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Double-stranded RNA (dsRNA) activates the innate immune system
of mammalian cells and triggers intracellular RNA decay by the
pseudokinase and endoribonuclease RNase L. RNase L protects from
pathogens and regulates cell growth and differentiation by desta-
bilizing largely unknown mammalian RNA targets. We developed
an approach for transcriptome-wide profiling of RNase L activity in
human cells and identified hundreds of direct RNA targets and
nontargets. We show that this RNase L-dependent decay selectively
affects transcripts regulated by microRNA (miR)-17/miR-29/miR-200
and other miRs that function as suppressors of mammalian cell
adhesion and proliferation. RNase L mimics the effects of these miRs
and acts as a suppressor of proliferation and adhesion in mamma-
lian cells. Our data suggest that RNase L-dependent decay serves to
establish an antiproliferative state via destabilization of the miR-
regulated transcriptome.
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RNase L is a mammalian endoribonuclease regulated by the
action of dsRNA and IFNs α/β/λ, which induce the intra-

cellular synthesis of a specific RNase L activator, 2–5A (1). RNA
cleavage is thought to account for all biological functions of the
RNase L·2–5A complex, including innate immunity during the
IFN response (2, 3), and regulation of cell cycle (4), proliferation
(5), adipocyte differentiation (6), and apoptosis (7). RNase L
inhibits translation by site-specific cleavage of 18S and 28S
rRNA (8) and activates transcription and the inflammasome
NLRP3 by releasing signaling RNA fragments (2, 9, 10). These
mechanisms complement or operate in parallel with post-
transcriptional gene control via regulated decay of some mRNAs,
including myogenic regulatory factor MyoD (11), components
of IFN signaling ISG43 and ISG15 (12), translation-inhibiting
kinase PKR (13), cathepsin E gastric protease (3), 3′-UTR–

binding protein HuR (4), as well as ribosomal and mitochondrial
protein-encoding mRNAs (14–16). Although the repression of
these transcripts depends on RNase L, it remains unknown
how many of them are cleaved physically and how many are down-
regulated indirectly—for example, via transcription.
A recent RNA-sequencing (RNA-seq) study described some

of the direct targets of RNase L (8). Cleavages were reported
for 18S rRNA and U6 snRNA, however the experiment was
designed to detect predominantly ribosomal reads and the direct
impact of RNase L on mRNAs was not defined. Structural and
biochemical studies found that RNase L cleaves RNA at the
consensus sequence UN̂ N (N = A, U, G, or C;^is the cleavage
location) (17–19). The UN̂ N motifs are abundant in all mam-
malian RNAs, suggesting that RNase L may degrade every
mRNA it encounters, which surprisingly contrasts regulation of
RNase L by the highly specific stimuli dsRNA, IFNs, and 2–5A.
Mammalian cells contain a transmembrane RNase L homolog,

a kinase/RNase Ire1, which drives the unfolded protein response
and regulated Ire1-dependent decay (RIDD) (18, 20). The
cleavage consensus sequence of Ire1 (UĜ C) is similarly relaxed,
however Ire1 targets only specific mRNAs. The specificity is
achieved by colocalization with cognate mRNAs at the ER mem-
brane (21). For the cytosolic enzyme RNase L, such a specificity

mechanism is not documented. To understand mammalian gene
regulation by RNase L, we mapped RNase L-dependent decay
(RLDD) in human cells. We show that RNase L does not cleave
all cellular transcripts and identify biologically related groups of
RLDD targets and nontargets.

Results
Direct Cleavage of Human Transcripts by RNase L. To observe
cleavage of human transcripts by RNase L and minimize off-
pathway effects from RNase L-independent decay and tran-
scription, we used HeLa S10 extracts. This approach removes
the nucleus and the plasma membrane and permits selective
and rapid RNase L activation. We exposed the human tran-
scriptome to activated RNase L using two complementary
techniques and used either synthetic 2–5A to activate endoge-
nous RNase L (Fig. 1A) or crystallization-purity recombinant
human RNase L premixed with 2–5A. Both techniques activate
RNase L and produce the characteristic pattern of 28S rRNA
cleavage (Fig. 1B).
We analyzed the resulting RNA samples using poly-A+ RNA-

