Since January 2020 Elsevier has created a COVID-19 resource centre with free
information in English and Mandarin on the novel coronavirus COVID-19. The
COVID-19 resource centre is hosted on Elsevier Connect, the company's public

news and information website.

Elsevier hereby grants permission to make all its COVID-19-related research
that is available on the COVID-19 resource centre - including this research
content - immediately available in PubMed Central and other publicly funded
repositories, such as the WHO COVID database with rights for unrestricted
research re-use and analyses in any form or by any means with acknowledgement
of the original source. These permissions are granted for free by Elsevier

for as long as the COVID-19 resource centre remains active.




Biochimica et Biophysica Acta 1829 (2013) 732-741

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagrm

Review
Interplay between viruses and host mRNA degradation* @CmssMark

Krishna Narayanan **, Shinji Makino '

¢ Department of Microbiology and Immunology, The University of Texas Medical Branch at Galveston, Galveston, TX 77555-1019, USA
b Department of Microbiology and Immunology, Center for Biodefense and Emerging Infectious Diseases, UTMB Center for Tropical Diseases, and Sealy Center for Vaccine Development,
The University of Texas Medical Branch at Galveston, Galveston, TX 77555-1019, USA

ARTICLE INFO ABSTRACT

Article history:

Received 30 October 2012

Received in revised form 13 December 2012
Accepted 16 December 2012

Available online 26 December 2012

Messenger RNA degradation is a fundamental cellular process that plays a critical role in regulating gene expres-
sion by controlling both the quality and the abundance of mRNAs in cells. Naturally, viruses must successfully
interface with the robust cellular RNA degradation machinery to achieve an optimal balance between viral and
cellular gene expression and establish a productive infection in the host. In the past several years, studies have
discovered many elegant strategies that viruses have evolved to circumvent the cellular RNA degradation
machinery, ranging from disarming the RNA decay pathways and co-opting the factors governing cellular
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1. Introduction

Gene expression in eukaryotic cells is the result of a series of com-
plex and highly regulated events that include transcription, translation,
decay of mRNAs and protein degradation. Among these fundamental
cellular processes, mRNA turnover by the cellular RNA decay ma-
chinery plays a major role in regulating gene expression by altering
the stability of mRNAs in response to developmental, physiological
and environmental signals [1-4]. The surveillance arm of the cellu-
lar RNA decay machinery also controls the quality of gene expression
by constantly monitoring the newly synthesized RNA transcripts for
aberrant structural and sequence features and targets them for destruc-
tion [5-8]. Thus, the cellular RNA decay machinery, consisting of a
multitude of enzymes, auxiliary factors and pathways, controls the
fate of newly synthesized RNA transcripts and mRNAs undergoing
translation in a cell [9-12]. In addition to the conventional RNA decay
pathways, eukaryotic cells also have specialized RNA decay path-
ways that are induced in response to external stress signals like
virus infection [13]. It is reasonable to expect that nascent viral
RNA transcripts carrying features that are recognized as “aberrant
or non-self” by host mRNA surveillance pathways would also be
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shunted to the cellular RNA decay machinery for degradation. There-
fore, viruses must not only contend with the intrinsically antiviral
host immune response pathways but also evolve strategies to
elude, counter or sometimes even utilize the inherently hostile cellu-
lar mRNA degradation machinery to facilitate viral gene expression
and establish a successful infection. The goal of this review is to
highlight this complex interplay between viruses and cellular
mRNA degradation pathways by illustrating the diverse array of
mechanisms that viruses utilize to gain an advantage in this evolu-
tionary arms race with their hosts.

2. Cellular mRNA degradation pathways

The different pathways of mRNA decay in eukaryotic cells involve
the coordinated action of exoribonucleases and endoribonucleases
that target an mRNA substrate for destruction depending on the pres-
ence of cis-acting instability elements, trans-acting mRNA destabilizing
factors and cellular environment [9,11] (Fig. 1). A majority of eu-
karyotic mRNAs carry a 5’ 7-methylguanosine cap and a 3’ poly(A)
tail that serve as primary determinants of mRNA stability by
protecting the ends from the action of exoribonucleases, besides
influencing different aspects of mRNA metabolism including splicing
and nuclear export [3,14-16]. Furthermore, binding of the cytoplas-
mic proteins elF4E and the poly(A)-binding protein (PABP) to the 5’
cap and the 3’ poly(A) tail, respectively, ensures efficient translation
initiation [17,18]. The fate of an mRNA molecule after translation is
controlled by processes that target these mRNA stability determi-
nants at the ends of the molecule. The major pathway of cytoplasmic
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Fig. 1. Major pathways of cellular mRNA decay. A) A majority of cellular mRNAs are degraded by the deadenylation-dependent decay pathway. The cellular deadenylase complexes,
CCR4-NOT, PARN or PAN2-PAN3 removes the poly(A) tail and subsequently, the body of the deadenylated mRNA is degraded by 5’-3’ or 3’-5’decay mechanisms. In the 5’-3" decay
pathway, the Lsm1-7 protein complex binds to the 3’-end of the deadenylated mRNA and stimulates decapping by the DCP1-DCP2 enzyme complex that generates a
monophosphorylated 5’-end. Following decapping, the mRNA body is degraded by the action of the 5’-3’ exoribonuclease, XRN1. Most of the proteins involved in the 5-3’
decay pathway are localized in P bodies. The 3’-5’ decay of the deadenylated mRNA is catalyzed by the 3'-5" exoribonucleolytic activity of the exosome followed by the removal
of the cap structure by the scavenger decapping enzyme, DCPS. B) The endonuclease-mediated decay pathway triggers the degradation of some mRNAs, including those recognized
by cellular mRNA surveillance and stress response pathways like NMD, NGD, RNase L and IRE1. The decay is initiated by an endonuclease cleavage event followed by the digestion of
the resulting unprotected fragments by exosome and XRN1. The figure is adapted from Fig. 1 in Ref. [9]. Selected examples of viral proteins that interfere with the cellular mRNA

