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SUMMARY

Viral and endogenous double-strandedRNA (dsRNA)
is a potent trigger for programmed RNA degradation
by the 2-5A/RNase L complex in cells of all mammals.
This 2-5A-mediated decay (2-5AMD) is a conserved
stress response switching global protein synthesis
from homeostasis to production of interferons
(IFNs). To understand this mechanism, we examined
2-5AMD in human cells and found that it triggers
polysome collapse characteristic of inhibited transla-
tion initiation. We determined that translation initia-
tion complexes and ribosomes purified from transla-
tion-arrested cells remain functional. However,
spike-in RNA sequencing (RNA-seq) revealed cell-
wide decay of basal mRNAs accompanied by rapid
accumulation of mRNAs encoding innate immune
proteins. Our data attribute this 2-5AMD evasion to
better stability of defense mRNAs and positive feed-
back in the IFN response amplified by RNase L-resis-
tant molecules. We conclude that 2-5AMD and tran-
scription act in concert to refill mammalian cells with
defense mRNAs, thereby ‘‘prioritizing’’ the synthesis
of innate immune proteins.

INTRODUCTION

The innate immune system is activated rapidly without a delay for

antibody production. Thismechanism serves as an early defense

against infections and out-of-control cells potentially harmful to

the host. In higher vertebrates, the innate immune system relies

on interferon (IFN) signaling coupled with a vertebrate-specific

pathway of regulated RNA degradation, 2-5A-mediated decay

(2-5AMD) (Chakrabarti et al., 2011; Cooper et al., 2014b; Dono-

van et al., 2017; Rath et al., 2015). 2-5AMD is activated in the

presence of double-stranded RNA (dsRNA), an immunogen

associated with viruses (Li et al., 2016) and pathologic derepres-

sion of endogenous repeat elements encoded in host genomes
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(Chiappinelli et al., 2015; Leonova et al., 2013; Li et al., 2017).

2-5AMD involves the coordinated action of 2-5A synthetases

(OASs) and the downstream receptor RNase L. The OASs are

structurally similar to the dsDNA sensor cGAS, which synthe-

sizes a second messenger cGAMP (cyclic-G20,50A30,50p) to acti-

vate the IFN response (Civril et al., 2013). However, the OASs

sense dsRNA (Civril et al., 2013; Donovan et al., 2013). Upon

activation by the binding of dsRNA, the OASs synthesize the

second messenger 2-5A (50-ppp-A20p50A(20p50A)n R 0), which

serves as a highly specific ligand for the 2-5A receptor endoribo-

nuclease RNase L that conducts intracellular RNA cleavage

(Chakrabarti et al., 2011; Donovan et al., 2013, 2015).

RNase L is a mammalian pseudokinase-endoribonuclease

that apparently evolved from the kinase-RNase Ire1 in the

unfolded protein response (Zhou et al., 2000). RNase L binds

2-5A via the ankyrin-repeat sensor domain and undergoes

dimerization and high-order oligomerization, which provides

the switch for activation of RNA cleavage (Dong and Silverman,

1997; Han et al., 2012, 2014; Huang et al., 2014). Upon activa-

tion, RNase L cleaves single-stranded RNAs at UN^N sites

(Floyd-Smith et al., 1981; Han et al., 2014). The prevalence of

this short motif results in 2-5AMD sensitivity of tRNAs, rRNAs,

mRNAs, and other non-coding RNAs (Cooper et al., 2014b;

Donovan et al., 2017). During a weak activation in homeostasis,

2-5AMD restricts adhesion and migration activity of mammalian

cells (Banerjee et al., 2015; Rath et al., 2015). Upon strong acti-

vation, 2-5AMD arrests global translation by a fast and poorly un-

derstood mechanism (Chitrakar et al., 2019; Donovan et al.,

2017). In parallel, dsRNA activates an additional mechanism

for translation inhibition, which uses phosphorylation of the

translation initiation factor eIF2a by the serine-threonine kinase

protein kinase R (PKR) (Figure 1A). 2-5AMD is temporally sepa-

rated from PKR signaling and, in A549 human lung epithelial

cells, is the main driver of translational arrest during the first

hours after dsRNA stress (Donovan et al., 2017).

Initial studies of 2-5AMD using rabbit reticulocyte lysate (RRL)

reported polysome disaggregation and degradation of mRNAs

(Clemens and Williams, 1978). However, RRL does not support

transcription, and mRNA and polysome loss is inevitable, which

does not allow attributing a biologic significance to this result. In

cells, 2-5AMD has sufficient strength to cause degradation of
vier Inc.
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Figure 1. The Effect of 2-5AMDandRNase L

Activation on Polysomes in A549 Human

Cells

(A) Schematic overview of the dsRNA sensing

pathways and the location of 2-5AMD.

(B) Polysome sedimentation profiles in WT and

RNase L�/� cells during poly(I:C) treatment.

(C) Translation activity in WT and RNase L�/� cells

after poly(I:C) transfection measured using 35S

metabolic labeling (lower panels). Total proteins

stained with Coomassie show lane loading (upper

panels). Independent measurements using an

orthogonal readout are shown in related Figure S1.

(D) Quantification of new protein synthesis,

normalized to loading control. Error bars represent

SE from three biological replicates (Figures 1C,

S1A, and S1B).
18S and 28S rRNAs, which provides a reliable readout of RNase

L activation (Donovan et al., 2017; Malathi et al., 2007). In addi-

tion, 2-5AMD causes degradation of tRNA-His and tRNA-Pro,

as well as multiple mRNAs (Al-Ahmadi et al., 2009; Donovan

et al., 2017; Le Roy et al., 2007; Rath et al., 2015). Due to the

complexity of the RNA degradation program, the �1,000-fold

shutdown of global translation by 2-5AMD could not be linked

to any specific RNA (Chitrakar et al., 2019; Donovan et al., 2017).

We found that soon after translational arrest by 2-5AMD,

dsRNA activates the IFN response, leading to upregulation of

innate immune mRNAs (Figure 1A) (Chitrakar et al., 2019; Kawai

et al., 2005; Liu et al., 2008). The defense mRNAs are produced

while global translation remains silenced by ongoing 2-5AMD,

and the mRNAs encoding IFN-b (type I) and IFN-l (type III) evade

2-5AMD via an unknown mechanism and are actively translated

(Chitrakar et al., 2019). Here, we use cell biology, proteomics,

transcriptomics, and modeling approaches to establish how

RNase L stops protein synthesis and how IFN mRNAs escape.

RESULTS

2-5AMD Inhibits Translation Initiation without
Disrupting Cap-Binding Complex and 40S Subunit
Loading
To begin deciphering the mechanism of protein synthesis regu-

lation by 2-5AMD, we examined whether it affects polysomes in

wild type (WT) and RNase L�/� cells by sucrose gradient sedi-
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mentation. In the presence of immuno-

genic dsRNA (poly(I:C)), the 80S mono-

some peak became dominant within

30 min, whereas the polysomes were

progressively disassembled (Figure 1B).

In RNase L�/� cells that experience a

weak translation inhibition by the

dsRNA-sensing kinase PKR, the poly-

some profiles did not change until 5 h,

and the 80S peak never dominated.

These results agree with our previous

studies, which found that RNase L stops

translation independently from PKR
(Donovan et al., 2017). The changes in the polysome profiles

were accompanied by a global, RNase-L-dependent arrest of

translation (Figures 1C, 1D, S1A, and S1B). The loss of

polysomes and accumulation of the 80S monosomes during

2-5AMD is a signature of inhibited initiation of capped mRNAs.

A similar polysome change takes place upon deletion of the

RNA helicase DHX29 that facilitates translation initiation by inter-

acting with the 50 UTR (Parsyan et al., 2009) or inhibition of the

mammalian target of rapamycin (mTOR), a kinase that facilitates

translation by phosphorylating an inhibitory protein 4E-BP1 to

prevent its binding to the translation initiation factor eIF4E

(Gandin et al., 2014). The 80S species that form upon DHX29

and mTOR defects are non-translating, as are the 80S species

formed during 2-5AMD (Figures 1C and S1A). Non-translating

80S species devoid of mRNA form readily in A549 cells following

translation release with puromycin (Figure S1C). The puromycin-

induced and 2-5AMD-induced 80S monosomes are stable only

at �100 mM KCl but dissociate at 500 mM KCl (Figures S1C

and S1D), as expected for vacant ribosomes (van den Elzen

et al., 2014).

