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Viruses have evolved diverse strategies to maximize the functional and coding capacities of their genetic material. Individual
viral RNAs are often used as substrates for both replication and translation and can contain multiple, sometimes overlapping
open reading frames. Further, viral RNAs engage in a wide variety of interactions with both host and viral proteins to modify the
activities of important cellular factors and direct their own trafficking, packaging, localization, stability, and translation. How-
ever, adaptations increasing the information density of small viral genomes can have unintended consequences. In particular,
viral RNAs have developed features that mark them as potential targets of host RNA quality control pathways. This minireview
focuses on ways in which viral RNAs run afoul of the cellular mRNA quality control and decay machinery, as well as on strategies
developed by viruses to circumvent or exploit cellular mRNA surveillance.

E ukaryotic cells employ quality control mechanisms to monitor
each step of mRNA metabolism, from transcription to trans-
lation. These mRNA surveillance and decay pathways are respon-
sible for recognizing aberrant mRNAs caused by errors in the tem-
plate genetic material or in steps of mRNA biogenesis, transport,
or function. In addition to using quality control mechanisms to
guard against production of deleterious proteins, it has become
increasingly clear that cells also use them to regulate gene expres-
sion. mRNA surveillance begins immediately following RNA
polymerase II initiation, with rapid degradation of pre-mRNAs
lacking proper 5’ caps (1, 2). Efficient and accurate gene expres-
sion is further ensured by mechanisms to degrade RNAs in re-
sponse to defects in transcription elongation, splicing, 3'-end for-
mation, and nuclear export (3-10). Following export to the
cytoplasm, ribosome-coupled quality control mechanisms such as
nonsense-mediated decay (NMD) and no-go decay (NGD) mon-
itor translation, removing mRNAs that cannot be productively
translated or that contain premature termination codons (TCs)
(reviewed in reference 11).

A general model for RNA quality control pathway target selec-
tion proposes that discrimination of decay substrates depends on
kinetic competition between decay initiation and normal RNA
processing or function. This model holds that defective RNAs take
longer to complete processing or function than normal RNAs,
giving a window in which quality control factors can act (12). In
many cases, RNA defects are not directly detected; instead, the cell
must monitor RNA features or function in order to compile a
body of circumstantial evidence indicating that the RNA should
be destroyed. Quality control pathways must therefore be care-
fully calibrated to efficiently detect potentially deleterious RNAs
while avoiding promiscuous degradation of beneficial RNAs.
While this is a problem for the cell, it represents an opportunity for
so-called quality control pathways to also fulfill regulatory and
antiviral roles. In parallel, the drive to develop new functions
within the constraints of small genomes has resulted in viral RNAs
that trigger quality control sensors. In this way, RNA quality con-
trol pathways can act as components of innate immune responses,
with the key distinction that they do not generally signal to pro-
mote the activation of antiviral gene expression programs.

Just as studying the interactions between viral RNAs and cel-
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lular quality control proteins gives insight into the constraints
governing viral evolution, viral RNAs have long been used to dis-
cover and dissect cellular gene expression mechanisms. Illustrat-
ing this point, multiple sections of this review refer to a sequence
of steps that has been used repeatedly to wring insight from studies
of viral RNAs: observation of a viral RNA exhibiting unusual be-
havior, identification of the RNA element responsible, careful
structure-function studies, discovery of host factors positively or
negatively affecting the RNA, and, finally, generalization of the
phenomenon to include regulation of host RNAs. This template
for discovery, combined with modern high-throughput sequenc-
ing and screening technologies, has revealed extensive interac-
tions between viral RNAs and the host RNA quality control ma-
chinery, but much remains to be learned about both the
physiological consequences and the underlying mechanisms of
these complicated relationships.

