localization and aggregation in the cytoplasm, leading to
progressive degeneration of neurons (14-17). The disease-
associated roles of RBPs such as TDP-43 and FUS have
been extensively studied, but in many cases the physiologi-
cal functions for these RBPs outside of disease context re-
main unresolved. Understanding how RBPs play a role in
essential cellular functions and in the context of global gene
expression coordination will be key for understanding and
treating such diseases.

To identify functionally important TF-RBP gene expres-
sion coordination, we set out to systematically test for ge-
netic interactions between TF and RBP mutants. Screens
for genetic interactions, in which a phenotype occurs in a
double mutant that is not predicted based on the single mu-
tant phenotypes, have a rich history of identifying genes
with related activities and/or redundant functions (18,19).
In single-celled organisms such as bacteria and yeast, ge-
netic interaction analysis has been carried out at genome-
wide scale, revealing hundreds of thousands of synthetic in-
teractions in which a double mutant has a fitness greater
than expected (positive interaction) or less than expected
(negative interaction) based on the single mutant fitness
phenotypes (20,21).

In the nematode Caenorhabditis elegans, we recently
employed CRISPR/Cas9 to systematically delete
evolutionarily-conserved,  neuronally-expressed RBPs
using homology-guided replacement to insert heterologous
GFP fluorescent markers in place of the deleted gene
(22,23). These CRISPR/Cas9-generated RBP mutants
enabled us to conduct a systematic pairwise genetic in-
teraction screen across neuronal RBPs in C. elegans. We
identified multiple novel synthetic interactions and revealed
previously-unexplored physiological functions for several
RBPs. Here, we aimed to apply this technology to inves-
tigate coordination of gene expression across regulatory
layers, by conducting a pairwise genetic interaction screen
between neuronally-enriched RBPs and TFs.

To do so, we generated all possible double-mutant TF-
RBP combinations of 10 RBP and 11 TF gene deletion mu-
tants, creating a total of 110 double mutants. We identi-
fied unexpected phenotypes in several double mutants, re-
vealing extensive functional interactions between TFs and
RBPs. One such synthetic phenotype was reduced fertility
in tdp-1; ceh-14 and fust-1; ceh-14 double mutants. tdp-1
and fust-1 are the C. elegans homologs of TDP-43 and FUS,
and mutations in both RBPs have been implicated in ALS
(9,17,24). Both tdp-1, ceh-14 and fust-1, ceh-14 double mu-
tants exhibit reduced egg production, decreased sperm ef-
ficacy, and gonad migration defects. As tdp-1, fust-1, and
ceh-14 single mutants do not exhibit the same striking fer-
tility phenotype as these double mutants, our findings iden-
tify a potential coregulatory role for these genes in gonad
and sperm development. We find a shared role of fust-1
and zdp-1 in inhibiting exon inclusion, and identify a cas-
sette exon in pgn-41, inhibited by tdp-1, that contributes
to the fertility defects in tdp-1; ceh-14 double mutants.
Our findings thus uncover novel physiological functions for
fust-1 and tdp-1, in the specific context of a ceh-14 mu-
tant background, and shed light on their shared molecular
roles.
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MATERIALS AND METHODS
C. elegans strains and maintenance

All C. elegans strains were cultured on Nematode Growth
Media (NGM) plates seeded with Escherichia coli. Strains
were maintained at 20°C unless otherwise stated. Some
strains were provided by the CGC, which is funded by
NIH Office of Research Infrastructure Programs (P40
0D010440), and strains PHX6090 and PHX3345 were gen-
erated by SunyBiotech. Double mutant strains were cre-
ated and confirmed by visualization of GFP markers and
by PCR. See Table 1.

Competitive fitness assays

Pairwise competitive fitness assays were performed as pre-
viously described to establish the relative fitness for each
single mutant (22). Briefly, four L4 larvae of each genotype
were placed together on a seeded NGM plate and incubated
for 5 days at 25°C. The fraction of each mutant on the plate
after 5 days was calculated to generate a fitness value rela-
tive to wild-type fitness for each mutant using the formula
F = (# mutant/# total)/50%.

To determine double mutant fitness each double mutant
was assayed in a pairwise competition assay with the tran-
scription factor mutant used in the cross. Expected fitness
was equivalent to the fitness of the RNA binding protein
mutant in the cross. To identify double mutants with un-
expected fitness, the expected fitness value for each double
mutant was subtracted from its observed fitness. Synthetic
fitness effects (¢) in the double mutants were calculated by
Fobs — Fexp. Our threshold for significance was lel > 0.4, and
all assays were completed in triplicate.

Larval growth assay

Worms were synchronized by standard bleaching procedure
to obtain a population of L1 worms for each genotype (25).
Synchronized L1 larvae were then plated onto seeded NGM
plates and cultured for 48 h at 20°C. Developmental stages
of the worms on each plate were then assessed.

Fluorescence microscopy

Images were obtained on a Zeiss Axio Imager.Z1 micro-
scope with a 20x objective and DIC settings for white light.
Excitation for fluorescence was provided by an X-Cite se-
ries 120 Q lamp. Wavelengths for RFP = excitation 592 nm,
emission 614 nm, GFP = excitation 488 nm, emission 509
nm. Exposure times were 650 ms (RFP) and 500 ms (GFP).
Images were processed using Imagel.

DAPI gonad imaging

Worms were collected into microcentrifuge tubes in batches
at each larval stage and at day 1 of adulthood. Whole
worms were then fixed and stained with 4’,6-diamidino-
2-phenylindole (DAPI). Briefly, worms were washed three
times with 0.01% Tween—-PBS, then frozen in 1 mL of
methanol at —20°C for 5 min. Then, methanol was removed
and worms rinsed with 1 ml of 0.1% Tween-PBS. 1 pl of
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Table 1.  List of strains used in this study

Strain Genotype Source Genetics Notes

ADN267 mec-8(csb23) Norris Lab, SMU deletion with myo-3::GFP marker Neuronally enriched; mutant
phenotypes in touch neurons and
phasmid neurons

ADN264 unc-75(csb20) Norris Lab, SMU deletion with myo-2::GFP marker Neuronally enriched; mutant
phenotypes in motor neurons

ADN283 fox-1(csb39) Norris Lab, SMU deletion with myo-2::GFP marker Strong expression in specific neuron
types

ADN273 exc-7(csb29) Norris Lab, SMU deletion with myo-3::GFP marker Strong expression in specific neuron
types

ADN274 mbl-1(csb30) Norris Lab, SMU deletion with myo-2::GFP marker Neuronally enriched; mutant
locomotory behavior phenotypes

ADN265 fust-1(csb21) Norris Lab, SMU deletion with myo-2::GFP marker Strongly expressed in nervous system;
involved in neuronal defects in other
organisms.

