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Identifying miRNA target genes is difficult, and delineating which targets are the most biologically important is
even more difficult. We devised a novel strategy to test the phenotypic impact of individual microRNA–target in-
teractions by disrupting each predicted miRNA-binding site by CRISPR–Cas9 genome editing in C. elegans. We
developed a multiplexed negative selection screening approach in which edited loci are deep sequenced, and can-
didate sites are prioritized based on apparent selection pressure against mutations that disrupt miRNA binding.
Importantly, our screen was conducted in vivo on mutant animals, allowing us to interrogate organism-level phe-
notypes.Weused this approach to screen for phenotypic targets of the essentialmir-35-42 family. By generating 1130
novel 3′UTR alleles across all predicted targets, we identified egl-1 as a phenotypic target whose derepression par-
tially phenocopies the mir-35-42 mutant phenotype by inducing embryonic lethality and low fecundity. These
phenotypes can be rescued by compensatory CRISPR mutations that retarget mir-35 to the mutant egl-1 3′UTR.
This study demonstrates that the application of in vivo whole organismal CRISPR screening has great potential to
accelerate the discovery of phenotypic negative regulatory elements in the noncoding genome.
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microRNAs (miRNAs) play fundamental roles in main-
taining appropriate gene expression to ensure normal
physiology. miRNAs recognize their multiple target
genes primarily through complementarity between the
“seed” region of the miRNA (nucleotides 2–8 from the
5′ end) and the 3′UTR of the target. Because of the impor-
tance of the seed sequence in target recognition, miRNAs
that share an identical seed sequence act redundantly on a
common set of target genes, and are together termed a
miRNA “family” (Bartel 2009).
Despite great advances in our understanding of the mo-

lecular basis of miRNA target recognition and repression,
identifying the targets that are regulated in vivo is still a
major challenge. Various methods have been developed
to identify putative miRNA-binding sites, including pre-
diction algorithms, transcriptional or ribosomal profiling
upon miRNA induction, or empirical methods such as
cross-linking immunoprecipitation (CLIP) and cross-link-
ing, ligation, and sequencing of hybrids (CLASH) (Quévil-
lon Huberdeau and Simard 2019). However, these
methods all generate a long list of candidate genes with

their own caveats, including false positives and false neg-
atives from all methods. In vivo validation is necessary to
confirm that any given miRNA–target pair is a functional
regulatory interaction (Fridrich et al. 2019).
Beyond just identifying the target genes biochemically

regulated by a miRNA, understanding a miRNA’s most
biologically relevant target genes is even more difficult.
The biological function of a miRNA or miRNA family
can be inferred by its loss-of-function phenotype.
Although all target genes of a miRNA lose miRNA-medi-
ated repression in a miRNA loss-of-function context,
derepression of only a subset of these genes will have bio-
logical consequences (e.g., those with high amplitude der-
epression or high dosage sensitivity) (Fridrich et al. 2019).
Thus, a clear understanding of amiRNA’s biological func-
tions requires identifying the subset of the miRNA’s
biochemical targets whose derepression contributes to
the phenotypic outcomes (termed “phenotypic” targets
hereafter). Forward genetic screens have historically
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been a powerful method to identify key phenotypic target
genes by using suppression of themiRNA loss-of-function
phenotype as a readout. However, in some cases, forward
suppressor screens are not effective, such as in the case of
the essentialmir-35-42 family in C. elegans (Alvarez-Saa-
vedra and Horvitz 2010). Most likely, when this type of
screen fails to identify suppressors, this is because either
(1) simultaneousmutation of multiple target genes is nec-
essary to achieve suppression or (2) loss of function of the
key target gene is lethal (or synthetic lethal with the ge-
netic background), preventing recovery of a suppressed
line.

CRISPR has emerged in the last decade as a powerful ge-
nome engineering tool to interrogate the function of both
protein-coding genes and noncoding regions of the ge-
nome. Screens most frequently employ guide RNA
(gRNA) libraries that target protein-coding genes to inter-
rogate the consequences of loss-of-function lesions. In
some cases, custom-designed gRNA libraries have been
used to target noncoding RNAs or regulatory elements
in the genome like transcription factor-binding sites
(Canver et al. 2015; Fulco et al. 2016; Korkmaz et al.
2016; Rajagopal et al. 2016; Diao et al. 2017; Han et al.
2018). This technology is thus aptly suited to screening in-
dividual miRNA-binding sites; by mutating each site to
relieve the target from miRNA-mediated repression,
those sites whose mutation phenocopies the miRNA
loss-of-function mutant could theoretically be identified.

Few cell-autonomous miRNA loss-of-function pheno-
types have been identified; more frequently, miRNAs
are embedded in genetic pathways that regulate develop-
mental programs or cell type specification (Ambros
2004; Bartel 2018). Thus, in most cases, screening for crit-
ical miRNA targets in vivo in a whole organism would be
ideal, but CRISPR screens have so far been limited to cell
culture ormodels inwhich a single tissue ismodified. Fur-
thermore, cells and tissues are mosaic for genome edits in
previous CRISPR screens, preventing examination of non-
cell-autonomous phenotypes. However, screening at the
level of mutant animals would be cost-prohibitive in
most vertebrate models. Here we developed multiplexed
CRISPR screening in the C. elegans system, allowing for
whole animal mutant phenotype to be used as a means
of selection. This innovationwill greatly expand the types
of biological processes that can be dissected using
CRISPR technology, expanding the scope from only cell-
autonomous phenotypes to tissue- and organism-level
physiology.