FAILURE TO LAUNCH: NUCLEAR RNA QUALITY CONTROL

Herpesviruses express abundant unspliced, polyadenylated long
noncoding RNAs (IncRNAs) that are retained in the nucleus (13).
The prototypical member of this family is Kaposi’s sarcoma her-
pesvirus (KSHV) polyadenylated nuclear (PAN) RNA (14-17),
which regulates gene expression and is essential for KSHV repli-
cation (18-22). The extremely high levels of PAN RNA accumu-
lation in the lytic phase of KSHV infection (up to 5 X 10° copies
per cell) stimulated investigation of the RNA features responsible
for PAN RNA abundance, leading to the identification an RNA
element that protects PAN RNA from rapid nuclear deadenyla-
tion-dependent decay (23, 24). Structural studies of this “expres-
sion and nuclear retention element” (ENE) revealed a remarkable
triple-helix RNA structure responsible for sequestering the RNA
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Viral evasion of nuclear RNA quality control
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FIG 1 Execution and evasion of host nuclear RNA decay. (Left) RNAs that are not efficiently exported from the nucleus (e.g., due to intron retention) undergo
hyperadenylation and exosome-mediated decay. (Right) Viral RNAs can escape degradation by physically blocking access to the transcript 3" end with specialized
RNA structures such as the KSHV PAN ENE or by promoting export of unspliced or partially spliced mRNA. Red RNA segments indicate intronic sequences.

3" end from access by decay factors, a motif echoed in several viral
and mammalian IncRNAs (25-28). Importantly, the ENE can be
used to stabilize intronless B-globin mRNAs, which are usually
retained and rapidly degraded in the nucleus (23).

In the absence of an ENE-like element, some intronless or in-
efficiently spliced mRNAs are subject to hyperadenylation by the
canonical PAPa/vy poly(A) polymerases, in conjunction with the
PABPNI1 nuclear poly(A) binding protein (5, 6, 29-32). Such hy-
peradenylated transcripts are subsequently degraded by the nu-
clear exosome (Fig. 1). This process, now designated PABPN1-
and PAPa/y-mediated RNA decay (PPD), functions as a quality
control mechanism to degrade several classes of mammalian
RNAs, including spliced and unspliced IncRNAs, primary miRNA
transcripts, and mRNAs with retained introns (5). Highlighting
the extensive interactions between PPD and the viral life cycle,
KSHYV not only evades PPD using the ENE but also exploits the
pathway. Specifically, the KSHV nuclease SOX, responsible for
large-scale destruction of host mRNAs in Iytic infection, enhances
hyperadenylation and decay of nuclear mRNAs (33).

A CHANGE OF SCENERY: ESCAPING DECAY BY
ACCELERATING EXPORT

PAN and related ncRNAs must remain in the nucleus to carry out
their functions, but mRNAs and cytoplasmic ncRNAs can use a
second option to avoid nuclear quality control: escape to the cy-
toplasm. Consistent with a mechanism in which PPD efficiency is
determined by kinetic competition between nuclear export and
mRNA decay, insertion of an intron into an otherwise unspliced
mRNA promotes RNA export and stability (23, 34, 35). Alterna-
tively, specific sequences in cellular intronless mRNAs can recruit
the TREX mRNA export complex to speed export and avoid nu-
clear degradation (36). A similar paradigm appears to be at work
in retroviruses, although a direct relationship between PPD and
turnover of retroviral RNAs has not been demonstrated. Un-
spliced or singly spliced RNAs from retroviruses, including HIV,
are retained in the nucleus and subject to rapid decay in the ab-
sence of specialized RNA export systems (37—39). Binding of viral
export-promoting proteins such as HIV-1 Rev or direct recruit-
ment of cellular mRNA export receptors by constitutive transport
elements (CTEs) overcomes nuclear RNA instability by essentially
ushering the RNAs away from danger (Fig. 1) (37, 40-46).
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Nonsense-mediated mRNA decay (NMD) is the most extensively
studied mRNA quality control pathway, and its target specificity
makes it a threat to diverse viral RNAs. While NMD was originally
identified as a means to downregulate mRNAs containing non-
sense mutations, the pathway also has a continuous role in regu-
lation of cellular gene expression, impacting an estimated 10% of
all human genes (47). The work of many laboratories has resulted
in a catalog of features that are associated with mRNA susceptibil-
ity to NMD, including premature stop codons, errors in splicing,
upstream open reading frames (ORFs), 3’ untranscribed region
(3'UTR) introns, long 3"UTRs, and others (48). In each of these
cases, NMD is thought to act by determining whether a translation
termination event is taking place at the correct position or
whether itis in a location that indicates a problem with the mRNA
(Fig. 2).

