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Dipeptidyl peptidase DPF-3 is a gatekeeper
of microRNA Argonaute compensation in
animals

Louis-Mathieu Harvey 1,2, Pierre-Marc Frédérick 1,2,8, Rajani Kanth Gudipati3,8,
Pascale Michaud1,2, François Houle1,2, Daniel Young4,5, Catherine Desbiens1,2,
Shanna Ladouceur1,2, Antoine Dufour 4,5, Helge Großhans 6,7 &
Martin J. Simard 1,2

MicroRNAs (miRNAs) are essential regulators involved in multiple biological
processes. To achieve their gene repression function, they are loaded in
miRNA-specific Argonautes to form the miRNA-induced silencing complex
(miRISC). Mammals and C. elegans possess more than one paralog of miRNA-
specific Argonautes, but the dynamic between them remains unclear. Here, we
report the conserved dipeptidyl peptidase DPF-3 as an interactor of the
miRNA-specific Argonaute ALG-1 in C. elegans. Knockout of dpf-3 increases
ALG-2 levels and miRISC formation in alg-1 loss-of-function animals, thereby
compensating for ALG-1 loss and rescuing miRNA-related defects observed.
DPF-3 can cleave an ALG-2 N-terminal peptide in vitro but does not appear to
rely on this catalytic activity to regulate ALG-2 in vivo. This study uncovers the
importance of DPF-3 in the miRNA pathway and provides insights into how
multiple miRNA Argonautes contribute to achieving proper miRNA-mediated
gene regulation in animals.

MicroRNAs (miRNAs) form a class of endogenous small non-coding
RNAs that can regulate gene expression at the post-transcriptional
level. These molecules play a major role across almost all living
organisms as they can regulate a plethora of biological processes
during development and aging1. To achieve their function, miRNAs
must be loaded into an Argonaute protein to form an active complex
namedmiRNA-induced silencing complex (miRISC). This complexmay
include other factors such as the deadenylation and decapping
machinery through its interaction with a GW182 scaffold protein, one
of the main miRNA-specific Argonaute interactors2–4. The miRNA
guides miRISC to its target mRNAs, usually exploiting base-pairing to
regions of incomplete complementarity in the mRNA 3′-untranslated
region (UTR)5. Upon binding to the mRNA, the miRISC can silence its

translation by either inhibiting translation, degrading the mRNA, or
both6,7. While the outcome of themiRISC binding to its mRNA target is
post-translational repression, it is not well understood what deter-
mines which silencing mechanism is employed. It has been suggested
that the mRNA’s fate after being targeted is dependent on the
context8–11. Therefore, the miRISC composition and preferred repres-
sion mechanism can vary between cell types and stages of the devel-
opment of the organism6.

The Argonaute superfamily of proteins is divided into three main
paralogous groups: Argonaute-like proteins (AGO), PIWI-like proteins
(PIWI) and worm-specific proteins (WAGO)12. Those proteins have a bi-
lobed architecture organized in four distinct main domains (N, PAZ,
MID and PIWI) supported with two linker domains (L1 and L2)13,

Received: 6 September 2024

Accepted: 13 March 2025

Check for updates

1Oncology Division, CHU de Québec – Université Laval Research Center, Québec, Canada. 2Université Laval Cancer Research Centre, Québec, Canada.
3Centre for Advanced Technologies, Adam Mickiewicz University, Poznań, Poland. 4Department of Physiology & Pharmacology, University of Calgary,
Calgary, Canada. 5Department of Biochemistry & Molecular Biology, University of Calgary, Calgary, Canada. 6Friedrich Miescher Institute for Biomedical
Research, Basel, Switzerland. 7University of Basel, Basel, Switzerland. 8These authors contributed equally: Pierre-Marc Frédérick, Rajani Kanth Gudipati.

e-mail: martin.simard@crchudequebec.ulaval.ca

Nature Communications |         (2025) 16:2738 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-4745-7820
http://orcid.org/0000-0002-4745-7820
http://orcid.org/0000-0002-4745-7820
http://orcid.org/0000-0002-4745-7820
http://orcid.org/0000-0002-4745-7820
http://orcid.org/0000-0002-3416-4156
http://orcid.org/0000-0002-3416-4156
http://orcid.org/0000-0002-3416-4156
http://orcid.org/0000-0002-3416-4156
http://orcid.org/0000-0002-3416-4156
http://orcid.org/0000-0002-3429-4188
http://orcid.org/0000-0002-3429-4188
http://orcid.org/0000-0002-3429-4188
http://orcid.org/0000-0002-3429-4188
http://orcid.org/0000-0002-3429-4188
http://orcid.org/0000-0002-8169-6905
http://orcid.org/0000-0002-8169-6905
http://orcid.org/0000-0002-8169-6905
http://orcid.org/0000-0002-8169-6905
http://orcid.org/0000-0002-8169-6905
http://orcid.org/0000-0002-3189-9309
http://orcid.org/0000-0002-3189-9309
http://orcid.org/0000-0002-3189-9309
http://orcid.org/0000-0002-3189-9309
http://orcid.org/0000-0002-3189-9309
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58141-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58141-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58141-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58141-6&domain=pdf
mailto:martin.simard@crchudequebec.ulaval.ca
www.nature.com/naturecommunications


conserved in all different Argonaute groups across several species14,15.
In C. elegans, the highly similar ALG-1 and ALG-2 constitute the two
main miRNA-specific Argonautes. Structurally, they mainly differ by
their N-terminal domain, which is extended in ALG-1 compared to ALG-
216. They are both expressed in all tissueswith the noticeable exception
of the pharynx, and the germline and a subset of head neurons, where
ALG-1 and ALG-2 are exclusively expressed, respectively16,17. Because of
their similarities, their function is thought tobemostly redundant. This
is highlighted by the fact that animals expressing only one of these
Argonautes are viable, but the loss of both is lethal18,19. However, there
are some differences in their expression pattern during development
and aging20. Indeed, ALG-2 is dominantly present during embryogen-
esis, while ALG-1 rises when approaching the larval stages and stays
high before falling off at the adult stage. Also, both Argonautes bind to
a high proportion of identical miRNAs, but some are specific to one or
the other20. This illustrates that both miRNA-specific Argonautes have
exclusive functionality depending on the cellular and developmental
context.

Like C. elegans, mammals also possess more than one miRNA-
specific Argonaute. They have four different Argonaute proteins that
can act in the miRNA pathway, namely AGO1-4. Those Argonautes also
have high sequence identity between them (~80%), with most of their
differences residing within their N domains, and they also share
expression in most tissues21. Most miRNAs are associated with all four
miRNA-specific Argonautes22, raising the question of whether they
work redundantly. Recent studies described the unique roles of indi-
vidual AGOs23–26 along with differences in their respective structure27.
Those data highlight that akin to C. elegans, mammalian AGOs can
assume different specific functions depending on the cellular and
developmental context despite their similarities. However, the rele-
vant regulatory mechanisms influencing miRNA-specific Argonautes’
functions in species withmultiple paralogs remain poorly understood.

In this study, we aimed to address what can drive miRNA-specific
Argonautes to functiondifferently bydiscoveringnew regulatorsusing
C. elegans as a model system. We used genetic and molecular
approaches to characterize dipeptidyl peptidase DPF-3 as an inter-
acting partner of miRNA-specific Argonautes. We demonstrate that
dpf-3 physically and genetically interacts with themiRNA pathway, and
that its knockout suppresses alg-1 loss-of-function defects both at the
phenotypical and molecular level. We also show that DPF-3 regulates
ALG-2 protein level and its ability to compensate formiRNA function in
the absence of its paralog ALG-1.

Results
Dpf-3 is a physical and genetic interactor of ALG-1
We first set out to discover new interactors of the miRISC by per-
forming an ALG-1 immunoprecipitation followed by mass spectro-
metry (IP-MS) analysis using a CRISPR-Cas9 engineered strain
expressing a FLAG-HA tag at alg-1 endogenous loci. With this method,
we readily identified AIN-1 and AIN-2, orthologs of TNRC6/GW182 and
known interacting partners of ALG-110,28,29 (Fig. 1a). Additionally, we
consistently observed strong enrichment of DPF-3 (Fig. 1a), not pre-
viously known to function in the miRNA pathway. We also performed
this experiment with samples treated with either RNase inhibitors or
RNase and found an enrichment for DPF-3 in both conditions (Sup-
plementary Fig. 1a, b). DPF-3 is amember of the dipeptidyl peptidase 4
(DPP4) serine protease family and is the C. elegans ortholog of mam-
malian DPP8/9, which play important roles in immunity, inflammation,
and tumor biology, among others30. Members of this protease family
are exopeptidases that cleave dipeptides off the N-terminus from their
substrates, with a preference for cleaving after proline or alanine when
in second position31–33. Recently, DPF-3 was shown to regulate the
endogenous siRNA pathway bymediating the processing of C. elegans-
specificArgonautesWAGO-1 andWAGO-334. This raised the questionof
whether this dipeptidyl peptidase-mediated regulatory mechanism

could also be extended to Argonautes of a conserved pathway, such as
miRNA-mediated gene regulation.

