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Synonyms

PRCA1; RNS4

Historical Background

In early stages of viral infection, the innate
immune response and particularly the interferon
response play a critical role in restricting viral
replication and propagation, awaiting the estab-
lishment of the adaptive immune response. One of
the best-described IFN-dependent antiviral
responses is the OAS/RNase L pathway. This
two-component system is controlled by type
I and type III interferons (IFN). Back in the
1970s, the groups of I. Kerr and P. Lengyel dis-
covered a cellular endoribonuclease (RNase)
activity that was increased by IFN and depended
on the presence of double-stranded RNA
(dsRNA) (Brown et al. 1976; Kerr et al. 1977).
Further, a correlation was found between this
RNase activity and the synthesis of unusual 20-50

oligoadenylates (2-5A) (Fig. 1) by a family of
enzymes called oligoadenylate synthetases

(OAS) [(Baglioni et al. 1978), reviewed by
(Hovanessian and Justesen 2007)].

Based on these observations, an RNase
L activation model was proposed (Fig. 2). In this
model, virus infection induces IFN expression,
which, in turn, triggers the upregulation of OAS
expression. dsRNA synthesized in the course of
viral infection binds OAS, leading to the activa-
tion of OAS catalytic activity and to the synthesis
of 2-5A molecules. 2-5A in turn bind to RNase L,
which is present in cells as a latent enzyme. Upon
2-5A binding, RNase L becomes activated by
dimerization and cleaves viral and cellular RNA
(Fig. 2).

Since then, cloning of the RNase L gene in
1993 (Zhou et al. 1993), generation of RNase
L-deficient (RNase L�/�) mice in 1997 (Zhou
et al. 1997), and solving RNase L structure (Han
et al. 2014; Huang et al. 2014) were the major
milestones in the understanding of RNase
L function.

General Features, Biochemistry,
and Regulation of RNase L Activity

RNase L is the effector enzyme of the
IFN-induced, OAS/RNase L pathway. The gene
encoding RNase L is present in higher vertebrates
(birds, reptiles, andmammals) but not in insects or
fish. RNase L is constitutively expressed at low
levels in most cell types. Its activation however
depends on 2-5A synthesized by OAS, whose
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basal expression is low but IFN inducible in most
cell types except for dendritic cells and macro-
phages where basal OAS levels are higher. RNase
L is typically described as a cytosolic enzyme, but
it was also detected in other subcellular compart-
ments such as the nucleus and mitochondria

[(Le Roy et al. 2007), reviewed by (Ezelle
et al. 2016)].

RNase L is a 741-amino-acid-long endo-
ribonuclease (83,5 kDa) formed of three con-
served domains (Fig. 3):

Ribonuclease L (RNase L), Fig. 1 Structure of 20-50

oligoadenylates (2-5A). 2-5A are short oligoadenylates
linked by 20,50-phosphodiester bonds. They contain one
to three phosphate groups at their 50 end and at least

3 adenylyl residues (n � 1). Naturally occurring 2-5A
molecules contain three phosphate groups at their 50 end,
but a single phosphate is sufficient for RNase L activation
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Ribonuclease L (RNase L), Fig. 2 RNase L activation
pathway. In response to IFN-a/b or IFN-l, OAS gene
transcription is upregulated. OAS are produced as inactive
enzymes but become activated in the presence of dsRNA

(i.e., after viral infection). OAS then synthetize 2-5A,
which bind to ankyrin repeats of RNase L and trigger
RNase L dimerization and activation. Active RNase
L degrades viral and cellular RNA
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(1) The N-terminal ankyrin domain is composed
of nine ankyrin repeats (R1–R9) and acts as
the sensor and regulatory domain of the
enzyme. It binds 2-5A, which trigger RNase
L dimerization and activation. Ankyrin
repeats are 33-residue motifs consisting of
two a-helices separated by loops, which usu-
ally mediate protein-protein interactions. In
absence of 2-5A, the ANK domain maintains
RNase L in a monomeric inactive state.

(2) The central protein kinase-like or pseudo-
kinase domain exhibits significant similarity
to protein kinases, markedly to Ire1, an ER
transmembrane sensor implicated in the

unfolded protein response (Lee et al. 2008).
Despite this similarity, the pseudokinase
domain is catalytically inactive due to the
lack of several residues critical for catalytic
kinase activity (Dong and Silverman 1999).
This central domain however binds ADP or
ATP and plays a role in RNase L dimerization.

