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SUMMARY

The Piwi-interacting RNA (piRNA) pathway suppresses transposable elements and promotes
fertility in diverse organisms. Maturation of piRNAs involves pre-piRNA trimming followed

by 2”-O-methylation at their 3" termini. Here, we report that the 3" termini of Caenorhabditis
elegans piRNAs are subject to nontemplated nucleotide addition, and piRNAs with 3" addition
exhibit extensive base-pairing interaction with their target RNAs. Animals deficient for PARN-1
(pre-piRNA trimmer) and HENN-1 (2”-O-methyltransferase) accumulate piRNAs with 3’
nontemplated nucleotides. In #enn-1 mutants, piRNAs are shortened prior to 3" addition, whereas
long isoforms of untrimmed piRNAs are preferentially modified in parn-1 mutant animals. Loss of
either PARN-1 or HENN-1 results in modest reduction in steady-state levels of piRNAs. Deletion
of both enzymes leads to depletion of piRNAs, desilenced piRNA targets, and impaired fecundity.
Together, our findings suggest that pre-piRNA trimming and 2”-O-methylation act collaboratively
to protect piRNAs from tailing and degradation.
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Pastore et al. show that, in C. elegans, target RNAs trigger piRNA 3’ tailing and degradation, and
3’-end processing of piRNAs protects piRNAs from tailing and degradation.

INTRODUCTION

Argonaute (AGO) proteins and their small noncoding RNAs play a vital role in regulating
gene expression (Ghildiyal and Zamore, 2009). The Piwi protein, a germline-enriched
AGO, and Piwi-interacting RNAs (piRNAS) are essential for gametogenesis and germline
maintenance (Carmell et al., 2007; Cox et al., 1998; Goh et al., 2015; Gou et al., 2014;
Houwing et al., 2007; Lin and Spradling, 1997). The length, sequence, and genomic origin
of piRNAs vary between species. However, their biogenesis pathway is similar (Luteijn
and Ketting, 2013; Ozata et al., 2019; Weick and Miska, 2014). In flies and mice, piRNAs
are derived from long single-stranded transcripts (Aravin et al., 2006; Brennecke et al.,
2007; Li et al., 2013; Malone et al., 2009). Piwi proteins initiate cleavage of piRNA
precursors and generate 5’ -monophosphorylated (5"-monoP) intermediates that are loaded
onto another Piwi protein (Gainetdinov et al., 2018; Han et al., 2015; Mohn et al., 2015).
An endonuclease (Zucchini in flies; PLD6 in mice) cleaves 3” to the footprint of the Piwi
protein, which releases Piwi-bound pre-piRNA and establishes 5"-monoP intermediates for
Piwi loading (Ipsaro et al., 2012; Nishimasu et al., 2012; Olivieri et al., 2010; Pane et

al., 2007). This stepwise fragmentation of long precursors produces tail-to-head strings of
phased pre-piRNAs (Gainetdinov et al., 2018; Han et al., 2015; Homolka et al., 2015; Mohn
etal., 2015). The 3 ends of pre-piRNA must be further trimmed to an optimal length to

be accommodated by Piwi proteins (Kawaoka et al., 2011; Saxe et al., 2013; Vourekas et
al., 2012). This trimming process requires 3’-to-5" exonucleases (Ding et al., 2017; 1zumi et
al., 2016; Nishimura et al., 2018; Tang et al., 2016; Zhang et al., 2017) and Tudor-domain
protein Papi/Tdrkh (Honda et al., 2013; Liu et al., 2011; Saxe et al., 2013). The last step

of piRNA maturation is the 2”-O-methylation at their 3" termini, a reaction catalyzed by

Cell Rep. Author manuscript; available in PMC 2021 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pastore et al.

Page 3

a conserved methyltransferase, Henl (Horwich et al., 2007; Kirino and Mourelatos, 2007,
Saito et al., 2007).

In Caenorhabditis elegans, piRNAs are expressed from thousands of genomic loci, of which
most are localized at two large genomic clusters on chromosome 1V (Batista et al., 2008;
Das et al., 2008; Gu et al., 2012; Ruby et al., 2006). Mature piRNAs are loaded into

Piwi protein PRG-1 and referred to as 21U-RNAs because of their strong propensity for
a5’-monoP uridine residue and length of 21 nucleotides (nt) (Batista et al., 2008; Das

et al., 2008; Gu et al., 2012; Ruby et al., 2006). 21U-RNA precursors (pre-piRNAS) are
produced from 25- to 29-nt capped small RNA precursors (csSRNAS) that are transcribed

by RNA polymerase Il and initiate precisely two nucleotides upstream of the 5" end of
mature piRNAs (Cecere et al., 2012; Gu et al., 2012). csRNAs are stabilized by proteins
containing 5" cap and 5" phosphate RNA-binding domains (Cordeiro Rodrigues et al.,
2019; Goh et al., 2015). To generate 21U-RNAs, the 5" cap and first two nucleotides of
csRNAs are removed, and extra nucleotides are trimmed from their 3" end. The 3"-end
processing involves 3'-to-5" trimming mediated by the exonuclease PARN-1 followed by
2’-O-methylation catalyzed by the methyltransferase HENN-1 (Billi et al., 2012; Kamminga
et al., 2012; Montgomery et al., 2012; Tang et al., 2016).

Although much is known about piRNA biogenesis, little is known about its degradation.
This stands in contrast to the significant body of work on microRNA (miRNA) decay
(Bartel, 2018; Sanei and Chen, 2015). For example, extensive base complementarity
between the miRNA and its target RNA results in degradation of the bound miRNAs in

a process known as target-directed miRNA degradation (TDMD) (Ameres et al., 2010;
Baccarini et al., 2011; Bitetti et al., 2018; de la Mata et al., 2015; Fuchs Wightman et

al., 2018). In TDMD, the base-paring interaction facilitates dislocation of the miRNA 3’
terminus, making it susceptible to enzymatic attacks (Sheu-Gruttadauria et al., 2019). An
array of terminal nucleotidyltransferases (TENTs) add nontemplated A/U nucleotides to 3’
ends of miRNAs, a process known as 3” tailing (Yang et al., 2020; Yu and Kim, 2020; Zhao
et al., 2012). The adenylation and uridylation of miRNAs are associated with trimming in a
3’-to-5" direction and turnover of specific miRNAs (Faehnle et al., 2014; Haas et al., 2016;
Katoh et al., 2015). In a tailing- and trimming-independent manner, highly complementary
RNA targets can trigger TDMD through proteolysis of the ARGO protein (Han et al., 2020;
Kleaveland et al., 2018; Shi et al., 2020). So far, the mechanism(s) that drive piRNA decay
are largely unknown.

Here, we report a quality-control mechanism for piRNAs that is mediated by 3” tailing.
Extensive base-pair interactions between piRNAs and their target RNAs are associated with
piRNA 3’ nontemplated nucleotide addition. Loss of either parn-1 or henn-1 leads to the
increased frequency of piRNA tailing. In the adult germline in which piRNAs are actively
produced, 3" addition has limited effects on steady-state piRNA levels. However, in early
embryos in which the transcription of piRNA genes is inactive, 3" modifications lead to

a decrease in piRNA levels. Simultaneous deletion of both enzymes results in collapse

of piRNAs, desilencing of piRNA targets, and a strong decline in fertility. Together, our
findings suggest that highly complementary target RNAs can induce piRNA tailing and
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demonstrate that pre-piRNA trimming and 2”-O-methylation act independently to protect
piRNAs from tailing-mediated degradation.

RESULTS
PARN-1 and HENN-1 are required for 21U-RNA accumulation

In C. elegans, 5 processing of csRNASs occurs prior to or independently of 3" processing
(Luteijn and Ketting, 2013; Ozata et al., 2019; Weick and Miska, 2014). The 3" termini

of mature piRNAs are generated by trimming followed by 2’-O-methylation catalyzed by
PARN-1 and HENN-1 (Billi et al., 2012; Kamminga et al., 2012; Montgomery et al., 2012;
Tang et al., 2016). To examine the interplay between these two key processes on piRNA 3’
termini, we cloned and deep sequenced small RNAs isolated from wild-type C. elegans and
henn-1, parn-1, and henn-1,; parn-1 mutant young adults and embryos. To capture piRNA
3’ extensions and modifications, we generated a reference genome containing a 10-nt 3’
extension of annotated piRNA genes. Sequencing reads that mapped to the reference with
no mismatches were obtained, analyzed, and plotted (Figures 1A-1D; Table S1). In all
genetic backgrounds and developmental stages tested, piRNA abundance determined from
two biological replicates was well correlated (Pearson’s p = 0.94-1) (Figures SIA-S1H).

