Ribosome clearance during RNA interference
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ABSTRACT

In the course of identifying and cleaving RNA, the RNAi machinery must encounter and contend with the megadalton-sized
ribosomes that carry out translation. We investigated this interface by examining the fate of actively translated mRNAs
subjected to RNAi in C. elegans. Quantifying RNA levels (RNA-seq) and ongoing translation (Ribo-seq), we found there
is a greater fold repression of ongoing translation than expected from loss of RNA alone, observing stronger translation
repression relative to RNA repression for multiple, independent double-stranded RNA triggers, and for multiple genes. In
animals that lack the RNA helicase SKI complex and the ribosome rescue factor PELOTA, ribosomes stall on the 3’ edges of
mRNAs at and upstream of the RNAI trigger. One model to explain these observations is that ribosomes are actively
cleared from mRNAs by SKI and PELO during or following mRNA cleavage. Our results expand prior studies that show
arole for the SKI RNA helicase complex in removing RNA targets following RNAI in flies and plants, illuminating the wide-
spread role of the nonstop translation surveillance in RNA silencing during RNA.. Our results are also consistent with pro-

posals that RNAI can attack messages during active translation.
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INTRODUCTION

Small RNAs regulate gene expression through diverse
mechanisms and machineries. Here we studied gene si-
lencing initiated by exogenous double-stranded RNA,
termed RNA interference (hereafter RNAI). Work from sev-
eral labs over the last few decades has led to the following
model (for review, see Wilson and Doudna 2013): Double-
stranded RNA is chopped up by DICER into short
interfering RNAs (siRNAs, ~20-22 nt) and loaded into an
argonaute (e.g., Tabara et al. 1999; Bernstein et al.
2001). The argonaute-siRNA complex finds RNA-bearing
complementary sequences which are then cleaved by a ri-
bonuclease (e.g., Liu et al. 2004; Tsai et al. 2015).

Although the above steps are conceptually and func-
tionally sufficient to enforce dsRNA-triggered silencing,
many systems add additional levels of surveillance includ-
ing the amplification of small RNA pools through the ac-
tion of RNA-directed RNA polymerases (e.g., Schiebel
etal. 1998; Cogoni and Macino 1999) and the recruitment
of chromatin-modifying components in the vicinity of
dsRNA-producing loci (e.g., Wassenegger et al. 1994).
Despite these substantial augmentations to the core
RNAIi machinery, the core machinery remains a common
factor in a variety of responses to foreign information and
internal signals.
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Whatever the mechanism of the initial cleavage event,
the resulting RNA fragments are then cleared from the
cell. Studies in several systems indicate that the down-
stream fragment, bearing a free 5’ monophosphate, is de-
graded by the 5>3' exoribonuclease XRN-1, while the
upstream fragment, bearing a free 3’ end, is degraded
by the SKI complex (hereafter “SKI”) and the 3'>5" exo-
some (Orban and lzaurralde 2005; Lima et al. 2016;
Hashimoto et al. 2017).

It is unclear if and how RNAI contends with normal gene
expression processes, particularly translation. During
translation, a ribosome translates an mRNA continuously
through its open reading frame until it encounters a stop
codon. Cleavage within an open reading frame would be
expected to prevent ribosomes from completing transla-
tion of the mRNA, since the upstream RNA fragment
would lack a stop codon. In other situations where ribo-
somes translate an mRNA lacking a stop codon, a ribo-
some rescue mechanism involving the factors PELO/
HBS1 is central to the release of ribosomes and subse-
quent nuclease digestion of the mRNA (Shoemaker et al.
2010; Pisareva et al. 2011). Recent work has also shown
that a reduction in PELO or HBS1 stabilizes the upstream
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RNA fragment during RNAi (Hashimoto et al. 2017;
Szadeczky-Kardoss et al. 2018). Confounding a straight-
forward interpretation of these results, mutants of PELO
or HBS1 are inviable in several experimental systems
(Castrillon et al. 1993; Adham et al. 2003), requiring inter-
pretation of experiments in which function of these essen-
tial factors has been transiently inhibited. Additionally, a
recent study argued argonaute-mediated surveillance
occurs prior to translation (Seth et al. 2018), further con-
founding an understanding of the relationship between
RNAi and translation.

Here we focus on effects from siRNAs that bear substan-
tial complementary to their mRNA targets, versus that
mediated by shorter regions of complementarity charac-
teristic of micro RNAs (miRNAs). Whether and how
miRNAs affect target mMRNA translation has been the sub-
ject of much study and ongoing debate (for reviews, see
Bartel 2018; Gebert and MacRae 2018). In many species,
the overlap of miRNA- and siRNA-associated machineries
would complicate an analysis of siRNAs and translation
(e.g., mammalian Ago2 is involved in both miRNA- and
siRNA-mediated repression; Hutvagner and Zamore
2002). In C. elegans, the presence of genetically and bio-
chemically distinct argonautes for siRNAs and miRNAs
(Tabara et al. 1999; Grishok et al. 2001; Yigit et al. 2006)
clearly distinguish siRNA- from miRNA-mediated repres-
sion, and affords an experimental system in which transla-
tional consequences of siRNAs can be examined.

We set out to specifically test the effect of RNAi on trans-
lation of an MRNA in an experimental system where PELO
and SKI mutants are viable. By quantifying mRNA levels
and ongoing translation, we show that RNAi has an
~2- to 3-fold greater effect on translation than would
be expected based on mRNA levels alone. Using genetic
interventions to examine RNAi products in the absence
of a functioning nonstop decay pathway, we show that
upstream RNA fragments accumulate terminal ribosomes
in the absence of PELO and SKI. Our results are consis-
tent with the idea that RNAIi can occur cotranslationally,
with PELO and SKI required to dismantle the resulting ri-
bosome::RNA complexes.

