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The Nonsense-mediated mRNA Decay (NMD) pathway is an RNA quality control pathway conserved among
eukaryotic cells. While historically thought to predominantly recognize transcripts with premature termination
codons, it is now known that the NMD pathway plays a variety of roles, from homeostatic events to control of
viral pathogens. In this review we highlight the reciprocal interactions between the host NMD pathway and viral
pathogens, which have shaped both the host antiviral defense and viral pathogenesis.

1. Introduction

Transcripts with premature termination codons (PTCs) lead to the
production of truncated proteins, which is potentially harmful for the
cell [1,2]. To address this problem, the cell employs the NMD pathway,
which is a translation-dependent process that targets PTC -containing
transcripts with a set of factors conserved from yeast to man [3].
However, recent research has revealed that NMD plays a broader role in
biology. This includes surveillance of non-PTC containing messenger
RNAs (mRNAs) implicated in a wide swath of biological functions,
including development, stem cell differentiation, stress response, and
protection from viral infections [4-8].

While our understanding of the NMD pathway is still evolving, it can
be divided into at least two branches: one which is dependent on the
Exon-Junction Complex (EJC-dependent or EJC-enhanced) and one
which operates in an EJC-independent manner. The current under-
standing of these models is summarized below. After transcription oc-
curs, mRNAs are spliced and components of the exon-junction complex
(EJC) are loaded onto mRNAs. The EJC consists of several proteins,
including MAGOH, RBMS8A, BTZ and elF4A3 [7]. Transcripts are then
transported out of the nucleus, where translation begins, displacing EJCs
positioned along the transcript [9]. If the transcript contains a PTC,
translation will terminate with one or more downstream EJCs
non-displaced, which triggers initiation of “EJC-dependent” NMD

(reviewed in [3]) (Fig. 1A).

The ribosome and retained EJC recruit core NMD proteins: the Up-
Frameshift (UPF) proteins, which recognize and bind to the transcript,
and Suppressors with Morphological Effects on Genitalia (SMG) pro-
teins, which induce decay [6]. The translation termination complex,
which contains the helicase UPF1, the kinase SMG1, and the eukaryotic
peptide chain release factor eRF1-3, provides the first signal for the NMD
pathway. The remaining downstream EJC provides the second signal by
binding to the UPF3 (or the partially redundant UPF3X) and UPF2
complex. The UPF2/3 complex acts as a bridge linking the EJC to the
UPF1/SMG1 complex, which then activates SMG1 to phosphorylate
UPF1 [1]. Phosphorylation of UPF1 activates the Decay-Inducing
Complex (DECID) pathway, which consists of decapping and dead-
enylation of the transcript by the deadenylase CCR4-NOT via the
SMG5/7 heterodimer [10,11], as well as endonucleolytic cleavage by
SMG6 [12,13]. The resulting cleavage products are then further
degraded, likely by the exoribonuclease XRN1 [14].

Recent systems-wide approaches uncovered that NMD not only tar-
gets “faulty” transcripts, but also a large number of “normal” transcripts,
potentially 10-20% of the human transcriptome [15-20]. Certain tran-
scripts, especially those with long 3’ untranslated regions (UTRs) and
GC-rich regions, are particularly susceptible to NMD degradation
[21-23]. In addition, NMD triggered by events other than EJCs depos-
ited downstream of stop codons (EJC-independent) is particularly
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relevant in interactions of NMD with positive-sense RNA viruses.

This target range and preference for “unusual” RNAs form the basis
for the ability of the NMD pathway to also degrade incoming viral RNAs
or viral transcripts [24]. In turn, viruses have evolved mechanisms to
circumvent this innate anti-viral defense mechanism, either to protect
the viral RNA from degradation or to turn members of the NMD pathway
in enabling factors to enhance viral replication [5]. Below, we summa-
rize examples of how many different kinds of viruses interact with the
NMD system, and the implications that these mechanisms may have for
the development of anti-viral therapies.
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2. Positive Sense RNA Viruses
2.1. Alphavirus