ADN282 tdp-1(csb38) Norris Lab, SMU deletion with myo-3::GFP marker Strongly expressed in nervous system;
involved in neuronal defects in other
organisms.

ADN268 msi-1(csb24) Norris Lab, SMU deletion with myo-2::GFP marker Expressed in specific neuronal cell
types; affects gene-expression
regulation in specific neuron types.

ADN279 tiar-3(csb35) Norris Lab, SMU deletion with myo-3::GFP marker Aka rnp-9; strong expression in
nervous system.

ADN270 hrpf-1(csb26) Norris Lab, SMU deletion with myo-2::GFP marker Strong expression in nervous system.

TB528 ceh-14(ch3) CGC, University of 1277 bp deletion Strong expression in specific neurons

Minnesota and spermatheca; involved in neuronal
specification

OH7160 vtlsl;ets-5(tm866) CGC, University of deletion; vtls1 construct contains a rol Strong enrichment in specific neuronal

Minnesota phenotype and was removed by cell types
backcrossing for the purpose of this
study
VC1669 aptf-1(gk794) CGC, University of 655 bp deletion Strong enrichment in specific neuronal
Minnesota cell types; is required for RIS
interneuron function.

VCI1605 tab-1(gk753) CGC, University of 820 bp deletion Strong enrichment in specific neuronal

Minnesota cell types; required for specific
behaviors.

PY1598 alr-1(oy42) CGC, University of deletion Enrichment in specific neuronal cell

Minnesota types; required for function of touch
neurons.

CB1416 unc-86(e1416) CGC, University of deletion Enrichment in specific neuronal cell

Minnesota types; required for function of multiple
neuronal cell types.

VC369 pag-3(0k488) CGC, University of 1188 bp deletion Expressed in specific neuronal cell

Minnesota types; required for specific aspects of
neurodevelopment.

V(2396 mec-3 (gk1126) CGC, University of 774 bp deletion Expressed in specific neuronal cell

Minnesota types; required for function of touch
neurons.

CBI1170 unc-55 CGC, University of unc-slow, tends to coil Expressed in specific neuronal cell

Minnesota types; required for locomotory
behavior.

VCl1444 unc-42 CGC, University of 1430 bp deletion Enriched in specific neuronal cell

Minnesota types; is required for the function and
development of specific neuron types.

JY359 lim-4 CGC, University of located on X chromosome Enriched in specific neuronal cell

Minnesota types; required for chemosensory
behavior.

EG4883 oxIs318; unc-119(ed3) CGC, University of oxIs318 [spe-

Minnesota 11p::mCherry::histone + unc-119(+)].
Wild type. Dim mCherry expression in
hermaphrodite sperm.

UX993 jnSil2; ezls2; 1tIs37 CGC, University of jnSil2 [peel-1p::htas-1::mCherry::tbb-2

Minnesota 3'UTR + Cbr-unc-119(+)] I1. ezIs2
[fkh-6::GFP + unc-119(+)] 11T
CB4108 fog-2 (q71) CGC, University of Male/female strain. XX females and
Minnesota XO males
OF1406 Sfust-1(ixIs281) Dong Cao fust-1 mCherry expression (94)
RB2578 pqn-41 (0k3590) CGC, University of Approximately 700 bp deletion
Minnesota

ANT74 pqn-41 (syb6090) SunyBiotech 1809 bp deletion of pqn-41 exon 3

PHX6090

AN28 clec-190 (syb3345) SunyBiotech deletion

PHX3345




100 ng/ml DAPI was then added to the worms in Tween—
PBS, and incubated in the dark at room temperature for
S min. Tubes were then rinsed with 0.1% Tween-PBS once
more. Tubes were centrifuged and all solution removed from
worms, then 10 wl of 75% glycerol added. Worms in glyc-
erol were then placed on agar pads on microscope slides
for imaging. At least 70 total animals were scored for each
genotype, across five independent biological replicates in to-
tal. Both posterior and anterior gonad arms were scored,
and defects in either resulted in the animal being scored
as defective. However, most of the time in double mutants
(>90%) either both gonad arms were normal or both were
defective.

Uterine egg retention

Egg retention was measured in hermaphrodites on day 1 of
adulthood. Worms were placed in 4°C refrigerator for 5-
10 min to slow movement down, then examined under the
microscope. Total eggs present in the uterus were counted.

Lifetime egg-laying and brood size assays

Six L4 worms were placed on a seeded NGM plate and in-
cubated at either 20°C or 25°C. The following day, and ev-
ery subsequent day until egg production stopped, the six
adults were transferred to new seeded plates. The number of
progeny on each plate was counted and divided by the total
number of adults to determine average egg production per
day per worm. Total brood size was quantified as the sum
total of eggs produced over lifespan per worm.

Male mating efficiency

To assay male mating efficiency, four young adult males
were paired with four L4 hermaphrodites, and the worms
were kept at 20°C for 24 h to allow time for mating to oc-
cur. After 24 h, the adults were removed from the plate, and
progeny were given another 48 hours to develop. Progeny
were then counted, and percent of male-produced cross
progeny out of the total progeny were scored. Mutant males
with CRISPR deletions express GFP in either the body wall
muscle or the pharynx, so this fluorescence was used to
identify cross progeny. For wild-type assays, males carry-
ing myo-2::RFP which expresses bright RFP in the pharynx
were used to allow scoring of cross progeny.

To measure male mating in the absence of wild-type
hermaphrodite sperm, four young adult males were instead
paired with four L4 fog-2 (¢71) hermaphrodites with femi-
nized germlines and a complete lack of sperm. For these as-
says, mutant males were paired with fog-2 hermaphrodites
until egg production stopped, and adults were transferred to
new plates to prevent overcrowding and starvation as breed-
ing continued. After hermaphrodites no longer continued
to produce eggs, adults were removed and the total number
of progeny was counted. This total was divided by the num-
ber of adult hermaphrodites present on the assay (4) to give
the average brood size produced per worm. As a control,
these assays were simultaneously conducted with wild-type
males.
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Paired brood size assay

Four L4 wild-type males were paired with four L4 mutant
hermaphrodites on a single plate, and pairs were kept paired
for multiple days until egg-laying was complete. Every day,
adults were transferred to new plates, and progeny left on
each plate was counted to measure the total brood pro-
duced. As a control, unpaired brood assays were carried out
at the same time.