RESULTS

A system to examine gene expression during
exogenous RNAi

We selected C. elegans as a genetically tractable system
with a potent and robust exogenous RNAIi response
against dsRNA. We selected three genes encoding highly
expressed transcripts and with a well-defined loss-of-func-
tion phenotype (unc-54, unc-15, unc-22) (Brenner 1974;
Epstein et al. 1974; Waterston et al. 1977; Benian et al.
1989). To perform RNAI, we fed C. elegans bacteria ex-
pressing dsRNA complementary to each of the three
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genes (Fig. 1A; Timmons and Fire 1998). Upon RNAi of
each gene, we saw the expected loss-of-function pheno-
type, demonstrating a functional response to dsRNA.

To examine mRNA levels upon RNAI, we performed ge-
nome-wide RNA-seq on the above samples. We observed
an ~5- to 20-fold knockdown of the target mRNA (unc-54,
unc-15, or unc-22) (Table 1; Fig. 1B; Supplemental Fig. S1).
Knockdown was specific: (i) unc-54, unc-15, and unc-22
mRNA levels were reduced only when the cognate tran-
script was targeted by dsRNA and (ii) most other genes’
mRNAs did not change significantly. The handful of genes
whose mRNAs did change tended to encode collagens
and other transcripts that are periodically expressed dur-
ing development (Supplemental Fig. S2; Hendriks et al.
2014). At least some of these changes are likely due to sec-
ondary effects (e.g., slower development conferred by loss
of UNC-54 protein, which is the major myosin in muscle).
We note that some gene expression changes (response
to elevated dsRNA, commonalities between the various
"Unc” phenotypes) would be masked in this analysis as
all comparisons were between animals fed dsRNA and ex-
hibiting some form of Unc phenotype. We also failed to
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FIGURE 1. RNAI specifically knocks down transcripts targeted by
double-stranded RNA triggers. (A) Diagram of endogenous genes se-
lected as exogenous RNAI targets. Large boxes represent coding re-
gions; narrower boxes represent noncoding regions. Gene diagrams
are to scale, with 1 kb scale bar shown. Colored boxes indicate dou-
ble-stranded RNA (dsRNA) regions expressed in E. coli and fed to
the animals to trigger RNAI. (B) Genome-wide RNA-seq of animals
after RNAi against unc-22 (y-axis), unc-54 (x-axis, left plot), or unc-15
(x-axis, right plot). Genes are highlighted using the same color scheme
as part A. Animals were synchronized and placed on feeding RNAI
plates and allowed to develop until the ~L4 larval stage (~72 h).
Similar knockdown was observed at other developmental stages
(Supplemental Fig. S1). Off-diagonal genes other than unc-22, unc-
54, and unc-15 are mostly collagens and other periodically expressed
transcripts (Supplemental Fig. S2; Hendriks et al. 2014).
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TABLE 1. Quantification of fold changes by RNA-seq (with
Fig. 1B)

unc-22 unc-54 unc-15 unc-87
RPM RPM RPM RPM
unc-22 RNAi 192.5 1992.0 416.8 1106
unc-54 RNAI 999.8 155.9 295.6 1082
unc-15 RNAi 1052.8 1875.4 12.3 1149
Fold change 5.3 12.4 23.2
upon RNA|

Read counts (per million uniquely mapped reads) are tabulated for each
of the three RNAI targets (unc-22, unc-54, and unc-15), and a control
transcript (unc-87) which is also highly expressed in muscle.

detect a significant fold change among myosins paralo-
gous to unc-54 (myo-1, -2, and -3 [Miller et al. 1986]). We
conclude that RNAI leads to specific reduction of target
mRNA levels for at least unc-15, unc-22, and unc-54.

There is a greater loss of ribosomes on RNAi targets
than would be expected from RNA loss alone

To analyze translation upon RNAI, we turned to Ribo-seq
(ribosome footprint profiling, Ingolia et al. 2009). During
Ribo-seq, ribosomes in the act of translation are treated
with a nuclease, which digests unbound portions of
mRNA, leaving ribosome footprints (Steitz 1969). These
footprints can be captured for deep sequencing, yielding
information on the number and distribution of ribosomes
at the start of the experiment. Ribosomes in the act of
translation can protect footprints that are 28-30 nt in
size, as well as shorter sizes that report on the occupancy
state of the ribosomal A-site (20-24 nt) or ribosomal stall-
ing (15-18 nt) (Steitz 1969; Ingolia et al. 2009; Guydosh
and Green 2014; Lareau et al. 2014; Wu et al. 2019). To be-
gin our investigations of translation and RNAI, we initially
focused on the 28-30 nt footprint size.

We performed Ribo-seq on the same samples used for
RNA-seq and observed an RNAi-dependent and target-
specific reduction in the number of Ribo-seq reads on
the target mRNAs (Fig. 2A). The loss of Ribo-seq reads
was approximately two- to threefold greater than would
be expected based on RNA-seq levels alone. We carried
out two lines of investigation to scrutinize this effect:
(i) We performed a dozen biological replicates and found
the effect reproducible (Supplemental Figs. S1, S3). We
surveyed animals at four different developmental time
points (from early L4 to young adult) after RNAi for each
of unc-15, unc-22, and unc-54 by both Ribo-seq and
RNA-seq (24 libraries total). (i) We considered the effects
of counting error (Fig. 2B-E). We calculated fold changes
in Ribo-seq read counts normalized to RNA-seq read
counts. In each case, the mRNA targeted by RNAI exhibit-
ed ~2- to 3-fold fewer counts than would be expected

based on RNA-seq alone, compared to mRNAs of a similar
expression level. We conclude that RNAi has an ~2- to
3-fold greater effect on ribosome-protected fragments
than mRNA levels.