Alphaviruses are small, enveloped viruses with a single strand
positive-sense RNA genome. One of the first reports indicating a role for
the NMD pathway in RNA virus infection came from the study of two
alphaviruses, Semliki Forest Virus (SFV) and Sindbis Virus (SINV) [25].
In a genome-wide screen in HelLa cells, UPF1 was identified as a re-
striction factor of SFV infection, and this function was confirmed in a
model of SINV infection. UPF1 was found to act early in infection, and
knockdown of UPF1 led to increased viral RNA synthesis and production
of viral progeny. Downstream effectors of the NMD pathway, SMG5 and
SMG?7, were also found to restrict alphavirus infection. The study’s
conclusion was that UPF1, SMG5, and SMG?7 target the incoming viral
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RNA, leading to a decrease of all downstream viral events. Interestingly,
the NMD pathway is known to target host transcripts with long 3° UTRs,
but deletion of the viral 3' UTR did not appear to impact UPF1-mediated
viral RNA degradation [25]. However, alphavirus proteins are trans-
lated from two different open reading frames: the nonstructural proteins
from the genomic RNA and the structural proteins from shorter so-called
subgenomic RNAs. Thus, when nonstructural proteins are translated, the
remaining sequence encoding the structural proteins forms a long 3’
sequence including the template for the structural proteins, potentially
allowing for recognition by the NMD despite the deletion of the shorter
genomic 3’ UTR [26]. UPF1 also acted as a viral restriction factor of
SINV in a fly model system [27]. These data indicate that the NMD
pathway, relying on UPF1 and the SMG proteins, can target incoming
viral RNA, serving as an intrinsic immune system against RNA viruses.

2.2. Flavivirus
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capsid protein called core. A parallel RNAi screen found that knockdown
of WIBG led to decreased HCV replication. WIBG is known to interact
with two members of the exon-junction complex, RBM8A and MAGOH
[9,30,31], and is thought to recycle these proteins back into the nucleus
[9] (Fig. 1B, Fig. 2A). Binding of HCV core to WIBG disrupts this
interaction, leading to an overall decrease in cellular NMD activity as
shown by the enhanced RNA levels of select NMD targets [28]. Thus,
HCV evolved to disrupt the antiviral activity of NMD. However, unlike
with alphaviruses, the knockdown of UPF1 did not enhance viral
replication. In contrast, our data support a model wherein HCV disrupts
WIBG and the NMD pathway to support its own life cycle.

Zika virus (ZIKV) is a mosquito-borne flavivirus that causes micro-
cephaly in fetuses and a dengue-like fever in adults [32]. Our group
found that ZIKV has also evolved mechanisms to disrupt the NMD
pathway, one of them being that the ZIKV capsid interacts with and
degrades UPF1 in the nucleus [33] (Fig. 1B, Fig. 2A). Depletion of UPF1

results in a marked increase in the permissiveness of neural progenitor
cells to viral infection, indicating that NMD is active in tissue-specific
progenitor cells, possibly as an added protection of these cells from
viral infection [33].

WIBG, MAGOH, and UPF1 were all identified as restriction factors
for Dengue Virus (DENV), ZIKV and West Nile Virus (WNV) infections in
human cell lines [34], emphasizing that NMD is a common host response
to many flaviviruses. Furthermore, MAGOH and RBMS8A proteins
re-localize from the cytoplasm to host membranes when WNV capsid