RNA sequencing and analysis

Total RNA was extracted from synchronized whole ani-
mals at the fourth larval stage (L4, just prior to adult-
hood) using Tri reagent according to manufacturer’s pro-
tocol (Sigma Aldrich). Three biological replicates were ex-
tracted per genotype. mRNA was purified from each sam-
ple using NEBNext®) Poly(A) mRNA Magnetic Isolation
Module, and cDNA libraries were prepared using NEB-
Next@®) Ultra™ IT RNA Library Prep Kit for Illumina, fol-
lowing kit protocols. Libraries were sequenced on Illumina
HiSeq 2000, paired-end 150 bp reads. At least 87% of reads
from each individual sample had Q scores of >30. Reads
were then mapped to the worm genome (versionWBcel235
using STAR version 2.5.3a) (26). Each biological replicate
had at least 26 million reads per sample, and the mapping
rate to the worm genome was >72% for each sample. Gene-
specific counts were tabulated for each sample using HT-
Seq (0.9.1) (27) and statistically-significant differentially ex-
pressed transcripts were identified with DESeq2 (1.36.0)
(28). The Junction Usage Model (2.0.2) was used to identify
differentially spliced isoforms in experimental samples com-
pared to wild type controls and quantify their expression
levels by computing the APSI (difference of Percent Spliced
Isoform) (29). Alternative 3’ splice site, alternative 5’ splice
site, skipped ‘cassette’ exon, and intron retention splicing
events were then analyzed to compare APSI in fust-1; ceh-
14 and tdp-1; ceh-14 with their single mutants to identify
splicing dysregulation. Raw fastq files are available at the
NCBI SRA (PRINAS862903) and additional data is avail-
able via GEO (GSE230025).

Reverse transcription PCR

Relative abundances of splicing isoforms of sav-1, and
pgqn-41 were determined by RT-PCR to confirm RNA
seq results, using qScript® XLT One-Step RT-PCR
Kit. The kit and reagents were used following the kit
reaction protocol. Densitometry was performed using
non-saturated gel images. Image] was used to draw a
rectangular ROI around the extent of each band, and an
equal-sized background ROI (from a lane with no PCR
product) was also obtained. PSI was calculated using
the intensity values as follows: 100 x (included band-
background)/((included band-background)+(skipped
band-background)). Primer sequences used were as fol-
lows: sav-1 F - GACTTCATTCAAGATCTACGG, sav-1
R - CACTGGGAAGAGTTTGAAGCG, pgn-41 exon 18
F - ACTACGCCTGCAACAACGTCG, pgn-41 exon 21 R
- AGCTGCTGTTGAACTTGTTGAGC
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RESULTS

Genetic interaction screen identifies TF-RBP pairs causing
synthetic fitness defects

To identify regulatory crosstalk with important functional
consequences we performed a genetic interaction screen
between TF and RBP mutants in C. elegans, focusing on
evolutionarily-conserved RBPs and TFs expressed in the
nervous system. To facilitate the generation of double mu-
tants, we used existing deletion alleles which can be geno-
typed by simple PCR, as well as CRISPR /Cas9-mediated
deletions in which we inserted a traceable fluorescent maker
into the deletion locus, enabling in vivo monitoring of the
genotype (30) (See methods for list of genotypes used). We
generated all possible double-mutant combinations of 10
RBPs and 11 TFs.

To test for genetic interactions, we measured relative fit-
ness using a simple and quantitative competitive fitness as-
say (22,30). In this assay, equal numbers of stage-matched
mutant and wild-type worms are grown together on a single
growth plate. The worms are given five days to develop, eat
available food, and reproduce for multiple generations (Fig-
ure 1A). Then the relative proportions of mutant and wild-
type worms are quantified, assigning a value to the fitness of
each genotype. A mutant with an identical fitness to wild-
type would grow and reproduce at the same rate as wild-
type worms, resulting in a population of 50% mutants and
50% wild-type. This would yield a fitness value of 1 (Fig-
ure 1A), and increased or decreased fitness would result in
values greater than or less than 1, respectively. Competitive
fitness assays can identify mutants with a variety of underly-
ing phenotypes, including lethality, developmental defects,
reproductive defects, and behavioral defects (21,22).

Each RBP and TF single mutant strain was first assayed
against wild-type worms to establish their respective relative
fitness values (Figure 1B, C). The fitness values of the 10
RBPs and 11 TFs we assayed range from strong decreases
in fitness to mild increases in fitness (Figure 1B, C). Sev-
eral mutants with known behavioral defects, including unc-
86 and mec-8 (31,32), have significantly lower fitness than
wild-type. We identified a few single mutants with novel fit-
ness phenotypes not predicted by previously-described phe-
notypes, for example a reduction of fitness in tab-I mu-
tants (Figure 1C). We also found that a few mutants, in-
cluding aptf-1 and fox-1, modestly outperform wild-type
worms in our assays and have fitness values greater than 1
(Figure 1B, C).

After establishing baseline fitness values for single mu-
tants, each RBP mutant was crossed to each TF mutant to
obtain all possible RBP; TF mutant combinations, yielding
a total of 110 RBP; TF double mutants. To systematically
identify genetic interactions between the RBPs and TFs, we
conducted competitive fitness assays in which each double
mutant was competed against one of its constituent single
mutants. Assuming no genetic interaction, when an RBP;
TF double mutant is competed against its constituent TF
mutant, the effect of the TF mutation on fitness should be
equal for both the single and the double mutant. Therefore,
the measured fitness of the RBP; TF should be equal to
the fitness of the constituent RBP mutant when competed

against wild type. For example, msi-1; unc-86 double mu-
tants were competed against unc-86 mutants, and the ex-
pected fitness value was equal to the fitness of msi-1 single
mutants competed against wild type (Figure 1D). In this
case, the observed fitness shows no difference from the ex-
pected fitness of the double mutant, and is therefore not
considered a genetic interaction (Figure 1D).

Any deviation in the observed fitness from the expected
fitness value (¢ = observed — expected) constitutes a syn-
thetic effect on fitness, which is to say, an effect stronger
than expected based on additive effects of the two single
mutations. Such a result signifies a synthetic genetic interac-
tion. A positive value indicates a positive interaction, while
a negative value constitutes a negative interaction. As an ex-
ample, exc-7; ets-5 double mutants were competed with ezs-
5 single mutants. The expected outcome was for the mea-
sured exc-7; ets-5 double mutant fitness value to be similar
to that of exc-7 competed against wild type, but instead exc-
7, ets-5 double mutants have significantly lower fitness than
expected (Figure 1E). We set a conservative threshold of an
absolute value of 0.4 or greater change in fitness (lel > 0.4) to
be considered a strong genetic interaction. Most RBP; TF
double mutants do not exhibit substantial deviations from
their expected fitness value, indicating that most TFs and
RBPs do not act synthetically in ways that result in changes
in fitness. However, we identified eight RBP; TF double mu-
tants with strong synthetic effects (Figure 1F, Supplemen-
tary Figure S1A).

aptf-1; fox-1 double mutants cause developmental delay

Performance in the competitive fitness assay depends on the
ability of worms to develop, survive, reproduce, and con-
sume food, competing for resources with other worms on
the plate. Therefore, some of the underlying phenotypes that
could directly impact fitness include changes in the ability to
feed, move, develop and reproduce. For each double mutant
that generated a significant synthetic fitness effect, where
lel > 0.4, we followed up with multiple assays to determine
underlying phenotypes that contributed to a decrease or in-
crease in fitness.