In considering models for the difference, we noted re-
centreportstying translational surveillance factors to order-
ly recovery after RNAi, nonsense-mediated decay, and
other cotranslational mRNA decay events (Lima et al.
2016; Guydosh et al. 2017; Hashimoto et al. 2017; Simms
etal. 2017; Szaddeczky-Kardoss et al. 2018). We considered
the possibility that translational surveillance may add an ad-
ditional layer of repression during RNAI, accounting for the
additional ~2- to 3-fold effect on ribosome-protected frag-
ments. Our established experimental system was well
equipped to investigate one aspect of translational surveil-
lance, namely whether SKI/PELO clear mRNA/ribosomes
during ribosome elongation.

Model for SKI/PELO (nonstop) action during RNAI

Previous work shows that when nonstop mRNA decay fac-
tors are lost, there are defects in RNA clearance upon
RNAI (Orban and Izaurralde 2005; Hashimoto et al. 2017;
Szédeczky-Kardoss et al. 2018). During nonstop decay,
cells dissociate ribosomes stalled at the 3’ edge of an
mRNA lacking a stop codon (for review, see Klauer and
van Hoof 2012). The mRNA is endonucleolytically cleaved,
then degraded 3'>5' by the SKI complex and the exosome
(van Hoof et al. 2002; Doma and Parker 2006). The ribo-
some is dissociated by a ribosome rescue factor (pelota/
Dom34p) together with Hbslp and ABCE-1/Rli1p
(Shoemaker et al. 2010; Pisareva et al. 2011; Shoemaker
and Green 2011). The nascent protein is degraded by lis-
terin and the ribosome quality control complex (Bengtson
and Joazeiro 2010). We note that an understanding of the
relative order of events in nonstop decay is still emerging;
see nonstop decay models from Guydosh et al. (2017)
and Simms et al. (2017).

If RNAi were cotranslational, it would result in an up-
stream RNA fragment bearing ribosomes but lacking a
stop codon. Such a complex would be expected to under-
go nonstop decay. A model for SKI and PELO action dur-
ing RNAI based on the existing nonstop decay literature
is depicted in Figure 3 (an alternative ordering of events
is depicted in Supplemental Fig. S4; lkeuchi et al. 2016).
We set out to test this model explicitly.

Ribosomes accumulate on truncated RNA
targets of RNAI

We have previously shown that C. elegans’ skih-2 is the
ortholog of SKI and C. elegans’ pelo-1 is the ortholog of
PELO (Arribere and Fire 2018). Furthermore, the double
mutant skih-2 pelo-1 fails to clear ribosomes that stall at
mRNA cleavage sites. To test whether SKI and PELO are
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FIGURE 2. Repression at the level of translation is greater than expected from RNA loss alone. (A) Genome-wide Ribo-seq of animals after RNAi
against unc-22 (y-axis), unc-54 (x-axis, left plot), or unc-15 (x-axis, right plot). Samples are the same as those used for RNA-seq in Figure 1B, and
transcripts are highlighted with the same color scheme. Similar knockdown was observed at other developmental stages (Supplemental Fig. S3).
Bar graphs on the far right show quantification of fold changes between RNAi and non-RNAi samples for the respective genes’ mRNAs in RNA-seq
(with Fig. 1) and Ribo-seq libraries. (B) Equation used to normalize Ribo-seq counts to differences in RNA levels. For each gene in each library, we
calculated read counts per million mapped reads. We divided read counts in a Ribo-seq library by read counts from the corresponding RNA-seq
library and compared this number between different RNAi conditions. (C) Dot plot showing changes in Ribo-seq read counts (normalized to RNA-
seq) between libraries. Y-axis position is determined by equation in part B. A more positive score indicates fewer Ribo-seq read counts normalized
to RNA-seq upon RNAI of unc-54; a more negative score indicates fewer Ribo-seq read counts normalized to RNA-seq upon RNAI of unc-22.
X-axis position is the total number of read counts across all libraries (2 Ribo-seq and 2 RNA-seq libraries). unc-54, unc-22, and unc-15 are high-
lighted using the same color scheme as in Figure 1. (D, E) Same as B and C but with unc-22 and unc-15 libraries. A more positive score indicates
fewer Ribo-seq read counts normalized to RNA-seq upon RNAi of unc-15; a more negative score indicates fewer Ribo-seq read counts normalized

to RNA-seq upon RNAI of unc-22.

involved in RNA clearance during RNAi, we performed
RNAi in a skih-2 pelo-1 double mutant and performed
Ribo-seq and RNA-seq.