decay machinery are provided. See text for details. *

mRNA decay in eukaryotic cells is initiated by the removal of one of
these barriers to exoribonucleases through a process known as
deadenylation that results in the shortening of the poly(A) tail
[19]. Deadenylation is the first and often the rate-limiting step of
mRNA decay that is performed by one or more of the cellular
deadenylase enzyme complexes, CCR4-NOT, PAN2-PAN3 and PARN
[20,21].

Following deadenylation, the body of mRNA is degraded by two
exonuclease-mediated decay pathways acting either at the 3’ or 5’
end. The 3’-5' decay is carried out by the cytoplasmic exosome, which
is a highly conserved multi-protein complex of 3’-5’ exoribonucleases,
RRP44 and exosome component 10 (EXOSC10, otherwise known as

denotes that the SARS-CoV nsp1-induced endonuclease activity could be host-encoded.

RRP6 in yeast and PM/SCL-100 in humans) [22,23]. In mammalian
cells, DIS3L, the cytoplasmic form of the processive exonuclease
RRP44, is involved in 3’-5’ mRNA degradation [23]. The exosome ac-
tivity is regulated by cofactors that include the SKI complex [22].
Subsequently, the action of the scavenger decapping enzyme DCPS
on the products of exosome-mediated mRNA decay removes the
cap structure [24,25].

Alternatively, the decay of the deadenylated transcript proceeds in
a 5’-3’ direction through the removal of the 5’ cap structure by the
cellular decapping enzyme DCP2 (or NUDT16) [26]. Decapping is a
highly regulated process involving several cofactors that function as
decapping enhancers, including Lsm1-7 protein complex that binds
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to the 3’-end of the deadenylated mRNAs, Rck/p54 (Dhh1p in yeast),
Hedls, PatL1 and DCP1a [26]. Following decapping that generates a
monophosphorylated 5’-end, the mRNA body is degraded by the 5’
monophosphate-dependent 5’-3’ exoribonucleolytic activity of XRN1
[19,27].

In addition to the default pathway of deadenylation-dependent
mRNA decay, eukaryotic cells also have specialized endonucleolytic
RNA decay pathways that is initiated by an endonucleolytic cleav-
age event within the body of the mRNA or in the untranslated re-
gion (UTR) followed by exonuclease digestion of the resulting
fragments by exosome and XRN1 [11,28] (Fig. 1). Several endonu-
cleases such as PMR1, IRE1, Zc3h12a, APE1, G3BP and SMG6 have
been identified that target actively translating mRNAs in response to
stress and other physiological stimuli or recognize substrate mRNAs
based on associated proteins and aberrant structural and sequence fea-
tures [11,28]. The RNA interference pathway, catalyzed by argonaute
protein (Ago) in the RNA-induced silencing complex (RISC), and
the interferon (IFN)-inducible endonuclease RNase L, are also exam-
ples of endonuclease-mediated decay pathways that are elicited in
response to endogenous and viral double-stranded RNA (dsRNA)
molecules generated in the cytoplasm, respectively [11,13,28]. The
cellular zinc finger antiviral protein (ZAP) is an IFN-induced host fac-
tor that inhibits the replication of several viruses by promoting viral
mRNA decay in the cytoplasm [29]. ZAP selectively restricts the rep-
lication of retroviruses, alphaviruses and filoviruses by targeting the
ZAP-responsive element (ZRE) in the genomes of these viruses [29].
ZAP also regulates the maintenance of murine gammaherpesvirus
68 (MHV-68) latency by selectively inhibiting the expression of
the latency-associated M2 gene [30]. ZAP promotes the degrada-
tion of ZRE-containing viral mRNAs through the recruitment of
the deadenylase PARN to remove the poly(A) tail and the exosome
to degrade the body of the mRNA [29]. ZAP also requires the RNA
helicase p72 for its activity [29]. In addition to promoting mRNA
degradation, ZAP also inhibits the translation of target mRNAs by
blocking the interaction between the translation initiation factors
elF4G and elF4A [31]. Importantly, the ZAP-mediated translational
repression precedes and is required for target mRNA degradation
[31]. Furthermore, among the cellular mRNA surveillance path-
ways that maintain the fidelity of gene expression, the nonsense-
mediated decay (NMD), which eliminates mRNAs harboring a
premature termination codon (PTC) or an abnormally long 3’ UTR
between the normal stop codon and the poly(A) tail, and no-go
decay (NGD), which targets mRNAs with secondary structure-
induced stalled ribosomes, are also initiated by an endonucleolytic
cleavage event [9,32]. NMD and NGD pathways are mediated by a
complex of SMG and UPF proteins and the DOM34-Hbs1 complex,
respectively [9,32]. The endoribonuclease activity of SMG6 protein
is responsible for the cleavage of PTC-harboring mRNAs in the
NMD pathway [33]. The identity of the endonuclease that triggers
mRNA decay in the NGD pathway is unknown. Nonstop decay, a
specific quality control pathway that eliminates mRNAs lacking a
termination codon, is catalyzed by exosome and the SKI complex
[34,35].

