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ABSTRACT

Mammalian cells respond to double-stranded RNA (dsRNA) by activating a translation-inhibiting endoribonuclease, RNase
L. Consensus in the field indicates that RNase L arrests protein synthesis by degrading ribosomal RNAs (rRNAs) and messenger
RNAs (mRNAs). However, here we provide evidence for a different and far more efficient mechanism. By sequencing
abundant RNA fragments generated by RNase L in human cells, we identify site-specific cleavage of two groups of noncoding
RNAs: Y-RNAs, whose function is poorly understood, and cytosolic tRNAs, which are essential for translation. Quantitative
analysis of human RNA cleavage versus nascent protein synthesis in lung carcinoma cells shows that RNase L stops global
translation when tRNAs, as well as rRNAs and mRNAs, are still intact. Therefore, RNase L does not have to degrade the
translation machinery to stop protein synthesis. Our data point to a rapid mechanism that transforms a subtle RNA cleavage
into a cell-wide translation arrest.
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INTRODUCTION

Protein synthesis is the most energetically expensive cellular
process that consumes more than half of a cell’s energy
(Lane and Martin 2010). This high cost dictates that cells vig-
orously control translation when they adapt to evolving and
often stressful conditions. A particularly dynamic change in
protein synthesis takes place in mammalian cells exposed
to dsRNA. DsRNA is a potent activator of the innate immune
system that triggers type-I interferons (IFNs) and causes bio-
synthesis of a small molecule intracellular inhibitor of trans-
lation, 2-5A (Hovanessian and Kerr 1978).

The 2-5A binds with low-nanomolar affinity to the
ankyrin-repeat domain of an 83.5 kDa receptor enzyme,
RNase L (Dong and Silverman 1995; Han et al. 2012). The
binding of 2-5A drives RNase L self-assembly into catalytical-
ly active homodimers and high-order oligomers that cleave
single-stranded RNA (ssRNA), but not dsRNA molecules in-
side cells, and exhibit sequence specificity for UN^N sites (^
marks the cleavage site; N = A, G, U or C [Han et al. 2012,
2014; Huang et al. 2014]). As an arm in the IFN response,
RNase L mediates innate immune defense against viruses
(Ireland et al. 2009; Goldstein et al. 2016) and bacteria (Li

et al. 2008). The functions of RNase L span beyond infection
control. It has been shown that RNase L regulates terminal
adipocyte differentiation (Fabre et al. 2012), inhibits cell mi-
gration and metastasis in a mouse model (Banerjee et al.
2015), and controls proliferation and adhesion in human
and murine cells (Rath et al. 2015).
Upon activation by 2-5A, RNase L strongly inhibits global

protein synthesis (Hovanessian and Kerr 1978). This in-
hibitory effect has been attributed to degradation of impor-
tant cellular RNAs, particularly 28S rRNA (Iordanov et al.
2000) and mRNAs (Toots et al. 1988; Brennan-Laun et al.
2014). However, here we find a different mechanism that
RNase L engages before substantial RNA decay takes place.
We encountered this phenomenon during an unbiased
search for small RNA fragments with 2′,3′-cyclic phosphate,
which were predicted to result fromRNase L activity (Malathi
et al. 2007; Banerjee et al. 2014; Chakrabarti et al. 2015). This
transcriptome-wide search revealed that RNase L cleaves
highly conserved and essential components of the translation
apparatus: tRNAs. This observation raises questions about
the precise molecular cause of translation arrest by RNase L
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and leads us to investigate the effects of this innate immune
endoribonuclease on cellular RNAs and protein synthesis.

RESULTS

DsRNA triggers cleavage of small noncoding
RNAs at UN^N consensus sites

The dsRNA-activated endoribonuclease RNase L cleaves cel-
lular RNAs via a mechanism that leaves 2′,3′-cyclic phosphate
termini. This RNA modification distinguishes RNase L from
many enzymes involved in conventional mRNA decay and
microRNA processing and allows capture and identification
of the RNA products released by RNase L using RNA se-
quencing (RNA-seq). This technique has been developed re-
cently and used to analyze cleavage of viral and ribosomal
RNAs by RNase L (Cooper et al. 2014). Here we developed
an alternative approach for 2′,3′-cyclic phosphate RNA-seq
analysis based on RtcB ligase (Tanaka et al. 2011), and used
it to identify small RNA products of RNase L (≤200 nt;
Supplemental Fig. S1A–C).
We began by profiling RNA cleavage in HeLa cells treated

with poly(IC), a synthetic dsRNA that triggers the IFN re-
sponse and 2-5A synthesis (Rath et al. 2015). The poly(IC)
treatment induced abundant RNA fragments with UN^N
cleavage consensus sites that were absent in naïve cells (Fig.

1A; Supplemental Fig. S1D; Supplemental Dataset S1). The
UN^N consensus matches precisely the preference of
RNase L (Han et al. 2014). The most highly up-regulated
reads map to tRNAs and Y-RNAs (Fig. 1B–D). The
dsRNA-activated enzyme attacks preferentially three cytosol-
ic tRNAs: tRNA-His, tRNA-Pro, and tRNA-Gln (Fig. 1E). In
contrast, mitochondrial tRNAs are resistant to the effects of
dsRNA (Supplemental Fig. S1E).
Whereas tRNAs mediate translation, the precise cellular

functions of Y-RNAs are still being investigated. Y-RNAs
belong to a class of small noncoding RNAs identified as com-
ponents of major autoantigens in systemic lupus erythemato-
sus (SLE) and Sjögren’s syndrome (Kowalski and Krude
2015), where they are bound to two autoantigen proteins
Ro60 and La (van Gelder et al. 1994; Kowalski and Krude
2015). The cleavage of all Y-RNAs in our experiments occurs
predominantly in the upper region between nucleotides 24
and 32 at UN^N sites (Fig. 2A,B). Intriguingly, Y-RNAs
are cleaved in this region in the serum of cancer patients
and during apoptosis (Rutjes et al. 1999; Dhahbi et al.
2014; Kowalski and Krude 2015; Cambier et al. 2017), either
due to the action of RNase L or due to sensitivity of these nu-
cleotides to stress endoribonucleases in general. RNY4 stands
out in our data set due to its unusual non-UN^N cleavage
site CA^G (Fig. 2A). This observation raises the question
of whether RNY4 is cleaved by RNase L or by an unknown

