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The host interferon (IFN) antiviral response involves a myriad of diverse biochemical pathways that disrupt
virus replication cycles at many different levels. As a result, viruses have acquired and evolved genes that
antagonize the host antiviral proteins. IFNs inhibit viral infections in part through the 2¢,5¢-oligoadenylate
(2-5A) synthetase (OAS)/RNase L pathway. OAS proteins are pathogen recognition receptors that exist at different
basal levels in different cell types and that are IFN inducible. Upon activation by the pathogen-associated
molecular pattern viral double-stranded RNA, certain OAS proteins synthesize 2-5A from ATP. 2-5A binds to
the antiviral enzyme RNase L causing its dimerization and activation. Recently, disparate RNA viruses, group
2a betacoronaviruses, and group A rotaviruses, have been shown to produce proteins with 2¢,5¢-phosphodies-
terase (PDE) activities that eliminate 2-5A thereby evading the antiviral activity of the OAS/RNase L pathway.
These viral proteins are members of the eukaryotic-viral LigT-like group of 2H phosphoesterases, so named for
the presence of 2 conserved catalytic histidine residues. Here, we will review the biochemistry, biology, and
implications of viral and cellular 2¢,5¢-PDEs that degrade 2-5A. In addition, we discuss alternative viral and
cellular strategies for limiting the activity of OAS/RNase L.

Double-Stranded RNA Signaling Through
2¢,5¢-Oligoadenylate Synthetase to RNase L
in the Interferon Antiviral Response

Double-stranded RNA (dsRNA) is a common pathogen-
associated molecular pattern of both RNA and DNA

viruses that triggers innate immune responses in the infected
host cell. The replication of many families of viruses with
single-stranded RNA genomes, including the Picornaviridae,
Coronaviridae, Orthomyxoviridae, Paramyxoviridae, and
Rhabdoviridae, requires synthesis of RNA of opposite polarity
to the genomic RNA strand (the anti-genome) that generates
dsRNA by annealing of the positive- and negative-sense RNA
strands (Knipe and Howley 2007). Other viruses, such as the
Reoviridae family that includes rotaviruses, have segmented
dsRNA genomes (Knipe and Howley 2007). Double-stranded
structures also occur in some viral RNAs that are otherwise
single stranded (Maitra and others 1994; Han and Barton
2002). Also, certain DNA viruses, such as vaccinia virus in
the family Poxviridae, produce dsRNA from annealing of
complementary single-stranded RNAs produced by symmet-
rical transcription of the viral genome (Colby and Duesberg
1969). DsRNA initiates signaling pathways resulting in tran-
scription of type I interferon (IFN) genes through either TLR3
present in endosomal membranes or cytoplasmic RIG-I-like

receptors (RLR) [reviewed in Wilkins and Gale (2010)]. In
addition, viral dsRNA directly triggers a cellular antiviral
response through the 2¢,5¢-oligoadenylate (2-5A) synthetase
(OAS)/RNase L pathway (Fig. 1) [reviewed in Silverman
(2007)].