Presumably due to selective pressure to maximize coding ca-
pacity without increasing genome size, viral RNAs present several
possible NMD-inducing features, including multiple open read-
ing frames in a single mRNA, long 3'UTRs, retained introns, and
translational recoding elements (49). Thus far, mRNAs from ret-
roviruses and alphaviruses in mammals and positive-strand RNA
viruses in plants have been found to be targets of NMD (50-53),
but widespread investigations of viral RNA targeting by NMD
have not been reported. Given the involvement of NMD in diverse
viruses from plants to mammals, further studies are likely to yield
more examples of either NMD-mediated viral restriction or viral
strategies for NMD avoidance.

NMD is carried out by a complex network of protein factors
that function together to determine whether an mRNA should be
degraded or be allowed to continue producing protein. The highly
conserved RNA helicase UPF1 is the central node in this process,
engaging in interactions with target mRNAs, NMD pathway
components, translation factors, and other components of
mRNA-protein (mRNP) complexes (54). The initial phase of tar-
get discrimination by the NMD pathway involves nonspecific,
ATPase-regulated RNA binding by UPF1, leading to preferential
accumulation of the protein on long 3'UTRs and other mRNA
segments not cleared by elongating ribosomes (55-59). In higher
eukaryotes, the presence of an exon junction complex (EJC)
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FIG 2 Determinants of cellular and viral RNA susceptibility to NMD. (Left) RNA features leading to induction of NMD. In each case, translation termination
occurs at sites distant from the 3" end of the transcript. Decay is accelerated if termination takes place upstream of an EJC. (Right) RSV full-length mRNAs use
the RSE to recruit host PTBP1 protein to the vicinity of the gag stop codon, preventing UPF1 association and inhibiting NMD. If the RSE is deleted or unable to
bind PTBP1, RSV mRNAs are efficiently degraded by NMD. Positions of TCs typically used in full-length RNAs are indicated by stop signs, and positions of start
and stop codons of additional ORFs are shown with light gray and red vertical lines, respectively. Red segments of RNAs indicate regions that may be recognized

by UPFI as aberrantly long 3"UTRs. LTR, long terminal repeat.

downstream of the termination codon accelerates but is not essen-
tial for UPF1-mediated decay (60).

While the initial association of UPF1 with mRNAs can proceed
in the absence of translation termination events, the NMD ma-
chinery relies on the ribosome for its indispensable ability to de-
code in-frame stop codons. The linkage between translation ter-
mination and NMD is direct: UPF1 interacts with eukaryotic
release factors 1 and 3 (eRF1/3) at the terminating ribosome, in a
complex that also contains the SMG-1 kinase (61). Activation of
UPF1 phosphorylation and ATPase activity is promoted by several
additional NMD proteins, including UPF2, UPF3, and DHX34
(62-66). SMG-1 phosphorylates UPF1 at multiple sites, which in
turn leads to recruitment and activation of decay enzymes, includ-
ing the NMD-specific endonuclease SMG6 (67-75).