C. elegans deficient for PARN-1 accumulates untrimmed piRNAs that appear to be 2”-O-
methylated at their 3" termini (Tang et al., 2016). piRNA levels in parn-1 mutant young
adults generally correlated with their corresponding wild-type counterparts (Pearson’s p =
0.47) (Figure 1A; Tang et al., 2016). Yet, a subset of piRNAs was significantly differentially
expressed. Among them, 628 were downregulated in parn-1 mutant young adults compared
to 577 with increased expression (Figure 1A). Overall, piRNA levels decreased to 51.0% of
the wild type (Figure 1D).

It is challenging to compare levels of wild-type piRNAs with those in Aenn-1 mutants
because 2"-O-methylation inhibits 3" adaptor ligation during high-throughput sequencing
library preparation as described (Munaf6 and Robb, 2010; Svendsen et al., 2019). To
minimize such a bias, we attempted to clone 2”-O-methyl RNA species by adding
polyethylene glycol during the adaptor ligation step as described (Dard-Dascot et al., 2018;
Munaf6 and Robb, 2010). To quantify the difference in ligation efficiency, we included
synthetic single-strand RNA spike-ins with either 2”-hydroxyl or 2’-O-methyl 3" ends in
our library preparation protocol. We found that 2”-O-methyl RNA was at least 5-fold less
efficiently detected than 2”-hydroxyl RNA. We thus further normalized piRNA-matching
reads in henn-1 and henn-1; parn-1 mutant young adults and embryos by reducing their read
counts by 5-fold. After such normalization, piRNA levels in Aenn-1 mutants were reduced to
69.8% as compared to the wild type (Figures 1B and 1D). In henn-1; parn-1 mutant young
adult animals, remarkably, levels of 846 piRNAs were significantly decreased (Figure 1C).
Steady-state piRNA levels were further reduced to 29.2% relative to the wild type (Figure
1D).

Because HENN-1 is required for piRNA accumulation in embryos (Billi et al., 2012;
Montgomery et al., 2012; Svendsen et al., 2019), we next profiled small RNAs from wild-
type and mutant early embryos. When analyzing the reads mapping piRNA loci, we found
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that the abundance of piRNAs in henn-1 and parn-1 mutant embryos was reduced to 87.5%
and 60.9%, respectively, as compared to that of the wild type (Figure S1I). The synergistic
phenotype was observed in henn-1,; parn-1 mutant embryos in which piRNA abundance was
further reduced to 18.9% of the wild type (Figure S1I). To corroborate these observations,
we used qRT-PCR to quantify the levels of four randomly selected piRNAs in young adults.
Because qRT-PCR does not require adaptor ligation, this approach should be less sensitive
to the 2”-O-methyl modification. Although there was variation between individual piRNAs,
their expression levels tended to be lower in either parn-1 or henn-1 single-mutant animals,
with the strongest reduction in Aenn-1, parn-1 double-mutant strains (Figure 1E).

The steady-state levels of piRNAs and the PRG-1 protein are co-dependent (Batista et al.,
2008; Das et al., 2008; Weick et al., 2014). Consistent with the change in piRNA levels,
levels of the PRG-1 protein were lower in /enn-1 and parn-1 single mutants when assayed
by western blot. Deletion of both /enn-1and parn-1 reduced the PRG-1 level to ~30%

in young adults and ~10% in the embryos relative to wild type (Figure 1F). We therefore
concluded that both 3" trimming and 2”-O-methylation are required for accumulation of
piRNA and the Piwi protein during both germline development and embryogenesis.

In wild-type worms, piRNAs have a uniform length of 21 nt (Batista et al., 2008; Das et
al., 2008; Ruby et al., 2006). parn-1 mutant animals accumulate piRNAs that are several
nucleotides longer (Figure 1G; Tang et al., 2016). In agreement with previous findings,
henn-1 mutants produced piRNAs that were mainly 21 nt, with a small fraction showing 1-
to 2-nt truncations (Figure 1G; Kamminga et al., 2012; Svendsen et al., 2019). In henn-1;
parn-1young adults in which piRNAs failed to be trimmed and methylated, piRNAs had 3
extensions but became 1 to 2 nt shorter than their counterparts in parn-1 mutants (Figure
1G). Strikingly, such 3" shortening became more prevailing in embryos. For example, in
henn-1 mutant embryos, the length of piRNAs was 18~21 nt and peaked at 20 nt (Figures
1H; Svendsen et al., 2019). In henn-1; parn-1 double mutants, piRNA size showed a broad
range, with the peak shifting from 24 nt in young adults to 21 nt in embryos (Figure 1H).
These observations suggest that piRNA 3" ends must be properly trimmed and methylated to
prevent 3" shortening and degradation.

Activities of PARN-1 and HENN-1 suppress piRNA tailing

To explore the relationship between 3" shortening and 3" addition of piRNA, we developed
a computational pipeline to define nontemplated nucleotides (see STAR Methods). Briefly,
we removed one nucleotide from the 3" end of sequencing reads that fail to align to the
genome reference and re-aligned these trimmed reads to the reference. We conducted three
iterations, which allowed us to detect up to three occurrences of nontemplated additions
from individual reads (Figures 2A and 2B).

We found that 3" modifications added to piRNAs in both young adults and early embryos
were mainly mononucleotides (Figures S2A-S2H). In wild-type young adult animals, the
frequency of nontemplated addition was 0.07%, and 272 piRNAS contained detectable

3’ additions (Figure 2A; Table S2). The 3" modifications were mainly mono-uridylation
(60.6%) followed by mono-adenylation (14.0%) (Figure 2B). In Aenn-1 mutant young
adults, the frequency of nontemplated additions increased ~23-fold and 2,415 piRNAs
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contained 3" additions. In parn-1 mutant young adults, nontemplated additions increased
~85-fold, and in total 2,248 piRNAs had detectable 3" additions. Loss of #enn-1and parn-1
led to an even higher level of tailing with frequency reaching 15.4% (~219-fold increase
when compared to wild type). In all genetic backgrounds, mono-uridylation was the most
abundant modification. Although guanylation was uncommon in the wild type, 23.7% of
piRNAs in parn-1, 27.0% in henn-1, and 29.0% in henn-1; parn-1 mutant animals contained
nontemplated guanine, indicating that different TENTSs act on unmethylated and untrimmed
piRNAs (Figure 2B). A closer inspection of randomly selected piRNA loci—21UR-125
and 21UR-205—confirmed the presence of nontemplated nucleotides in mutants (Figures
2C and S2I). Bioinformatic analyses of embryo samples revealed elevated 3’ tailing in the
mutants. The frequency of nontemplated nucleotides was 0.07%, 5.21%, 4.54%, and 10.1%
in wild type, henn-1, parn-1, and henn-1,; parn-1 mutants, respectively (Figure S2J).

To gain more insight into the sequential order of 3" shortening and tailing, we compared

the length of piRNA perfectly matching reads to the length of tailed reads after removal of
nontemplated nucleotides. If 3" shortening occurs prior to tailing, tailed piRNAs with the
removal of 3" additions are expected to be shorter than untailed piRNA species. On the
contrary, if tailing precedes 3" shortening, we expect to find a portion of tailed reads equal to
or longer than perfect match reads. In wild-type and /enn-1 animals, tailed reads were 1 to

2 nt shorter than perfect match reads, indicating 21U-RNAs are truncated prior to 3" tailing
(Figures 2D and 2E; Svendsen et al., 2019). In these scenarios, the 3" truncation may be
required to expose piRNA 3 termini to TENT(s).