FIGURE 1. RtcB RNA-seq analysis of RNA cleavage in poly(IC)-stimulated HeLa cells. (A) Sequence consensus at cleavage sites with 2′,3′-cyclic
phosphates before and after poly(IC) treatment. Nontargets (NT) and targets (T) are defined in B. (B) Cleavage site distribution according to
fold-induction by poly(IC). Boxed regions mark RNase L-sensitive (T) and resistant (NT) RNAs. (C) Composition of the NT and T groups by
main RNA types. The group “other” contains primarily U6 small nucleolar RNA as well as mRNAs, micro-RNAs, and small ncRNAs
(Supplemental Dataset S1). (D) Up-regulation of reads for each Y-RNA by poly(IC). Y-RNAs are cleaved at UN^N consensus sites. (E) ASL cleavage
sites in observed fragments of cytosolic tRNAs. The stacked bars show basal (gray) and poly(IC)-induced (red) reads for each site.
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dsRNA-activated endoribonuclease, which we address exper-
imentally next.

The cleavages of tRNA-His, tRNA-Gln, and tRNA-Pro oc-
cur at specific sites in the anticodon stem–loop (ASL; Fig.
2C). The action of RNase L therefore gives rise to cleaved
tRNAs, a class of signaling tRNA-derived molecules found
in a rapidly growing number of processes from regulation
of cancer proliferation to epigenetic suppression of retroele-
ments (Ivanov et al. 2011; Dhahbi et al. 2014; Honda et al.
2015; Sharma et al. 2016). Until now, biogenesis of mamma-
lian cleaved tRNAs has been attributed to the action of angio-
genin (ANG) (Thompson and Parker 2009; Ivanov et al.

2014; Honda et al. 2015). We show that RNase L is a new
and potent source of cleaved tRNAs, activated specifically
during dsRNA response. By cleaving tRNAs and by inhibiting
cell proliferation, mammalian RNase L resembles endoribo-
nucleases from bacterial toxin–antitoxin systems. Bacteria are
known to use tRNA cleavage enzymes colicin E, colicin D,
PrrC, zymocin, and PaT to inhibit translation in competing
bacteria and to regulate bacteriostasis (Thompson and
Parker 2009; Ogawa 2016). The intriguing resemblance be-
tween the bacterial enzymes and mammalian RNase L is lim-
ited, however. They are phylogenetically unrelated and
recognize distinct ASL sites (Fig. 2D).

FIGURE 2. Single-nucleotide resolution profiles of tRNA and Y-RNA cleavage during poly(IC) response. (A) Secondary structure cleavage profiles
for Y-RNAs. RNase L targets the upper region at UN^N sites. RNY4 is cleaved predominantly at a single unconventional site CA^G. Stacked bar charts
for RNA fragments are colored as in Figure 1E. (B) Graphic model of Y-RNA cleavage by RNase L. The main cleavage sites in all Y-RNAs are located in
the region between nucleotides 24 and 32, away from the conserved binding sites for Ro60 and La autoantigens. (C) Secondary structure cleavage
profiles for RNase L-sensitive tRNAs. (D) Graphic model for tRNA cleavage by RNase L versus ANG and bacterial endoribonucleases.
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RNase L is directly responsible for the dsRNA-induced
Y-RNA and tRNA cleavage

The UN^N cleavage consensus shown in Figure 1A suggests
the action of RNase L. However, dsRNA controls hundreds
of genes, and cleavage by multiple directly and indirect-
ly activated endoribonucleases cannot be excluded. This
uncertainty applies particularly to RNY4, which has a pre-
dominant non-UN^N cleavage site (Fig. 2A). To verify the
role of RNase L in RNY4 cleavage, we used two approaches:
RNase L overexpression and specific RNase L activation
using 2-5A.
Overexpression is sufficient to activate RNase L without

additional stimulation due to a spontaneous self-association
(Han et al. 2012; Rath et al. 2015). The resulting activity is
20–30-fold weaker than with poly(IC), but sufficient to ob-
serve tRNA and Y-RNA cleavage by RtcB RNA-seq.
Overexpression of wild-type (WT), but not the inactive
RNase L mutant H672N (Rath et al. 2015), induced tRNA
cleavage and Y-RNA cleavage, leading to detection of Y-
RNA fragments (Y-RFs) with UN^N termini (Supplemental
Fig. S2A,B; Supplemental Dataset S1). Enrichment analysis
(Rath et al. 2015) shows that overexpression results in glob-
ally the same RNA fragments as poly(IC) treatment (Supple-
mental Fig. S2). RNY4 was cleaved specifically at the non-
UN^N position—CA^G— confirming the role of RNase L.
The complementary test using 2-5A was conducted in

T47D cells to allow rapid and specific RNase L activation,
as described previously (Rath et al. 2015). Although the cell
line was different, Y-RNA and tRNA cleavage occurred at
the UN^N consensus sites within minutes from 2-5A addi-
tion (Supplemental Fig. S3A,B; Supplemental Dataset S1).
The identified RNA fragments were globally the same as in
HeLa cells treated with poly(IC) (Supplemental Fig. S3C).
Cleavage of tRNAs occurred at the expected ASL sites for
tRNA-His, tRNA-Pro, and tRNA-Gln (Supplemental Fig.
S3D,E). RNY4 was cleaved at the non-UN^N site, CA^G
(Supplemental Fig. S3F). Together, the overexpression and
the 2-5A treatment experiments confirm the involvement
of RNase L in Y-RNA and tRNA cleavage during dsRNA
response.