Flaviviridae also contain a positive-sense single-stranded RNA
genome as a possible target for NMD. Flaviviridae were first linked to the
antiviral activity of NMD in a screen for protein-protein interactions
between host proteins and proteins encoded by the Hepatitis C Virus
(HCV)[28]. HCV chronically infects liver cells, in most cases leading to
life-long progressive, and ultimately terminal, liver disease [29]. Our
group found that one NMD-associated protein, WIBG (also called partner
of Y14/RBM8A and Magoh, PYM), interacted robustly with the HCV
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Fig. 2. A) Zika Virus (ZIKV), West Nile Virus (WNV) and Hepatitis C Virus (HCV): Flavivirus structural proteins protect viral mRNA. ZIKV and WNV capsid
degrade UPF1. HCV core and WNV capsid interact with WIBG to block interaction between WIBG and RBM8A/MAGOH. WNV capsid also relocalizes RBM8A and
MAGOH. B) Potato Virus X (PVX) and Pea Enation Mosaic Virus 2 (PEMV2): Elements of the viral mRNA lead to NMD degradation. The 3'UTR contains elements
responsible for NMD degradation, where removal of the 3'UTR protects viral RNA from the NMD. PEMV2 p62 interacts with RNA to protect it from degradation. C)
Rous Sarcoma Virus (RSV) and Turnip Crinkle Virus (TCV): Elements of the viral mRNA protect from NMD degradation. A segment of the 3° UTR confers
protection to viral mRNAs from the NMD and protect from RNA decay machinery. D) Human T-cell Lymphotropic Virus (HTLV): Two different HTLV proteins
protect viral RNA from the NMD pathway. While Rex interaction with viral RNA confers protection, Tax plays a more active role by both inhibiting the ability of
UPF1 to interact with RNA and properly translocate across bound RNA molecules. Furthermore, Tax inhibits INT6 interactions with UPF1. E) Human Immuno-
deficiency Virus (HIV): UPF1 is involved in the RNA export of HIV genomes from the nucleus into the cytoplasm and then loaded into infectious virions. The host
protein UPF2 inhibits UPF1 interaction with viral RNA and inhibits viral replication.
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protein is overexpressed [34], which may explain why NMD is disrupted
in WNV-infected cells (Fig. 1B, Fig. 2A). RBM8A was found to interact
with viral RNA, dependent on the expression of WIBG or MAGOH pro-
teins [34]. Interaction of RBM8A with viral RNA is surprising because
EJC deposition typically occurs in the nucleus, whereas flavivirus RNA
replication occurs in the cytoplasm. Relocalization of EJC members from
the nucleus to the cytoplasm during WNV infection could expose not
only the viral RNA but also other cytoplasmic RNAs to members of the
EJC. In addition, other members of the NMD pathway, such as UPF1,
which is found in the nucleus and cytoplasm, could potentially recruit
EJC family members to viral RNA. Flaviviruses are vector-borne, and the
interactions between NMD proteins and viral proteins likely occur in
both the insect vectors and human hosts. Collectively, these data un-
cover multiple interactions of flaviviruses with the NMD pathway, from
acute suppression of NMD in self-limiting diseases like ZIKV, DENV and
WNV infections to chronic disruption of individual NMD-associated
proteins, like WIBG in HCV infection.

2.3. Coronavirus

Coronaviruses (CoV) comprise a group of large positive-stranded
RNA viruses (~30 kb) that include SARS-CoV, MERS-CoV and the new
SARS-CoV-2 causing the COVID-19 outbreak [35]. Mouse Hepatitis
Virus (MHV), a mammalian coronavirus, has been shown to be the target
of the NMD pathway and replicate more efficiently when UPF1, UPF2,
SMGS5 or SMG6 proteins are individually knocked down [36]. Further-
more, viral RNA transfected into cells that were rendered
NMD-incompetent gained a significantly increased half-life, arguing that
CoV RNA, like flavivirus and alphavirus RNA, may be a substrate for
NMD-mediated degradation. Interestingly, the nucleocapsid of MHV,
the N protein, which protects viral RNA from degradation, impairs the
NMD pathway when co-transfected with an NMD reporter system [36],
indicating an adaptation to actively antagonize the host response. Most
recently, the SARS-CoV-2 nucleoprotein has also been shown to interact
with UPF1 [37], highlighting that interaction of coronaviruses with the
NMD pathway is conserved in both mice and humans.

2.4. Alphaflexiviridae and Tombusviridae

NMD is highly conserved among eukaryotes including plants [38].
Potato virus X (PVX) is a positive-sense single-stranded RNA virus in the
Alphaflexiviridae family that typically infects solanaceous crops, which
include potatoes, tomatoes and peppers. PVX is also capable of infecting
Nicotiana benthamiana, a permissive laboratory model and close relative
of tobacco indigenous to Australia [39,40]. Using a standard Arabidopsis
plant model system artificially expressing PVX, a screen was performed
to identify restricting and enabling host factors. This screen identified
UPF1, SMG7, and UPF3 as restriction factors, that when inactivated led
to enhanced viral replication [41]. In N. benthamiana, PVX replicated
more efficiently when plants expressed a dominant negative mutant of
UPF1. Furthermore, removal of the long 3’UTR from the PVX genome
also conferred protection from NMD-mediated degradation (Fig. 2B).
Interestingly, PVX infection also impaired NMD activity and stabilized
known NMD substrates in the Arabidposis model, although this function
could not be confirmed in the Nicotiana system due to the lack of known
NMD targets in these plants [41]. This indicates that PVX may actively
hamper NMD, as seen in other viral species.