In one interesting case, we found that apfi-1, fox-1 dou-
ble mutants exhibit a strong negative synthetic fitness ef-
fect, where the measured fitness is much lower than expected
(Figure 2A). The RBP fox-1 is a key regulator of C. ele-
gans sex determination, while aptf-1 is a neuronal TF im-
portant for sleep behavior (33,34). Both factors are highly
conserved, but the loss of either fox-1 or aptf-1 in a single
mutant did not result in a measurable fitness deficit (Figure
1B, C). In the aptf-1; fox-1 double mutant, we found moder-
ate but significant reductions in egg-laying rate and pump-
ing rate compared to aptf-1 and fox-1 single mutants (Sup-
plementary Figure S1). Upon further investigation, we no-
ticed that apft-1, fox-1 worms seemed to exhibit slower than
normal growth. We measured development time from larval
stage L1 to L4 and confirmed that apft-1, fox-1 double mu-
tants experience a significant delay in developmental timing
(Figure 2B, C). 48 h after hatching, when wild-type worms
have reached the L4 larval stage, the majority of apft-1; fox-
1 double mutants are still L3 (Figure 2B). These effects are
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< 0.05 (L3 stage, t-test, P = 0.00018. L4 stage, ¢-test, P = 0.00022). (C) Representative images of aptf-1; fox-1, single mutants, and wild-type, comparing
L3 and L4 worms. Arrow indicates characteristic white patch found in mid-body of L4, which was used to score larval stage. (D) Comparison of plates

after 48 h at 20°C when assays were scored.

synthetic and not additive, as the constituent single mutants
exhibit normal developmental timing. Therefore, although
single mutants for aptf-1 and fox-1 display fitness equal to
or greater than wild type (Figure 1B, C), when simultane-
ously lost they result in substantial fitness defects due to
defects in developmental timing. Together, this implicates a
novel role for fox-1 and aptf-1 in coordinating larval growth.

Reproductive defects in double mutants for TF ceh-14 and
ALS-associated RBPs fust-1 or tdp-1

Two of the strongest negative synthetic effects we identified
were between the homeodomain TF ceh-14 and the RBPs
tdp-1 and fust-1 (Figures 1F, 3A, B). tdp-1 and fust-1 are
the C. elegans homologs of human TDP-43 and FUS, both
implicated in ALS (35,36). TDP-43 and FUS share many
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Figure 3. Defects in reproduction cause negative synthetic fitness effects in both fusz-1; ceh-14 and tdp-1; ceh-14 double mutants. (A, B) Both fust-1, ceh-14
(A) and tdp-1; ceh-14 (B) exhibit strong negative synthetic effects on relative fitness. Asterisks indicate deviation from expected fitness according to our
conservative lel > 0.4 cutoft threshold (C, D) At 20°C, differences in brood size are subtle (C), but at 25°C both fust-1,; ceh-14 and tdp-1, ceh-14 produce
significantly smaller brood sizes than wild-type, while fusz-1 tdp-1 double mutants do not exhibit a reproductive defect (D). Asterisks indicate significant
difference from wild-type, P < 0.05, ANOVA. (In C, P =0.022; in D, P = 0.0031 and 0.0039 for fust-1; ceh-14 and tdp-1, ceh-14, respectively). (E) Progeny
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structural and functional commonalities and the roles of
both RBPs in the context of disease have been well-studied
(37-39). In ALS, mutations in TDP43 or FUS cause them
to mislocalize and aggregate in the cytoplasm, depleting
them from the nucleus and disrupting their function (40—
45). However, their roles under non-diseased conditions are
less understood.

In contrast with mammals, where loss of function of ei-
ther TDP-43 or FUS is fatal (46,47), loss of tdp-1 or fust-1
in C. elegans does not cause a strong phenotype, and in-
deed our tdp-1 and fust-1 mutants have fitness values indis-
tinguishable from wild-type (Figure 1B). This gives us the
opportunity to investigate the molecular functions of tdp-
1 and fust-1, taking advantage of the ceh-14 mutant back-
ground to uncover essential roles for tdp-1 and fust-1 in
fitness.

ceh-14 mutants display a slight decrease in fitness com-
pared to wild-type, but have no strong visible phenotype
(Figures 1C, 3A). Only when tdp-1 or fust-1 mutations are
combined with ceh-14 mutations does a strong fitness defect
occur (Figure 3A, B). One readily discernible commonality
between fust-1; ceh-14 and tdp-1, ceh-14 double mutantsis a
reduced progeny count, based on the observation that plates
of these strains appear less crowded and take longer to con-
sume all the available food on a plate. We quantified progeny
produced per worm at both 20°C and at the mildly stressful
temperature 25°C (48-50). While there is a modest decrease
in brood size at 20°C, the defect becomes more pronounced
at 25°C (Figure 3C-E). We measured progeny produced per
day to further characterize the rate of reproduction in dou-
ble mutants. We found that tdp-1, ceh-14 and fust-1, ceh-14
have consistently lower rates of reproduction than wild-type
worms, with significantly fewer progeny produced on day
2 of adulthood compared to wild type (Figure 3E). None
of the constituent single mutants exhibit this strong defect
(Figure 3C, D).

To confirm that the nature of this interaction between
tdp-1 or fust-1 and ceh-14 is due to on-target mutations and
not background effects, we generated double mutants using
alternate alleles (22,51). These new double mutants recapit-
ulated the fertility defect, confirming the synthetic pheno-
types in tdp-1; ceh-14 and fust-1, ceh-14 are due to on-target
TF and RBP mutations (Supplementary Figure S2A).

tdp-1, ceh-14 and fust-1, ceh-14 double mutants have fer-
tility defects, but tdp-1 fust-1 double mutants do not (Fig-
ure 3D). Furthermore, triple mutants fust-1 tdp-1; ceh-14
do not have decreased fertility compared to double mutants
fust-1; ceh-14 or tdp-1; ceh-14 (Supplementary Figure S2B).
Together this indicates that tdp-1 and fust-1 genetically in-
teract with ceh-14, but not with each other, to coordinately
affect reproduction in C. elegans (Figure 3F). This suggests
that the reproductive defects of both double mutants might
stem from a shared underlying dysfunction in which the ac-
tivity of both tdp-1 and fust-1 are required in conjunction
with ceh-14. One plausible mechanistic scenario would be
that both tdp-1 and fust-1 regulate a gene at the level of
RNA processing, while ceh-14 regulates a second gene at
the level of transcription, and together both gene targets are
required for fertility. In sum, we find that zdp-1 and fust-1,
whose human counterparts are implicated in shared disease
states, also share similar physiological roles in C. elegans.