Host proteins and post-transcriptional modifications
shape RNase L specificity

The site-specific cleavage of tRNAs and Y-RNAs cannot be
explained by recognition of the UN^N sequence alone and
predicts involvement of additional factors. In the extreme
case of RNY4, recognition of these additional factors over-
rides the UN^N preference of the active site. To find the
molecular origins of RNase L specificity, we tested cleavage
of model RNA stem–loops derived from tRNA-His and
RNY4. Neither of these minimal substrates was cleaved spe-
cifically at the physiologic site (Fig. 3A). Strikingly, the miss-
ing specificity was not rescued even with full-length tRNA-

His and RNY4 transcribed in vitro (Supplemental Fig. S4).
Therefore, cellular components or activities are required for
tRNA and Y-RNA recognition by RNase L.
We probed a possible role of cellular proteins by cleaving

protein-free (naked) tRNA-His and RNY4 isolated from hu-
man cells. To this end, we developed a sensitive method for
detection of site-specific RNA cleavage by RNase L, which is
suitable for analysis of total RNA extracted from cells: RtcB
qPCR (Supplemental Fig. S5; Materials and Methods). We
prepared naked RNA by phenol extraction, which effectively
disrupts protein–RNA complexes as indicated by changes in
the rRNA cleavage pattern (Fig. 3B vs. Supplemental Fig.
S1B). RNase L correctly recognized the physiologic cleavage
site in the naked cellular tRNA-His (Fig. 3C). However, cellu-
lar Y-RNAs were cleaved at nonphysiologic sites (Fig. 3C;
Supplemental Fig. S5). These data suggest that RNase L gains
site-specificity for Y-RNAs by recognizing cellular protein/Y-
RNA complexes. In contrast, recognition of tRNAs, at least in
the case of tRNA-His, does not require any helper proteins
and likely depends on a post-transcriptional modification.
A bulky queuosine residue at position −2 relative to the

RNase L cleavage site stands out in the ASL of tRNA-His.
To test whether this queuosine is important for the cleave spe-
cificity, we took advantage of E. coli, which also have queuo-
sine in tRNA-His. First, we confirmed that RNase L cleaves
E.coli tRNA-His site-specifically at the correct site. Using
RtcB qPCR, we demonstrated the same ∼1000-fold prefer-
ence for site 36 relative to positions 33 and 34, as seenwith hu-
man tRNA-His (Fig. 3D). This specificity was quantitatively
erased in tRNA-His isolated from a genetically engineered
strain of E.coli lacking a gene required for queuosine biosyn-
thesis, tgt (Fig. 3D;Noguchi et al. 1982). Therefore, queuosine
protects sites 33 and 34 from RNase L, which guides cleavage
to site 36 and explains recognition of cellular, but not in vitro
transcribed tRNA-His. A post-transcriptional modification
thus shapes RNase L specificity for tRNA-His and suggests
that RNAmodifications are among the key factors that render
only certain tRNAs (Fig. 1E) and only certain tRNA nucleo-
tides sensitive to RNase L.

RNase L stops global translation by a signaling-like
mechanism engaged ahead of coding and noncoding
RNA decay

The cleavage of tRNAs raises an intriguing possibility that
tRNA degradation rather than the previously reported cleav-
age of 28S rRNA promotes the translation arrest by 2-5A. To
probe this scenario, we determined the depth of tRNA (and
Y-RNA) degradation by RNase L using Northern blots.
Activation of RNase L by poly(IC) for 5 h was sufficient for
a nearly complete depletion of 28S rRNA (Fig. 4A).
Northern blot analysis revealed a similarly strong degradation
of all Y-RNAs: RNY1, RNY3, and RNY4 were lost almost
completely (Fig. 4B). The extent of tRNA cleavage varied, de-
pending on the tRNA. Full-length tRNA-Pro and tRNA-Glu
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were not lost at 1 h post poly(IC) treatment and decreased by
approximately twofold after 10 h. Histidyl tRNA was down-
regulated by 30% 1 h after poly(IC) and more than 10-fold
by 5 h (Fig. 4C). These data show that in addition to the ribo-
somes, RNaseL cleaves anddepletes tRNA-His, and thus com-
promises more than one key part of the translation apparatus.

The exact contribution of RNase L to translation arrest
during dsRNA response is obscured by a parallel dsRNA-
sensing pathway mediated by the protein kinase PKR that
phosphorylates translation initiation factor eIF2α (Smith
et al. 2005). To isolate a specific role of RNase L, we com-
pared nascent protein synthesis in WT and RNase L−/− cells
using puromycin pulse-labeling (Aulas et al. 2017).
Treatment with poly(IC) for as little as 1 h was sufficient to
block all detectable translation in WT A549 cells (Fig. 4D).
In contrast, translation in RNase L−/− cells was not affected
at 1 h and inhibited only partially after 3 h of treatment.

Western blotting showed the appearance of phospho-eIF2α
in WT and RNase L−/− cells, indicating PKR activation after
∼1 h in both genetic backgrounds. However, PKR alone was
insufficient for a rapid translation arrest, revealing a critical
role of RNase L in shutting off protein synthesis.
To resolve the mechanism of translation arrest by RNase L

in more detail, we compared the temporal dynamics and
strengths of RNA cleavage versus translation in cells treated
with the specific activator of RNase L, 2-5A. As expected,
activity of PKR or other eIF2α kinases was not observed in
these experiments, allowing us to focus on translation control
by RNase L (Fig. 5A). RNA chip analysis showed that 28S
rRNA was predominantly intact after 1 h of 2-5A treatment
and that∼50% still remained intact after 2.5 h (Fig. 5B). How-
ever, inhibition of protein synthesis was disproportionately
strong. We observed an ∼10-fold decrease in global transla-
tion at 1 h and shutdown of translation at 2.5 h (Fig. 5C).