In contrast to /enn-1 mutants, tailed reads in parn-1 mutants were several nucleotides
longer than perfect match reads (Figure 2F). One explanation for this finding is that these
long piRNA isoforms are not fully methylated and thus are more susceptible to 3" tailing.
To examine the methylation status of untrimmed piRNAs, we conducted sodium-periodate-
mediated oxidation experiments and sequenced oxidation-resistant small RNAs. The vicinal
diol at the 3" end of unmodified small RNAs is oxidized by sodium meta-periodate to a
dialdehyde, rendering them poor substrates for small RNA cloning, whereas RNAs with 2”-
O-methylation at their 3" termini are resistant to oxidation. Consistent with previous studies,
untrimmed piRNAs in parn-1 mutants were indeed enriched by oxidation when normalized
to the total number of reads (Figure 2G; Tang et al., 2016). However, untreated and
oxidation-resistant piRNA showed a very similar length distribution, suggesting untrimmed
piRNA isoforms are efficiently 2"-O-methylated regardless of length (Figure 2H). It is thus
unlikely that the absence of 2’-O-methylation is responsible for 3" tailing of untrimmed
piRNAs in parn-1 mutants.

Untrimmed piRNAS in parn-1 mutants are loaded onto and stabilized by PRG-1 (Tang et al.,
2016). A speculative but intriguing possibility is that the 3" ends of longer piRNA isoforms
could not be properly accommodated by the PAZ domain of PRG-1 and therefore were

more susceptible to catalysis of TENT(s). Future structural analysis of the PRG-1 complex is
required to determine the interaction between the PAZ domain and 3" termini of piRNA of
different lengths.
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Consistent with the idea that different mechanisms may drive the tailing of unmethylated
piRNAs versus untrimmed piRNAs, overlapping yet distinct piRNA subsets exhibited

3’ additions in A#enn-1and parn-1 mutants (Figure 21). We compared the change in
unmethylated piRNA abundance to the change in corresponding untrimmed piRNA
abundance. We did not observe a general correlation between piRNA fold change in
henn-1 mutants and that in parn-1 mutants (Pearson’s p = 0.06; Figure 2J). These findings
suggest that distinct piRNA populations were differentially expressed in the absence of
2’-O-methylation or pre-piRNA trimming.

piRNA tailing may be linked to instability

Previous studies showed that 3" tailing is associated with miRNA turnover (Ameres et al.,
2010; Faehnle et al., 2014; Haas et al., 2016; Katoh et al., 2015). To explore the relationship
between piRNA tailing and its degradation, we calculated the change of piRNA steady-state
levels in the mutant strains relative to wild type and asked if the change in piRNA abundance
correlated with tailing frequency. To our surprise, we found poor correlation in Aenn-1
mutants (Spearman’s p = 0.047 for young adult; Spearman’s p = 0.054 for embryos; Figures
S3A and S3B) and in parn-1 mutants (Spearman’s p = 0.086 for young adult; Spearman’s

p = —0.013 for embryos; Figures S3C and S3D), as well as in henn-1,; parn-1 mutants
(Spearman’s p = 0.12 for young adult; Spearman’s p = 0.024 for embryos; Figures S3E and
S3F). These findings suggest at least two models, as follows: (1) degradation of piRNAs is
independent of 3" tailing; and (2) degradation of piRNAs correlates with 3” tailing, but the
synthesis of piRNAs obscures the correlation (Figure 3A).

These two conflicting models make distinct predictions. For example, the latter model
predicts that, with increased decay because of 3 tailing, levels of untrimmed and
unmethylated piRNAs should better correlate with their corresponding csRNAs. We
compared steady-state levels of piRNAs to corresponding csRNAs that were previously
characterized by Mello and colleagues (Gu et al., 2012). In wild-type strains, levels of
csSRNAs and mature piRNA were modestly correlated (Pearson’s p = 0.14; Figure 3B).

In support of the second model, there was a better correlation between csRNA and
unmethylated piRNA levels in the /enn-1 mutant strains (Pearson’s p = 0.22; Figure 3C).
Similarly, we found a stronger association between csRNA and untrimmed piRNA levels in
parn-1 (Pearson’s p = 0.27; Figure 3D) and henn-1; parn-1 mutant animals (Pearson’s p =
0.24; Figure 3E).

By inhibiting the synthesis of csRNAs, the steady-state piRNA level should be largely
determined by the turnover rates. In this scenario, the second model predicts that 3’

tailing frequency would be associated with piRNA turnover. C. elegans piRNAs are actively
transcribed in the adult germ cells and passed on to the embryos (Goh et al., 2014; Kasper et
al., 2014; Weick et al., 2014; Weng et al., 2019). Germ cells in the early embryos, however,
are transcriptionally quiescent (Seydoux et al., 1996). We thus calculated the change in
piRNA levels in embryos versus young adults and examined the relationship between

the change of abundance and 3’ tailing frequency in young adults. Consistent with the
notion that 3" tailing is involved in piRNA decay, we detected a moderate but statistically
significant inverse correlation between the tailing frequency and piRNA reduction in the
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wild-type strain (Spearman’s p = —0.33), as well as in henn-1 (Spearman’s p = —0.17),
parn-1 (Spearman’s p = —=0.35), and henn-1; parn-1 mutant animals (Spearman’s p = —0.15)
(Figures 3F=3I). Taken together, our findings imply that 3" tailing may play a role in piRNA
turnover during the maternal-to-zygotic transition. Identification of the TENT(s) that act on
piRNA will be essential to determine whether tailed piRNAs are degradation intermediates
or side products formed prior to or during degradation. In addition, kinetic analyses, such as
direct measurement of decay rates of tailed piRNAs, will be necessary to determine the role
of 3’ tailing in piRNA decay.

Loss of parn-1 and henn-1 results in decreased WAGO-22G-RNAs and fecundity

Upon targeting, the PRG-1/piRNA complex recruits the RNA-dependent RNA polymerase
(RARP). RARP uses RNA targets as a template to synthesize secondary small RNAs, referred
to as 22G-RNAs based on their propensity for a 5" G residue and a length of 22 nt (Gu et al.,
2009; Maniar and Fire, 2011; Smardon et al., 2000). These 22G-RNAs are loaded onto an
expanded group of worm AGOs (WAGOSs) that function downstream of piRNAs to maintain
and propagate epigenetic silencing of many endogenous genes (Ashe et al., 2012; Bagijn et
al., 2012; Buckley et al., 2012; Lee et al., 2012; Shen et al., 2018; Shirayama et al., 2012).
RdRP is also responsible for generation of 22G-RNAs that engage the CSR-1 AGO protein.
However, biogenesis of CSR-1-22G-RNAs is independent of piRNA activity (Claycomb et
al., 2009; Gu et al., 2009; Lee et al., 2012).

We next tested whether deletion of parn-1 and henn-1 affects the synthesis of 22G-RNAs.
In total, 1,125 WAGO 22G-RNA loci and 3,207 CSR-1 22G-RNA loci were examined
(Table S3; Claycomb et al., 2009; Gu et al., 2009; Svendsen et al., 2019). CSR-1 22G-RNA
production was generally not affected upon deletion of henn-1 and parn-1 (Figures 4A—
4C). In contrast, levels of WAGO 22G-RNAs exhibited significant changes in the mutant
animals (Figures 4A-4D; Svendsen et al., 2019; Tang et al., 2016). Specifically, the median
abundance of WAGO 22G-RNAs in parn-1 and henn-1 was reduced to 97.5% and 83.4% of
wild type, respectively. Consistent with a stronger depletion of piRNAs in henn-1; parn-1
animals, the median abundance of WAGO 22G-RNAs was reduced to 56.5% of the wild-
type strain (Figure 4D).

We further examined 890 genes whose 22G-RNA accumulation depends on PRG-1/piRNA
activity (Reed et al., 2020; Tang et al., 2016). A total of 198 genes exhibited a significant
depletion of 22G-RNAs in Aenn-1 mutant animals, whereas 160 genes with depleted 22G-
RNAs were found in the parn-1 mutant strain (Figure 4E). Consistent with the notion that
both parn-1and henn-1 function in stabilizing piRNAs, deletion of both Aenn-1 and parn-1
led to a reduction of 22G-RNAs mapped to 359 genes (Figure 4E).