seq, which captures the poly-A tails and reveals cleavage by the
loss of 5′-terminal reads (Fig. 1C). Incubation of untreated S10
extracts had no considerable effects on the mRNA levels (Fig.
S1A), whereas addition of 2–5A or the RNase L·2–5A complex
produced a broad response (Fig. S1 B and C and Dataset S1).
We identified transcripts that exhibited a strong loss of reads
(targets) as well as transcripts that remained intact (nontargets;
Fig. 1C). The levels of multiple mRNAs fell by 100–1,000-fold
when most of the 28S rRNA was still uncleaved (Fig. 1B, “2”).
Based on this quantification, the ribosomes are not the preferred
targets of RNase L and mRNA cleavage may be substantial even
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when 28S rRNA is visibly intact. Seven previously reported
mRNA targets of RNase L (22) were abundant sufficiently for
detection in our samples. Five were cleaved weakly, whereas two
(TTP and ISG15) were resistant and belonged to nontargets
(Fig. 1D). None belong to 2,000 most strongly cleaved transcripts
(Fig. 1D and Dataset S1).
RNase L cleaves the UN̂ N pattern but prefers UÛ N and

UÂ N sites in model substrates (17, 23). The UU/UA preference
is recapitulated in our RNA-seq data (Fig. 1E). We extended this
analysis to other sequences and calculated running average counts
for a number of motifs. To account for the higher frequency of
shorter sequences (such as UU) compared with longer sequences
(such as UUUUU), we normalized the running averages by the
net average of the dataset and graphed the profiles from the same
origin. As a baseline, we plotted the running average of mRNA
length, which does not depend on mRNA sequence. The targets of
RNase L are generally longer than nontargets, likely due to the
presence of more phosphodiester bonds and more opportuni-
ties for cleavage of these mRNAs (Fig. 1F). Nucleotides G and
C accumulate more slowly than the length, indicating that these
bases are negatively selected in RNase L targets. Nucleotides U
and A are positively selected, consistent with the reported U >
A>>G > C preference of RNase L (23). Motifs UU/UA and
UUUUU/AAAAA are enriched in targets, however even stronger
enrichment occurs for patterns AUUUA and UAUAU (Fig. 1F).
These enrichments cannot be accounted for by the natural com-
position of long versus short transcripts (Fig. 1G). The AUUUA
pattern is a known stability element (AU-rich element) found
usually in the 3′-UTRs of mRNAs (24). The UAUAU motif is
also enriched in the 3′-UTRs (Fig. 1H) and often co-occurs with
the AUUUA motif (Fig. S1D, R2 = 0.68).
The AUUUA/UAUAU sequence preference is not encoded

in the RNase L protein (18), therefore our data must reflect the
properties of the mRNAs that have these motifs. These mRNAs
could be more accessible to RNase L, have a higher tendency to
exist in locally single-stranded structures, or have bound helper
proteins. The elevated abundance of the AUUUA/UAUAU sites is
not the only determinant of RNase L cleavage, as indicated by the
large vertical scatter in Fig. 1E and Fig. S1E. Presently unknown
features independent from the AU-rich element abundance, such
as mRNA localization, binding of proteins or microRNAs, or the
identity of translated proteins, must further distinguish the targets
of RLDD.

RNase L Selects MicroRNA-Regulated mRNAs.By combining the data
from both RNA-seq strategies, we assembled the lists of RNase L
targets (S10+ signatures) and nontargets (S10– signatures) (Fig.
2A and Dataset S1). These S10 signatures provide the reference
for evaluation of mechanistic RNase L activity in high-throughput
datasets. To this end, we used a probability-based approach that
uses signed P′ calculations (SI Methods). This method shows
positive peaks in the regions of data that have enrichments for
signature genes, negative peaks where the signature genes are
depleted (Fig. 2B), and absence of peaks when the gene order is
random (Fig. S2A). We used the signed P′ analysis as a standard
procedure for evaluating RNase L activity in subsequent RNA-
seq experiments.
To define the biological activities of RLDD, we used GSEA