NOW YOU SEE ME: NMD FACTORS RESTRICT ALPHAVIRUS
REPLICATION

Alphaviruses are positive-strand single-stranded RNA (ssRNA)
viruses that carry out their entire replication cycle in the cyto-
plasm. In an RNA interference (RNAi) screen for host protein
regulators of Semliki Forest virus (SFV) replication, UPF1 was
identified as a potential alphavirus restriction factor (51). In fol-
low-up experiments, knockdown of UPF1 enhanced replication
of both SFV and the related Sindbis virus. In addition to knock-
down of UPFI, knockdown of NMD proteins SMG5 and SMG7
enhanced SFV replication, although depletion of several other
core NMD factors, including SMG6, UPF2, and UPF3, had no
apparent effect. Correspondingly, inactivation of NMD in cells
infected with replication-defective SFV increased the half-life of
genomic RNA. Further investigation of the mechanism of NMD-
dependent alphavirus restriction revealed that the most obvious
candidate NMD-sensitive SFV RNA feature, the ~4,000-nucleo-
tide (nt) 3'UTR downstream of the replicase ORF, was not re-
quired for increased translation of virus-derived reporter RNAs
upon UPF1 knockdown. It remains unclear why SFV mRNAs are
sensitive to NMD, but it is likely that UPF1-dependent destabili-
zation of SFV RNAs is due to an unusual termination event that is
in turn due to either placement or kinetics. An alternative possi-
bility is that NMD can both directly degrade alphavirus RNAs
(due to their long 3'UTRs or to another RNA feature) and indi-
rectly inhibit replication by suppressing expression of proteins
necessary for efficient viral replication.

7012 jviasm.org

Journal of Virology

NOW YOU DON'T: INHIBITION OF NMD AT SPECIFIC
TERMINATION CODONS

The first indication that viral RNAs might be subject to decay in
response to stop codon position dates to the very beginning of
NMD investigations, even prior to the characterization of NMD
proteins (76-78). In a series of studies, members of the Beemon
laboratory discovered that mRNAs from the retrovirus Rous sar-
coma virus (RSV) containing frameshifts or premature termina-
tion codons in the gag gene were destabilized in a UPF1-depen-
dent manner (76, 77, 79). As the normal gag stop codon precedes
avery long (~7,000-nt) 3'UTR, it is also a potential NMD target,
but wild-type full-length RSV mRNAs are not subject to NMD.
With further investigation, it became clear that full-length RSV
RNAs have evolved a mechanism that actively shields them from
NMD, mediated by an ~400-nt sequence found immediately
downstream of the gag stop codon termed the RNA stability ele-
ment (RSE) (80, 81). Studies of RSE structure and function re-
vealed that it is a complex RNA element containing multiple func-
tionally redundant segments (82, 83) which retains its protective
activity when moved into proximity with NMD-inducing termi-
nation codons in RSV RNAs or reporter transcripts (81, 84).
Recently, several of us identified polypyrimidine tract binding
protein 1 (PTBP1) as an essential cofactor for RSE-mediated sta-
bilization of RSV mRNAs (Fig. 2) (84). Using RNA-based affinity
purification and mass spectrometry, we found PTBP1 to be a
prominent RSE-interacting protein, recruited via pyrimidine-rich
binding sites found throughout the RSE. Mutation of these se-
quences abolished RSE-mediated protection of viral RNAs in
chicken embryonic fibroblasts and reporter mRNAs in human
cells, while addition of PTBPI binding sites to NMD target
mRNAs conferred stability in the absence of additional RSE se-
quence. PTBP1, which uses four RNA recognition motifs (RRMs)
for high-affinity binding to pyrimidine-rich RNAs, is well known
as a protein that binds intronic sequences to inhibit spliceosome
assembly and induce exon skipping (85). Similarly, PTBP1 bind-
ing to potential NMD substrates prevents UPF1 association, in-
hibiting the early stages of NMD target selection (84). This mech-
anism represents another example of the journey from interesting
viral RNA behavior to broad applicability for the cellular gene
expression regulation outlined at the beginning of this review, as
transcriptome sequencing (RNA-seq) studies and genome-wide
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profiling of PTBP1 RNA occupancy indicated that hundreds of
human mRNAs may be stabilized by termination codon (TC)-
proximal PTBP1 binding. Recruitment of PTBP1 to the vicinity of
termination codons therefore appears to be a widespread strategy
used by cellular and viral RNAs alike to signal to the NMD path-
way that a particular stop codon should be ignored.