Here we interrogate the essential miRNA–target inter-
actions of the mir-35-42 family of redundant miRNAs.
Complete knockout of the mir-35 family (the mir-35-41
cluster and mir-42) causes fully penetrant embryonic or
L1 larval lethality (Alvarez-Saavedra and Horvitz 2010).
In this context, low-penetrance premature cell death oc-
curs due to derepression of egg-laying defective-1 (egl-1),
a proapoptotic BH3-only domain protein (Sherrard et al.
2017). Many other phenotypes have been characterized
in the context of mir-35-41 deletion (leaving mir-42 in-
tact), which allows for the bypass of lethality at low tem-
perature. These additional roles for mir-35-41 include

promoting germ cell proliferation and fecundity, resis-
tance to radiation and hypoxia, proper sex determination,
and dampening of RNA interference (Liu et al. 2011; Mas-
sirer et al. 2012;McJunkin andAmbros 2014, 2017; Kagias
and Pocock 2015; Benner et al. 2019; Doll et al. 2019; Tran
et al. 2019). The lethal phenotype of mir-35 family mu-
tants is still poorly understood: Deep forward mutagene-
sis screens failed to recover suppressors, suggesting that
either multiple target genes contribute to lethality when
derepressed or loss-of-function mutations of the critical
target gene(s) is lethal (Alvarez-Saavedra and Horvitz
2010).

Because mir-35-42 mutant lethality could not be dis-
sected by traditional genetics, we set out to use a reverse
genetic screen to determine the phenotype of derepressing
each putative target individually. To this end, we used a
multiplexed negative-selection CRISPR screen. Impor-
tantly, we usedmutational profile at edited sites as a read-
out of the phenotypic impact of a given site. We identified
egl-1 as a target that contributes to embryonic lethality.
While egl-1 was implicated previously in precocious cell
death in the embryo and radiation-induced germ cell
death (Sherrard et al. 2017; Tran et al. 2019), we show
that derepression of egl-1 alone is sufficient to induce em-
bryonic lethality and low fertility. Finally, we used
CRISPR to restore complementarity ofmir-35 andmutant
egl-1 3′UTRs and show that this retargeting of an endoge-
nous miRNA restores repression and rescues the deleteri-
ous phenotypes. Overall, this work highlights the
importance of proper egl-1 repression in embryogenesis
and germline function, establishes a platform for multi-
plexed CRISPR screening in C. elegans, and serves as a
roadmap for future efforts to identify and validate func-
tional miRNA targets.

Results

gRNAs targeting multiple loci can be multiplexed
in C. elegans germline injection

Our goal is to determine the phenotypic targets of an es-
sential miRNA family. To this end, we sought to use
CRISPR to mutate each predicted binding site of the
mir-35 family and examine the resulting phenotype. Mu-
tations that prevent repression of phenotypic targets
should lead to a partial or complete recapitulation of the
miRNA knockout phenotype, whereas mutating the
miRNA-binding site in other less important targets or
nontargets should have no phenotypic consequences (Sup-
plemental Fig. S1A–D).

Even though efficient CRISPR protocols for introducing
insertions or deletions (indels) or homology-directed re-
pair at single locus have been well established in C. ele-
gans (Arribere et al. 2014; Paix et al. 2014; Dokshin
et al. 2018), characterizing each binding site mutant indi-
vidually would be very laborious since miRNAs generally
have a large number of predicted targets. We thus set out
to test the feasibility of multiplexing gRNAs inC. elegans
before embarking upon a large-scale screen. Manual mi-
cro-injection into the germline syncytium is so far the
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only efficientway to deliver gRNAs toC. elegans, yielding
heritable mutations in subsequent generations. Theoreti-
cally, a pool of multiple gRNAs could be injected into the
germline of young adult animals to simultaneously gener-
ate indels at multiple loci (Supplemental Fig. S1E).
Since both plasmid-expressed and synthetic gRNAs

have been widely used in the C. elegans community, we
compared the efficiencies of these methods in a multi-
plexed context. Plasmid or synthetic guides were injected
into a stable Cas9-expressing transgenic strain (EG9615)
(see Supplemental Tables S4, S5 for details). To determine
how many gRNAs could be multiplexed without losing
editing efficiency, we created four simulated pool sizes
(mimicking a pool of 4, 10, 20, or 50 gRNAs). To generate
these pools, total gRNA concentration was kept constant,
and three control gRNAs (dpy-10, nhl-2, and sup-26) were
diluted to each represent 25%, 10%, 5%, or 2% of the in-

jected gRNA population (Fig. 1A). Typically, C. elegans
genome editing at a locus of interest is carried out by se-
lecting for coediting at a visible marker gene, such as
dpy-10 (Arribere et al. 2014). Thus, dpy-10 gRNA was in-
cluded in all of our simulation pools as a coselection
marker. In addition to dpy-10, we included gRNAs target-
ing the miRNA-binding sites of two previously studied
mir-35 target genes, nhl-2 and sup-26 (Kagias and Pocock
2015; McJunkin and Ambros 2017). These three guides
were diluted to various extents with a nontargeting gfp
gRNA to reach a final concentration of 250 ng/µL (when
plasmids were used) or 10 µM (when synthetic gRNAs
were used) in all simulated pool sizes (Fig. 1A).
Next, we examined the efficiency of coediting with the

dpy-10 selectablemarker at different simulated pool sizes.
Since mutations in the mir-35-binding site in the sup-26
3′UTR are known to have no impact on viability, we

E
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Figure 1. Mutational profiling coupled with negative selection CRISPR screening for phenotypicmir-35 target sites. (A) Composition of
four different simulation pools. Three guide RNAs (targeting sup-26, nhl-2, and selectablemarker dpy-10) were diluted 1:4, 1:10, 1:20, and
1:50 by supplementing with gfp guide RNA tomaintain a constant total guide RNA concentration. (B) Relationship between dilution fac-
tor and indel efficiency (calculated as percent of genotyped alleles in which editing was detected by restriction digest with NciI) (see Sup-
plemental Table S1 for details). (C ) Relationship between dilution factor and rate of mutant allele detection per P0 injection. (B,C ) Two
biological replicates (and mean) are shown. n≥78 per condition. (D) Schematic of mutational profiling of indel positions after CRISPR
targeting microRNA-binding sites. (E) Overview of screen workflow. (F ) Correlation of indel frequency induced by a given gRNA in
two different biological replicates. Spearman’s correlation test r and P-value are reported. (G) Distribution of number of alleles detected
at each gRNA target site.
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examined the rate of editing at the sup-26 locus in Dpy-se-
lected strains to assess the efficiency of coediting. The
sup-26 gRNA had a high rate of coediting (∼20%) when
it was diluted 1:4 or 1:10 in other gRNAs (Fig. 1B). Howev-
er, with dilution factors beyond 1:10, the editing efficien-
cy at the sup-26 locus dropped significantly (Fig. 1B).
Dilutions higher than 1:10 also decreased the efficiency
of editing at our selection marker dpy-10. This reduced
the number of edited sup-26 alleles that could be recov-
ered per injected P0 animal since fewer Dpy-selected lines
were generated that could be screened for coedits; there-
fore, screening at higher dilutions would be more labori-
ous (Fig. 1C). Thus, we decided to multiplex gRNAs in
pools of 10 since the 1:10 dilution maintained high rates
of selectable marker editing and coediting efficiency.