Inhibition of the kinase mTOR is an alternative commonmech-

anism arresting bulk translation during stress responses (Hsieh

et al., 2012; Zoncu et al., 2011), suggesting that inhibition of

translation initiation by 2-5AMD could depend on mTOR. To

test this link, we assessed mTOR activity by measuring phos-

phorylation of the translation initiation factor 4E-BP1, whose

phosphorylation by mTOR is required for translation initiation
75, 1218–1228, September 19, 2019 1219



Figure 2. Translation Initiation Status dur-

ing 2-5AMD

(A) Activity of mTOR kinase monitored by western

blot for phosphorylated 4E-BP1. Matching trans-

lational activity was measured by 35S metabolic

labeling. The small-molecule mTOR inhibitor

INK128 is used as a control. The 2-5A and INK128

treatments were for 2 h.

(B) Quantification of the gels in (A). Error bars

represent SE from the two series in (A), N.S. = not

significant, **p % 0.05, ***p % 0.01.

(C) Western blot analysis of core components of

the cap-binding eIF4F complex: eIF4E, eIF4A, and

eIF4G. Data from control (FLAG) and eIF4E

immunoprecipitation (IP) experiments are shown

with and without 2-5A treatment.

(D) BioAnalyzer NanoChip profiling of rRNA in the

samples in (C).

(E) Mass spectrometry analysis of proteins that co-

immunoprecipitate with the cap-binding trans-

lation initiation factor eIF4E (Figure S2; Table S1).
(Feldman et al., 2009). Activation of 2-5AMD did not affect

4E-BP1 phosphorylation, whereas a control treatment with the

small-molecule mTOR inhibitor INK128 (Feldman et al., 2009)

worked (Figure 2B). Considering that 2-5A and INK128 inhibited

bulk translation comparably but with different effects on 4E-BP1

phosphorylation (Figures 2A and 2B), our data suggest that 2-

5AMD inhibits translation initiation independently from the kinase

mTOR.

To test whether 2-5AMD disrupts assembly of cap-binding

initiation complexes, we pulled down the cap-binding initiation

factor eIF4E and examined its association with the key partner

factors eIF4A and eIF4G that together form the eIF4F complex.

This tripartite complex was readily identified using the pull-

down and remained unchanged by 2-5AMD (Figure 2C). Total

RNA profiling by NanoChip revealed that eIF4E additionally

pulled down the 40S ribosomal subunit both in naive cells and

in cells with activated 2-5AMD, suggesting normal loading of

the small subunit. As expected, 18S and 28S rRNAs were

degraded during 2-5AMD and exhibited the characteristic

pattern of RNase L activity (Figure 2D). The 18S rRNA from the
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40S subunit pulled down with eIF4E

following 2-5AMD was cleaved as in the

input rRNA. Thus, binding of the core

components of the translation initiation

complex is not disrupted during 2-5AMD.

To examine the initiation complex more

completely, we performed mass spec-

trometry (MS) of proteins that co-purify

with eIF4E (Figure S2). This analysis de-

tected ribosomal proteins from the small

subunit, translation initiation factors and

poly(A)-binding proteins, but not proteins

from the large ribosomal subunit, as

expected due to polysome runoff. The

identified components were unchanged,

within �2-fold, in response to 2-5A

(Figure 2E; Table S1). The minor differ-
ences cannot account for the magnitude of the translational

arrest, indicating that 2-5AMD does not block the cap-binding

complex and cap-mediated loading of the small ribosomal

subunit.

2-5AMD Degrades 18S and 28S rRNAs but Leaves
Ribosomes Functional
2-5AMD does not interfere with the initiation step. To further

define the mechanism, we analyzed the hallmark substrate of

RNase L, the ribosome, and examined whether 2-5AMD inhibits

global translation by directly affecting ribosomal translational ac-

tivity. 18S and 28S rRNAs are both cleaved by RNase L (Fig-

ure 2D) (Donovan et al., 2017; Malathi et al., 2007). Although a

high-resolution structure of the human 80S ribosome has

become available (Khatter et al., 2015), mechanistic understand-

ing of how rRNA cleavage by 2-5AMD could affect the ribosome

is limited by the absence of a reliable map of the cleavage sites.

Based on primer extension analysis, it has been proposed that

RNase L cleaves nucleotide 4,032 and, to a smaller extent,

nucleotide 4,031 in 28S rRNA (Iordanov et al., 2000). In contrast,



Figure 3. Analysis of Ribosomes during

2-5AMD

(A) RNase L cleavage positions in 18S and 28S

rRNA found by RtcB RNA-seq. The y axis provides

a unified metric of read abundance and cleavage

induction strength.

(B) Mapping the RNase L sites onto 3D structures

of 18S and 28S rRNAs. Structures are colored by

cleavage strength as defined in (A).

(C) Status of rRNA and translation activity of puri-

fied ribosomes obtained from rabbit reticulocyte

lysate (RRL) or A549 cells. A titration with purified

ribosomes was done in the presence of 50 ng

capped luciferase mRNA. New translation was

measured by luminescence. Bars indicate mean ±

SD of two biological replicates.

(D) Comparison of translation loss and rRNA

cleavage over the duration of dsRNA response.

Fraction of intact rRNA observed by NanoChip was

quantified in GelQuant.NET. New translation rela-

tive to the untreated condition was measured by
35S metabolic labeling and ribopuromycilation

(Figures 1C and S1A). Error bars are SE from three

biological replicates. Kinetic parameters of the time

profiles are shown below the graph.

See also Figure S3 and Table S2.
subsequent RNA sequencing (RNA-seq) analyses of cleaved

rRNAs captured using Arabidopsis tRNA ligase did not detect

cleavage at either of the 28S rRNA sites but observed predomi-

nantly RNase-L-independent 18S/28S rRNA background

cleavage events (Cooper et al., 2014b).

To de novo identify the specific RNase-L-derived cleavage

sites in human rRNA, we used RtcB RNA-seq, which we recently

developed for single-nucleotide-resolution mapping of RNase L

cleavage sites (Donovan et al., 2017). This method is based on

adaptor ligation to RNA termini with 20,30-cyclic phosphate,

which is left by RNase L. RNA-seq with custom read mapping

generates a comprehensive view of the cleavage sites within

cellular RNAs. RtcB RNA-seq analysis of rRNA from cells

with activated 2-5AMD (Figure S3A) revealed cleavage sites

with a UN^N consensus (Figure 3A), which matches

precisely the sequence-specific activity of RNase L (Table S2)
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(Donovan et al., 2017; Han et al., 2014).

Validation of select sites in WT and RNase

L�/� cells using the RtcB qPCR technique

developed previously in our laboratory

(Donovan et al., 2017) confirmed RNase

L dependence of the identified cleaved

sites (Figure S3B).

We analyzed the RtcB RNA-seq data to

find sites that simultaneously exhibit

induction and high read count in the

2-5AMD sample, as shown in Figure 3A.

A single high-scoring site, 771, was de-

tected in 18S rRNA, and two dominant

sites, 1,056 and 4,032, were detected in

28S rRNA. Our analysis found both 28S

rRNA sites 4,031 and 4,032 that were
identified previously by the primer extension assay (Iordanov

et al., 2000), providing important validation for the RtcB RNA-

seq approach. The dominant sites 771 (18S) and 1,056 (28S)

were detected for the first time.

Mapping of the identified sites onto the 3D structure of human

rRNA shows that except for the nucleotides 4,031 and 4,032 in

the L1 stalk, 2-5AMD targets surface loops away from vital parts

of the ribosome. The location of sensitive sites at distant ribo-

somal positions suggests that 2-5AMD is not optimized for

targeting a defined ribosomal position, in contrast to bona

fide ribosome-inactivating nucleases such as a-sarcin (Gl€uck

et al., 1994; Korennykh et al., 2006). The RNase L cleavage sites

appear opportunistic rather than intended for ribosomal

inhibition.