To explore a potential function of dpf-3 in the regulation of the
miRNA pathway, we crossed the dpf-3(xe68) null strain34 into the
alg-1(gk214) loss-of-function strain. We investigated the effect of
dpf-3(xe68) on alg-1(gk214) phenotypes associated with dysfunc-
tion of the miRNA pathway. We first monitored the number of
hypodermal cells named seam cells, which arise from asymmetric
division during the animal larval development, resulting in sixteen
lateral seam cells distributed on each side of the animal35. Given
that their proliferation and terminal differentiation are tightly
regulated by miRNAs18, in events where the miRNA pathway is
defective, such as in alg-1 loss-of-function mutants, the number of
seam cells can be greater than sixteen36,37. Using a strain expressing
GFP under seam cell-specific promoter, we observed that the seam
cell number in most alg-1(gk214) animals is greater than sixteen, as
expected (Fig. 1b and Supplementary Fig. 1c). While the dpf-3(xe68)
mutation alone has no effect on the seam cell proliferation, its loss
in alg-1(gk214) animals significantly decreases the seam cell num-
ber to an amount comparable to WT animals. We next verified the
presence of defects in the formation of the cuticular structure
named alae, which is formed after seam cells division and fusion
during the transition to adulthood38. Over 20% of alg-1(gk214)
animals showed a gap in the alae structure compared to no defect
in the WT and dpf-3(xe68) worms (Fig. 1c). The double mutant also
displayed no alae gap, demonstrating rescue of the alg-1(gk214)-
related phenotype by the loss of dpf-3 as seen in the seam cells
count. Another phenotype we scored is the vulval bursting hap-
pening at the larva-to-adulthood transition, known to occur at
restrictive temperatures in alg-1(gk214) animals. This type of
lethality is associated with the misregulation of the let-7 miRNA
target LIN-41 mRNA, an important heterochronic gene essential for
controlling the proper development of the vulva at the larva-to-
adult transition in C. elegans39. WT and dpf-3(xe68) worms had no
bursting at 25 °C whereas over 10% of alg-1(gk214) animals died
from bursting after reaching adulthood (Fig. 1d). While some
bursting was still observable in dpf-3(xe68);alg-1(gk214) animals
(~2%), we observed a significant decrease in the number of worms
bursting, showing the dpf-3(xe68) mutation can also rescue this
alg-1(gk214) related phenotype. We next investigated whether
functional miRNAs are required for the suppression of the
observed phenotypes. We used a strain carrying a let-7 miRNA
mutation that leads to defective regulation of the LIN-41 mRNA in a
temperature-sensitive manner (let-7(n2853) allele). None of the WT
and dpf-3(xe68) animals died by bursting, while let-7(n2853) and
dpf-3(xe68);let-7(n2853) worms had similar bursting rate (Supple-
mentary Fig. 1d). This suggests that functional miRNAs are
required to achieve phenotype rescue, at least for let-7 specific
phenotypes. Overall, we conclude from this data that dpf-3 is a
physical and genetic interactor of miRNA-specific Argonaute
ALG-1.

Dpf-3 depletion restores normal miRNA repression in alg-1 loss-
of-function animals
Next, we wondered if our observed rescue would extend to the
molecular level. It is well established that alg-1 loss-of-function greatly
affects the animal’s capacity to maintain post-transcriptional gene
regulation by the miRNA pathway, in part due to diminished miRNA
production or stability20,40. Therefore, we first verified the effect of the
loss of dpf-3 in alg-1(gk214) animals on miRNA steady-state by small
RNA sequencing and compared the data to WT, dpf-3(xe68), and alg-
1(gk214) animals. Since most of the phenotypes we observed pre-
viously (Fig. 1) appear at the larva-to-adult transition,wemonitored the
miRNA levels in replicates of young adult worm populations. We per-
formed Principal Component Analysis (PCA) and found that the three

Article https://doi.org/10.1038/s41467-025-58141-6

Nature Communications |         (2025) 16:2738 2

www.nature.com/naturecommunications


independent populations of their respective genotype cluster well
among themselves (Supplementary Fig. 2), indicating low variance
between the replicates. As expected, alg-1(gk214) animals had themost
effect onmiRNA levels as 75 out of 166 (45.2%)were either increased or

decreased by at least two-fold compared to WT animals (Fig. 2a). By
contrast, dpf-3(xe68);alg-1(gk214) animals had fewer miRNAs mis-
regulated (20 out of 166, or 12.1%) and had amiRNA expressionpattern
similar to WT and dpf-3(xe68) animals (Fig. 2a and Supplementary
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Fig. 1 |Dpf-3 physically and genetically interacts with themiRNA pathway. a IP-
MS of ALG-1. The x-axis indicates the fold enrichment of the bait proteins and their
interacting partners over control (SART-3). Each dot represents a distinct inter-
acting partner. Specific and significant interacting partners are shown. False Dis-
covery Rate (FDR) of 0.05 was used. Exact p-values were calculated by two-tailed
Student t-test and are indicated for each interactor on theY-axisof the volcanoplot.
N = 4.b Seam cell number in adultWT, dpf-3(xe68), alg-1(gk214) and dpf-3(xe68);alg-
1(gk214) worms. Each dot represents a single animal. The number in parenthesis
represents the number of animals scored for each genotype. P-value was calculated
by two-tailedMann-Whitney test. n.s. = non-significant. cTop: DIC pictures showing
an example of normal alae structure and gapped alae structure (white arrowhead

points to the gap in the structure and the bracket shows the length of the gap).
Bottom: Percentage of WT, dpf-3(xe68), alg-1(gk214) and dpf-3(xe68);alg-1(gk214)
worms displaying an alae gap phenotype at 20 °C. The number in parenthesis
represents the number of animals scored for each genotype. P-values were calcu-
lated by two-sided Fisher’s exact test. n.s. = non-significant. d Percentage of WT,
dpf-3(xe68), alg-1(gk214) and dpf-3(xe68);alg-1(gk214)worms displaying the bursting
through the vulva phenotype at 25 °C. Number in parenthesis represents the
number ofworms scored. Pictures show anexample of a normally developedworm
versus a burst worm, where the white arrow points at a normal vulva and the white
arrowheadpoints at the gonad sticking out of the vulva.P-valueswere calculatedby
two-sided Fisher’s exact test.
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Fig. 2). We then focused our analysis on the subset of miRNAs that are
misregulated in alg-1(gk214) mutants (Fig. 2b). In dpf-3(xe68);alg-
1(gk214) animals, we observed that 55 out of those 75 miRNAs (73.3%)
fall within the two-fold threshold and thus also had similar steady-state
to WT and dpf-3(xe68) animals. This suggests that the suppression of
defective miRNA-pathway-related phenotypes of dpf-3(xe68);alg-
1(gk214) animals also extrapolates to the miRNA molecular level.

Interestingly, some let-7miRNA familymembers were found to be
downregulated in alg-1(gk214) compared to WT, while they were all
normally expressed in the double mutant according to our small RNA
sequencing data (Fig. 2b). We measured their abundance using RT-
qPCR and confirmed that dpf-3(xe68);alg-1(gk214) young adults have

similar let-7 family miRNA levels to WT animals, contrasting the
reduced miRNA levels of alg-1(gk214) animals (Fig. 2c). Then, we ver-
ified whether dpf-3(xe68);alg-1(gk214) animals could achieve proper
target silencing. RT-qPCR data of known let-7 targets (DAF-12 andHBL-
1 mRNAs)41–43 show that dpf-3(xe68);alg-1(gk214) young adults have
expression levels of those targets similar to WT animals, in opposition
to alg-1(gk214) derepressed target levels (Fig. 2d). This suggests that
the restored level of let-7 miRNA family members re-establishes nor-
mal miRNA target repression in dpf-3(xe68);alg-1(gk214) animals. Alto-
gether, these results indicate that the rescue of alg-1(gk214)-related
phenotypes is due to a restoration of proper miRNA-mediated gene
silencing caused by the loss of dpf-3.

