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SUMMARY

Argonaute proteins are at the core of the microRNA-mediated gene silencing pathway essential for
animals. In C. elegans, the microRNA-specific Argonautes ALG-1 and ALG-2 regulate multiple
processes required for proper animal developmental timing and viability. Here, we identified a
phosphorylation site on ALG-1 that modulates microRNA association. Mutating ALG-1 serine
642 into a phospho-mimicking residue impairs microRNA binding and causes embryonic lethality
and post-embryonic phenotypes that are consistent with alteration of microRNA functions.
Monitoring microRNA levels in alg-1 phosphorylation mutant animals reveal that microRNA
passenger strands increase in abundance but are not preferentially loaded into ALG-1, indicating
that the miRNA binding defects could lead to microRNA duplex accumulation. Our genetic and
biochemical experiments support the protein kinase A (PKA) KIN-1 as the putative kinase that
phosphorylates ALG-1 serine 642. Altogether, our data indicate that PKA triggers the ALG-1
phosphorylation to regulate its microRNAs association during C. elegans development.
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INTRODUCTION

MicroRNAs (miRNAs) were identified in C. elegans as potent regulators of developmental
timing®-3 and since then, have been shown to regulate a wide range of cellular processes

in animals and plants*®. MiRNAs are ~22 nucleotide (nt) long RNAs, which are typically
produced by RNA polymerase 11 and a successive processing by Drosha and Dicer’:8. The
resulting mature miRNA duplex associates with an Argonaute (AGO) protein, which is held
in an open conformation, and the closing of the structure triggers the unwinding of the
duplex followed by the ejection of the passenger strand, also called miR*?-11, The discarded
strand is then subjected to degradation by exonucleases!?-14, In many cases, there is a
preference for a specific arm of the duplex to be loaded into AGO (originating from either
the 5" or the 3’ of the precursor miRNA), leading to a disproportionate number of copies
for one of the two strands in cells. Although less abundant, specific miR* can be loaded

into AGO and repress mMRNA containing target sites, suggesting that some of them might be
functionall,

The association between the miRNA and the AGO protein form the core of the miRNA-
induced silencing complex (miRISC). Typically, the miRNA guides the miRISC to the 3’
untranslated region (UTR) of mRNAs and binds sequences that are partially complementary,
which leads to translational repression and destabilization of the target16:17. The two
miRNA-specific AGOs in C. elegans are ALG-1 and ALG-21819; orthologous to the human
AGO1-4. A third C. elegans AGO, ALG-5, also binds a small subset of miRNAs and is
primarily expressed in the germline2%, AGOs are bilobed proteins composed of six domains:
the N, L1, PAZ, L2, MID and PIWI2L, The N domain serves as a wedge to unwind the
miRNA duplex, during the loading step, while the PAZ and the MID domains bind the 3’
and the 5" ends of the miRNA, respectively. The L1 linker between the N and PAZ domains
and the L2 linker between the PAZ and MID domains, contribute to the structural stability of
the RISC. The C-terminal PIWI domain resembles RNase H proteins 22 allow the cleavage
(or slicing) of target RNA that have an extended complementarity. In humans, AGO2 and
AGO3 are slicer competent23-25, In C. elegans, the slicing activity of ALG-1 and ALG-2
was shown to be implicated in the production of functional miRISC26. The PIWI domain
also contains two tryptophan (W) binding pockets2” which bind GW182 through its Glycine
(G) Tyrptophan (W) GW/WG repeats28-31 that contribute to the removal of the poly(A) tail
of targeted mMRNA.

AGO function is modulated by the addition and removal of post-translational modifications.
In human cells, hypoxia increases the AGO2 hydroxylation and stabilizes it32. Upon
hypoxic stresses, EGFR causes the AGO2 phosphorylation at tyrosine 393 (Y393) leading
to defective maturation of specific mMiRNAs33. The same residue can be dephosphorylated
by PTPB1 and the inactivation of this phosphatase affects the function of H-RASv12-
induced oncogenic miRNAs34, Under cell stress, AGO2 localizes to stress granules where
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it is poly ADP-ribosylated to relieve miRNA-mediated repression of translation3°. Beside
these stress-induced modifications, the phosphorylation of AGO specific residues has

been observed in normoxic conditions. The p38 MAPK and AKT3 pathways converge

to phosphorylate the serine 387 (S387) to regulate AGO localization to processing bodies
and drive translational repression3¢:37. This specific modification was shown to regulate

the association between AGO2 and LIMD1 and facilitate the AGO2 binding to GW182
protein TNRC628. Interestingly, the biological significance of $387 phosphorylation was
highlighted by its implication in the control of dendritic spine growth and maturation3®. In
addition to the regulation of localization and protein interactions, phosphorylation of specific
AGO residues was also shown to affect the binding to miRNA and miRNA targets. The
phosphorylation of tyrosine 529 (Y529) in the MID domain prevents the binding to small
RNAs#0. Our recent systematic analysis of AGO phosphorylation identified a conserved
serine/threonine phosphorylation cluster in the PIWI domain that is essential for miRNA-
mediated gene silencing /7 vivo and showed that its hyper-phosphorylation impairs binding
to miRNA targets*L. The phosphorylation and de-phosphorylation of this cluster were shown
to be mediated by the kinase CSNKA1 and the phosphatase PPP6C in human cells#2. It was
also reported that its phosphorylation impairs miRISC binding to miRNA targets and the
lack of AGO2 phosphorylation on these residues leads to an expansion of the miRNA target
repertoire®2.

Here we report the phosphorylation of serine 642, a residue located in the MID domain

of C. elegans ALG-1, which drastically reduces its ability to bind miRNAs. Mutation

of this serine (S) into a phospho-mimicking negatively charged glutamate (E) leads to
phenotypes reminiscent of animals completely depleted of a/g-1. Developmental delays
are observed in both the non-phosphorylatable alanine (A) and the phospho-mimicking
glutamate mutants, indicating that this phosphorylation regulates key developmental events
during animal growth. Our sequencing analysis further shows an miR* accumulation that
are not bound to the ALG-1S642E mutant suggesting that the lack of miRNA-binding by
ALG-1 leads to an accumulation of miRNA duplexes. Last, we show that the Protein Kinase
A (PKA) kin-1 interacts genetically with a/g-1, and this was strongly suppressed by a
non-phosphorylatable alg-1(S642A). This data, along with the /n vitro phosphorylation of
serine 642, suggest that PKA regulates the miRNA-mediated gene silencing in C. elegans
through the phosphorylation of ALG-1.

Assessment of a novel AGO phosphorylation site

Previously, we characterized /n vivo effects of ALG-1 phosphorylation on a highly
conserved serine/threonine cluster located on the surface of the PIWI domain*!. Mass
spectrometry analyses of immunopurified ALG-1 from C. efegans extracts identified an
additional phosphorylation site on ALG-1 MID domain that had not yet been identified

and characterized on AGOs (Figure S1A). To determine whether this phosphorylation

event can affect the function of ALG-1 in vivo, we expressed transgenes carrying a non-
phosphorylatable (alanine: A) or a phospho-mimicking (glutamate: E) mutation in an alg-1
knockout strain alg-1(gk214) (hereafter called a/g-1(0)). To determine whether these mutant
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transgenes would rescue the loss of alg-1, we monitored the alae structure on young adult
animals. During the transition from the fourth and final larval stage of C. elegans (L4) to
young adult, seam cells exit the cell cycle, terminally differentiate and fuse in a syncytium.
Differentiated seam cells secrete a cuticular structure known as the alae and the loss of alg-1
function leads to an abnormal number of seam cells and defective cell fusion producing
incomplete alae (gapped) or breaks along the structurel®19, Rescue experiments showed that
phospho-mimicking alg-1(5642E) transgenes were unable to rescue alae defects in alg-1(0)
(Figure S1B) and, unlike the non-phosphorylatable alg-1(5642A) transgenes, they were
unable to suppress larval arrest and sterility upon depletion of a/g-2with RNA interference
(RNAI) (Figure S1C). To determine whether non-phosphorylatable or phospho-mimicking
variants of ALG-1 would impair a/g-1 function, when expressed from the endogenous
alg-1loci, we produced these mutations in a wild-type background using CRISPR-Cas9
gene editing method. Mutation of this residue, on the endogenous loci of alg-1, revealed

that alg-1(S642E) but not alg-1(S642A) displayed alae defects (Figure 1A). Likewise, a
significant fraction of alg-1(5642E) mutant animals died at the larval to adult transition from
vulva rupturing (Figure 1B); a phenotype that can be attributed to the impairment of the /et-7
miRNA family318:4344 These results support that the phosphorylation of serine 642 leads
to the loss of alg-1 function as the phospho-mimicking alg-1(5642F) mutation phenocopies

alg-1(0).

During adulthood, ALG-1 and specific miRNAs are involved in the aging process and
regulate C. elegans lifespan. Loss of alg-1*>46 and miRNAs such as lin-4, miR-71,
miR-228, miR-238 and miR-24647-51 |eads to a shortened lifespan. We found that, as
reported for alg-1(0)*8, alg-1(S642E) mutant animals have an average lifespan that is
significantly shorter than that of wild-type animals (Figure 1C). Moreover, upon entering
adulthood, ALG-1 protein levels were shown to drastically decrease®®. We observed a
similar decrease for wild-type ALG-1, ALG-1 S642A and ALG-1 S642E proteins after
animals had reached adulthood (Figure 1C), suggesting that a decrease in ALG-1 expression
levels in alg-1(S5642E) mutants is not sufficient to explain the shorter lifespan (Figure 1C)
and instead hinting at a defect in ALG-1 activity.