We then testedwhether a true complex pool of 10 differ-
ent gRNAs would behave similarly to the simulated pool
with respect to gRNA efficiency. We chose an additional
eight genes that are called as putative mir-35 targets by
both TargetScan and iCLIP (Jan et al. 2011; Broughton
et al. 2016). gRNAs targeting the mir-35-binding sites of
these genes were designed and mixed with dpy-10 and
sup-26 gRNAs to generate a pool of 10 gRNAs. In addition
to the plasmid and synthetic gRNA paradigms tested
above, we also tested injection of preassembled RNPs con-
taining synthetic gRNAs and recombinant Cas9. Like in
the simulated pools, sup-26 coediting was similar be-
tween different delivery modalities, though the overall ef-
ficiency was slightly lower (9.5%–13%) than in the
simulated pools (Supplemental Fig. S2). Unlike sup-26,
other CRISPR targeted loci showed variable rates of edit-
ing across methods. Synthetic gRNAs injected into trans-
genic Cas9-expressing animals performed best, achieving
an average of 6.3% editing across all genotyped loci,
whereas plasmid-expressed gRNAs or preassembled
RNPs both induced an average of 3.7% editing (Supple-
mental Fig. S2). Therefore, we used synthetic gRNAs
and transgenic Cas9 for the multiplexed screen.

Large-scale screening for phenotypicmir-35-binding sites

Having optimized multiplexing conditions, we set out to
perform a large-scale screen of all predicted mir-35 fami-
ly-binding sites to assess their phenotypic impact. We rea-
soned that deep sequencing to determine the mutational
profile at each CRISPR targeted locus would be the ideal
readout of the screen because of the somewhat stochastic
nature of repair of Cas9-mediated double-strand breaks
(DSBs) (Chen et al. 2019; Yang and McJunkin 2020a).
When a miRNA-binding site is targeted by CRISPR,
some of the resulting indels will disrupt seed binding
(hereafter referred to as “seed match-disrupting alleles”)
and thus disrupt miRNA-mediated repression of the tar-
get (Fig. 1D). Other indels may leave the seed-binding re-
gion intact (“seed match-intact alleles”); these would
not necessarily impair miRNA binding. If derepression
of a target gene causes a deleterious phenotype, then se-
lection for only wild-type animals would deplete seed
match-disrupting alleles while maintaining seed match-
intact alleles in the population (Fig. 1D). This screen is de-

signed with the assumption that derepression of a target
will have a dominant gain of function, and only hemizy-
gous seedmatch disruptionwill be necessary for the allele
to be counterselected. (Although the screen will be less
sensitive for targets whose phenotypic effects are reces-
sive, they may still be detected if the recessive phenotype
is very penetrant since an ensemble of F2s is examined for
fitness.) For a target gene whose derepression has no phe-
notypic impact (Fig. 1D, bottom), both seed match-dis-
rupting and seed match-intact alleles would pass
through selection for wild-type phenotype. Thus, by gen-
erating a mutational profile at each locus, target sites can
be prioritized based on the frequency of seed match-dis-
rupting alleles in a population of edited animals selected
for wild-type phenotype (Fig. 1D). Notably, along with
multiplexing gRNA injection, this deep sequencing strat-
egy further reduces the labor required to complete the
screen compared with a one-by-one approach (even with
a modest library size of 89 gRNAs) (see Supplemental
Fig. S3 for details.)

We performed the screen using all TargetScan targets of
the mir-35 family as candidates. TargetScan predicts 89
target genes for the mir-35 seed family, each containing
a single predicted binding site (Jan et al. 2011). For each
site, we designed one gRNA targeting within or as close
as possible to the seed match. We grouped the gRNAs
into pools of 10, including dpy-10 gRNA in each pool
(Fig. 1E). Because of the syncytial nature of the germline,
germ cells may receive more than one gRNA; therefore,
we sought to minimize our detection of synthetic effects
of two gRNAs in the same pool. To this end, we included
each gRNA in two pools with a completely different set of
poolmates. This resulted in 20 pools of 10 to assay the 89
target sites (Supplemental Table S7). Pools of synthetic
gRNAs were injected into Cas9 transgenic animals, and
F1 animals exhibiting dpy-10-associated phenotypes
were isolated. Some of the F1 animals in each pool were
sterile, had very low fecundity, or laidmostly dead embry-
os (Supplemental Fig. S4). These deleterious phenotypes
might be due to deleterious seed match-disrupting muta-
tions but, since they were observed in all pools, are more
likely due to general toxicity of pooled gRNAs resulting
from chromosomal rearrangements (Choi and Meyerson
2014; Chen et al. 2015; Iwata et al. 2016). This high rate
of general toxicity (average of 35%across pools) highlights
the necessity of performing a negative selection screen,
since positive selection for dead embryos would include
numerous false positives.All F1plates thatwerenot super-
ficiallywild typewere discarded, and 30 superficiallywild-
type strainswere collected for eachpool (Fig. 1E).Genomic
DNA was then isolated from the harvested animals and
subjected to site-specific PCRs targeting the edited regions
and prepared for deep sequencing (Fig. 1E). In agreement
with previous studies that examined CRISPR-mediated
indel frequencies in mammalian cell culture (Chari et al.
2015; vanOverbeeket al. 2016),weobserved that gRNAef-
ficiencies were highly reproducible across biological repli-
cates (Spearman correlation r: 0.829, P < 0.0001) (Fig. 1F).
Since the two replicates for a given gRNAwere performed
with different poolmates, this result also indicates that
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synthetic effects between guides in the same pool were
minimal (Fig. 1F).Most of the gRNAs successfully induced
indels at the targeted sequence, whereas 14 gRNAs failed
to yield any indels (Fig. 1G). Editing at one locus (bath-
40) was not interpretable by deep sequencing due to flank-
ing repetitive sequence.