FIGURE 3. Cleavage of naked humanRNApoints to distinct specificity determinants for Y-RNAs and tRNAs. (A) Cleavage ofmodel stem–loops from
tRNA-His and RNY4 analyzed by polyacrylamide gel electrophoresis (PAGE). Neither model substrate is cleaved preferentially at the physiologic site.
(B) RNA chip analysis for cleavage of protein-free total RNA by RNase L. The nonspecific decay observed in this experiment contrasts the site-specific
cleavage in cells (Supplemental Fig. S1B). (C) RtcB qPCR analysis to measure cleavage of tRNA-His and RNY4 at physiologic and nonphysiologic sites
in nakedRNA. Error bars showSE from two qPCR replicates. (D) Cleavage of tRNA-His purified fromWTormutant E.coli lacking a queuosine biosyn-
thesis gene tgt was measured by RtcB qPCR. The queuosine position is shaded gray. Error bars show SE from two biological replicates.
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The loss of translation by largely intact ribosomes suggests
that the inhibition could arise from a loss of tRNA-His or
mRNAs. Northern blot analysis of tRNA-His showed a rapid
accumulation of cleaved fragments, which reach maximum
after approximately 30 min of 2-5A transfection. Neverthe-
less, the levels of full-length tRNA-His did not decrease, sug-
gesting that tRNA depletion is not the cause of the translation
arrest (Fig. 5D; Y-RNAs are intact as well, Supplemental Fig.
S6A). The levels of abundant mRNAs that give rise to the in-
flux of new housekeeping proteins detected by puromycin-
tagged Western blotting also remained unchanged, as deter-
mined by qPCR (Fig. 5E) and poly(A)+ RNA-seq (Fig. 5F).
Our data eliminate loss of rRNAs, tRNAs, or mRNAs as the
cause of translation arrest by RNase L and suggest that RNase
L may activate a signaling mechanism.
In the simplest scenario, signaling could be mediated by

the abundant tRNA/Y-RNA cleavage products detected by
RtcB RNA-seq (Fig. 1B,C; Supplemental Dataset S1), or by
less abundant fragments derived from rRNAs, mRNAs, or
other RNAs. Inhibition of translation by fragments derived

from specific tRNAs has been suggested
for the mammalian stress endoribonu-
clease ANG (Ivanov et al. 2011) and bac-
terial toxin–antitoxin endoribonucleases
(for review, see Thompson and Parker
2009). A notable common feature of
these tRNA-cleaving enzymes is insignif-
icant depletion of full-length tRNAs cou-
pled with pronounced translation arrest,
which was attributed to signaling via
cleaved tRNAs (Thompson and Parker
2009). The active tRNA fragments gener-
ated by angiogenin have a 5′-terminal oli-
goguanylate motif (TOG) essential for
repressing translation initiation by dis-
rupting the eIF4F (Ivanov et al. 2011).
The tRNAs cleaved by RNase L lack the
TOG motif (Fig. 1E; Supplemental Fig.
S6B; Supplemental Dataset S1), indicat-
ing that the precise mechanism of ANG
is not utilized.

To probe the role of cleaved RNAs, we
tested transfection of the most abundant
RNA cleavage product derived from
tRNA-His (Fig. 1C; Supplemental Fig.
S7A,B), and transfections of total cleaved
RNAs, as well as small cleaved RNAs ex-
tracted from 2-5A-treated human cells
under nondenaturing conditions (Sup-
plemental Fig. S7C–E). These transfec-
tions did not block protein synthesis
(Supplemental Fig. S7BD,E). Quantita-
tive assessments using RtcB qPCR indi-
cate that the levels of the fragments
increased by ∼200-fold relative to naïve

cells, which is strong, but below the ∼2000-fold increase ob-
served in wild-type A549 cells treated with 2-5A. Therefore,
the absence of translational arrest in Supplemental Figure
S7 could be due to insufficient levels of cleaved RNAs attain-
able by transfection. It is also possible that the signaling RNA
species function as structured RNAs or as ribonucleoprotein
complexes (RNPs) that do not survive extraction from cells.
Such denaturant-sensitive translation repressors have been
observed among small ncRNAs in plant phloem (Zhang
et al. 2009). Although RNase L blocks translation without de-
pleting known RNAs, formally it remains possible as well that
signaling is mediated by depletion of an unknown RNA.
All mechanisms that we described above rely on RNA

cleavage. To exclude cleavage-independent mechanisms,
such as an unexpected kinase output from the pseudokinase
domain (Han et al. 2014) or signaling via physical interac-
tions of the high-order RNase L complex that assembles
upon binding of 2-5A (Han et al. 2012), we transfected WT
RNase L and a catalytically inactive point mutant H672N
(Han et al. 2014) into RNase L−/− A549 cells. Protein

FIGURE 4. Northern blot analysis of Y-RNA and tRNA cleavage during dsRNA response. (A)
RNA chip analysis for cleavage of total RNA in A549 cells treated with poly(IC). Markers show
fragments produced by RNase L. RNA is intact in RNase L−/− cells. (B) Northern blot analysis
for each Y-RNA after 5 h of poly(IC) treatment. RNA fragments are less abundant than the start-
ing Y-RNAs, but detectable, indicating that they survive for some time in the cells. Relative abun-
dance is normalized to RNU6. (C) Northern blot analysis of tRNA cleavage during poly(IC)
treatment. Cleavage of tRNA-His and tRNA-Pro are readily detected but only tRNA-His is deplet-
ed upon prolonged treatment. (D) Western blot analysis to detect inhibition of new protein syn-
thesis during poly(IC) treatment. Poly(IC) does not change the abundance of preexisting total
protein, but blocks translation of new proteins. RNase L is important for early and strong trans-
lation arrest. Western blot for eIF2α phosphorylation status reflects PKR activation.
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synthesis was arrested only by WT RNase L, and only in the
presence of 2-5A (Fig. 5G). Regulated RNA cleavage therefore
provides the trigger for translation arrest by RNase L.