In contrast to alg-1(0), the expression of the phospho-mimicking mutant caused defects in
embryonic development (Figure 1D). Specifically, phospho-mimicking alg-1(5642E) adult
animals laid eggs that remained unhatched, indicating a defective development leading

to embryonic arrest. In animals completely depleted of a/g-1, the activity of ALG-2 is
sufficient to maintain the miRNA activity required for viability, but the simultaneous
depletion of alg-1and -2 leads to embryonic arrest®. In agreement with this, we were
unable to isolate homozygous mutants of alg-1(S642E) and alg-2(0) but the double
mutant alg-1(S642A), alg-2(0) were viable (Figure 1D). The embryonic lethality observed
in alg-1(5642E) suggests that this mutation is more deleterious than the loss of alg-1.
Concurrently, incomplete penetrance of this phenotype indicates that the miRNA pathway
and ALG-2 retain at least partial function in the mutant animals. It also reveals that the
defects in alg-1(5642E) cannot be explained by a decreased expression of ALG-1 alone,
since embryonic lethality does not occur upon loss of alg-1.
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The phosphorylation site serine 642 is located on the AGO MID domain, which is
responsible for the 5" nucleotide recognition and binding of the miRNA52:53 To determine
whether the embryonic lethality could occur in animals in which ALG-1 is defective

for miRNA binding, we produced a mutant strain, alg-1(Y693E). The mutation of this
conserved tyrosine to a glutamate located within the 5" nucleotide binding pocket of the
AGO was shown to disrupt miRNA loading of the human AGO2 (Y529E)0. As for the
phospho-mimicking alg-1(S642E) mutants, alg-1(Y693E) animals also showed a noticeable
number of unhatched eggs (Figure 1D). Taken together, these results show that phospho-
mimicking alg-1(S5642E) mutation leads to a loss of function of a/g-1 and impairs C.
elegans development during embryogenesis as well as post-embryonically. Furthermore,
dead embryos were observed in animals expressing a miRNA-binding mutant of a/g-1,
alg-1(Y693E) as well as in alg-1(5642E) mutants but not in alg-1(0), which suggests that
S642E and Y693E could affect ALG-1 function in a similar way.

Delayed larval development in phospho-mimicking ALG-1 S642E mutants

Since our results indicate that constitutive phospho-mimicking of ALG-1 (S642E) leads

to a loss of function of the miRNA-specific AGO, we were interested to know whether

this phosphorylation event could be important at any point during C. elegans development,
where several processes are controlled by miRNAs®#. We noticed that alg-1(S642E) mutants
reached adulthood a few hours after wild-type animals. To determine whether those delays
were caused at a specific stage during development and help us understand the biological
relevance of this phosphorylation site, we used a luminescence-based assay>58 to quantify
developmental tempo. This assay detects lack of food uptake in animals during lethargus
(molt) through a drop in luminescence signal. Specifically, we cultured animals expressing
luciferase from a single copy integrated transgene in the presence of the luciferase substrate
D-luciferin. Luminescence emission requires the ingestion of luciferin, which only occurs
outside molts, i.e., in intermolts. Hence, by tracking animals individually in the wells of a
multiwell plate, we can identify molt entry through a sudden drop in luminescence signal,
and molt exit through a steep increase in signal. We can thus quantify the duration of molts
(time between drop and increase) and intermolts (between increase and drop). A larval stage
is the sum of duration of molts and intermolts.

We found that for the phospho-mimicking alg-1(5642E) mutant animals, all four larval
stages were lengthened due to an increase in the durations of all intermolts and molts except
for molt 2 (Figure 2). Moreover, although alg-1(5642A) mutant animals appeared wild-type
in our other assays, they displayed some alterations in developmental tempo. Thus, the
durations of the first and second larval stages were increased relative to wild-type animals
due to a lengthening of intermolts, most prominently the first intermolt (Figure 2A and 2B).
Additionally, the durations of molts 2 and 3 were modestly increased and that of intermolt
4 decreased. We conclude that both mutations alter developmental timing with a stronger
effect observed for alg-1(S642E).
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The ALG-1 S642E phospho-mimicking mutant does not affect its interaction with AIN-1 nor
its ability to silence mRNAs

Protein phosphorylation can have a broad range of effects on its conformation, stability,
localization or interacting partners. An important component of the miRISC is the scaffold
protein GW182 that directly interacts with AGO to recruit deadenylation enzymes such

as PAN2/3 or the CCR4/NOT complex that removes the poly(A) tail of the mMRNAZS,
Co-immunoprecipitation experiments of ALG-1 and the GW182 protein AIN-1 showed that
wild-type ALG-1, ALG-1 S642A and ALG-1 S642E mutants interacted comparably with
AIN-1 (Figure 3A). This suggests that the phosphorylation status of serine 642 does not
affect the interaction between AGO and GW182. To determine if the phosphorylation of
serine 642 might affect the ability of ALG-1 to reduce protein synthesis once bound to
mMRNAs, we used a AN/Box-B tethering reporter that enables gene silencing without the
requirement for miRNA:mRNA interaction?1:57. Endogenously tagged AN::ALG-1 variants
were co-expressed with a single copy integrated transgene of GFP with Box-B sequences

in the 3" UTR. Expressing a AN tagged ALG-1 S642A or ALG-1 S642E was as efficient
as the AN tagged wild-type ALG-1 to silence the expression of GFP (Figure 3B). Taken
together, these results indicate that the phosphorylation status of serine 642 does not affect
the silencing efficiency of ALG-1 artificially bound to the 3' UTR of a target mRNA.

The ALG-1 S642E mutation affects the abundance of both guide and passenger miRNA

strands

AGOs are at the core of the miRISC and, as the carrier of miRNAs, they play a major

role in promoting their maturation from the pre-miRNA to their mature form10.58-60 angd
protect the mature miRNA from degradation by exonucleases. Hence, variations in the
ability of AGO to bind miRNAs is expected to have repercussions on the miRNA levels.

To assess whether serine 642 phosphorylation could have such an effect, we measured the
abundance of miRNAs by high-throughput sequencing. We found that, while miRNA levels
in alg-1(5642A) mutants were overall indistinguishable from wild-type animals (Figure 4A),
several miRNAs were significantly decreased in adult alg-1(5642E) mutant animals (Figure
4B and 4D) and throughout the larval development (Figure S2 and S3). alg-1(S642E)
mutants showed alae formation defects and vulva rupturing (Figure 1A and 1B) which

are typically caused by misregulation of the let-7 miRNA family. While miR-48-5p and
miR-84-5p were expressed at similar levels compared to wild type at various time points, the
expression of let-7-5p was delayed by a few hours and miR-241-5p was decreased at all time
points (Data S1). These data indicate that misregulation of the let-7 miRNA family during
development could indeed contribute to the larval phenotypes in alg-1(5642E) (Figure 1A
and 1B). We performed miRNA quantification in embryo by RT-qPCR for miR-35-42

and miR-51-56 miRNA families because these two miRNA families are required for
embryogenesis®1-63, We observed a modest but significant decrease for miR-35-42 miRNA
family that occurred in both alg-1(S642A) and alg-1(5642E), while miR-51-56 miRNA
family was not affected (Figure S4A), suggesting a potential contribution of miR-35-42
miRNA family in the embryonic phenotypes observed in alg-1(5642F) mutants (Figure 1D).

Interestingly, this sequencing data showed that several passenger strands (miR*) were more
abundant in the alg-1(5642E) mutants than those measured in wild-type animals (Figure 4B
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right panel). Although many passenger strands were more abundant in alg-1(5642E) mutant
animals, their reads never exceeded those of the guide strands. Specifically, passenger
strands that showed a significant increase (p<0.05) in alg-1(S642E) compared to wild-type
animals are miR-51-3p (10 fold), miR-56-5p (6 fold), miR-58-5p (7 fold), miR-64-3p (6
fold), miR-71-3p (12 fold), miR-238-5p (32 fold), miR-244-3p (9 fold), and miR-1822-5p
(4 fold). We confirmed the increase of miR-51-3p by Northern blot (Figure 4C) and
miR-71-3p and miR-238-5p by RT-gPCR (Figure 4D). Taken together, these results show
that phosphorylation of ALG-1 serine 642 affects the abundance of both the guide and
passenger strands during C. elegans development.

Phosphorylation of ALG-1 serine 642 affects miRNA binding

Alteration of miRNA levels can be attributed to different mechanisms mediated by AGO.
First, the processing of some precursor miRNA into mature miRNA is decreased in the
absence of ALG-11826 which did not occur for miR-51, as the levels of the precursor

form was not affected in alg-1(0) nor alg-1(S642E) (Figure 4C). Second, AGO stabilizes
miRNAs through binding and thus protects them from nuclease-mediated degradation,

a mechanism that can be regulated in cells by exposing the 3" end of miRNA to
modifications or by degradation of AGO by the ubiquitin-proteasome®-67. To investigate

if ALG-1 phosphorylation at serine 642 could prevent miRNA binding and thus lead

to the differences in miRNA levels observed in the phospho-mimicking alg-1(S642E)
mutant, we immunopurified wild-type ALG-1, ALG-1 S642A and ALG-1 S642E and
quantified the associated miRNAs with high-throughput sequencing. We observed a global
decrease in miRNA population bound to the phospho-mimicking ALG-1 S642E compared
to wild type (Figure 5A). In contrast, the abundance of miRNAs associated with the
non-phosphorylatable ALG-1 S642A mutant was indistinguishable from wild-type ALG-1
(Figure 5A). The decrease in miRNA association of ALG-1 S642E was also observed when
we pulled down miR-35 miRISC (Figure 5B). These results reveal that phospho-mimicking
ALG-1 S642E impairs the function of ALG-1 by decreasing its ability to bind miRNAs.