Fig. 2 | Removal of dpf-3 in alg-1 loss-of-function animals restores normal
miRNA regulation of transcripts. a ΔLog2 of RPM of miRNA sequencing data
where the WT values are subtracted from the dpf-3(xe68), alg-1(gk214) and dpf-
3(xe68);alg-1(gk214) values. Each dot represents a single miRNA, where green dots
are miRNAsmore expressed thanWT and red dots are miRNAs less expressed than
WT. Black dots represent miRNAs that are within normal expression thresholds
(gray dashed lines). The proportion of miRNAs misregulated by at least ±1 ΔLog2
appear on top of each condition. Each dot is a mean of 3 biological replicates
normalized on the total reads. b ΔLog2 of RPM of miRNA sequencing data where

only miRNAs that were up- or downregulated in alg-1(gk214) animals were selected
and quantified in specified genetic backgrounds. The proportion of those miRNAs
that are within normal expression thresholds (gray dashed lines) appear on top of
each condition. c, d RT-qPCR was performed on total RNA extracts of WT, alg-
1(gk214) and dpf-3(xe68);alg-1(gk214) worms to measure the relative expression of
the let-7 miRNA family members and their targets. Data are presented as mean
values of three biological replicates (white dots) ± SD. MiRNA levels were normal-
ized using sn2841, and miRNA target levels were normalized using tba-1. P-values
were calculated by two-tailed Student t-test. n.s. = non-significant.
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Depleting DPF-3 increases ALG-2 functional miRISC
As ALG-2 constitutes the other main miRNA-specific Argonaute, we
next asked if the loss of dpf-3 could influence its function. We first
explored the effect of dpf-3 loss on ALG-2 protein level. Although the
loss of dpf-3 alone does not appear to affect ALG-2, we detected a
significant increase in its level in the dpf-3(xe68);alg-1(gk214) double
mutant animals (Fig. 3a, b) when compared to alg-1(gk214) animals

baseline level. Next, we examined if the noted ALG-2 accumulation
leads to more miRISC formation. To test this, we purified let-7 miRISC
using a biotinylated complementary let-7 oligonucleotide and mon-
itored ALG-2 by western blot44. We observed an increase in ALG-2
association to let-7 in dpf-3(xe68);alg-1(gk214) animals compared to alg-
1(gk214) (Fig. 3c, d), suggesting that ALG-2 miRISC is formed more
readily and is more likely able to repress its let-7 miRNA targets in the
absence of dpf-3 in alg-1 loss-of-function animals. To determine if this
effect is specific to let-7miRISC or broader,we purifiedmiR-77miRISC,
anothermiRNAwhich also has its level re-establishedby the loss ofdpf-
3 in alg-1(gk214) animals (Fig. 2b). As for let-7, we also observed an
increase in miR-77 association to ALG-2 in dpf-3(xe68);alg-1(gk214)
animals compared to alg-1(gk214) alone (Supplementary Fig. 3a, b),
confirming that the increase of active ALG-2 miRISC is broader than a
single miRNA family. Overall, those results indicate that knockout of
dpf-3 allows ALG-2 to compensate for the lack of its paralog ALG-1 in
the miRNA pathway by increasing its expression and association with
miRNAs to produce functional miRISC.

To next verify that ALG-2 is essential for the rescue, and not
another Argonaute that could assume a non-canonical function
under these specific conditions, we performed ALG-2 RNAi on dpf-
3(xe68);alg-1(gk214) worms and scored lethality. We observed that
the loss of both miRNA-specific Argonautes remained lethal
(Fig. 3e), confirming that ALG-2 is essential to suppress the loss of
ALG-1 in the absence of DPF-3. Additionally, we investigated if dpf-
3 and alg-2 genetically interact together by crossing a strain car-
rying the alg-2(ok304) loss-of-function allele with our dpf-3(xe68)
strain and verified for genetic synergy. We assessed both the alae
gap and bursting through the vulva phenotypes and could not see
any synergistic effect for those (Supplementary Fig. 4a, b). We also
performedmiRNA sequencing and did not observe any differences
in miRNA expression when comparing dpf-3(xe68);alg-2(ok304)
animals to single mutants (Supplementary Fig. 4c). This empha-
sizes that the modulatory effect of DPF-3 in the miRNA pathway is
only unveiled in absence of ALG-1.

TheDPF-3 dipeptidase activity appears not tobe contributing to
ALG-2 modulation
AsALG-2 is essential for the suppressionofalg-1-relatedmiRNAdefects
in dpf-3 loss-of-function animals, we next tackled the question of how
DPF-3 could regulate ALG-2. DPF-3 being a dipeptidyl peptidase, we
verified if it could cleave an ALG-2 N-terminal dipeptide to regulate its
function. ALG-2 amino acids sequence possesses two different iso-
forms with two distinct N-termini resulting from the alternative spli-
cing of a 5′ exon of ALG-2 mRNA. Themore expressed shorter isoform
notably possesses a proline at the second position from the N-termi-
nus, making this isoform a likely candidate for DPF-3 processing. The
longer isoform also contains a proline but at the third position,making
this isoform a less likely substrate for DPF-3 processing.

We first used a proteomic approach called Terminal Amine Iso-
topic Labelling of Substrates (TAILS) combined with liquid chroma-
tography and tandem mass spectrometry (LC/MS-MS)45,46 to verify if
we could detect a cleavage (or a lack of it) in WT and dpf-3(xe68). This
method has been applied for protein N-terminal characterization and
quantification by filtering out tryptic peptides to enrich both the nat-
ural and neo-N-termini of proteins produced from proteolysis47. We
used this method with total extracts of WT and dpf-3(xe68)worms and
searched for peptides of ALG-2 (Supplementary Fig. 5a). We could
confirm the enrichment worked as we detected a high number of
peptides specific to the samples treated with the TAILS polymer
compared to the preTAILS control samples (Supplementary Fig. 5b).
Unfortunately, we could not find any ALG-2 peptides enriched by
TAILS, but we did identify a potential natural substrate of DPF-3 in
CCT-4 where the cleavage after the proline at the third position from
the N-terminus is 88-fold enriched inWT conditions compared to dpf-
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Fig. 3 | ALG-2 compensates for the loss of ALG-1 in dpf-3(xe68);alg-1(gk214)
animals. a Representative western blot of ALG-1/2 protein expression in WT, dpf-
3(xe68), alg-1(gk214) and dpf-3(xe68);alg-1(gk214) worms. ACTIN acts as a loading
control. The numbers on top of the alg-1(gk214) and dpf-3(xe68);alg-1(gk214) bands
represent ALG-2 protein signal intensity relative toalg-1(gk214)whennormalizedon
the ACTIN band.N = 4. bQuantification of the signal intensity of the ALG-2 western
blot band across four biological replicates, comparing alg-1(gk214) condition todpf-
3(xe68);alg-1(gk214) condition. Data are presented asmean values of four biological
replicates (black dots) ± SD. P-value was calculated by two-tailed one sample Stu-
dent t-test. c let-7 miRISC purificationwas performed and followed bywestern blot
analysis tomeasureALG-1/2protein association to let-7. Thewesternblot shown is a
representative replicate. Input and purifications are separated as they received
different exposure time, but were still ran on the same gel. The numbers on top of
the alg-1(gk214) and alg-1(gk214); dpf-3(xe68) bands in the let-7 section represent
ALG-2 protein signal intensity relative to alg-1(gk214). N = 3. d Quantification of the
signal intensity of the ALG-2 western blot band of the let-7 miRISC purifications
across three biological replicates, comparing alg-1(gk214) condition to dpf-
3(xe68);alg-1(gk214) condition. Data is presented as mean value of three biological
replicates (black dots) ± SD. P-value was calculated by two-tailed one sample Stu-
dent t-test. e alg-2 RNAi was performed on alg-1(gk214) and alg-1(gk214); dpf-3(xe68)
L4 animals (5–10 animals per condition per replicate) and the percentage of leth-
ality in the progeny was measured (approx. 100 progeny per condition per repli-
cate). Data are presented asmean values ± SDof three biological replicate. Each dot
represents an independent experiment. P-value was calculated by two-way ANOVA.
n.s. = non-significant.
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3(xe68) (Supplementary Fig. 5c). This suggests that validating the
N-terminal sequence of ALG-2 using proteomics will be challenging.

