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Abstract: Nonsense-mediated mRNA decay (NMD), a cellular RNA turnover pathway targeting
RNAs with features resulting in aberrant translation termination, has recently been found to restrict
the replication of positive-stranded RNA ((+)RNA) viruses. As for every other antiviral immune
system, there is also evidence of viruses interfering with and modulating NMD to their own
advantage. This review will discuss our current understanding of why and how NMD targets
viral RNAs, and elaborate counter-defense strategies viruses utilize to escape NMD.
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1. Introduction

Virus Infections and Cellular mRNA Quality Controls

For their efficient replication, viruses rely on the host cell’s replicative machinery and must avoid
being recognized by cellular antiviral responses. Having co-evolved with their hosts for millions
of years, viruses have developed means to modulate cellular functions and redirect the metabolic
resources of the infected cell to their advantage. Antiviral defense mechanisms, on the other hand, have
arisen to counteract pathogen infections. Recent evidence indicates that cellular RNA quality control
systems, such as the nonsense-mediated mRNA decay (NMD) pathway, can restrict viral infections by
different mechanisms [1,2], suggesting that the cellular RNA decay machinery could act as an ancestral
form of intrinsic antiviral immunity [3]. Supporting this hypothesis, there is increasing evidence that
viruses have evolved mechanisms to interfere with or modulate NMD at different post-entry stages of
their replication cycle. In this review, we will analyze current evidence that supports a role of NMD
in counteracting virus infections. To set the stage, we first describe the known features that make a
cellular mRNA a substrate for NMD. Next, we apply this knowledge on viral RNAs and discuss how
viral mRNAs could be recognized and attacked by the NMD surveillance machinery. Additionally, we
will discuss which counter-defense strategies viruses utilize to ensure stability of their transcripts.

2. The Nonsense-Mediated mRNA Decay (NMD) Pathway

Eukaryotic cells possess numerous RNA quality control systems that degrade faulty mRNAs and
so prevent the production of aberrant proteins. These mechanisms, including the NMD, the non-stop
mRNA decay (NSD), and the no-go decay (NGD) pathways, are important for dynamically shaping
the transcriptome and the proteome of eukaryotic cells to variable physiological conditions [1].

Viruses 2017, 9, 24; d0i:10.3390/v9010024 www.mdpi.com/journal/viruses


http://www.mdpi.com/journal/viruses
http://www.mdpi.com
http://www.mdpi.com/journal/viruses

Viruses 2017, 9, 24 2of 14

Of these mechanisms, NMD is arguably the best characterized [2]. NMD modulates the RNA levels of
about 10% of all genes in diverse eukaryotes [3,4].

NMD was originally identified as an mRNA degradation pathway targeting transcripts that
harbor a premature termination codon (PTC) [5-7]. However, in the last decade, it has become clear
that NMD targets include a much broader number of substrates with different features. Transcripts
targeted by NMD include those with PTCs in an internal exon or sometimes also in the terminal exon,
as well as transcripts with long 3’-untranslated regions (UTRs), introns downstream a termination
codon (TC) or upstream open reading frames (uORFs; Figure 1) [8-11]. The molecular details of how
NMD is regulated and how NMD factors are recruited to target transcripts are not yet fully understood.
It is clear that translation is a prerequisite for NMD and converging evidence suggests that a failure to
terminate translation correctly triggers NMD [2]. This implies that any RNA molecule that engages
with ribosomes to undergo translation is a potential target for NMD, including viral RNAs.
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Figure 1. Different types of cellular mRNAs that can be substrates for nonsense-mediated mRNA decay
(NMD). (A) An mRNA with a normal termination codon (TC) positioned in a context that does not
trigger NMD: the termination codon is at the end of the last exon followed by a short 3’-untranslated
region (3’-UTR). (B-F) NMD targets comprise mRNAs with a truncated ORF due to a premature
termination codon (PTC) in an internal (B) or terminal (C) exon. The presence of protein complexes
known as exon junction complexes (EJCs) downstream the TC increases, but it is not necessary for,
NMD (see Section 3). Upstream ORF (uORF), (D), the presence of EJC-associated introns in the 3’-UTR
(E), and long 3’-UTR (F), all act as RNA destabilizing factors and trigger NMD. White boxes denote
translated ORFs; gray boxes denote the fraction of the ORF that is not translated due to the presence of

a PTC. Ribosomes are indicated in black, EJC in purple.



Viruses 2017, 9, 24 3of 14

3. NMD Factors

As detailed in several recent reviews, the activation of NMD requires a set of evolutionarily
conserved core regulatory factors called up-frameshift (UPF) 1 to 3 and additional factors in
metazoans [2,11-13].

UPF1 is a monomeric superfamily 1 (SF1) helicase that is essential for substrate recognition and
NMD execution. The helicase domain consists of two RecA domains that bind single-stranded RNA
(ssRNA) and DNA (ssDNA). It is flanked by an N-terminal cysteine and histidine rich (CH) domain
that binds UPF2 [14], the ribosomal protein RPS26 [15] and the decapping enzyme subunit DCP2 [16],
and by an unstructured C-terminal domain enriched in serine-glutamine (5Q) dipeptides.

UPE2, the second conserved NMD factor, functions as a scaffold linking UPF1 and UPF3. Human
UPF2 has three tandem MIF4G domains and a C-terminal UPF1 binding region. MIF4G-3 interacts
with UPF3 while the specific functions of MIFAG-1 and MIF4G-2 are unknown [17]. Besides bridging
UPF1 with UPF3, UPF2 functions as an activator of UPF1 by promoting its helicase activity, thereby
switching UPF1 from the RNA clamping to the RNA unwinding mode [18].

Of the three UPF proteins, UPF3 is the least conserved one [7]. Two UPEF3 versions encoded by
two different genes exist in mammals, UPF3A and UPE3B. Both are predominantly nuclear and shuttle
between the nucleus and the cytoplasm. They are associated with spliced mRNA and bind UPF2
and the exon junction complex (EJC) [19], a multi protein complex comprising four core components
(eIF4A1, MAGOH, Y14 and MLN51) and more than a dozen other factors [20], which upon splicing
assembles 24 nucleotides upstream of the spliced junction and remains associated with the mRNA
until translation, thereby “marking” the exon-exon junction.

Tethering experiments showed that UPF3A is less active than UPF3B in promoting NMD [21].
In human cells, UPF3B is the predominantly expressed protein and UPF3A becomes specifically
upregulated if UPF3B levels are experimentally decreased or low because of a mutation [22].
Interestingly, a recent study shows that UPF3A is critical for spermatogenesis and provides evidence
that it can antagonize NMD by sequestering UPF2, while its paralog, UPF3B activates NMD [23].

In addition to the three UPF factors, activation of NMD in metazoans requires the function of
several additional proteins, among them a set of proteins originally identified in Caenorhabditis elegans
known as the “suppressor with morphogenetic defects in genitalia” (SMG), SMG1 and SMG 5-9. These
proteins control the phosphorylation and de-phosphorylation of UPF1 and trigger mRNA degradation
by recruiting specific nRNA decay activities.

SMGI1 belongs to the phosphatidylinositol 3 kinase-related protein kinase (PIKK) super family
and it is responsible for phosphorylation of UPF1 at multiple S/TQ motifs [24]. SMG1, SMGS8 and
SMG9 form together with hypophosphorylated UPF1 and the eukaryotic release factors (eRF) 1 and 3 a
complex called SURF [25,26], in which SMG8 and SMG9 repress the kinase activity of SMG1 [27]. Upon
dissociation of SMG8 and SMG9 from SMG1, UPF2 mediates a structural rearrangement between
SMG1 and UPF1 that activates the kinase, leading to UPF1 phosphorylation [28].