DISCUSSION

We determined that the endoribonuclease activity of RNase L
is central to the shut-off of protein synthesis in human A549

cells during dsRNA response. In matching RNase L−/− cells,
which have to rely on the dsRNA-sensing kinase PKR, protein
synthesis is inhibited only at late time points, and incomplete-
ly. By comparing RNA degradation with inhibition of protein
synthesis, we show thatRNase L blocks translation long before
it depletes the RNA components of the translationmachinery.
Formally, this outcome could be explained by two largely dif-
ferent models: polysome traffic jam and signaling. In the

FIGURE 5. RNA degradation versus translation control by RNase L. (A) Western blot for eIF2α phosphorylation shows absence of strong PKR ac-
tivation during 2-5A treatment. (B) RNA chip analysis of cellular RNA cleavage during 2-5A treatment. (C) Western blot analysis to detect protein
synthesis inhibition by 2-5A. Note that 2-5A does not change the abundance of preexisting proteins, but arrests new protein synthesis. Translation
arrest requires RNase L. (D) Northern blot analysis for tRNA cleavage. The expected tRNA halves are observed for tRNA-His and tRNA-Pro, which are
sensitive to RNase L. (E) Cellular levels of abundantmRNAs (ACTB1, GAPDH) and an RNase L-sensitive mRNA (CTNND1) (Rath et al. 2015) during
2-5A treatment analyzed by qPCR. Graph shows cycles to threshold (Ct) and SD for two qPCR replicates. (F) RNA-seq quantification of top most
abundant mRNAs before and after 2-5A treatment. (G) Transfection of WT, but not the RNase-inactive H672N RNase L (3 h) induces 2-5A-depen-
dent rRNA cleavage and translation block. (H) Proposed model for RNA and translation regulation by RNase L.
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traffic jammodel, a few damaged ribosomes would stall many
undamaged ribosomes on the polysomes. The model of the
traffic jam has limitations due to the absence of experimental-
ly observed robust polysomal stalls (Subramaniam et al.
2014), and recently recognized ribosome rescue and recycling
mechanisms (for review, see Brandman and Hegde 2016).
Moreover, mRNAs are often translated by monosomes
(Heyer and Moore 2016) not subject to traffic jams. Our ob-
servations that RNase L can stop all visible translation there-
fore support the signaling model, whereas experiments with
the H672N RNase L show that the signaling-like activity is
supplied by the endoribonuclease domain (Fig. 5H).
RNase L is one of three related endoribonucleases in mam-

malian cells. The other two enzymes are isoforms α and β of
the kinase-endoribonuclease, Ire1. Ire1 monitors the quality
of protein folding inside the endoplasmic reticulum and car-
ries out splicing of XBP1mRNA to activate the unfolded pro-
tein response (Walter and Ron 2011). Using RtcB RNA-seq
we found that Ire1 does not cleave any Y-RNAs or tRNAs
under conditions of complete XBP1mRNA splicing (Supple-
mental Fig. S8A,B). Cleavage of small noncoding RNAs is
therefore not a general property of the kinase-linked endo-
ribonucleases, but a distinct feature of RNase L.
In conclusion, rapid arrest of translation and site-specific

cleavage of tRNAs and Y-RNAs emerge as key effects of
RNase L that take place during dsRNA response in human
cells. The RtcB qPCR assay for RNase L activity that we devel-
oped here provides technology for detection of the resulting
RNA fragments. We estimate that RtcB qPCR can quantify
femtomoles of specific RNA fragments in samples of total
RNA. This sensitivity enables conceptually new experimental
designs for probing the RNase L pathway, allows detection of
trace quantities of immunogenic dsRNAs inmammalian cells
and tissues, and provides a platform for developing new diag-
nostics with which to evaluate activation of the innate im-
mune system in diseases.

MATERIALS AND METHODS

RtcB RNA-seq library preparation

Small miRvana (Life Technologies) purified RNAs from T47D cells
(500 ng) or HeLa cells (1 µg) were ligated to 10 µM adaptor, 5′-OH-
GAUCGUCGGACTGTAGAACTCTGAAC-3′-desthiobiotin (un-
derlined bases are RNA). The reactions were conducted using 30
µM RtcB, 20 mM HEPES pH 7.5, 110 mM NaCl, 2 mM MnCl2,
100 µM GTP, 40U RiboLock RNase inhibitor (Fermentas), 4 mM
DTT, and 0.05% Triton X-100 for 1 h at 37°C. The mixture was
quenched by 1 volume of stop buffer (8 M urea, 1 mM EDTA,
0.1% SDS, 0.02% bromophenol blue, and 0.02% xylene cyanol)
and fractioned by 10% PAGE 29:1 with 8 M urea. Gels were stained
with SYBR-safe, visualized, and RNA larger than free adaptor was
excised from the gel. RNA was eluted from gel slices overnight at
4°C with gentle mixing in 20 mM HEPES pH 7.5, 100 mM NaCl,
0.05% Triton X-100. Eluted RNA was recovered by ethanol-precip-
itation with 25 µg glycogen as a carrier.

RNA was reverse-transcribed using MultiScribe Reverse tran-
scriptase (RT) and 2 pmol of primer complimentary to the ligation
adaptor. RNA, RT primer, and dNTPs were incubated for 5 min at
65°C and snap-cooled on ice. A 2×mastermix containing RT buffer,
RT, and 40U Ribolock was added to snap-cooled samples for a final
volume of 20 µL. Reactions were incubated at 25°C for 10 min, then
at 37°C for 1 h. RNA/cDNA hybrids were pulled down with hydro-
philic magnetic streptavidin beads (NEB) and washed three times
with 1 mL of 20 mM HEPES pH 7.5, 300 mM NaCl, 0.1% Triton
X100, 10 min per wash. This step was followed by two 1 mL washes
with 20 mM HEPES pH 7.5, 100 mM NaCl. The final wash buffer
was removed and RNA/cDNA hybrids were eluted with 10 µL 10
mM biotin. The eluted cDNAs were then added to an equal volume
of 20 mM HEPES pH 7.5, 0.1% Triton X100.
An adaptor, 5′-P-TGGAATTCTCGGGTGCCAAGG-3′-amino,

was ligated to the 3′ ends of cDNAs using 1 U/µL CircLigase
(Epicentre) and 1 µM adaptor. CircLigase reactions were incubated
for 1 h at 65°C and quenched by adding EDTA to a final concentra-
tion of 8 mM. Quenched CircLigase reactions were PCR amplified
for 16 cycles with Phusion DNA polymerase and forward primer
with the sequence 5′-AATGATACGGCGACCACCGAGATCTACA
CGTTCAGAGTTCTACAGTCCGA-3′ plus NEXTFLEX small
RNA barcode primers (BIOO Scientific). Libraries were analyzed by
Agilent BioAnalyzer high sensitivity DNA 1000 chip. Equimolar
amounts were pooled, gel purified, and sequenced on an Illumina
HiSeq 2500, such that the sequencing read is the reverse comple-
ment of the captured RNA and the first base of the read represents
the base that had 2′,3′-cyclic phosphate after trimming the adapter
sequence.