(Gene Set Enrichment Analysis) (25). We expanded the stan-
dard GSEA library (10,295 gene sets) by 9,492 gene sets [Rath–
Korennykh (RK) signatures, Dataset S2], which we derived from
published annotation sources (26, 27). We additionally created
two RK subsets with many and few UAUAU motifs, which are
intrinsically enriched for targets and nontargets of RNase L, re-
spectively. GSEA found that RNase L nontargets encode pre-
dominantly ribosomal and mitochondrial proteins. A false
discovery rate (FDR) of <0.25 (25) was observed for gene groups
“KEGG ribosome,” “cytosolic ribosome,” “respiratory electron
transport,” “mitochondria,” and related terms (Fig. 2C). Notably,
ribosomal and mitochondrial mRNAs have been previously pro-
posed to be the targets of RNase L (14–16), whereas we do not see
down-regulation of these transcripts, indicating that RLDD does
not destabilize them directly. The targets of RNase L are enriched
for “zinc finger,” “plasma membrane,” and related gene sets (Fig.
2C and Fig. S2B). The enrichment for zinc fingers, many of which
are transcription factors (TFs), suggests a possible cause of tran-
scriptional (10) gene regulation by RNase L. The UAUAU-rich
signatures show similar enrichments as well as enrichments for
“membrane,” “N-linked,” “GlcNAc,” “extracellular,” and related
terms, indicating degradation of many ER-targeted transcripts.
GSEA shows further that the RLDD targets are strongly

enriched for transcripts regulated by the microRNAs miR-21, miR-
30, miR-155, miR-192, and miR-200 (Fig. 2C, GSEA and RK data).
These microRNAs regulate cell cycle, growth, proliferation, apo-
ptosis, carcinogenesis, and adipogenesis (28–31), which recapitu-
lates the known repertoire of RNase L (7, 32–34). To assess the
microRNA connection more inclusively, we performed GSEA

S10 cytosolic extract

RNase Lendogenous

+2-5A 

1 hour

AAAAAAA

Poly-A+  RNA sequencing

1

AAAAAAAAA
AAAAAAA
AA
AAA

AAAAAAAAAAAAAAAA
AAAAAAA
A
AA

AAAAAAAAAAAAAAAA
AAAAAAA
A
AAA

RNase Lrecombinant

+2-5A

5 seconds

2

RPL8

KLF13 3’

5’ 3’

reads lost

/ /

/ /
/ /

   +2-5A 
/ /

5’

   +2-5A 

naїve

naїve

targets

non-targets

5’ 3’
3’UTR5’UTR

GENE               COVERED          1              2              Belong to 2,000 most cleaved

HDAC5                

ELAVL1 (HuR)

STAT3

EIF2AK2 (PKR)

DDIT3

ZFP36 (TTP)

ISG15

CTSE

MYOD1

MYOG

AEBP1

USP18 (ISG43)

+

+

+

+

+

+

+

-

-

-

-

-

0.77

0.49

0.59

0.80

0.88

1.43

1.93

-

-

-

-

-

0.21

0.39

0.41

0.59

0.80

1.05

4.79

-

-

-

-

-

no

no

no

no

no

no

no

-

-

-

-

-

0.77

0.49

0.59

0.80

0.88

1.43

1.93

-

-

-

-

-

0.21

0.39

0.41

0.59

0.80

1.05

4.79

-

-

-

-

-

21 21

reads treated / reads control

4

3

2

1

0

4

3

2

1

0

A

E F G H

B C D

Fig. 1. RNA-seq analysis of mRNA cleavage by RNase L in HeLa extracts. (A) Two RNA-seq approaches for detection of direct mRNA cleavage by RNase L.
(B) Cleavage of rRNA. Samples 1 and 2 were used for RNA-seq; the numbering is as in A. (C) RNA-seq traces for a target (KLF13) and a nontarget (RPL8). (D) Cleavage
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profiling of conserved microRNA targets from TargetScan 6 (35).
This analysis confirmed an extensive overlap between RLDD and
microRNA targets (Fig. 2C, TargetScan and Fig. S2C). Because our
RNA-seq experiments detect the direct action of RNase L (Fig.
1A), RNase L physically cleaves the mRNA targets of microRNAs
rather than destabilizes them via microRNA modulation.