To test this prediction, we directly assessed the translation

activity of the cleaved ribosomes in RRL. We depleted this lysate
l 75, 1218–1228, September 19, 2019 1221
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of the ribosomes by centrifugation (Figure S3C) and resupplied

intact ribosomes purified from RRL, A549 cells, or cleaved ribo-

somes from dsRNA-transfected human cells (Figure 3C). Using

capped luciferase mRNA translation as the readout, we as-

sessed the activity of each ribosome type. In ribosome-depleted

RRL, luciferase translation was absent, suggesting that we

created a suitable assay. Addition of either rabbit ribosomes

from nuclease-treated RRL, intact human ribosomes, or human

ribosomes with rRNA degraded by 2-5AMD readily supported

translation. We observed the same specific activity for intact

and cleaved ribosomes, which we reproduced over a range of

ribosomal concentrations to exclude saturation effects (Fig-

ure 3C). Therefore, 2-5AMD does not functionally damage hu-

man ribosomes even after a nearly complete degradation of

full-length rRNA (Figure 3C, last lane). In agreement with this

observation, the single-exponential decay kinetics for rRNA

lags behind the kinetics of translational shutdown (Figure 3D).

Our data and the previously reported disconnect between

rRNA cleavage and translation (Donovan et al., 2017) together

indicate that the loss of global translation during 2-5AMD in-

volves a process physically distinct from rRNA degradation.

Spike-in Poly(A)+ RNA-Seq Reveals Global Decay of
mRNAs during 2-5AMD in Live Cells
In the presence of normal cap-dependent initiation and func-

tional ribosomes, the loss of cell-wide protein synthesis (Figures

1C, S1A, and S1B) may arise from cleavage of a non-ribosomal

RNA essential for global translation. Cleavage of a tRNAwould fit

this expectation, and tRNA cleavage by RNase L does take place

(Donovan et al., 2017). However, we found that even the most

sensitive tRNAs were intact at the time of translational inhibition,

suggesting that the only RNA substrates that could account for

the translational inhibition are mRNAs. RNase L has been shown

to cleave exogenous mRNAs, viral mRNAs, and select host

mRNAs with a preference for longer RNAs with many AU-rich

elements due to the specificity of RNase L for UN^N sites (Al-Ah-

madi et al., 2009; Le Roy et al., 2007; Nogimori et al., 2019; Rath

et al., 2015). To produce the uniform loss of global translation by

mRNA decay, 2-5AMD must act similarly on all housekeeping

mRNAs. Indeed, there are no protein bands or protein groups

that stand out during the time-dependent progressive loss of

translation (Figures 1C, S1A, and S1B).

To test whether a uniform mRNA decay is taking place, we

used qPCR that we designed to detect full-length mRNAs (Fig-

ure 4A). Using this assay, we observed a rapid decay of several

abundant basal mRNAs (Figure 4B). As expected, the decay was

absent in RNase L�/� cells (Figure S4A). All tested mRNAs were

cleaved rapidly. The decay traces for all mRNAs leveled before

100% cleavage, suggesting that cells have 2-5AMD-sensitive

and 2-5AMD-resistant mRNA pools. The size of the resistant

fraction was higher for PRKDC, SON, and FAT1 mRNAs, indi-

cating that the content of the resistant pool depends on individ-

ual mRNAs (Figure 4B, dotted lines). By quantifying log-linear re-

gions of the data (Figure 4B, inset graphs), we determined first-

order decay kinetics for each mRNA (Figure 4C). The house-

keeping mRNAs decay considerably faster than rRNA and on

the same timescale as the translational arrest (Figure 3D versus

Figure 4C).
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Using poly(A)+ RNA-seq, we extended our analysis to the tran-

scriptome. Widely used RNA-seq normalization and differential

expression analysis techniques presume that levels of most

mRNAs remain unchanged. This assumption would be violated

if 2-5AMD inhibited translation by global mRNA decay. To

correctly quantify mRNA levels during the course of decay, we

supplemented our RNA samples with internal standards

(Drosophila melanogaster RNA spike-ins). 2-5AMD profiling re-

vealed a time-dependent loss of almost all cellular mRNAs (Fig-

ure 5A; Table S3). The RNA-seq data agreed well with our qPCR

analysis (Figure 5B). Reads for all decaying mRNAs disappeared

across the entire transcript length, suggesting that once RNase L

endonucleolytically cleaves a transcript, the resulting mRNA

fragments are rapidly cleared. The decay kinetics determined

from the top 5,000 most abundant transcripts matches the time-

scale of translational inhibition (Figures S4B and 4C). Together,

our qPCR and RNA-seq data link translation arrest by 2-5AMD

to mRNA decay, which can explain the accumulation of empty

80S monosomes in cells.

Of note, evaluation of RNase L activity in cytosolic cell extracts

showed that mRNA decay depends on both mRNA length and

AU content (Rath et al., 2015) (Figure S5). In S10 cytosolic ex-

tracts treated with 2-5A, at the time point when �60% ACTB

mRNA still remains, only 0.1% of FAT1 mRNA and 0.2% of

PRKDC mRNAs survive (Figure 5C). The high sensitivity of

FAT1 andPRKDC transcripts in the S10 extract is in linewith their

lower GC content and greater length leading to more net UN^N

sites per mRNA. In contrast to these findings, 2-5AMD in live

cells shows no dependence on GC content and leads to decay

of PRKDC, FAT1, ACTB, and most other mRNAs with compara-

ble (within several-fold) kinetics (Figures 5A and 5B; Discussion).

Therefore, cellular mRNA decay is uniform and agrees with the

fast timing of translational inhibition and the loss of global protein

synthesis.

Decay and Synthesis Kinetics Protect IFN mRNAs from
2-5AMD
Spike-in RNA-seq indicates that the 2-5AMD-sensitive RNAs

that decay (Figure 6A; 88%–89% of poly(A)+ RNA) account for

more than 99.7% of protein synthesis (Figures 1C and S1A).

These data suggest that RNase L eliminates the most actively

translating mRNAs. As much as 11%–12% of the poly(A)+ RNA

is resistant (Figure 6A), indicating that some mRNA molecules

must be shielded from RNase L, perhaps by being in the nucleus

or in translation-inactive complexes. In line with this model, fluo-

rescence in situ hybridization (FISH) analysis of GAPDH mRNA

described in a related manuscript submitted back to back with

our study notes a resistant nuclear fraction of the mRNA (Burke

et al., 2018). RNase-L-resistant poly(A)+ transcripts are enriched

with non-coding RNAs (ncRNAs; Figure 6A), suggesting that

RNase L sensitivity of RNAs correlates with their translational

activity.

As basal mRNAs decay, defense mRNAs encoding IFNs and

interferon stimulated genes (ISGs) are upregulated (Figure 6A).

The mRNAs are initially absent, but, by 4 h, IFN and ISG mRNAs

account for 25% of the poly(A)+ pool. In log-linear coordinates,

the loss of basal mRNAs and the increase in innate immune tran-

scripts obeys a linear law (Figures 6C and S7A). The induction of



Figure 4. Analysis of Decay Kinetics for

Select Basal mRNAs during 2-5AMD

(A) Design of qPCR for detection of full-length

mRNAs.

(B) Decay of select highly expressed housekeeping

mRNAs upon poly(I:C) treatment of A549 cells

measured by qPCR. The decay of SON and

PKRDC shows distinctly biphasic character indi-

cating the presence of non-cleaved mRNA fraction

(2-5AMD-resistant pool) in the cells. The inset

graphs show log-linear parts of the decay profiles

used to measure the first-order decay kinetic pa-

rameters. Error bars are SE from three biological

replicates. Dotted lines mark approximate levels

of 2-5AMD-resistant mRNA fractions. Data are

aggregates from three biological replicates.