(3) The C-terminal domain is the endo-
ribonuclease enzymatic domain, responsible
for target RNA cleavage. It cleaves cellular
and viral RNA with little specificity. It pre-
dominantly cleaves after UU or UA dinucle-
otides and, more broadly, recognizes the
UN^N pattern, promoting cleavage 30 of UN

Ribonuclease L (RNase L), Fig. 3 RNase L activation
and control. RNase L is composed of three domains: the
N-terminal ankyrin domain; the central pseudokinase
domain, which binds nucleotides; and the C-terminal endo-
ribonuclease domain. 2-5A bind ankyrin repeats R2 and
R4 of one RNase L protomer and R9 and the pseudokinase
N-terminal lobe of the other protomer. ATP/ADP binding

to the pseudokinase domain contributes to RNase
L dimerization. Tight control of RNase L activation
includes gene transcription dependence on IFN, OAS
activity dependence on dsRNA, rapid degradation of 2-
5A by 20 phosphodiesterases (PDE), and inhibition of
RNase L by the cellular protein RLI
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sequence, leaving a 50-OH end and 30-20

cyclic phosphoryl group.
(4) Recent structural studies show that 2-5A bind

R2 and R4 of one RNase L protomer and R9
and the pseudokinase N-terminal lobe of the
other protomer (Han et al. 2012, 2014; Huang
et al. 2014). Thus, 2-5A promotes RNase
L self-association by acting as a template
that fills the interface between two copies of
the ANK domain (Fig. 3).

Though some control of its expression exists at
the posttranscriptional level, RNase L is constitu-
tively expressed as a latent enzyme. Its activity
needs to be tightly regulated since uncontrolled
RNase L activity would lead to cellular RNA
degradation and apoptosis. Several layers of
RNase L activity control exist:

(1) Activation of the pathway can be mediated by
type I (IFN-a/b) and type III (IFN-l) inter-
ferons (IFN), which are generally produced
upon viral infection of a tissue. IFNs trigger
the upregulation of OAS gene transcription.

(2) OAS catalytic activity itself depends on the
presence of cytoplasmic dsRNA, which is
typically produced when a virus replicates in
the cell. From ATP, activated OAS catalyze
the synthesis of 2-5A, which are very potent
RNase L activators effective at subnanomolar
concentrations.

(3) 2-5A are degraded within minutes of their
synthesis, by 20-phosphodiesterases (PDE)
and phosphatases. The presence of intracellu-
lar 2-5A is thus transient and directly mirrors
OAS activity.

(4) RNase L was reported to undergo posttrans-
lational modifications like ubiquitylation and
hydroxylation, which can affect function and
stability.

(5) RNase L activity can also be negatively regu-
lated by the RNase L inhibitor (RLI), a cellu-
lar factor also known as inhibitor-/ATP-
binding cassette, subfamily E member
1 (ABCE1) (Martinand et al. 1998).

Cellular Functions of RNase L

Although RNase L knockout mice are viable and
display no overt phenotype, it has become clear
that RNase L activity is required for fine-tuning of
important cellular processes, including cell prolif-
eration and differentiation, apoptosis, or mainte-
nance of cytoskeleton integrity. In human,
associations have been found between RNase
L activity and susceptibility to cancer or chronic
fatigue syndrome (Fig. 4) [see reviews by (Bisbal
and Silverman 2007; Ezelle et al. 2016; Gusho
et al. 2016)].

(1) Regulation of mRNA translation and stabil-
ity: The major effects of RNase L on cellular
processes depend on its nuclease activity,
whereby RNase L regulates mRNA turnover.
Recent transcriptomic studies suggest that
RNase L exhibits some specificity toward
some mRNA targets. It was proposed that
proteins interacting with RNase L might
direct the nuclease toward specific cell com-
partments or toward a subset of mRNA. For
instance, RNase L regulates mRNA transla-
tion through its association with the transla-
tion termination factor eRF3 (Le Roy
et al. 2005). It can increase both translation
read-through at premature termination codons
and +1 frameshift efficiency, the latter mech-
anism being, for instance, involved in the
expression of ornithine decarboxylase anti-
zyme 1 (OAZ1). eRF3 is thought to address
RNase L to polysomes. RNase L also interacts
with tristetraprolin (TTP), a protein known to
interact with AU-rich sequences found in the
30 noncoding regions of short-lived mRN-
A. TTP may thus guide RNase L to mRNA
carrying AU-rich sequences (Brennan-Laun
et al. 2014). A mitochondrial translation initi-
ation factor called IF2mt was identified in a
two-hybrid screen as another RNase
L interactor. This factor would promote
RNase L access to the mitochondria where
RNase L was shown to degrade mtRNA
(Le Roy et al. 2007).