Upon RNAI of unc-54, unc-15, or unc-22 in the skih-2
pelo-1 mutant, we observed a loss-of-function phenotype
consistent with a functional RNAi response. By RNA-seq,
the mRNA levels of cognate transcripts were reduced rel-
ative to non-knockdown samples (Fig. 4A; Supplemental
Figs. 5A, 6A). Comparing skih-2 pelo-1 double mutant to
either wild-type or skih-2 upon RNAi, RNA-seq levels of
the target mRNA were elevated, though there was some
variability in the extent of knockdown depending on the
target mRNA (unc-54, unc-22, or unc-15). We saw a similar
effect focusing on 28-30 nt Ribo-seq reads. Taken togeth-
er, these data are consistent with the idea that the skih-2
pelo-1 strain is competent for RNAI, though knockdown ef-
ficiency upon RNAI did not match that of wild type.
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SKI and PELO are required for the clearance of a sub-
population of rilbosomes, that is, ribosomes at the 3’ edge
of an mRNA, which protect a truncated footprint (15-18 nt)
(Guydosh and Green 2014). The exact molecular details of
ribosomes that are substrates for SKI and PELO are not yet
entirely clear. Recent work in yeasts as well as C. elegans
has shown that the bulk of 15-18 nt Ribo-seq reads occur
only in the absence of ribosome recycling factors SKI and
PELO, consistent with the idea that such reads are indicative
of abortive translation structures (Guydosh and Green 2014;
Guydosh et al. 2017; Arribere and Fire 2018). Fifteen- to
eighteen-nucleotide Ribo-seq reads show lower amounts
of phasing than 28-30 nt Ribo-seq reads, but both popula-
tions show a highly statistically significant trend toward the
zero-frame, consistent with the idea they are derived from
translating ribosomes (Supplemental Fig. S7, P-value <
5.73x107%? from x? test) (Guydosh and Green 2014,
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leading to the idea that activity of SKI
and PELO depends on collisions be-
tween ribosomes (Simms et al. 2017;
Juszkiewicz et al. 2018). Under this
model, one would expect the density
(i.e., ribosomes per stretch of MRNA)
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of ribosome footprints. Consistent

No SKl or

FIGURE 3. Model for SKI and PELO action during RNAI. (Left) Model for ribosome and mRNA
clearance after RNA cleavage during RNAI. After RNA cleavage by RISC (yellow), a ribosome
elongates to the 3’ edge of the upstream RNA and stalls. An unknown endonuclease (“ribo-
thrypsin,” green scissors) cleaves upstream of the stalled ribosome (Doma and Parker 2006;
Ibrahim et al. 2018), and the stalled ribosome is cleared through the action of a specialized ri-
bosome rescue factor (PELO, blue) and ribosome dissociation factor (ABCE-1). The RNA is ad-
ditionally degraded by SKI and the exosome; the process may repeat itself as the SKl/exosome
(orange) chew back the RNA up to another upstream ribosome. The precise ordering of events
is not clear; see Supplemental Figure S4 for an alternative ordering (Simms et al. 2017). (Right)
Model for cotranslational RNAI in the absence of SKI and PELO. In the absence of PELO, cells
are unable to rescue ribosomes after they elongate to the 3’ edge of the upstream RNA. In the
absence of SKI, the upstream RNA is less efficiently degraded. Loss of both SKI and PELO
would be expected to yield an increase in truncated RNAs and the ribosomes that stall on trun-

with this idea, we note that unc-22
has 10-fold fewer 28-30 nt Ribo-seq
reads relative to RNA-seq (compared
to unc-54 and unc-15, Figs. 1B, 2A).
Thus, it is possible that the lower den-
sity of ribosomes on the unc-22 tran-
script makes this mRNA less prone
to SKI/PELO-mediated mRNA decay
and ribosomal clearance.

Ribosomes accumulate at

cated RNAs.

Guydosh et al. 2017; Arribere and Fire 2018). We thus in-
spected 15-18 nt Ribo-seq reads, using the same samples
for the 28-30 nt Ribo-seq libraries, but size-selecting for
15-18 nt instead. We saw an accumulation of 15-18 nt
Ribo-seq reads on RNAi target mRNAs in the skih-2 pelo-1
mutant (Fig. 4A; Supplemental Figs. 5A, 6A). The accumula-
tion of 15-18 nt Ribo-seq reads upon RNAi of unc-54 in the
skih-2 pelo-1 mutant was higher than comparable libraries
from wild type upon unc-54 knockdown, or skih-2 pelo-1
upon unc-22 knockdown. These results are consistent with
a model in which SKI and PELO are required for clearance
of a subpopulation of ribosomes upon RNAI.

In wild-type animals during RNAI, we observed an extra
~2- to 3-fold depletion of 28-30 nt Ribo-seq reads relative
to RNA-seq (Fig. 2). The skih-2 pelo-1 strain exhibited an
even further reduction of this metric, i.e., 28-30 nt Ribo-
seq reads were ~5.5-fold more depleted than RNA-seq
when comparing the Ribo-seq/RNA-seq ratio between