(C) Decay half-life (T1/2) obtained for each mRNA

from the qPCR in (B). The last line shows T1/2 for

5,000 mRNAs calculated based on RNA-seq (Fig-

ure S4B; Table S3). *Excluding GAPDH due to its

stability.
defense transcripts bypasses RNase L (Figures 6D, S6A, and

S7A), as previously reported (Chitrakar et al., 2019). To test

whether defense mRNAs could survive in the presence of RNase

L, we measured their decay kinetics during 2-5AMD in the pres-

ence of actinomycin D treatment, which was used to stop new

transcription (Figure 6E). RNase-L-dependent decay of the

innate immune mRNAs was readily detected (Figures 6F and

S6B), indicating that defense mRNAs are not fully resistant and

can be cleaved by RNase L relatively rapidly. However,

the measured decay half-lives (T1/2) for defense mRNAs were

�2- to 3-fold longer compared to those of basal mRNAs

(compare Figure 6F to Figure 4C, p = 6 3 10�6).

Using MEME server (Bailey and Elkan, 1994), we found that

stable mRNAs have overrepresentation of a �20-nt GC-rich

motif (Figures S6C and S6D), which occurs more frequently in

poly(I:C)-induced mRNAs evading RNase L than in mRNAs that
Molecular Cel
decay (Figures S6E and S6F). The motif

overrepresentation does not arise from

length or GC composition biases; on the

contrary, mRNAs that evade RNase L

are shorter and have fewer guanosines

on average (Figure S6E versus Fig-

ure S6F). Thus, the slightly increased sta-

bility of defense mRNAs may arise in part

due to GC-rich motifs. Additional stabili-

zation is likely to occur from a mild RNase

L deactivation due to decay of RNase-L-

encoding mRNA (Table S3) as well as

decay of 2-5A, which begins within

several hours following poly(I:C) addition

based on a recent study using a realtime

2-5A biosensor (Chitrakar et al., 2019).

The log-linear decay of basal mRNAs

indicates that 2-5AMD degrades these

transcripts with single-exponential ki-

netics. In contrast, the log-linear increase

of IFN/ISG mRNAs does not match sin-
gle-exponential accumulation or steady influx laws (Figure S7B;

STAR Methods) and indicates induction with a positive feed-

back. In accord with our data, the presence of positive feedback

has been previously described for IFN signaling (Michalska et al.,

2018). It is important to note that positive feedback in the

IFN response involves not only RNase-L-sensitive mediators

(IFN/ISG mRNAs) but also RNase-L-resistant activators (accu-

mulation of IFN proteins and phosphorylation of the transcription

factor STAT) (Figure 7A). We developed a mathematical descrip-

tion of this positive feedback model to examine whether it pre-

dicts survival of defense mRNAs in the presence of RNase L.

To define experimental parameters, we used the key observa-

tions that (1) basal mRNAs are downregulated by�100-fold after

4 h (Figure 5A), (2) 2-5AMD has a small effect on the dynamics of

defense mRNAs (Figures S6A and S7A), and (3) measured half-

lives of defense mRNAs are �2-fold longer than half-lives of
l 75, 1218–1228, September 19, 2019 1223



Figure 5. RNA-Seq Profiling ofmRNADecay by RNase L in Live Cells

and Cytosolic Extracts

(A) Time-dependent decay of the most abundant 5,000 mRNAs (�90% of the

mRNA pool) measured by spike-in RNA-seq. To obtain mRNAs levels, total

reads for each sample were normalized usingD.melanogasterRNA spike in as

an internal standard. Transcripts are ordered from the highest to the lowest

expression level in the untreated sample.

(B) RNA-seq profiles for select individual mRNAs from (A).

(C) Cleavage profiles and kinetic parameters for the mRNAs in (B) obtained in

cell-free experiments (Rath et al., 2015).

See also Table S3.
basal mRNAs either due to their slightly better resistance to

RNase L or mild attenuation of RNase L activity over time (Fig-

ures S7A, 6F, and 4C).

A minimal model with positive feedback predicts equal atten-

uation of basal and transcriptionally inducedmRNAs by RNase L

(Figure 7B). Positive feedback per se does not render defense

mRNAs insensitive to 2-5AMD. However, RNase L evasion of

antiviral mRNAs ensues if positive feedback includes RNase

L-resistant molecules (Figure 7C). Indeed, RNase L activation

and the IFN response in the presence of dsRNA are accompa-

nied by accumulation of IFNs b and l and buildup of phosphor-

ylated transcription factor STAT (pSTAT) (Chitrakar et al., 2019),
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which cannot be cleaved by RNase L and thus serve as RNase-

L-resistant mediators of positive feedback. IFNs and pSTAT

steadily accumulate irrespective of RNase L activation and drive

a steadily increasing transcriptional activity. In this process,

stable molecules (IFNs and pSTAT) within a positive feedback

loop kinetically stabilize unstable molecules (antiviral mRNAs)

that are parts of the feedback loop.

The evasion from 2-5AMD is further enhanced once the�2- to

3-fold longer T1/2 of defense mRNAs is incorporated in the

model, leading to nearly complete evasion of IFN/ISG mRNAs

from 2-5AMD (Figure 7D), consistent with our data (Figure 6D).

Therefore, the minimal, data-based mathematical description

that we developed can explain the evasion of defense mRNAs

from global decay by RNase L. A small stability advantage of

defense mRNAs (�2-fold longer half-lives) and the positive feed-

back of the IFN response mediated by RNase-L-resistant mole-

cules can protect defense mRNAs against RNase L by multiple

orders of magnitude.

DISCUSSION

Our work suggests that in mammalian cells, decay of abundant

mRNAs can be efficiently coupled with a kinetically matched

transcriptional response to switch translation from basic tasks

to production of stress proteins. Since the discovery of

2-5AMD (Hovanessian et al., 1977), considerable efforts focused

on understanding this mechanism and defining its roles in IFN re-

sponses and dsRNAdefense. It has been proposed that 2-5AMD

provides antiviral protection by decay of viral RNAs (Cooper

et al., 2014a; Han et al., 2004; Nilsen and Baglioni, 1979), that

it serves for IFN amplification by generating signaling fragments

derived from cleavage of self-RNAs (Malathi et al., 2007), and

that it functions by nonspecific degradation of cellular RNAs to

arrest infected cells and eliminate them by apoptosis (Chakra-

barti et al., 2011; Zhou et al., 1997). However, a recent study

showed that 2-5AMD reshapes the protein synthesis landscape

of dsRNA-sensing cells by a hitherto-unidentified mechanism

(Chitrakar et al., 2019). Here, we identify this mechanism.

We show that the loss of protein synthesis arises from deple-

tion of thousands of host mRNAs (Figure 7F). The same explana-

tion is being simultaneously and independently proposed in a

related study by Burke et al. and Roy Parker (Burke et al.,

2018). We show that �90% of the total mRNA pool (by mass)

is sensitive to 2-5AMD and rapidly decays. The cleaved RNase

L-sensitive fraction accounts for the entire translational activity

(Figure 6A). The remaining 11%–12% of the poly(A)+ transcrip-

tome is neither accessible to RNase L nor supporting translation,

suggesting that RNase L preferentially depletes translationally

active mRNAs. Of note, the work of Burke et al. suggests that

ribosomal activity is not required for cleavage of GAPDH and

IFN-b mRNA (Burke et al., 2018). Together, these results could

be reconciled with our observation of preferential decay of trans-

lationally active mRNAs by proposing that RNase L and ribo-

somes bind the same pool of most highly accessible cytosolic

mRNA molecules.

RNase L cleaves the majority of basal mRNAs with similar rate

constants and does not exhibit a preference for longer or AU-rich

mRNAs. The uniform mRNA decay is a central feature of



Figure 6. Poly(A)+ Transcriptome Composi-

tion and Dynamics during 2-5AMD

(A) Time evolution of the poly(A)+ transcriptome

obtained from spike-in RNA-seq. Induced tran-

scripts (red) were upregulated byR5-fold at 4 h of

poly(I:C) treatment.

(B) Illustration of read increase for a gene that is

induced.

(C) Levels of select basal and defense mRNAs

measured by spike-in RNA-seq. Bars indicate

mean ± SE of the read counts for the indicated

genes.

(D) Induction of innate immunemRNAs in response

to poly(I:C) with and without 2-5AMD. Error bars

are SE from three biological replicates.

(E) Experimental outline for measurement of innate

immune mRNA decay. Innate immune mRNAs are

allowed to accumulate, followed by transcriptional

inhibition with actinomycin D and decay profiling.