4 Ribonuclease L (RNase L)



By regulating the turnover of several mRNA,
RNase L was shown to regulate important pro-
cesses such as muscle cell differentiation and
cell cycle progression. Accordingly, evidence
of a tumor suppressor function of RNase L has
emerged from studies on the genetics of hered-
itary prostate cancer. Indeed, several germline
mutations or variants were observed among
families with high risk of prostate cancer. Like-
wise, RNase L polymorphisms were suggested
to be associated with various cancer types such
as pancreatic, head and neck, uterine cervix,
and breast cancer.

(2) Apoptosis and autophagy: RNase L has been
implicated in the induction of autophagy in
response to viral infection. The mechanism of
autophagy induction was not fully elucidated
but likely stems from ribosomal RNA degra-
dation. The process was reported to involve
the IFN-dependent protein kinase R (PKR)
and c-Jun kinase activation. Interestingly,
sustained RNase L-mediated degradation of
cellular RNA, including that of mitochondrial
RNA, leads to apoptosis. RNase L cleavage
products were shown to participate in the
transition from autophagy to apoptosis
through caspase 3 activation, which promotes

Ribonuclease L (RNase L), Fig. 4 Cellular and antiviral functions of RNase L
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cleavage of Beclin-1 and cytochrome
C release (Chakrabarti et al. 2012; Siddiqui
and Malathi 2012).

(3) Cytoskeleton remodeling: Under its inactive,
non-2-5A bond conformation, RNase L can
bind several cytoskeletal proteins, including
b-actin and b-actin partners such as filamin A,
which acts as a scaffold to associate yet other
partners to the cytoskeleton. Interestingly, this
RNase L function is independent of ribonu-
clease catalytic activity. By binding to cyto-
skeletal proteins, RNase L was suggested to
be involved in the maintenance of epithelial
barrier integrity [reviewed in depth in (Ezelle
et al. 2016)].

Immune Response Modulation

The various RNase L activities mentioned above
not only control cell physiology but also contrib-
ute to modulate immune responses to viruses or
bacteria (Fig. 4). mRNA encoding PKR and var-
ious IFN effectors were shown to be targeted by
RNase L; Autophagy and apoptosis are well-
known antiviral cell responses that contribute to
slow down virus replication and to initiate adap-
tive responses; Action of RNase L on the cyto-
skeleton was reported to negatively regulate
endocytosis, thereby decreasing viral infection
efficiency. Also, the cytoskeleton interacts with
many innate immunity components to regulate
their activation.

Additional immunomodulatory activities are
thought to depend on the generation, by
RNase L, of short RNA products carrying a 30-20

cyclic phosphate, which act as pathogen-
associated molecular patterns (PAMPs) and
thereby activate innate immune responses
(Fig. 4) [see (Ezelle et al. 2016; Gusho
et al. 2016)].

(1) RNA cleavage products shorter than 200 bp
were shown to activate RIG-like helicases
(Mda5 and/or RIG-I), which act through the
adapter MAVS to induce IFN production.
This pathway thus provides an amplification

loop in the initiation of the IFN response
(Malathi et al. 2007).

(2) RNase L was recently shown to trigger the
activation of the NLRP3 inflammasome by
increasing IL-1b production (Chakrabarti
et al. 2015). Again, this activation appears to
be mediated by RNA cleavage products that
act through a pathway involving the cytosolic
helicase DHX33 and MAVS.

(3) As indicated above, RNA cleavage products
are also responsible for the transition between
autophagy and apoptosis.

(4) Besides, RNase L action was reported to con-
tribute to antibacterial immunity, namely,
against Bacillus anthracis and enteropatho-
genic Escherichia coli. RNase L activity cor-
relates with decreased levels of LAMP1/
LAMP2 factors that are involved in phago-
cyte maturation.

Antiviral Activities of RNase L and Viral
Evasion Strategies

Numerous viruses, mostly RNA viruses, were
shown to be susceptible to RNase L activity
because they replicated better in RNase
L-deficient mice or in RNA-deficient cells than
in wild-type controls. The influence of RNase
L against DNA viruses and retroviruses was also
reported. Antiviral activity of RNase L results
from both direct and indirect consequences of
RNA cleavage (Fig. 4) [reviewed in (Drappier
and Michiels 2015)].