There are multiple OAS genes encoding many different
OAS proteins, including isoforms resulting from alternative
splicing events [reviewed in Justesen and others (2000) and
Kristiansen and others (2011)]. However, some OAS pro-
teins do not synthesize 2-5A and these species are pre-
sumably unrelated to activation of RNase L. In humans,
there are 4 OAS genes, OAS1, OAS2, OAS3, and OASL, all
of which are IFN inducible and map to chromosome
12q24.1 (OAS1–3) and 12q24.2 (OASL) [reviewed in Kris-
tiansen and others (2011)]. OASL is also directly induced by
viral infection through transcription factor IRF3 (Melch-
jorsen and others 2009). The human OAS proteins, OAS1
(p40/p46), OAS2 (p69/p71), and OAS3 (p100) have 1, 2,
and 3 catalytic units, respectively, and synthesize 2-5A
[p3(A2¢p)nA, n ‡ 2] from ATP upon activation by dsRNA
binding (Kerr and Brown 1978; Benech and others 1985;
Marie and Hovanessian 1992; Marie and others 1997;
Rebouillat and others 1999; Sarkar and others 1999). In
contrast, human OASL (p59) contains 2 C-terminal ubi-
quitin-like repeats and lacks the ability to synthesize 2-5A
(Hartmann and others 1998; Rebouillat and others 1998),
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but nevertheless has antiviral activity against the picorna-
virus, encephalomyocarditis virus (Marques and others
2008). In mice, there are 8 Oas1 genes, mouse (m)Oas1a to
mOas1h on mouse chromosome 5 (Mashimo and others
2003; Perelygin and others 2006; Kristiansen and others
2011). Of the mOAS1 isoforms, however, only mOAS1a
and mOAS1g are believed to be enzymatically active based
on results of functional assays and/or amino acid sequence
analysis (Kakuta and others 2002; Mashimo and others
2003). mOAS1b is the product of the flavivirus resistance
gene (Flv), and although it is enzymatically inactive (in fact
it suppresses 2-5A synthesis) it is nevertheless a potent in-
hibitor of flavivirus replication (Mashimo and others 2002;
Perelygin and others 2002; Elbahesh and others 2010;
Courtney and others 2012). mOAS1d is expressed in oo-
cytes, lacks enzymatic activity, and inhibits mOAS1a (Yan
and others 2005). In addition, mOAS1d - / - mice have re-
duced fertility suggesting that OAS1d, and other enzymat-
ically inactive isoforms of mOAS1, may partially protect
oocytes from detrimental effects of RNase L during oo-
genesis and early embryonic development. Mice have 4
additional Oas genes, which produce 3 enzymatically active
(mOAS2, mOAS3 and mOASL2) and one inactive (mOASL1)
protein (Kakuta and others 2002). Instead, mOASL1 inhibits
the translation of IRF7 mRNA and is a negative regulator of
type I IFN synthesis (Lee and others 2013). The mouse OAS
proteins are constitutively expressed at different levels in a
wide range of different primary cell types and are also
highly induced by IFN (Zhao and others 2013). In mouse
brain, mOas1a, mOas2, and mOas3 mRNAs are constitu-
tively expressed at about 10-fold higher levels in microglia
than in astrocytes and about 100-fold higher than in neu-
rons or oligodendrocytes. Also, mOas1a, mOas2, and
mOas3 mRNAs are expressed at 10- to 1,000-fold higher
levels in bone marrow macrophages than in hepatocytes,
indicating high levels in some inflammatory cell types. In a
separate study, high levels of Oasl2 mRNA expression

were also observed in peritoneal macrophages (Sorgeloos
and others 2013).

As mention above, the only known enzymatic function of
OAS proteins is to synthesize 2-5A and related oligonu-
cleotides. In addition, the only well established function of
2-5A is to activate RNase L, a protein that is widely consti-
tutive expressed in many cell types and tissues and which is
also upregulated by IFN in some mouse cell types (Jacobsen
and others 1983; Zhou and others 1993, 1997). 2-5A (trimeric
and longer species) specifically binds with high affinity to the
inactive, monomeric form of RNase L causing it to dimerize
into its enzymatically active state (Dong and Silverman
1995). RNase L has 3 major domains: an N-terminal 9 an-
kyrin repeat domain, a protein kinase-like or pseudokinase
domain, and a C-terminal ribonuclease domain (Hassel and
others 1993). Recently, the laboratory of Frank Sicheri
solved the x-ray crystal structure of a dimeric form of RNase
L bound to 2-5A and the ATP mimetic, AMP-PNP (in
collaboration with the Silverman laboratory and others)
(Huang and others 2014). The structure showed that 2-5A
interacts with both the ankyrin repeat and protein kinase
domains. ATP binding to the kinase domain causes a closed
conformation of the kinase domain that is essential for RNA
cleavage. RNase L cleaves single-stranded RNA, both cel-
lular and viral, predominantly after UpU and UpA dinu-
cleotides leaving a 5¢-OH and a 2¢,3¢-cyclic phosphate on the
cleavage products (Wreschner and others 1981b). Activation
of RNase L can lead to autophagy (Chakrabarti and others
2012; Siddiqui and Malathi 2012) and apoptosis (Castelli
and others 1997, 1998; Zhou and others 1997), both of which
impact viral yields. Small RNAs generated from cleavage of
viral and cellular RNAs by RNase L signal to RLRs, RIG-I,
and MDA5, to amplify type I IFN productions in some cell
types, such as mouse fibroblasts and human hepatoma Huh7
cells (Malathi and others 2007, 2010). In contrast, macro-
phages have high levels of both OAS (as mentioned above)
and RNase L leading to extensive RNA degradation,