and upstream of the region
targeted by dsRNA

To illuminate where SKI/PELO-dependent ribosomes oc-
cur on an RNA target, we examined the position-specific
distribution of 15-18 nt Ribo-seq fragments (Fig. 5; Supple-
mental Figs. 5B, 6B). In wild-type and skih-2, we observed a
low abundance of 15-18 nt reads distributed throughout
the target transcript. In the skih-2 pelo-1 strain, we ob-
served the highest accumulation of reads overlapping the
mRNA complementary to the dsRNA trigger. We also ob-
served an accumulation of reads extending upstream of
the trigger. This pattern (a high accumulation of 15-18 nt
Ribo-seq reads with an upstream accumulation of reads)
has been observed for a diverse set of circumstances lead-
ing to abortive translation complexes, including nonstop
and nonsense-mediated decay (Guydosh et al. 2017,
Simms et al. 2017; Arribere and Fire 2018). Our interpreta-
tion of this observation is that ribosomes elongate to the
3’ edge of the transcript, stall, and an unknown endonucle-
ase cleaves upstream, thus generating RNA cleavages sites
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FIGURE 4. Short Ribo-seq reads accumulate in the skih-2 pelo-1 mutant. (A) Genome-wide
RNA-seq, 28-30 nt Ribo-seq, and 15-18 nt Ribo-seq from wild-type (x-axis) and skih-2 pelo-1
(y-axis) knockout upon RNAi of unc-54. Read counts for each library type are displayed as in
Figures 1B, 2A. Similar results were observed with RNAi against unc-22 and unc-15
(Supplemental Figs. S5A, S6A). (B) Equation used to normalize Ribo-seq counts to
differences in RNA levels. For each gene in each library, we calculated read counts per mil-
lion mapped reads. We divided read counts in a Ribo-seq library by read counts from the
corresponding RNA-seq library and compared this number between different strains.
(C) Dot plot showing changes in Ribo-seq (28-30 nt) read counts (normalized to RNA-
seq) between libraries. Y-axis position is determined by equation in part B. A more positive
score indicates fewer Ribo-seq (28-30 nt) read counts normalized to RNA-seq upon RNAi of
unc-54 in the skih-2 pelo-1 strain; a more negative score indicates fewer Ribo-seq (28-30 nt)
read counts normalized to RNA-seq upon RNAi of unc-54 in the wild-type strain. X-axis po-
sition is the total number of read counts across all libraries (two Ribo-seq and two RNA-seq
libraries). unc-54, unc-22, and unc-15 are highlighted using the same color scheme as in

strong 3 nt periodicity from transla-
tion, Supplemental Fig. S9).

A simple hypothesis to explain the
high accumulation of 15-18 nt Ribo-
seq reads in the skih-2 pelo-1 mutant
is that these reads represent ribo-
somes stalled at abundant cleavage
sites of RNAI. To test this hypothesis,
we repeated RNAI using two addi-
tional triggers that were upstream of
(and nonoverlapping with) the initial
RNAI trigger used for unc-54 (Fig. 5).
In both cases, the highest accumula-
tion of 15-18 nt Ribo-seq reads in
the mutant moved with the position
of the RNAI trigger, consistent with
our expectation.

We wanted to rule out contributions
from other RNA species to the 15-18
nt Ribo-seq libraries. Namely, there
are at least two known small RNA spe-
cies produced in a dsRNA trigger-
dependent manner on RNAI targets
in C. elegans: trigger-derived sense
and antisense primary siRNAs, and
mRNA-derived antisense secondary

Figure 1.

phased by a ribosome footprint length. According to this
model, the process of SKI/PELO-mediated decay is expect-
ed to generate additional (secondary) cleavages through-
out the transcript and upstream of the initial ribosomal
stall. We discuss this model and the nature of the stalled ri-
bosomal complexes further in the discussion.

For several systems in which RNA cleavage is coupled
to SKI/PELO-mediated decay, the secondary cleavage
events are phased by a ribosome footprint length (Guy-
dosh et al. 2017; Simms et al. 2017; Arribere and Fire
2018). We did not detect an obvious phase to the ribo-
some footprints beyond the 3 nt periodicity from transla-
tion (Supplemental Fig. S9). While the initial cleavage
associated with nonstop-, nonsense-, or Irel-mediated
decay mechanisms is thought to occur at a discrete site
(Guydosh and Green 2017; Guydosh et al. 2017; Arribere
and Fire 2018), the initial cleavage during RNAi may oc-
cur at any one of a number of siRNA-complementary sites
throughout the large region complementary to the
dsRNA trigger (hundreds to thousands of bases). Accord-
ing to this model, the initial ribosome stalling pattern
would be more diffuse than that observed with non-
stop-, nonsense-, or Ire1-mediated decay, and any phas-
ing signal would be lost in a bulk analysis of ribosomal
positions. Consistent with this, we failed to detect period-
icity in the 15-18 nt Ribo-seq data sets (other than a
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siRNAs (Pak and Fire 2007; Sijen et al.
2007). Indeed, in the course of our ex-
periments, we observed a population
of antisense RNAs in an RNAi-dependent manner, likely in-
dicating residual siRNA signal (Fig. 5; Supplemental Figs.
S5, S6). To deconvolute the relative contributions of trig-
ger-derived and mRNA-derived reads to the signal of short
15-18 nt Ribo-seq reads, we repeated two of the experi-
ments using a mismatched dsRNA trigger. The mismatched
dsRNA trigger bears point mutations every 25 nucleotides,
enabling in silico deconvolution of trigger-derived and
mRNA-derived RNA species. In these experiments, we
were able to filter out 18%—23% of reads as being trigger-
derived orambiguous (some 15-18 ntreads do not overlap
a mutation). The remaining majority of reads were heavily
biased toward the sense-strand (i.e., mRNA-derived), and
exhibited properties similar to 15-18 nt Ribo-seq reads
from non-RNAi mRNAs (Supplemental Fig. S8, P-value <
1.1 x 107" for x? test of frame bias). These experiments ex-
hibited the same SKI/PELO-dependent and trigger-depen-
dentaccumulations observed in experiments with perfectly
matched RNAI triggers, consistent with a model of SKI/
PELO-dependent clearance of stalled ribosomes. A statisti-
cal analysis also demonstrated significance of the differenc-
esin 15-18 nt Ribo-seq read distributions, with the overall
distribution of reads differing (P-value<1.7 x 107, KS
Test) and median read positions tending more 5" or 3’ de-
pendent on the RNAJ trigger (P-value <0.0038, Mann-
Whitney U test) (P-values computed for all pairwise
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FIGURE 5. Ribosomes accumulate on target mRNAs at and upstream of a dsRNA trigger in animals that lack SKI and PELO. (A) Location of reads
across the unc-54 locus in each strain with each library protocol. unc-54 annotation diagrammed at the bottom, as in Figure 1A, with coding re-
gions in large boxes, noncoding regions in thinner boxes, and intergenic/intronic regions as lines. Location of dsRNA triggers shaded (light gray).
Mismatched dsRNA triggers have red stripes. Reads mapping to the dsRNA trigger in RNA-seq were filtered out; see also Materials and Methods
“Ribo-seq and RNA-seq analyses.” Antisense reads are displayed below the axis and colored gray. Similar data were obtained with unc-22 and
unc-15 (Supplemental Figs. S5B, S6B). (B) The cumulative distribution of 15-18 nt Ribo-seq reads across the spliced transcript (introns removed)
for skih-2 pelo-1 libraries with trigger #1 (dotted line), trigger #2 (solid line), and trigger #3 (dashed line) is shown. All reads mapping overa trigger
were filtered out, enabling comparisons across the three libraries.
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comparisons between read distributions shown in Fig. 5B,
see Materials and Methods).