We were surprised to find that among 890 PRG-1/piRNA targets, 60 in Aenn-1, 170 in
parn-1, and 66 in the double-mutant animals displayed elevated 22G-RNA levels (Figure
4F). By inspecting some PRG-1/piRNA targets showing increased 22G-RNAs upon loss of
parn-1, we found an intriguing genetic interaction between parn-1 and henn-1 in regulating
22G-RNA biogenesis (Figures 4F and S4A-S4C). For example, at clec-238and fbxc-39
genomic loci, depletion of parn-1 appeared to restore 22G-RNA production of henn-1
mutants (Figures S4A and S4B). At the padx-1 locus, 22G-RNAs mapping to specific
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regions—exons 4-6 and 3" UTR-were increased in parn-1and henn-1; parn-1 mutants as
compared to Aenn-1 and wild-type strains. One speculative explanation is that by extending
the potential base pairing, the untrimmed piRNAs in parn-1and henn-1; parn-1 animals
may stabilize the interactions with certain target sequences and thus promote the production
of 22G-RNAs. Together, these data suggest that HENN-1 and PARN-1 act in the piRNA
pathway to regulate the production of WAGO 22G-RNAs.

Disruption of the piRNA pathway causes infertility in diverse animals (Carmell et al., 2007;
Cox et al., 1998; Goh et al., 2015; Gou et al., 2014; Houwing et al., 2007). In C. elegans
prg-1 mutants, this sterility is progressive, and fertility declines over generations, known

as a mortal germline phenotype (Batista et al., 2008; Das et al., 2008; Simon et al., 2014;
Wang and Reinke, 2008). We performed two assays to assess the fertility of mutant animals.
In the first assay, we outcrossed mutants with wild-type strains, tracked 10 prg-1, henn-1,
parn-1, and double-mutant lines, and scored whether or not each line produced progenies
every 2 generations. Wild-type animals remained fertile in the course of the experiment
(=33 generations) (Figure 4G). As expected, propagation of prg-1 and henn-1 animals at
25°C resulted in progressive sterility (Figure 4G; Simon et al., 2014; Svendsen et al., 2019).
Animals deficient for PARN-1 displayed moderate decline in fertility over generations
(Figure 4G). Surprisingly, senn-1, parn-1 double mutants became sterile more slowly than
henn-1 single mutants, suggesting that the loss of parn-1 suppresses progressive sterility of
henn-1 mutants.

As a second assay for fertility, we measured the brood sizes of outcrossed strains at
approximately generation 8 when animals were relatively fertile. Under such conditions,

the wild-type strain produced ~276 progeny/animal (Figure 4H). Consistent with findings
from previous studies (Svendsen et al., 2019; Tang et al., 2016), we found that as compared
to the wild type, parn-1 and henn-1 animals displayed a decrease in brood size, producing
~180 and ~194 progeny/animals, respectively (Figure 4H). Strikingly, Aenn-1, parn-1 double
mutants exhibited an additive fertility deficit and produced ~150 progeny/animal, which

is comparable to that of prg-I1 mutants (Figure 4H). These findings imply that HENN-1
genetically interacts with PARN-1 to modulate germline immortality and promote fertility.

Tailed piRNAs show an extensive base-paring interaction with their target RNAs

Previous studies showed that a 3" addition of miRNAs is triggered through binding to target
RNAs with extensive complementarity (Ameres et al., 2010; de la Mata et al., 2015; Xie

et al., 2012). In wild-type animals, 3" nontemplated additions were found on 272 piRNAs
(Table S2). We thus wondered if extensive base-pairing interactions between piRNAs and
their targets are associated with piRNA tailing.

We examined the piRNA-RNA interactome, as measured by a method combining
crosslinking, ligation, and sequencing of hybrids (CLASH) (Helwak et al., 2013; Shen

et al., 2018). The CLASH experiment included an RNase treatment step prior to hybrid
ligation and the 3”-end sequences of piRNA were not preserved. We thus cross-referenced
tailed piRNAs defined by this study to base-pairing interactions revealed by CLASH reads
obtained by Mello and colleagues (Shen et al., 2018). /n silico folding for each base-pairing
interaction was conducted, and Gibbs free energy (AG) of the most energetically favorable
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interactions was calculated as described (Figure 5A; Lorenz et al., 2011; Shen et al., 2018).
To examine weak and stable interactions, we split chimeric reads into two bins of decreasing
AG (=15 < AG <0, and AG<-15 kCal/mol). As a control, we considered a set of untailed
piRNAs whose expression levels were comparable to those of tailed piRNAs (Figure S5A).
We detected no sequence bias between tailed piRNAs and the control group (Figures S5B
and S5C). We next computed the abundance of CLASH chimeric reads for each piRNA
species in tailed group and control (Figure 5B). In the group representing weak interactions
(15 < AG < 0 kCal/mol), we detected no significant differences in CLASH reads between
tailed piRNAs and the control (Figure 5B). In contrast, when examining the bin showing
stable base-pair interactions, we found more piRNA/target RNA interactions for tailed
piRNAs than those for the control (1.9-fold increase in AG < -15 kCal/mol hybrids) (Figure
5B).

To determine the extent of complementarity required to induce tailing, we conducted 7n
sifico folding to examine the Watson-Crick base pairing between piRNAs and their targets
revealed by CLASH reads. For hybrids with =15 < AG < 0 kCal/mol, base-pairing patterns
of tailed piRNAs were indistinguishable from those of the control (Figure 5C). When
examining stable interactions, we found that tailed piRNAs exhibited increased base-pairing
frequencies at several positions of piRNAs (Figure 5D). There were preferred interactions
within the seed region, particularly at positions 4 to 6. Additionally, more 3" supplementary
pairing between tailed piRNAs and their targets was detected (Figure 5D).

To directly test the causal relationship between base-pairing interactions and piRNA 3’
tailing and/or degradation, we mutated piRNA target sites in endogenous transcripts and
examined the effect on piRNA expression. We focused on the abundant piRNAs with
detectable 3" addition (Table S2) and searched for their target sites defined by the CLASH
experiment (hybrid reads with AG < -15 kCal/mol and read count of >100). In addition,

we manually selected target sites showing extensive complementarity to the 5" and 3’

ends of piRNAs and mismatches in the central region (Figure 5D). Among tailed piRNAs,
21UR-4864 was mono-uridylated and interacted with a set of transcripts as defined by
CLASH (Tables S2 and S4). The base-pairing interaction between 21UR-4864 and w03h9.2
stood out; the CLASH read count was 131, AG was —29.08 kCal/mol, the target site could
base pair with 5" and 3" ends of 21UR-4864 with a central 3-nt mismatch (Figure 6A), and
the w03h9.2 transcript was highly enriched in the C. elegans germline (Li et al., 2014; Ortiz
etal., 2014).

We reasoned if 3 tailing and degradation of piRNAs are induced by base-pairing
interactions, disrupting the binding between 21UR-4864 and w03h9.2 should have an effect
on 21UR-4864 stability. CRISPR-Cas9 genome editing was used to mutate 21UR-4864
target sequences in the wo3h9.2transcript. We introduced synonymous mutations (SMs)
that maintain the w03h9.2 open reading frame but the disrupt 21UR-4864 target site (Figure
6A). Additionally, we generated a deletion (Del) that completely removes 21UR-4864 target
sequences and deletes 7 amino acids on the WO3H9.2 protein (Figure 6A). We quantified
the abundance of 21UR-4864 with qRT-PCR and found that the 21UR-4864 level increased
approximately 2-fold in both SM and Del mutants (Figure 6B). To assess nontemplated
nucleotide addition on piRNAs, we cloned and deep sequenced small RNAs isolated from
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wild-type and SM and Del mutant animals. 22G-RNA signals near the 21UR-4864 target
site were reduced in SM and Del mutant worms, suggesting an intact piRNA target site is
required for the production of 22G-RNAs (Figures 6A and 6C; Ashe et al., 2012; Lee et
al., 2012). Furthermore, small RNA sequencing confirmed the elevated level of 21UR-4864
in SM and Del mutant worms compared to the wild type (Figure 6D). Importantly, the
frequency of 21UR-4864 with a 3" nontemplated nucleotide (mono-uridylation) is reduced
in both piRNA target site mutants (Figure 6E). Taken together, our analyses revealed that
similar to miRNAs, extensive complementarity between piRNAs and mRNA can trigger 3’
tailing and degradation of piRNAs in C. elegans.

DISCUSSION

In contrast to piRNA biogenesis, the molecular principles for piRNA degradation are poorly
understood (Huang et al., 2017; Ozata et al., 2019; Weick and Miska, 2014). In this

study, we characterized tailing, trimming, and decay of C. elegans piRNAs (Figure 6).