(F) Kinetics parameters of defense mRNAs

measured as in Figure 4B. p value compares T1/2
for defense versus basal mRNAs in Figure 4C.

See also Table S3.
2-5AMD, which is responsible for arrest of all housekeeping pro-

teins rather than just a subset of proteins. This uniformity sug-

gests that during dsRNA response in live cells, mRNAs are

cleaved according to Briggs-Haldane kinetics (STAR Methods).

Under Briggs-Haldane conditions, RNase L will cleave mRNAs

independently from their binding (Km) and catalytic (kcat) proper-

ties, thereby acquiring amechanism for uniform decay of all tran-

scripts. A notable feature of the Briggs-Haldane regime is that

once RNase L encounters an mRNA to be cleaved, it will make

a cut before dissociating, such that every RNase L-mRNA bind-

ing event is productive. In contrast to live cells, in cell extracts,

RNase L is highly sensitive to mRNA length and AU content, indi-

cating a Michaelis-Menten regime. Although it remains to be ex-

plained precisely how live cells achieve the Briggs-Haldane

regime, this regime can be expected from ribosome-assisted

RNase L access to mRNAs. This model would agree with the

recently proposed mechanism for Dom34-mediated formation

of RNase L-ribosome complex, which presumably allows trans-

lation-dependent cleavage of model RNAs (Nogimori et al.,

2019). If ribosome-RNase L recognition (rather than mRNA-
Molecular Cell
RNase L recognition) determined kinetics

of mRNA decay, then 2-5AMD would

target all actively translating mRNAs simi-

larly, guided by similar ribosome binding

irrespective of mRNAs. If RNase L could

dwell on translating ribosomes, then

this would ensure both efficient cleavage

of translationally active mRNAs and

Briggs-Haldane conditions. The role of

the ribosomes in mRNA decay by RNase

L is presently debated, however

(Burke et al., 2018), and awaits further

clarification.

The decay rate constants are similar

(within several-fold) for basal mRNAs
and mRNAs encoding IFNs (Figures 4C and 6F). We show that

this modest stability advantage and positive feedback of the

IFN response are sufficient to protect defense mRNAs from

RNase L. A minimal model with experimentally determined ki-

netic parameters can account for decay of basal mRNAs and

explain how IFNs and ISGs can accumulate to nearly the same

levels in WT and RNase L�/� cells (Figures 7A and 7B). The

experimental observation that 2-5AMD can clear the cytoplasm

from unneeded host mRNAs without compromising the innate

immune system suggests that, by analogy, 2-5AMD could elim-

inate viral mRNAs while allowing antiviral proteins to be pro-

duced, aided by their transcription within positive feedback of

IFN response. The antiviral activity of RNase L poses a serious

obstacle for some viruses, forcing them to evolve dedicated viral

proteins capable of disarming 2-5AMD (Drappier et al., 2018;

Gusho et al., 2014). Our present data raise the possibility that vi-

rusesmay alternatively rely on replication kinetics, particularly on

positive feedbacks with RNase-L-resistant intermediates, as an

unanticipated strategy of escaping the innate immune action of

2-5AMD without using inhibitory viral proteins. Understanding
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Figure 7. Proposed Model for Coordination

between Transcription and Decay in 2-

5AMD

(A) A kinetic scheme for 2-5AMD and the IFN

response with positive feedback. Parameters I

(IFN mRNAs), A (2-5AMD-resistant stable activator

within positive feedback), and a and b are

described in the Decay and transcriptional dy-

namics analysis section (STAR Methods).

(B) Modeled dynamics of basal and defense

mRNAs when all transcripts have the same sensi-

tivity to 2-5AMD. DefensemRNAs are inducedwith

positive feedback.

(C) Model in (B) modified to include a stable acti-

vator of positive feedback.

(D) Model in (B) modified to include both, a stable

activator and stability of defense mRNAs. The

modeling analysis in (A)–(C) is described in STAR

Methods. The slope difference for solid red lines in

Figure 7D versus Figure 7C reflects the contribu-

tion of longer T1/2 to the overall decay rate.

(E) The proposed model for mRNA decay and IFN

transcriptional response leading to RNase-L-

mediated reorganization global translation.

See also Figure S7.
whether viruses indeed take advantage of such a kinetic mech-

anism will be important as it may lead to improved antiviral

treatments.

Reprogramming of protein synthesis is a central strategy by

which mammalian cells achieve energy conservation and adapt

to stressful environments (Lane and Martin, 2010). To our knowl-

edge, the mechanism of prioritizing stress protein translation by

2-5AMD is different from mechanisms of previously described

mammalian stress responses. Whereas mammalian protein syn-

thesis is usually regulated by interference with translation initia-

tion factors (Chitrakar et al., 2019; Iwasaki et al., 2016; Mar-

ques-Ramos et al., 2017; Taniuchi et al., 2016), 2-5AMD acts

directly and globally on mRNAs. If global mRNA decay is

matched with transcriptional activation of select mRNAs via pos-

itive feedback, and if the positive feedback involves proteins

(that act as RNase L-resistant feedback components), the tran-
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scriptionally induced mRNAs evade even aggressive mRNA

decay capable of cell-wide ‘‘sterilization’’ of the cytosol from

abundant basal mRNAs. In the example we described, this

mechanism allows IFNs and antiviral mRNAs to take over the

translation machinery of a human cell to mount exclusive

production of defense proteins.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-FLAG Sigma Aldrich F3165; RRID:AB_259529

Mouse anti-eIF2a Santa Cruz 2103S; RRID:AB_836874

Rabbit anti-eIF4G Cell Signaling 2498S; RRID:AB_2096025

Rabbit anti-eIF4A Cell Signaling 2490S; RRID:AB_823487

Mouse anti-eIF4E Santa Cruz Biotechnology sc-9976; RRID:AB_627502

Rabbit anti-4E-BP1 total Cell Signaling 9644T; RRID:AB_2097841

Rabbit anti-4E-BP1 pS65 Cell Signaling 9451T; RRID:AB_330947

Mouse anti-puromycin EMD Millipore MABE 343; RRID:AB_2566826

Goat anti-mouse HRP conjugated

secondary antibody

Jackson ImmunoResearch 115-035-062; RRID:AB_2338504

Goat anti-Rabbit HRP conjugated

secondary antibody

Jackson ImmunoResearch 111-035-144; RRID:AB_2307391

Chemicals, Peptides, and Recombinant Proteins

Puromycin GIBCO A11138-03

Actinomycin D Sigma A1410

Recombinant RtcB enzyme Donovan et al., 2017 Purified in-house

Nuclease treated Rabbit Reticulocyte

Lysate

Promega L4960

Critical Commercial Assays

EasyTag EXRESS35S Protein Labeling mix Perkin Elmer NEG772002MC

MEGAshortscript T7 Transcription Kit Thermo Fisher Cat No. AM1354

RNeasy Mini Kit QIAGEN Cat No. 74106

High Capacity Reverse Transcriptase kit Applied Biosystems Cat No. 4368814

CircLigase Epicenter Cat No. CL9021K

Power SYBR Green PCR Master Mix Life Technologies Cat No. 4367659

BioAnalyzer RNA 6000 Nano Kit Agilent Cat No. 5067-1511

HiSeq 2000 Illumina N/A

Deposited Data

Poly-A+ RNaseq of poly I:C treated A549

cells with spike-in control

This paper GEO: GSE123034

RTCB-seq of poly I:C treated A549 cells This paper GEO: GSE131130

RNA-seq analysis of RNase L-driven mRNA

decay in cell-free systems – used for REML

(see software and algorithms)

Rath et al., 2015 GEO: GSE75530

Experimental Models: Cell Lines

A549 cells Susan Weiss, University of Pennsylvania. N/A

Oligonucleotides

Oligonucleotides used for RtcB RNA-seq Donovan et al., 2017 See Table S4

qPCR primers used for mRNA steady state

and half-life quantitation

This paper See Table S5

Software and Algorithms

RtcB RNA-seq mapping software This paper Described in STAR Methods

GelQuant.NET Biochem Lab Solutions http://biochemlabsolutions.com/
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Welch two-tailed unpaired t test, James

McCaffrey Implementation

Microsoft https://msdn.microsoft.com/en-us/

magazine/mt620016.aspx

TopHat 2 Kim et al., 2013 Used via pipelines developed by

Lewis-Sigler Institute for Integrative

Genomics on Galaxy.princeton.edu.