Cellular mRNA degradation is also regulated by other cis-acting in-
stability elements within mRNAs, like the AU-rich elements (AREs)
found in 3’ UTRs of many mRNAs, which determine the fate of an
mRNA depending on their interaction with mRNA-destabilizing pro-
teins, such as TTP, BRF1, AUF1, KSRP, or mRNA-stability factors like
HuR protein and poly(C)-binding protein 2 (PCBP2) [9,11]. Other
mRNA-destabilizing factors include small, complementary regulatory
noncoding RNAs such as microRNAs (miRNAs) that interact with
3’-UTRs in target mRNAs to repress translation or promote mRNA
degradation [36]. Many of the factors involved in mRNA surveillance
and degradation, including most of the proteins that function in the
5’-3’ decay pathway, are localized in discrete cytoplasmic granular
compartments called processing bodies (P-bodies) [37,38]. P bodies

play a fundamental role in cellular mRNA degradation and have
been shown to contain several mRNA-destabilizing and decay
enzymes like TTP, DCP1-DCP2 complex, XRN1, Lsm1-7 complex,
Dhh1p (Rck/p54), PAN2-PAN3, CCR4-CAF1-NOT deadenylase com-
plex along with the P-body component GW182 [38]. Strikingly,
exosome and the SKI complex proteins, involved in the 3’-5’ decay
pathway, have not been observed in P bodies [37,39]. Mammalian
cells also have specialized cytoplasmic RNA granules called stress
granules (SGs) that are formed in response to different types of
cellular stress, including heat shock, oxidative stress and viral in-
fections, which often inhibit cellular translation initiation [40,41].
P bodies and SGs are dynamically linked and share several compo-
nents, including XRN1, TTP and elF4E [42]. However, proteins such
as elF3, G3BP, elF4G, the cytoplasmic poly(A)-binding protein-1
(PABPC1) along with 40S ribosomal subunits are exclusively
found in SGs and in contrast to P bodies, the assembly of SGs re-
quires elF2ac phosphorylation that inhibits translation initiation
[42]. SGs serve as dynamic sorting centers for translationally-
silenced or repressed mRNAs that can be targeted for storage, trans-
lation or delivery to the P bodies for degradation through the mRNA
triage pathway [40]. We would like to urge the reader to refer to
some excellent reviews on the topics discussed above for details
[9,38].

Both DNA and RNA viruses, regardless of whether their life cycle
includes a nuclear phase and/or their replication occurs in nuclease-
resistant membranous compartments, rely on the host translation
machinery in the cytoplasm for the efficient production of viral pro-
teins. Therefore, viruses must protect their mRNAs from the panoply
of cellular pathways and enzymes described above that are geared
to recognize the viral transcripts as “non-self” and funnel them to
the host mRNA decay machinery for degradation. The following
sections will summarize the arsenal of specific strategies that
many viruses have developed during the course of virus-host
co-evolution to ensure both the escape of viral-specific transcripts
from detection by the host mRNA decay pathways and the efficient
translation of viral mRNAs in infected cells (Figs. 2 and 3).

3. Viral evasion of cellular mRNA decay pathways

3.1. Cis-acting RNA stability elements and trans-acting RNA
stabilization factors

Viruses have evolved several mechanisms to protect their nascent
RNA transcripts produced in an infected cell from the mRNA decay
machinery and these strategies include mimicking the inherent ele-
ments that confer stability to cellular mRNAs, carrying cis-acting
RNA stability sequence or structural elements and masking the insta-
bility elements in their mRNAs by co-opting the cellular RNA stabili-
zation factors.

Viral RNA transcripts with unprotected ends lacking the cellular
cis-acting determinants of mRNA stability, namely the 5’ cap struc-
ture and the 3’ poly(A) tail, are susceptible to degradation by the
major pathway of cellular mRNA decay. Moreover, the uncapped
5'-triphosphate RNA produced by viral polymerases in infected cells
is also recognized as non-self by the host, triggering an antiviral im-
mune response in mammalian cells resulting in the production of in-
terferons [43-45]. Therefore, many viruses have evolved to protect
the 5’-ends of their mRNAs by either acquiring or synthesizing a cap
structure that resembles the 5’ cap structure of cellular mRNAs, in-
cluding the 2’-O-methylated cap-1 and cap-2 structures present in
mRNAs of higher eukaryotes that facilitates the escape of viral
mRNAs from detection by the host innate antiviral response [46,47].
The various RNA capping strategies employed by viruses in eukaryot-
ic cells include the synthesis of the cap structure, using either the
cellular capping machinery or virus-encoded capping enzymes, and
acquiring the cap structure from cellular mRNAs by a process called
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Fig. 2. Schematic representation of the viral evasion mechanisms. Examples of the various strategies of viral evasion of the cellular mRNA decay pathways. A description of these

examples is provided in the text. PV, poliovirus.