Our analyses revealed that in wild-type animals a subset of piRNAs possess detectable

3’ nontemplated nucleotides. C. efegans piRNAs interact with thousands of germline
transcripts and generally permit mismatches at various positions of piRNAs (Shen et al.,
2018). When compared to piRNAs with no detectable 3" additions, piRNAs showing

3’ additions exhibit extensive base pairing to their targets, raising the possibility that
complementary target RNAs elicit piRNA tailing and degradation. The target sites that
trigger piRNA decay may differ from the sites that cause target silencing in that they base
pair extensively to both 5" ends and 3 ends of piRNAs. Indeed, a structural analysis of the
AGO complex revealed that 3”-end complementarity facilitates conformational changes that
expose MiIRNA 3’ termini to nucleotidyltransferases and/or nucleases (Sheu-Gruttadauria
etal., 2019). It is possible that mismatches in the central region may also be essential

to induce piRNA tailing and degradation. These mismatches could conceivably inhibit

or slow down the cleavage and/or release of target RNAs. Although pairing rules for
piRNA target recognition were well characterized, pairing patterns that drive for piRNA
degradation are unclear and require further investigation (Shen et al., 2018; Svendsen and
Montgomery, 2018; Zhang et al., 2018). Our findings, together with studies in miRNAs and
small interfering RNAs (siRNAs) (Ameres et al., 2010; Baccarini et al., 2011; Bitetti et al.,
2018; de la Mata et al., 2015), suggest that complementarity is a general mechanism for 3°
nontemplated nucleotide addition of small RNAs.

We report that both pre-piRNA trimming and 2”-O-methylation protect piRNAs from

3’ addition (Figure 6). Previous work showed that C. efegans deficient for HENN-1
accumulates piRNAs with 1- to 2-nt truncations (Kamminga et al., 2012; Svendsen et al.,
2019). Our analyses revealed that short isoforms are subject to nontemplated nucleotide
addition, indicating 3" truncation occurs prior to tailing in #enn-1 animals. In contrast,

long isoforms of piRNAs in parn-1 mutants are preferentially modified, indicating tailing of
untrimmed piRNAs occurs prior to or independently of 3" truncation. Therefore HENN-1
and PARN-1 protect piRNA against nontemplated nucleotide addition through distinct
mechanisms. Indeed, simultaneous deletion of both enzymes results in a higher frequency of
3’ tailing and stronger depletion of piRNAs than those of Aenn-1 or parn-1 single mutants.
A recent pre-print revealed that both PNLDC1 (mouse homolog of PARN-1) and HENMT1
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(mouse homolog of HENN-1) are required for the accumulation of piRNAs (Gainetdinov et
al., 2020). Together, these findings suggest that despite many differences in piRNA lengths
and sequences in nematodes and mammals, the quality-control mechanism for piRNAs is
nevertheless conserved.

We show that the composition of piRNA 3" nontemplated nucleotides are distinct between
wild-type and parn-1 or henn-1 mutant strains. For example, uridylation is the major form
of 3" modifications in wild-type animals (Figure 2B). Additionally, 3" guanylation and

a few other modifications of piRNAs are found in parn-1 as well as in henn-1 mutant
animals. These data suggest that different TENTSs act on 21U-RNAs and untrimmed and
unmethylated piRNAs (Figure 6). Members of the TENT family act in small RNA pathways
in a variety of organisms (Yu and Kim, 2020). In C. elegans, the nucleotidyltransferases
CDE-1 is required for the uridylation of CSR-1-22G-RNAs (van Wolfswinkel et al., 2009).
RDE-3, another TENT required for WAGO-22G-RNA accumulation but dispensable for
CSR-1-22G-RNA production, adds alternating stretches of polyuridine-guanine tails to the
RNA template for RARP amplification (Chen et al., 2005; Shukla et al., 2020). An in cellulo
tethering assay identified several C. efegans TENTSs with uridylation and/or guanylation
activities (Preston et al., 2019), making them good candidates for modifying piRNA.
Together with these studies, our work lays the foundation for future studies to identify
enzymatic factors responsible for nontemplated nucleotide addition of piRNAs.

Although piRNA 3’ tailing was detected in wild-type animals and became more prevailing
in henn-1 and parn-1 mutant animals, we do not know if 3" tailing causes piRNA
degradation. There are several challenges to establishing a causal relationship between
these two processes. First, it is difficult to identify and quantify tailed piRNA species.
Although there are a large number of piRNAs, the abundance of individual piRNAs is low
in C. elegans. The median abundance of piRNAs in C. elegans is 0.43 reads per million
(RPM) (n = 15,366), as compared to 32.2 RPM for miRNAs (n = 223). Our bioinformatic
analyses revealed 272 tailed piRNAs from small RNA sequencing runs with over 50 million
reads (Tables S1 and S2). A higher sequencing depth will facilitate the identification of
more piRNAs containing 3" nontemplated nucleotides. Second, we found that a significant
portion of piRNAs in parn-1and henn-1 mutant animals possess more than one type of
nontemplated nucleotides. Different 3 modifications have various or even opposite effects
on small RNA stability. For example, 3"-mono-adenylation mediated by the noncanonical
poly(A) polymerase GLD-2 stabilizes mouse miR-122, whereas 3”-oligo-adenylation by
the same enzyme promotes degradation of miR-122 (Katoh et al., 2009, 2015). Third,

we measured the steady-state abundance of piRNAs; the production and degradation
dynamics of tailed species remain largely obscure. A pulse-chase approach and metabolic
incorporation strategies will be required for elucidating the kinetics of 3" additions and
their effect on piRNA turnover (Kingston and Bartel, 2019; Marzi et al., 2016; Reichholf
et al., 2019). Finally, it is worth noting that 3’ tailing and trimming can be uncoupled from
nucleolytic degradation of small RNAs. Cyrano, a mammalian long noncoding RNA, has
been shown to induce 3" tailing and decay of miRNA-7 through extensive complementarity
(Kleaveland et al., 2018). However, degradation of miRNA-7 is independent of 3" tailing
and trimming. Instead, the highly complementary target triggers proteolysis of the ARGO
protein through the ubiquitin proteasome pathway (Han et al., 2020; Kleaveland et al.,
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2018; Shi et al., 2020). The interplay between ribonuclease-mediated small RNA decay and
ubiquitination-mediated AGO proteolysis remains to be determined.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests concerning resources and reagents can be
directed to and fulfilled by the Lead Contact Wen Tang (tang.542@osu.edu).

Materials availability—Strains used in this study are available for order from the
Caenorhabditis Genetics Center and are available upon request.

Data and code availability

. WAGO-1 and HRDE-1/WAGO-9 immunoprecipitation data are available
fromGene Expression Omnibus (GEO) under the accession number GEO:
GSE137734. CSR-1 immunoprecipitation data are available under GEO:
GSE18165. Small RNA sequencing data from wild-type and rde-3 strains are
available under GEO: GSE18215. CIP-TAP sequencing data for csSRNAs are
available under GEO: GSE40053. PRG-1 CLASH sequencing data are available
from Sequence Read Archive (SRA) under SRA: SRP131397. Sequencing data
used to define PRG-1 targets are available under GEO: GSE141243 and SRA:
SRS1021265. Small RNA sequencing data generated for use in this study are
available under SRA: PRINA683039.

. Custom R, python and shell scripts used in this analysis are freely available upon
request.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Caenorhabditis elegans strains—The Bristol strain N2 was designated as the wild-
type C. elegans strain (Brenner, 1974). Other strains used in this study are listed in Key
resources table. All strains were maintained with an £. co/i OP50 diet on Nematode Growth
Media (NGM). All animals were maintained at 20 °C unless otherwise indicated.