HTSEQ-count Anders et al., 2015 Used via pipelines developed by

Lewis-Sigler Institute for Integrative

Genomics on Galaxy.princeton.edu.

Integrated Genome Browser (IGV) Robinson et al., 2011 https://software.broadinstitute.org/

software/igv/

Proteome Discoverer 2.2 Thermo Scientific, USA Used by the Princeton University

Proteomics & Mass Spectrometry Core

Scaffold version 4.8.4 Proteome Software Inc., Portland, OR Used by the Princeton University

Proteomics & Mass Spectrometry Core

Protein Prophet algorithm Nesvizhskii et al., 2003 Used by the Princeton University

Proteomics & Mass Spectrometry Core
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alexei

Korennykh (akorenny@princeton.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
A549 human lung epithelial cells, immortalized from a 58-year old Caucasian male carcinoma patient, were grown in RPMI with 10%

FBS at 37�C, 5%CO2. These cells were a gift from the lab of SusanWeiss at University of Pennsylvania. Cells used in this study were

authenticated in Weiss lab. For poly I:C transfections, 1 mg/mL poly I:C was transfected using Lipofectamine 2000 Reagent

(Thermo Fisher Scientific) for the indicated durations. For experiments aimed at measuring mRNA decay rates, RNA polymerase II

transcription was blocked by adding 1 mg/ml actinomycin D directly to the cell culture medium for the indicated durations. To

measure decay rates of poly I:C-induced transcripts, WT andRNase L�/� cells were treated with 1 mg/ml poly I:C for 4 hours, followed

by actinomycin D treatment.

METHOD DETAILS

Nascent translation analysis
We analyzed nascent translation using two methods: 35S and ribopuromycilation. To conduct 35S metabolic labeling, cells

were incubated in methionine-free RPMI (GIBCO) containing 11 mCi EasyTag EXRESS35S Protein Labeling mix (Perkin Elmer)

for 15 minutes at 37�C. Cells were directly lysed in NuPage LDS sample buffer. Lysates were boiled at 95�C for 10 minutes,

then separated on 10% BisTris PAGE gels (Invitrogen). Gels were stained with Coomassie for total protein visualization, then

analyzed by phosphorimaging (Typhoon FLA 7000, GE). For ribopuromycilation assay, cells were treated with 10 mg/ml puromycin

(Invitrogen) in culture medium for 5 minutes at 37�C. Cells were lysed and separated by PAGE as above. For western blotting

proteins were transferred to PVDF membranes (Life Technologies) and stained with Ponceau Red to visualize total proteins.

The membrane was washed and blocked in 5% non-fat dry milk in TBST. Membranes were probed with 1:1000 dilution of mouse

anti-puromycin antibody (EMD Millipore), followed by 1:10,000 dilution of horseradish peroxidase-conjugated anti-mouse

secondary antibody (Jackson ImmunoResearch).

RtcB RNA-seq
RtcB RNA-seq was conducted as described previously (Donovan et al., 2017), but without short RNAs purification step. Briefly, 1 mg

RNeasy-purified RNA was ligated to 10 mM adaptor (Table S4, oligo 1). Ligation reactions were performed using 10 mMRtcB, 20 mM

HEPES pH 7.5, 110 mM NaCl, 2 mMMnCl2, 100 mMGTP, 40U RiboLock RNase inhibitor (Fermentas), 4 mM DTT, and 0.05% Triton

X-100 for 1 hour at 37�C. Reactions were quenched using 3 mM EDTA. Owing to its short length, free adaptor was removed by

purifying the ligated RNA with the RNeasy kit. On-column DNase treatment was omitted so that ligated adaptor remained intact.
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Oligonucleotides were reverse-transcribed using MultiScribe reverse transcriptase (RT) and 2 pmol of RT primer complimentary to

the ligation adaptor (Table S4, oligo 2). RNA, RT primer, and dNTPs were incubated for 3 min at 65�C and snap-cooled on ice. MgCl2
(3 mM f/c) was added to ensure efficient Mg2+-dependent RT reaction. A 2x mastermix containing RT buffer, RT (Applied Bio-

systems), and 40U Ribolock was added to snap-cooled samples to a final volume of 20 mL. Reactions were incubated at 25�C for

10 min, 37�C for 1.5 h, and 95�C for 5 min. cDNA reaction was brought up to 200 ml with water and extracted using 1 volume of

25:24:1 Phenol:Chloroform:Isoamyl Alcohol saturatedwith 10mMTRIS (pH 8.0) and 1mMEDTA (Sigma Aldrich). The aqueous phase

was precipitated using 20 mg glycogen as a carrier, 2/3 5M ammonium acetate (vol/vol) and 3 volumes of 100% ethanol. Mixture was

incubated at –80�C for 30 minutes, followed by a 17,000 x g spin at 4�C, for 30 minutes. Pellets of cDNA were washed with 75%

ethanol (vol/vol) and resuspended in 25 ml DI water. Reactions contained 30% of the cDNA from the previous step, 1 mM adaptor

(Table S4, oligo 3), 1 U/ml CircLigase (Epicenter), and buffer contents as per manufacturers guidelines. CircLigase reactions were

incubated for 1 h at 65�C and quenched by adding EDTA to a final concentration of 8 mM. 1/3 of the quenched CircLigase reaction

was PCR amplified using Phusion DNA polymerase (NEB) and primers 4-5 in Table S4. Libraries were analyzed by a BioAnalyzer high

sensitivity DNA 1000 chip (Agilent). Normalization was done by using equimolar library amounts based on BioAnalyzer readings. In-

dividual libraries were pooled and gel purified from native page. RtcB RNA-seq was performed on Illumina HiSeq 2500 and pro-

cessed as we described previously (Donovan et al., 2017). Briefly, adaptor oligonucleotide was trimmed and reads were mapped

to the human transcriptome using in house RtcB RNA-seq mapping software developed in our laboratory.

Poly-A+ RNA-seq
RNA from experiments with human cells was purified by RNeasy, 1 mg of which was mixed with 10 ng (1%) Drosophila melanogaster

total RNA and used for poly-A+ enrichment with oligo-dT beads. Pulldown was followed by standard fragmentation, adaptor ligation

and PCR amplification for sequencing on the Illumina HiSeq 2000 platform. Sequencing reads were mapped to the human genome

hg19 using TopHat 2 (Kim et al., 2013), set to map stranded reads with default parameters. Reads mapping to exons of each gene

were counted using HTseq-count in union mode (Anders et al., 2015). RNA-seq data was normalized by total library size and

read counts of spike-in Drosophila melanogaster RNA. RNA-seq data were visualized using the Integrative Genomics Viewer

(Robinson et al., 2011).