Similar enhancement of viral replication by dominant negative UPF1
was observed when N. benthamiana was infected with Turnip crinkle
virus (TCV). This virus belongs to the family of tombusviridae, and
unlike PVX lacks both a 5’ cap and a 3’ polyA tail [41]. Interestingly,
tombusviridae showed a spectrum of susceptibility to the antiviral ac-
tivity of NMD, with Pea Enation Mosaic Virus 2 (PEMV2) being more
sensitive than TCV (Fig. 2B). While the 3’UTR of TCV conferred pro-
tection against NMD degradation, the 3’'UTR of PEMV2 did not appear to
provide the same protection [42] (Fig. 2C). Furthermore, the PEMV2
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long distance movement protein p26 protects viral and host mRNAs
(Fig. 1B, 2 B) against NMD in a N. benthamiana system. The authors
found that PEMV2 infection can protect nearly half of the NMD-sensitive
target RNAs, which consist of host transcripts with long, GC-rich
3’UTRs. P26 expression alone increased transcript abundance for
about a third of the NMD-sensitive target RNAs (Fig. 1B) [43]. This in-
dicates that PEMV2 likely has multiples ways of perturbing the NMD
pathway.

3. Retroviruses
3.1. HTLV (Human T lymphotropic virus)

The human T lymphotropic virus (HTLV) is a human oncogenic
retrovirus that contains two single-stranded RNA copies in its virion
[44]. Similar to the other viruses discussed above, HTLV has an RNA
genome, but fundamental differences in the HTLV lifecycle, including
reverse transcription of the viral genome and subsequent integration
into the host, provide different avenues by which NMD proteins could
target and interact with the virus. HTLV-1 infected cells exhibit sup-
pressed NMD function [45], and viral RNA co-immunoprecipitates with
UPF1 [46]. The central role of UPF1 in virus-targeted NMD was
demonstrated by the finding that HTLV-1 mRNAs are sensitive to NMD
degradation, which can be rescued by UPF1 knockdown [45]. In
contrast, ectopic UPF1 expression decreases the presence of viral RNA,
whereas inhibition of NMD either with wortmannin (a PI3K inhibitor
that targets SMG1 and is known to disrupt UPF1 function [47]) or siRNA
knockdown leads to enhanced levels of viral RNA [46]. In addition, two
HTLV-1 proteins, the transactivator protein Tax and the viral RNA
binding protein Rex, directly influence the NMD pathway [45,46,48,49]
(Fig. 2D).

Functional analysis showed that a reporter construct containing a
PTC was significantly enriched in HTLV-1 infected cells, but only if those
cell lines expressed Tax [45]. Tax alone could stabilize PTC-containing
reporter mRNAs, but also stabilized both NMD-susceptible host and
HTLV-1 mRNAs [45]. HTLV Tax protein interacts with three NMD
proteins: UPF1, UPF2, and INT6 [45] (Fig. 1B, Fig. 2D). Tax interaction
with UPF1 reduces the ability of UPF1 to interact with nucleic acids,
which is thought to occur by steric hindrance of the RNA binding site.
Tax also prevents translocation of UPF1 across nucleic acid substrates
inducing substrate dissociation [49]. Tax expression also reduces the
interaction between INT6, a member of the elF3 translation initiation
factor, and UPF1. While UPF1 is known to interact with eIF3 to inhibit
translation [50], the role of the INT6-UPF1 interaction is not fully un-
derstood. However, INT6 appears to play an important role in the NMD,
as Tax mutants unable to bind to INT6 do not disrupt NMD [45].
Interestingly, Tax expression induces UPF1 re-localization to P-bodies,
cytoplasmic foci of untranslated mRNAs and proteins involved with
mRNA decay and translation inhibition [51], and causes P-body
enlargement, indicating inhibition of mRNA decay.

Similar to Tax, the HTLV Rex protein, responsible for stabilizing and
exporting viral mRNAs from the nucleus [52] (Fig. 1B), can significantly
hamper normal cellular NMD function. This effect was seen both for the
PTC reporter system and for endogenous substrates of the NMD pathway
[46]. Rex overexpression stabilizes viral RNA, possibly due to NMD in-
hibition, which leads to increased viral RNA and consequently protein
production [46].