SMG5, SMG6 and SMG? interact preferentially with hyperphosphorylated UPF1 and hence
function further downstream in the NMD pathway. SMG5 and SMG7 form a heterodimer which
interacts with phosphorylated SQ motifs in the C-terminal part of UPF1 and which recruits the
CCR4-NOT deadenylase complex onto the mRNA [29,30]. SMG6 by contrast appears to function
as a monomer [31]. Its C-terminal PIN domain has endonuclease activity [32] and it interacts
with UPF1 through phosphorylated T28 as well as phosphorylation-independent contacts in the
helicase domain [33,34]. In addition to the abovementioned NMD factors, additional proteins have
more recently been shown to be involved in NMD and their molecular function is currently being
investigated [25,35-37].
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4. Current NMD Model

Aberrant Translation Termination Activates NMD

During normal translation termination, the ribosome when arriving at a termination codon (TC)
binds eRF1 and eRF3. eRF1 recognizes the TC in the A-site of the stalling ribosome and forms a
complex with the GTPase eRF3 to catalyze peptide release [38]. After eRF3-mediated GTP hydrolysis,
eRF1 interacts with the ATP-binding cassette subunit family E member 1 (ABCEL1). This interaction
induces a structural change that stimulates ATP hydrolysis and leads to the separation of the two
ribosomal subunits and the mRNA [39,40]. Importantly, in the context of NMD, the cytoplasmic
polyA binding protein 1 (PABPC1) has recently been shown to enhance the recruitment of the eRFs,
thereby stimulating correct and efficient translation termination [41]. Most likely due to this translation
termination promoting activity, PABPC1 can potently antagonize NMD [42,43]. Based on these
observations, it was postulated that whether an mRNA is subjected to NMD mainly depends on a
competition between UPF1 and PABPC1 for binding to eRF3 [44]. The outcome of this competition is
predicted to depend on the location of UPF1 and PABPC1 binding sites relative to the TC. Consistent
with this model, TCs located in an mRNA towards the 3’ end in the vicinity of the polyA tail (i.e.,
PABPC1 binding sites) will usually not elicit NMD. In contrast, PTCs, which can occur anywhere in
the mRNA, as well as long 3" UTRs may allow UPF1 rather than PABPC1 to interact with eRF3 at
the terminating ribosome and as a consequence activate NMD by formation of the SURF complex
and subsequent UPF1 phosphorylation. Alternatively, if a TC is located more than 50 nucleotides
upstream of the final exon—exon junction on the mRNA, an EJC most likely remains bound at this
exon-exon junction, a constellation that is well known to activate NMD [45]. It is thought that in this
situation the EJC-bound UPE3B, via UPF2, recruits UPF1 and promotes SURF complex formation and
NMD activation.

The observation that ribosomes reside longer at TCs on transcripts subject to NMD [46,47]
indicates that NMD-triggering translation termination is mechanistically distinct from proper
termination. However, the mechanistic differences between proper and NMD-triggering termination
have remained elusive so far.

After formation of the SURF complex on an NMD targeted mRNA and subsequent
SMG1-mediated phosphorylation of UPF1, RNA degradation can be induced in several different ways
in mammals by the recruitment of the endonuclease SMG6, the SMG5-SMG?7 heterodimer, and/or the
decapping enhancer proline-rich nuclear receptor co-activator 2 (PNRC2) to phosphorylated UPF1.
SMG6 cleaves the mRNA endonucleolytically near the terminating ribosome [32,48,49], while the
SMG5/SMG?7 heterodimer recruits the CCR4-NOT deadenylase complex, which catalyzes polyA tail
shortening and eventually stimulates decapping of the RNA by the decapping complex [30]. A third
possibility to induce RNA decay consists in the direct recruitment of the decapping complex by UPF1,
either directly or indirectly in a PNRC2-dependent manner [50-53].

Finally, hydrolysis of the UPF1-bound ATP promotes the release of the NMD factors from the
degrading mRNA [54], and concomitantly UPF1 is dephosphorylated by protein phosphatase 2A
(PP2A) in a process that seems to require SMG5, SMG6 and SMG7 [55,56].

Thus, in a nutshell, this model proposes that correct translation termination requires the TC to
be positioned in the messenger ribonucleoprotein (mRNP) spatially close to termination stimulating
factors, such as for example PABPC1, whereas aberrant translation termination would be characterized
by the absence of these factors and/or the presence of decay stimulating factors, such as for example
UPF1 [2]. From the virus perspective, this general rule can be exploited. As discussed below, viruses
have evolved a plethora of strategies to interfere with or utilize NMD to their advantage.

5. Viral mRNAs as Substrates for NMD

During evolution, the replication strategy as well as the selective pressure to maximize the coding
capacity of a viral RNA (vRNA) without increasing its genome size has introduced features in vVRNAs
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that could make it a substrate for NMD. In particular, the presence of multiple ORFs on the same RNA
makes many of the TCs in vRNAs appear in positions where one would expect them to elicit NMD.
Some of the viral ORFs resemble uORFs and many TCs occur in the middle of the transcript far away
from a polyA tail. Figure 2 depicts a series of viral mRNAs that contain bona fide signatures of NMD
recognition (compare Figure 2 with Figure 1). However, vVRNAs flourish in the nucleus and cytoplasm
of infected cells, suggesting that viruses employ mechanisms that protect their transcripts from the
host cell’s degradation pathways.
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Figure 2. Different types of viral mRNAs that can be substrates for NMD. Similar to aberrant or
unconventional cellular mRNA, viral transcripts contain features that make them susceptible to NMD,
including the presence of PTC and long 3’-UTRs (A); the absence of cap-structure and polyA (B); uORFs
(C); and a combination of all such as in the case of retroviruses RNAs, the translation of which also
includes ribosomal frameshifts (D). In the case of Rous sarcoma virus (RSV), RNA secondary structures
immediately downstream of the TC can act as RNA Stability Elements (RSE; D).

6. Documented Role of NMD and NMD Factors in Virus Infection

To date, a role for NMD or NMD factors in virus infection has been demonstrated for
positive-stranded RNA ((+)RNA) viruses of animals (alphaviruses and hepatitis C virus) and
plants (Alphaflexiviridae and Tombusviridae) [57,58], and for retroviruses (Rous Sarcoma virus, human
T-lymphotropic virus type 1, and human immunodeficiency virus (HIV)) [59,60]. As illustrated in
Figure 2 and discussed below, the mRNAs produced by each of these viruses contain features known
to trigger NMD. In few cases, a viral counter-defense mechanism has been identified that protects the
viral mRNA from NMD.

6.1. Positive-Stranded RNA ((+)RNA) Viruses

6.1.1. Alphaviruses and Plant (+)RNA Viruses

Recent studies have shown that NMD might constitute a conserved arm of the intrinsic innate
immunity that is able to recognize and degrade vRNAs in extant eukaryotes, including mammalian
cells, insects and plants [57,58,61]. Genome-wide small interfering RNA (siRNNA) screens carried out
in mammalian cells identified UPF1, SMG5 and SMG7 as host factors that restrict the replication of
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Semliki Forest virus (SFV) and Sindbis virus (SINV), two alphaviruses of the Togaviridae family [57].
Follow-up studies in cells infected with replication-incompetent viruses showed that depletion of
UPF1 increased the half-life of the SFV genomic RNA (gRNA), indicating that this RNA is a substrate
for NMD [57,62].