Polysome sedimentation analysis
Cells in 10 cm dishes were flash frozen in liquid nitrogen, scraped in cold PBS with 100 mg/ml CHX and pelleted at 500 x g for

5 minutes at 4�C. The cell pellet was lysed in 5 mM HEPES, 1.5 mM KCl, 2.5 mM MgCl2, 100 mg/ml CHX, 1x Protease inhibitor

cocktail, 100 U/mL RNase inhibitor (NEB), 0.5% Triton X-100, and 0.5% Na-Deoxycholate. The lysate was vortexed, rotated

end-over-end for 7 minutes at 4�C and centrifuged at 10,000 x g for 10 minutes at 4�C. Clarified lysate was layered over a

12 mL 10%–50% sucrose gradient made by GradientMaster (BioComp). The 10% and 50% sucrose solutions were made with

20 mM HEPES, 100 mM KCl, 5 mM MgCl2, 100 mg/mL CHX, 1x Protease inhibitor cocktail, and 100 U/ml RNase inhibitor. In

experiments designed to distinguish mRNA bound 80S versus empty 80S complexes, both lysis and sucrose gradient buffers

were adjusted to a final concentration of either 100 mM or 500 mM KCl. To create empty 80S as a control, WT cells were pre-

treated with 50 mg/mL puromycin for 20 min and the sucrose gradient buffer also contained 50 mg/ml puromycin in place of

CHX. The lysate was spun through the gradient in an SW41Ti rotor in an Optima XE-100 Ultracentrifuge (Beckman Coulter) at

200,000 x g for two hours at 4�C. BioComp Gradient Fractionator was used to fractionate the gradients and the 254 nm

absorbance was read by an EM-1 ultraviolet monitor (BioRad).

qPCR
RNA was purified using the RNeasy kit (QIAGEN). RNA quality was assessed using BioAnalyzer NanoChip (Agilent) and extent of

rRNA cleavage was quantified using GelQuant.NET (Biochem Lab Solutions, http://biochemlabsolutions.com/). Within each exper-

iment, equal amounts (ng) of RNA were converted to cDNA using oligo-dT18 as primer and the High Capacity Reverse Transcriptase

kit (Applied Biosystems). qPCR was performed using Power SYBR Green PCR Master Mix (Life Technologies). Primers used are

listed in Table S5.

eIF4E immunoprecipitation
Magnetic protein A beads were incubated with 2 mg anti-FLAG (Sigma) or anti-eIF2a (Santa Cruz) antibodies in IP buffer (10 mM

HEPES (pH 7.5), 150 mM NaCl, 0.1% Nonidet P-40 (NP-40), 1x complete protease inhibitor cocktail, RNase inhibitor) at 4�C for

two hours. Excess unbound antibody was removed by washing the beads twice in IP buffer for 5 minutes. Cells transfected with

or without 2-5A for three hours were lysed in 10 mM HEPES (pH 7.5), 10 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 1x complete

protease inhibitor cocktail and RNase inhibitor for 7 minutes while rotating, at 4�C. Lysates were clarified at by spinning at 10,000

x g for 10 minutes and incubated with antibody-bound beads for two hours at 4�C. After two hours, beads were subject to 5 3

2 min washes with IP buffer. RNA and protein from inputs, supernatants (unbound) and IPs were analyzed using qPCR, western

blot and mass spectrometry, respectively.
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Mass spectrometry
Gel bandswere digested using 1.5 mg Trypsin (Promega). Sampleswere dried completely in a SpeedVac and resuspendedwith 21 mL

of 0.1% formic acid (pH 3). Next, 5 mLwas injected per run using an Easy-nLC 1200UPLC system. Samples were loaded directly onto

a 45 cm long 75 mm inner diameter nano capillary column packed with 1.9 mmC18-AQ (Dr. Maisch, Germany) mated to metal emitter

in-line with an Orbitrap Fusion Lumos (Thermo Scientific, USA). The mass spectrometer was operated in data dependent mode with

the 120,000 resolution MS1 scan (AGC 4e5, Max IT 50ms, 400-1500 m/z) in the Orbitrap followed by up to 20 MS/MS scans with CID

fragmentation in the ion trap. Dynamic exclusion list was invoked to exclude previously sequenced peptides for 60 s if sequenced

within the last 30 s and maximum cycle time of 3 s was used. Peptides were isolated for fragmentation using the quadrupole

(1.6 Da) window. Ion-trap was operated in Rapid mode with AGC 2e3, maximum IT of 300 ms and minimum of 5000 ions.

Raw files were searched using Byonic (Bern et al., 2012), MS-Amanda (Dorfer et al., 2014) and Sequest HT algorithms (Eng et al.,

1994) within the Proteome Discoverer 2.2 suite (Thermo Scientific, USA). 10 ppmMS1 and 0.4 Da MS2 mass tolerances were spec-

ified. Carbamidomethylation of cysteine was used as fixed modification, oxidation of methionine, acetylation of protein N-termini,

conversion of glutamine to pyro-glutamate and deamidation of asparagine were specified as dynamic modifications. Trypsin diges-

tion with maximum of two missed cleavages were allowed. Files searched against the Uniprot Homo sapiens database downloaded

on February 23, 2017 and supplemented with common contaminants. Scaffold (version 4.8.4, Proteome Software Inc., Portland, OR)

was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be estab-

lished at greater than 90.0% probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be

established at greater than 99% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the

Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not be differentiated based on

MS/MS analysis alone were grouped to satisfy the principles of parsimony.

In vitro transcription
An internal ribosome entry site (IRES)-containing dual luciferase plasmid was a gift from Dr. Paul Copeland (Rutgers University).

Monocistronic firefly luciferasewas obtained by PCR amplification of the coding region from the dual luciferase construct and cloning

into BamHI/NotI digested pcDNA3.1. Plasmids were linearized with AgeI (firefly luciferase) or BamHI (dual luciferase) and purified by

phenol extraction and ethanol precipitation. CappedmRNAswere transcribed using reagents from theMEGA ShortScript Kit, except

for nucleoside triphosphates, and 12 mM anti-reverse cap analog (Thermo Fisher Scientific). NTPs were added using a custom 10X

mixture containing 75mM each of ATP, UTP, and CTP, and 15mMGTP. Transcription was carried out for two hours at 37�C followed

by addition of Turbo DNase I and incubation for 20 minutes at 37�C. Messenger RNAs were phenol extracted and purified on P30

micro spin columns (Bio-Rad).

Ribosome-depleted Rabbit Reticulocyte Lysate
Ribosome-free RRL was prepared essentially as described (Gupta et al., 2013). Briefly, nuclease treated RRL (Promega) was centri-

fuged 23 1 hour at 300,000 x g, 4�Cwith care to not disturb the ribosome pellet when removing the supernatant. The pellet from the

first centrifugation was saved for purifying RRL ribosomes from the salt-wash step.

Ribosome purification
Frozen A549 cell pellets (�200 mL) were resuspended in 500 mL of 20 mM HEPES-KOH (pH 7.5), 100 mM KCl, 5 mM MgCl2, 4 mM

DTT, 0.2% NP-40, 1x phosphatase inhibitors 2/3 (Sigma), 2x complete protease inhibitor (Roche), and 0.4 U/ml RNase inhibitor

(NEB), as described previously (Lorsch and Herschlag, 1999). Resuspended cells were rotated for 15 minutes at 4�C, followed by

centrifugation for 20 minutes at 16,000 x g, 4�C. Obtained supernatants were centrifuged for 30 min at 21,000 x g, 4�C. The resulting

supernatants were centrifuged for 80 minutes at 300,000 x g and 4�C to yield a crude ribosomal pellet. Pellets were washed with

5 mM HEPES-KOH (pH 7.5), 50 mM KCl, 1.5 mM MgCl2, 4 mM DTT and resuspended in 100 mL of the fresh wash buffer. KCl was

adjusted to 0.5 M and ribosomes were incubated for additional 30 minutes on ice, followed by centrifugation for 5 minutes at

10,000 x g and at 4�C to remove debris. Salt-washed ribosomes (130 ml) were layered onto a 100 mL 0.5M sucrose cushion containing

20mMHEPES-KOH (pH 7.5), 100mMKCl, 2mMMgCl2, and 4mMDTT. Tubes were centrifuged for 90minutes at 300,000 x g, at 4�C
and the obtained pellets were rinsed with 3 3 50 mL of the ribosome storage buffer (20 mM HEPES KOH pH 7.5, 50 mM KCl, 2 mM

MgCl2, 4 mM DTT, 10% glycerol) and then dissolved. Debris was removed by centrifugation as above. A small quantity of purified

ribosomes (1 ml) was processed with Trizol for rRNA extraction. Remaining ribosomes were quantified, aliquoted, and flash-frozen

in LN2. Ribosomes were quantified using 5x107 M-1cm-1 as the molar extinction coefficient.