Collectively, these data on both Tax and Rex indicate multiple
pathways inhibit NMD, both on viral RNAs and on host RNAs. This leads
to the hypothesis that not only are these viral proteins protecting viral
RNA, but that disruption of the NMD pathway may result in a favorable
environment for HTLV to replicate.

3.2. HIV

Like HTLV discussed above, HIV is a retrovirus with a single-stranded
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RNA genome that gets incorporated into the host genome. The first
indication that UPF1 interacts with HIV was based on known links be-
tween HIV and the Staufen protein [53,54]. Staufen is a dSRNA-binding
protein known to recruit UPF1 to specific RNAs [55]. Staufen is also
incorporated into HIV virions [53,54], indicating that HIV could interact
with UPF1. Indeed, UPF1 is incorporated into the HIV virion, and HIV
viral RNA is destabilized when UPF1 is knocked down [56] (Fig. 2E).
Furthermore, UPF1 overexpression enhances HIV replication and pro-
tein production, although interestingly, this effect is dependent on UPF1
ATPase activity, and independent of its role in NMD [56]. Thus UPF1,
separate from its role in the NMD pathway, appears to play a uniquely
enabling role in the HIV life cycle. The necessity of UPF1 for HIV
replication was independently confirmed by a group of researchers who
found that HIV virions produced in UPF1-depleted cells showed reduced
infectivity. Furthermore, the UPF1 ATPase region was also found to be
responsible for proper virion infectivity [57].

UPF1 controls HIV replication at multiple levels, including nucleo-
cytoplasmic shuttling of HIV RNA (Fig. 2E). Indeed, in the absence of
the viral Rev protein, which exports unspliced viral RNAs from the nu-
cleus [58], overexpression of UPF1 is sufficient to support viral export,
and this requires the UPF1 nuclear localization sequence and nuclear
export signal [59]. In the same study, UPF2 and UPF3 were shown to be
negative regulators of HIV, and UPF2 was excluded from HIV RNPs [59].
This indicates that the canonical, NMD-related function of UPFI,
including its interaction with UPF2 and UPF3, actually inhibits HIV
replication by interfering with UPF1 recruitment to the HIV genome.
Blocking UPF2 interaction with UPF1 is thought to be particularly
important for the production of infectious HIV virions.

Multiple NMD factors also control HIV latency, wherein viral gene
expression is transcriptionally silenced. Specifically, UPF1 can reverse
latency by enhancing viral RNA levels and viral gene expression,
whereas UPF2 and SMG6 promote latency by binding to UPF1 and
hindering its proviral activities. UPF2 sequesters UPF1 and prevents
association with viral RNAs, while SMG6, an endonuclease, is recruited
to RNA bound by UPF1 and destabilizes the viral RNA [60]. The same
study showed that SMG6 and UPF2 negatively impact HIV reactivation
from latency in both primary CD4+ T-cells and macrophages [60,61]. In
turn, SMG6 and UPF2 protein levels were decreased in infected mac-
rophages. This underscores that the effects of NMD factors on HIV
replication are complex, and point to UPF1 as a unique enabling factor
for HIV independent of its role in NMD.

3.3. Rous Sarcoma Virus (RSV)

Rous Sarcoma virus (RSV), which causes sarcoma in fowl, was the
first virus discovered to have oncogenic properties [62]. While early
studies on RSV found that certain RNA elements of the genome deter-
mined stability of the viral RNA [63-65], it was only after NMD was
better understood that it became clear that these elements were linked to
UPF1 and the NMD pathway [66-69]. It was found that RSV RNAs
containing PTCs were degraded at a higher rate than wild type, and
co-transfection of a dominant negative UPF1 prevented degradation of
the PTC-containing RSV RNAs, highlighting their status as NMD targets
[66]. Subsequent studies found that a 155-nucleotide element, known as
the RNA Stability Element (RSE), in the 3’UTR of RSV RNAs conferred
protection from NMD [67,68] (Fig. 2C). The RSE contains poly-
pyrimidine tracts that bind PTBP1, which excludes UPF1 from the target
RNA [70]. This evasion strategy is also relevant for several
NMD-resistant host mRNAs [70]. Furthermore, the RSE inhibited
deadenylation and decay by XRN1 when inserted into 3’'UTR of ca-
nonical NMD transcripts [69]. This indicates that RSV has evolved a
mechanism to escape the restriction imposed by the cellular NMD
pathway and to successfully protect its genome and mRNAs from NMD
attacks.
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3.4. Pararetroviruses