FIG. 1. Viral activation and antagonism of
the OAS/RNase L antiviral pathway in the
host cell determines the outcome of infec-
tion. dsRNA:OAS1 (PDB ID code 4IG8)
(Donovan and others 2013); porcine RNase
L in a complex with natural 2-5A and AMP-
PNP ligands (PDB ID code 4O1P) (Huang
and others 2014); and rat AKAP7 central
domain (PDB ID code 2VFY) as an example
of a 2¢,5¢-PDE in the 2H phosphoesterase
superfamily (Gold and others 2008). OAS,
2¢,5¢-oligoadenylate (2-5A) synthetase; dsRNA,
double-stranded RNA; PDE, phosphodies-
terase.
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apoptosis, and decreased (rather than increased) type I IFN
production (Banerjee and others 2014).

Cell Type-Specific Evasion of the IFN Antiviral
Response by Mouse Hepatitis Virus ns2

ns2 is a 30 kDa cytoplasmic nonstructural accessory
protein encoded in the genomes of group 2a betacorona-
viruses (Bredenbeek and others 1990; Zoltick and others
1990; Snijder and others 2003). This group includes the
prototype coronavirus, mouse hepatitis virus (MHV), and
human coronaviruses OC43 (an agent of the common cold)
(Mazumder and others 2002; Snijder and others 2003) in
addition to enteric HEC4408 (Han and others 2006) and
several other mammalian coronaviruses. Interestingly, the
coronavirus replicase proteins, which are encoded in 2 very
long open reading frames (pp1a, pp1ab) in the 5¢ two-thirds
of the genome, and the structural proteins, encoded in the
3¢ one-third of the genome, are highly conserved, whereas
the accessory proteins differ among the various genera and
subgroups of coronaviruses (Snijder and others 2003). Be-
cause accessory proteins often act as antagonists of the host
response, especially the type I IFN response, this observa-
tion suggests that each genera or subgroup of coronavirus
may use a different mechanism of host antagonism.

ns2 was predicated to be a member of a LigT-like family
(family II) of the 2H phosphoesterase superfamily by anal-
ysis of sequence homology (Mazumder and others 2002).
The 2H phosphoesterases are characterized by a pair of
conserved His-x-Thr/Ser motifs (described in more detail
below). Based on homology, ns2 was initially predicted to
have cyclophosphodiesterase activity, as were other mem-
bers of the LigT-like family (Mazumder and others 2002;
Snijder and others 2003; Roth-Cross and others 2009).
However, attempts to demonstrate this activity using 2¢,3¢
cAMP, 3¢,5¢ cAMP, and ADP-ribose 1,†2† cyclic phosphate
as substrates were unsuccessful (Zhao and others 2012).

MHV primarily infects the central nervous system (brain
and spinal cord) and the liver inducing acute encephalitis
and hepatitis followed by chronic demyelination, providing
a model for human demyelinating diseases such as multiple
sclerosis and also for viral hepatitis. Initial attempts at
finding a function for ns2 were unsuccessful as a naturally
occurring deletion mutant in the MHV, strain JHM.WU
( JHM.WU-Dns2), exhibited no detectable defects in cell
culture (Schwarz and others 1990) and was not attenuated in
terms of replication or pathogenesis in the central nervous
system [S. Perlman, J Leibowitz, personal communication;
Zhao and others (2011)]. Site directed mutants of MHV
strain A59 (A59), with amino acid substitutions in each of
the 2 predicted catalytic His residues, H46A (ns2H46A) and
H126R (ns2H126R), and the deletion mutant JHM.WU-Dns2
were used to further investigate the role of ns2 in patho-
genesis. While both the A59 catalytic site mutants and
JHM.WU-Dns2 were able to replicate in the central nervous
system, both sets of ns2 mutants were unable to replicate in
the liver of infected mice indicating that ns2 was an organ-
specific virulence factor (Zhao and others 2011).