Surprisingly, although passenger strands accumulated in the total RNA of alg-1(S642E)
mutant animals (Figure 4B-4D), this did not coincide with an increased passenger strand
binding to ALG-1 S642E (Figure 5C). This suggests that the affected passenger strands
accumulate without binding to ALG-1. Indeed, most matching guide strands did not exhibit
a substantial decrease in levels (Figure S4B), suggesting that the alg-1(S642E) mutant
phenotypes do not generally derive from a switch in miRNA strand loading onto ALG-1.
Instead, these data may be parsimoniously explained by a defect in loading of the miRNA
guide:passenger strand duplex onto ALG-1. Duplexes may thus accumulate unbound to
ALG-1 in the cytoplasm, and binding to the guide strand may render the passenger strand
refractory to single-strand nucleases that would normally degrade evicted passenger strands
after loading of the guide strands into ALG-1. Concurrently, this would diminish the
amounts of functional, ALG-1-loaded guide strands and thus explain why miRNA activity is
decreased despite little changes in overall cellular miRNA guide strand levels.
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The protein kinase A phosphorylates serine 642 in vitro and genetically interacts with alg-1

To determine which pathway(s) can regulate ALG-1 through phosphorylation of serine 642
residue, we first used Netphos 3.158 to predict kinases that can use this specific amino acid
as substrate. The protein kinase A (PKA) was the only kinase with a positive score (0.62).
PKA isa3’,5"-cyclic adenosine monophosphate (CAMP)-dependent serine/threonine kinase
complex composed of a catalytic and a regulatory subunit known as KIN-1 and KIN-2

in C. elegans, respectively®®-71, In the absence of cCAMP, PKA forms an inactive tetramer
(holoenzyme) of two regulatory and two catalytic subunits. Upon stimulation, adenylyl
cyclase produces cAMP from ATP. The regulatory subunit binds to the cAMP and triggers
a conformational change that reduces the affinity for the catalytic subunit and allows it to
phosphorylate its substrates (Figure 6A). To determine whether ALG-1 serine 642 can be
phosphorylated by PKA, we performed an /n7 vitro kinase assay using different peptides

of ALG-1 spanning 18 amino acids and incubated them with recombinant PKA (Figure
6B-C). Incorporation of radioactive phosphate was reproducibly detected, and the /n vitro
phosphorylation was specific to serine 642 as the signal was lost when we used a peptide in
which the serine had been replaced by an alanine (Figure 6B-C). The consensus sequence
along with the /in vitro phosphorylation of ALG-1 peptides suggest that PKA could target
ALG-1 to regulate its activity.

To investigate whether PKA contributes to the regulation of ALG-1 in vivo, we first
determined whether PKA genetically interacts with a/g-1 and the miRNA pathway by
depleting the regulatory subunit, kin-2, with RNAI. A decrease in KIN-2 levels will
stimulate KIN-1 activity and could thus cause similar phenotypes as those observed in
alg-1(S642E) if serine 642 is a bona fide substrate of PKA. We observed that, as for
alg-1(5642E) mutants (Figure 1A), kin-2 RNAI treated animals showed alae defects.

More importantly, those defects were suppressed in the non-phosphorylatable alg-1(S642A)
mutant exposed to k/in-2 RNAI (Figure 6D). These data indicate that the alae defects
occurring upon the k7n-2knockdown in animals require the phospho-acceptor residue serine
642, suggesting that PKA might regulate ALG-1 phosphorylation /n vivo. Since kin-2

RNAI produced severe developmental defects and early adult lethality, we decided to use a
hypomorphic kin-2(ce179) allele to gain further evidence of the involvement of PKA in this
process. This kin-2allele contains a point mutation on a conserved residue (R92C) in the
auto-inhibitory domain that interacts with the catalytic subunit leading to an increased PKA
activity’273. kin-2(R92C) larvae mutant animals are viable but take a longer time to reach
adulthood, produce fewer progeny than wild-type animals and have an egg laying phenotype
(Egl)’3. To strengthen the evidence that PKA antagonizes alg-1, we tested whether the
depletion of a/g-2in the kin-2 mutant would cause a synthetic lethality phenotype as it is
the case for the loss of both alg-1 and alg-21°. To do so, we generated a double mutant

with kin-2(R92C) and a knockout strain of alg-2 (alg-2(0k304)). We observed that the loss
of alg-2in the hyperactive PKA strain led to adult lethality caused by egg laying defects
(Bag of worms phenotype) along with a few larvally arrested worms. These phenotypes
were suppressed in a triple mutant including the non-phosphorylatable alg-1(5642A) mutant
(Figure 6E). This genetic assessment shows that activated PKA antagonizes ALG-1 /n vivo,
in a serine 642 dependent manner. The /n vitro phosphorylation assays strongly suggests
that PKA could regulate ALG-1 function through its phosphorylation on serine 642. Overall,
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our results demonstrate a regulatory mechanism for AGO protein in C. elegans, in which
ALG-1 phosphorylation on serine 642 reduces its binding to miRNAs and impairs the
formation of functional miRISC, and present evidence that the PKA signalling pathway is
likely responsible for this phosphorylation /n vivo.

DISCUSSION

In this study, we report the phosphorylation of a specific serine residue on the MID

domain of the C. elegans AGO ALG-1 that modulates its ability to bind miRNAs. Our

in vivo analysis of the phosphorylation mutants of ALG-1 serine 642 reveals that the
constitutive phosphorylation of this residue (mimicked by S642E) produces loss-of-function
phenotypes during embryonic and larval development. Since embryonic lethality from the
loss of miIRNA function arises from the lack of both AGOs ALG-1 and ALG-2 activity in
embryos, this phenotype in alg-1(S642E) and alg-1(Y693E) mutants suggests that miRNA-
binding deficient ALG-1 would interfere with ALG-2 function by reducing the availability
of important interactors for miRNA maturation and/or gene silencing. The evidence for
such misregulation is the interaction between ALG-1 S642E and the GW182 protein AIN-1
(Figure 3A). We have previously reported that the interaction between AGO and GW182 is
not strictly required for embryonic viability®’, suggesting the possibility that other factors at
play produce this phenotype. Therefore, we looked at the interaction between ALG-1 S642E
and DCR-1 that cleaves the precursor miRNAS to produce mature miRNA duplexes. ALG-1
S642E maintained its interaction with DCR-1 in adults (Figure S5B) and embryos (Figure
S5C) despite that ALG-1 S642E mutant binds miRNA less efficiently. Thus, we speculate
that, in addition to the reduced miRNAs binding (Figure 5), ALG-1 S642E mutants could
impair the ALG-2 function through its association with DCR-1 and the RISC loading
complex.

The C. elegans ALG-1 serine 642 was found to be phosphorylated /n vivo (Figure S1A)
which is a conserved residue on all four human AGOs (Figure S6A). Since this serine is
conserved on the C. elegans ALG-2 (Figure S6A) and located in the vicinity of a basic
amino acid (Arginine (R)) at position —2, which is typically found in PKA substrates, it will
be interesting to determine whether ALG-2 can be phosphorylated. Furthermore, differences
in the phosphorylation statuses between ALG-1 and ALG-2 during development could
potentially explain the previously reported preferential loading of specific miRNAs!920, The
abovementioned key residues are not found in ALG-5, another C. efegans AGO capable

of binding to a specific subset of miRNAs in the germline (Figure S6A). Therefore, it is
difficult to speculate if a specific post-translational modification on ALG-5 could share a
similar function. Despite the sequence conservation around the residue corresponding the
ALG-1 serine 642 on human AGOs (Figure S6A), we could not detect phosphorylation on
the human AGO1-4 purified from cell cultures. It is possible that the phosphorylation on
human AGOs only occurs in specific cell types or that the differences in their structural
features prevent this phosphorylation. When we looked at the previously determined
structures of the guide- and guide-target duplex-bound AGO1-4, most of them occludes

the hydroxyl group on the side chain of the corresponding serine (Table $1)25:27.65.74-79
contrast, the hydroxyl group on the side chain of serine 642 is solvent-exposed in the model
of apo-ALG-1 (RNA-free form of ALG-1) available from the AlphaFold Protein Structure
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Database EMBL server (https://alphafold.ebi.ac.uk) (Figure S6B-C). These observations
suggest that the phosphorylation of this serine could either be C. elegans specific or

that residue can only be phosphorylated before the miRISC formation. We performed
experiments in HEK 293T to determine whether mutations of AGO2 serine 478 (the
serine corresponding to ALG-1 serine 642) impair miRNA function, and observed that
although miRNA levels were not affected upon overexpression of Flag/lHA AGO2 S478E
(Figure S6D), both Flag/HA AGO2 S478E and the miRNA binding mutant Flag/HA AGO2
Y529E decreased binding to mRNAs (Figure S6E). Although the conservation of this
phosphorylation event in human cells is not yet clear or under which biological conditions
it would occur, these results indicate that serine 478 is an important residue for AGO2
function. The addition of a negative charge at this position, by either phosphorylation or a
somatic mutation, would impair the miRNA function and impact human cell homeostasis.

As opposed to the human AGO2 phosphorylation site Y529 forming the miRNA binding
pocket40, ALG-1 serine 642 is located on a helix at the surface of the MID domain (Figure
S6C). While both phosphorylation impair binding to miRNA, the modification of Y529 is
thought to prevent miRNA binding by sterically hindering the 5 phosphate of the miRNA
or by the proximity of the negative charges carried by both the phospho-tyrosine and the
miRNA 5" phosphate. Conversely, ALG-1 serine 642 is located on the surface of the MID
domain and thus does not seem to interact with the miRNA 5" end or its sugar-phosphate
backbone. Therefore, this phospho-serine would decrease the binding to miRNAs by a
different mechanism, such as locking the AGO in an open conformation, and preventing
the transition toward the closed conformation after miRNA binding. Although the bulk of
miRNAs are strongly decreased in ALG-1 S642E IP compared to wild-type ALG-1, the
binding to specific miRNAs remains reproducibly efficient (Figure 5C and S5A), which
could deny the possibility that the phosphomimetic mutant ALG-1 S642E remains in open
conformation. We speculate that there could be a sequence bias or that the stability of

the miRNA duplex end could allow specific miRNAs to be sorted into ALG-1 S642E as
efficiently as for the wild-type protein and form of a functional miRISC.