As for all (+)RNA viruses, the genome of alphaviruses is an mRNA-like molecule that once
released into the cytoplasm of infected cells is immediately translated (Figure 3). The alphavirus
genome contains two ORFs. The upstream ORF encodes the nonstructural proteins responsible for
genome RNA replication and transcription. The second ORF encodes the structural proteins, capsid
and envelope, that are required for the assembly of new virions (Figure 3A). Translation of the second
OREF requires the synthesis of a sub-genomic mRNA encoded in the 3’ third of the genome. This
configuration creates a very long 3’ UTR (about 4000 nucleotides) during the translation of the first
OREF from the full-length gRNA (Figure 3B), which could increase susceptibility to NMD. Surprisingly
however, substantial shortening of the 3' UTR failed to relieve the gRNA from the repressive effect of
UPF1. Thus, it is currently not known what renders the genome of alphaviruses susceptible to NMD.
In addition to the length of the 3’ UTR, other factors could render the viral mRNA genome a target
of NMD. Translation termination is a crucial moment for NMD activation (see Section 4). As for all
other (+)RNA viruses, the replication of Alphavirus genomes requires the synthesis of a full-length
complementary RNA strand (referred to as the negative-sense RNA ((-)RNA)). The viral replication
complexes, encoded by the first ORF, synthesize (-)RNA in 3'-to-5’ direction of the gRNA (Figure 3C).
Translating ribosomes, however, move along the same RNA molecule in 5’-to-3" direction, opposite to
the viral polymerase complex. This begs the question how the viral polymerase can copy the RNA
genome, if the same molecule is used by ribosomes that move in opposite direction? A mechanism
must exist to clear translating ribosomes from the vRNA template. The molecular details of this process
are not clear. According to current models, the newly synthesized viral replicase proteins could bind
to both vRNA and components of the translation machinery to trigger translation termination (or
block translation re-initiation). This could create a RNP environment that triggers NMD activation.
Consistent with this model, Balistreri et al. showed that impairing the helicase activity of the viral
replicase complex rendered SFV hypersensitive to UPF1 depletion, which increased virus replication
in primary human cells up to 20-fold [57,63]. More studies are required to shed light on this important
aspect of virus replication.

In an independent study, the role of UPF1 as a restriction factor for SINV was confirmed in vivo
in insects, using Drosophila as a model system [61]. In this study, the two ORFs of SINV were separately
inserted into the cellular genome of the insect cells and the transcription of the viral RNAs was
launched by an inducible promoter. In this system, inhibition of the RNA interference (RNAi) pathway
provided a first means to increase virus production. In addition, expression of a dominant negative
form of UPF1 increased the yields of released viruses by more than three-fold. These results are in
agreement with those obtained in mammalian cells and collectively indicate that something in the
genome of alphaviruses, or in the mode of translation termination, renders these RNA molecules
susceptible to UPF1-mediated restriction.

In addition to alphaviruses, antiviral effects of NMD have also been shown for (+)RNA viruses of
plants [58]. Starting from a genetic screen in Arabidopsis, this study identified UPF1, UPF3 and SMG7 as
restriction factors for (+)RNA viruses of the Alphaflexiviridae and Tombusviridae. Similar to alphaviruses,
these viruses also have mRNA genomes with long 3’ UTRs due to the presence of multiple ORFs
encoded by subgenomic RNAs. Unlike the results obtained for SFV in animal cells, however, Garcia
and colleagues showed that shortening the 3’ UTR of the corresponding viral transcript did increase
vRNA accumulation in infected cells and resulted in more efficient virus spread. Thus, for these
particular viruses, the length of the gRNA 3’ UTR is an important determinant for their susceptibility
to NMD. Supporting this notion, the authors showed that a (+)RNA virus of the Potiviridae family with
a single ORF and a short 3 UTR was not restricted by the NMD.
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Figure 3. The replication cycle of a positive-stranded RNA ((+)RNA virus). (A) The bi-cystronic mRNA
genome of Alphaviruses is capped a poly-adenylated. The first ORF encodes the replicase proteins;
the second ORF encodes the structural genes (capsid and envelope proteins). (B) After virus entry, the
genome is delivered into the cytoplasm where the first ORF is translated, leaving a ~4000 nucleotides
long 3’-UTR. (C) Newly synthesized viral replicase polyproteins assemble at the 3’-end of the genome
and produce a complementary “minus” sense copy. Translation of the viral genome must be shut down.
(D) After auto-proteolytic cleavage, the replicase complex switches the template and uses the “minus”
strand to synthetize new copies of full-length genome and a shorter sub-genomic mRNA that encodes
the structural proteins (the second ORF).

6.1.2. Hepatitis C Virus (HCV)

Recent studies have shown that approximately 3%-10% of the transcriptome is affected by NMD
directly or indirectly in diverse eukaryotes [10]. Thus, virus induced global inhibition of the NMD
pathway could lead to major rewiring of the cell, a strategy that viruses could use to create an
environment favorable for virus infection. Recent evidence suggests that this could be the case for
hepatitis C virus (HCV), a leading cause of liver disease. Using hepatoma cell lines, Ramage and
co-authors showed that HCV infection causes a progressive inhibition of NMD activity as measured by
the accumulation of three cellular RNAs known to be NMD substrates (SC35, ASNS and CARS) [64].
A combination of proteomics and RNAi-screening approaches revealed that the viral protein “core”
binds to the EJC recycling factor WIBG/PYM and prevents its interaction with other components of
the EJC (Y14 and Magoh). Depletions of WIBG/PYM decreased HCV replication and concomitantly
suppressed the accumulation of NMD substrates. The mechanisms by which EJC components and
NMD inhibition influence HCV replication remains unclear. Like other (+)RNA viruses that infect
mammals, HCV is a cytoplasmic virus. Viral RNAs never reach the nucleus and do not contain introns.
The inhibition of NMD observed upon HCV infection could result in the stabilization of multiple
cellular mRNAs. This could contribute to creating an environment favorable to virus replication and
could contribute to pathological effects associated with HCV infection [64]. Future studies are needed
to shed more light into this process.
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6.2. Retroviruses

6.2.1. Rous Sarcoma Virus (RSV)

Once transcribed from its integrated DNA, the full length unspliced transcript of Rous sarcoma
virus (RSV) consists of a single mRNA molecule that contains several ORFs (Figure 2D). Although
ribosomes translating the first ORF, gag, terminate about 7000 nucleotides upstream of the polyA tail
and could therefore be expected to activate NMD, the unspliced full length viral RNA is surprisingly
resistant to NMD [65]. However, PTCs experimentally introduced into different places of the gag
ORF were shown to trigger NMD in chicken cells, suggesting that the natural TC of the gag ORF may
be protected from activating NMD by specific cis-acting signals [65,66]. Indeed, it was found that
this NMD resistance is conferred by a 400 nucleotides long sequence element located immediately
downstream of gag TC that was termed the RNA stability element (RSE, Figure 2D) [67,68]. The RSE
forms a complex RNA secondary structure [69] and includes several pyrimidine-rich stretches that
were recently shown to serve as the binding platform for the polypyrimidine tract binding protein 1
(PTBP1). Recruitment of PTBP1 to the proximity of a termination codon prevents the recruitment of
UPF1 and thereby antagonizes NMD, leading to the stabilization of RSV full length RNA and reporter
transcripts [70]. The pyrimidine-rich sites are essential for RNA stabilization as mutations at these
sites abolished protections of both viral and reporter mRNAs [70]. The authors of this study further
showed that the role of PTBP1 as an NMD antagonizing factor is not limited to viral RNAs but that it
can also efficiently protect cellular mRNAs from NMD when recruited downstream of an otherwise
NMD-triggering TC.

6.2.2. Human T-lymphotropic Virus Type 1 (HTLV-1)

Stabilization elements such as the RSE of RSV act in cis to protect the mRNA molecule that harbors
them. As an alternative strategy, two proteins from another retrovirus, human T-lymphotropic virus
type 1 (HTLV-1), have been shown to bind to core components of the NMD machinery, causing a
global inhibition of the NMD pathway. In one study, the protein TAX was shown to bind UPF1 and the
translation initiation complex component INT6/elF3E, which resulted in partial inhibition of NMD
and the stabilization of viral transcripts [71]. A second study reported that the viral protein REX had
similar function and was even more efficient than TAX in inhibiting NMD [72]. In this scenario, the
viral proteins act in trans to inhibit NMD and in turn increase the half-life of viral mRNAs.