RLDD Is Conserved in Live Cells and Across Cell Types. To confirm
that S10 extracts reflect RLDD in live cells, we sequenced RNA
from HeLa cells overexpressing WT RNase L or the catalytically
inactive point mutant H672N (18). Overexpressed WT RNase L
was active due to either endogenous dsRNA (36) or autonomous
self-association (37), whereas the H672N mutant was inactive.
Signed P′ analysis of S10– and S10+ signatures and GSEA profiles

in these experiments show that RLDD targets the same mRNA
groups in cells and in S10 extracts (Fig. S3).
Similar results were obtained using RNAi-knockdown (KD)

experiments. The RNAi approach provided 60–80%RNase L KDs
in HeLa cells relative to scrambled siRNA controls (Fig. S4A). To
activate RNase L in WT and KD cells, we used poly-inosine/
cytosine (poly-I:C), a synthetic dsRNA that triggers the IFN re-
sponse, 2–5A synthesis, and 28S rRNA cleavage (Fig. S4B and
Dataset S1). Compared with controls, KD cells showed stabili-
zation of S10+ signatures (Fig. S4C) and GSEA enrichments as
in S10 extracts (Fig. S4D). RNAi data thus further confirm the
conservation of RLDD between S10 extracts and live cells.
To evaluate whether our findings in HeLa extend to other cell

types, we profiled RLDD in T47D human cells. T47D cells express
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more RNase L than HeLa cells, which allows fast activation of
endogenous RNase L while preserving the cellular architecture
better than using S10 extracts. Toward this end, we developed an
in situ semipermeabilization procedure based on the recent study
of receptor Stimulator of Interferon Genes (STING) activation by
the second messenger 2′,3′-cGAMP (cyclic GMP-AMP) (38) (Fig.
3A). T47D cells were incubated for 1, 3, and 9 min with digitonin
± 2–5A (Fig. 3B and Fig. S5), and the mRNA samples were an-
alyzed by poly-A+ RNA-seq. These data revealed the same targets
and nontargets as in HeLa extracts and HeLa cells (Fig. 3 C–E),
demonstrating conservation of RLDD in another cell line.

Posttranscriptional and Transcriptional Axes of RLDD. The knowledge
of physical mRNA targets and nontargets allows profiling of the
RNase L program with a considerable resolution. Here we built on
this knowledge to evaluate the functions of RLDD in homeostasis
and examined the transcriptomes of human WT and RNase
L-knockout (KO) cells. These experiments extended our coverage
to another cell line (HAP1) and defined the physiological effect of
RNase L in the presence versus functional absence (Fig. 4A) of
this protein. We used two different RNA-seq approaches: poly-A+

and Ribo-Zero sequencing (39).

Signed P′ analysis revealed characteristic RLDD profiles in
poly-A+ data and in the ratio Exons/(Introns + Exons) in Ribo-
Zero samples (Fig. 4B). In contrast, Ribo-Zero intron data had
an inverse S10+ profile and a flat S10– profile (Fig. 4B). Our results
can be explained by an approximation that changes in the poly-A+

mRNA levels reflect both transcriptional and posttranscriptional
regulation; changes in the intron levels in Ribo-Zero data reflect
largely transcriptional regulation, whereas changes in the ratio
Exons/(Introns + Exons) in Ribo-Zero data correct for tran-
scription and measure largely posttranscriptional regulation (Fig.
4B). The inverse enrichment of RNase L signatures in the intron
data suggests a compensatory transcriptional response to mRNA
destabilization (transcriptional buffering), observed previously
during RNA decay by the exonuclease Xrn1 (40). The global
mRNA stabilization in RNase L-KO cells obeys the sequence
rules established for direct mRNA cleavage by RNase L in HeLa
extracts (Figs. 1F and 4C), indicating that RLDD is conserved in
HAP1 cells and that RNase L is constitutively active in these cells
due to endogenous dsRNA (36) or 2–5A-independent RNase L
activation (37).
Posttranscriptional regulation in HAP1 cells [GSEA poly-A+

and Exons/(Introns + Exons) Ribo-Zero data] resembles that in
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HeLa and T47D experiments (Fig. 4D). In contrast, transcrip-
tional regulation (revealed by intron counting) is considerably
different and shows an absence of the heretofore universally
observed S10– signatures comprising ribosomal and mitochon-
drial enrichments (although 82% of the mitochondrial and 92%
of the ribosomal transcripts from S10– signatures were covered
by the intron data). The levels of multiple TFs (41) are altered in
RNase L-KO cells, including TFs involved in proliferation, adi-
pogenesis, insulin response, and adhesion (Fig. 4E). The majority
of the repressed TF mRNAs are not the direct targets of RNase
L (Fig. 4E). However, the transcripts of CTNND1 and ZEB1 are
regulated directly by RNase L throughout our study (Dataset S1),
and posttranscriptionally in HAP1 cells [Fig. 4B, Exon/(Intron +
Exon) data]. Of note, CTNND1 and ZEB1 are regulated by
microRNAs miR-29 and miR-200 (31, 42), which globally de-
stabilize the same groups of mRNAs as RNase L.