“cap snatching” [48]. Most DNA viruses and RNA viruses of the family
Retroviridae and Bornaviridae, which replicate in the nucleus and rely
on cellular RNA polymerase II for their RNA transcription, utilize the
cellular capping machinery to synthesize their cap structure [48,49].
Among the viruses that encode their own capping enzymes include
the double-stranded DNA virus, vaccinia virus, of the Poxviridae
family and RNA viruses of the families Reoviridae, Flaviviridae,
Coronaviridae, Arteriviridae, Togaviridae, Rhabdoviridae, Filoviridae
and Paramyxoviridae [48]. RNA viruses of the families Orthomyxoviridae,
Arenaviridae and Bunyaviridae utilize a strategy called “cap snatching” to

steal the cap structure, along with additional downstream sequences,
from host mRNAs through endonucleolytic cleavage and prime the
synthesis of viral RNAs [48,49]. This strategy not only results in the stabi-
lization of the viral RNA transcript but also shifts the balance towards the
selective expression of viral genes by removing cellular mRNAs
through the targeting of the decapped cellular mRNAs to the RNA
degradation machinery [50,51]. The cap snatching activity in influ-
enza viruses that belong to the family Orthomyxoviridae resides in
the polymerase subunits, PA and PB2, which carry the endonuclease
and cap-binding domains, respectively [52-54]. In arenaviruses and
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bunyaviruses, the N-terminus of the RNA polymerase, L protein, has
been shown to possess an endonuclease activity that is essential for
the cap-dependent viral mRNA transcription [55,56]. In hantavi-
ruses, which belong to the family Bunyaviridae, the viral nucleocap-
sid protein, N, has been shown to cooperate with L protein in the cap
snatching process by binding to the 5’ caps of cellular transcripts and
rescuing them from degradation by the cellular decapping machinery in
P bodies [57]. These 5’ capped cellular transcripts, stored in P bodies by
N protein, are utilized by L protein for cap snatching and transcription
initiation [57]. In contrast to the examples describe above, the yeast
L-A double-stranded RNA virus from the family Totiviridae utilizes a
novel cap snatching mechanism through a decapping enzymatic
activity in the viral capsid protein Gag to generate capped viral tran-
scripts [50]. Interestingly, the viral capping reaction involves the trans-
fer of only the m’Gp moiety from the cellular mRNA to the
diphosphorylated 5’ end of the viral transcript and also requires
the viral polymerase actively engaged in transcription [50]. The
cooperation between the cap snatching and transcription reactions
could ensure the efficient production of capsid protein from the
newly synthesized viral RNA transcripts [58].

Some positive-strand RNA virus families like Picornaviridae,
Caliciviridae and Astroviridae protect the 5’-end of their RNAs with
a covalently attached viral genome-linked protein (VPg), which in
the case of caliciviruses also facilitates the translation of viral
mRNAs by directly interacting with the cap-binding protein elF4E
[59]. Picornaviruses and viruses belonging to the genera Hepacivirus
and Pestivirus in the family Flaviviridae carry a structured element
called the internal ribosome entry site (IRES) in the 5’ UTR that facil-
itates viral mRNA translation in a cap-independent manner and the
presence of this highly structured IRES at the 5’-end could pose a
barrier to the action of nucleases [59,60].

Many viruses protect the 3’-ends of their mRNAs by either carry-
ing a poly(A) tail to mimic the cellular mRNAs or a stable 3’ stem loop
structure, which stabilizes the transcript by inhibiting the action of
exosome-associated 3’-5’ exonucleases [61]. The genomes and viral
mRNAs of alphaviruses, picornaviruses and coronaviruses have a
poly(A) tail at the 3’-end whereas flaviviruses, arenaviruses and
bunyaviruses possess a stem loop structure in the 3’ UTR [62-64].

In addition to the cis-acting viral elements that counter the default
pathway of mRNA turnover and facilitate viral mRNA translation,
some viruses carry RNA elements that allow the viral mRNAs to es-
cape detection and destruction by the specialized endonuclease-
mediated decay pathways like NMD and RNase L. The substrates of
the NMD surveillance pathway include mRNAs bearing a PTC or a
long 3’ UTR between the termination codon and the poly(A) tail
[32,65]. The RNA helicase UPF1 has been shown to be a critical and
essential factor in sensing the 3’ UTR length on mRNAs by binding
to the eukaryotic release factors eRF1 and eRF3 at the terminating
ribosome followed by the phosphorylation of UPF1 by SMG-1 kinase
resulting in routing of the mRNA to the NMD pathway for degrada-
tion [66]. The multiple open reading frames and a long 3’ UTR in
retroviral mRNAs makes them a target of the NMD pathway and
several retroviruses have evolved mechanisms to avoid detection
and decay by this pathway. The RNA pseudoknot, downstream of
the Gag translation termination codon, in the unspliced mRNA of
Moloney murine leukemia virus (MMLV) promotes translational
readthrough of the stop codon that disrupts the association of UPF1
with the mRNA, thereby preventing mRNA recognition and decay
by the NMD pathway [66]. Rous sarcoma virus (RSV), another retro-
virus, carries a cis-acting RNA sequence, called the RNA stability ele-
ment (RSE), downstream of the gag termination codon, which allows
the unspliced viral mRNA with an abnormally long 3’ UTR to be immune
to degradation by the NMD pathway [67].