6.2.3. Human Immunodeficiency Virus Type 1 (HIV-1)

In the tug-of-war between pathogens and their host defense mechanisms, viruses often evolve
means to subvert the function of cellular factors to their advantage. In the case of human
immunodeficiency virus type 1 (HIV-1) for instance, two groups have shown that rather than restricting
infection, UPF1 is a positive regulator of virus gene translation, vVRNA nuclear export, and specific
infectivity of released virions [73-75]. One of the groups reported an association and co-localization of
UPF1 with the viral structural protein Gag during virus replication [73]. Depletion of UPF1 caused a
reduction of the HIV-1 RNA and protein pr55Gag and UPF1 overexpression led to an up-regulation of
HIV-1 expression. These UPF1-mediated effects required ongoing translation and the ATPase activity
of UPF1 but not the interaction with UPF2 [73]. Interestingly, overexpression of UPF1 mutants that
are inactive in NMD were still found to increase HIV-1 gene expression, suggesting a mechanism
that requires the ATPase activity of the cellular enzyme but that is different from the canonical role
of UPF1 in NMD. A follow-up study documented the presence of UPF1 in two distinct viral RNPs
during the late replication phase [74]. One of them was detected in the cytoplasm and contained UPF1
and the viral protein Gag. The second RNP, containing UPF1, Rev, CRM+, DDX3, the nucleoporin p62,
and the short isoform of UPF3a (UPF3aS), was shown to promote nucleo-cytoplasmic export of the
vRNA. Interestingly, while the interaction between these RNP components and UPF1 was necessary
for nuclear export of the viral genome, UPF2 and the long isoform of UPF3a (UPF3aL) were excluded
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from this complex. UPF2 was a negative regulator of HIV-1 RNA nuclear export. Unlike UPF3aS,
UPF3L binds UPF2 and overexpression of UPF3aL also repressed the nucleus-cytoplasmic transport of
the unspliced VRNA [74]. In this elegant work, the authors propose a model in which the viral protein
Rev might bind UPF1 and compete for the binding of UPF2, thereby excluding this negative regulator
(and its partner UPF3aL) from the viral RNP in the nucleus and promoting nuclear export of the HIV-1
RNA genome. This model implies that the overexpression of UPF2 and similar negative regulators of
vRNA nuclear export could be used in conjunction with other approaches as a therapeutic strategy to
interfere with HIV-1 replication [74].

Along the same lines, Serquina and colleagues confirmed that UPF1 is a positive regulator of HIV-1
infection, while the NMD-cofactor UPF2 had no role [75]. Following proteomic studies, the authors
found that HIV-1 virions contain UPF1 and that viruses produced from UPF1-depleted cells are much
less infectious. The loss of infectivity was not due to differences in the structure of released viruses,
which contained normal ratios of genomic RNAs and correctly processed structural components.
Instead, the authors found that the lack of UPF1 from virus-producing cells resulted in released virions
that had impaired reverse-transcription during the following round of infection. Interestingly, the
ATPase activity of UPF1 was not necessary for this step. Thus, the positive role of UPF1 on HIV-1
RNA nuclear export and translation is ATPase dependent [74], whereas the UPF1-induced increased
efficiency of reverse-transcription in newly infected cells is ATPase independent [75].

In cells lacking UPF1 or expressing ATPase-defective UPF1 mutants, the infectivity of HIV-1
virions was impaired [75]. These results indicate a role of UPF1’s helicase activity during virion
assembly and release. The results of the two groups differ in that Serquina and colleagues did not
detect an increased HIV-1 expression upon exogenous UPF1 overexpression. A possible explanation
for the discrepancy between the results is that the two groups monitored different readouts and that
the experiments were performed in different cells, which are known to have difference susceptibility
to UPF1 depletion.

7. Conclusions and Outlook

Thus far, NMD has been viewed as a cellular process that regulates stability of certain types of
aberrant mRNAs. Given the recent findings indicating an antiviral role of NMD, it has been speculated
that the detection of pathogenic RNAs might have been the selective advantage driving the evolution
of NMD rather than quality control of cellular mRNAs [76].

Regardless of its origin, the fact that viral genomes can be detected by NMD and that viral
proteins have evolved to counteract/exploit NMD suggest that this pathway plays an important role
during virus infection. Viruses will therefore become valuable tools for dissecting how NMD factors
interact with and are activated by RNA substrates. Conventional tools, such as plasmid-based reporter
constructs and inducible systems, provide RNA molecules that are produced in the nucleus and are
therefore influenced by nuclear RNA processing and quality control mechanisms. One of the great
advantages of using viruses as a tool to investigate NMD is that for many of them (e.g., (+)RNA
viruses), the genome is delivered directly into the cytoplasm of the infected cells without undergoing
nuclear quality control. This provides the unique opportunity to study specifically the cytoplasmic
events of NMD without separated from any effects on RNA stability originating from splicing, nuclear
export and RNA editing. Moreover, identification of viral factors that interfere with NMD and the
characterization of the molecular mechanisms of this processes will shed new light onto different steps
of the NMD mechanism, such as substrate recognition, UPF1 activation and mRNA degradation.

An important question to be addressed in the future is what triggers NMD in viral RNAs.
Although many viral transcripts contain signatures known to activate NMD, a prediction cannot
always be made based on the knowledge of known cellular NMD targets. In the case of alphaviruses
for instance, the truncation of most of the long 3’ UTR from the viral genome did not relieve the virus
from being suppressed by UPF1 [57]. This unexpected result implies that in addition to 3’ UTR length,



Viruses 2017, 9, 24 10 of 14

translation termination of the viral first ORF is aberrant for another reason than the distance to the
polyA tail. Future work will hopefully clarify these issues.

In addition to the NMD core components, different viruses have been recently described to
specifically inhibit or degrade cellular factors involved in RNA degradation [62], which supports a
general antiviral role for the cellular RNA turnover systems and indicates that in the absence of viral
counter-defense strategies, viral mRNAs would become detectable and vulnerable to these quality
control pathways. Understanding how cells recognize viral transcripts and how viruses avoid being
detected by these degradation pathways will be of great help to further our understanding of the NMD
mechanism but also possibly contribute to finding new ways of interfering with virus replication and
hence prevent diseases.

Acknowledgments: We are grateful for the constructive comments of one anonymous reviewer. The research in
the lab of O.M. on the link between NMD and SFV infection is supported by the NCCR RNA & Disease funded by
the Swiss National Science Foundation (SNSF) and by the SNFS grant 31003A-162986. G.B. is supported by the
Finnish Cancer Foundation, Finland.