RLDD Restricts Proliferation and Adhesion. The miR-200/ZEB1 and
miR-29/CTNND1 pathways inhibit cell proliferation and adhesion
(28, 31, 42, 43). The notion that RNase L shares common targets
with these microRNAs suggests that RNase L may exhibit similar
physiologic activities. To test whether RNase L regulates pro-
liferation in HAP1 cells, we used a scratch wound healing assay,
which has been used previously to evaluate the antiproliferative
roles of miR-29 and miR-200 (31, 42, 44). We observed a rapid
wound closure in RNase L-KO cells but not in WT cells, con-
firming a proliferation suppressor function of RNase L (Fig. 5 A
and B). The inhibitory action of RNase L on proliferation was also
detected in mouse embryonic fibroblast (MEF) RNase L-KO cells
and in HeLa cells (Fig. 5B and Fig. S6). The inhibitory effect may
arise from more than one activity and reflect altered migration,
growth, adhesion, or contact inhibition. The importance of RNase
L for some of these processes, such as growth and cell cycle, has
been documented (4). Here we report a role of RNase L in
suppressing adhesion.
RNase L down-regulates transcripts involved in adhesion both

posttranscriptionally (Fig. 3D, FDR = 0.000–0.002) and tran-
scriptionally (Fig. 4D, FDR = 0.001–0.003). Quantitative PCR
(qPCR) of select transcripts confirmed the RNA-seq results (Fig.
5C and Table S1). In HAP1 cells, the adhesion group is detected

in poly-A+ and intron data, but not in Exons/(Introns +Exons) data,
suggesting predominantly a transcriptional down-regulation. In
agreement with the RNA-seq data, RNase L-KO HAP1 cells and
MEFs adhere rapidly compared with WT cells (Fig. 5D). The in-
hibitory effect of RNase L on adhesion could be also observed using
overexpression (Fig. S7). Our results indicate that RNase L is a
functional inhibitor of cell proliferation and adhesion at least in the
cell lines that we tested.

Discussion
We describe the transcriptome-wide program of mRNA cleavage
by RNase L. Our approach identifies nontargets and direct tar-
gets shared by three human cell lines. The nontargets have few
AUUUA/UAUAUmotifs and include ribosomal and mitochondrial
protein mRNAs, such as RPL8, RPL11, RPL12, RPL18, MRPL23,
ATP5E, ATP5G1, BAX, COX5B, COX6A1, CYBA, NDUFB1, or
NDUFB7 (Dataset S1). The targets have many AUUUA/
UAUAU motifs and include membrane, extracellular, and zinc
finger protein mRNAs, such as CTNND1, AR, BRCA1,
PCDHB5, PCDHB7, AHR, ERBB3, FN1, TMEM154, SEMA6B,
ADIPOR2, ZEB1, and ZNF260 (Fig. 5E). Among strongly
cleaved targets are multiple mRNAs encoding secreted and
membrane proteins, which must enter the ER lumen for folding
and maturation. RLDD thus resembles RIDD (45), a program
activated by misfolded proteins inside the ER lumen to es-
tablish a negative feedback loop mitigating the ER stress.
However, RLDD is not coupled to the ER stress and is acti-
vated in response to innate immune cues.
RLDD-sensitive transcripts (S10+ signatures) contain ∼50–60