THE NUCLEAR OPTION: GLOBAL INHIBITION OF NMD BY
VIRAL PROTEINS

An alternative approach for viruses to protect their RNAs from
NMD is to globally inhibit the pathway. Thus far, representatives
of two distinct virus families, flaviviruses (hepatitis C virus
[HCV]) and retroviruses (human T cell leukemia virus [HTLV-
1]), have been reported to disrupt cellular NMD activity (52, 53,
86). In the case of HCV, the viral core protein binds the EJC
recycling factor PYM/WIBG, disrupting the interaction between
PYM and the EJC. Through a mechanism that remains to be fully
defined, this was in turn proposed to inhibit decay of multiple
cellular NMD targets (86). Interestingly, two HTLV-1 proteins,
Tax and Rex, have been proposed to be NMD inhibitors. First,
Mocquet and colleagues identified interactions of HTLV-1 Tax,
best characterized as a transcriptional transactivator, with the core
NMD protein UPF1 and eIF3 translation initiation complex com-
ponent INT6/elF3E (53). A second report held that the viral RNA
export cofactor Rex was responsible for inhibiting NMD, while
Tax expression had only a minor effect (52). Further work will be
required to fully dissect the relative contributions of HTLV-1 pro-
teins to NMD inhibition and to understand the mechanisms un-
derlying these observations. Both groups found that HTLV-1
RNAs remained somewhat susceptible to NMD in the presence of
Tax and Rex, suggesting that these proteins may dial down NMD
activity rather than abolishing it altogether (52, 53). Indeed, due to
side effects of NMD inhibition such as cellular toxicity, alteration
of gene expression, and activation of stress responses, it may not
be advantageous for viruses to completely block NMD activity.

TRANSLATIONAL RECODING: A PROBLEM OR A SOLUTION?

Many viral RNAs contain elements that modulate the use of ter-
mination codons by promoting either translational readthrough
or frameshifting. Generally, this is a mechanism to control the
relative levels of production of two distinct forms of a viral poly-
protein which are subsequently proteolytically processed to yield
functional proteins (87). In most characterized cases, translational
recoding elements contain pseudoknot RNA structures, although
strong double-stranded RNA (dsRNA) hairpins have also been
reported to mediate the activity (88). Structures that induce
frameshifting or readthrough are typically found immediately
downstream of a slippery sequence or a termination codon, re-
spectively. While the mechanisms driving translational recoding
are not completely understood, these structures are thought to put
the ribosome under mechanical stress, which alters the process of
stop codon recognition or disrupts reading frame maintenance
(89, 90).

Translational recoding is an effective means to maximize the
function of viral RNAs, but the placement of a partially suppressed
stop codon upstream of a long ORF bears a strong resemblance to
an mRNA containing a premature termination codon. Viral
RNAs with this genome architecture must somehow avoid detec-
tion by NMD. One factor aiding viral RNA stability is that read-
through and frameshifting events can be inherently disruptive of

August 2016 Volume 90 Number 16

Journal of Virology

Minireview

NMD?
ATG 1000 nt 200 nt
(A)n -
RT/FS
ATG 2000 nt 200 nt
OAAAAAn Q ® n, +/-
RT/FS
ATG 1000 nt 1200 nt
w, +
RT/FS
ATG 1000 nt 200 nt s ol
TCin &
-1FS -1 frame

FIG 3 Scenarios for NMD modulation by translational recoding events. Read-
through (RT) or frameshifting (FS) can protect transcripts from NMD, if the
downstream TC is in a position not sensed by NMD (top [first] mRNA). This
activity can be antagonized by increasing the length of the downstream ORF
(second mRNA) or abolished if the downstream TC is itself followed by a long
3'UTR (third mRNA). In contrast, frameshifting events that cause usage of an
upstream TC can induce decay (bottom mRNA). Hypothetical RNA lengths
shown are for illustrative purposes only; lightly shaded stop signs indicate TCs
that are not used constitutively. nt, nucleotide.