Author Contributions: G.B., O.M. and C.B. wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lykke-Andersen, J.; Bennett, E.J. Protecting the proteome: Eukaryotic cotranslational quality control
pathways. J. Cell Biol. 2014, 204, 467-476. [CrossRef] [PubMed]

2. Karousis, E.D.; Nasif, S.; Muhlemann, O. Nonsense-mediated mRNA decay: novel mechanistic insights and
biological impact. Wiley interdiscip. Rev. RNA 2016, 7, 661-682. [CrossRef] [PubMed]

3.  He, F;Li, X,; Spatrick, P; Casillo, R.; Dong, S.; Jacobson, A. Genome-wide analysis of mRNAs regulated by
the nonsense-mediated and 5' to 3' mRNA decay pathways in yeast. Mol. Cell 2003, 12, 1439-1452. [CrossRef]

4. Mendell, ].T.; Sharifi, N.A.; Meyers, ].L.; Martinez-Murillo, F; Dietz, H.C. Nonsense surveillance regulates
expression of diverse classes of mammalian transcripts and mutes genomic noise. Nat.Genet. 2004, 36,
1073-1078. [CrossRef] [PubMed]

5. Losson, R.; Lacroute, F. Interference of nonsense mutations with eukaryotic messenger RNA stability.
Proc. Natl. Acad. Sci. USA 1979, 76, 5134-5137. [CrossRef] [PubMed]

6. Magquat, L.E,; Kinniburgh, A.J.; Rachmilewitz, E.A.; Ross, ]. Unstable beta-globin mRNA in mRNA-deficient
beta o thalassemia. Cell 1981, 27, 543-553. [CrossRef]

7. Culbertson, M.R.; Leeds, P.F. Looking at mRNA decay pathways through the window of molecular evolution.
Curr. Opin. Genet. Dev. 2003, 13, 207-214. [CrossRef]

8.  Rebbapragada, I.; Lykke-Andersen, J. Execution of nonsense-mediated mRNA decay: what defines a
substrate? Curr. Opin. Cell Biol. 2009, 21, 394-402. [CrossRef] [PubMed]

9. Nicholson, P.; Yepiskoposyan, H.; Metze, S.; Zamudio Orozco, R.; Kleinschmidt, N.; Miithlemann, O.
Nonsense-mediated mRNA decay in human cells: mechanistic insights, functions beyond quality control
and the double-life of NMD factors. Cell Mol. Life Sci. 2010, 67, 677-700. [CrossRef] [PubMed]

10. Schweingruber, C.; Rufener, S.C.; Zund, D.; Yamashita, A.; Muhlemann, O. Nonsense-mediated mRNA decay
- mechanisms of substrate mRNA recognition and degradation in mammalian cells. Biochim. Biophys. Acta.
2013, 1829, 612-623. [CrossRef] [PubMed]

11.  Puretzky, A.A.; Liang, L.; Li, X;; Xiao, K.; Wang, K.; Mahjouri-Samani, M.; Basile, L.; Idrobo, J.C.;
Sumpter, B.G.; Meunier, V. Low-Frequency Raman Fingerprints of Two-Dimensional Metal Dichalcogenide
Layer Stacking Configurations. ACS Nano 2015, 9, 6333-6342. [CrossRef] [PubMed]

12.  Lykke-Andersen, S.; Jensen, T.H. Nonsense-mediated mRNA decay: an intricate machinery that shapes
transcriptomes. Nat. Rev. Mol. Cell Bio. 2015, 16, 665-677. [CrossRef] [PubMed]

13.  Shaul, O. Unique Aspects of Plant Nonsense-Mediated mRNA Decay. Trends Plant Sci. 2015, 20, 767-779.
[CrossRef] [PubMed]

14. He, F; Brown, A.H.; Jacobson, A. Upflp, Nmd2p, and Upf3p are interacting components of the yeast
nonsense-mediated mRNA decay pathway. Mol. Cell. Biol. 1997, 17, 1580-1594. [CrossRef] [PubMed]


http://dx.doi.org/10.1083/jcb.201311103
http://www.ncbi.nlm.nih.gov/pubmed/24535822
http://dx.doi.org/10.1002/wrna.1357
http://www.ncbi.nlm.nih.gov/pubmed/27173476
http://dx.doi.org/10.1016/S1097-2765(03)00446-5
http://dx.doi.org/10.1038/ng1429
http://www.ncbi.nlm.nih.gov/pubmed/15448691
http://dx.doi.org/10.1073/pnas.76.10.5134
http://www.ncbi.nlm.nih.gov/pubmed/388431
http://dx.doi.org/10.1016/0092-8674(81)90396-2
http://dx.doi.org/10.1016/S0959-437X(03)00014-5
http://dx.doi.org/10.1016/j.ceb.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19359157
http://dx.doi.org/10.1007/s00018-009-0177-1
http://www.ncbi.nlm.nih.gov/pubmed/19859661
http://dx.doi.org/10.1016/j.bbagrm.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23435113
http://dx.doi.org/10.1021/acsnano.5b01884
http://www.ncbi.nlm.nih.gov/pubmed/25965878
http://dx.doi.org/10.1038/nrm4063
http://www.ncbi.nlm.nih.gov/pubmed/26397022
http://dx.doi.org/10.1016/j.tplants.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26442679
http://dx.doi.org/10.1128/MCB.17.3.1580
http://www.ncbi.nlm.nih.gov/pubmed/9032286

Viruses 2017, 9, 24 11 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Min, E.E.; Roy, B.; Amrani, N.; He, F.; Jacobson, A. Yeast Upfl CH domain interacts with Rps26 of the 405
ribosomal subunit. RNA 2013, 19, 1105-1115. [CrossRef] [PubMed]

He, F,; Jacobson, A. Identification of a novel component of the nonsense-mediated mRNA decay pathway by
use of an interacting protein screen. Genes Dev. 1995, 9, 437-454. [CrossRef] [PubMed]

Clerici, M.; Deniaud, A.; Boehm, V.; Gehring, N.H.; Schaffitzel, C.; Cusack, S. Structural and functional
analysis of the three MIF4G domains of nonsense-mediated decay factor UPF2. Nucleic Acids Res. 2014, 42,
2673-2686. [CrossRef] [PubMed]

Chakrabarti, S.; Jayachandran, U.; Bonneau, F.; Fiorini, E; Basquin, C.; Domcke, S.; Le Hir, H.; Conti, E.
Molecular mechanisms for the RNA-dependent ATPase activity of Upfl and its regulation by Upf2.
Mol. Cell 41, 693-703. [CrossRef] [PubMed]

Lykke-Andersen, J.; Shu, M.D.; Steitz, J.A. Human Upf proteins target an mRNA for nonsense-mediated
decay when bound downstream of a termination codon. Cell 2000, 103, 1121-1131. [CrossRef]

Le Hir, H.; Sauliere, J.; Wang, Z. The exon junction complex as a node of post-transcriptional networks.
Nat. Rev. Mol. Cell Biol. 2016, 17, 41-54. [CrossRef] [PubMed]

Kunz, J.B.; Neu-Yilik, G.; Hentze, M.W.; Kulozik, A.E.; Gehring, N.H. Functions of hUpf3a and hUpf3b in
nonsense-mediated mRNA decay and translation. RNA 2006, 12, 1015-1022. [CrossRef] [PubMed]

Chan, W.K,; Bhalla, A.D.; Le Hir, H.; Nguyen, L.S.; Huang, L.; Gécz, J.; Wilkinson, M.F. A UPF3-mediated
regulatory switch that maintains RNA surveillance. Nat. Struct. Mol. Biol. 2009, 16, 747-753. [CrossRef]
[PubMed]

Shum, E.Y;; Jones, S.H.; Shao, A.; Dumdie, J.; Krause, M.D.; Chan, WK,; Lou, C.H.; Espinoza, ].L.; Song, HW.;
Phan, M.H; et al. The Antagonistic Gene Paralogs Upf3a and Upf3b Govern Nonsense-Mediated RNA
Decay. Cell 2016, 165, 382-395. [CrossRef] [PubMed]

Denning, G.; Jamieson, L.; Maquat, L.E.; Thompson, E.A.; Fields, A.P. Cloning of a novel phosphatidylinositol
kinase-related kinase: characterization of the human SMG-1 RNA surveillance protein. J. Biol. Chem. 2001,
276, 22709-22714. [CrossRef] [PubMed]

Hug, N.; Caceres, ]J.F. The RNA helicase DHX34 activates NMD by promoting a transition from the
surveillance to the decay-inducing complex. Cell Rep. 2014, 8, 1845-1856. [CrossRef] [PubMed]