This role in promoting fertility is only revealed in the con-
text of the ceh-14 mutant background.

fust-1; ceh-14 and tdp-1; ceh-14 double mutants cause gonad
development defects

A reduction in progeny count could be caused by a number
of underlying phenotypes, including a physical inability to
push eggs out of the vulva, a defect in gonadogenesis, or de-
ficient gametes. We tested each possibility to determine the
underlying causes of the double mutant phenotype. Worms
with a mechanical defect in egg-laying retain eggs in the
uterus (52,53). We quantified uterine eggs in two-day-old
adults and found no significant difference between double
mutant and wild-type worms (Supplementary Figure S3A).

We next examined the gonad to see if there were any
differences in development, using DAPI (4,6-diamidino-
2-phenylindole) nuclear stain to visualize gonads within
whole worms. During normal gonad development the distal
tip cell (DTC) guides migration of each of the two symmet-
rical C. elegans gonad arms. The DTC guides the developing
gonad out from the ventral midbody, then makes one dor-
sal turn, followed by a second turn towards the midbody
(54,55) (Figure 4A). This migrating tissue receives a signal
to stop when the DTC crosses the midbody and reaches
the vulva (56,57). The uterine cells undergo a characteris-
tic outgrowth, expanding and setting up the uterus centered
around the vulva (58-60).

In a wild-type adult, there is typically a gap between the
DTC:s of the anterior and posterior arm, preventing the go-
nad arms from overlapping and creating ample space for
the uterus (Figure 4A). When maintained at 25°C, fust-1;
ceh-14 and tdp-1; ceh-14 double mutants present a variety
of defects in gonad formation, the most common of which is
apparent overmigration of the distal gonad tip in about 30%
of double mutant adults (Figure 4A, Supplementary Figure
S3C). The degree of overmigration varies from slight cross-
ing of the anterior and posterior tips to more severe cases in
which an overmigrated tip infiltrates the uterus or the oppo-
site gonad arm (Figure 4A). We found no discernable differ-
ences in gonad morphology in larval stage worms, and over-
grown distal arms are not observed until adulthood (Figure
4B, Supplementary Figure S3B). This suggests that rather
than a dysfunction during larval gonad development, there
may be a disruption in stop signaling as the distal tip reaches
the vulva. Previous studies have identified similar overmi-
gration defects in C. elegans in response to development
under stress, including under conditions of changing tem-
perature (61), which could be related to the temperature-
sensitive gonad development phenotypes observed in our
double mutants.

Sfust-1; ceh-14 and tdp-1; ceh-14 double mutants cause gamete
defects

C. elegans hermaphrodites produce both male and female
gametes and can reproduce by self-fertilization or by mat-
ing with a male. The defects we observed in self-fertilizing
hermaphrodites (Figure 3) could thus stem from defects
in male gametes, female gametes, or both. To determine
the functionality of the male and female gametes, we
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conducted reciprocal mated brood assays (Supplementary
Figure S4). First, we mated mutant males with wild-type
hermaphrodites and quantified the proportion of cross-
progeny versus self-progeny to determine the efficiency of
mutant male sperm. If there are no sperm defects in mutant
males, the proportion of cross-progeny produced should be
similar to that produced by wild-type males. At 20°C, ~40%
of progeny from wild-type male crosses are cross progeny,
and at 25°C the proportion is ~15% (Supplementary Figure
S4A, B). In contrast, the proportion of cross progeny from
double mutant males is ~20% at 20°C and ~0% at 25°C.
These results suggest that tdp-1; ceh-14 and fust-1; ceh-14
double mutant male sperm are partially defective.

In the above crosses, double mutant male sperm had
to compete with wild-type sperm harbored by the self-
fertile hermaphrodite. When wild-type males are crossed
to hermaphrodites, male sperm is able to outcompete
hermaphrodite self sperm for fertilization of oocytes
(62,63). To test whether double-mutant male sperm is fer-
tile in the absence of competition from hermaphrodite
sperm, we mated double mutant males with feminized
fog-2 (q71) hermaphrodites which are unable to generate
sperm (64). Therefore, all progeny produced when fog-2
hermaphrodites mate with males are cross progeny. Sim-
ilar to the findings from the previous male mating as-
says (Supplementary Figure S4), we observe a reduction
in brood size for double mutant males crossed with femi-
nized hermaphrodites, with the defect more pronounced at
25°C (Figure 4C). These findings indicate that double mu-
tant male sperm is defective even in the absence of compe-
tition from wild-type hermaphrodite sperm.

To determine oocyte viability, wild-type males were
mated with double mutant hermaphrodites. In self-fertile
hermaphrodites, the total number of progeny produced
is limited by the number of sperm generated. Therefore,
if hermaphrodites are mated with males, the increased
availability of sperm from the male will significantly in-
crease the total progeny produced (65). Indeed, we ob-
serve that mating with a male more than doubles wild-
type brood size (Figure 4D). However, when double mu-
tant hermaphrodites are paired with wild-type males, there
is no significant increase in brood size (Figure 4D). Together
these data indicate that fust-1; ceh-14 and tdp-1, ceh-14 dou-
ble mutants are defective in both male (sperm) and female
(oocyte) gametes.

Expression of tdp-1, fust-1 and ceh-14 overlaps in the sper-
matheca

To visualize where tdp-1, fust-1 and ceh-14 are expressed
in C. elegans, we endogenously tagged each gene using
CRISPR /Cas9. fust-1 and tdp-1, both tagged with RFP, ex-
hibit nuclear expression in many tissues, including neurons,
muscles, intestine, and the gonad. The expression of ceh-
14, which we tagged with GFP, is limited to neurons and
the spermatheca (Figure 4E). As previously described, we
find that it is expressed in a handful of neurons including
several in the head and tail (66). Within the gonad, ceh-14
exhibits nuclear expression specifically in the membrane of
the spermatheca, which houses the sperm and initiates ovu-
lation and fertilization of oocytes (67) (Figure 4E). fust-1

and tdp-1 are also expressed in the nuclei of these cells (Fig-
ure 4F-G). We hypothesize that this overlapping expression
in the spermatheca could be a source of their combinatorial
effect on reproduction.