Cell-free translation analysis
Cell-free translation experiments were conducted using nuclease-treated rabbit reticulocyte lysate (Promega). Reactions were

12.5 mL and contained 8 mL RRL (ribosome-depleted or not, as indicated), 0.25 mL 40 U/ml RNase inhibitor, 0.25 mL 1 mM amino

acids, 50 ng capped firefly luciferase mRNA or 300 ng dual luciferase mRNA (3 mL combined volume of mRNA and H2O), and

1 mL ribosome storage buffer or ribosomes to achieve the indicated final ribosome concentrations. For firefly luciferase mRNA, re-

actions were incubated for 30 minutes (firefly luciferase mRNA) at 30�C and then quenched by adding 50 mL 20 mM HEPES pH 7.5,

100 mM NaCl and 1 mM MgCl2. The terminated reactions were transferred to a 96-well plate and supplemented with 10 mL of 6X
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luciferin mix (20 mMHEPES pH 7.5, 100mMNaCl, 36 mMMgCl2, 2.4 mMD-luciferin, 18 mMATP). Luminescence wasmeasured for

10 s using a Tristar2 Multi-Mode Plate Reader (Berthold Technologies).

Decay and transcriptional dynamics analysis
Themain observation is that while basal mRNAs decay, the rate of increase of IFNs is only slightly reduced in the presence of RNase L

(Figure S7A). The simplest model to describe the dynamics of IFN mRNAs is that, in the absence of RNase L, they increase expo-

nentially due to direct positive feedback according to the rate equation:

dI

dt
= a1I; (Equation 1)

with the solution:

ln
IðtÞ
Ið0Þ= a1t: (Equation 2)

With RNase L, IFN mRNA loss due to decay can be accounted for by adding a decay rate constant b1:

dI

dt
= a1I -- b1I; (Equation 3)

With solution:

ln
IðtÞ
Ið0Þ = ða1 -- b1Þt: (Equation 4)

However, the observed decrease of the rate of accumulation of IFNmRNAs due to the presence of RNase L is much smaller than this

model would predict (Figure S7A).

In order to explain the observation that the rate of increase of IFNs is only slightly reduced in the presence of RNase L, we generalize

the above model by assuming that the IFN positive feedback loop is mediated by a stable activator (e.g., the IFN protein and phos-

phorylation of the transcription factor STAT) which do not get cleaved by RNase L. They provide a gradually accumulating activator,

increasing stimulating IFN mRNA transcription with time. Denoting by I(t) and A(t) the concentrations of IFN mRNAs and the IFN

proteins, respectively, the rate equations that describe the system become:

dI

dt
=a1AðtÞ--b1IðtÞ (Equation 5)
dA

dt
=a2IðtÞ --b2AðtÞ: (Equation 6)

RNase L does not degrade A, therefore we set b2 = 0. The solution of these equations is given by ln IðtÞ
Ið0Þ = lt, where l is given by

l=
�b1 +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
1 + 4a2

q

2
; (Equation 7)

wherewe only consider the relevant increasing solution and define a =
ffiffiffiffiffiffiffiffiffiffi
a1a2

p
. In the absence of decay of the IFNmRNAs (b1 = 0), one

obtains l = a, i.e., IFN induction depends only on IFNmRNA induction and activator induction but not on RNase L. If IFNmRNAdecay

is present and b1 < < a (which is the case, see Figure S7A), then l za--b1=2. Under these conditions, the effect of RNase L on IFN

accumulation will be a contribution to decay at just 1/2 the potency of the bare rate of RNase L-mediated decay of IFN mRNA. For

decay of basal mRNA, bbasal = 0.007 (in natural logarithm scale and with units �1/time). The innate immune mRNA decay �2.6-fold

slower on average, i.e., b1 �0.003. The effect of a stable activator will attenuate this value 2-fold to give lza – 0.0015. Considering

that decay-free IFN accumulation occurs with a �0.013 (Figure S7A), subtraction of 0.0015 will have a negligible effect, which

explains why RNase L does not strongly inhibit IFN production. A graphical representation of these results is provided in

Figures 7B-D.

For more general parameter values, note that if we define g = b1=a , we can write l = a$ðð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4+g2

p
� gÞ=2Þ, which is always

positive. Based on this relationship, even if the decay exponent b1 is very large (i.e., 2-5AMD is very strong), as long as a stable acti-

vator is present in the positive feedback loop there will be exponential growth of IFNs due to the activator gradually accumulating and

leading to faster IFN mRNA synthesis.

Lastly, we note that if the activator does decay (b2 s 0), the growth exponent is given by the expression

l =
�ðb1 + b2Þ+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðb1 � b2Þ2 + 4a2

q

2
: (Equation 8)
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In particular, when b1 = b2 (IFN mRNA and the activator both decay at the same rate), l = a � b1, and the kinetics then reproduces

the case of IFN mRNA decay at full potency (E4).

Prediction of mRNA sensitivity to RNase L
We developed a ribosome-equivalent mRNA length (REML) calculation for estimating mRNA decay. Using the RNA-seq data (GEO:

GSE75530) we determined that fraction of intact mRNA left in a cell-free system in the course of 2-5AMD can be calculated from

mRNA length L, GC content, and 28S rRNA cleavage observed by NanoChip as follows:

f
�
mRNAleft

�
= ½faction 28S rRNA�ðL=REMLÞ

In the case of ACTB (mRNA length L = 1808 nt and GC content of 55.2%), REML = 350 nt (Figure S5). Using the expression for

f(mRNAleft), it is determined that under 2-5AMD conditions that degrade 10% of 28S rRNA, 58% of ATCB mRNA will be remaining:

(0.9)(1808/350) = 0.58. Under conditions of 50% 28S rRNA cleavage, (0.5)(1808/350) = 0.028 (2.8%) of ACTB mRNA will remain. The sta-

bility of mRNAs will vary with mRNA length and GC composition. For a transcript with 40% GC (REML = 200 nt) and length 10,000

bases, under conditions of 10%of 28S rRNA degradation only (0.9)(10000/200) = 0.005 (0.5%) of the uncleavedmRNAwill be remaining.

Therefore, under conditions of 10% 28S rRNA cleavage, the latter mRNA will appear to be�100-fold more sensitive to RNase L than

mRNA of ACTB.

Briggs-Haldane kinetics applied to 2-5AMD
Michael-Menten kinetics requires rapid enzyme-substrate binding equilibrium E+S. In contrast, in Briggs-Haldane regime the

enzyme-substrate binding equilibrium is not achieved because product formation from the ES complex is faster than ES complex

dissociation to give free E+S. Under Michaelis-Menten conditions, enzyme preference for two different substrates (specificity) is

defined as the ratio: S1/S2, whether S1 is kcat
1/Km

1 for substrate 1 and S2 is kcat
2/Km

2 for substrate 2. Catalytic activity (kcat) and

binding (Km) both determine the relative reaction rates of the two substrates. In Briggs-Haldane regime, the rate constant for the

product formation from ES (kcat) is much larger than the rate constant for the ES complex dissociation (koff), such that kcat/Km =

kcat/(koff+kcat/kon)�kon. The specificity ratio S1/S2 is simplified to the ratio kon
1/kon

2. Therefore, specificity S1/S2 no longer depends

on Km or kcat and depends only on kon. For similar substrates under similar experimental conditions, kon depends primarily on the

substrate hydrodynamic radius, which should be similar within several-fold for most mRNAs, leading to similar cleavage kinetics.

QUANTIFICATION AND STATISTICAL ANALYSIS

For decay rates, data points from three biological replicates were plotted together. Statistical significance (P) was fromWelch’s two-

tailed unpaired t test (James McCaffrey implementation, Microsoft, https://msdn.microsoft.com/en-us/magazine/mt620016.aspx).

Normal distribution was postulated. Welch’s two-tailed unpaired t test is the preferred choice for reporting p values to test the

hypothesis of equal means for two independent datasets. In contrast to Student’s t test, Welch’s t test does not have the assumption

of equal variances. *p % 0.05, **p % 0.01, ***p % 0.001, *p % 0.0001, NS: non-significant. Unless specified otherwise, error bars in

figures represent SE from three or more independent experiments.

DATA AND CODE AVAILABILITY

The accession number for the Poly-A+ RNaseq data reported in this paper is GEO: GSE123034. Algorithms used in this study are

described in detail in the methods above (Subheadings: Decay and transcriptional dynamics analysis, Prediction of mRNA sensitivity

to RNase L, and Briggs-Haldane kinetics application to 2-5AMD). Inquiries about source code and binary files should be directed to

the corresponding author.
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