Kashima, I.; Yamashita, A.; Izumi, N.; Kataoka, N.; Morishita, R.; Hoshino, S.; Ohno, M.; Dreyfuss, G.;
Ohno, S. Binding of a novel SMG-1-Upf1-eRF1-eRF3 complex (SURF) to the exon junction complex triggers
Upf1l phosphorylation and nonsense-mediated mRINA decay. Genes Dev. 2006, 20, 355-367. [CrossRef]
[PubMed]

Yamashita, A.; Izumi, N.; Kashima, I.; Ohnishi, T.; Saari, B.; Katsuhata, Y.; Muramatsu, R.; Morita, T.;
Iwamatsu, A.; Hachiya, T.; et al. SMG-8 and SMG-9, two novel subunits of the SMG-1 complex, regulate
remodeling of the mRINA surveillance complex during nonsense-mediated mRNA decay. Genes Dev. 2009,
23,1091-1105. [CrossRef] [PubMed]

Melero, R.; Uchiyama, A.; Castafio, R.; Kataoka, N.; Kurosawa, H.; Ohno, S.; Yamashita, A.; Llorca, O.
Structures of SMG1-UPFs complexes: SMG1 contributes to regulate UPF2-dependent activation of UPF1 in
NMD. Structure 2014, 22, 1105-1119. [CrossRef] [PubMed]

Popp, M.W.; Maquat, L.E. The dharma of nonsense-mediated mRNA decay in mammalian cells. Mol. Cells
2014, 37, 1-8. [CrossRef] [PubMed]

Loh, B; Jonas, S.; Izaurralde, E. The SMG5-SMG7 heterodimer directly recruits the CCR4-NOT deadenylase
complex to mRNAs containing nonsense codons via interaction with POP2. Genes Dev. 2013, 27, 2125-2138.
[CrossRef] [PubMed]

Chakrabarti, S.; Bonneau, F; Schussler, S.; Eppinger, E.; Conti, E. Phospho-dependent and
phospho-independent interactions of the helicase UPF1 with the NMD factors SMG5-SMG7 and SMGé.
Nucleic Acids Res 2014, 42, 9447-9460. [CrossRef] [PubMed]

Eberle, A.B.; Lykke-Andersen, S.; Muhlemann, O.; Jensen, T.H. SMG6 promotes endonucleolytic cleavage of
nonsense mMRNA in human cells. Nat. Struct. Mol. Biol. 2009, 16, 49-55. [CrossRef] [PubMed]
Okada-Katsuhata, Y.; Yamashita, A.; Kutsuzawa, K.; Izumi, N.; Hirahara, F.; Ohno, S. N- and C-terminal Upf1
phosphorylations create binding platforms for SMG-6 and SMG-5:SMG-7 during NMD. Nucleic Acids Res.
2012, 40, 1251-1266. [CrossRef] [PubMed]


http://dx.doi.org/10.1261/rna.039396.113
http://www.ncbi.nlm.nih.gov/pubmed/23801788
http://dx.doi.org/10.1101/gad.9.4.437
http://www.ncbi.nlm.nih.gov/pubmed/7883168
http://dx.doi.org/10.1093/nar/gkt1197
http://www.ncbi.nlm.nih.gov/pubmed/24271394
http://dx.doi.org/10.1016/j.molcel.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21419344
http://dx.doi.org/10.1016/S0092-8674(00)00214-2
http://dx.doi.org/10.1038/nrm.2015.7
http://www.ncbi.nlm.nih.gov/pubmed/26670016
http://dx.doi.org/10.1261/rna.12506
http://www.ncbi.nlm.nih.gov/pubmed/16601204
http://dx.doi.org/10.1038/nsmb.1612
http://www.ncbi.nlm.nih.gov/pubmed/19503078
http://dx.doi.org/10.1016/j.cell.2016.02.046
http://www.ncbi.nlm.nih.gov/pubmed/27040500
http://dx.doi.org/10.1074/jbc.C100144200
http://www.ncbi.nlm.nih.gov/pubmed/11331269
http://dx.doi.org/10.1016/j.celrep.2014.08.020
http://www.ncbi.nlm.nih.gov/pubmed/25220460
http://dx.doi.org/10.1101/gad.1389006
http://www.ncbi.nlm.nih.gov/pubmed/16452507
http://dx.doi.org/10.1101/gad.1767209
http://www.ncbi.nlm.nih.gov/pubmed/19417104
http://dx.doi.org/10.1016/j.str.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/25002321
http://dx.doi.org/10.14348/molcells.2014.2193
http://www.ncbi.nlm.nih.gov/pubmed/24552703
http://dx.doi.org/10.1101/gad.226951.113
http://www.ncbi.nlm.nih.gov/pubmed/24115769
http://dx.doi.org/10.1093/nar/gku578
http://www.ncbi.nlm.nih.gov/pubmed/25013172
http://dx.doi.org/10.1038/nsmb.1530
http://www.ncbi.nlm.nih.gov/pubmed/19060897
http://dx.doi.org/10.1093/nar/gkr791
http://www.ncbi.nlm.nih.gov/pubmed/21965535

Viruses 2017, 9, 24 12 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Nicholson, P; Josi, C.; Kurosawa, H.; Yamashita, A.; Muhlemann, O. A novel phosphorylation-independent
interaction between SMG6 and UPF1 is essential for human NMD. Nucleic Acids Res. 2014, 42, 9217-9235.
[CrossRef] [PubMed]

Longman, D.; Hug, N.; Keith, M.; Anastasaki, C.; Patton, E.E.; Grimes, G.; Céceres, ].F. DHX34 and NBAS
form part of an autoregulatory NMD circuit that regulates endogenous RNA targets in human cells, zebrafish
and Caenorhabditis elegans. Nucleic Acids Res. 2013, 41, 8319-8331. [CrossRef] [PubMed]

Anastasaki, C.; Longman, D.; Capper, A.; Patton, E.E.; Caceres, J.F. Dhx34 and Nbas function in the NMD
pathway and are required for embryonic development in zebrafish. Nucleic Acids Res. 2011, 39, 3686-3694.
[CrossRef] [PubMed]

Casadio, A.; Longman, D.; Hug, N.; Delavaine, L.; Vallejos Baier, R.; Alonso, C.R.; Céceres, J.F. Identification
and characterization of novel factors that act in the nonsense-mediated mRNA decay pathway in nematodes,
flies and mammals. EMBO Rep. 2015, 16, 71-78. [CrossRef] [PubMed]

Nakamura, Y.; Ito, K.; Matsumura, K.; Kawazu, Y.; Ebihara, K. Regulation of translation termination:
conserved structural motifs in bacterial and eukaryotic polypeptide release factors. Biochem. Cell Biol. 1995,
73,1113-1122. [CrossRef] [PubMed]

Pisarev, A.V.; Skabkin, M. A; Pisareva, V.P,; Skabkina, O.V.; Rakotondrafara, A.M.; Hentze, M.W.; Hellen, C.U.;
Pestova, T.V. The role of ABCEL1 in eukaryotic posttermination ribosomal recycling. Mol. Cell 2010, 37,
196-210. [CrossRef] [PubMed]

Barthelme, D.; Dinkelaker, S.; Albers, S.V.; Londei, P.; Ermler, U.; Tampé, R. Ribosome recycling depends on
a mechanistic link between the FeS cluster domain and a conformational switch of the twin-ATPase ABCEL.
Proc. Natl. Acad. Sci. USA 2011, 108, 3228-3233. [CrossRef] [PubMed]

Ivanov, A.; Mikhailova, T.; Eliseev, B.; Yeramala, L.; Sokolova, E.; Susorov, D.; Shuvalov, A.; Schaffitzel, C.;
Alkalaeva, E. PABP enhances release factor recruitment and stop codon recognition during translation
termination. Nucleic Acids Research 2016, 44, 7766—7776. [CrossRef] [PubMed]