METHOD DETAILS

CRISPR/Cas9 genome editing—CRISPR lines were generated via Cas9 editing using
short single-stranded oligo donors (ssdonors) as previously reported (Ghanta and Mello,
2020). In brief, two ssdonors were used to introduce synonymous mutations and deletion
at target site of 21UR-4864 of w03h9.2. 20 pl injection mix contained pre-assembled
Cas9 ribonucleoprotein complex (5 pg Cas9, 2 pg guide RNA, 1 g tracrRNA) and 1.1

ug ssdonors (Integrated DNA Technologies). The vector pRF4 was used as a co-injection
marker (Mello et al., 1991). Sequences of guide RNA and ssdonors used in this study are
listed in Table S5.
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Western blotting analysis—40 synchronized wild-type, henn-1, parn-1, and henn-1/
parn-11L1s were grown at 20°C and harvested before egg-laying for young adult protein
lysate preparation. 850 embryos per strain were isolated from gravid adults grown at

20°C for embryo protein lysate preparation. Samples were separated on precast denaturing
polyacrylamide gels, transfer onto PVDF membrane (Bio-Rad), and probed with anti-PRG-1
antibody (Batista et al., 2008) and rat polyclonal anti-alpha tubulin (Bio-Rad, MCA77G).
HRP goat anti-rabbit IgG H&L (Abcam, ab6734) or rabbit anti-rat IgG H&L (Abcam,
ab6721) secondary antibodies were used for detection using Clarity Max ECL Western
Blotting Substrate (Bio-Rad).

Brood size assay—Wild-type, outcrossed henn-1, parn-1, henn-1/parn-1, and prg-1
animals are passed approximately 8 generations. Newly hatched L1 larvae were placed
singly on plates. Halfway through egg-laying, animals were transferred to fresh plates until
egg-laying stopped. The brood size for each animal was calculated by adding the progeny on
the original and transferred plates.

Germline mortality assay—~Prior to starting the assay, animals were freshly outcrossed.
10 lines of N2, henn-1, parn-1, henn-1, parn-1 and prg-1 respectively, were grown
continuously at 25°C on OP50. Four L1s for each line were transferred to fresh plates
seeded with OP50 bacteria every two generations (approximately every 4-5 days). Lines
were recorded as fertile until animals no longer produce viable progeny.

RNA Extraction and Small RNA enrichment—Approximately 10,000 synchronized
wild-type and mutant young adults were harvested before egg-laying for young adult
samples. Embryos were obtained by hypochlorite treatment (Fisher Scientific, S52901)

of gravid adult hermaphrodites. Total RNAs were isolated from young adult and embryos
using TRI Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Small RNAs were enriched using MirVana miRNA Isolation Kit (Thermo Fisher Scientific),
according to the manufacturer’s instructions.

Oxidation of RNA with sodium periodate—5 pg small RNA enriched by the MirVana
Kit (Thermo Fisher Scientific) was oxidized 25 mM sodium periodate (Fisher Scientific)

in borax/boric acid buffer (0.06 M borax, 0.06 M boric acid, pH 8.6) in the dark at room
temperature for 30 min. 20 L of 50% glycerol was added and incubated for additional 15
min to quench sodium periodate. RNA was recovered by ethanol precipitation, dissolved in
nuclease free water, and subjected to small RNA cloning.

Real-time quantitative RT-PCR—1.5 g of total RNA isolated from two biologically
distinct young adult samples was reverse transcribed in technical triplicates using
Superscript 111 Reverse Transcriptase (Thermo Fisher Scientific) with gene-specific P1-P6
antisense primers that are listed Table S5. Quantitative PCR was performed in 20 ul
reactions using cDNA with PowerUp SYBR Green Master Mix (Thermo Fisher Scientific),
gene-specific primers P7-P12 and P13 universal primer in a CFX Connect Real-Time PCR
System (Bio-Rad). Ct values were determined using CFX Manager v3.1 software (Bio-Rad)
and the relative abundances of individual piRNAs were calculated using the AACt method.
Error bars in the graph indicate the standard deviation (SD) in all statistical analysis.
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Small RNA-sequencing library preparation—Small RNA samples from wild-

type and mutants were pretreated with a recombinant 5" polyphosphatase PIR-1

that removes the y and B phosphates from 5’-triphosphorylated RNA (Li et al.,

2020). The resulting monophosphorylated small RNAs were ligated to a 3" adaptor

(5" rAppAGATCGGAAGAGCACACGTCTGAACTCCAGTCA/3ddC/3’, IDT) using T4
RNA ligase 2 in the presence of 25% PEG8000 (NEB) at 15°C overnight. The 5" adaptor
(rArCrArCrUrCrUrUrUrCrCrCrUrArCrArCrGrArCrGrCrUrCrUrUrCrCrGrArUrCrU, IDT)
was then ligated to the product using T4 RNA ligase 1 (NEB) at 15°C for 4 h. The ligated
products were converted to cDNA using SuperScript 111 Reverse Transcriptase (Thermo
Fisher Scientific). The cDNAs were amplified by PCR, and the libraries were sequenced on
an Illumina Novaseq platform (SP 2 X 50 bp) at the OSU Comprehensive Cancer Center
genomics core.

Analysis of small RNA sequencing datasets—Raw small RNA sequencing reads
were first processed to remove low quality reads and adapters using 7rimGalore (v0.6.4).
Following adaptor removal and quality control, reads were aligned to a genome reference
(Wormbase release WS230) or modified references containing synonymous mutations and
deletion at target site of 21UR-4864 of w03h9.2 using Bowtie (v1.2.3) (Langmead et

al., 2009), then and converted to bed files using BEDOPS (v2.4.39) (Neph et al., 2012).
Following alignment to our genomic reference reads were also aligned to a reference
containing annotated exon-exon junctions. To account for variation in sequencing depth
between samples, each read was normalized to the total number of mapped reads. To
account for difference in ligation efficiency between unmethylated and 2”-O-methyl RNASs,
piRNA-matching reads in henn-1and henn-1; parn-1 mutants were further normalized by
reducing their read counts by 5-fold. WAGO 22G-RNA loci (n = 1125) were defined as
genes (1) with small RNAs enriched in WAGO-1 or WAGO-9/HRDE-1 immunoprecipitation
and (2) depleted of small RNAs in rde-3 mutants (Gu et al., 2009; Svendsen et al., 2019).
CSR-1 22G-RNA loci (n = 3207) were defined as genes with small RNAs enriched in
CSR-1 immunoprecipitation experiments (Claycomb et al., 2009). PRG-1/piRNA targets (n
= 890) were defined as genes depleted of small RNAS in prg-1 mutants (Reed et al., 2020;
Tang et al., 2016).

Bioinformatic analysis of nontemplated nucleotide addition—A piRNA reference
was generated by extending 3" ends of annotated piRNA loci by 10 nucleotides (Wormbase
release WS230) using BEDtools (v2.26.2) (Quinlan and Hall, 2010). Nontemplated
nucleotide addition was detected a custom computational pipeline. Briefly, sequencing reads
mapped to the piRNA reference using the Bowtie command bowtie-best-strata -a—no-unal
-m 1 -un -f -v 0, were denoted as reads without mismatches. One nucleotide from the 3" end
of unmapped reads was removed. And these trimmed reads were aligned to the reference.
Reads aligning to the piRNA reference following removal of 3’ nucleotides were denoted

as tailed reads. Unmapped reads were then re-submitted into the pipeline. At each round of
alignment, sequencing reads were aligned to the piRNA reference allowing N-1 mismatches,
where N is the pipeline iteration. This step allowed us to exclude multinucleotide tails where
the number of mismatches is not equal to the length of the tail. The cycle of nucleotide
removal followed by alignment was repeated a total of three times, allowing for a maximum

Cell Rep. Author manuscript; available in PMC 2021 September 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pastore et al.

Page 16

of a trinucleotide tail. All read counts were then normalized to the total number of mapped
reads of each sample.

Untailed and tailed reads were further processed to exclude sequencing errors and
misalignments. First, we preformed size selection on our aligned reads, requiring read length
to be within 17 to 30 nucleotides long. Second, aligned reads must start with 5” T and

align to position 1, 2, or 3 of annotated piRNA genes. Third, tailed piRNA reads containing
stretches of the same nucleotide preceding the tail were removed. Finally, tailed reads must
be present in both biological replicates.

Capped small RNA sequencing dataset analysis—Abundance of piRNA precursors
(csRNAs) was based on CIP-TAP sequencing data which is available under GSE40053

(Gu et al., 2012). To detect piRNA precursors, a reference was constructed to have a
two-nucleotide extension at the 5" end of annotated piRNA loci and a ten-nucleotide
addition to the 3" ends of annotated piRNA loci (Wormbase release WS230). Processed
sequencing reads were aligned to the piRNA reference using Bowtie. Following alignment,
the abundance of csRNA and piRNA reads was analyzed using a custom R script.