Therefore, we used an in vitro setting to verify if DPF-3 can in fact
cleave an ALG-2N-terminal peptide.We conducted an in vitro cleavage
assay using a synthetic peptide representing the N-terminus of ALG-2’s
short isoform incubated with affinity purified WT or catalytic dead
DPF-3 protein (DPF-3(S784A))34. We then measured the accumulation
of the product peptide, which should be missing its first two amino
acids, using liquid chromatography followed by tandem mass spec-
trometry (LC-MS/MS). The in vitro assay showed that the ALG-2 N-
terminus is actively being cleaved by DPF-3 as we could detect an
increase in cleaved peptide over time when incubated with wild-type

DPF-3, and not with DPF-3(S784A) (Fig. 4a). We also performed a
control assaywith apeptide inwhich the proline at the secondposition
was substituted with glycine, making it resistant to cleavage34. We
could not detect cleavage with this amino acid substitution (Supple-
mentary Fig. 6a), indicating thatDPF-3 needs a second position proline
to produce cleaved ALG-2 peptide. This result shows that ALG-2 is a
DPF-3 substrate for dipeptide cleavage in vitro.

We thenmoved to an in vivo setting to verify if the lack of ALG-2N-
terminal dipeptide cleavage is themechanism implicated in the rescue
of miRNA defects seen in dpf-3(xe68);alg-1(gk214) animals. We first
tested if the DPF-3 catalytic mutant phenocopies the loss of DPF-3 in
animals missing ALG-1. When crossed into the alg-1 loss-of-function
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background, the catalytic mutant failed to rescue the miRNA pathway
at all levels: alae formation (Supplementary Fig. 6b), let-7miRNA family
level (Supplementary Fig. 6c) and ALG-2 protein level (Supplementary
Fig. 6d). To get further insights, we endogenouslymutated both ALG-2
isoforms’ N-terminal prolines to glycine using the CRISPR-Cas9
methodology, thereby making ALG-2 resistant to potential cleavage
as seen in our in vitro assay (Fig. 4b). We crossed this newly generated
allele into alg-1(gk214) background and tested if the mutation of both
prolines was enough to rescue the phenotypes. We observed that this
prolinemutant strain didnot phenocopy the rescueofalg-1(gk214) alae
gaps, let-7 miRNA family levels, and ALG-2 protein abundance that
arises from the complete loss of dpf-3 (Fig. 4c–e). However, it is worth
mentioning that mutating both N-terminal prolines appears to affect
ALG-2’s functionality, as animals with this alg-2 allele in alg-1(gk214)
background show a very high proportion of gapped alae (Fig. 4c). This
could limit our ability to detect phenotype suppression even in the
occurrence of a dipeptide retainment. Altogether, these results show
that while DPF-3 can cleave aN-terminal dipeptide of ALG-2 in vitro, we

found no evidence of cleavage in vivo, using both genetic and pro-
teomic approaches, suggesting that DPF-3 regulates the microRNA
pathway independently of ALG-2 N-terminus processing.

DPF-3 does not stably bind to ALG-2
We next aimed to understand how DPF-3 acts on ALG-2 to allow phe-
notypical and molecular rescues to occur independently of DPF-3’s
catalytic activity. Recent studies demonstrated that dipeptidyl pepti-
dases could sequester their substrate simply by interaction and with-
out catalytic activity48,49. Therefore, we first asked if DPF-3 can
physically interact with ALG-2 as seen with ALG-1 (Fig. 1a). Since we are
not able to get anALG-2-specific antibodydue to its high similaritywith
ALG-1, we endogenously tagged alg-2 using CRISPR-Cas9 methodol-
ogy. This proved to be challenging as we could not insert a tag at the
very N-terminus of ALG-2 as commonly done for Argonaute proteins
because dipeptidyl peptidases mainly act on this part of their
substrates31,32,33. Moreover, since we are working in an alg-1 loss-of-
function background, we needed to create a functional tagged ALG-2
protein to avoid lethality. Thus, we used AlphaFold’s50 ALG-2 structure
prediction and identified a suitable region further into the N domain
for tagging ALG-2 with a V5 tag (Fig. 5a). Our strategy has been fruitful
as we isolated alg-1(gk214) animals expressing V5::ALG-2, confirming
that endogenously tagged V5::ALG-2 is functional. The immunopreci-
pitation experiments we performed show that DPF-3 does not co-
immunoprecipitate with ALG-2 (Fig. 5b). Since DPF-3’s effect on the
miRNA pathway is most noticeable in an alg-1 loss-of-function back-
ground, we also performed immunoprecipitations with samples of
animals lacking alg-1 to verify if DPF-3would start to interactwith ALG-
2 in this condition. We still could not detect any co-
immunoprecipitation between them even in alg-1(gk214) background
(Fig. 5c). We additionally did the reverse experiment where we instead
immunoprecipitated DPF-3 and verified for ALG-2 enrichment, but the
result remained the same (Supplementary Fig. 7a). To further confirm,
we carried out ALG-2 immunoprecipitation treated with either RNase
inhibitors or RNase andperformedmass spectrometry on the samples.
Both conditions also reveal that DPF-3 does not co-immunoprecipitate
with ALG-2 (Supplementary Fig. 7b, c). Finally, we also performed a
V5::ALG-2 immunoprecipitation to verify if the catalyticmutant of DPF-
3 would now quench ALG-2, but we still could not detect any co-
immunoprecipitation between the two proteins (Supplementary
Fig. 7d). Those results demonstrate that DPF-3 does not appear to bind
stably to ALG-2 and impair its ability to perform its function. As such,
this also indicates that while DPF-3 can play a role in multiple small
RNAs pathway34, it is not a general binding partner of miRNA-specific
Argonautes and instead favors interaction with ALG-1 under normal
conditions (as seen in Fig. 1a).

Absence of DPF-3 in alg-1(gk214) background leads to an
increase in ALG-2 mRNA
As we detected a significant increase in ALG-2 protein level in the
absence of both DPF-3 and ALG-1 and considering that this does not
appear to be caused by a stabilization of the protein lacking an
N-terminus dipeptide cleavage, we next investigated if the loss of DPF-
3 could influence the production of ALG-2 mRNA. We first performed
RT-qPCR using primers in exon junctions of the ALG-2mRNA to check
for the level of mature mRNA. The result showed that dpf-3(xe68);alg-
1(gk214) double mutant animals have an increase of more than 1.5-fold
in mature ALG-2 mRNA relative to WT animals, while dpf-3(xe68) and
alg-1(gk214) worms have no significant difference (Fig. 6a). We specu-
lated that the increase inALG-2mRNAcould be an indirect effect of the
decreased endogenous siRNAs activity in dpf-3 mutants described by
Gudipati et al., where loss of dpf-3 mainly reduces WAGO-3 stability
and causes defective siRNA sorting34. It is possible that 22G-RNAs
normally target ALG-2 mRNA to regulate its expression and that
removing wago-3 (mimicking the effect of dpf-3 mutation) from the
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genetic background in combination with alg-1(gk214) mutation could
replicate the suppression through increased ALG-2 abundance. Hence,
we crossed animals carrying thewago-3(tm1120) loss-of-function allele
with alg-1(gk214) animals to generate a double mutant strain and ver-
ified if this was sufficient for defective miRNA pathway-related

phenotypes rescue. Wago-3(tm1120);alg-1(gk214) worms did not dis-
play an increase in general fitness and showed a bursting rate just
under 20% when maintained at the restrictive temperature (Supple-
mentary Fig. 8), akin to what is observed in alg-1(gk214) animals
(Fig. 1d). We conclude that a change in the functionality of the C.
elegans-specific WAGOs siRNA pathway caused by the dpf-3 mutation
is likely not the reason for the observed increase of ALG-2 mRNA level
in dpf-3(xe68);alg-1(gk214) animals.

We next asked if the loss of dpf-3 could affect the abundance of
the ALG-2 precursor mRNA by affecting its transcription and/or spli-
cing using RT-qPCR. While dpf-3(xe68) did not affect the pre-mRNA
level, dpf-3(xe68);alg-1(gk214) animals showed a consistent increase of
about 2-fold compared to WT worms (Fig. 6b). Alg-1(gk214) animals
also displayed agreatly variable increase inALG-2pre-mRNA levels but,
contrary to double mutant animals, this did not lead to increased
mature mRNA levels (Fig. 6a, b). Additionally, we tested if this effect is
specific to ALG-2 by monitoring stable and commonly used reference
genes, pmp-3 and cdc-4251. While alg-1(gk214) worms also displayed a
significant increase in PMP-3 pre-mRNA, double mutant animals
remained at WT levels (Supplementary Fig. 9a). We observed a slight
increase in mature PMP-3 mRNA in dpf-3(xe68);alg-1(gk214) worms
(Supplementary Fig. 9b), but far from the increase we observed in the
case of ALG-2 mRNA. Similarly, alg-1(gk214) animals had an increase in
CDC-42 pre-mRNA but not double mutants (Supplementary Fig. 7c).
However, for CDC-42 specifically, alg-1(gk214) worms had a significant
increase inmaturemRNA and dpf-3(xe68);alg-1(gk214) had only a slight
increase (Supplementary Fig. 9d). This suggests that, for some genes,
the removal of alg-1 alone is sufficient to increase mature mRNA
expression, but for other genes such as alg-2, dpf-3 must also be
absent. Altogether, these results show that dpf-3 knockout in alg-
1(gk214) background increases in the animal’s ability to produce
mature ALG-2 mRNA.