Complete lack of editing in primary screen is due to low
gRNA efficiency, not phenotypic outcomes

Because 14 gRNAs failed to generate indels at their target-
ed regions, we wondered whether this was due to lack of
activity of the gRNAs themselves or to deleterious effects
of themutations generated by these gRNAs. To differenti-
ate between these possibilities, we designed alternative
gRNAs targeting these 14 sites and conducted a secondary
multiplexed screen in Cas9 transgenic animals, followed
by genotyping to assess editing efficiencies (Supplemental
Fig. S5A). Eight of the 14 sites (and the previously uninter-
pretable bath-40) were edited with high efficiency by the
second gRNA, indicating that the lack of mutant alleles
in the primary screen was due to low activity gRNAs,
not phenotypic effects (Supplemental Fig. S5A). Five of
the remaining sites were further tested individually by in-
jecting three gRNAs along with a microhomology repair
template to mutate the seed match sequence (Paix et al.
2014); this resulted in efficient editing of three of the
loci when transgenically expressed Cas9 was used. For
three sites (ZK899.1, Y55F3AM.10, and dsh-1), high-effi-
ciency editing was only observed when multiple guides
were preloaded in recombinant Cas9 and injected as an
RNP with the microhomology donor (Supplemental Fig.
S5A). To confirm that seed match-disrupting mutations
were difficult to obtain due to low efficiency CRISPR
and not phenotypic effects, we quantified the brood sizes
and embryonic viability of the seedmatch-disrupting mu-
tants in Y55F3AM.10 and dsh-1 and observed very small
or no difference compared with wild-type animals (Sup-
plemental Fig. S5B). Overall, these experiments indicate
that the absence of any mutant alleles (seed match-dis-
rupting or seed match-intact) in the primary screen can
be interpreted as low gRNA potency. This emphasizes
that the number of mutant alleles at a site is correlated
to gRNA efficiency, not phenotypic impact, highlighting
the importance of analyzing mutational profile rather
than allele number.

Multiple top candidate genes exhibit deleterious
phenotypes upon seed match disruption

For the remaining gRNAs, which did successfully gener-
ate mutant alleles, we analyzed the mutational profile
to determine the percent of alleles that were seed
match-disrupting (Fig. 1D). The edited loci were spread
across a wide range of values for seed match-disrupting al-
lele frequency (Fig. 2A). Our controls were sup-26, which
has no phenotype upon seed match disruption, and nhl-2,
which we expected to have a lethal phenotype upon seed
match disruption. As expected, sup-26 had a high seed
match-disrupting frequency (100%). Surprisingly, nhl-2

also showed a high seed match-disrupting frequency
(100%). During the course of this study, we determined
in parallel that nhl-2 seed match disruption is actually
not deleterious despite our previous results that suggested
it would be (McJunkin and Ambros 2017; Yang and
McJunkin 2020b). Thus, our screen does not contain a pos-
itive control for deleterious phenotype resulting in low
frequency of seed match-disrupting alleles.
To test whether the negative selection screen we car-

ried out is an effective method for identifying phenotypic
binding sites of the mir-35 family, we attempted to vali-
date candidates with the lowest frequencies of seed
match-disrupting alleles. We started by attempting to val-
idate the six top-ranked targets by this metric (egl-1,
F09G2.9, cex-2, nlp-15, T28D6.4, and unc-49). We did no-
tice that for three of the six sites, the cleavage site predict-
ed by the PAMsequence is located 2 bp outside of the seed
sequence (Fig. 2B; Supplemental Fig. S6A,B).Wewondered
whether all sites that have a predicted cleavage site out-
side of the seedmatch also have a low seedmatch-disrupt-
ing allele frequency. Sites with cleavage outside the seed
match did show a lower mean seed match-disrupting al-
lele frequency than those with cleavage inside the site

B

A

Figure 2. Mutational profiling identifies candidates with low
frequency of seed match-disrupting alleles. (A) Distribution of al-
lele number and percent of seed match-disrupting alleles for each
targeted site. (B) Indels detected at the W05B5.1 and egl-1 sites.
The top line is the reference sequence of each site. The seed se-
quence matches are highlighted in yellow, and the expected
Cas9 cleavage sites are indicated with arrowheads. Dashes repre-
sent deleted bases, whereas gray italic text is insertions.
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(Fig. 2B; Supplemental Fig. S6C). Nonetheless, some of
these sites (e.g., W05B5.1 and tsp-20) still showed high
seed match-disrupting allele frequencies (100% and
66.7%, respectively) (Fig. 2B; Supplemental Fig. S6C).
Thus, while the site of gRNA cleavage is an important
consideration in interpretation of seed match-disrupting
allele frequency, all high priority sites in our screen mer-
ited follow-up studies (see also Discussion).