DISCUSSION

Here we observed a 2- to 3-fold greater repression of ribo-
some-protected fragments relative to RNA levels upon
RNAI. Investigating reasons for the effect, we tested a
role for SKI and PELO during RNAI using a system (C. ele-
gans)where SKl and PELO are genetically defined and non-
essential. By using mutants of SKI and PELO in an organism
where these factors are nonessential, we circumvent the ca-
veats of interpreting effects of transient knockdowns of es-
sential genes. In the absence of SKI and PELO, we
observed ribosomes stalled on the upstream fragment dur-
ing RNAI. This observation is consistent with experimentsin
which transient knockdown of SKI, PELO, and HBS1 stabi-
lizes the upstream MRNA fragment during exogenous
RNAI (Orban and lzaurralde 2005; Hashimoto et al. 2017;
Szadeczky-Kardoss et al. 2018). Taken together, these ob-
servations are consistent with the idea that RNAi of mRNAs
generates stalled ribosome::mRNA complexes, which are
dismantled by SKI/PELO-mediated decay.

Our data are consistent with the idea that RNAi can occur
concomitantly with translation of an mRNA. There are two
models to explain the observed stalled ribosomes over
the trigger during RNA.: (i) RNAi occurs coincident with
translation elongation, or (i) RNAi begins prior to ribosome
loading, then ribosomes are loaded and elongate to the
RNA cleavage site. We favor the former model (i): Given
the size of the mRNAs (several kilobases), positions of the
RNAI triggers (several kilobases downstream from the start
codon), and rate of eukaryotic translation (~5AA/sec, e.g.
[Olofsson et al. 1987]), it is unlikely that a ribosome would
have time to elongate from the beginning of the mRNA
to the cleavage site without substantial degradation of
the RNA fragment from 3'>5" nucleases. We thus favor
the former model, that RNAI can occur cotranslationally.

Our findings are consistent with and build on previous
studies showing loss of SKI stabilizes the 5’RNA products
of small RNA cleavage (Orban and lzaurralde 2005;
Branscheid et al. 2015; Lima et al. 2016; Hashimoto et al.
2017; Szadeczky-Kardoss et al. 2018). We add RNAI to a
growing list of cotranslational mRNA decay events where
SKI and PELO are required for disassembly of polyribo-
somes. These decay events include IRE1p-mediated
endonucleolytic mRNA cleavage, nonsense-mediated
decay, as well as the No-Go/nonstop mRNA decay path-
ways (Guydosh et al. 2017; Simms et al. 2017; Arribere
and Fire 2018). Recent work also indicates ribosome-
phased cleavages exist as a notable feature of total cellular
mRNA decay (Pelechano et al. 2015; lbrahim et al. 2018).
This literature points to an ancient and conserved solution
to the problem of ribosomes bound to an mRNA undergo-
ing decay.

970 RNA (2019) Vol. 25, No. 8

Our data point to SKI and PELO being required for the
clearance of a population of abortive translational com-
plexes during RNAI, at least some of which are captured
by the 15-18 nt Ribo-seq reads. The population of ribo-
somes captured by the 15-18 nt Ribo-seq protocol bears
clear signatures of translation (Guydosh and Green 2017
Guydosh et al. 2017), and our data recapitulate these fea-
tures (Arribere and Fire 2018; Supplemental Figs. S7, S9).
All these studies have observed clear differences between
the 15-18 ntand 28-30 nt Ribo-seq reads, namely, a lower
fraction of 15-18 nt Ribo-seq reads in-frame. This point
may reflect underlying differing details in the complexes
leading to the two populations of fragments and could
serve as an impetus for studies of abortive translation-asso-
ciated structures. The precise nature of the abortive trans-
lational complex and the exact molecular role of SKI and
PELO in their resolution remains to be determined.

In our system, the initial cleavages from RNAi would be
expected to occur over a large area (several hundred nu-
cleotides), generating different ribosomal stall sites on
each cleaved mRNA and losing information on the individ-
ual relationships between sites of translational distress and
precise boundaries of ribosome-protected fragments
when viewed in aggregate. We also note that SKI/PELO-
mediated ribosome rescue is known to elicit secondary
cleavages (by an unknown endonuclease), which would
be expected to stall trailing ribosomes. Lastly, ribosomes
may stall as a result of collisions with RNAi machinery, pos-
sibly even before any mRNA cleavage occurs (lwakawa and
Tomari 2013; Song et al. 2018; Zhang et al. 2018). Our
data do not distinguish between ribosomes that stall as a
result of an interaction with RNAi components, RNAI cleav-
age products, or ribosomes that stall in the aftermath.
These features of the RNAI system may be a reason to fo-
cus studies on the nucleotide-level relationship between
translational distress in the absence of SKI/PELO and posi-
tioning of 15-18 nt fragments on a more amenable system.