targets of each miR-17/miR-29/miR-200, whereas RLDD-
resistant transcripts (S10– signatures) contain 3–4 targets of these
microRNAs. The destabilization of common molecular targets
coincides with similar biologic effects downstream of RLDD and
microRNAs. Upstream, the regulation of RLDD differs from
that of microRNAs and depends on the second messenger 2–5A,
dsRNA, IFNs, and two phosphodiesterases AKAP7 and PDE12
(46). These effectors integrate RLDD into the innate immune
system and could use the resulting effects on adhesion and
proliferation to eliminate infected or damaged cells and control
homeostasis. The action of RNase L could be mechanistically
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Fig. 5. RNase L is a suppressor of proliferation and adhesion. (A) Scratch wound healing assay for WT and RNase L-KO HAP1 cells. (B) Quantitation of scratch
wound healing in HAP1 and MEF cells. (C) Targeted qPCR of select down-regulated and up-regulated transcripts in WT and RNase L-KO HAP1 cells. (D) Time-
dependent adhesion of HAP1 and MEF cells. (E) A schematic representation of transcriptional and posttranscriptional gene regulation by RLDD. Error bars
show SE from three biological replicates. For wound healing assay, two different edge sections were used for each replicate quantification.
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independent from that of microRNAs or be synergistic, if
microRNA binding opens or blocks access of RNase L to target
mRNAs. The model of cooperation between RNase L and
microRNAs is indirectly supported by their simultaneous de-
pendence on the mRNA-binding protein TTP (32, 47). Many of
the identified cleaved transcripts encode proteins with known
homeostatic and stress response functions, which could explain
their destabilization by both microRNAs and RNase L.

Methods
Cell-Based Work. Cells were grown using ATCC (American Type Culture Col-
lection) or provider-recommended conditions in MEM + 10% (vol/vol) FBS
(HeLa), RPMI + 10% (vol/vol) FBS (T47D and MEFs), or IMDM + 10% (vol/vol)
FBS (HAP1). Recombinant human RNase L for RNA cleavage in extracts was
purified as we described previously (18). We obtained 2–5A by chemical
synthesis (ChemGenes) or in house (19).

RNA-Seq Experiments and Computational Analyses. Total RNA samples were
extracted (RNeasy kit, Qiagen), converted into libraries, and sequenced on
Illumina HiSEq. 2000 platform. Sequencing reads were mapped to the hg19
human genome using TopHat 2 (48) and counted in HTseq-count (49).

Signed P′ analyses and RNA pattern analyses were conducted using custom
software described in SI Methods and using RefSeq database (26). GSEA
analyses were conducted with GSEA v2.2.0 (25) using preranked procedure.
RNA-seq data were visualized in Integrative Genomics Viewer (IGV) (50). A
detailed description of the methods, procedures, and reagents is provided in
SI Methods.

Error Analysis. SEs were determined from three biological replicates.

ACKNOWLEDGMENTS. We thank Prof. Yibin Kang (Princeton University) for
providing HeLa and T47D cell lines, Prof. Robert Silverman (Cleveland Clinic)
for the gift of WT and RNase L-KO MEFs, and Prof. Lynne Maquat (University
of Rochester School of Medicine) for important suggestions. We acknowl-
edge the staff of the Princeton University sequencing core facility for help
with RNA-seq and Lance Parsons (Princeton University) for help with GSEA.
We thank Prof. Elizabeth Gavis (Princeton University), Prof. Andrei Koroste-
lev (RNA Therapeutics Institute), and members of the Korennykh laboratory
for reading the manuscript and providing valuable comments. This study was
funded by Princeton University, NIH Grant 5T32GM007388 (to S.R.), NIH
Grant 1R01GM110161-01 (to A.K.), Sidney Kimmel Foundation Grant
AWD1004002 (to A.K.), and Burroughs Wellcome Foundation Grant
1013579 (to A.K.).

1. Silverman RH (2007) Viral encounters with 2′,5′-oligoadenylate synthetase and RNase
L during the interferon antiviral response. J Virol 81(23):12720–12729.

2. Malathi K, Dong B, Gale M, Jr, Silverman RH (2007) Small self-RNA generated by
RNase L amplifies antiviral innate immunity. Nature 448(7155):816–819.

3. Li XL, et al. (2008) An essential role for the antiviral endoribonuclease, RNase-L, in
antibacterial immunity. Proc Natl Acad Sci USA 105(52):20816–20821.

4. Al-Ahmadi W, Al-Haj L, Al-Mohanna FA, Silverman RH, Khabar KS (2009) RNase L
downmodulation of the RNA-binding protein, HuR, and cellular growth. Oncogene
28(15):1782–1791.

5. Brennan-Laun SE, et al. (2014) RNase L attenuates mitogen-stimulated gene expres-
sion via transcriptional and post-transcriptional mechanisms to limit the proliferative
response. J Biol Chem 289(48):33629–33643.

6. Fabre O, et al. (2012) RNase L controls terminal adipocyte differentiation, lipids
storage and insulin sensitivity via CHOP10 mRNA regulation. Cell Death Differ 19(9):
1470–1481.