Mutations in conserved residues of ALG-1 MID domain that result in accumulation of
passenger strands, like in alg-1(S642E), have been reported in C. elegans?®81. Genetically,
the antimorphic mutant allele alg-1(maZ202) contains an amino acid substitution G553R and
has phenotypes that are more penetrant than for alg-1(0) mutant animals. In comparison,
alg-1(5642E) mutants have less severe phenotypes compared to a/g-1(0) during larval
development (Figure 1A and 1B) but more severe defects during embryonic development
(Figure 1D). The difference in phenotypes and their severity indicate that alg-1(5642E) and
alg-1(G553R) have distinct molecular effects. As observed for ALG-1 S642E (Figure S5B-
C), ALG-1 G533R proteins associate with DCR-1 but unlike ALG-1 S642E, ALG-1 G553R
poorly associates with the miRISC effector AIN-1, suggesting that the latter sequester
miRNAs in ineffective complexes. ALG-1 S642E associate with AIN-1 (Figure 3A) and
silence GFP protein expression as effectively as wild-type ALG-1 when tethered to the

3’ UTR of the mRNA (Figure 3B), suggesting that ALG-1 S642E can form an effective
miRISC despite the decrease in miRNA binding. Both mutants show a strong increase in
passenger strands but apparently for different reasons. In alg-1(G553R) mutants, passenger
strands are inappropriately loaded in ALG-1, which in turn, protects them from degradation.
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In contrast, ALG-1 S642E does not selectively bind passenger strands when compared to
wild-type ALG-1 (Figure 5C). This indicates that passenger strands in alg-1(S642E) might
not be dissociated from the guide strands and accumulate as duplexes which could also
explain the modest decrease for many guide miRNAs (Figure 4A, S4A and S4B) despite
their inefficient binding to ALG-1 S642E (Figure 5A-C).

In the alg-1(5642E) mutant animals, while we observed a robust decrease in miRNAs
associated to ALG-1, we also noticed a decrease in ALG-1 levels at L4 stage and in

adults (Figure 1C and S1D). Although a decrease in ALG-1 protein levels could contribute
to the phenotypes observed in alg-1(5642E) mutants, the stronger phenotypes compared

to alg-1(0) animals (Figure 1D) shows that this decrease in ALG-1 S642E levels is not
sufficient to explain them. Various reports show that apo AGOs are selectively degraded by
either the proteasome or through the lysosome82-85, Blocking the proteasome using MG132
proteasome inhibitor was not sufficient to restore ALG-1 S642E levels (Figure S1D). It will
be interesting to test whether ALG-1 S642E mutant is sorted into autophagy as recently
found in fly Agol miRNA-binding mutants8:86.

PKA is implicated in several biological processes, including lipid metabolism, rhythmic
behavior, locomotion, immunity and stress response®’-92, Beside its important role to
regulate the transcriptional activation of target genes through the phosphorylation of CREB
family proteins®3, PKA was shown to regulate mRNA translation®4-96 and mRNA decay?’.
The regulation of the AGO phosphorylation by the cAMP signalling provides an additional
mechanism for post-transcriptional regulation of gene expression. Our phenotypical analyses
in the non-phosphorylatable alg-1(5642A) mutants indicates that ALG-1 serine 642
phosphorylation is not required for the synthesis of the alae, the formation of the vulva

and during embryogenesis (Figure 1A-B and 1D). Therefore, we do not foresee a sustained
regulation of ALG-1 by PKA in those tissues throughout development. In the context of
PKA signalling, the activity of the catalytic subunit KIN-1 is under tight regulation and
inhibited by the regulatory subunit KIN-2 in cells until its activation. In this signalling
pathway and upstream of the second messenger CAMP that activates KIN-1 by releasing
KIN-2, are found the G-protein coupled receptors (GPCRs). There are approximately 1,300
predicted or curated genes encoding GPCRs in C. elegans®, that respond to different
extracellular stimuli and ligands. The model that we envision for the role of ALG-1
inactivation by PKA is as follows: upon activation of PKA, several genes are upregulated
or downregulated by transcriptional and post transcriptional means. Among the transcripts
that are positively regulated by PKA, some are also putative miRISC targets which hinders
their expression. The phosphorylation of ALG-1 serine 642 by PKA decreases ALG-1
binding to miRNA and thereby, promotes the expression of PKA induced genes that contain
miRNA binding sites. In C. elegans, PKA have been shown to upregulate a specific set of
antimicrobial genes in the neurons, in response to Salmonella enterica infection®L. It will
be an interesting way to test our model by exposing alg-1(5642A) mutants to S. enterica
infection to determine if 1) ALG-1 is involved, through its modification by PKA, in innate
immunity response and 2) whether serine 642 phosphorylation promotes the expression of
the same set of genes as PKA, upon PKA activation in the neurons.
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Altogether our study indicates miRNA-mediated gene regulation pathway interacts with the
cAMP signalling pathway. Specifically, phosphorylation of ALG-1 on serine 642 by PKA
decreases AGO ability to bind miRNAs. As only specific cells might undergo activation

of PKA at a given time during normal growth conditions and might be restricted by
compartmentalization in others, the identification of the processes that incurs the miRISC
inactivation will be crucial to understand its biological function. For this purpose, it will be
important in the future to survey different conditions and environmental stresses if we want
to uncover how this important gene regulation pathway is controlled.

Limitations of the study

There are potential caveats in our approach that needs to be considered when

interpreting the data. Phospho-mimicking ALG-1 mutations were used to characterize

the effect of serine 642 phosphorylation. While those variants are broadly used to study
protein phosphorylation, they do not always fully recapitulate the phospho-substrate

(for example99:190) hence the data reported here only describes the molecular and
biological effect of ALG-1 phospho-mimicking substitution. The contribution of serine 642
phosphorylation in vivo could differ from what is observed with ALG-1 S642E mutant.

We showed that kin-2interacts genetically with alg-1. The genetic suppression of kin-2
phenotypes by alg-1(S642A) indicates that ALG-1 phosphorylation ablation counteracts the
effects of KIN-1 activation. While this could mean that a/g-1 and kin-1/kin-2 are part of the
same pathway, this data alone is not sufficient to conclude that ALG-1 is a direct substrate
of KIN-1. KIN-1 activation could affect different kinases and phosphatases that regulate
ALG-1 and hence, stimulate serine 642 phosphorylation indirectly. /n vitro phosphorylation
of serine 642 were conducted with recombinant PKA enzyme and ALG-1 peptides. This
data provides evidence that PKA can recognize and phosphorylate serine 642 site, but does
not recapitulate the context of protein folding, structure and protein-protein interactions /n
VIvo.

This study focuses on ALG-1 serine 642 phosphorylation; the phosphorylation of ALG-2
and its biological relevance remains to be investigated. Our phenotypical analyses of

the non-phosphorylatable alg-1(5642A) mutant animals showed developmental delays
during the first two larval stages, indicating that serine 642 phosphorylation positively
regulates early larval development. Quantitative mass spectrometry analyses of ALG-1
phosphorylation at different time points during development will be required to determine
whether there is a prominent phosphorylation at those stages.

Last, this study did not address the localization of ALG-1 in cells. The mislocalization
of ALG-1 S642E could affect the loading process and the miRISC turnover dynamic.
Similarly, /n vitro analysis of phospho-mimicking ALG-1 S642E miRNA binding and
duplex unwinding will be a matter of future study to address the biochemical effect of
serine 642 phosphorylation on AGO.
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STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Martin J. Simard
(martin.simard@crchudequebec.ulaval.ca).

Materials availability—All unique and stable reagents and strains generated in this study
are available from the lead contact without restriction.

Data and Code availability—Raw and processed small RNA-seq datasets have been
deposited at NCBI’s Gene Expression Omnibus (GEO) repository and are publicly available
as of the date of publication. Accession numbers are listed in the key resources table.

This paper does not report original code.

Additional information required to reanalyze the data in this study is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans model and methods—All C. elegans strains were cultured on nematode
growth medium (NGM) agar, fed with £. co/i OP50 and handled using standard

methods191 unless indicated otherwise. Hermaphrodite animals were used for all C.

elegans experiments. Developmentally staged embryos, larvae and young adult animals
were used. The animal stage used for each experiment can be found in the respective
figure’s legend. The transgenic strains were obtained by micro-injection in young adults

to produce progeny carrying extrachromosomal non-integrated transgene arrays%2. The
plasmid alg-1p::lambdaN::mCherry::alg-1g.:alg-1 3'UTR plasmid (MSp0186) was generated
in°’. MSp0186 alg-1 serine 642 codon was mutated into alanine or glutamate with the
oligonucleotides listed in Table S2, using Q5 Site-Directed Mutagenesis Kit (NEB). Genome
editing of C. elegans with CRISPR-Cas9 methods was carried out by micro-injection in
young adult animals with reconstituted Cas9 RNP mix [Cas9 protein (2.5 ug/uL), tracrRNA
(1 pg/pL), CRISPR guide RNA (crRNA) (0.4 pg/pL) and repair templates with short
homology arms (ssODN; 1.625uM)]103 (Table S2). F1 heterozygotes and F2 homozygotes
were determined by PCR genotyping and Sanger sequencing. Missense mutations of alg-1
loci were carried out in a wild-type N2 (Bristol) strain. Missense mutations of alg-1 were
obtained additionally in a strain where a/g-1 is endogenously tagged in N-terminus with AN
in a genetic background containing a single-copy insertion of GFP::cog-1-boxb reportert1:57,
kin-2(R92C) was produced in alg-2(0k304) and in the double mutant alg-1(0k304);
alg-1(5642A) background using CRISPR-Cas9, as described above. All strains that were
used for this study are listed in the key resources table and the oligonucleotides used for
genome editing can be found in Table S2.

Cultivation of HEK293 T cells—HEK 293T cells were cultivated under standard
conditions (37 °C, 5 % CO») using Dulbecco’s modified Eagle Medium (DMEM, Gibco)
supplemented with 10 % FBS (Sigma-Aldrich) and 1% penicillin-streptomycin (Sigma-
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Aldrich). For cultivation, cells were passaged to a new dish every two to three days.
Authentication was not performed. HEK 293T cells originate from a female embryo.

METHOD DETAILS

RNA interference—Knockdown of alg-2and kin-2were carried by feeding%4. cDNA
fragments of alg-2and kin-2were cloned into L4440 plasmid and transformed in the
inducible IPTG HT115 (DE3) bacterial strain. L1 staged worms were grown at 20°C on
IPTG Agar plates seeded with the respective bacterial strains or with bacteria transformed
with L4440 control plasmid.