To investigate the development and morphology of the
spermatheca in fust-1; ceh-14 and tdp-1; ceh-14, we crossed
each double mutant with a strain containing a spermatheca
GFP reporter. Both spermathecae are present in fust-1; ceh-
14 and tdp-1; ceh-14 adults, and they appear structurally
similar to those of wild-type worms (Supplementary Figure
S5). We did not see any defects in the spermathecal-uterine
valve or the neck of the spermatheca, both of which are in-
dicative of spermatheca dysfunction (68-70). This suggests
that the defect in reproduction observed in our double mu-
tants is not explained by obvious defects in spermatheca de-
velopment or morphology.

Distinct transcriptional and post-transcriptional networks in
double mutants

To investigate the gene regulatory networks controlled by
the three factors, we analyzed the transcriptomes of tdp-1;
ceh-14 and fust-1, ceh-14 double mutants, as well as the con-
stituent single mutants. At the level of gene expression, dou-
ble mutants display changes in the expression of hundreds
of genes compared to wild-type animals (Figure 5A, Sup-
plementary Figure S6A-C, Supplementary Figure S7A).
Such gene expression changes could be the result of (i) los-
ing a single regulatory factor, (i) additive effects of los-
ing both factors or (iii) synthetic effects of losing both fac-
tors. To distinguish among these possible scenarios, we first
compared gene expression changes between single mutants
and double mutants. Linear regressions show that ceh-14
accounts for the majority of gene expression changes ob-
served in tdp-1,; ceh-14 double mutants (Figure 5B), while
tdp-1 accounts for very few gene expression changes in the
double mutant (Figure 5C, Supplementary Table S1). Like-
wise, ceh-14 accounts for the majority of gene expression
changes observed in fust-1, ceh-14 mutants (Supplementary
Figure S6B).

Since most gene expression changes in the double mu-
tant are accounted for by ceh-14 regulation, this suggests
that very few gene expression changes are regulated in an
additive or synthetic manner by tdp-1 and ceh-14. One no-
table exception is the gene clec-190, whose expression is un-
changed in single mutants, but strongly downregulated in
tdp-1; ceh-14 and modestly downregulated in fust-1; ceh-
14 mutants (Figure 5D). clec-190 encodes a C-type lectin-
like domain (CTLD) containing protein, a highly diverse
protein family that fulfills a wide variety of functions (71).
Given the strong synthetic regulation of clec-190, we won-
dered whether loss of clec-190 expression might contribute
to the synthetic double mutant phenotypes. To test this, we
generated a clec-190 null mutant in which the entire coding
sequence is deleted, but found that the mutant results in no
discernible fertility defects (Figure SE). Therefore, although
clec-190 represents an interesting example of combinatorial
regulation, it does not on its own contribute to the double
mutant phenotypes.

To test whether specific functional classes of genes are
dysregulated in tdp-1; ceh-14 double mutants, we performed
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Gene Ontology and Tissue Enrichment analysis. Upregu-
lated genes have no statistically significant (¢ < 0.01) en-
richment categories, but downregulated genes are enriched
in a few categories, including genes expressed in the sper-
matheca (Figure S5F). This is notable given the co-expression
of all three factors in the spermatheca (Figure 4E-G) and
the central role played by the spermatheca in fertilization.
We examined all spermatheca-annotated genes with dysreg-
ulated expression in tdp-1; ceh-14 and found that most are
downregulated in the double mutant, and that fusz-1,; ceh-14
double mutants have similar patterns of dysregulated gene
expression (Figure 5G, Supplementary Figure S7B). More-
over, we found that ceh-14, but not fust-1 or tdp-1, is the
main driver of these changes, as ceh-14 mutants display sim-
ilar gene expression patterns to the double mutants (Fig-
ure 5G). Together these data indicate that ceh-14 is neces-
sary for stimulating the expression of a network of genes
in the spermatheca, and motivate future work to determine
whether these genes play a role in the double mutant fertility
phenotypes.

Analysis of alternative splicing reveals a contrasting reg-
ulatory landscape to that of gene expression. tdp-1 accounts
for the majority of splicing changes observed in tdp-1;
ceh-14 mutants, while ceh-14 accounts for very few splic-
ing changes (Figure SH-J, Supplementary Table S2). Like-
wise, fust-1 is largely responsible for the splicing changes
observed in fust-1; ceh-14 mutants (Supplementary Fig-
ure S6B). As with gene expression, we observe very little
additive or synthetic regulation of alternative splicing. We
also observe very little overlap between genes with altered
splicing regulation and genes with altered expression lev-
els in the double mutants (Supplementary Figure S6B). To-
gether, these data indicate that dysregulated genes in double
mutants are either regulated transcriptionally by ceh-14 or
post-transcriptionally by fust-1 and/or tdp-1.

tdp-1 and fust-1 co-inhibit exon inclusion

Loss of tdp-1 or fust-1 results in many types of dysregu-
lated splicing, including 5" and 3’ splice site selection, in-
tron retention, and alternative exon skipping versus inclu-
sion (‘cassette exons’) (Figure 6A). One notable pattern we
observed is that the effect of tdp-1 or fust-I mutation on
cassette exons is almost exclusively an increase in exon in-
clusion (Figure 6B). This is in contrast with many other
RNA binding proteins, which both stimulate and inhibit
exon inclusion, in a context-specific manner (72). There-
fore, we conclude that tdp-1 and fust-1 function specifically
to inhibit exon inclusion. We next asked whether tdp-1 and
fust-1 inhibit expression of overlapping or distinct alterna-
tive exons. Strikingly, we found that half of fusz-1-regulated
cassette exons are also regulated by tdp-1 (Figure 6C), and
that the direction of splicing change is always concordant,
with increased exon inclusion in both mutants. An exam-
ple of an exon repressed by both factors is in the gene sav-
1, which harbors an unannotated cassette exon. In wild-
type or ceh-14 mutants, this exon is predominantly skipped,
but in either fusz-1 or tdp-1 mutants, the exon becomes pre-
dominantly included (Figure 6D, E). In fust-1 tdp-1 double
mutants, the exon is included at levels similar to either sin-
gle mutant (Figure 6E), suggesting that tdp-1 and fust-1 do

not act synthetically, but rather are both simultaneously re-
quired to repress sav-1 exon inclusion.