We investigated the possibility that ns2 was an IFN an-
tagonist. Previous studies in the Weiss laboratory demon-
strated that MHV induced type I IFN only in macrophages
and furthermore was sensitive to IFN pretreatment primarily
in macrophages (Roth-Cross and others 2009; Zhao and

others 2011). Comparison of the replication of wild-type
(WT) A59 and the ns2H126R mutant in bone marrow-derived
macrophages (BMM) revealed that replication of the ns2
mutant was impaired, yielding a titer 100–1,000-fold less
than for the WT virus. However, mutant virus recovered a
WT level of replication in BMM derived from type I IFN
receptor (IFNAR) gene knockout macrophages, suggesting
that ns2 was an IFN antagonist.

Interestingly, in addition to the difference in the re-
quirement of ns2 for virulence in the liver versus the brain,
the requirement for ns2 was also cell type-specific. Ex-
pression of WT ns2 was essential for replication in several
types of myeloid cells in addition to BMM, including brain
resident microglia, liver resident Kupffer cells, bone mar-
row-derived dendritic cells and in liver sinusoidal endo-
thelial cells (unpublished); however, ns2 was not required
for efficient replication of MHV in other types of pri-
mary murine cells derived from the liver (hepatocytes) or
the brain (neurons, astrocytes, and oligodendrocytes) or in
several transformed cells lines (Zhao and others 2011,
2012). Consistent with the cell type-specific requirement for
ns2, myeloid cells expressed significantly higher basal levels
of IFN-stimulated genes including (as mentioned previ-
ously) mOas1a, mOas2, and mOas3, than other cell types
(Zhao and others 2011, 2013), suggesting that ns2 was needed
to overcome the antiviral effects of IFN in these cell types.

ns2 did not inhibit induction of IFN or the JAK-STAT
pathway of IFN signaling. Thus, it seemed likely that ns2
would inhibit one or more IFN-induced antiviral activities.
We therefore compared replication of ns2 mutant and WT
A59 in BMM derived from mouse strains deficient in each
of several antiviral activities, IFIT1, IFIT2, ISG15, and
PKR; the ns2 mutant was still unable to replicate in the
absence of any of these activities (data not shown). Re-
markably, however, ns2 mutant completely regained WT
ability to replicate in BMM derived from RNase L-deficient
mice (Zhao and others 2012). Having established that MHV
ns2 enables the virus to evade the antiviral activity of IFN in
BMM by antagonizing RNase L, we proceeded to investi-
gate whether ns2 might degrade 2-5A and thus prevent
RNase L activation (Fig. 1).

ns2 Is a 2¢,5¢-Phosphodiesterase That Degrades
2-5A and Prevents RNase L Activation

As mentioned above, based on sequence profile analysis
methods, ns2 was previously assigned to the eukaryotic-
viral LigT-like group (family II) of the 2H phosphoesterase
superfamily (Mazumder and others 2002). The positions of
the 2 conserved catalytic histidines in ns2 are shown (Fig.
2A). The most ancient members of the 2H phosphoesterase
superfamily are archaeo-bacterial tRNA-ligating LigT pro-
teins with 2¢-5¢ RNA ligase activity for tRNA precursors
(Arn and Abelson 1996). Escherichia coli 2¢-5¢ RNA ligase
is also able to perform the reverse 2¢,5¢-phosphodiesterase
(PDE) reaction in vitro. The similarities between ns2 and
bacterial LigT suggested to us that perhaps ns2 favors the
reverse reaction and degrades 2-5A.

To determine whether ns2 prevented RNase L activation
during viral infections, BMM were infected with MHV WT
A59 or mutant ns2H126R virus. Following infection with the
ns2 mutant virus, rRNA degradation products highly char-
acteristic of RNase L activity (Wreschner and others 1981a;
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Silverman and others 1983) were observed (Zhao and others
2012). In contrast, rRNA remained intact in A59 virus-
infected BMM, indicating that ns2 was blocking or otherwise
preventing RNase L activity. Furthermore, cellular levels of
2-5A oligonucleotides were greatly elevated in ns2 mutant
virus-infected BMM compared with A59 virus-infected
BMM. As mentioned above, replication of the ns2 mutant
virus was restored in RNase L - / - BMM. As a direct test for
2¢,5¢-PDE activity, recombinant ns2 and ns2-H126R were
expressed in bacteria and purified. Upon incubation, WT ns2
degraded trimeric 2-5A [(2¢-5¢)p3A3] to (2¢-5¢)p3A2 and
5¢AMP, and eventually to 5¢AMP and 5¢ATP, as determined
with high-performance liquid chromatography. The mutant
ns2 failed to degrade (2¢-5¢)p3A3. Those studies established
that ns2 has 2¢,5¢-PDE activity dependent on a conserved
catalytic histidine residue.