Viruses also carry elements in their mRNAs that facilitate their
escape from cleavage by RNase L. Poliovirus mRNA is resistant to
cleavage by RNase L due to the presence of an RNA structural element

in the 3CP™ open reading frame (ORF) that inhibits the endonuclease
domain of RNase L [68,69]. As RNase L cleaves RNAs predominantly
after single-stranded UA and UU dinucleotides, the variably reduced
frequencies of these dinucleotides within the ORFs of Hepatitis C
virus (HCV) RNAs could be a viral evasion mechanism that results in
reduced recognition and cleavage of viral mRNAs by RNase L [70].
An interesting observation is the presence of fewer UA and UU
dinucleotides in HCV mRNAs from the interferon-resistant HCV ge-
notypes, 1a and 1b, as compared to mRNAs from the interferon-
sensitive genotypes, 2a, 2b, 3a and 3b [71]. The correlation between
sensitivity to RNase L cleavage and interferon therapy in human
patients suggests the role of the selection pressure imposed by
the interferon-regulated RNase L pathway in HCV infection [70].

Some viruses utilize the cellular RNA stability factors to mask
the instability elements in their mRNAs and promote viral tran-
script stability. One of these cellular RNA stability factors, HuR
protein, binds to AU-rich and U-rich RNA instability elements on
both cellular and viral mRNAs to regulate transcript stability
[11,72-74]. HCV and alphaviruses, such as Sindbis virus, Semliki
forest virus, Venezuelan equine encephalitis virus and Western
equine encephalitis virus, have been shown to recruit HuR protein
to the 3’ UTR of their RNAs to stabilize their transcripts and also
activate translation [74-76]. In Sindbis virus, the binding of HuR
to the U-rich sequences in the 3’ UTR of its mRNAs prevents the
decay of viral RNAs by deadenylases and promotes a productive
infection in mammalian and mosquito cells [74,77]. PCBP2 is an-
other multifunctional cellular RNA-binding protein that plays an
important role in regulating mRNA stability and translation [78].
HCV and picornaviruses, such as poliovirus and coxsackievirus,
use the interaction of PCBP2 with the 5’ UTR of their RNAs to
promote RNA stability, translation and RNA replication [79-82].
PCBP2 also interacts selectively with the 3’ UTR of rabies virus
glycoprotein mRNA to promote its stability [83].

3.2. Interfering with cellular mRNA decay pathways

Besides ensuring the stability of their own transcripts through
the acquisition of RNA stability elements and factors, viruses have
also evolved mechanisms to disrupt or disarm the cellular decay
machinery by inactivating the enzymes and co-factors involved in
both the constitutive and virus-induced mRNA surveillance and
degradation pathways. The cellular factors involved in deadenylation,
decapping and 5-3' mRNA decay are either directly or indirectly
targeted by polioviruses for degradation. Poliovirus infection induces
the degradation of PAN3, a component of the deadenylase enzyme
complex, DCP1a, a major decapping co-factor that has been shown
to be a direct substrate of the poliovirus 3C proteinase as it contains
a putative 3C protease recognition site, and XRN1, the major cellular
5’-3’ exonuclease [84]. Furthermore, PABPC1 and G3BP, which are
components of SGs, are also cleaved by poliovirus 3C proteinase
[85,86]. Thus, polioviruses, in addition to inhibiting deadenylation,
also disrupt P bodies, possibly through the degradation of P-body
proteins, DCP1a and PAN3, and prevent the assembly of SGs through
the 3C-proteinase-mediated cleavage of G3BP. Flaviviruses, such as
West Nile virus (WNV) and Dengue virus, also inhibit SG formation
through the relocalization and interaction of the cellular SG compo-
nents, T cell intracellular antigen-1 (TIA-1) and TIA-1-related pro-
tein (TIAR), with the viral replication complexes that facilitates
flavivirus genomic RNA synthesis and also prevents the shutoff of
host translation [87]. Both TIA-1 and TIAR bind to the WNV minus-
strand 3’ terminal stem loop (SL) RNA and also colocalize with
WNV and Dengue virus NS3 protein and viral dsRNA in infected
mammalian cells [87]. Moreover, WNV infection also results in a re-
duction in the number of P bodies, although the mechanism of
interference with P body assembly is not yet known [87].
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Some viruses encode proteins that inhibit the NMD pathway in
infected cells. The global downregulation of the NMD pathway by
the virus-encoded Tax protein in human T-lymphotropic virus type
1 (HTLV-1)-infected cells is an example of such an interference
mechanism [88]. Tax protein interacts with both the core NMD effec-
tor protein UPF1 as well as INT6, also called EIF3E, a subunit of the
translation initiation factor elF3 shown to be important for efficient
degradation of mRNAs by NMD pathway [88]. This interaction
along with the accumulation of phosphorylated UPF1-Tax com-
plexes in P bodies, observed in HTLV-1-infected cells, disrupts the
UPF1-INT6 association and presumably prevents the recycling of
UPF1 leading to the inhibition of the NMD pathway [88]. Impor-
tantly, the consequence of the NMD inhibition in HTLV-1 infection
is the stabilization of the viral transcript, encoding HTLV-1 basic
leucine zipper factor (HBZ), and cellular mRNAs, encoding proteins
that are involved in transactivation of HTLV-1 long terminal repeat
(LTR) sequence-mediated gene expression [88].