7. Zhou A, et al. (1997) Interferon action and apoptosis are defective in mice devoid of
2′,5′-oligoadenylate-dependent RNase L. EMBO J 16(21):6355–6363.

8. Cooper DA, Jha BK, Silverman RH, Hesselberth JR, Barton DJ (2014) Ribonuclease L
and metal-ion-independent endoribonuclease cleavage sites in host and viral RNAs.
Nucleic Acids Res 42(8):5202–5216.

9. Chakrabarti A, et al. (2015) RNase L activates the NLRP3 inflammasome during viral
infections. Cell Host Microbe 17(4):466–477.

10. Malathi K, et al. (2005) A transcriptional signaling pathway in the IFN system medi-
ated by 2′-5′-oligoadenylate activation of RNase L. Proc Natl Acad Sci USA 102(41):
14533–14538.

11. Bisbal C, et al. (2000) The 2′-5′ oligoadenylate/RNase L/RNase L inhibitor pathway
regulates both MyoD mRNA stability and muscle cell differentiation. Mol Cell Biol
20(14):4959–4969.

12. Li XL, et al. (2000) RNase-L-dependent destabilization of interferon-induced mRNAs.
A role for the 2-5A system in attenuation of the interferon response. J Biol Chem
275(12):8880–8888.

13. Khabar KS, et al. (2003) RNase L mediates transient control of the interferon response
through modulation of the double-stranded RNA-dependent protein kinase PKR.
J Biol Chem 278(22):20124–20132.

14. Andersen JB, Mazan-Mamczarz K, Zhan M, Gorospe M, Hassel BA (2009) Ribosomal
protein mRNAs are primary targets of regulation in RNase-L-induced senescence. RNA
Biol 6(3):305–315.

15. Le Roy F, et al. (2001) The 2-5A/RNase L/RNase L inhibitor (RLI) [correction of (RNI)]
pathway regulates mitochondrial mRNAs stability in interferon alpha-treated H9 cells.
J Biol Chem 276(51):48473–48482.

16. Chandrasekaran K, Mehrabian Z, Li XL, Hassel B (2004) RNase-L regulates the stability
of mitochondrial DNA-encoded mRNAs in mouse embryo fibroblasts. Biochem
Biophys Res Commun 325(1):18–23.

17. Washenberger CL, et al. (2007) Hepatitis C virus RNA: Dinucleotide frequencies and
cleavage by RNase L. Virus Res 130(1-2):85–95.

18. Han Y, et al. (2014) Structure of human RNase L reveals the basis for regulated RNA
decay in the IFN response. Science 343(6176):1244–1248.

19. Wreschner DH, McCauley JW, Skehel JJ, Kerr IM (1981) Interferon action–Sequence
specificity of the ppp(A2’p)nA-dependent ribonuclease. Nature 289(5796):414–417.

20. Kimmig P, et al. (2012) The unfolded protein response in fission yeast modulates
stability of select mRNAs to maintain protein homeostasis. eLife 1:e00048.

21. Aragón T, et al. (2009) Messenger RNA targeting to endoplasmic reticulum stress
signalling sites. Nature 457(7230):736–740.

22. Brennan-Laun SE, Ezelle HJ, Li XL, Hassel BA (2014) RNase-L control of cellular mRNAs:
Roles in biologic functions and mechanisms of substrate targeting. J Interferon
Cytokine Res 34(4):275–288.

23. Floyd-Smith G, Slattery E, Lengyel P (1981) Interferon action: RNA cleavage pattern of
a (2′-5′)oligoadenylate–dependent endonuclease. Science 212(4498):1030–1032.

24. Wang X, Tanaka Hall TM (2001) Structural basis for recognition of AU-rich element
RNA by the HuD protein. Nat Struct Biol 8(2):141–145.

25. Subramanian A, et al. (2005) Gene set enrichment analysis: A knowledge-based ap-
proach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA
102(43):15545–15550.

26. Brown GR, et al. (2015) Gene: A gene-centered information resource at NCBI. Nucleic
Acids Res 43(Database issue):D36–D42.

27. HuangW, Sherman BT, Lempicki RA (2009) Bioinformatics enrichment tools: Paths toward
the comprehensive functional analysis of large gene lists. Nucleic Acids Res 37(1):1–13.