Lifespan analyses—All strains were cultured under standard conditions and
synchronized by alkaline hypochlorite solution treatment. Lifespan assays*6 were conducted
at 20°C. Embryos were plated on NGM plates containing OP50. At the L4 stage, 20 animals
were transferred to one plate, and 5 plates were counted for each strain. First day after the
L4 stage was noted as day 1. Adult worms were transferred every 2 days during active
reproduction and scored for viability. Animals were scored as dead when they stopped
responding to gentle prodding with a platinum wire pick. Dead animals were removed from
the plates. Animals that died by internal hatching, vulval bursting, or crawling on the side
of the plates were censored from the lifespan analysis. P-values were calculated using the
Mantel-Cox log-rank test.

Preparation of protein extracts, immunoprecipitation and Western Blotting
analysis—Synchronized worm populations were obtained by alkaline hypochlorite
solution treatment and plated onto NGM agar plates seeded with Escherichia coli OP50
bacteria. Animals were cultured at 20°C until adult stage then washed in M9 buffer,
resuspended in ice-cold lysis buffer solution (100 mM potassium acetate, 30 mM Hepes-
KOH pH 7, 2 mM magnesium acetate, 1 mM DTT, 1.5% [v/v] Triton X-100, 1 tablet/10
ml Complete Mini Protease Inhibitor without EDTA (Roche)) and lysed using a Dounce
homogenizer. For immunoprecipitation, 12.5 uL of Dynabeads protein G (Thermo Fisher
Scientific) were washed three times with lysis buffer and then incubated with ALG-1
antibody in 200 uL PBST for 1 hour with rotation. Beads were washed three times with
lysis buffer and incubated with 1mg of worm extract (500 uL), for 3 hours at 4°C with
rotation. Beads were resuspended in 20 pL 2X SDS loading buffer and eluted by heating at
95°C for 10 min before loading on gel for SDS-PAGE. For ALG-1 Western blotting, primary
rabbit polyclonal ALG-1 antibodies were used at 1:1000 dilution in PBST supplemented
with 1% [v/v] bovine serum albumin, AIN-1 and DCR-1 antibodies!%® were used at 1:5000
in PBST; 5% [w/v] dried milk and beta-ACTIN (abcam, ab49900) was diluted 1:10000 in
PBST 5% [w/v] dried milk with overnight incubation at 4°C. For ALG-1 expression at L4
and adult stage in Figure 1C, exactly 75 worms were picked and directly boiled in SDS
Sample loading buffer (1 mM Tris-HCI [pH 6.8], 2% [w/v] SDS, 100mM DDT and 10%
[v/v] glycerol) for western blot analysis.

Assessment of ALG-1 expression and proteasomal degradation—Hand-picked
animals were harvested at the young adult stage. The worms were treated by rotating
them in suspension for two hours with vehicle only (DMSO) or with 50uM of MG132
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(Sigma-Aldrich, 474790) in M9. Harvested animals were collected and washed in M9 before
being lyzed in SDS loading buffer (1 mM Tris-HCI [pH 6.8], 2% [w/v] SDS, 100mM

DDT and 10% [v/v] glycerol). The homogenized extract was clarified by centrifugation

at 17,000x g for 5 min at 4°C. To detect ALG-1or ACTIN, the total protein extract was
boiled for 10 minutes in SDS loading buffer and proteins were resolved on 8% acrylamide
gel and transferred to Protran Premium NC membranes (GE Healthcare). Membranes were
incubated overnight at 4°C with either antibody: (i) Rabbit polyclonal against ALG-1 diluted
1:1,000 or (ii) Mouse monoclonal against beta-ACTIN (Abcam, ab49900) diluted 1:20,000;
Ubiquitin (Santa Cruz, sc-8017) diluted 1:400. Antibodies were diluted in PBST-1% bovine
serum albumin solution (137mM NaCl, 10 mM Phosphate, 2.7mM KCI [pH 7.4], 0.05%
[v/v] Tween-20 and 1% [w/v] bovine serum albumin). The membrane was incubated for

1 hour at room temperature with HRP-conjugated secondary antibody in PBST and then
revealed using Western Lightening ECL Kit (Perkin Elmer) and visualized using Chemidoc
imaging system (BioRad).

Luciferase assays—To perform Luciferase assays®6, C. elegans expressing the xeSi296
transgene [eft-3o::luc::gfo::unc-54 3UTR, unc-119(+)] |l were grown until they became
gravid adults. The embryos were extracted using an alkaline hypochlorite solution treatment
and single eggs were transferred by pipetting into a well of a flat-bottom, white 384-well
plate (Berthold Technologies, 32505). The embryos hatched and developed in 90 pl S-Basal
medium containing food (£. col/i OP50 at ODggg = 0.9) and substrate for luciferase (100
uM Firefly D-Luciferin) (p.j.k., 102111). Plates were sealed with a breathable sealing
membrane (Breathe Easier, Diversified Biotech, BERM-2000). Luminescence signal was
measured using a Luminometer (Berthold Technologies, Centro XS3 LB 960) for 72

hours of development at 20°C in an incubator for 0.5 seconds every 10 minutes in a
temperature-controlled incubator. Analysis of luminescence data was done in MATLAB
using an automated algorithm to detect the hatch and the molts®6.

Time-course small RNA sequencing and processing—N2 and a/g-1 mutant
animals were grown until gravid adults. Synchronized L1s were prepared by alkaline
hypochlorite solution treatment and hatching them in absence of food in M9 buffer for 15h.
The worms were plated on 2% NGM agar plates with Escherichia coli OP50 bacteria and
placed at 25°C. From 18h to 30h of development, worms were collected hourly by washing
them off the plates with M9. Worms were subjected to five cycles of freeze thawing in liquid
nitrogen and a 42°C heat block, respectively, in TRI Reagent (LucernaChem, TR-118).
After the lysis of worms, RNA isolation was performed with phenol-chloroform extraction
(adapted from106), Subsequently RNA was treated with DNase (Life Technologies) and used
for preparing small-RNA libraries.

For the time course experiments, the libraries were prepared using a QIAseq miRNA
Library Kit (Qiagen) according to manufacturer’s protocol. This was followed by
sequencing using the HiSeq 50 Cycle Single end reads protocol on HiSeq 2500. 3'

adapters (AACTGTAGGCACCATCAAT) were trimmed with cutadapt197 with the following
options (--error-rate 0.1, --minimum-length 15, --overlap 3). Reads were mapped to the
genome with bowtiel%8 (version 1.2.2) with the following options (-v 1, -m 100,--best,
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--strata, --fr). Alignments were sorted and indexed with samtools19? (version 1.9). Reads
mapping to rRNA, rRNA_pseudogene, tRNA, tRNA_pseudogene or from the mitochondrial
chromosome were excluded (based on the Wormbase 4 WS270 annotation19). The mature
miRNAs from miRBase!!! (version 22) and reads were counted with HTSeq12 (version
0.11.2) with the following options (--stranded yes, --type miRNA, --idattr Name, --mode
union).

RNA isolation of adult animals, Northern blot and RT-qPCR—Total RNA was
purified by resuspending worm pellet in TRI Reagent (Sigma) and lysed by flash-freezing

in liquid nitrogen three times. 30 micrograms of total RNAs were used for northern blot.
Samples were mixed with an equal volume of 2x Loading Dye (8 M urea, 25 mM EDTA,
0.025% [w/v] xylene cyanol (XC), 0.025% [w/v] bromophenol blue (BB)) and heated at
80°C. 15% Urea Gel PAGE (Sequagel solutions) was pre-ran for 20 minutes before loading
the samples. The gel was transferred onto Amersham Hybond-ECL nitrocellulose membrane
(GE Healthcare). The RNA was cross-linked to the membrane with an EDC solution [0.373g
(1-ethyl-3-(3-dimethylaminoprophy) carbodiimide and 1x methylimidazole (127.5 mM 1-
methylimidazole-HCI [pH 8]) at 60°C for 1 hour. The membrane was then washed with
water several times and baked at 80°C for 10 minutes. The membrane was pre-hybridized in
a hybridization bottle with 50 mL (5X SSC, 20 mM NayHPO4 pH 7.2, 7% [w/v] SDS, 2X
Denhardt’s Solution and 1 mg of freshly denatured sheared salmon sperm DNA) at 50°C for
2 hours with rotation. Probes were radiolabelled with IDT StarFire reagents (discontinued),
heated at 85°C for 5 minutes, directly added to the pre-hybridization solution, along with the
membrane, and incubated overnight at 50°C with rotation. The membrane was washed three
times in non-stringent wash solution (3X SSC, 5% [w/v] SDS) and once with stringent wash
solution (1X SSC, 1% [w/v] SDS), at 50°C for 20 minutes with rotation. Phosphorimager
screen was exposed with the membrane (overnight for miR-51 probes and 1 hour for tRNA
glycine probe) and revealed by autoradiography. Membranes were stripped by adding 100
mL of boiled 0.1% [w/v] SDS solution and incubating at 50°C for 20 minutes with rotation.

RT-gPCR were performed with TagMan miRNA Assay reagents (Life Technologies). AACT
values were obtained using snoRNA sn2841 as the endogenous control. To quantify the level
of miRNA bound to ALG-1, 1 mg of total protein extract was used to immunoprecipitate
ALG-1. 10% of the beads was suspended in 2x Laemmli denaturing buffer, heated at 95°C
and loaded on 8 % SDS-PAGE to assess the efficiency of the immunoprecipitation by
western blotting. 90 % of the remaining beads were suspended in 2X PK buffer (100 mM
Tris-Cl [pH 7.5], 200 mM NaCl, 1% [w/v] SDS) and digested with proteinase K (20ug)

at 50°C for 20 minutes. RNA was extracted from the solution using TriReagent (Sigma).
Samples were spiked-in and normalized with synthetic human miR-20a (50fmol).

Small RNA cloning, sequencing and analysis of adult worms—Recombinant
enzymes and oligonucleotides used for small RNA cloning were synthesized and

provided by Dr. Weifeng Gu Laboratory113.114 119 of total RNA or RNA purified

from ALG-1 IP (Img IP) was ligated in 3' with a 5' adenylated DNA oligonucleotide
(AppAGATCGGAAGAGCACACGTCTGAACTCCAGTCA/3ddC/) and triphosphorylated
small RNAs were dephosphorylated with recombinant C. e/egans PIR-1 in a 10 L reaction
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[50 mM Tris (pH 7.5), 10 mM DTT, and 10 mM MgCl,, PEG-8000 25% [v/v], 0.25 uM
oligonucleotide, 0.25 uM truncated T4 RNA ligase 2, 0.25 uM PIR-1] for 2 hours at room
temperature. The reaction was heat inactivated for 10 minutes at 65°C and then annealed
in 3' with 5 UM oligonucleotide GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
starting at 65°C, decreasing at a rate of 0.1°C/second to 20°C over 5 minutes.