Singh, G.; Rebbapragada, I.; Lykke-Andersen, J. A competition between stimulators and antagonists of Upf
complex recruitment governs human nonsense-mediated mRNA decay. PLoS Biol. 2008, 6, e111. [CrossRef]
[PubMed]

Silva, A.L.; Ribeiro, P,; Inacio, A.; Liebhaber, S.A.; Romao, L. Proximity of the poly(A)-binding protein to a
premature termination codon inhibits mammalian nonsense-mediated mRNA decay. RNA 2008, 14, 563-576.
[CrossRef] [PubMed]

Muhlemann, O.; Jensen, T.H. mRNP quality control goes regulatory. Trends Genet. 2012, 28, 70-77. [CrossRef]
[PubMed]

Magquat, L.E. Nonsense-mediated mRNA decay: splicing, translation and mRNP dynamics. Nat. Rev. Mol.
Cell Biol. 2004, 5, 89-99. [CrossRef] [PubMed]

Amrani, N.; Ganesan, R.; Kervestin, S.; Mangus, D.A.; Ghosh, S.; Jacobson, A. A faux 3'-UTR promotes
aberrant termination and triggers nonsense-mediated mRNA decay. Nature 2004, 432, 112-118. [CrossRef]
[PubMed]

Peixeiro, I.; Silva, A.L.; Romao, L. Control of human beta-globin mRNA stability and its impact on
beta-thalassemia phenotype. Haematologica 2011, 96, 905-913. [CrossRef] [PubMed]

Lykke-Andersen, S.; Chen, Y.; Ardal, B.R; Lilje, B, Waage, J.; Sandelin, A.; Jensen, TH. Human
nonsense-mediated RNA decay initiates widely by endonucleolysis and targets snoRNA host genes.
Genes Dev. 2014, 28, 2498-2517. [CrossRef] [PubMed]

Boehm, V.; Haberman, N.; Ottens, E; Ule, J.; Gehring, N.H. 3' UTR length and messenger ribonucleoprotein
composition determine endocleavage efficiencies at termination codons. Cell Rep. 2014, 9, 555-568. [CrossRef]
[PubMed]

Lykke-Andersen, J. Identification of a human decapping complex associated with hUpf proteins in
nonsense-mediated decay. Mol. Cell. Biol. 2002, 22, 8114-8121. [CrossRef] [PubMed]

Cho, H.; Kim, K.M.; Kim, Y.K. Human proline-rich nuclear receptor coregulatory protein 2 mediates an
interaction between mRNA surveillance machinery and decapping complex. Mol. Cell 2009, 33, 75-86.
[CrossRef] [PubMed]

Lai, T.; Cho, H.; Liu, Z.; Bowler, M.W.; Piao, S.; Parker, R.; Kim, Y.K.; Song, H. Structural basis of the
PNRC2-mediated link between mrna surveillance and decapping. Structure 2012, 20, 2025-2037. [CrossRef]
[PubMed]


http://dx.doi.org/10.1093/nar/gku645
http://www.ncbi.nlm.nih.gov/pubmed/25053839
http://dx.doi.org/10.1093/nar/gkt585
http://www.ncbi.nlm.nih.gov/pubmed/23828042
http://dx.doi.org/10.1093/nar/gkq1319
http://www.ncbi.nlm.nih.gov/pubmed/21227923
http://dx.doi.org/10.15252/embr.201439183
http://www.ncbi.nlm.nih.gov/pubmed/25452588
http://dx.doi.org/10.1139/o95-120
http://www.ncbi.nlm.nih.gov/pubmed/8722028
http://dx.doi.org/10.1016/j.molcel.2009.12.034
http://www.ncbi.nlm.nih.gov/pubmed/20122402
http://dx.doi.org/10.1073/pnas.1015953108
http://www.ncbi.nlm.nih.gov/pubmed/21292982
http://dx.doi.org/10.1093/nar/gkw635
http://www.ncbi.nlm.nih.gov/pubmed/27418677
http://dx.doi.org/10.1371/journal.pbio.0060111
http://www.ncbi.nlm.nih.gov/pubmed/18447585
http://dx.doi.org/10.1261/rna.815108
http://www.ncbi.nlm.nih.gov/pubmed/18230761
http://dx.doi.org/10.1016/j.tig.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22154474
http://dx.doi.org/10.1038/nrm1310
http://www.ncbi.nlm.nih.gov/pubmed/15040442
http://dx.doi.org/10.1038/nature03060
http://www.ncbi.nlm.nih.gov/pubmed/15525991
http://dx.doi.org/10.3324/haematol.2010.039206
http://www.ncbi.nlm.nih.gov/pubmed/21357703
http://dx.doi.org/10.1101/gad.246538.114
http://www.ncbi.nlm.nih.gov/pubmed/25403180
http://dx.doi.org/10.1016/j.celrep.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25310981
http://dx.doi.org/10.1128/MCB.22.23.8114-8121.2002
http://www.ncbi.nlm.nih.gov/pubmed/12417715
http://dx.doi.org/10.1016/j.molcel.2008.11.022
http://www.ncbi.nlm.nih.gov/pubmed/19150429
http://dx.doi.org/10.1016/j.str.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23085078

Viruses 2017, 9, 24 13 of 14

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Cho, H,; Han, S.; Choe, J.; Park, S.G.; Choi, S.S.; Kim, Y.K. SMG5-PNRC2 is functionally dominant compared
with SMG5-SMG7 in mammalian nonsense-mediated mRNA decay. Nucleic Acids Res. 2013, 41, 1319-1328.
[CrossRef] [PubMed]

Franks, T. M,; Singh, G.; Lykke-Andersen, J. Upfl ATPase-dependent mRNP disassembly is required for
completion of nonsense- mediated mRNA decay. Cell 2010, 143, 938-950. [CrossRef] [PubMed]

Ohnishi, T.; Yamashita, A.; Kashima, I.; Schell, T.; Anders, K.R.; Grimson, A.; Hachiya, T.; Hentze, M.W.;
Anderson, P.; Ohno, S. Phosphorylation of hUPF1 induces formation of mRNA surveillance complexes
containing hSMG-5 and hSMG-7. Mol. Cell 2003, 12, 1187-1200. [CrossRef]

Chiu, S.Y; Serin, G.; Ohara, O.; Maquat, L.E. Characterization of human Smg5/7a: a protein with similarities
to Caenorhabditis elegans SMG5 and SMG? that functions in the dephosphorylation of Upfl. RNA 2003, 9,
77-87. [CrossRef] [PubMed]

Balistreri, G.; Horvath, P.; Schweingruber, C.; Ziind, D.; Mclnerney, G.; Merits, A.; Mithlemann, O.;
Azzalin, C.; Helenius, A. The host nonsense-mediated mRNA decay pathway restricts Mammalian RNA
virus replication. Cell Host Microbe 2014, 16, 403—411. [CrossRef] [PubMed]

Garcia, D.; Garcia, S.; Voinnet, O. Nonsense-mediated decay serves as a general viral restriction mechanism
in plants. Cell Host Microbe 2014, 16, 391-402. [CrossRef] [PubMed]

Quek, B.L.; Beemon, K. Retroviral strategy to stabilize viral RNA. Curr. Opin. Microbiol. 2014, 18, 78-82.
[CrossRef] [PubMed]

Mocquet, V.; Durand, S.; Jalinot, P. How Retroviruses Escape the Nonsense-Mediated mRNA Decay:.
AIDS Res. Hum. Retroviruses 2015, 31, 948-958. [CrossRef] [PubMed]

Wernet, M.F; Klovstad, M.; Clandinin, T.R. Generation of infectious virus particles from inducible transgenic
genomes. Curr. Biol. 2014, 24, R107-R108. [CrossRef] [PubMed]