Discussion
As miRNA-specific Argonaute proteins constitute the main compo-
nents of a key regulatory pathway for many essential biological pro-
cesses, they must be tightly regulated for the organisms to develop
normally and maintain homeostasis. Our results uncovered a new
interactor and regulator of the miRISC in C. elegans, namely the
dipeptidyl peptidase DPF-3. We demonstrated with our genetic and
molecular data that a loss of function of dpf-3 removes an inhibition of
alg-2 that enables this Argonaute protein to better compensate for a
loss of function of its paralog alg-1. Mechanistically, several pieces of
data presented here indicate that the dipeptidyl peptidase activity of
DPF-3 does not contribute to regulate alg-2. First, even though DPF-3
can cleave a N-terminal ALG-2 dipeptide in vitro, we could not validate
that this processing happens in vivo or detect a stable interaction
betweenALG-2 andDPF-3, in contrast towhatwasobserved forWAGO-
1 and WAGO-334. Second, animals expressing either an ALG-2 prolines
variant or a DPF-3 catalytic mutant failed to rescue alg-1-loss-of-func-
tion-related defects at the phenotypical and molecular level. Alto-
gether, this suggests that N-terminal processing of ALG-2 is not the
mechanism used by DPF-3 to regulate ALG-2. The reason why ALG-2’s
N-terminus might not be available for DPF-3 cleavage in vivo could be
related to the tendency of AGOs’N-terminal region to be unstructured
and to fold over other domains as observed in humans27. Furthermore,
the N domain is highly variable in composition among AGOs and this
allows unique interactions with specific proteins as seen for AGO1 in
plants52,53 and for ALG-1 in worms54,55. This could explain why DPF-3
holds an exclusive stable interaction with ALG-1 and not ALG-2. Taken
together, those properties could make the N-terminus of ALG-2 not
available for processing depending on the context. This highlights
some limitations of our study, as all our data focused on visible phe-
notypes that occurred at a specific developmental stage (i.e. larvae to
young adult transition) and was generated using total extracts. This
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Fig. 6 | Absence of DPF-3 in alg-1 loss-of-function animals increases ALG-2
mRNAabundance. aRT-qPCRperformed on total RNAextracts ofWT,dpf-3(xe68),
alg-1(gk214) and dpf-3(xe68);alg-1(gk214) animals to measure mature ALG-2 mRNA
using primers in exon-exon junctions. Data are presented as mean values of 3
biological replicates (white dots) ± SD. ALG-2 mRNA levels were normalized using
tba-1. P-values were calculated by two-tailed Student t-test. n.s. = non-significant.
b Top: schematic of ALG-2 unspliced mRNA where half-arrows represent roughly
the position and orientation of the primers used for qPCR. Bottom: RT-qPCR per-
formed on total RNA extracts of WT, dpf-3(xe68), alg-1(gk214) and dpf-3(xe68);alg-
1(gk214) animals to measure ALG-2 precursor mRNA using primers in intronic
regions. Data are presented as mean values of 3 biological replicates (white
dots) ± SD. ALG-2 pre-mRNA levels were normalized using tba-1. P-values were
calculated by two-tailed Student t-test. n.s. = non-significant.
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possibly hindered our ability to detect instances where ALG-2 regula-
tion by the dipeptidase activity of DPF-3 could be tissue and/or stage-
specific, where it acts on ALG-2’s N-terminus only in specific cells at a
certain time point. This would make it hard to detect using our
methods. Regardless, our data instead suggest a role that is indepen-
dent of DPF-3’s catalytic capabilities for the regulation of ALG-2, such
as control of the maturation of ALG-2 mRNA following its increase in
transcription in alg-1 loss-of-function background.

The dynamic between paralogs of miRNA-specific Argonautes
during development in both C. elegans and mammals has been an
interesting subject for several years. An early study conducted in
mouse embryonic stem cells demonstrated that re-introducing any of
the four miRNA-specific AGO in AGO1-4 knockout cells is sufficient to
rescue apoptosis, pointing out that all mammalian AGOs contribute to
miRNA function, but that they also have largely overlapping functions
in this pathway56. On C. elegans’ side, previous studies have reported
that ALG-1 is themajor contributor to themiRNA pathway as only alg-1
loss-of-function mutant animals display developmental defects19.
These observations indicate that miRNA-specific Argonautes can
compensate for one another, although in C. elegans ALG-2 can only
perform it to a lesser extent. Since ALG-1 and ALG-2 own a similar
expression pattern16,17 and bind a high proportion of the same
miRNAs20,57, ALG-2 appears to possess the required flexibility to com-
pensate for the lack of its paralog. So why is ALG-2 unable to do it? We
propose a model where DPF-3 can be an important factor in the reg-
ulation of the interplay between ALG-1 and ALG-2, mainly when it
would be necessary for ALG-2 to assume the bulk of the miRNA func-
tion in the absence of ALG-1 (Fig. 7). We postulate that DPF-3 con-
tributes to miRNA-mediated gene regulation in one main aspect:
control of ALG-2 mRNA production. In WT animals, DPF-3 interacts
with ALG-1 and exerts its yet unknown regulatory functions on this
Argonaute protein. Additional experiments using other mild alg-1
alleles (such as recently found antimorphic alleles58) will be necessary
to define precisely how DPF-3 affects ALG-1 in the absence of ALG-2.

Our data also demonstrate that DPF-3 limits ALG-2 contribution to the
miRNA pathway not through dipeptidase activity nor interaction but
by affecting the processing of its mRNA. In alg-1(gk214) background,
the physical interaction of DPF-3 with ALG-1 is relieved and animals
start to accumulate ALG-2 pre-mRNA through altered transcriptional
gene silencing mechanisms. The presence of DPF-3 hinders the pro-
duction of mature mRNA, possibly through negative regulation of an
unknown protein such as a transcription or splicing factor. Due to
these actions of DPF-3, ALG-2 is unable to fully compensate for the
absence of ALG-1, leading to miRNA targets accumulation and poor
animal fitness. In absence of dpf-3, both ALG-2 mature mRNA and
protein levels are increased, leading to abundant active miRISC that
can fully compensate for the miRNA function.

The alg-1(gk214) allele used throughout this study is a stan-
dard, well-established loss-of-function allele for assessing alg-1
function in the miRNA pathway16,20,59. As there are other alg-1 loss-
of-function alleles with well-defined phenotypes, such as alg-
1(tm492)58, we tested whether the loss of dpf-3 could also suppress
miRNA-related defects of this other loss-of-function allele. In this
case, dpf-3(xe68) did not suppress the phenotype (Supplementary
Fig. 10a), suggesting that the suppressive properties of dpf-3 loss-
of-function may be allele-specific. We hypothesize that this could
result from the different putative peptides produced by each
allele, where alg-1(gk214) causes a frameshift and an early stop
codon in the N domain, while alg-1(tm492) involves a large deletion
further down the gene that could generate a truncated ALG-1
peptide with a mostly intact N domain (Supplementary Fig. 10b).
As previously stated, the N-terminal domain of Argonautes serves
as an important regulatory hub. Thus, it is possible that the puta-
tive peptide of alg-1(tm492) retains interaction with regulators,
unlike alg-1(gk214), which might explain the different outcomes of
genetic interaction seen with dpf-3. This represents a limitation of
our study, as further experiments with other putative alg-1 loss-of-
function alleles will be needed to directly test this hypothesis.
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Fig. 7 | Model of DPF-3’s regulation on the interplay between miRNA-specific
Argonautes. In wild-type genetic background, DPF-3 favors interaction with ALG-1
andmaintains a normal transcription/splicing rate of ALG-2mRNA.This allowsALG-
1 to assume the bulk of the miRNA gene regulatory function, achieving normal
target translational inhibition and keeping the animals healthy. In alg-1(gk214)
genetic background, ALG-2 pre-mRNA starts to accumulate but DPF-3 limits its

processing, which impedes it to compensate for the absence of ALG-1, leading to
target mRNAs misregulation and appearance of deleterious phenotypes. In dpf-
3(xe68);alg-1(gk214) conditions, DPF-3’s negative regulation of ALG-2 mRNA pro-
cessing is relieved and allows it to compensate for the lack of ALG-1 by increased
protein abundance and increased active miRISC formation. ALG-2 can now main-
tain proper target translational inhibition and keep the animals healthy again.