RNA-seq computational analysis

After barcode splitting, sequencing reads with quality scores ≥30
were trimmed of adaptor sequences and converted into reverse
complements. The obtained reads were mapped to the human tran-
scriptome using the FASTA algorithm with ≤1 mismatch, which ac-
counts for possible polymorphisms. Sequences of tRNAs were
modified to include CCA 3′-ends and G at the −1 position in
tRNA-His. All steps past barcode splitting were conducted using
software written in-house. Source code and Microsoft Windows bi-
naries are available upon request.

Tissue culture

All cell lines weremaintained at 37°C in a 5%CO2 humidified atmo-
sphere. HeLa cells were grown in MEM+ 10% FBS. A549 WT and
RNase L CRISPR KO cells (Li et al. 2016) and T47D cells were
grown in RPMI + 10% FBS. HeLa and T47D cells were a gift from
the laboratory of Professor Yibin Kang (Princeton University),
and A549 cells were a gift from the laboratory of Professor Susan
Weiss (University of Pennsylvania).

Cell treatments for RNA-seq

For poly(IC) treatment, HeLa cells at ∼80%–90% confluence were
transfected with 1 µg/mL poly(IC) or mock transfected (PBS) using
Lipofectamine 2000 for 8 h. Cells were trypsinized, washed with cold
PBS and small RNAs were purified using the miRvana kit. For
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RNase L overexpression, HeLa cells at ∼80%–90% confluence were
transfected with 10 µg pcDNA4/TO encoding WT or H672N
RNase L (Han et al. 2014) using Lipofectamine 2000. Cells were har-
vested as above at 24 h post-transfection and RNAwas purified using
the miRvana kit. For 2-5A treatment via semi-permeabilization,
T47D cells were trypsinized at ∼80% confluence and washed with
cold PBS. Cells were pelleted by centrifugation at 1000g for 5 min
and at 4°C, and resuspended in 1 mL PBS. Resuspended cells were
divided evenly and pelleted again for digitonin semi-permeabiliza-
tion in the absence or presence of p2-5A3 in phosphate buffer, as de-
scribed previously (Rath et al. 2015). One-half of each sample was
added to 300 µLmiRvana lysis buffer at 1min and 3min time points.
Small RNAwas purified according to themiRvana protocol. For Ire1
activation, A549 cells were treated with 2 mMDTT for 3 h and RNA
was purified by miRvana. Ire1 activation was confirmed by RT-PCR
for XBP1 using primers indicated in Supplemental Table S1.

Transfections

For all experiments with A549 cells, cells were seeded in 12-well
dishes to achieve ∼70%–80% confluence. Transfections were car-
ried out using Lipofectamine 2000. Cells were transfected with 1
µM ppp2-5An (mixed 2-5As with n≥ 3) or 1 µg/mL poly(IC), syn-
thetic RNA, or the indicated amounts of purified native cellular
RNA for the durations stated in the figures. For transfection–trans-
lation studies, A549WT cells were transfected with 300 nM synthet-
ic fragments for 3 h. For introducing naturally generated fragments,
A549 WT cells were transfected with or without 2-5A for 2 h and
total or ≤200 nt RNAs were phenol extracted. The native RNAs
were transfected (2.4 µg total or 8 µg for ≤200 nt) into A549
RNase L −/− cells for 2 h. For Figure 5G, the indicated amounts
of RNase L were transfected with or without 1 µM 2-5A for 3 h.

RNA purification from human cells

Small RNAs for RtcB RNA sequencing were purified with the
miRvana kit (Life Technologies) according to themanufacturer’s in-
structions. RNAs for qPCR were purified using TRIzol (Life
Technologies) and resuspended in water. RNAs for Northern blot
were purified by TRIzol (Fig. 4A; Supplemental Fig. S6) or a mod-
ified TRIzol protocol (Fig. 4B) to purify small RNAs. Briefly, the
aqueous phase was transferred to a clean tube, supplemented with
one-third volume 100% ethanol and passed over an RNeasy
(Qiagen) spin column. Small RNAs in flowthrough were precipitat-
ed by adding one-tenth volume of sodium acetate pH 5.2, 20mg gly-
cogen, and two-thirds volume of 100% ethanol. After washing with
75% ethanol, small RNAs were resuspended in water. Native RNA
was purified from mock or 2-5A transfected WT A549 cells in 10
cm dishes by scraping cells in native RNA buffer (20 mM HEPES
pH 7.5, 100 mM NaCl, 1 mM MgCl2) followed by extraction with
1 volume of acid phenol:chloroform (5:1), and ethanol precipita-
tion. RNAs were washed twice with 75% ethanol and resuspended
in native RNA buffer. To obtain native small RNAs, one-third vol-
ume 100% ethanol was added to total native RNA and large RNAs
were pelleted by centrifugation at 5000g, 5 min, 4°C. The superna-
tant containing small RNAs was transferred to a new tube and sup-
plemented with two-thirds volume 100% ethanol. Small RNAs were
pelleted by centrifugation at 21,000g for 10 min and at 4°C, washed
with 75% ethanol, and resuspended in native RNA buffer.