Moon, S.L.; Wilusz, J. Cytoplasmic viruses: rage against the (cellular RNA decay) machine. PLoS Pathog.
2013, 9, €1003762. [CrossRef] [PubMed]

Balistreri, G.; Caldentey, ].; Kaariainen, L.; Ahola, T. Enzymatic defects of the nsP2 proteins of Semliki Forest
virus temperature-sensitive mutants. J. Virol 2007, 81, 2849-2860. [CrossRef] [PubMed]

Ramage, H.R.; Kumar, G.R.; Verschueren, E.; Johnson, J.R.; Von Dollen, J.; Johnson, T.; Newton, B.; Shah, P.;
Horner, J.; Krogan, N.J.; et al. A combined proteomics/genomics approach links hepatitis C virus infection
with nonsense-mediated mRNA decay. Mol. Cell 2015, 57, 329-340. [CrossRef] [PubMed]

Barker, G.F; Beemon, K. Rous sarcoma virus RNA stability requires an open reading frame in the gag gene
and sequences downstream of the gag-pol junction. Mol. Cell. Biol. 1994, 14, 1986-1996. [CrossRef] [PubMed]
LeBlang, J.J.; Beemon, K.L. Unspliced Rous sarcoma virus genomic RNAs are translated and subjected to
nonsense-mediated mRNA decay before packaging. . Virol 2004, 78, 5139-5146. [CrossRef] [PubMed]
Weil, ].E.; Beemon, K.L. A 3' UTR sequence stabilizes termination codons in the unspliced RNA of Rous
sarcoma virus. RNA 2006, 12, 102-110. [CrossRef] [PubMed]

Withers, J.B.; Beemon, K.L. Structural features in the Rous sarcoma virus RNA stability element are necessary
for sensing the correct termination codon. Retrovirology 2012, 7, 65. [CrossRef] [PubMed]

Withers, J.B.; Beemon, K.L. The structure and function of the rous sarcoma virus RNA stability element.
J. Cell Biochem. 2011, 112, 3085-3092. [CrossRef] [PubMed]

Ge, Z.; Quek, B.L.; Beemon, K.L.; Hogg, ].R. Polypyrimidine tract binding protein 1 protects mRNAs from
recognition by the nonsense-mediated mRNA decay pathway. Elife 2016, 5. [CrossRef] [PubMed]
Mocquet, V.; Neusiedler, J.; Rende, F,; Cluet, D.; Robin, J.P.; Terme, ].M.; Duc Dodon, M.; Wittmann, J.;
Morris, C.; Le Hir, H.; et al. The human T-lymphotropic virus type 1 tax protein inhibits nonsense-mediated
mRNA decay by interacting with INT6/EIF3E and UPF1. | Virol 2012, 86, 7530-7543. [CrossRef] [PubMed]
Nakano, K.; Ando, T.; Yamagishi, M.; Yokoyama, K.; Ishida, T.; Ohsugi, T.; Tanaka, Y.; Brighty, D.W.,;
Watanabe, T. Viral interference with host mRNA surveillance, the nonsense-mediated mRNA decay (NMD)
pathway, through a new function of HTLV-1 Rex: implications for retroviral replication. Microbes Infect. 2013,
15, 491-505. [CrossRef] [PubMed]

Ajamian, L.; Abrahamyan, L.; Milev, M.; Ivanov, P.V.; Kulozik, A.E.; Gehring, N.H.; Mouland, A.J. Unexpected
roles for UPF1 in HIV-1 RNA metabolism and translation. RNA 2008, 14, 914-927. [CrossRef] [PubMed]
Ajamian, L.; Abel, K.; Rao, S.; Vyboh, K.; Garcia-de-Gracia, F,; Soto-Rifo, R.; Kulozik, A.E.; Gehring, N.H.;
Mouland, A.J. HIV-1 Recruits UPF1 but Excludes UPF2 to Promote Nucleocytoplasmic Export of the Genomic
RNA. Biomolecules 2015, 5, 2808-2839. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/nar/gks1222
http://www.ncbi.nlm.nih.gov/pubmed/23234702
http://dx.doi.org/10.1016/j.cell.2010.11.043
http://www.ncbi.nlm.nih.gov/pubmed/21145460
http://dx.doi.org/10.1016/S1097-2765(03)00443-X
http://dx.doi.org/10.1261/rna.2137903
http://www.ncbi.nlm.nih.gov/pubmed/12554878
http://dx.doi.org/10.1016/j.chom.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25211080
http://dx.doi.org/10.1016/j.chom.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25155460
http://dx.doi.org/10.1016/j.mib.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24632073
http://dx.doi.org/10.1089/aid.2014.0326
http://www.ncbi.nlm.nih.gov/pubmed/26066561
http://dx.doi.org/10.1016/j.cub.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24502780
http://dx.doi.org/10.1371/journal.ppat.1003762
http://www.ncbi.nlm.nih.gov/pubmed/24339774
http://dx.doi.org/10.1128/JVI.02078-06
http://www.ncbi.nlm.nih.gov/pubmed/17202213
http://dx.doi.org/10.1016/j.molcel.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25616068
http://dx.doi.org/10.1128/MCB.14.3.1986
http://www.ncbi.nlm.nih.gov/pubmed/8114730
http://dx.doi.org/10.1128/JVI.78.10.5139-5146.2004
http://www.ncbi.nlm.nih.gov/pubmed/15113896
http://dx.doi.org/10.1261/rna.2129806
http://www.ncbi.nlm.nih.gov/pubmed/16301601
http://dx.doi.org/10.1186/1742-4690-7-65
http://www.ncbi.nlm.nih.gov/pubmed/20687936
http://dx.doi.org/10.1002/jcb.23272
http://www.ncbi.nlm.nih.gov/pubmed/21769913
http://dx.doi.org/10.7554/eLife.11155
http://www.ncbi.nlm.nih.gov/pubmed/26744779
http://dx.doi.org/10.1128/JVI.07021-11
http://www.ncbi.nlm.nih.gov/pubmed/22553336
http://dx.doi.org/10.1016/j.micinf.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23541980
http://dx.doi.org/10.1261/rna.829208
http://www.ncbi.nlm.nih.gov/pubmed/18369187
http://dx.doi.org/10.3390/biom5042808
http://www.ncbi.nlm.nih.gov/pubmed/26492277

Viruses 2017, 9, 24 14 of 14

75. Serquina, A.K; Das, S.R.; Popova, E.; Ojelabi, O.A.; Roy, C.K.; Géttlinger, H.G. UPF1 is crucial for the
infectivity of human immunodeficiency virus type 1 progeny virions. J. Virol 2013, 87, 8853-8861. [CrossRef]
[PubMed]

76. Hamid, FEM.; Makeyev, E.V. Exaptive origins of regulated mRNA decay in eukaryotes. Bioessays 2016, 38,
830-838. [CrossRef] [PubMed]

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1128/JVI.00925-13
http://www.ncbi.nlm.nih.gov/pubmed/23785196
http://dx.doi.org/10.1002/bies.201600100
http://www.ncbi.nlm.nih.gov/pubmed/27438915
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Nonsense-Mediated mRNA Decay (NMD) Pathway 
	NMD Factors 
	Current NMD Model 
	Viral mRNAs as Substrates for NMD 
	Documented Role of NMD and NMD Factors in Virus Infection 
	Positive-Stranded RNA ((+)RNA) Viruses 
	Alphaviruses and Plant (+)RNA Viruses 
	Hepatitis C Virus (HCV) 

	Retroviruses 
	Rous Sarcoma Virus (RSV) 
	Human T-lymphotropic Virus Type 1 (HTLV-1) 
	Human Immunodeficiency Virus Type 1 (HIV-1) 


	Conclusions and Outlook 