To determine whether any of the candidates displayed
deleterious phenotypes upon seed match disruption, we
generated seed match-disrupting mutations at each site
using individual site gRNA injections. We examined
these six mutant alleles for effects on fecundity and em-
bryonic lethality that partially or fully recapitulate the
miRNA mutant phenotype. Of the six candidates, seed-
disrupting mutations in egl-1 had the greatest impact on
phenotype, reducing brood size and increasing embryonic
lethality when compared with wild type (Fig. 3A,B), thus
partially phenocopying mir-35 family mutants. A second
previously published seed match-disrupting allele of egl-
1 (egl-1(on24)) also showed similar phenotypes (Fig. 3B;
Tran et al. 2019). Thus, loss of the mir-35-binding site in
the egl-1 3′UTR is sufficient to induce phenotypes similar
to those observed inmir-35 family mutants, albeit at low-
er penetrance and expressivity. Seed match mutations in
unc-49 also affected both aspects of the phenotype though
to a lesser degree, and two other genes affected only brood
size (cex-2) or embryonic lethality (T28D6.4) (Fig. 3B).
Many of the observed phenotypic effects affected the var-
iance of the phenotype as well as the mean (Fig. 3B). Over-

all, of the top six screen candidates, two genes were false
positives, whereas four genes passed the first round of val-
idation: inducing deleterious phenotypes by individual
mutation of the mir-35 family-binding site.

egl-1 3′UTR mutant phenotypes are due to loss
of mir-35-mediated repression

Because 3′UTRs are hubs of regulation and bound bymul-
tiple miRNAs and RNA-binding proteins, we wanted to
rigorously test that the deleterious phenotypes we ob-
served in the 3′UTR mutants were because of loss of
mir-35-mediated repression and not disruption of some
other type of regulation. To this end, we designed rescue
experiments to restore mir-35 targeting to seed match-
mutated 3′UTRs. Our strategy was to first mutate the
mir-35 seed match in the 3′UTR of interest by reversing
its sequence; this would relieve the mRNA from mir-35
family binding and repression. Then, the seed sequence
of mir-35 was also reversed at its genomic locus (along
with mutations to preserve the primary miRNA stem-
loop structure), and this mutant mir-35 should bind the
mutant 3′UTR, rescuing the endogenous pattern of repres-
sion (Fig. 3A). This approach takes advantage of the redun-
dant nature of the mir-35 family: While mutant mir-35 is
retargeted to mutant 3′UTR, wild-type mir-36-42 remain
intact to repress all other mir-35 family target genes.

To this end, wemade mutants of egl-1, cex-2, T28D6.4,
and unc-49 in which themir-35 seedmatch in each gene’s
3′UTR is reversed (at the endogenous genomic locus). The

B

A C

Figure 3. Validation of top candidates confirms egl-1 as a phenotypic target of mir-35. (A) Schematics of 3′UTR and mir-35 mutant ge-
notypes. (B) Brood count and percent embryonic lethality at 25°Cof seven seedmatch-disruptingmutations in the indicated 3′UTRs, com-
paredwithwild type. (C ) Brood count and percent embryonic lethality at 25°Cof seedmatch-reversingmutations in the indicated 3′UTRs,
in the context of wild type or a mutant mir-35 containing compensatory seed mutations. (B,C ) Mean and SEM are shown. One-way
ANOVAwas conducted to determine significance, followed by post hoc pairwise comparisons with correction for multiple testing (Dun-
nett’s test for comparison of eachmutantwithwild type inB and Sidak’s correction for selected pairwise comparisons is shown inC ). InC,
all single mutants were compared with wild type, and each 3′UTRmutant was compared with the correspondingmutant crossed into the
mir-35(rev) background. P-value is indicated only if <0.05. (∗) P <0.05; (∗∗) P<0.01; (∗∗∗) P< 0.001; (∗∗∗∗) P< 0.0001.
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egl-1 seed match reversal caused decreased brood size and
increased embryonic lethality, similar to other egl-1 seed
match-disrupting alleles (Fig. 3C). The effect of unc-49 on
brood size was again observed, but its effect on embryonic
lethality and cex-2’s effect on brood size fell below statis-
tical significance after correction for multiple testing (Fig.
3C). The new 3′UTR allele of T28D6.4 did not exhibit any
effect on embryonic viability (Fig. 3C).
Next we tested whether the phenotypes we observed

upon seed match mutation of these 3′UTRs could be res-
cued by mir-35 retargeting. Each seed match-reversed
3′UTR allele was combined with the mutation in mir-35
that reversed its seed. Doublemutants with restored com-
plementarity between egl-1 and mir-35 showed partial
rescue of both the brood size and lethality phenotypes
(Fig. 3C). Thus, endogenous mir-35 can be retargeted to
a mutant egl-1 3′UTR to rescue deleterious phenotypes
caused by 3′UTR mutations. Restored mir-35 comple-
mentarity did not alter the phenotypes of any of the other
3′UTR mutants (Fig. 3C).
Because mild phenotypes were observed with individu-

al seed match mutations of multiple candidates, we won-
dered whether combining multiple alleles might have a
synthetic effect that more potently phenocopies the
miRNA mutant phenotype. Therefore, we constructed a
quadruplemutant in which themir-35 seedmatchwas re-
versed in egl-1, unc-49, cex-2 and T28D6.4 (Fig. 3C). The
quadruple mutant did not display synthetic brood size or
embryonic lethality phenotypes (Fig. 3C). When com-
bined with the seed-reversedmir-35 allele, the phenotype
was rescued to the same extent as the rescue of the indi-
vidual egl-1 seed match mutant (Fig. 3C). All together,
these data suggest that egl-1 is a phenotypic target of the
mir-35 family, while the other candidates are false posi-
tives from the screen.While egl-1was characterized previ-
ously as a bona fidemir-35 target gene, we show here that

its derepression alone is sufficient for deleterious pheno-
types in the absence of stress (Flamand et al. 2017; Sher-
rard et al. 2017; Tran et al. 2019; Wu et al. 2010). The
fact that egl-1 was the top-scoring candidate from the
screen (with 0% seed match-disrupting alleles) reinforces
the effectiveness of our screening method for prioritizing
phenotypic candidate sites. Interestingly, some of the
false-positives induced phenotypes upon mutation of the
predicted mir-35 seed match. Thus, these sites (such as
in unc-49) are likely to be sites of other types of regulation
that are predicted as miRNA-binding sites due to their
evolutionary conservation.
To confirm the regulatory interaction between mir-35