(1) Activated RNase L may directly cleave the
genome of RNA viruses. It may also trigger
the degradation of viral mRNA produced by
both DNA and RNA viruses and thereby
inhibit viral protein synthesis and replication.
Interestingly, it was proposed that OAS acti-
vation might preferentially occur in the vicin-
ity of viral replication complexes, where
dsRNA is produced, thereby imparting some
specificity to the degradation of viral mRNA
that is located close to replication complexes.

(2) Damage to host cell machinery through rRNA
and mRNA degradation can affect many
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cellular processes and notably translation,
including that of viral mRNA, thereby
impairing viral replication. Besides, signifi-
cant degradation of cellular RNA leads to
apoptosis, which results in the elimination of
virus-infected cells.

Many viruses, including DNA viruses, were
however shown to counteract the OAS/RNase
L pathway, which is a strong argument in favor
of the importance of RNase L in antiviral activity.
Each step of the signaling pathway can be targeted
(Fig. 5) [reviewed in (Drappier and Michiels
2015)]:

Some viruses act upstream of the pathway by
masking or limiting accumulation of dsRNA.
For example, Vaccinia virus (VV) is known to
produce protein E3L, which sequesters dsRNA
and thereby prevents OAS activation as well
activation of other antiviral pathways that are
activated by dsRNA. Recently, VV was also
shown to hijack the cellular exoribonuclease
Xrn1 to contribute to degrade RNA products
that otherwise would activate the OAS/RNase
L pathway (Burgess and Mohr 2015; Liu
et al. 2015). DNA viruses were also reported
to trigger the production of inactive 2-5A and
related inhibitory compounds.

Some viruses more directly target RNase
L activity. Examples are human immunodefi-
ciency virus (HIV) or Encephalomyocarditis
virus (EMCV) that induce the expression of
the cellular RNase L inhibitor, RLI (ABCE)
(Martinand et al. 1998). More recently, it was
shown that several viruses, including Middle
East respiratory syndrome coronavirus
(MERS) were producing
2050phosphodiesterases (PDE), which quickly
degrade 2-5A and thus prevent RNase
L activation (Zhao et al. 2012; Thornbrough
et al. 2016).

Up to now, a single virus, Theiler’s murine
encephalomyelitis virus (TMEV or Theiler’s
virus), was shown to produce a protein that

binds and inhibits RNase L through direct
protein-protein interaction (Sorgeloos et al. 2013).

Other strategies to evade RNase L cleavages
are due to the structures and sequence of viral
RNA genomes: Poliovirus genomic RNA con-
tains a highly structured hairpin that acts as a
cleavage-resistant substrate of RNase L
(Townsend et al. 2008). Hepatitis C virus (HCV)
RNA has evolved as to decrease the number of
UA and UU dinucleotides that are targeted by
RNase L.

The number of viral proteins that are discov-
ered to inhibit the OAS/RNase L pathway
increases rapidly. This underlines the overall
impact of RNase L on viral infection and may
explain why some viruses did not replicate to
significantly higher levels in RNase L KO than
in wild-type mice.

Summary

The OAS/RNase L pathway is one of the best-
characterized IFN effector pathways. It was ini-
tially discovered as an antiviral pathway, but
increasing evidences suggest that it also acts to
fine-tune some physiological processes such as
cell proliferation and differentiation. Yet, the
most important role of RNase L is likely its anti-
viral activity. Viruses developed many strategies
to evade the activity of the OAS/RNase
L pathway, thereby underlining the efficiency of
RNase L antiviral action. Some of these viruses
are known to infect macrophages or dendritic cells
where the RNase L pathway does not need prim-
ing by IFN, as OAS levels are constitutively
higher than in other cells.

Given its ability to degrade cellular RNA and
to trigger apoptosis, RNase L activity must be
tightly controlled. More and more attention is
brought to IFN-inducible enzymes such as the
RNA-editing enzyme ADAR1 or the
deoxynucleotide triphosphohydrolase SAMHD1,
which act, as RNase L, to control the levels of
unconventional nucleic acids in the cell. On one
hand, they have antiviral functions and contribute
to enhance the IFN response upon infection. On
the other hand, in the absence of infection, they
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act to lower endogenous retro-element activity to
prevent uncontrolled activation of sensors such as
RIG-like helicases and consequent IFN produc-
tion. Unbalanced regulation of these enzymes can
result in diseases like cancer or interferonopathies.
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