Viruses have also evolved to counteract the interferon-induced
RNase L pathway that is triggered in response to dsRNAs produced
as replicative intermediates or annealed complementary viral RNAs
of opposite polarities in virus-infected cells [13]. The dsRNA stimu-
lates the 2/, 5’-oligoadenylate synthetase enzyme (OAS) that gener-
ates the RNase L activator, 2/, 5-oligoadenylate (2-5A) from ATP
and this activation results in the RNase L-mediated cleavage of
viral RNAs as well as cellular RNAs, including ribosomal RNAs
[13]. Several viruses overcome this obstacle by encoding proteins
that bind to viral dsRNAs and physically shield the dsRNAs from
recognition by OAS, which requires this ligand for activation [13].
Examples of viral dsSRNA-binding proteins that utilize this strategy
to inhibit the activation of OAS include vaccinia virus E3L, influenza
virus NS1, reovirus 03, human cytomegalovirus (HCMV) proteins
TRS1 and IRS1 and herpes simplex virus (HSV) type 1 Us11 protein
[13,89,90]. In the case of human immunodeficiency virus (HIV), the
transactivation responsive region (TAR) at the 5’ termini of HIV-1
mRNAs activates OAS and the HIV Tat protein prevents this activa-
tion by binding to TAR [91-93]. In mouse hepatitis virus (MHV), a
murine coronavirus, the 2, 5'-phosphodiesterase activity of the
viral accessory protein nonstructural protein 2 (ns2), expressed by
the hepatotropic and neurotropic MHV A59 strain, cleaves the
RNase L activator, 2-5A, to block the activation of the RNase L
pathway and this activity is essential for the development of virus-
induced hepatitis in mice [94,95].

4. Viral exploitation and subversion of cellular mRNA decay pathways

Viruses have also evolved the ability to exploit the cellular mRNA
decay machinery to their own advantage and promote mRNA turn-
over through virally-encoded factors and enzymes that serves to
modulate both viral and host gene expression in infected cells. The
following section will outline some of these subversion mechanisms
in viruses.

4.1. Virus-encoded mRNA decay-promoting factors and nucleases

Many viruses adopt a seemingly self-destructive strategy of pro-
moting accelerated mRNA turnover in infected cells by encoding nu-
cleases and mRNA decay factors that can also potentially target viral
mRNAs. Poxviruses, such as vaccinia virus, encode the Nudix hydro-
lase motif-containing mRNA decapping enzymes D9 and D10 that
mediate the increased turnover of host mRNAs resulting in the re-
moval of competing cellular mRNAs and shutdown of host protein
synthesis [96-98]. Interestingly, D10 seems to have a preference for
m’GpppGm-capped cellular and early-phase viral transcripts rather
than m’GpppAm-capped intermediate and late-phase viral tran-
scripts [96,98]. Thus, the differential decay of both cellular and early
stage viral mRNAs combined with the expression of D10 in the late

phase of infection suggests the role of D10 in the temporal regulation
of viral gene expression in vaccinia virus-infected cells [96,98]. Both
herpes simplex virus (HSV) and kaposi's sarcoma-associated herpes-
virus (KSHV), in the a- and y-herpesvirus subfamilies, respectively,
encode proteins that induce host shutoff by promoting the global
degradation of cellular mRNAs [99]. The virion host shutoff (vhs) pro-
tein of HSV possesses a potent mRNA-specific endonuclease activity
that triggers the accelerated decay of cellular mRNAs and also destabi-
lizes viral mRNAs [100-102]. Studies have reported that the nuclease
activity of vhs is stimulated by the eukaryotic translation initiation
factors elF4B and elF4H, a property that directs vhs to the translating
mRNAs [103]. Furthermore, vhs associates with elF4F cap-binding com-
plex, probably through its interaction with elF4AI and elF4All, which
allows it to endonucleolytically cleave substrate mRNAs at preferred
sites during translation initiation [104,105]. The ability of vhs to degrade
viral mRNAs could facilitate the stage-specific expression of viral genes
in HSV infection [99]. Similarly, the shutoff and exonuclease (SOX) pro-
tein of KSHV and the BGLF5 protein of the related Epstein-Barr virus
(EBV), in addition to possessing DNA alkaline exonuclease (DNase) activ-
ity, also induce the degradation of cellular mRNAs [106-108]. KSHV SOX
protein functions as a site-specific endonuclease that specifically de-
grades actively translating RNA polymerase Il-transcribed mRNAs
[109]. Although SOX protein co-sediments with the 40S ribosomal
subunit-containing translation initiation complex, the recruitment
of SOX to mRNAs does not require its association with the 40S ribo-
somal subunit and can occur in a ribosome-independent manner
[109,110]. The SOX-induced cellular mRNA turnover is facilitated
by the XRN1-mediated exonucleolytic decay of the SOX-generated
cleavage intermediate [109]. Moreover, the inhibitory effect of SOX-
induced depletion of cytoplasmic mRNAs on host gene expression is
further amplified by the relocalization of PABPC1 to the nucleus,
which results in hyperadenylation and the nuclear retention of
RNA transcripts due to a nuclear mRNA export block [111,112]. It
is unclear how the viral transcripts are able to overcome the effects
of SOX protein in KSHV infection.