Our results point to the idea that RNAI leads to removal
of elongating ribosomes, but it is possible additional inter-
actions between translation and RNAi contribute to the
observed effects on ribosomes during RNAI (Fig. 2C,E).
Forinstance, RNAi may reduce the efficiency of translation
initiation or differentially target mRNAs that are heavily
translated. In any case, our data are consistent with the
idea that translation represents an additional level of sur-
veillance in dsRNA-triggered silencing, and that silencing
at the translational level contributes to silencing upon
RNAI.

MATERIALS AND METHODS

C. elegans strain construction and growth conditions

All strains were derived from “N2" (VC2010) background (Brenner
1974; Thompson et al. 2013) unless otherwise indicated.
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C. elegans were propagated at 16°C on NGM plates seeded
with OP50.

RNA interference and sample preparation

All RNAi experiments were performed at 16°C. RNAI target
mRNAs were selected based on their high level of expression,
readily detectable phenotype upon RNAI (Unc), and previously
reported functional RNAI triggers (Supplemental Table S1, also
Kamath et al. 2003).

For a given strain, around 10-15 cm diameter plates with ani-
mals were washed off with ~45 mL N50 (50 mM NaCl). The result-
ing slurry was added to the top of a 5 mL 5% sucrose cushion in
N50 and spun briefly (20”) to separate the worms from bacteria.
Animals were washed twice in N50 and then bleached for 7/
(0.5 M NaOH, 20% sodium hypochlorite) or until solution cleared.
Eggs were washed three times in M9 buffer (22 mM KH,PO,,
42 mM Nay,HPO,4, 86 mM NaCl), and once in EN50 (1 mM
EDTA, 50 mM NaCl). 40,000 eggs were placed on a single
15 cm RNAi feeding plate (NGM with carbenicillin 25 pug/mL
and IPTG 232.5 pg/mL), spread the previous day with an RNAI
feeding strain ht115(de3) with a plasmid T7-driven dsRNA, de-
scribed in Supplemental Table S1.

Animals were allowed to develop on RNAI plates until the L4
stage (~72 h at 16°C, with some deviations, e.g., Supplemental
Figs. S1, S3). Animals were visually inspected for the expected
Unc phenotypes to ensure successful RNAi: unc-22 (uncontrolla-
ble twitching [Brenner 1974]), unc-54 (slow movement but near
normal pharyngeal pumping [Epstein et al. 1974]), and unc-15
(similar to unc-54 [Waterston et al. 1977]). Animals were harvested
by washing off the plate with ~15 mL N50 to a 2 mL 5% sucrose
cushion in N50. After a brief (20”) centrifugation, the supermatant
was aspirated and the pellet was washed twice with N50, then re-
suspended with about one pellet volume of N50. Pellets were
dripped with a Pasteur pipette into 1.5 mL tubes and flash frozen
in liquid nitrogen. Pellets were stored at —80°C.

To isolate ribosomes and RNA, samples were ground in liquid
nitrogen. A mortar and pestle were prechilled with liquid nitro-
gen. 200 pl of 1x PLB (20 mM Tris pH 8.0, 140 mM KClI, 1.5
mM MgCl,, 1% Triton) was added to the frozen mortar, followed
by the sample. Samples were ground for ~5', refilling the mortar
with liquid nitrogen as necessary, and the resulting powder was
scraped into a 1.5 mL tube on dry ice, later stored at —80°C.

Ribosome footprint isolation

Each ground sample powder was resuspended in 1 mL PLB with
cycloheximide (100 pg/mL). Optical density (OD260) of lysates
was measured, and 30U of RNase1 (Ambion) was added per
OD unit. RNase digestion was allowed to proceed at 23°C for
30 min. Samples were layered onto a 10%—60% sucrose gradient
and centrifuged at 35,000 rpm in an SW41 rotor (Beckmann) for
4 h and 30 min at 4°C. Monosome peaks were collected by gra-
dient fractionation using Teledyne ISCO'’s Density Gradient Frac-
tionation System. RNA was isolated from monosome fractions by
proteinase K digestion, phenol/chloroform extraction, and etha-
nol precipitation. Size selection for full length (28-30 nt) or trun-
cated (15-18 nt) ribosome footprints was done on a Urea-TBE
15% polyacrylamide gel using appropriate RNA size standards

(AF-MS-24 [28 nt, Stadler and Fire 2011] and AF-JA-267 [17 nt,
Arribere and Fire 2018]).

mRNA fragment isolation

Ground sample powder was dissolved in 1 mL TRIzol and RNA
harvested per manufacturer's recommendations. Five micro-
grams of total RNA was depleted of ribosomal RNA using the
RiboZero kit per the manufacturer's recommendation (Epi-
centre/lllumina). Ribosome-subtracted RNA was combined with
an equal volume of 2x Alkali Fragmentation Buffer (10 mM Nay.
CO3, 90 mM NaHCOj3, 0.5 mM EDTA, pH ~9.3) and fragmented
for 30" at 95°C. Fragmented RNA was resolved on a Urea-TBE
15% polyacrylamide gel and 40-60 nt fragments excised and
gel purified.