5' ligation was performed by adding 9.5 pL of ligation reaction [0.5

mM ATP, 0.125 uM T4 RNA ligase 1, and 0.2 pM RNA oligonucleotide
(rArCrArCrUrCrUrUrUrCrCrCrUrArCrArCrGrArCrGrCrUrCrUrUrCrCrGrArUrCrU)] to
the above reaction samples and incubated at room temperature for 2 hours. Reverse
transcription was performed by adding 4.125 pL of [0.5 mM dNTP, 25 mM Tris, pH 8.8, 75
mM KCI, 5mM DTT and 0.125 uM Superscript 11] to the reaction, incubated at 42°C for 30
minutes and heat inactivated at 85°C for 5 minutes.

PCR amplifications were carried out in a 50 L PCR reaction of [1x PFU buffer (20mM
Tris-HCI (pH 8.8), 10mM KCI, 10mM (NH4)2SOy4, 2mM MgSOy, 0.1% [v/v] TritonX-100,
0.1 mg/ml BSA), 15 mM tetramethylammonium chloride, 0.1 mM dNTPs, 0.1 pM 5'

and 3' oligonucleotides, 5 pL reverse transcribed samples, and 1x PFU polymerase].

5' primers (AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA) and
the 3' primers containing index (CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT) were used. The PCR was first amplified for 5 cycles
(94°C 20s; 53°C 20s; 68°C 30s) and then amplified for 11 cycles (94°C 20s; 68°C 40s).
Additional 0.6 uM 5 and 3" primers were added to the mixture and the PCR was amplified
for 2 more cycles (94°C 20s; 68°C 40s).

PCR products were compared on 8% native PAGE gel, pooled according to the measured
ratio, purified by phenol-chloroform, precipitated and gel-purified.

Hiseq 4000 SR50 sequencing reads were mapped to the genome and cDNA using custom
PERL (5.10.1) scripts and Bowtie 0.12.7198, Databases used include C. elegans genome
(WormBase release WS215), Repbase 15.10115, and miRBase 16116, The Generic Genome
Browser!17 was used to visualize the alignments. Detailed PERL scripts and related database
files and analyses in this study are available upon request.

For the analysis of the total RNA datasets, the samples were normalized to the total small
RNAs including miRNAs, 22G-RNAs and 21U-RNAs. For ALG-1 bound miRNAs (IP),
miRNA and miR* reads were normalized on miR-48-5p reads bound to ALG-1 as it
binds ALG-1 WT, S642A and S642E equally (Figure S5A). Three replicates were used
for statistical analysis.

Specific miRISC purification: 2'-O-methyl pull down—2'-O-methyl pull down118
were performed with adult animal lysates homogenized in 2 volumes of lysis buffer (100
mM potassium acetate, 30 mM Hepes-KOH pH 7, 2 mM magnesium acetate, 1 mM DTT,
1.5% [v/v] Triton X-100, 1 tablet/10 ml Complete Mini Protease Inhibitor without EDTA
(Roche)) using a Dounce homogenizer. The extracts were clarified by centrifugation at
10,000x g. 4 mg of worm lysate was pre-cleared with M-280 streptavidin Dynabeads
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(Thermo Fisher Scientific) coupled with non-specific 2"-O-Me Luciferase oligonucleotides
(10pmol) for 1h. The supernatant was incubated with biotinylated 2'-O-Me oligonucleotides
(10pmol) bound to streptavidin beads for 1h at room temperature. Beads were washed three
times using ice-cold lysis buffer. Beads were resuspended in 20 uL 2X SDS loading buffer
and eluted by heating at 95°C for 10 min before loading on gel for western blotting. 2'-O-Me
oligonucleotides for miR-35-3p pull-down and the non-specific oligonucleotides targeting
luciferase are listed in Table S2.

In vitro phosphorylation assay—In vitro PKA kinase assays were performed using
assay conditions adapted from the manufacturer’s recommendations (Recombinant PKA,
P6000S, NEB). All reactions were performed in a 25 pl volume for 60 min at 30°C. Assay
buffer was composed of 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 5 mM EGTA, 0.1 mM
EDTA, 2 mM DTT, 0.01% Brij 35, 2 units of recombinant CK2, and 200 uM [y-32P] ATP
[6000 Ci/mmol; Perkin EImer]. Reactions were terminated on ice using 7.5 mM Guanidine
hydrochloride and the biotinylated peptides were spotted on streptavidin-coated membranes.
Samples were washed three times in 2M NaCl followed by four times in 2M NaCl with 1%
H3PO,. Incorporated 32P was measured using a liquid scintillation counter in CPM (counts
per minute). The data were also analyzed by Tricine-SDS-PAGE and autoradiography. Total
protein levels of PKA were observed by Coomassie staining.

Cell culture and transfection—The vectors for Flag/HA-tagged human AGO2 as well
as Flag/HA-tagged EGFP23 and the AGO2 Y529E mutant*® were used. S478 mutations
were introduced by site-directed mutagenesis strategy using the primers in Table S2.
Constructs were verified by Sanger sequencing.

HEK 293T cells were cultivated under standard conditions (37 °C, 5 % CO,) using
Dulbecco’s modified Eagle Medium (DMEM, Gibco) supplemented with 10 % FBS (Sigma-
Aldrich) and 1% penicillin-streptomycin (Sigma-Aldrich). Cells were grown on 15 cm
dishes and calcium-phosphate transfected using 10 ug of plasmid DNA per dish. For
transfection of the AGO2 S478E mutant, 20 g of DNA were used, for transfection of

EGFP 5 pg.

For analysis of AGO?2 target interactions, cells were harvested 48 h after transfection,
washed with PBS and lysed in 1 mL NET buffer (50 mM Tris/HCI pH 7.5, 150 mM NaCl, 5
mM EDTA, 0.5 % (v/v) NP-40 alternative, 10 % glycerol, 1 mM NaF, 1 mM DTT and 1 mM
AEBSF) for 20 min on ice. Lysates were cleared by centrifugation at 15,000 g for 20 min at
4 °C and input samples were taken before performing immunoprecipitation.

Immunoprecipitation (IP) of Flag/HA AGO2—For IP of Flag-tagged proteins and
subsequent analysis of AGO?2 target interaction, 50 pl packed volume of ANTI-FLAG M2
agarose beads (Sigma-Aldrich) was used. Prior to use, beads were washed twice with cold
PBS (1 min, 1,000 g, 4 °C). The beads were incubated with lysate for 2.5 h at 4 °C while
rotating. Afterwards, the samples were washed with NET lysis buffer (50 mM Tris/HCI pH
7.5, 5 mM EDTA, 0.5 % NP-40 alternative, 10 % glycerol, 1 mM NaF, 1 mM DTT, 1 mM
AEBSF) + 300 mM NacCl twice, once with lysis buffer + 450 mM NaCl, once with 600 mM
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NaCl, once with 450 mM NacCl, followed by one washing step with PBS. During the last
washing step, samples were split into RNA (75 %) and Western blot (25 %) samples.

After adding 50 pl of 2.5 x Laemmli sample buffer to the Western blot samples, samples
were incubated for 5 min at 95 °C. The denatured proteins were separated on a 10 %

SDS gel and semidry blotted. Flag/HA-tagged AGO2 proteins were detected with anti-HA
antibody (Covance 16B12, 1:1000) in combination with IRDye 800CW goat anti-mouse 1gG
secondary antibody (Li-Cor Biosciences, 1:10 000). Signals were detected and quantified
with the Odyssey Imaging System (Li-Cor Biosciences).

MRNA quantification of and Flag/HA AGO?2 IP transfected cells—RNA of input
and IP samples was extracted using Trizol reagent (Thermo Fisher Scientific) according to
the manufacturer’s protocol, including a second extraction step with chloroform. 1 ug of
input and the complete RNA of IP samples were digested with DNasel (Thermo Fisher
Scientific), and cDNA was synthesized using the First-Strand cDNA synthesis kit (Thermo
Fisher Scientific) with random hexamer primers following the manufacturer’s protocol.
RT-gPCR was performed with Takyon No Rox SYBR MasterMix dTTP Blue (Eurogentec)
using the primers listed in Table S2. Data were analyzed using the AACt method and
normalized to the AGO2 expression in the Western blot IP sample.

Northern blot analysis of miRNA expression in Flag/HA AGO?2 transfected
cells—RNA of Flag/HA AGO?2 transfected HEK 293T cells input samples was extracted
using Trizol (Thermo Fisher Scientific) according to the manufacturer’s protocol. Northern
blots were performed with 1 ug of input RNA®, RNA was separated on 12 % denaturing
polyacrylamide gels (Rotiphorese, Roth), semidry blotted, EDC cross-linked, and hybridized
overnight at 50°C. Blots were washed twice with 5x SSC, 1 % [w/v] SDS, and once with 1x
SSC, 1 % [w/v] SDS. Signals were detected by exposure to a screen and scanning with the
PMI imaging system (BioRad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments with C. elegans—Statistical analysis for phenotypes (Figure 1A, B and
D; Figure 6D and E; Figure S1B-C) is presented as percentage of population scored and
statistical significance was determined with a two-tailed Fisher’s exact test in Excel. For
the lifespan assay (Figure 1C), P-values were calculated with a Mantel-Cox log-rank test
with GraphPad Prism. For developmental timing (Figure 2), P-values were calculated with
a Welch two-sample and two-sided #test. For Figure S2 and S3, read counts of each
timepoint for each sample were divided by total number of reads and multiplied by the
average library size. A pseudocount of 8 was added after log2 transformation. Pearson’s
correlation was performed using Seaborn package in Python and PCA was performed using
sklearn.decomposition package in python. Statistical analysis for miRNA quantification
(Figure 4A, B and D; Figure 5A and C; Figure S4A; Figure S5A) was evaluated with a two-
tailed Student’s #test in Excel. AN/Box-B tethering reporter fluorescence intensity (Figure
3B) was quantified with Zen Software (Zeiss), presented as mean. P-values were calculated
with a two-tailed Student’s #test in Excel. Western blot bands intensity (Figure 1C; Figure
5B; Figure S1D; Figure S5A) were measured with ImageJ software and #-test were used to
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assess differences in protein levels where applicable, using biological triplicates. Statistical
details, including the sample size (n=) and the number of biological replicates for each
experiment, can be found in the respective figure and figure legend. Normality and equal
variance assumptions were not tested.