Given the striking concordance of inhibition of exon in-
clusion by fust-1 and tdp-1, we next asked whether such
activity is an evolutionarily-conserved attribute of the two
RBPs. This would be of particular interest given both fac-
tors’ prominent links to the human neuronal disorders ALS
and FTD (73). To this end we re-analyzed data in which
either of the mouse homologues (FUS or TDP-43) was
knocked down in mouse brains and splicing analyzed by
microarray (45). Focusing on cassette exons, we found a
substantial overlap between the regulatory activity of FUS
and TDP-43 (Figure 6F). As in our C. elegans experiments,
exons co-regulated by both FUS and TDP-43 in mouse
brain tend to be inhibited by both factors (68.3% have in-
creased inclusion in both knockdowns, Figure 6G). Thus,
tdp-1/TDP43 and fust-1/FUS have a propensity to coor-
dinately inhibit exon inclusion both in C. elegans and in
mouse brain.

Aberrant exon inclusion of pgn-41 contributes to fertility
defects

One intriguing example in which C. elegans tdp-1 (but not
fust-1) inhibits exon inclusion is found in pgn-41, a gene en-
coding a polyglutamine-containing protein. This gene har-
bors an alternative exon which in wild-type conditions is
primarily skipped, but in tdp-I mutants is primarily in-
cluded (Figure 7A—C). This pgn-41 exon is the most strongly
dysregulated exon in tdp-1; ceh-14 mutants (A exon inclu-
sion = 41%, Figure 7A). pgn-41 was previously shown to be
important for proper developmental cell death of the linker
cell in the gonad of male C. elegans (74), which prompted
us to ask whether pgn-41 might contribute to the gonad de-
velopment or fertility defects observed in tdp-1, ceh-14 mu-
tant hermaphrodites. We obtained a potentially null dele-
tion allele, pgn-41(0k3590) (75), and tested fertility. We
found that brood sizes of pgn-41 mutants are significantly
lower than wild-type worms, and that these fertility defects
are particularly pronounced at higher temperatures (Figure
7D). Therefore, loss-of-function pgn-41 mutants have simi-
lar temperature-sensitive fertility defects to tdp-1, ceh-14.
We next examined mechanisms by which TDP-1 might
inhibit pgn-41 exon inclusion. Both C. elegans and mam-
malian TDP43/TDP-1 bind GU repeats in vitro with an
affinity that increases in proportion to the number of re-
peats (76,77). We examined the introns and exons flanking
the pgn-41 exon for the presence of GU repeats and found
one such element, located immediately downstream of the
5" splice site of the alternative exon, consisting of seven
consecutive GU repeats followed by an additional GU-rich
region (Figure 7E, Supplementary Figure S7C). This po-
tential cis element shares commonalities with a recently-
described mechanism in which mammalian TDP43 inhibits
inclusion of an exon in the STM N2 gene by binding to GU
repeats immediately adjacent to the 3’ splice site (78). To
test this mechanism in vivo, we generated a two-color flu-
orescent splicing reporter (79-82) for the pgn-41 alterna-
tive exon (Supplementary Figure S7D). When expressed in
the spermatheca, we observe nearly 100% exon skipping,
but a splicing reporter lacking the GU repeats results in
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increased exon inclusion (Supplementary Figure S7E-F).
Similar cis elements have been implicated in the activity of
human T'DP43, and we likewise find such elements in the
flanking introns of the top TDP-1-regulated exon skipping
events in worms (Supplementary Figure S7G).

To test whether zdp-1’s role in double-mutant fertility is
mediated by pgn-41 exon skipping, we next generated a pgn-
41 mutant using CRISPR/Cas9 in which the alternative
exon is removed and the flanking exons are precisely fused
together, thereby forcing expression of the exon skipped ver-
sion (Figure 7F). We then crossed this pgn-41 exon-deletion
mutant into a tdp-1; ceh-14 background, thus restoring pgn-
41 to the isoform most abundant under wild-type condi-
tions (exon skipped). Remarkably, these triple mutants (zdp-
1; pgn-41[exon-skipped]; ceh-14) exhibit a strong rescue

(increase of brood size) at 25°C compared to tdp-1; ceh-
14 double mutants (Figure 7G). This suggests that aberrant
pgn-41 exon inclusion plays a major role in the fertility de-
fects observed in tdp-1; ceh-14 double mutants.

In contrast with tdp-1; ceh-14 double mutants, fust-1;
ceh-14 double mutants do not exhibit pgn-41 splicing de-
fects. Likewise, crossing the pgn-41[exon-skipped] into the
fust-1; ceh-14 double mutant does not cause an increase in
brood size (Figure 7G), suggesting that the rescue of tdp-1;
ceh-14 by pgn-41 [exon-skipped ] is mechanistically linked to
the mis-splicing of pgn-41 caused by tdp-1 loss of function.
Together these results highlight a new role for the polyglu-
tamine gene pgn-41 in fertility, and indicate that pgn-41 mis-
splicing is a major cause of the fertility defects observed in
tdp-1; ceh-14 double mutants.
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In sum, using a systematic combinatorial genetic inter-
action screen, we found that two RBPs, fust-1 and tdp-1,
are both required in the context of a ce/i-14 mutant back-
ground to maintain fitness and fertility in C. elegans. These
two RBPs have both been implicated in ALS and FTD in
humans, and we now identify a common physiological role
for both RBPs in C. elegans. Both RBPs have overlapping
roles in inhibiting exon inclusion, pointing to shared molec-
ular activities, and a potential molecular basis for the phys-
iological roles for the two RBPs described here. Failure to
inhibit exon inclusion in the pgn-41 gene is a major cause
of the fertility defects in tdp-1, ceh-14 double mutants, thus
providing a mechanistic link between the molecular activity
of the TDP-1 RBP and the fertility phenotype observed in
tdp-1; ceh-14 double mutants (Figure 7H).

DISCUSSION
Novel genetic interactions across gene regulatory layers

We took a systematic genetic interaction approach to iden-
tify cross-regulatory genetic interactions in which a TF and
RBP are combinatorially required for phenotypes affecting
organismal fitness. This screen revealed a number of TF-
RBP pairs required for phenotypes including fitness, devel-
opment, and fertility. The strongest of these genetic inter-
actions involves the homeodomain TF ceh-14 and either of
the ALS-associated RBPs tdp-1 or fust-1.

Extensive mechanistic coupling between transcription
and splicing has been observed (6), suggesting that TF-
RBP genetic interactions could arise from, for example, TF-
RBP coordination of specific splicing events. However, for
this specific genetic interaction our transcriptome analy-
sis reveals largely non-overlapping regulatory networks, in
which ceh-14 regulates transcription, and tdp-1/fust-1 regu-
late splicing, with few genes additively or synthetically reg-
ulated, and few genes with alterations in both splicing and
transcription. Therefore, it seems likely that the synthetic
fertility phenotypes result from the combination of distinct
gene dysregulation events.