28. Valastyan S, Weinberg RA (2011) Roles for microRNAs in the regulation of cell ad-
hesion molecules. J Cell Sci 124(Pt 7):999–1006.

29. Zaragosi LE, et al. (2011) Small RNA sequencing reveals miR-642a-3p as a novel adi-
pocyte-specific microRNA and miR-30 as a key regulator of human adipogenesis.
Genome Biol 12(7):R64.

30. Filios SR, et al. (2014) MicroRNA-200 is induced by thioredoxin-interacting protein and
regulates Zeb1 protein signaling and beta cell apoptosis. J Biol Chem 289(52):36275–36283.

31. Bracken CP, et al. (2014) Genome-wide identification of miR-200 targets reveals a
regulatory network controlling cell invasion. EMBO J 33(18):2040–2056.

32. Al-Haj L, Blackshear PJ, Khabar KS (2012) Regulation of p21/CIP1/WAF-1 mediated
cell-cycle arrest by RNase L and tristetraprolin, and involvement of AU-rich elements.
Nucleic Acids Res 40(16):7739–7752.

33. Madsen BE, et al. (2008) Germline mutation in RNASEL predicts increased risk of head
and neck, uterine cervix and breast cancer. PLoS One 3(6):e2492.

34. Salehzada T, et al. (2009) Endoribonuclease L (RNase L) regulates the myogenic and
adipogenic potential of myogenic cells. PLoS One 4(10):e7563.

35. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell
120(1):15–20.

36. Donovan J, Whitney G, Rath S, Korennykh A (2015) Structural mechanism of sensing
long dsRNA via a noncatalytic domain in human oligoadenylate synthetase 3. Proc
Natl Acad Sci USA 112(13):3949–3954.

37. Han Y, Whitney G, Donovan J, Korennykh A (2012) Innate immune messenger 2-5A
tethers human RNase L into active high-order complexes. Cell Reports 2(4):902–913.

38. Gao P, et al. (2013) Structure-function analysis of STING activation by c[G(2′,5′)pA(3′,5′)p]
and targeting by antiviral DMXAA. Cell 154(4):748–762.

39. Lim YW, et al. (2013) Metagenomics and metatranscriptomics: Windows on CF-asso-
ciated viral and microbial communities. J Cyst Fibros 12(2):154–164.

40. Sun M, et al. (2013) Global analysis of eukaryotic mRNA degradation reveals Xrn1-
dependent buffering of transcript levels. Mol Cell 52(1):52–62.

41. Gerstberger S, Hafner M, Tuschl T (2014) A census of human RNA-binding proteins.
Nat Rev Genet 15(12):829–845.

42. Wang Y, et al. (2015) Chemotherapy-induced miRNA-29c/catenin-δ signaling sup-
presses metastasis in gastric cancer. Cancer Res 75(7):1332–1344.

43. Kong D, et al. (2009) miR-200 regulates PDGF-D-mediated epithelial-mesenchymal
transition, adhesion, and invasion of prostate cancer cells. Stem Cells 27(8):1712–1721.

44. Meng X, et al. (2014) Knockdown of BAG3 induces epithelial-mesenchymal transition
in thyroid cancer cells through ZEB1 activation. Cell Death Dis 5:e1092.

45. Hollien J, et al. (2009) Regulated Ire1-dependent decay of messenger RNAs in mam-
malian cells. J Cell Biol 186(3):323–331.

46. Gusho E, et al. (2014) Murine AKAP7 has a 2′,5′-phosphodiesterase domain that can
complement an inactive murine coronavirus ns2 gene. MBio 5(4):e01312–e01314.

47. Jing Q, et al. (2005) Involvement of microRNA in AU-rich element-mediated mRNA
instability. Cell 120(5):623–634.

48. Kim D, et al. (2013) TopHat2: Accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biol 14(4):R36.

49. Anders S, Pyl PT, Huber W (2015) HTSeq–A Python framework to work with high-
throughput sequencing data. Bioinformatics 31(2):166–169.

50. Robinson JT, et al. (2011) Integrative genomics viewer. Nat Biotechnol 29(1):24–26.

Rath et al. PNAS | December 29, 2015 | vol. 112 | no. 52 | 15921

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513034112/-/DCSupplemental/pnas.201513034SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1513034112/-/DCSupplemental/pnas.201513034SI.pdf?targetid=nameddest=STXT