Experiments with human AGO2—Northern blot signals were quantified with the PMI
software Quantity One, Western blot signals with the Odyssey software. Significance was
tested using a two-tailed Student’s #test in Excel. All experiments were performed in three
biological replicates. Data is shown as the mean and error bars represent the standard
deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phospho-mimicking AL G-1 S642E impairs C. elegans development.
(A) Edited ALG-1 of serine 642 (S642), into non-phosphorylatable alanine (A) and

phospho-mimicking glutamate (E) mutant animals were monitored with Nomarski DIC
microscopy to evaluate the incidence of alae formation defects at young adult stage. The
graph indicates the percentage of animals affected by alae defects. P-values were measured
with a two-tailed Fisher's exact test, ** indicates p<0.01 and *** p<0.001. The sample size
(n=) used for quantification is indicated. (B) Lethality through vulva bursting. Percentage
of alg-1(0), alg-1(S5642A) and alg-1(5642E) animal populations that burst through the vulva
when reaching adulthood. P-values were measured with a two-tailed Fisher's exact test, **
indicates 0£<0.01 and *** p<0.001. The sample size (n=)used for quantification is indicated.
(C) Top: Lifespan assay. Survival curves of wild-type (WT) animals (black), alg-1(5642A)
(green), alg-1(S642E) (blue) and alg-1(0) (red). P-values were calculated using the Mantel-
Cox log-rank test, ****: p<0.0001 and **: p<0.01. Lifespan assays were performed with a
population of 7 >70 animals for each genotype. Bottom: Western blot analysis of ALG-1
at L4 larval stage, two days into adulthood (2d) and five days into adulthood (5d). Exactly
75 worms were used for each genotype and time point. Actin was used as a loading control.
The ratios of ALG-1 levels relative to wild-type animals at L4 stage after normalization on
Actin levels are shown. This is representative of three biological replicates. (D) Embryonic
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lethality. Embryos that die during development (unhatched) are counted and reported on the
total progeny as a percentage. For each genotype, 8 PO animals were allowed to lay eggs for
24h before removing them from their respective plate. After 48 hours, unhatched eggs and
the total progeny (embryos and larvae) were counted. The boxplot reports the percentage

of unhatched eggs relative to the total progeny for the indicated genotypes. ~values were
measured by a two-tailed Fisher's exact test accounting for the total number of unhatched
eggs and progeny of each PO animal for each genotype. *: p<0.05 and ***: p<0.001.
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Figure 2. ALG-1 phosphorylation mutants affect larval developmental timing.
Quantification of developmental durations of single animal molts expressing the xeSi296

transgene (A), intermolts (B) and larval stages (C) in WT (n=64), alg-1(5642A) (n=68) and
alg-1(5642E) (n=68) as determined by a luciferase assay. The boxplot represents median
(thick black line within the box), interquartile range (box), 1.5 times the interquartile

range (whiskers); data falling outside this range are plotted as outliers (circles). P-values
were measured by Welch two-sample and two-sided t-test. Asterisks represent statistically
significant (* p<0.05, ** p<0.01, *** p<0.001).

Cell Rep. Author manuscript; avai

lable in PMC 2023 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Huberdeau et al.

GFP Intensity : AUs

AN::ALG-1:

Page 31

Input ALG-1IP
WT S642A S642E WT S642A  S642E  (kDA)

ALG-1 |H | ames | n| \’w; - : : ‘ 100

ACTIN | |

AN::alg-1
Cuet @
x6: Box-B

) \ /
Cap{HULYF  __crr  IEENIGRE-AN)
alg-1p cog-1Alsy-6 bs

GFP::BoxB

_— AN::alg-1 (wt)

n=18
8000
7000
6000 n=18 n=16
5000 ey n=18
4000 e
3000
2000
1000

[} WT

S642A S642E

DIC GFP

GFP::BoxB

Figure 3. Phosphorylation of ALG-1 serine 642 does not affect itsinteraction with GW182
homolog AIN-1 nor itsability to silencea mRNA.

(A) ALG-1 co-immunoprecipitation with GW182 homolog AIN-1. ALG-1 was
immunoprecipitated from adult extract of wild type, alg-1(S642A) or alg-1(5642E) and
polyclonal antibodies for AIN-1 and ALG-1 were used for western blotting. The inputs

are 10% of the total protein extracts used for immunoprecipitations. Actin served as
loading control. The blots are representative of three biological replicates. (B) ALG-1 S642
phosphorylation does not impair mRNA silencing when tethered to a mRNA 3" UTR.

Top left: Schematic representation of AGO tethering system. A GFP reporter under the
control of an alg-1 promoter fused with the sequence of cog-13’UTR where the /sy-6
miRNA binding sites (delta /sy-6bs) are replaced by six copies of the Box-B element

(x6: Box-B). The high affinity between the Box-B RNA secondary structure and the AN
peptide fused to ALG-1 leads to its recruitment. A strain with a single integrated copy of
alg-1p::GFP::Box-B reporter carrying endogenous alg-1 alleles tagged with a A/Vsequence
at the 5” end of the coding sequence was used to edit AN..alg-1 into non-phosphorylatable
AN::alg-1 (5642A) and phospho-mimicking AN.alg-1 (S642E). The expression level of
the GFP reporter was measured in the pharynx. Bottom left: The GFP level expressed in
the pharynx of young adult worms was quantified using arbitrary units (AU). The error
bars represent the 95% confidence interval, and the ~-values indicated were measured by a
two-tailed Student’s ftest; *** p<0.001. The number of animals scored (72=) is indicated and
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the graph is representative of two independent measurements. Right: Representative images
of animals expressing only the GFP reporter (&) or GFP reporter and different versions of
AN-tagged alg-1 (AN.:alg-I) gene are shown. The scale bar indicates 20 pm. Images were
obtained at the same time of exposure, on the same slide, and with the same area of measure
for each animal strain.
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Figure 4. microRNA abundanceisaltered in phospho-mimicking AL G-1 S642E.
(A and B) Normalized miRNA reads expressed as log, of reads per million (RPM)

sequenced from small RNA cloning total RNA extracts of (A) alg-1(5642A) mutant animals
and (B) alg-1(S5642E) mutant animals compared to wild-type animals at adult stage. The
scatterplot reports the guide miRNA (Left) and passenger strand miRNA (miR*) (Right)
abundance in mutant vs wild-type animals. The abscissa measures the abundance in wild-
type animals and the ordinate measures the abundance in alg-1(S642A) or alg-1(S642E).
Each point represents the values for a specific miRNA averaged on three biological
replicates. Red squares are miRNAs for which the difference in number of normalized

reads compared to wild type was significant as evaluated with an unpaired Student’s #test;
p<0.05. The dashed diagonals indicate the two-fold change, and the middle diagonal (black)
represents the x=y slope. (C) Detection of miR-51 by Northern Blotting in wild-type,
alg-1(0), alg-1(5642A) and alg-1(S642E) adult animals. The mature guide miRNA (miR-51)
or passenger strand miRNA (miR-51*) are indicated as well as the precursor molecule
(pre-miR-51). The detection of tRNA glycine (tRNAYY) was used as a loading control.
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Representative images of two biological replicates. (D) Guide and passenger miRNA strands
quantification by RT-gPCR. The levels of the guide and passenger strands of miR-71 and
miR-238 in alg-1(S642A) and alg-1(S642E) gravid adult animals were measured by RT-
gPCR and normalized to the levels of wild-type animals. Small nucleolar RNA sn2841 was
used as an internal control gene. The error bars represent the 95% confidence interval from
three biological replicates and the P-values were calculated using a two-tailed Student’s
ttest; * p<0.05, ** p<0.01.
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Figure 5. Phospho-mimicking AL G-1 S642E impairs binding to miRNAs.

(A) ALG-1 immunoprecipitation (IP) and small RNA sequencing experiments using wild-
type (WT) and phosphorylation mutants animal populations. The plot shows the cumulative
distribution of the log,-fold changes (logo(FC)) for miRNA reads in ALG-1 mutants IP

vs ALG-1 WT IP averaged over three biological replicates. ALG-1 S642A mutant bind
miRNAs similarly to ALG-1 WT (Blue). The ALG-1 S642E mutant binds far less miRNAs
compared to WT (Red). The vertical line at O represents a log,FC of zero compared

to WT. (B) miR-35 miRISC pulldown of ALG-1. Proteins bound to miR-35 miRNA in
gravid adult extracts were pulled-down using a 2’-O-methylated and 5" biotinylated RNA
fully complementary oligonucleotide. The levels of ALG-1 pulled down in wild-type (WT)
animal extracts or in phosphorylation mutants S642A and S642E were evaluated by western
blotting. The ALG-1 levels in the input and in the pulldown relative to the signal in WT are
shown. Representative image of three biological replicates. (C) Scatterplot of miRNA bound
to ALG-1 averaged on three biological replicates and expressed as Log, of reads per million
(RPM). The guide strands (Left) and passenger strands (miR*) (Right) associated to ALG-1
are plotted comparing ALG-1 S642E and ALG-1 WT. The dashed lines indicate the two-fold
change, and the middle diagonal represents the x=y slope. Red squares indicate miRNAs

for which the number of reads were significantly different between WT and S642E IP, as
determined with an unpaired Student’s #test (p<0.05). miRNA reads obtained from ALG-1
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IP were normalized on the number of miR-48-5p reads in each replicate as miR-48 binding
to ALG-1 WT, ALG-1 S642A and ALG-1 S642E is robustly identical (Figure S5A).
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Figure 6. Protein Kinase A (PKA) genetically interacts with alg-1 and alg-1(S642A).
(A) Schematic of PKA activation. The consensus sequences for PKA substrates are shown