Cauliflower Mosaic Virus (CaMV), a plant pararetrovirus in the
family Caulimoviridae that infects the Cruciferae family, including
Arabidopsis thaliana, also disrupts cellular NMD processes [71,72]. Par-
aretroviruses are similar to mammalian retroviruses, in that reverse
transcription of an RNA intermediate is required to replicate, but par-
aretroviruses have a DNA genome that does not integrate into the host
genome but instead remains in nuclear episomes [73]. The CaMV viral
transactivator protein (TAV) binds and destabilizes the RNA decapping
complex VARICOSE (VCS), which then leads to the accumulation of
NMD substrates in the cell (Fig. 1A). Specifically, transcripts with PTCs,
normally targeted and eliminated by the NMD pathway, are stabilized
by TAV overexpression. The proposed model is that by inhibiting NMD,
TAV increases viral RNA levels present within the cell [72]. Even though
the pararetrovirus has a DNA genome, the production of a significant
number of RNA intermediates for replication produces NMD substrates.
Thus, protection of viral RNA from the NMD pathway remains an
important aspect of infection.

4. Conclusions

In the last several years, our understanding of the importance of
NMD as a cell-intrinsic antiviral restriction pathway in animals and
plants has expanded rapidly. With this, we have also come to recognize
that viruses have evolved multiple mechanisms to evade the antiviral
activity of NMD (Fig. 1, Fig. 2). These range from hijacking UPF1 to
inhibiting the deadenylation step of NMD. Remarkably, viruses such as
HIV and HCV have co-opted components of the NMD pathway, making
the NMD factors required for viral replication. Understanding NMD and
its nuances in response to viral infections can inform diverse fields. For
example, Cas9 activity generates nonsense mutations that are subse-
quently depleted as transcripts by the NMD pathway [74], which is an
important consideration for the therapeutic applications of the
CRISPR/Cas9 technology.

Understanding how viruses perturb NMD could also have implica-
tions for nonviral diseases. For example, in Duchenne’s Muscular Dys-
trophy, mutations in the dystrophin gene lead to truncated transcripts
that are subject to NMD. Preservation of those transcripts could result in
partially functional proteins, thus taking lessons from viral pathogens on
how to inhibit NMD could lead to novel therapeutic approaches [75].

In other cases, there may be therapeutic benefit to amplifying NMD.
For example, microcephaly is caused by haploinsufficiency of members
of the EJC, which are required for EJC-dependent NMD [76,77]. In the
context of ZIKV infection, the capsid protein interferes with NMD by
degrading UPF1 in the nucleus [33] or binding WIBG [34]. Thus,
small-molecule therapeutics that could correct the UPF1 down-
regulation and prevent capsid:WIBG interactions could exert anti-viral
and anti-pathogenesis effects, as active NMD would be restored to pre-
vent the establishment of viral infection and maintenance of transcript
homeostasis.

As with many emerging fields, plenty of open questions remain. For
example, is the interaction restricted to RNA viruses, or do DNA viruses
such as herpesviruses also interact with NMD? In addition, little is
known about the recognition of viral RNAs by NMD. What aspects of the
NMD pathway are required to recognize “foreign” RNA, and what de-
fines specificity towards aberrant RNA molecules? Spatial aspects are
also important to clarify: many of the upstream factors of the canonical
NMD pathway act in the nucleus, but many of the viruses described
above, such as the flaviviruses, replicate in virally-induced compart-
ments in the cytoplasm. Where does NMD of viral RNAs occur, and how
do nuclear NMD factors interact with viral RNA?

Much more work is required to fully understand the impact of viruses
on NMD and vice versa. Until then, the findings that many viruses have
evolved elaborate mechanisms to impair NMD or to subvert select NMD
members into enabling factors promoting viral infection remain the
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strongest argument for a critical role of the pathway in the innate anti-
viral response.
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