E. coli RNA purification

WT (BW25113) and tgt::kan E.coli from the Keio knockout collec-
tion were generously provided by Dr. Marcin Grabowicz and Dr.
Thomas Silhavy (Princeton University). After verifying the indicated
genotypes by PCR amplifying the tgt locus and Sanger sequencing,
E. coli were grown overnight at 37°C in LB or LB + 50 µg/mL kana-
mycin. Bacteria were pelleted, resuspended in TRIzol, and vortexed
with glass beads. RNA was then purified according to the manufac-
turer’s protocol and resuspended in water. Purified RNA was ana-
lyzed by 8 M urea 15% PAGE to verify RNA integrity and
subsequently refolded and diluted to a final concentration of 1
mg/mL in 20 mMHEPES pH 7.5, 100 mM NaCl and 1 mMMgCl2.

RtcB enzyme preparation

RtcB was cloned from E. coli into pGEX-6P and expressed with an
N-terminal GST-tag. Protein isolation and purification were per-
formed as previously described for human OAS1 (Donovan et al.
2013), but in the absence of divalent metal cations.

Synthesis of model RNAs with 2′′′′′,3′′′′′-cyclic phosphate

Model RNAs were synthesized by Dharmacon and deprotected ac-
cording to the manufacturer’s instructions. Deprotected RNAs
were ethanol-precipitated, resuspended in 20 mM HEPES pH 7.5,
and quantified by UV spectrophotometry. Phosphorothioate linkag-
es were converted to 2′,3′-cyclic phosphate in 80%–90% formamide
by adding one-tenth volume of I2 (1 mg/mL) in ethanol. The reac-
tions were incubated at 37°C for 10 min. During large-scale prepa-
rations, the iodine was fully consumed after 10 min, based on loss of
color. Reactions were supplemented with 1/10 volume of 10 mg/mL
I2 and incubated for another 10 min. There was no loss of color after
the second I2 treatment. RNAs were ethanol-precipitated, resus-
pended in 20 mM HEPES, pH 7.5, and quantified by UV spectro-
photometry. For analysis by PAGE, small amounts of RNA were
dephosphorylated with Antarctic phosphatase (NEB) and 5′-end
labeled with PNK and [γ-32P]ATP. Model RNA sequences are listed
in Supplemental Table S1.

Quantitative PCR (qPCR)

TRIzol purified total RNA was digested with DNase I (Life
Technologies), reextracted with acid phenol:chloroform (5:1; Life
Technologies) and ethanol-precipitated. RNA was reverse-tran-
scribed with Multiscribe reverse transcriptase and random hexamer
priming. Analysis by qPCR was done using primers listed in
Supplemental Table S1 and SYBR-green based detection over 40 cy-
cles, with annealing/extension temperature of 60°C and duration of
1 min. GAPDH was used for normalization.

RtcB qPCR: streamlined detection of RNA fragments
generated by RNase L

To analyze tRNA and Y-RNA cleavage by RNase L without using
RNA-seq, we ligated RNA with 2′,3′-cyclic phosphate to an adaptor
with RtcB as described above for RtcB RNA-seq library preparation,
but modified to use less RiboLock (10 U) (Supplemental Fig. S5).
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Reactions were stopped by adding EDTA to a final concentration of
3 mM in 11 µL volume and incubated for ∼10 min at room temper-
ature. EDTA-quenched ligation reaction (1 µL) was used as a tem-
plate for reverse transcription with Multiscribe RT. A primer with
a 3′-end complimentary to the adaptor and a 5′-overhang that serves
as a universal priming site (5′-TCCCTATCAGTGATAGAGAGTTC
AGAGTTCTACAGTCCG-3′) was used during the qPCR (Supple-
mental Fig. S5A). Reverse transcription was carried out as described
for library preparation, except that 0.4 U Ribolock per reaction and
10 pmol RT primer were used. Reactions were terminated by heating
to 95°C for 5 min. SYBR-green based qPCR was conducted using a
universal reverse primer that binds to the cDNA overhang (under-
lined) and cleavage site-specific forward primers designed for each
RNA target (Supplemental Table S1). qPCR was carried out for 50
cycles using 62°C annealing/extension for 1 min. U6, which has a
naturally occurring 2′,3′-cyclic phosphate and an RNase L indepen-
dent cleavage site in tRNA-His (position 18, transcript numbering;
Supplemental Dataset S1) were used for normalization. The in vitro
digest of naked RNA was normalized using only the internal tRNA-
His site 18. Cleavage data for in vitro transcribed RNY4 and tRNA-
His were normalized using the 3′-end of RNY4 and tRNA-His
because the HDV ribozyme generates a 2′,3′-cyclic phosphate
directly suitable for RtcB ligation.

Ribozyme constructs for RNA transcription in vitro

T7 RNA polymerase transcription constructs of RNY4 and tRNA-
His flanked on the 5′ side by the hammerhead ribozyme and on
the 3′ side by the HDV ribozyme were synthesized and cloned
into pUC57 by GeneWiz. Sequences are as follows. The T7 promoter
is in bold and the RNY4 and tRNA-His sequences are underlined:
RNY4: 5′- GAATTCTAATACGACTCACTATAGGGAGAACCATC
GGACCAGCCCTGATGAGTCCGTGAGGACGAAACGGTACCCG
GTACCGTCGGCTGGTCCGATGGTAGTGGGTTATCAGAACTT
ATTAACATTAGTGTCACTAAAGTTGGTATACAACCCCCCACT
GCTAAATTTGACTGGCTTTTTGGGCGGCATGGTCCCAGCC
TCCTCGCTGGCGCCGCCTGGGCAACATGCTTCGGCATGGC
GAATGGGACCGGATCC-3′; tRNA-His: 5′- GAATTCTAATACGA
CTCACTATAGGGAGATATACGATCACGGCCCTGATGAGTCC
GTGAGGACGAAACGGTACCCGGTACCGTCGGCCGTGATCG
TATAGTGGTTAGTACTCTGCGTTGTGGCCGCAGCAACCTCG
GTTCGAATCCGAGTCACGGCACCAGGGCGGCATGGTCCCA
GCCTCCTCGCTGGCGCCGCCTGGGCAACATGCTTCGGCAT
GGCGAATGGGACCAATACAATAATAAGCATAATAACCAAGG
ATCC-3′.