Article https://doi.org/10.1038/s41467-025-58141-6

Nature Communications |         (2025) 16:2738 9

www.nature.com/naturecommunications


A surprising result brought by our study is the increase in pre-
cursor mRNAs (pre-mRNAs) that appears to happen broadly in alg-
1(gk214) animals (Fig. 6b and Supplementary Fig. 9a, c). This suggests
that the loss of function of alg-1 can alter broad transcriptional gene
silencing mechanisms that are in place. However, it seems that this
mutation is not enough to cause an increase in end product in most
cases, as only cdc-42 had an increase in mature mRNA in alg-1(gk214)
background by itself. Interestingly, loss of dpf-3 apparently helps ani-
mals to process the large increase of pre-mRNAs seen in alg-1(gk214)
into mature mRNAs, albeit only slightly for PMP-3 and CDC-42. This
could be a result of a negative regulation of transcription and/or RNA
processing factors by DPF-3 that is removedwith dpf-3null. In fact, this
kind of mechanism is not unknown to dipeptidyl peptidases function:
absence of DPP9 (ortholog of DPF-3) leads to stabilization of the
epithelial-to-mesenchymal transcription factor ZEB1, and, in this case,
this participates in increased tumorigenesis and metastasis in breast
cancer60. Thereby, it is possible that loss of dpf-3 in alg-1 loss-of-
function background relieves negative regulation of ALG-2 mRNA
processing, which in turn could help produce more protein to achieve
alg-1-related phenotypes suppression.

In summary, this study uncovers DPF-3 as a regulator of the
miRNA Argonautes. Lifting the negative regulation of DPF-3 on ALG-2
in animals that struggle to achieve proper miRNA gene regulatory
function, such as alg-1 loss-of-function animals, is very beneficial for
animal fitness. This demonstrates that DPF-3 participates in gate-
keeping the compensation of miRNA-specific Argonaute ALG-2 when
ALG-1 cannotperform its duty. Further studieswill be necessary to fully
comprehend how DPF-3 can regulate the proper functioning of the
miRNA pathway in C. elegans, and it would warrant investigation of
whether this conserved dipeptidyl peptidase can control miRNA-
specific Argonautes in mammals.

Methods
C. elegans strains
C. elegans strains were cultured under standard conditions61. Strains
were maintained at 15 °C on Nematode Growth Media (NGM) plates
and fed E. coli strainOP50.Wormsused for experimentswere switched
at 25 °C unless stated otherwise. All strains used for this project are
listed in Supplementary Data 1.

Preparation of protein extracts
For ALG-1/ALG-2 MS. Synchronized L1 worms were plated onto 2%
NGMplates containingNA22 bacteria as a food source and collected at
the specified developmental stages. The worms were washed three
times with M9 buffer and transferred to 2mL tubes) containing Zir-
conia/Silica beads (Biospec) in lysis buffer (50mM Tris-HCl, pH 7.5,
150mM NaCl, 1% Triton X-100, 1mM EDTA). The buffer was supple-
mentedwith 1mMPMSF andone tablet of cOmplete Protease Inhibitor
(Roche) per 50mL. Worm lysis was performed using an MP Biomedi-
cals Fast Prep-24 5G bead beater for 16 cycles at 8m/sec. The lysate
was then centrifuged at 16,100 g for 10min at 4 °C. The supernatant
was collected into a fresh tube, and protein concentration was deter-
mined using the standard Bradford assay. For pulldowns and V5 IPs:
Extracts were prepared from ~100,000 synchronized young adult
animals.Wormswerewashed and resuspended in lysis buffer (100mM
Potassium Acetate, 30mM Hepes-Potassium Hydroxide pH 7.4, 2mM
Magnesium Acetate, 1mM DTT, 0.5% triton, 2% RNase inhibitors and
protease inhibitors) before being extracted with a Bullet Blender
Storm24 (NextAdvance) for 5min at maximum intensity. The extracts
were centrifugated at 13,000 x g for 15min at 4 °C and the clarified
supernatants were collected. Protein concentration was quantified
using standard Bradford protocol. For ALG-1/2 western blots: 50
worms for each genotype were single-picked and boiled at 99 °C for
10min in lysis buffer suppliedwith SDS loading buffer (10mMTris-HCl
[pH 6.8], 2% [w/v] SDS, 100mM DTT and 10% [v/v] glycerol). The

extracts were then directly loaded onto a polyacrylamide gel for
electrophoresis.

Protein immunoprecipitation
Proteins of interest were immunoprecipitated using either Anti-
FLAG M2 Magnetic Beads (Sigma-Aldrich) or Dynabeads protein G
(Invitrogen) coupled with anti-V5 tag antibody (Abcam ab27671).
2 mg of protein extract of the specified worm genotypes was
incubated for 2 h at 4 °C with 20 µL of previously thrice washed
beads with TBS (50mMTris-HCl, 150mMNaCl) in a total volume of
500 µL. Bound beads were then washed three more times using
lysis buffer and finally resuspended in 4X SDS loading buffer for
western blot analysis.

Mass spectrometry to characterize ALG-1 and ALG-2 complex
Upon IP as described above, 5.0 µl of digestion buffer (3M GuaHCl
(Guanidine Hydrochloride), 20mM EPPS (4-(2-Hydroxyethyl)-1-piper-
azinepropanesulfonic acid) pH 8.5, 10mM CAA (2-Chloroacetamide),
5mMTCEP (Tris(2-carboxyethyl)phosphine hydrochloride)) and 1.0 µl
of Lys-C (0.2 µg/µl in 50mMHepes, pH 8.5) was added to the beads for
incubation at 21 °C for 2–4h while shaking. Subsequently, 17.0 µl of
50mM HEPES, pH 8.5 and 1.0 µl of 0.2 µg/µl trypsin were added and
incubation continued at 37 °Covernight. In themorning, another 1.0 µl
of trypsin was added and incubation continued for 4 more hours.
Generated peptides were analyzed by LC-MS on an LTQ Orbitrap
Fusion (Thermo Fisher Scientific) with Easy-nLC and 75µm×2 cm
PepMap Trap (213769) and 50µm× 15 cm ES901 C18 (215081) columns.
The following gradient was used: 0–3min 2–6% B in A, 3–43min
6–22%, 43–52min 22–28%, 52–60min 28-36%, 60–61min 36–80%,
61–75min 80%. A: 0.1%FA in H2O; B: 0.1%FA inMeCN. Mascot was used
to search the CAEEL subset of the UniProt. A threshold value (FDR) of
0.05 and S0 (curve bend) of 2.0wereused. Resultswereexported from
Perseus and visualized using statistical computing language R. For
each pairwise group comparison, log-2-transformed feature quantifi-
cation values for all features to be tested for differential expression
were passed to function lmFit() from R/Bioconductor package limma,
yielding a model that benefits from limma-based information sharing
between features. Models were then interrogated by passing appro-
priate contrasts to limma::contrasts.fit(), summary statistics therefrom
were moderated using limma::eBayes(), and the results of the differ-
ential expression tests for all features were compiled with limma::-
topTable(…, number = Inf).

Imaging and microscopy
DIC images of alae and GFP fluorescence of seam cells were taken with
a Zeiss AxioCam HRm digital camera mounted on a Zeiss Axio Imager
M1 microscope. Images of scmp::gfp animals were fused together in a
panorama using the ZEN software. Images were taken using the same
settings and exposure time for each animal (80ms exposure for DIC
channel and 125ms exposure for GFP channel). GFP pixel intensity was
optimized for better viewing using the ZEN software.

Seam cells numbering
L1 worms of the specified genotypes were placed on NGM plates at
25 °C and grown until the gravid adult stage. Worms were then placed
and drugged using 1mM levamisol on a 2% [w/v] agarose pad thinned
on a standard microscopy slide. Number of seam cells was counted
using the GFP channel of a Zeiss Axio Imager M1 microscope.

Alae phenotype scoring
L1 worms of the specified genotypes were placed on NGM plates at
20 °C and grown until the young adult stage. Worms were then placed
and drugged using 1mM levamisol on a 2% [w/v] agarose pad thinned
on a standard microscopy slide. Alae integrity was verified with DIC
microscopy.
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Bursting phenotype scoring
Adult worms of the specified genotypes were placed on NGMplates at
25 °C for 24 h before being removed. The bursting phenotype of the
progeny was scored 72 h later.