and egl-1 suggested by the genetic assays, we performed
qPCR of egl-1 (as well as unc-49, cex-2, and T28D6.4) in
wild type or a respective 3′UTR seed match mutant (Sup-
plemental Table S6). We did not observe significant
up-regulation of egl-1 by qPCR (Supplemental Fig. S7).
However, a previous report using GFP reporter transgenes
demonstrated mir-35 mediated regulation via the egl-1
3′UTR (Sherrard et al. 2017). Reportersmay bemore sensi-
tive than qPCR in this scenario because they allow for pre-
cise comparison of stage-matched embryos. Thus, we
engineered the seed match-reversing mutation into a re-
porter transgene bearing the egl-1 3′UTR (Sherrard et al.
2017). In the wild-type mir-35 background, the reporter
with awild-type egl-1 3′UTR is repressed throughout early
and mid-embryogenesis (Fig. 4A,B; Sherrard et al. 2017).
When the mir-35 seed match in the egl-1 3′UTR is re-
versed, the reporter is derepressed (Fig. 4A,B). Introducing
the seed-reversed allele of mir-35 reverse restores repres-
sion of the reporter with the mutant egl-1 3′UTR (Fig.
4A,B). Thus, consistent with our genetic assays, wild-
type or re-engineered mir-35 binds and regulates tran-
scripts containing a complementary seed match in the
egl-1 3′UTR.

B

A Figure 4. egl-1 is a bona fide phenotypic
target of the mir-35 family. (A) Analysis of
a reporter transgene that expresses nuclear
localized GFP::H2B fusion protein under
the control of the constitutive mai-2 pro-
moter and the egl-1 3′UTR. Four embryonic
stages are shown. For each embryo, DIC im-
age is shown at the left, and GFP::H2B fluo-
rescence is shown at the right. The mir-35
and egl-1 3′UTR genotype are listed at the
left of the images. Scale bar, 10 µm.
(B) Quantification of GFP intensity of the
corresponding genotypes at the four stages
shown. Wild-type (no reporter) samples
were treated as negative controls, and their
average intensity was subtracted from all
experimental samples. Mean and SEM are
shown. One-way ANOVA was conducted
to determine significance, followed by
post hoc pairwise comparisons with Sidak’s
correction for multiple testing. (∗∗∗∗) P<
0.0001.
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Multiplexing Cas9 RNPs is feasible for future screens

During the course of screening and validation, we made
three observations that led us to further test the efficiency
of Cas9 RNP injection for multiplexing in future screens.
First, RNPs were more efficient than transgenically ex-
pressed Cas9 in single-gene experiments (despite being
less efficient in our first test of multiplexing). Second,
the transgenic Cas9 strain occasionally segregated ani-
mals with a non-wild-type appearance, raising concerns
that sustained germline expression of Cas9 may increase
the rate of genetic drift. Third, the fecundity phenotype
of the egl-1(cdb62mut) allele generated in the Cas9
background was more expressive than that of the pub-
lished allele [egl-1(on24)], whichwas generated using plas-
mid-expressed gRNAs (Fig. 3B; Tran et al. 2019). [The
fecundity of egl-1(cdb62mut) was quantified after out-
crossing to remove the Cas9 transgene itself.] This again
raised concerns that the transgenic Cas9 strain may accu-
mulate background mutations.

We wondered whether the low efficiency of some
gRNAs in our first test of multiplexing RNPs was due to
competition among gRNAs for loading into a limiting
amount of Cas9. To test this hypothesis, we loaded each
gRNA into Cas9 separately and then mixed the preloaded
RNPs together prior to injection. Preloading each gRNA
into Cas9 prior to pooling resulted in much higher effi-
ciency, exceeding the efficiency in the Cas9 transgenic
strain (Supplemental Fig. S2). Therefore, using recombi-
nant Cas9 with synthetic gRNAs would be an ideal strat-
egy for future screens, as long as gRNAs can be
individually preloaded into Cas9 before pooling.

gRNA efficiency correlates with GC content and
CrisprScan

Our data set is the largest set of measured gRNA efficien-
cies in a single experimental setting in C. elegans to our
knowledge. Since only egl-1 and unc-49mutations consis-
tently induced significant deleterious phenotypes, we can
infer that other variance in the frequency of indels is pri-
marily due to differing gRNA efficiencies. We therefore
analyzed our data (excluding egl-1 and unc-49) to find ef-
fective predictors for future gRNA design. Previous stud-
ies have suggested that gRNA sequences with a “GG”

immediately upstream of the PAM site outperform other

gRNAs in C. elegans (Farboud and Meyer 2015); thus, we
compared the efficiencies of the “GGNGG” gRNAs with
the rest of the population.Weobserved a slight but nonsig-
nificant increase in indel frequency in the “GGNGG”

gRNAs (P-value = 0.29) (Fig. 5A). Since studies in other
species have shown that a higher GC content of gRNA se-
quences is associated with higher editing efficiency
(Doench et al. 2014; Wang et al. 2014), we next tested
whether this also holds true in C. elegans. A correlation
analysis confirmed a significant positive correlation be-
tween the frequency of indels introduced by a gRNA and
itsGC content (Spearman r: 0.4701) (Fig. 5B). Thus, the ob-
served potency of GGNGG gRNAs may be due to their
overall higher GC content.

We also tested how published gRNA prediction algo-
rithms correlatedwith our gRNA efficiencies.We predict-
ed the on-target score of each gRNA using the IDT design
tool, the DRSC algorithm, Rule Set 2, CrisprScan, or
GuideScan (Fig. 5C,D; Supplemental Fig. S8; Housden
et al. 2015; Moreno-Mateos et al. 2015; Doench et al.
2016; Haeussler et al. 2016; Perez et al. 2017). IDT,
DRSC, andGuideScan prediction scores failed to positive-
ly correlate with the readout from our experiments (Sup-
plemental Fig. S8). However, the other two models fit
much better with our data sets, with the highest perfor-
mance by CrisprScan (Spearman r= 0.5789, P < 0.0001),
which slightly outperformed GC content alone (Fig. 5D).
Therefore, where applicable, CrisprScan may help opti-
mize gRNA design for genome editing in C. elegans.