Mutant ns2 virus replicated near the lower limit of de-
tection, if at all, in the liver, spleen, lung, and kidney of WT
B6 mice. In contrast, replication of the mutant virus was
restored in all of these organs in RNase L - / - mice. Re-
markably, at 5 days postinfection the titer in liver was 5
log10 units higher in RNase L - / - mice than in WT mice.
As a result, the mutant ns2 virus caused hepatitis in RNase
L - / - mice but not in WT mice. Evidence of virus-mediated
pathology, including necrosis, apoptosis, and inflammation
(with induction of TNF-a and IFN-g) was observed after
infection with mutant ns2 virus in RNase L - / - mice but not
in WT mice. These studies demonstrate that the 2¢,5¢-PDE
function of ns2 is required for efficient replication of MHV
in the mouse liver and for pathogenesis.

The C-Terminal Domain of the VP3 Protein
of a Group A Rotavirus Has 2¢,5¢-PDE Activity

Group A rotaviruses in the family Reoviridae have seg-
mented dsRNA genomes requiring a replication strategy
very different from that of positive RNA strand cor-
onaviruses. Rotaviruses are important human pathogens that
cause severe diarrhea in children worldwide (Patton 2012).
The rotavirus minor core protein VP3 has both methyl-
transferease and guanylyltransferase activities involved in
mRNA capping (Fig. 2A). In addition, the sequence of the

VP3 C-terminal domain (CTD), characterized by 2 conserved
His-X-Thr/Ser motifs in the catalytic ligand-binding cleft,
places it in the same family of 2H phosphoesterases as MHV
ns2 (Mazumder and others 2002; Zhang and others 2013).
Both rotavirus VP3 CTD and ns2 were also predicted to be
similar to an X-ray crystal structure of the rat A-kinase (PKA)
anchoring protein AKAP15/18d (AKAP7d) complexed with
5¢-AMP (Fig. 2B) (Gold and others 2008; Roth-Cross and
others 2009; Zhang and others 2013). VP3-CTD was con-
firmed to be a 2¢,5¢-PDE by incubation of purified recombi-
nant protein with (2¢-5¢)p3A3 as a substrate, which resulted in
sequential release of 5¢-AMP moieties from the 2¢,3¢-terminus
until only 5¢-ATP and 5¢-AMP remained (Zhang and others
2013). Mutant VP3-CTD (VP3H718A;H797R) in which the
catalytic histidines were mutated was enzymatically inactive.
VP3-CTD was also able to prevent accumulation of 2-5A in
cells treated with the synthetic dsRNA, poly(rI):poly(rC), an
activator of OAS enzymatic activity. Due to the lack of a
robust rotavirus reverse genetic system, we used chimeric
MHV to determine whether VP3-CTD might enable virus to
evade the antiviral activity of RNase L. MHV(A59) chimeras
were constructed in which the endogeneous ns2 gene was
mutated to abrogate PDE activity and the VP3-CTD cDNA
(either WT or mutated) was inserted into the nonessential
gene ns4. Remarkably, chimeric MHV encoding mutant ns2
and WT VP3-CTD replicated nearly as well as the parental
MHV strain in BMM in vitro, and to a 1,000-fold higher titer
than virus harboring mutant ns2 and mutant VP3-CTD, in the
livers of WT mice. However, replication of the chimeric virus
in which the conserved histidines were mutated in both ns2
and VP3-CTD was not impaired in RNase L - / - mice. Fur-
ther experiments that examined the integrity of rRNA in in-
fected BMM directly showed that rotavirus VP3-CTD
prevented RNase L activation. Therefore, the rate of 2-5A
cleavage by VP3-CTD or ns2 apparently exceeded its rate of
synthesis by OAS resulting in an insufficient level of 2-5A to
activate RNase L and thus inhibit virus replication (Fig. 1).