CLASH dataset analysis—Publicly available Crosslinking, ligation and sequencing of
hybrids (CLASH) data were downloaded from NCBI under ascension available under
GSE38723 (Shen et al., 2018). CLASH chimeras were mapped and analyzed as described
(Shen et al., 2018). Gibbs free energy (AG) of piRNA-target hybrids were calculated using
RNAfold in Vienna RNA Package (version 2.3.5) (Lorenz et al., 2011; Shen et al., 2018).
To conduct CLASH dataset analysis, we randomly selected a control set composed of

272 untailed piRNAs whose expression levels are comparable to tailed piRNAs. Following
generation of a suitable control, CLASH reads for each piRNA in the control and tailed
population were examined. CLASH reads were placed into bins according to the predicted
binding energy of the piRNA-target interaction. Using custom R scripts, we analyzed the
CLASH counts per piRNA as well as the Watson-Crick base-pairing at each piRNA position
for piRNA-target chimeras.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was preformed using custom R (v4.0.3) scripts and R packages dplyr
(v1.0.2) and tidyr (v1.1.2). Plotting was conducted using ggplot2 (v3.3.2). Specific statistical
tests used in our analyses are indicated in the figure legends. Data were evaluated using
homoscedasticity assumption tests before performing parametric statistical tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Nontemplated nucleotides are added at the 3" end of piRNAs
Base-pairing interaction with target RNAs induces degradation of piRNAs
Activities of PARN-1 and HENN-1 protect piRNAs from 3" tailing

Deletion of parn-1and henn-1 leads to reduction in WAGO-22G-RNAs and
low fecundity
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Figure 1. Loss of henn-1, parn-1, and henn-1; parn-1 destabilizes piRNAs
(A-C) Scatterplots showing the expression of piRNAs in parn-1 (A), henn-1 (B), and

henn-1; parn-1 mutant young adults (C) relative to wild-type control (n = 10,870). Green and
red dots represent piRNA expression in mutants that significantly changed (p < 0.05) with a
fold change greater than or equal to 2 or less than or equal to 0.5, respectively. The central
diagonal line represents a fold change of 1, the top diagonal line represents a fold change

of 2, and the bottom diagonal line represents a fold change of 0.5. The Welch two-sample t
test was used to calculate p values; correlation statistics were calculated using the Pearson’s
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correlation test (for a perfect correlation, the correlation coefficient p = 1 or —1; and for no
correlation, p = 0).

(D) Barplot showing the total normalized reads per million (RPM) mapping to piRNA loci
(n=10,870) in wild type and henn-1, parn-1, and henn-1, parn-1 mutant animals. Error
bars represent standard deviation in the total RPM mapping to piRNA loci in two biological
replicates.

(E) Barplots showing the expression of 21UR-1714, 21UR-3442, 21UR-3717, and
21UR-5101 in wild-type and henn-1, parn-1, and henn-1, parn-1 mutant young adults
measured using gRT-PCR. piRNA cycle threshold (Ct) values were normalized to miRNA
miR-52 Ct values. The error bars represent the standard deviation. Blue and red dots
represent technical triplicates from biologically distinct samples. A two-sample t test was
used to statistically compare mutant expression to that of wild type. Significance indicators
are as follows: ns (no significance), *p = 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
(F) Western blotting analysis quantifying the abundance of the PRG-1 protein in wild-type
and henn-1, parn-1, and henn-1; parn-1 mutant young adults and embryos. A prg-1 negative
control was included in the young adult sample. A p-tubulin control served as the loading
control. Relative signals with respect to wild-type PRG-1 blotting are indicated below each
blot.

(G and H) Line graphs showing the length distribution of piRNAs in wild-type (blue),
henn-1 (red), parn-1 (purple), and henn-1,; parn-1 (green) young adult (G) and embryo (H).
The y axis represents the fraction of reads at each length indicated on the x axis.
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Figure 2. Nontemplated nucleotide addition occurs at piRNA 3’ termini
(A) Barplot showing the ratio of tailed piRNA reads to total reads mapping to piRNA loci in

wild-type, henn-1, parn-1, and henn-1; parn-1 young adults.

(B) Pie charts showing the composition of nontemplated nucleotides in wild-type, henn-1,
parn-1, and henn-1, parn-1 young adults.

(C) Genome browser view of sequencing reads mapped to 21UR-125. The height of each bar
is representative of the RPM. Nontemplated nucleotides are indicated by the colored boxes.
For each mutant, reads with nontemplated nucleotide additions are shown above perfectly
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matching reads. The scale of perfect match reads and tailed reads was 0-10 and 0-2.5,
respectively.

(D-F) Line plots showing the distribution of tailed (red line) and perfect match reads (blue
line) in wild-type(D), henn-1 (E), and parn-1 (F) young adults. The y axis represents the
fraction of reads at each length indicated on the x axis. Lengths of tailed reads are reported
after removing nontemplated nucleotides.

(G and H) Line plots showing the length distribution of perfectly matching reads mapping to
piRNA loci in parn-1 mutants under untreated (purple) or oxidized (Oxi) conditions (green).
Reads were grouped into bins according to their length, and the total normalized RPM (G)
and the fraction of reads (H) of each group were plotted.

(1) Venn diagram showing the overlap of tailed piRNAs in parn-1 and Aenn-1 young adults.
The number of tailed piRNAS specific to each genotype and the numbers of tailed piRNAs
in both genotypes are indicated.

(J) Scatterplot showing the relationship between the fold change (mutant versus wild type)
of piRNAs in Aenn-1 and that of parn-1 mutant young adults. The correlation coefficient was
generated using Pearson’s correlation test. The diagonal line represents no difference in fold
change.
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Figure 3. piRNA tailing may be linked to instability
(A) Model illustrating determinants of steady-state levels of piRNA as well as the role of 3’

tailing in piRNA turnover.

(B-E) Scatterplots displaying the correlation between wild-type csRNA abundance and
mature piRNA abundance in wild type (B) and senn-1 (C), parn-1 (D), and henn-1, parn-1
(E) mutant animals. Pearson’s correlation test was used to calculate p.

(F-1) Scatterplots showing the correlation between the fold change of tailed piRNAs
(embryo versus young adult) compared to the tailing frequency of piRNAs in young adults,
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in wild type (F) and henn-1 (G), parn-1 (H), and henn-1, parn-1 (1) mutants. Lowly abundant
piRNA reads were filtered by removing reads with a standardized RPM of less than —-1.5.
The Spearman’s correlation test was used to calculate p.
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Figure 4. Expression of WAGO-class 22G RNAs and fertility are reduced in henn-1, parn-1, and
henn-1; parn-1 mutants

(A-C) Scatterplots visualizing the expression of 22G-RNAs mapped to C. elegans genes in
parn-1 (A), henn-1 (B), and henn-1; parn-1 (C) mutants compared to that of the wild type.
WAGO-class 22G (n = 1,125) RNAs are highlighted in red, and CSR-class 22G RNAs (n
= 3,207) are shown in blue. The central diagonal line represents a fold change of 1, the top
diagonal line represents a fold change of 2, and the bottom diagonal line represents a fold
change of 0.5. Pearson’s correlation test was used to calculate p.
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(D) Boxplots quantifying the overall expression of WAGO-class 22G RNAs (h = 1,125) in
wild type and parn-1, henn-1, and henn-1; parn-1 mutants. The paired Wilcoxon rank-sum
test was used to determine statistical differences between the sample groups. Significance
indicators are as follows: ns (no significance), p = 0.05; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.

(E and F) The overlaps of PRG-1 targets that are downregulated (E) or upregulated (F)

in henn-1 (blue), parn-1 (green), and henn-1; parn-1 (purple) young adults compared to
wild-type. PRG-1 targets were considered down- or upregulated if the logs fold change was
less than or equal to —1 or greater than or equal to 1, respectively, compared to wild-type.
(G) Germline mortality assay in wild type and prg-1, henn-1, parn-1, and henn-1, parn-1
mutants. Percentages of 10 independent lines of animals that remained fertile at every 2
generations 25°C were plotted.