The severe acute respiratory syndrome coronavirus (SARS-CoV)
nonstructural protein 1 (nsp1) uses a novel mechanism to induce
the accelerated degradation of cellular mRNAs in SARS-CoV-infected
cells [113,114]. Nsp1 inhibits the translation of host mRNAs at the ini-
tiation step and induces an endonucleolytic RNA cleavage in the 5’
UTR of capped host mRNAs [115-117]. These functions require the
binding of nsp1 to the 40S ribosomal subunit that allows nsp1 to in-
activate the translation function of the ribosome and also gain access
to actively translating host mRNAs [116,117]. Notably, viral mRNAs
are immune to nsp1-mediated RNA cleavage and the leader sequence,
which is present in the 5’-end of all SARS-CoV mRNAs, protected the
viral mRNAs from nsp1-induced endonucleolytic RNA cleavage [115].
Unlike the herpesvirus vhs and SOX proteins, SARS-CoV nsp1 does
not possess any intrinsic nuclease activity and possibly, recruits a
cellular endonuclease, the identity of which is still unknown. Further-
more, nsp1 does not target any specific sequence in the mRNA sub-
strate for cleavage [115]. Like KSHV SOX protein, the nsp1-induced
mRNA endonuclease activity liberates the cellular mRNAs from the
rate-limiting steps of the default deadenylation-dependent decay
pathway and the internally cleaved mRNA substrate is degraded by
XRN1-mediated exonucleolytic decay [110]. Importantly, the out-
come of the selective degradation of host mRNAs induced by
SARS-CoV nspl along with the escape of viral mRNAs from
nsp1-induced endonucleolytic RNA cleavage is the inhibition of cellu-
lar protein synthesis, including antiviral proteins, and the efficient ac-
cumulation of viral proteins in SARS-CoV-infected cells [114]. The
nucleoprotein (NP) of Lassa fever virus (LASV), in the family
Arenaviridae, possesses a 3/-5’ exoribonuclease activity with specific-
ity for dsRNA substrates [118,119]. The exonuclease activity in LASV
NP has been mapped to the C-terminal half of the protein, which
also contains residues that are critical for its suppressive effect on
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the innate IFN response [118,119]. In line with the overlap of these
functional domains in NP, studies have demonstrated that the exonu-
clease activity of LASV NP is essential for its ability to suppress the in-
nate immune system [118,119].

In addition to the direct action of the virally-encoded nucleases
on cellular mRNAs, the cap-snatching mechanism in Bunyaviruses,
Orthomyxoviruses and Arenaviruses could also indirectly destabi-
lize cellular mRNAs by generating substrates for XRN1-mediated
exonucleolytic decay. Similarly, in yeast L-A virus, the cap snatching
activity of Gag protein also facilitates the expression of viral mRNAs,
probably through an indirect mechanism by generating decapped cellu-
lar mRNA substrates as decoys for yeast XRN1-mediated decay that
deflects the attention away from viral RNAs [51,120].