Discussion

Here, we conducted a thorough optimization of multi-
plexed CRISPR in the C. elegans system, followed by a
large-scale in vivo negative selection screen for phenotyp-
ic targets of the essential mir-35-42 family. This screen
effectively identified egl-1 as a phenotypic target of the
mir-35 family.While egl-1 is a knownmir-35 family target
gene, our screen and validation studies demonstrated for
the first time that derepression of egl-1 alone is sufficient
to induce embryonic lethality and low fecundity, thus par-
tially phenocopying mir-35 family mutants. We used
CRISPR to retarget endogenous mir-35 to mutant egl-1,
resulting in rescue of deleterious phenotypes. This type
of rescue experiment, which was used to demonstrate

BA C D

Figure 5. gRNA efficiency correlates with GC content and CrisprScan scores. (A) Comparison of indel efficiencies between GGNGG
PAMsites and others. (B) Correlation between theGCcontent of each guideRNAand its corresponding indel efficiency. (C,D) Correlation
of scores predicted by the indicated algorithm for each guide RNA and its observed indel efficiency. Spearman’s correlation test r and P-
value are reported.
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let-7’s phenotypic target gene (Ecsedi et al. 2015), repre-
sents a new best practice for testing miRNA–target rela-
tionships since all components of the system are
expressed from their endogenous loci.
To our knowledge, this is the first CRISPR screen to be

conducted in vivo in whole mutant animals. This innova-
tion allowed us to screen based on organismal phenotypes.
While current technologies largely restrict screening to
cell-autonomous phenotypes, in vivo screening of mutant
animals will greatly expand the physiological processes
that canbe interrogated byCRISPR. Screening diversemu-
tant animals rather than amixed population of cells could
enable the study of non-cell-autonomous, tissue-level,
developmental, and behavioral phenotypes. An inherent
limitation of this in vivo screening method is the need to
deliver the multiplexed gRNA mixes to the reproductive
system of animals yielding a substantial number of off-
spring; thus, this method may not be applicable to organ-
isms with few germ cells or small litter size, such asmice.
Like most screening technologies, the type of screen

presented here does not have strong potential to exhaus-
tively search for synthetic effects among a large library
of gRNAs. Instead, the approach relies on the assumption
that mutation of a singlemiRNA-binding site is sufficient
to induce detectable phenotypes, and that those pheno-
types will have some similarity to the miRNA mutant
phenotype. Of note, all predicted mir-35 family target
genes only harbor a single predicted mir-35-binding site,
unlike most miRNAs’ targets that bear multiple cognate
binding sites. The design of the screen assumes that dere-
pression of the target would occur uponmutation of a sin-
gle binding site (even in a context wheremultiple sites are
present), which may not be true for all targets.
Multiplexed CRISPR in C. elegans, building on this

study,will acceleratemany types of studies. Here, we con-
ducted a negative selection screen targeting tiny regulato-
ry elements. Thus, themultiplexing techniques used here
should be easily adapted to simpler experimental setups;
e.g. positive selection and/or targeting coding sequences.
Suppressor screens using gRNAs targeting a set of candi-
date genes can be conducted, which might be especially
useful for RNAi resistant tissues such as neurons (Kamath
et al. 2001). In a positive selection setting, pooled gRNAs
could be used to look for synthetic effects of lesions in
multiple candidate loci. Of course, combining this tech-
niquewith fluorescent reporters will also allow for screen-
ing based on more specific or subtle gene expression
changes rather than overtly visible phenotypes. Multi-
plexing CRISPR will be a valuable addition to the already
powerful C. elegans genetic toolkit.
Our screenwas a negative selection or “dropout” screen

because we expected that mutations in miRNA-binding
sites that phenocopied the mir-35 family mutant pheno-
type would be deleterious or lethal. Negative selection
screens are technically challenging due to characteristi-
cally low signal to noise. When targeting a very small reg-
ulatory region, this problem is exacerbated by the
somewhat stochastic nature of CRISPR-mediated muta-
genesis. We addressed this by using mutational profiling
as a readout of the screen. At each targeted miRNA-bind-

ing site, we determined the rate of alleles disrupting
miRNA binding that were detected in wild-type-selected
animals. Importantly, nearby indels that are not predicted
to disrupt miRNA binding act as an internal control for
gRNA efficiency at each locus. Therefore, selection pres-
sure against target derepression can be inferred from a
low frequency of seed match-disrupting alleles among
all alleles. This metric is critically important since the
raw number of alleles at each locus primarily reflected
not phenotypic effects but variation in gRNA efficiency,
which is impacted by multiple factors including gRNA
nucleotide composition, genomic context surrounding
the targeting site, and chromatin conformation (Doench
et al. 2014; Chari et al. 2015; Moreno-Mateos et al.
2015; Horlbeck et al. 2016).
The design of a gRNA library targeting miRNA-binding

sites is challenging. The target region is very small (only
6–7 bp to target the seed-binding region). The mir-35
seedmatch contains threeNGGPAMs,making gRNAde-
sign straightforward. However, depending on the seed
match sequence of interest in future screens, the cleavage
site of the gRNA may have to lie outside the seed; in this
case, we recommend grouping target loci according to the
distance between the cleavage site and the seed match for
comparison of seed match-disrupting allele frequency,
since cleavage sites farther away from the seed match
will inherently have lower seed match-disrupting allele
frequencies (Yang andMcJunkin 2020a). Notably, the rep-
ertoire of targetable PAM sequences is rapidly expanding
beyondNGG, with even near-PAMless CRISPR technolo-
gy (Walton et al. 2020); these advances should alleviate
some gRNA design restrictions in the near future.
A second difficulty in gRNA design at miRNA-binding

sites is the relatively AT-rich environment of 3′UTRs.
High AT content is disadvantageous because it correlates
with low gRNA efficiency (Doench et al. 2014;Wang et al.
2014). Furthermore, short oligo(dT) tracts can cause pre-
mature transcription termination downstream from the
U6 promoters used to drive gRNA expression in vivo
(Arimbasseri et al. 2013). We suspect that this contributes
to the poor performance of plasmid-expressed gRNAs
compared with synthetic gRNAs in our hands. In more
GC-rich genomic contexts like coding sequences, plas-
mid-expressed guides may still be a viable option for mul-
tiplexing; moreover, the low cost of plasmid-expressed
gRNAs could allow for multiple gRNAs per target site.
Here we optimized the multiplexed delivery of gRNAs