on ALG-1 sequence for serine 642 (Top). The basic side chain of arginine (R) (Red)

is commonly found at position -2 and -3 of PKA substrates. PKA is a holoenzyme

complex (Bottom) formed by two regulatory subunits and two catalytic subunits: KIN-1
and KIN-2 respectively in C. elegans. Activation of GPCRs and downstream synthesis of
cyclic adenosine monophosphate (CAMP) by adenylate cyclase leads to the dissociation

of the complex which allows the catalytic subunit to phosphorylate its substrates. (B)
ALG-1 peptides are phosphorylated in vitroby PKA at serine 642. The graph indicates the
incorporation of 32P as measured with a liquid scintillation counter following the incubation
of peptides with recombinant PKA. 18 amino-acid peptides of ALG-1 spanning the S642
phosphorylation site or a peptide in which the serine (S) is replaced with an alanine (A) were
used. The error bars show the 95% confidence interval from three independent experiments
(n=3). (C) Autoradiogram and Coomassie blue stained gels of /n vitro PKA Kinase reaction.
(D) Alae defects caused by k/n-2 RNAI are suppressed by the non-phosphorylatable mutant
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alg-1(5642A). First stage larvae L1 were fed with bacteria expressing double-stranded
RNA targeting &/n-2mRNA or a control double-stranded RNA. Young adults staged wild-
type animals or alg-1(5642A) mutants were monitored for alae defects. The p-value was
measured by Fisher's exact test. The graph is representative of three biological replicates.
(E) alg-1(5642A) suppresses kin-2loss of function mutant Bag of worms phenotype in
alg-2(0) animals. The hypomorphic point mutation kin-2(R92C) was edited with CRISPR-
Cas9 in alg-2(0) mutant and in the double mutant alg-2(0);alg-1(5642A). The double
mutant alg-2(0), kin-2(R92C) animals die at adult stage caused by a defect in egg laying
(Egl) leading to embryos hatching inside the worm (Bag of worms). This phenotype was
significantly suppressed in animals that cannot be phosphorylated on ALG-1 serine 642. The
sample size (n=) used for quantification for each genotype is indicated and the p-value was
calculated with Fisher’s exact test.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse Anti-beta Actin Monoclonal Antibody, HRP Conjugated, Abcam Cat# ab49900, RRID:AB_867494

Clone AC-15

Peroxidase-AffiniPure Goat Anti-Rabbit IgG (H+L) (min X
Hu,Ms,Rat Sr Prot) antibody

Jackson Immunoresearch
Labs.

Cat# 111-035-144, RRID:AB_2307391

Rabbit Anti-ALG-1 polyclonal antibody (Vasquez-Rifo et al., 2012) | N/A
Rabbit Anti-AIN-1 polyclonal antibody (Jannot et al., 2016) N/A
Rabbit Anti-DCR-1 polyclonal antibody (Duchaine et al., 2006) N/A

Mouse Anti-Ubiquitin Antibody (P4D1) monoclonal antibody

Santa Cruz

Cat# sc-8017, RRID:AB_628423

Mouse Anti-HA.11 Monoclonal Antibody, Unconjugated, Clone
16B12

Covance

Cat# MMS-101P-500,
RRID:AB_291261

IRDye 800CW Goat anti-Mouse 1gG

Li-Cor Biosciences

Cat# 925-32210, RRID: AB_2687825

Bacterial and virus strains

E. colistrain: OP50

Caenorhabditis Genetics
Center

CGC: OP50, RRID: WB-
STRAIN:WBStrain00041969

E. colistrain: HT115(DE3)

Caenorhabditis Genetics
Center

CGC: HT115(DE3), RRID: WB-
STRAIN:WBStrain00041080

Chemicals, peptides, and recombinant proteins

Biotin-MFTNQLQRISNDAGMPIV-OH This study N/A
Biotin-MFTNQLQRIANDAGMPIV-OH This study N/A

Firefly D-Luciferin PJK GmbH Cat# 102111
MG-132 Sigma-Aldrich Cat# 474790
Tri Reagent Sigma-Aldrich Cat# T9424
Critical commercial assays

TagMan Universal PCR Master Mix, no AmpErase UNG Thermo Fisher Scientific Cat# 4324018
Tagman MicroRNA Assay Thermo Fisher Scientific Cat# 4440886
Q5 Site-Directed Mutagenesis Kit New England Biolabs Cat# E0554S
Dynabeads M-280 Streptavidin Thermo Fisher Scientific Cat# 11205D
Dynabeads Protein G for Immunoprecipitation Thermo Fisher Scientific Cat# 10004D
Anti-FLAG M2 Magnetic Beads Sigma Aldrich Cat# M8823
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368814

Edit-R tracrRNA

Horizon Discovery

Cat# U-002005

Edit-R crRNA Horizon Discovery Cat# Custom0280
QIAseq miRNA Library Kit Qiagen Cat# 331505

Takyon No Rox SYBR MasterMix dTTP Blue Eurogentec Cat# UF-NSMT-B0701
Deposited data

Small RNA sequencing reads from Caenorhabditis elegans adult This study GEO: GSE198352
worms (total RNA and ALG-1 IP)

Small RNA sequencing reads at different time points during larval This study GEO: GSE174368

development

Experimental models: Cell lines
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Human: HEK293T cells

ATCC

RRID:CVCL_0063

Experimental models: Organisms/strains

Strain N2 Bristol (WT)

Caenorhabditis Genetics
Center

CGC: N2, RRID:WB-

STRAIN:WBStrain00000001

Strain VC446: alg-1(gk214) X

Caenorhabditis Genetics
Center

CGC: VC446, RRID: WB-STRAIN:

WBStrain00035775

Strain KG532: kin-2(ce179) X

Caenorhabditis Genetics
Center

CGC: KG532, RRID:WB-

STRAIN:WBStrain00023482

SUTR

Strain MJS218: alg-1(gk214) (Quévillon Huberdeau et N/A

Exfalg-1p..lambdaN.:mCherry::alg-1.:alg-1 3UTR, al., 2017)

prid(rol-6(su1006))]

Strain MJS258: alg-1(gk214) Ex{AN:.mcherry::alg-1(S642E); This paper N/A

prid(rol-6(su1006))]

Strain MJS259: alg-1(gk214) Ex{AN.:.mcherry::alg-1(S642A); This paper N/A

prid(rol-6(su1006))]

Strain MJS275: alg-1(gbc23[S642A]) X This paper N/A

Strain MJS306: alg-1(qbc46[{S642E]) X This paper N/A

Strain HW1939: xeSi296[Peft-3::luc::gfp:.unc-54 3UTR, (Meeuse et al., 2020) N/A

unc-119(+)] Il

Strain HW3060: xeSi296[Peft-3::luc::gfp::unc-54 3'UTR, This paper N/A

unc-119(+)] I1; alg-1(gbc23/S642A]) X

Strain HW3061: xeSi296/Peft-3::luc::gfp::unc-54 3'UTR, This paper N/A

unc-119(+)] I1; alg-1(qbc46[/S642E]) X

Strain MJS237: qbcSiO3[Palg-1..GFP:.cog-1-boxb-cb-unc-19(+)] (Quévillon Huberdeau et N/A

1V, alg-1(gbc18[lambdaN.:alg-1]) X al., 2017)

Strain MJS345: qbcSiO3[alg-1p..GFP::cog-1-boxb,cb-unc-119(+)] This paper N/A

1V, alg-1(gbc66[AN..alg-1(S642E)] X

Strain MJS349: qbcSiO3[alg-1p..GFP::cog-1-boxb,cb-unc-119(+)] This paper N/A

1V, alg-1(qbc67[AN.alg-1(S642A)] X

Strain MJS446: alg-2(0k304) 11, kin-2(qbc92[R92C]) X This paper N/A

Strain MJS 447: alg-2(0k304) 11, kin-2(gbc92[RI2C]) This paper N/A

alg-1(qbc67[S642A]) X

Oligonucleotides

Primers used for cloning are listed in Table S2. This study N/A

CRISPR RNA and repair templates to generate alg-1(S642A), This study N/A

alg-1(S642E), alg-1(Y693E) and kin-2(R92C) are listed in Table S2.

Primers for RT-qPCR are listed in Table S2. This study N/A

Recombinant DNA

Plasmid L4440: untargeted RNAI vector Addgene Cat# 1654

Plasmid MSP163: RNAI vector targeting alg-2 (Bouasker and Simard, N/A
2012)

Plasmid MSP437: RNAIi vector targeting k/in-2 This paper N/A

Plasmid MSP186: alg-1p::lambdaN::mCherry::alg-1::alg-1 3UTR Jannot et al. 2016 N/A

Plasmid MSP438: alg-1p::lambdaN::mCherry::alg-1(S642A)::alg-1 This study N/A

3UTR

Plasmid MSP439: alg-1p.:lambdaN::mCherry::alg-1(S642E)..alg-1 This study N/A

Software and algorithms
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bowtie (version 0.12.7)

Langmead, B. et al, 2009

http://bowtie-bio.sourceforge.net/
index.shtml

Bowtie (version 1.2.2)

Langmead, B. et al, 2009

http://bowtie-bio.sourceforge.net/
index.shtml

Cutadapt (version 2.3)

Martin,M. et al., 2011

https://cutadapt.readthedocs.io/en/v2.3/

Samtools (version 1.9)

Li, H. et al, 2009

https://sourceforge.net/projects/
samtools/files/samtools/1.9/

HTSeq (version 0.11.2)

Anders, S. et al, 2015

https://htseq.readthedocs.io/en/master/

Image Lab

Bio-Rad

https://www.bio-rad.com/en-ca/product/
image-lab-software?| D=KRE6P5E8Z

Other

Breathable sealing membrane (Breathe-EASIER)

Diversified Biotech

Cat# BERM-2000

Luminometer

Berthold Technologies

Centro XS3 LB 960

Gel Imaging System

Bio-Rad

ChemiDoc XRS+ System
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