RNA transcription in vitro

Plasmids encoding ribozyme-flanked RNY4 and tRNA-His were
linearized with Bam HI (NEB) and transcribed with the
MEGAshortscript T7 Transcription Kit (Thermo Fisher).
Transcription reactions were treated with DNase I for 15 min at
37°C followed by incubation at 65°C for 15 min and slow cooling
for 20 min at room temperature. One volume of 8 M urea gel load-
ing buffer was added to each reaction and samples were briefly de-
natured at 95°C, resolved by 8 M urea 10% PAGE, and visualized by
UV-shadowing. Bands were excised, eluted in TE buffer pH 7.5, and
precipitated with 3 volumes of 100% ethanol, one-tenth volume 3M
sodium acetate pH 5.2, and 5 µg glycogen. Recovered RNAs were re-

suspended in H2O and quantified by UV spectrophotometry. RNY4
and tRNA-His sizes were verified after 5′-end labeling by 8 M urea
10% PAGE with in vitro transcribed radiolabeled size markers.

Cleavage of RNA by recombinant RNase L

RNA from HeLa cytosolic S10 extracts was purified by acid phenol:
chloroform extraction and ethanol precipitation. 2-5A and ATP
were incubated for 5 min at 20°C in the absence or presence of re-
combinant human RNase L. Reactions were started by adding RNA
(11 µg). Aliquots (5 µL) were quenched by TRIzol at 10, 60, and 300
sec, and RNA was purified. The reactions were conducted in 20 µL
volumes using 12 mM sodium phosphate pH 7.0, 140 mM NaCl, 5
mM MgCl2, 1.25 mM β-mercaptoethanol, 0.1% Triton X-100, 1
mM ATP, 5 µM p2-5A3, and 100 nM RNase L. Synthetic model
RNAs were synthesized by Dharmacon and 5′-end labeled with
PNK and [γ-32P]ATP. The model RNAs were digested in the buffer
described above with 100 nM RNase L using 1 µM p2-5A3 in 10 µL
volume. Aliquots of each reaction were added to formamide gel
loading buffer (90% formamide, 5% glycerol, 0.02% bromophenol
blue) at time points 15, 120, and 600 sec. Samples were fractionated
on 20% 8 M urea PAGE (29:1).
Transcribed RNAs were incubated at 80°C for 3min, supplement-

ed with 10mMNaCl and 2mMMgCl2, and cooled at room temper-
ature for 20 min. Full-length 32P-5′-end-labeled transcribed RNY4
and tRNA-His were digested for 10 min and reactions quenched
by adding 2 volumes of formamide loading buffer. The RNA samples
were analyzed by 15% PAGE with 8 M urea. To assess purified
cleaved RNA by RtcB qPCR, unlabeled full-length transcribed
RNY4 and tRNA-His (2 µg) were 5′-phosphorylated with cold
ATPand PNK, extractedwith one volume of acid phenol:chloroform
(5:1) (Thermo Fisher), and precipitated with ethanol. Recovered
RNA was resuspended in 10 µL H2O. RNA (200 ng) was incubated
with or without RNase L as above and aliquots at time points 20
sec, 3 min, and 10 min were quenched in TRIzol. RNA was purified
accordingly and resuspended in 10 µL of H2O for analysis by RtcB
qPCR.
E. coli RNA (2 µg) was digested with RNase L as described for pu-

rified humanRNAand aliquots of the reactionswere added toTRIzol
at 10, 60, and 300 sec. Cleaved RNAs were purified and resuspended
in H2O. RNA concentrations were determined by UV spectropho-
tometry. RNase L-mediated cleavage of E. coli tRNA-His was deter-
mined by using 50 ng RNA and RtcB qPCR as described above. Site-
specific cleavage primer are listed in Supplemental Table S1.

Ribopuromycilation assay and Western blot

Cells were treated with 10 µg/mL puromycin (Invitrogen) in growth
medium for 5 min, allowing puromycin to incorporate into the de
novo synthesized proteome. Cells were then trypsinized to harvest
and cell pellets were split to be lysed in TRIzol (Invitrogen) for
RNA purification and in NuPAGE LDS sample buffer for Northern
blot and Western blot analyses, respectively. For Western blotting,
proteins were separated on 10% BisTris PAGE (NuPAGE), and
transferred to PVDF membranes (Life Technologies). The mem-
brane was stained with Ponceau to normalize for sample loading,
then washed and blocked with 5% nonfat dry milk in TBST. The
membranes were probed with 1:1000 of the following primary
antibodies: (i) mouse anti-human puromycin antibody (EMD
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Millipore) to detect de novo protein synthesis, (ii) mouse anti-hu-
man total eIF2α (Cell Signaling Technology), and (iii) rabbit anti-
human eIF2α-phosphoS51 (Abcam) followed by horseradish perox-
idase-conjugated anti-mouse or anti-rabbit secondary antibodies
(1:10,000, Jackson ImmunoResearch).

Northern blot

TRIzol purified RNA was resolved on Novex TBE-urea 15% poly-
acrylamide gels (Life Technologies) followed by transfer and UV-
crosslinking to Brightstar-Plus positively charged nylon membranes
(Ambion). Blots were prehybridized in Ultrahyb-Oligo (Ambion)
followed by hybridization of 5′-32P-labeled DNA oligonucleotide
probes (Supplemental Table S1). Membranes were then washed
twice with 2× SSC (300 mM NaCl, 30 mM sodium citrate pH 7.0,
0.5% SDS) and exposed to phosphor-storage screens. Prior to re-
probing, membranes were stripped with 2×10 min washes in
near-boiling H2O/0.5% SDS.

Error analysis

For experiments that required repeated measurements, such as
qPCR analyses, standard errors (SE) were obtained using biological
or technical replicates, as stated in figure legends.

DATA DEPOSITION

RtcB RNA-seq data have been deposited to the NCBI GEO server
under accession code GSE100520.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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