These data suggest that the VP3-CTD, by virtue of its
ability to block the OAS/RNase L pathway, may be the
virulence factor previously mapped to the VP3 gene of
group A rotaviruses (Hoshino and others 1995; Wang and
others 2011; Zhang and others 2013). Because VP3 is found

FIG. 2. Homology between rat AKAP7
(PDB ID code 2VFY), MHV ns2 (strain
A59), and rotavirus VP3 (strain SA11)
[reprinted from Zhang and others (2013)].
(A) PDE domains in MHV ns2 and rotavirus
VP3. VP3 domains involved in RNA cap-
ping are GTase, guanylyltransferase, and
MTase, methyltransferase. (B) Alignments
between the x-ray crystal structure of rat
AKAP7 (PDB ID code 2VFY) and predicted
structures of SA11 VP3-CTD and MHV
A59 ns2. The 2 conserved His residues are
shown as sticks. PyMol (http://pymol.org)
was used for molecular graphics. CTD,
C-terminal domain; MHV, mouse hepatitis
virus.
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in the viroplasm, it was suggested a non-particle-associated
VP3 might be responsible for antagonizing RNase L func-
tion (Zhang and others 2013). Thus, VP3-CTD may be a
second host IFN antagonist encoded by rotaviruses in ad-
dition to the previously described rotavirus NSP1 protein
that inhibits induction of IFNs by causing proteosomal
degradation of IRFs and bTrCP [reviewed in Arnold and
others (2013)].

Additional Viruses That Are Likely
to Have 2¢,5¢-PDEs

Homology analysis suggests that many additional RNA
viruses encode 2¢,5¢-PDEs of the eukaryotic-viral LigT-like
group of 2H phosphoesterases (Table 1). Coronaviruses with
ns2 genes predicted to encode a functional 2¢,5¢-PDE in-
clude human coronaviruses OC43 and HEC4408, which
cause respiratory and enteric infections, respectively, and
bovine coronavirus (BCV), which causes respiratory and
enteric infections in cattle and wild ruminants (Saif 2010).
Another member of the coronavirus superfamily, the equine
torovirus, Berne virus, which causes gastrointestinal disease,
expresses a predicted 2¢,5¢-PDE in its pp1a C-terminal pro-
tein (CTP) (Mazumder and others 2002; Snijder and others
2003). SARS-CoV and MERS-CoV, both human corona-
viruses causing severe respiratory infections, lack an ns2
homolog (Snijder and others 2003; Weiss and Navas-Martin
2005; Scobey and others 2013). However, based on the

finding that porcine coronavirus transmissible gastroenteritis
virus (TGEV) also lack an ns2 homolog and inhibits RNase L
by a mechanism distinct from PDE (Cruz and others 2011), as
discussed below, it is tempting to speculate that these path-
ogenic human coronaviruses may have alternative strategies
for evading RNase L. Alignments of VP3 from different
human and animal group A rotaviruses showed that all en-
code a similar PDE domain (Zhang and others 2013). In
addition, the group B and G rotaviruses, but not group C, F,
and H strains, also appear to encode a PDE in the CTD of
VP3 (Zhang and others 2013).

Alternative Viral Mechanisms for Antagonizing
OAS/RNase L

OAS/RNase L poses a threat to a wide range of viruses.
Accordingly, many viruses have evolved mechanisms for
blocking this pathway. These viral evasion strategies in-
clude, but are not limited to, viral proteins with 2¢,5¢-PDE
activity. For example, the alphacoronavirus TGEV encodes
the gene 7 protein that suppresses RNase L activity, possibly
by inducing dephosphorylation of 2-5A through its inter-
action with protein phosphatase 1 (PP1) (Cruz and others
2011). The L* protein of the neurotropic picornavirus,
Theiler’s virus, promotes viral persistence and demyelinat-
ing disease in mice (van Eyll and Michiels 2002). L* di-
rectly binds to the ankyrin repeat domain of mouse RNase L
inhibiting its activity in a species-specific manner (Sorge-
loos and others 2013). A phylogenetically conserved region
in the RNA of poliovirus and other group C enteroviruses,
called ciRNA, binds to and competitively inhibits RNase L
(Townsend and others 2008a, 2008b; Keel and others 2012).
Viral proteins containing dsRNA-binding domains, includ-
ing influenza A virus ns1 and vaccinia virus E3L, sequester
dsRNA from OAS thus preventing 2-5A synthesis and
subsequent RNase L activation (Beattie and others 1995;
Rivas and others 1998; Xiang and others 2002; Min and
Krug 2006). Some DNA viruses (vaccinia virus, herpes sim-
plex virus I and II, and SV40) induce the synthesis of al-
ternative 2-5A-like molecules that either inhibit or fail to
activate RNase L (Cayley and others 1984; Hersh and others
1984; Rice and others 1984, 1985). There can be little doubt
that other viral mechanisms for antagonizing the OAS/
RNase L pathway remain to be discovered.