We identify one such dysregulation in the alternatively-
spliced exon in pgn-41. Mis-splicing of this exon is a major
contributor to the phenotype, as restoring exon skipping
rescues fertility defects of tdp-1; ceh-14 double mutants.
Aberrant splicing of this exon in isolation does not cause
fertility defects, as tdp-1 single mutants mis-splice pgn-41
at the same levels as tdp-1, ceh-14 mutants, but do not
have fertility defects. The data therefore suggest that mis-
splicing of pgn-41, in combination with altered expression
of one or more ceh-14 target genes, results in fertility defects
(Figure 7H). A number of genes with spermatheca expres-
sion dependent on ceh-14 (Figure 5G) represent promising
candidates.

These results highlight the utility of the systematic
reverse-genetic interaction approach both for understand-
ing relationships between regulatory factors and for under-
standing the roles of individual factors whose regulatory
roles are only apparent when redundant or compensatory
pathways are simultaneously perturbed (18). In this case, a
shared molecular and physiological role for zdp-1 and fust-1
is revealed by their shared genetic interaction profile. Future
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studies characterizing additional genetic interactions iden-
tified here may shed light on novel physiological roles for
additional RBPs and TFis.

fust-1 and tdp-1 interact with ceh-14 to affect C. elegans
fertility

The hermaphrodite spermatheca is a key site of overlapping
expression for tdp-1, fust-1, and ceh-14, and double mutants
have reduced sperm efficiency. Signaling from somatic go-
nad cells such as spermathecal cells is required for germline
development and function, as ablation of specific spermath-
eca cells results in defective germ cell function, and even
sterility (83). We hypothesize that faulty signaling between
spermathecal cells and germ cells might explain the defects
in fertility and gonad development observed in our double
mutants. The double-mutant fertility phenotype is particu-
larly pronounced at 25°C, which is a mildly stressful temper-
ature for wild-type worms, causing modest defects in fertil-
ity and gonad development (25,50,61). Temperatures higher
than 25°C result in damage to sperm and strong fertility
defects (84,85). We speculate that zdp-1; ceh-14 and fust-1,
ceh-14 double mutants are deficient in their heat stress re-
sponses (48,49), and are therefore unable to maintain nor-
mal homeostasis under mild heat stress. Therefore, temper-
atures that cause mild fertility defects in wild-type animals
result in strong defects in double mutants.

How might pgn-41 splicing contribute to this
temperature-specific fertility defect? The PQN-41 protein
is abundant with glutamines, and contains a particularly
polyglutamine-rich domain at the C-terminus (74). This
domain begins immediately downstream of the alternative
exon (Supplementary Figure S7TH). We hypothesize that,
like other polyglutamine proteins such as the Huntington
protein, PQN-41 is subject to pathogenic aggregation (86).
If the exon-included isoform of PQN-41 is particularly
prone to aggregation, and if stressful conditions such as
higher temperatures further increase the likelihood of ag-
gregation, this could lead to temperature-sensitive defects.
Indeed, there is evidence that PQN-41 forms aggregates
in vivo (74), but a full mechanistic test of this hypothesis
awaits further investigation. It will be interesting in future
studies to investigate whether there is a related prion-like
polyQ protein underlying the similar fertility defects of
fust-1; ceh-14 double mutants.

fust-1 and tdp-1 co-inhibit exon inclusion

Identification of shared phenotypes between tdp-1; ceh-14
and fust-1; ceh-14 double mutants led to the observation
that zdp-1 and fust-1 also have shared effects on the tran-
scriptome. Most notably, they both act to inhibit inclusion
of alternatively-spliced cassette exons, including many in-
hibited by both RBPs. fust-1 and tdp-1 do not appear to act
redundantly, as fust-1 tdp-1 double mutants do not result
in increased exon inclusion compared to either of the single
mutants. Rather, fust-1 and tdp-1 are both simultaneously
required for inhibition of these exons. One plausible expla-
nation for this finding is that both RBPs bind together to
specific pre-mRNAs where they act in concert to prevent
aberrant exon inclusion.
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The activity of C. elegans tdp-1 and fust-1 in inhibiting
exon inclusion is also a shared feature of mammalian TDP-
43 and FUS. We find that knockdown of TDP-43 or FUS in
mouse brain (45) results in aberrant exon inclusion, and that
many of these exons are co-inhibited by both TDP-43 and
FUS. This is interesting in light of recent findings suggest-
ing a pathologically-relevant role for TDP-43 in inhibiting
cryptic exons. Exons are sometimes classified as cryptic if
they exhibit low inclusion levels, lack of evolutionary con-
servation, and/or propensity to disrupt the function of the
gene they reside in (87,88). TDP-43 has been identified as
an inhibitor of cryptic exons (87,88), and recent evidence
implicates aberrant inclusion of two different cryptic exons
in the genes STMN2 and UNCI3A as potential causative
mechanisms underlying TDP-43 pathology in ALS (89-92).

Our findings are consistent with a role for tpd-1/TDP-
43 in inhibiting aberrant exon inclusion, and we extend this
observation to also include a role for fust-1/FUS in inhibit-
ing exon inclusion. This leads us to speculate whether FUS-
related pathogenesis might also be mechanistically linked to
inappropriate inclusion of exons inhibited by FUS. Previ-
ous work on mammalian TDP-43 and FUS has concluded
that the two RBPs share many common RNA targets, but
also have considerable non-overlapping regulatory func-
tions (45,93). We focused here on the regulation of cassette
exons, and found substantial overlap between the RBPs
in inhibiting exon inclusion. It will therefore be interest-
ing to ask whether aberrant exon inclusion underlies FUS-
mediated pathology in an analogous way to that of TDP-
43-mediated pathology.

Many of the exons identified as targets of tdp-/ and/or
fust-1 in C. elegans have attributes of cryptic exons as well.
For example, the alternative exons in sav-/ and pgn-41 are
expressed at low levels in wild-type (Figures 6D, 7B), and in
the case of sav-1 the exon is unannotated. In the case of pgn-
41, failure of tdp-1 to inhibit exon inclusion leads to detri-
mental phenotypes (fitness and fertility defects). This is an
interesting parallel to the pathogenic consequences of TDP-
43 failing to inhibit cryptic exon inclusion in the STMN2
or UNCI13A genes, and suggests that inhibition of aberrant
exon inclusion may be an evolutionarily-conserved feature
of tdp-1/TDP-43 and fust-1/FUS.
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