RNA extraction
RNA was extracted by classical Trizol/Chloroform method from
young adult worm populations in triplicate for each different
genetic background assessed. Briefly, the worms were collected in
M9 saline solution, and 4 volumes of TRI reagent (Sigma-Aldrich)
was added. The samples were then vortexed for 30 s, flash frozen
with liquid nitrogen and thawed at 37 °C four times successively.
Another 2 volumes of TRI reagent were then added before vor-
texing for another 30 s. A quarter of total volume of chloroform
was then added to the samples and was thoroughly mixed before
centrifugation at 15,000 × g for 15 min at 4 °C. The aqueous phase
was collected and precipitated overnight at −20 °C with 2 volumes
of 95% ethanol. After precipitation, the samples were cen-
trifugated at 17,000 × g for 15 min at 4 °C and the pellet was washed
once with 75% ethanol. The pellet was dried under a chemical hood
for 10min and was finally resuspended in RNase-free H2O.

Quantitative reverse-transcription PCR (RT-qPCR)
The RNA was reverse transcribed with Multiscribe reverse tran-
scriptase (Thermo Fisher Scientific). TaqMan probes specific for the
assessedmiRNAswere used for themeasurement ofmiRNA levels, and
SYBR green master mix (Biorad) with target-specific oligonucleotides
were used to measure miRNA targets expression levels. The manu-
facturer’s protocol was followed for both styles of RT-qPCR. The qPCR
reactions were performed on a QuantStudio3 (Thermo Fisher Scien-
tific) Real-Time PCR system. Each RT-qPCR reaction was done using
three biological replicates from independent RNA samples. Relative
changes in miRNA or target expression levels were determined by the
ΔΔCt method using small nucleolar RNA sn2841 for miRNA level nor-
malization, or Alpha Tubulin (tba-1) for target expression normal-
ization. TaqMan miRNA probes IDs and target oligonucleotide
sequences are listed in Supplementary Data 2.

miRNA cloning, sequencing, and analysis
Total RNA was extracted from either young adult worm pellets using
TRI Reagent (Sigma-Aldrich) and resuspended in 20 µL sterile, RNase‐
free water. Small RNA cloning was performed with the NEBNext mul-
tiplex small RNA library kit and according to the manufacturer’s pro-
tocol. Hiseq4000SR50 sequencing readsweremapped to thegenome
and cDNA using custom PERL (5.10.1) scripts and Bowtie 0.12.762.
Databases used includeC. elegans genome (WormBase releaseWS215),
Repbase 15.1063, andmiRBase 1664. The sampleswerenormalized to the
total gene expression (geex) reads excluding structural RNA (struc)
and transformed in reads per million (RPM). The mean log2 value of
three biological replicates for every condition was used to generate
graphs. Processed miRNA sequencing data are listed in Supplemen-
tary Data 5.

Western blotting
Extracts were quantified with Bio-Rad Protein Assay and equal
amounts of proteinsweremixed in 4X SDS loading buffer before being
boiled at 99 °C for 10min. Samples were resolved onto an 8% poly-
acrylamide gel and transferred to 0.45 µm nitrocellulose blotting
membranes (GE Healthcare). Membranes were incubated overnight at
4 °C with the primary antibodies rabbit anti-ALG-1/2 (1:1000), rabbit
anti-ALG-1 (1:1000), rabbit anti-HA (1:5000) (NEB C29F4), mouse anti-
V5 tag (1:500) (Abcam ab27671), mouse anti-FLAGM2 (1:5000) (Sigma-
Aldrich F1804) and mouse anti β-actin (1:10,000). Membranes were
then incubated with secondary antibody Sheep Anti-Mouse IgG
(1:10,000) or Goat Anti-Rabbit IgG (1:5000). Imaging was done using a

ChemiDoc MP imaging system (BioRad) and images were processed
with Image Lab software.

Specific miRISC purification: 2’-O-methyl pulldown
Specific biotinylated miRNA probes and an unrelated control were
used with 2mg of protein extract for each genotype assessed and the
miRISC was pulled down as described in Jannot et al. 44. Briefly, a 2mg
protein sample is precleared with an unrelated probe bound to
Dynabeads M-280 streptavidin beads (Life Technologies 11205D) for
45min at room temperature. The protein sample is then split in half
and is either incubated with an unrelated probe, or a let-7 or miR-77
complementary probe bound to Dynabeads M-280 streptavidin beads
for 45min at room temperature. Beads are thenwashed twicewith lysis
buffer (100mM Potassium Acetate, 30mM Hepes-Potassium Hydro-
xide pH 7.4, 2mM Magnesium Acetate, 1mM DTT, 0.5% [v/v] triton,
2% [v/v] RNase inhibitors and protease inhibitors). Beads are finally
resuspended in SDS loading buffer (10mM Tris-HCl [pH 6.8], 2% [w/v]
SDS, 100mM DTT, and 10% [v/v] glycerol) and boiled at 99 °C for
10min before gel loading. Probe sequences are listed in Supplemen-
tary Data 2.

C. elegans alg-2 RNAi
E. coli HT115 bacteria transformed with L4440 plasmid expressing a
portion of alg-2 gene sequence double-stranded RNA under IPTG-
inducible T7 promoters were seeded on NGM plates containing IPTG.
The plates were activated overnight at 25 °C. L4worms of the specified
genotypes were placed on either alg-2 or control RNAi plates at 25 °C
for 24 h before being removed. Embryonic lethality was scored 48 h
post RNAi-fed worms were removed.

N-terminomics/Terminal Isotopic Labelingof Substrates (TAILS)
and shotgun proteomics
Total worm extracts of WT and dpf-3(xe68) worms were treated with
6M guanidine HCl (pH 8.0) and subjected to a N-terminomics/TAILS
and shotgun proteomics workflow. Samples were reduced with 5mM
DTT (GoldBiotechnology) at 37 °C for 1 h and alkylatedwith 15mM IAA
(GE Healthcare) in the dark at room temperature for 30min followed
by quenching with 15mM DTT. The pH was adjusted to 6.5 before the
samples were isotopically labeled with a final concentration of 40mM
deuterated heavy formaldehyde (dpf-3(xe68) samples) and control
samples (WT samples) with 40mM light formaldehyde in presence of
40mM sodium cyanoborohydride overnight at 37 °C. Next, samples
were combined and were precipitated using acetone/methanol (8:1).
The resulting pellet was resuspended in 1M NaOH and the proteins
were subjected to trypsin (Promega) digestion overnight at 37 °C. For
pre-enrichment TAILS (pre-TAILS)/shotgun proteomics, 10% of the
trypsin digested samples were collected and the pH was adjusted to 3
with 100% formic acid. The rest of the sampleswere adjusted to a pHof
6.5 and incubated with a 3-fold excess (w/w) of dendritic polyglycerol
aldehyde polymer overnight at 37 °C. Unbound peptides from the
polymer-bound peptides were filtered out by centrifugal filter unit
with 10-kDa cut-off membrane (Amicon Ultra, Millipore) at 10,000 g
for 5min. The flow-through was collected and the Amicon columns
were washedwith 100mMTris-HCl, pH 6.5. The pH of the samples was
adjusted to 3 with 100% Formic acid. Both pre-TAILS and TAILS sam-
ples were then desalted using Sep-Pak C18 columns and lyophilized
before submitting for LC-MS/MS analysis to the Southern AlbertaMass
Spectrometry core facility, University of Calgary, Canada.