Candidate Cellular Enzymes That Degrade 2-5A
and Limit Damage to the Host RNA Caused
by RNase L

Cellular enzymes that degrade 2-5A perform an important
function by preventing perpetual activation of RNase L that
would otherwise lead to extensive RNA damage and tissue
injury. 2-5A has long been known to be unstable in cell
extracts, and its half-life is typically measured in minutes
(Williams and others 1978; Torrence and others 1983). Two
types of enzymes are implicated: (1) 2¢,5¢ PDEs (similar to
viral ns2 and VP3) that sequentially release 5¢-AMP moie-
ties from the 2¢,3¢-terminus of 2-5A, and (2) phosphatases
that remove the 5¢-phosphoryl groups that are required for
RNase L activation (Schmidt and others 1979; Johnston and
Hearl 1987; Trujillo and others 1988). While PDE, and not
phosphatase, activity have been suggested to be the pre-
dominant mechanism for degrading 2-5A (Williams and

Table 1. Viral 2¢,5¢-Phosphodiesterases

Viral (2¢,5¢-PDE) Pathogenesis

Coronavirus (murine
MHV A59 ns2)
(Zhao and others
2012) (confirmed)

Hepatitis, encephalitis,
gastrointestinal
(strain dependent)

Coronavirus (human
OC43 ns2) (Mazumder
and others 2002;
Snijder and others
2003) (predicted)

Respiratory

Coronavirus (human
HEC4408 ns2) (Han and
others 2006) (predicted)

Gastrointestinal

Coronavirus (bovine
BCV ns2) (Mazumder
and others 2002;
Snijder and others
2003) (predicted)

Respiratory,
gastrointestinal

Torovirus (equine)
(pp1a CTP) (Mazumder
and others 2002;
Snijder and others
2003) (predicted)

Gastrointestinal

Rotavirus, group A
(human, simian, avian
VP3 CTD) (Zhang
and others 2013) (confirmed)

Gastrointestinal

Rotavirus, groups B & G
(VP3-CTD) (predicted)

Gastrointestinal

BCV, bovine coronavirus; CTD, C-terminal domain; CTP,
C-terminal protein; PDE, phosphodiesterase; MHV, mouse hepatitis
virus.
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others 1978; Trujillo and others 1988), their relative im-
portance might vary according to the cell type. Three PDEs
are candidates for the regulation of 2-5A turnover in cells:
PDE12 (2¢-PDE) (Kubota and others 2004), ENPP1 (Poul-
sen and others 2012), and AKAP7 (also known as AKAP15
or 18) (Zhang and others 2013). Of these, only AKAP7 is a
member of the 2H phosphoesterase family with conserved
sequences and predicted structural homology with both
ns2 and VP3 (Fig. 2B) (Gold and others 2008; Roth-Cross
and others 2009; Zhang and others 2013). PDE12, a mem-
ber of the endonuclease/exonuclease/phosphatase family of
deadenylases, has both 3¢,5¢- and 2¢,5¢-PDE activities and
localizes to the mitochondria matrix where it removes 3¢,5¢-
poly(rA) tails from and modulates stability of some mito-
chondrial mRNAs (Kubota and others 2004; Poulsen and
others 2011; Rorbach and others 2011). Downregulation of
PDE12 (using siRNA), or inhibition with a small molecule
(A-74528a) had only a modest (2-fold) antiviral effect against
vaccinia virus (Kubota and others 2004). ENPP1 degrades
3¢,5¢-linked RNA, DNA, 2¢,3¢-cAMP, and pyrophosphate
linkages of nucleotides and nucleotide sugars, in addition
to 2-5A, and its catalytic domain is extracellular (Poulsen
and others 2012). Therefore, neither PDE12 nor ENPP1 co-
localize with replicating viruses.