to C. elegans, significantly reducing the labor required
to screen a large number of regulatory elements. A pool
size of 10 yielded the largest number of mutant alleles
per labor expended. Herewe used transgenically expressed
Cas9. However, validation experiments in which recom-
binant Cas9 RNPsweremore efficient prompted us to fur-
ther optimize multiplexed RNP delivery. Individually
loading gRNAs into Cas9 before multiplexing rendered
RNPs more effective than transgenic Cas9, and the
RNPs are therefore recommended for future screens.
Use of RNPs would enable screening in pre-existing com-
plex genetic backgrounds and alleviate any concerns
about long-term germline Cas9 expression.
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The only miRNA-binding site we identified as a pheno-
typicmir-35 target was the egl-1 site. This site was the top
hit from the screen with 0% seed match-disrupting al-
leles; therefore, truly negatively selected hits might be ex-
pected to have zero seed match-disrupting mutations.
Future screens and validation studies will help determine
whether this is the case. Futuremultiplexed screens could
also have improvements that aid in the interpretation of
the screen readout. When more distinctive phenotypes
or fluorescent reporters are used for selection, a pheno-
type-positive and phenotype-negative population can be
isolated. Comparison of the complement of alleles present
in these two groupswill allow for statistical analysis of the
screen results rather than simple ranking. Including a
large number of negative control gRNAs could also aid
statistical analysis. This screen lacked a positive control,
but future screens formiRNA targets inducing deleterious
phenotypes can use egl-1 as a positive control. Controls
for other phenotypes will depend on the phenotype itself.
These could include gRNAs targeting protein-coding
genes whose loss of function is known to induce the phe-
notype of interest or—when the phenotype of interest is
altered expression of a reporter transgene—gRNAs target-
ing the reporter itself.

Furthermore, egl-1 derepression only partially phe-
nocopied mir-35 family mutants, inducing low-pene-
trance embryonic lethality compared with the complete
lethality observed in mir-35-42 mutants. One possibility
is that the miRNAmutant phenotype is the result of syn-
thetic effects of derepression of multiple target genes. An
exciting possibility would be to conduct the multiplexed
screen iteratively, using an increasingly complex genetic
background in which mildly phenotypic targets (e.g.,
egl-1) are already derepressed to eventually reconstruct
the complement of targets that together contribute to
the phenotype. Alternatively, important targets may be
missing from the candidate list predicted by TargetScan.
Moving forward, conducting CLASH or chimera-generat-
ing Argonaute iCLIP in embryonic samples could help
to determine whether a broader set of putative targets
should be assayed (Broughton et al. 2016). Overall, this ap-
proach does rely on the assumption that derepression of a
single miRNA target is sufficient to induce detectable
phenotypes. In general, work on phenotypic targets of oth-
er miRNA families has supported this assumption (Dor-
sett et al. 2008; Teng et al. 2008; Ecsedi et al. 2015; Lu
et al. 2015; Drexel et al. 2016). However, data supporting
the alternative scenario—in which synthetic interactions
are necessary to produce phenotypic effects—could be far
more difficult to generate.

Finally, the strategy used here, of CRISPR screening fol-
lowed by mutational profiling, could be applied to screen
other types of negative regulatory elements. For instance,
if a repressive RNA-binding protein or transcription factor
has a distinctive loss-of-function phenotype, then the pu-
tative binding sites can be screened to identify phenotypic
targets. Binding sites that show a low frequency of consen-
sus binding sitemutations (among allmutations at a given
site) are high priority candidate phenotypic targets. This
general strategy will be applicable not only to C. elegans,

but also to cell lines, transplant models, or other model
organisms.

Materials and methods

Nematode culture and genetics

Standard culture conditions were used (Stiernagle 2006). Worms
were maintained at 20°C except where noted otherwise. Alleles
and strains used in this study are listed in Supplemental Tables
S4 and S5.

gRNA design and generation

gRNAs targeting the candidate sites predicted by TargetScan
were designed to cut in or very close to the seed sequence match,
mostly using a PAM site within the seed sequence (see Supple-
mental Fig. S6; Supplemental Tables S1–S3). gRNA sequences
were then either cloned into pRB1017 or ordered from IDT as
Alt-R crRNAs (Arribere et al. 2014). See the Supplemental Mate-
rial for injection mix details.

CRISPR screen and library construction

The customized gRNA librarywas divided in to 20 subpools, with
each pool containing nine to 11 gRNAs (including dpy-10 gRNA),
and each gRNA was included in two different pools (see Supple-
mental Table S7 for pooling strategy). Pools of gRNAswere inject-
ed into EG9615, and injected animals were placed at 20°C. Three
to four days later, each Dpy or Rol F1 was isolated as an L4 or
young adult and placed on a 3-cm plate seeded with 100 µL of
OP50. These plates were maintained at 20°C, and 30 wild-type
strains for each pool were selected based on visible phenotype
and time to starvation. Starved plates were harvested, and geno-
mic DNA was extracted. See the Supplemental Material for
more information on pooling, library construction, and sequence
analysis.

Image acquisition and analysis

Embryos were obtained by treating gravid hermaphrodites with
alkaline hypochlorite solution and mounting them on 2% aga-
rose pads for imaging. All images were acquired at fixed exposure
times using the 60× objective lens on aNikon C2 confocal micro-
scope. Image analysis was performed using Fiji software (Schinde-
lin et al. 2012). Briefly, images of both the GFP and DIC channels
were imported into Fiji and synchronized; circles were drawn at
the periphery of each nucleus in the DIC channel and copied
into the GFP channel. Mean GFP intensities of the circled area
were measured and plotted. N2 animals were treated as negative
controls, and their average intensities were subtracted from all
experimental groups.
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