TAILS samples HPLC and mass spectrometry
All liquid chromatography andmass spectrometry associated to TAILS
experiments were carried out by the Southern Alberta Mass Spectro-
metry core facility at the University of Calgary, Canada. Analysis was
performed on an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific) operated with Xcalibur (version 4.0.21.10)
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and coupled to a Thermo Scientific Easy-nLC (nanoflow Liquid Chro-
matography) 1200 system. Tryptic peptides (2 µg) were loaded onto a
C18 trap (75 µm×2 cm; Acclaim PepMap 100, P/N 164946; Thermo
Fisher Scientific) at a flow rate of 2 µL/min of solvent A (0.1% formic
acid and 3% acetonitrile in LC-mass spectrometry grade water). Pep-
tides were eluted using a 120min gradient from 5 to 40% (5% to 28% in
105min followed by an increase to 40% B in 15min) of solvent B (0.1%
formic acid in 80% LC-mass spectrometry grade acetonitrile) at a flow
rate of 0.3% µL/min and separated on a C18 analytical column
(75 µm× 50 cm; PepMap RSLC C18; P/N ES803; Thermo Fisher Scien-
tific). Peptides were then eletrosprayed using 2.3 kV into the ion
transfer tube (300 °C) of the Orbitrap Lumos operating in positive
mode. The Orbitrap first performed a full mass spectrometry scan at a
resolution of 120,000 FWHM to detect the precursor ion having a
mass-to-charge ratio (m/z) between 375 and 1575 and a + 2 to +4
charge. The Orbitrap AGC (Auto Gain Control) and the maximum
injection timewere set at 4 × 105 and 50ms, respectively. TheOrbitrap
was operated using the top speed mode with a 3 s cycle time for pre-
cursor selection. The most intense precursor ions presenting a pepti-
dic isotopic profile and having an intensity threshold of at least 2 × 104
were isolated using the quadrupole (isolation window of m/z 0.7) and
fragmented with HCD (38% collision energy) in the ion routing Multi-
pole. The fragment ions (MS2) were analyzed in the Orbitrap at a
resolution of 15,000. The AGC, the maximum injection time and the
first mass were set at 1 × 105, 105ms, and 100ms, respectively.
Dynamic exclusion was enabled for 45 s to avoid of the acquisition of
the same precursor ion having a similar m/z (±10 ppm).

TAILS proteomic data and bioinformatic analysis
Spectral data were matched to peptide sequences from the C. elegans
UniProt protein database using the MaxQuant software package
v.1.6.0.1, peptide-spectrummatch falsediscovery rate (FDR)of <0.01 for
the shotgun proteomics data and <0.05 for the N-terminomics/TAILS
data. Search parameters included a mass tolerance of 20p.p.m. for the
parent ion, 0.05Da for the fragment ion, carbamidomethylation of
cysteine residues (+57.021464), variable N-terminal modification by
acetylation (+42.010565Da), and variable methionine oxidation
(+15.994915Da). For the shotgun proteomics data, cleavage site speci-
ficity was set to Trypsin/P (search for free N-terminus and only for
lysines), with up to twomissed cleavages allowed. The files evidence.txt
and proteinGroups.txt were analyzed by MaxQuant65. For the N-termi-
nomics/TAILS data, the cleavage site specificity was set to semi-ArgC
(search for free N-terminus) for the TAILS data and was set to ArgC for
the preTAILS data, with up to twomissed cleavages allowed. Significant
outlier cut-off values were determined after log(2) transformation by
boxplot-and-whiskers analysis using the BoxPlotR tool. Database sear-
ches were limited to a maximal length of 40 residues per peptide.
Peptide sequences matching reverse or contaminant entries were
removed. Raw peptide data are listed in Supplementary Data 3.

In vitro cleaving assay
DPF-3 protein was purified by immunoprecipitation using Anti-FLAG
M2Magnetic Beads (Sigma-Aldrich). 800 µgof protein extract of either
dpf-3::flag-ha or dpf-3(S784A)::flag-ha worms were incubated for 2 h at
4 °C with 20 µL of previously twice washed beads with TBS (50mM
Tris-HCl, 150mM NaCl) in a total volume of 500 µL. The DPF-3 bound
beads were then washed 3 times with TBS and 5% of the beads were
kept forwesternblotting to verify the efficiencyof thepurification. The
remaining beads were incubated with 100 µL of resuspended custom-
made peptide (in TBS supplementedwith 2mMTCEP)mimicking ALG-
2N-terminal at a 0.1 nM/µL concentration. Aliquots of the peptidewere
taken at 0min, 30min, 60min, 120min and 240min, and put into a
buffer to stop the reaction (2% acetonitrile, 0.1% trifluoroacetic acid,
2mM TCEP) The samples were kept at −80 °C until peptide prepara-
tion for mass spectrometry analysis.

In vitro cleaving assay peptide preparation and mass
spectrometry
Peptide purification and mass spectrometry analyses were performed
by the Proteomics Platform of the CHU de Québec Research Center
(Québec, Qc, Canada). 94 ng of peptides were purified on StageTips
using C18 Empore solid phase66 and vacuum dried. Samples were
resuspended in 2% acetonitrile (ACN), 0.05% trifluoroacetic acid (TFA)
to inject 20 pmol in LC-MS/MS. Prior to injection, 8 fmol of Cyto-
chromeCdigest (ThermoScientific)was added to the samples in order
to control the stability of the signal. Sampleswere analyzedbynanoLC-
MS/MS using a Dionex UltiMate 3000 nanoRSLC chromatography
system (Thermo Fisher Scientific) connected to an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific) equipped with a
nanoelectrospray ion source. Peptides were trapped at 20μl/min in
loading solvent (2%ACN, 0.05%TFA) on a 5mm× 300μmC18 pepmap
cartridge (Thermo Fisher Scientific) for 5min. Then, the pre-column
was switched online with a 50 cm× 75 µm internal diameter separation
column (Pepmap Acclaim column, ThermoFisher Scientific) and the
peptides were eluted with a linear gradient from 5–40% solvent B (A:
0.1% FA, B: 80% ACN, 0.1% FA) in 30min, at 300 nL/min (60min total
runtime). Mass spectra were acquired using a parallel reaction mon-
itoring acquisition mode using Thermo XCalibur software version
4.1.50. Targeted MS2 scans were acquired in the Orbitrap at a resolu-
tion of 30,000 using 0.7m/z quadruple precursor isolation windows
and fragmentation by Higher energy Collision-induced Dissociation
(HCD) with 35% of collision energy. Each peptide was monitored
through 4 precursors corresponding charge stage +2 to +5 (Supple-
mentary Data 4).

In vitro cleaving assay mass spectrometry data analysis
RAW files were imported in Skyline software67. For each precursor,
extracted ion chromatogram from the 6 most intense ions were used
for peak integration. After manual inspection of the peaks, the
resulting the total areas from the 2+ peptides were exported into
Microsoft Excel for data analysis.

Generation of CRISPR-Cas9 mutant C. elegans strains
Guide RNAs were designed using the CHOPCHOP web platform
(https://chopchop.cbu.uib.no/)68. Repair templates were designed
according to Paix et al. 69 guidelines. Reconstituted Cas9 RNP
complex mix (injection mix) was prepared as follows: 1.25–2.50 µg
Cas9 (Alt-R® S.p. Cas9) Nuclease V3 (ID Technology), 0.3 µg guide
RNA (gene of interest and roller injection co-marker), 1.625 µM
repair template (gene of interest and roller injection co-marker),
6.7 µg tracrRNA, 25 mM KCl, 7.5 mM HEPES, all diluted in 20 µL
total volume of RNase-free H2O. Injection needles were made
from glass capillaries (Tritech Research Inc.) pulled by a flaming
micropipette puller (Sutter Instrument Co., Model P-97), and the
sharp end was cleared open using hydrofluoric acid. The needle
was filled with the injection mix and mounted on a moveable arm
attached to a Nikon Eclipse TE2000-U inverted bright-field
microscope. Young adult and adult Bristol N2 worms were
selected for injection and placed under the microscope. The
mounted injection needle was brought to the gonad using the
moveable arm and precisely penetrated the gonad as viewed
under the microscope. The injection mix was unloaded into the
gonad using a pressurized air system connected to the needle
blunt end. Injected worms’ progeny was then screened for roller
phenotype (injection marker) and roller worms were genotyped
by PCR for mutation of interest. Guide and repair template
sequences are listed in Supplementary Data 2.

Statistical analysis
Data are displayed as mean ± SD. Statistical significance between
conditions was performed using Graphpad Prism 10 software with
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two-sided Fisher’s exact test, two-tailed Mann-Whitney’s test
(when samples distribution failed normality test), two-tailed Stu-
dent’s t-test (two-tailed one-sample t-tests were used for quanti-
fication of western blots with a theoretical mean of 1.0) or two-way
ANOVA depending on the dataset. ALG-1 and ALG-2 mass spec-
trometry data were analyzed using either two-tailed Student t-test
or limma-eBayes method (two-sided) with Benjamini-Hochberg
multiple testing corrections. Results were considered as statisti-
cally significant when p < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The microRNA sequencing data generated in this study have been
deposited in NCBI Gene ExpressionOmnibus (https://www.ncbi.nlm.nih.
gov/geo/) under accession code GSE276186. ALG-1 and ALG-2 immu-
noprecipitation and mass spectrometry analysis data generated in this
study have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository (https://www.ebi.ac.uk/pride/) under acces-
sion code PXD060454. TAILS experiments data generated in this study
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository (https://www.ebi.ac.uk/pride/) under acces-
sion code PXD055867. Source data are provided with this paper.

Code availability
This study did not use or create a custom code to generate any data
supporting the findings in the study.
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