The AKAPs are a family of 43 proteins that bind the R
subunits of PKA and function as scaffolds that localize and
regulate cAMP signaling during a range of physiological
processes, including cardiac excitation–contraction, renal
homeostasis, neuronal synaptic plasticity, and sperm mo-
tility [reviewed in Mauban and others (2009), McConnachie
and others (2006), Welch and others (2010)]. However, only
AKAP7 has a central domain with predicted structural and
sequence homology, including the 2 conserved histidine
motifs, with the 2H phosphoesterase family (Mazumder and
others 2002; Gold and others 2008). There are 4 splice
variants of AKAP7, 2 short forms of 15 and 18 kDa (a and
b), which lack the central domain but contain a membrane
targeting region and the PKA-binding motif, and 2 long
forms of 37 and 42 kDa (g and d), which contain from the
N- to the C-teminal a nuclear localization signal, the central
domain with 2H phosphoesterase homology, and the AKAP
helix and leucine zipper domain responsible for binding the
R subunits of PKA and also Ca + 2 and Na + channels (Gold
and others 2008). Mice homozygous for a deletion of
AKAP7 exon 7, encoding the leucine zipper domain and the
3¢-UTR, were phenotypically normal ( Jones and others
2012). Moreover, b-adrenergic stimulation of the calcium
current in adult ventricular cardiomyocytes was also nor-
mal, and therefore, it was suggested that another AKAP
isoforms might be responsible for this function in mouse
cardiomyocytes ( Jones and others 2012). We recently de-
termined that AKAP7g has 2¢,5¢-PDE activity that de-
grades 2-5A in vitro (Gusho, E., Zhang, R., Jha, B.K., Dong,
B., Thornbrough, J.M., Gaughan, C., Elliott, R., S.R.W., and
R.H.S., unpublished). AKAP7 resides in the nucleus (Brown
and others 2003) and would presumably have access to 2-5A
synthesized either there or in the cytoplasm where it could
diffuse into the nucleus through the nuclear pores. However,
2¢,5¢-PDE activity in the nucleus may be insufficient to re-
duce 2-5A levels in the cytoplasm where many RNA viruses
replicate. Direct evidence that these 3 enzymes (PDE12,
ENPP1, and AKAP7) degrade 2-5A during viral infections
has yet to be reported and alternative or additional functions

are likely. A possible function of host enzymes that degrade
2-5A is to limit the damage to cellular RNA following viral
clearance. In addition, some studies have suggested a tumor
suppressor function for RNase L, making it possible that
enzymes that degrade 2-5A might regulate tumorigenesis
(Carpten and others 2002; Kruger and others 2005; Madsen
and others 2008).

Concluding Remarks

Coronavirus ns2 and rotavirus VP3 (and possibly related
proteins in other RNA viruses) block dsRNA signaling to
RNase L by degrading 2-5A and represent a newly recognized
viral strategy for evading host innate immunity. Coronaviruses
and rotaviruses are unrelated RNA viruses suggesting that
these viruses independently acquired a 2¢,5¢-PDE gene from
the host, possibly AKAP7. 2-5A stability is a critical control
point in the OAS/RNase L antiviral pathway that these
viruses have exploited (Fig. 1). Activation of RNase L can
depend on basal levels of OAS expression, which vary
among cell and tissue types, and virus encoded PDEs can
antagonize this activation. The balance between activation
and antagonism of RNase L can determine the extent of
viral success. In this regard, in the case of MHV-induced
hepatitis viral antagonism of RNase L is a striking determi-
nant of virulence. Future studies will be directed at investi-
gating activation/antagonism of RNase L in other organs
systems including the lung and the gastrointestinal tract, 2
targets of human coronavirus, and rotavirus infections. Fur-
ther understanding of the competition between virus and the
OAS/RNase L pathway may also aid in the development or
refinement of therapeutic strategies against viral diseases. For
example, specific inhibitors of the viral 2¢,5¢-PDEs could
function as antiviral agents by restoring the virus-induced
accumulation of 2-5A specifically in virus-infected cells with
little effect on uninfected cells.
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