(H) Brood size assay showing the fertility of wild type (n = 18) and parn-1 (n = 24), henn-1
(n = 20), henn-1, parn-1 (n = 19), and prg-1 (n = 8) mutant animals. The two-sample t test
was used to compare wild-type brood size to that of #enn-1 and parn-1 mutants, as well as to
compare parn-1 mutants with henn-1; parn-1 mutants. The Welch two-sample t test was used
to compare wild-type and /henn-1,; parn-1 mutant brood size as well as to compare Aenn-1
and henn-1; parn-1 mutants. The Wilcoxon rank-sum test was used to compare wild-type
brood size with that of henn-1, parn-1 mutants. Significance indicators are as follows, ns(no
significance), p = 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. Tailed piRNAs share a high degree of base pairing with their target RNAs
(A) Hlustration displaying PRG-1 crosslinking, ligation, and sequencing of hybrids

(CLASH) as described (Shen et al., 2018). Following sequencing, the CLASH reads were
subject to /n silico folding and free energy predictions. A schematic is provided at the
bottom of the figure to illustrate the relationship between Gibbs free energy (kCal/mol) and

the strength of the piRNA-target interaction.

(B) Boxplots showing the number of CLASH hybrid counts in tailed piRNA and control set.
Hybrids with different binding energies (=15 < AG < 0, AG < —15 kCal/mol) are plotted.
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The Wilcoxon rank-sum test was used to derive p values to check for statistical difference
between the groups. Significance indicators are as follows: ns (no significance), p = 0.05; *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(C and D) Perfect Watson-Crick base pairing between piRNAs and CLASH-defined targets.
Line graphs show the mean CLASH counts at each position of the piRNA for hybrids with
-15<AG <0 (C) and AG < -15 (D). The Welch two-sample t test was used to calculate p
values. Significance indicators are as follows: ns (no significance), p = 0.05; *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6. 21UR-4864 tailing and degradation are target directed
(A) The top schematic illustrates the base-paring interaction between 21UR-4864 and

w03h9.2, CLASH read count, and binding energy of this interaction. The middle schematic
illustrates synonymous mutations (SMs) that disrupt base pairing between 21UR-4864 and
wO3h9.2. Mutated nucleotides are shown in red, and amino acid are shown below the mMRNA
sequence. The bottom schematic illustrates complete deletion of the 21UR-4864 target site
at wO3h9.2. Potential A:U, G:C base pairs or G:U wobble base pairs are marked.
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(B) Barplot showing the abundance of 21UR-4864 in wild type (green) and strains
containing SM (purple) and deletion (blue) of the 21UR-4864 target site at w03h9.2in

two independent biological replicates as measured by gRT-PCR. Technical triplicates are
shown as dots in blue and red. 21UR-4864 Ct values were normalized to 21UR-5101 Ct
values. A Student’s two-sample t test was used to derive p values. Significance indicators are
as follows: **p < 0.01; ***p < 0.001.

(C) The normalized coverage of antisense reads mapping to w03h9.2in wild type and strains
containing SMs and deletion of the 21UR-4864 target site at w03h9.2are visualized using
the IGV Genome Browser. A red bar and highlighted region mark the 21UR-4864 piRNA
target site.

(D) Barplot showing the abundance of 21UR-4864 in wild type (green) and strains
containing SMs (purple) and deletion (blue) of the 21UR-4864 target site at w03h9.2as
measured by small RNA sequencing. The normalized RPM of 21UR-4864 is shown on the y
axis.

(E) Barplot showing tailing frequency of 21UR-4864 in wild type (green), and strains
containing SMs (purple) and deletion (blue) of the 21UR-4864 target site at w03h9.2as
measured by RNA sequencing.

(F) Model illustrating the mechanism of target-directed piRNA tailing and the role of
pre-piRNA trimming and 2”-O-methylation in protecting piRNA from 3" tailing and
degradation. TENT, terminal nucleotidyltransferase.

Cell Rep. Author manuscript; available in PMC 2021 September 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pastore et al.

KEY RESOURCES TABLE

Page 36

Reagent or resource Source Identifier

Antibodies

Anti-PRG-1 Batista et al., 2008 PMC2570341

Rat polyclonal anti-alpha-Tubulin Bio-Rad Cat# MCAT77G; RRID: AB_325003
Goat Anti-Rabbit 1gG H&L (HRP) Abcam Cat# ab6721; RRID: AB_955447
Goat Anti-Rat 1IgG H&L (HRP) Abcam Cat# ab97057; RRID: AB_10680316

Bacterial and virus strains

Bacteria: OP50

Caenorhabditis Genetics Center

https://cgc.umn.edu/strain/OP50

Chemicals, peptides, and recombinant proteins

TRI Reagent Thermo Fisher Scientific Cat# AM9738
PIR-1 Lietal., 2020 PMC6961543

T4 RNA Ligase 1 New England Biolabs Cat# M0437

T4 RNA Ligase 2, truncated New England Biolabs Cat# M0242
SUPERaseln Thermo Fisher Scientific Cat#t AM2694
Q5 High-Fidelity DNA Polymerase New England Biolabs Cat# M0491

Ex TagDNA Polymerase TaKaRa Cat# RR0O01C
dNTPs Roche Cat# 3622614001
Sodium Hypochlorite Solution Thermo Fisher Scientific Cat# SS2901

Sodium meta-Periodate

Thermo Fisher Scientific

Cat# S398-100

Sodium Tetraborate Decahydrate

Thermo Fisher Scientific

Cat# S246-500

Boric acid Sigma Aldrich Cat# B0394-100G
Glycerol Thermo Fisher Scientific Cat# AC327255000
PVDF membrane Bio-Rad Cat# 1620177
Alt-R S.p. Cas9 Nuclease V3 Integrated DNA Technologies Cat# 1081058
Critical commercial assays

mirVana miRNA Isolation Kit Thermo Fisher Scientific Cat# AM1560
PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25742
SuperScript 111 Reverse Transcriptase Thermo Fisher Scientific Cat# 18080093
Clarity Max ECL Western Blotting Substrate  Bio-Rad Cat# 1705062

Zero Blunt TOPO PCR Cloning Kit Thermo Fisher Scientific Cat# 450245

Deposited data

Small RNA sequencing data from WAGO-1
and HRDE-1/WAGO-9 IP

Svendsen et al., 2019

GEO: GSE137734

Small RNA sequencing data from CSR-1 IP

Claycomb et al., 2009

GEO: GSE18165

Small RNA sequencing data from rde-3 Gu et al., 2009 GEO: GSE18215
mutants
CIP-TAP cloning data Guetal., 2012 GEO: GSE40053

Small RNA sequencing from prg-1 mutants

Tang et al., 2016 and Reed et al.,

2020

SRA: SRS1021265; GEO: GSE141243

CLASH data

Shen et al., 2018

SRA: SRP131397
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Reagent or resource

Source

Identifier

Small RNA sequencing data from N2,

and henn-1, parn-1, henn-1, parn-1, N2-
Oxidized, parn-1-Oxidized, and 21ur-4864
target site mutants

This study

SRA: PRINA683039

Experimental models: Organisms/strains

elegans: N2 Bristol (wild type)

Caenorhabditis Genetics Center

https://cgc.umn.edu/strain/N2

C.

C. elegans: henn-1 (tm4477) Billi et al., 2012 PMC3330095
C. elegans: parn-1 (tm869) Tang et al., 2016 PMC4785802
C. elegans: prg-1 (tm872) Batista et al., 2008 PMC2570341
C. elegans: henn-1 (tm4477); parn-1 (tm869)  This study

C. elegans: 21ur-4864 target site mutation on  This study

w03h9.2

C. elegans: 21ur-4864 target site deletion on  This study

wO03h9.2

Oligonucleotides

See Table S5 N/A N/A
Recombinant DNA

pRF4 injection marker, rol-6(su1006) Mello et al., 1991 PMC453137

Software and algorithms

Bowtie version 1.2.3

Langmead et al., 2009

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

BEDtools version 2.26.2

Quinlan and Hall, 2010

https://bedtools.readthedocs.io/en/latest/

Trim Galore version 0.6.4

The Babraham Institute

https://www.bioinformatics.babraham.ac.uk/projects/

trim_galore/

FASTX-Toolkit version 0.0.14

Hannon lab

http://hannonlab.cshl.edu/fastx_toolkit/

BEDOPS version 2.4.39

Neph et al., 2012

https://bedops.readthedocs.io/en/latest/

R version 4.0.3

The R Project for Statistical

Computing

https://www.r-project.org/

ggplot2 version 3.3.2

tidyverse

https://ggplot2.tidyverse.org/

Integrative Genomics Viewer 2.8.12

Broad Institute

https://software.broadinstitute.org/software/igv/
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