Besides eluding and attacking the cellular mRNA decay machin-
ery, viruses have also evolved ways to adeptly exploit the cellular
mRNA decay factors and pathways for their replication and gene
expression. Several viruses, such as brome mosaic virus (BMV), HCV
and vaccinia virus, have been shown to use the cellular decapping acti-
vator Lsm1-7 complex to promote viral RNA replication, translation and
mRNA stability [121-125]. Studies of BMV replication in yeast have
shown that Lsm1-7 complex directly binds to an internal A-rich region
and the tRNA-like structure at the 3’ UTR of BMV genome and along
with the yeast decapping activators, Pat1p and Dhh1p, is required for
viral RNA translation and efficient recruitment of BMV RNA to the rep-
lication complex [122-124]. In poxviruses, such as vaccinia virus and
cowpox virus, some early phase and a majority of immediate and late
phase viral mRNAs have an unusual 5’ poly(A) leader of variable length
located upstream of the translation initiation codon [126,127]. Surpris-
ingly, recombinant Lsm 1-7 complex specifically binds to these 5’
poly(A) tracts and stabilizes the mRNAs by inhibiting 3’-5" exonucle-
ases as well as decapping [121]. It has been proposed that the Lsm1-7
complex could mediate the stabilization of immediate and late phase
mRNAs of vaccinia virus by binding to these 5’ poly(A) tracts and
inhibiting both decapping and 3’-5’ decay [121]. Perhaps, this could
also be the escape mechanism of vaccinia virus late phase mRNAs
from the decapping activity of the virus-encoded decapping enzyme
D10. Similarly, recombinant Lsm1-7 complex specifically interacted
with the UTRs of HCV RNA and siRNA-mediated downregulation of
Lsm1, Rck/p54 and PatL1 inhibited HCV RNA translation and replica-
tion suggesting the positive role of these proteins in regulating HCV
RNA replication and gene expression [125,128]. HCV also utilizes an
unconventional strategy to stabilize its RNA by recruiting a RISC-like
complex of Ago2 protein and the liver-specific miRNA, miR-122, to
the 5’ UTR that protects the viral genome from 5’ exonucleases like
XRN1 [129,130]. A somewhat similar counterintuitive finding is the
induction of SGs by HCV through the phosphorylation of dsRNA-
activated protein kinase R (PKR) to downregulate the translation of
antiviral proteins [131]. Interestingly, HCV also exploits the SG ma-
chinery directly for its own purpose by usurping the SG proteins
TIA-1, TIAR and G3BP to promote RNA replication as well as the pro-
duction of infectious particles [131]. The cellular 3’-5’ exonuclease
XRNT1 is utilized by many arthropod-borne flaviviruses, including
WNV, Dengue virus, Kunjin virus, Japanese encephalitis virus and
yellow fever virus, to produce a short noncoding RNA (sfRNA) during
infection [132]. The sfRNA, derived from the 3’ UTR of the viral
genome is generated by the stalling of XRN1 on the viral genome
due to the presence of RNA pseudoknot structures resulting in the
incomplete degradation of viral genomic RNA [133]. A secondary
effect of the stalled XRN1 is the inhibition of its activity in flavivirus-
infected cells that could profoundly alter the regulation of cellular
mRNA decay pathways and the profile of cellular proteins, including
those involved in antiviral immune response [134]. In fact, a WNV
mutant, deficient in sfRNA production, replicates poorly in wild-type
mice and its replication and virulence is rescued in type I IFN receptor
knockout mice [135]. This observation underscores the functional role
of sfRNA in the evasion of type I IFN response by WNV and also suggests

the importance of sfRNA in flavivirus pathogenesis, although the
mechanism of sSfRNA-mediated evasion is still unclear [135]. Finally,
the yeast P-body-associated proteins DCP1, DCP2, XRN1, Dhhlp,
Patlp and Lsm1 are used by the retrovirus-like retrotransposons
Ty1 and Ty3 to promote efficient retrotransposition and packaging
of RNA into virus-like particles (VLPs) [136,137].

5. Concluding remarks

A broader view of the cellular mRNA decay machinery, as not just
an obstacle that viruses overcome but also as the host machinery that
viruses harness for their own benefit, has now emerged from the
knowledge gained through numerous studies exploring the different
adaptation strategies of viruses. Viruses have played a vital role in
the discovery of cellular mRNA stability and decay components, like
the mRNA cap structure and the SKI proteins, which highlights the
importance of viruses as valuable tools for understanding the regula-
tion of fundamental cellular processes [138-142]. The large repertoire
of viral strategies that facilitate a successful and productive interac-
tion with the cellular mRNA decay apparatus has also revealed some
potential viral targets that can be exploited for the development of
novel therapeutic antiviral drugs. The RNA capping machinery of vi-
ruses represents one such attractive target and designing specific
inhibitors of viral methyltransferases (MTases), especially the 2’-O
methyltransferase (2’-O MTAse) activity that promotes the escape
of viruses from the host innate immune response, and cap-snatching
endonucleases can be a promising antiviral strategy. Several studies
have described the inhibitors of these enzymes, including the broad-
spectrum antiviral Ribavirin, which, in addition to its other pleiotropic
effects on viral replication, has also been shown to inhibit the dengue
virus 2’-O MTase activity [143].

There are still gaps in our knowledge of the role of mRNA turn-
over pathways in viral infections and several fundamental and im-
portant questions remain to be answered. How do cytoplasmic RNA
viruses with genomes carrying multiple open reading frames and
long 3’ UTRs avoid detection by the alternative surveillance pathway
of NMD that senses the 3’ UTR length? Is it simply due to the
cytoplasmically-generated viral mRNPs lacking the nucleus-derived
mRNA quality control proteins that mediate recognition or are there
unidentified viral mechanisms that shield the viral mRNAs from the
cellular surveillance machinery? Does SARS-CoV nsp1 recruit a novel
eukaryotic endoribonuclease that targets translating mRNAs at the
initiation stage as all the known eukaryotic endoribonucleases that
cleave mRNAs in association with ribosomes act during the elonga-
tion stage of translation [115,116]? How do viral mRNAs carrying
the stability determinants of cellular mRNAs escape degradation in
the case of viruses that encode or induce cellular mRNA decay
enzymes? Future investigations exploring the intricate dynamics of
the interaction between viruses and host mRNA decay pathways
could provide important insights into viral adaptation strategies
and also lead to the discovery of previously unknown mRNA sur-
veillance pathways and regulatory mechanisms.
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