Library construction and sequencing

Libraries for Ribo-seq and RNA-seq were performed essentially as
described previously (Arribere and Fire 2018). Size-selected RNA
fragments were treated with 10 Units T4 PNK in 1x PNK buffer
(NEB) to remove 3’ phosphate. PNK-treated RNA was ligated to
25 pmoles preadenylated 3’ adaptor (IDT, AF-JA-34 /5rApp/
NNNNNNAGATCGGAAGAGCACACGTCT/3ddC/) in 20% PEG
8000 (NEB), 1x adenylate ligase buffer (3.3 mM DTT, 8.3 mM
glycerol, 50 mM HEPES KOH (pH 8.3), 10 mM MgCl,, 10 pg/mL
acetylated BSA), and 10 Units T4 RNA Ligase 1 (NEB) for 4 h at
23°C. Excess 3’ adaptor was removed by sequential digestion
with 5’ deadenylase (NEB) and RecJ (NEB) in 1x Buffer 2 (NEB).
Reverse transcription was performed using AF-JA-126 (IDT/
5Phos/AGATCGGAAGAGCGTCGTGT/iSp18/CACTCA/iSp18/
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) as primer,
and superscript Il (Invitrogen) in 10 pl. cDNA was size selected
and extracted from a Urea-TBE 10% polyacrylamide gel. Gel-pu-
rified cDNA was circularized using CircLigase ssDNA Ligase (Epi-
centre/lllumina). Illumina indexes were added by PCR and
amplified for 6, 8, 10, or 12 PCR cycles. Libraries were sequenced
on a MiSeq Genome Analyzer for quality control and then se-
quenced deeper with the NextSeq or HiSeq 4000.

Ribo-seq and RNA-seq analyses

Prior to mapping, lllumina adaptors were trimmed, and reads
bearing the same hexamer at their 3’ end were collapsed (to re-
move PCR biases, based on the strategy of Kivioja et al. 2011).
Reads were selected in silico for the expected sizes: RNA-seq
(40-60 nt), normal Ribo-seq (28-30 nt), and truncated Ribo-seq
(15-18 nt). Reads were mapped using STAR (version 2.5.0a
[Dobin et al. 2013]) to the C. elegans’ genome (WBcel235,
ENSEMBL release 90) allowing for no mismatches.

In some libraries, we noticed reads mapping to the RNAi trigger
region. Trigger-mapping reads were especially abundant in the
RNA-seq libraries [which were not poly(A)-selected]. We expect
many of the trigger-mapping reads derive from the highly abun-
dant dsRNA trigger used to induce the RNAI response. For
RNA-seq libraries, we performed a filter round of mapping to
the feeding RNAI plasmids (BJA7 (unc-22), BJA4O (unc-54),
BJA77 (unc-15)). To do this, we removed all reads that mapped
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to the feeding RNAI plasmid, allowing for up to three mismatches.
The reads that did not map to the feeding RNAi plasmid were
then mapped to the genome, allowing for no mismatches. For
the mismatched trigger experiments, reads were mapped to
the trigger allowing for no mismatches, and then to the genome,
allowing for no mismatches. For Ribo-seq libraries (both 28-30 nt
and 15-18 ntsizes), we observed fewer trigger-derived reads. Our
Ribo-seq results were robust to whether we removed or included
reads overlapping the dsRNA trigger.

Reads were assigned to genes using annotations, ignoring
reads that could not be uniquely assigned. Gene counts (e.g.,
Figs. 1B, 2A, 4A), and read mapping locations (e.g., Fig. 4B),
were plotted using custom scripts in python.

We noticed differences between 15- and 18-nt Ribo-seq librar-
ies, including variability in the amount of reads in-frame
(Supplemental Fig. S7) and variability in the number of antisense
reads (Fig. 4B; Supplemental Figs. S5B, S6B). Because these dif-
ferences persist outside of the gene targeted by RNAi (where we
would not expect a trigger-dependent effect), we interpret them
as arising at least in part from day-to-day technical variability (e.g.,
from differences in RNasel digestion). Because of this variability,
all mutant-control comparisons reported were done between
samples grown and libraries prepared in parallel.

Autocorrelation analysis

Ribo-seq data were used to analyze periodicity within 200 nt up-
stream of each RNAI trigger. For each data set, Pearson and
Spearman autocorrelation analysis was performed (Supplemental
Fig. S9, only SUIA71MS and SJA72MS are shown for simplicity).
The Pearson autocorrelation evaluates the linear relationship be-
tween two variables and the Spearman autocorrelation evaluates
the monotonic (nonparameterized) relationship between two var-
iables. A list of read densities at each position was correlated with
itself at offsets ranging from 0 to 50 nt. For each offset, correlation
coefficients and P-values were calculated.

Statistical analysis of 15-18 nt Ribo-seq read
distributions

We analyzed the statistical significance of differences between
15-18 nt Ribo-seq read distributions in the skih-2 pelo-1 mutant
with different unc-54 RNAI triggers. For each of the three sam-
ples shown in Figure 5, we identified the positions at which
15-18 nt Ribo-seq occurred across the unc-54 transcript. To
test whether these positions differed in their distribution from
the other two samples, we performed a Kolmogorov-Smirnov
test with the positions of each sample ("ks_2samp” in python).
To test whether the positions of one library tended more N or
C-terminal, we performed a Mann-Whitney U test with each
sample (“mannwhitneyu” in python). All pairwise comparisons
were statistically significant at P<0.00017 and P<0.0038,
respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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DATA DEPOSITION

High-throughput sequencing files generated in this study are
available at SRA (PRINA477865).
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