NMD. Inefficient termination caused by small molecules, RNA
elements, frans-acting proteins, and cellular conditions have all
been demonstrated to inhibit NMD in organisms from yeast to
humans (55, 91-98). The extent of induction of translational
readthrough need not be large to have a substantial impact on
RNA stability: readthrough efficiencies of approximately 1% have
been observed to have a substantial impact on NMD susceptibility
in multiple contexts (55, 97). Experiments with reporter mRNAs
suggest that readthrough events can inhibit decay either by dis-
rupting the association of UPF1 with sequences downstream of
the suppressed termination codon or by disrupting a later step or
steps required for initiation of decay, such as UPF1 phosphoryla-
tion or recruitment/activation of decay enzymes (55, 99).

In addition to the absolute efficiency of frameshifting or read-
through, several factors likely combine to determine the decay
susceptibility of a transcript undergoing programmed transla-
tional recoding (Fig. 3). Particular conditions must be met for
recoding to be sufficient for protection from NMD. First, recoding
must be efficient enough to compensate for the length of the con-
ditionally translated downstream ORF, and, second, that ORF
must end at a site that would not normally be recognized by NMD
as a premature termination codon. Moreover, some recoding
events can activate rather than inhibit NMD. For example, an
efficient frameshifting element that causes use of a termination
codon (TC) upstream of the normal TC can result in NMD (100).
In sum, the position of the recoding event and the relative kinetics
of elongation, termination, and decay induction all modulate the
balance between stability and decay through NMD or, in some
cases, NGD (101).

FISH OR CUT RNA: mRNA DECAY FOLLOWING RIBOSOME
STALLING

Cells mount a concerted response to stalled ribosomes in which
the stalled ribosomal subunits are recycled and the mRNA is de-
graded (11, 102, 103). Rescue of nonproductive ribosomes and the
associated mRNA decay are mediated by homologs of eukaryotic
release factors 1 and 3 (eRF1/3) PELO (Dom34 in yeast) and
HBSI1L (Hbsl1 in yeast), respectively (104-106). Incorporation of
PELO and HBSIL into an empty aminoacyl (A) site of a stalled
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ribosome is associated with endonucleolytic cleavage upstream of
the ribosome by an as-yet-unidentified RNase and, in conjunction
with ABCEI, ribosomal subunit splitting (106—108).

Two distinct decay pathways induced by stalled ribosomes,
namely, no-go decay (NGD), which acts on mRNAs that have
been damaged, that are highly structured, or that contain strings
of rare codons, and non-stop decay (NSD), which acts on mRNAs
lacking stop codons, have been previously described (104, 109,
110). In NSD, translation of an mRNA without a stop codon leads
to translation elongation into the poly(A) tail, where the ribosome
synthesizes polylysine and stalls (111, 112). As the protein factors
required for NSD and NGD are the same, and as decay arises from
the response to ribosome stalling in both cases, NSD can be con-
sidered a special case of NGD. The response to ribosome stalling
performs two important functions: prevention of protein produc-
tion from a potentially aberrant mRNA, and rescue of the ribo-
some from an unproductive state (106, 107, 113). While many
viral RNAs contain highly structured elements within coding se-
quences and some, such as HIV, have unusual codon usage, it is
not known whether such viral RNAs efficiently trigger NGD. In-
stead, the characterized examples of viral interactions with the
NGD pathway feature more-complex routes to decay induction.
For example, NGD has been observed to occur in response to
depurination of viral RN As by ectopic expression of the pokeweed
antiviral protein, a member of a large class of bacterial and plant
ribosome-inactivating proteins (114).

RNA QUALITY CONTROL BEGETS QUALITY VIRIONS?

Unexpectedly, recent findings suggest that HIV-1 may exploit
no-go decay to fine-tune its own gene expression and ensure pro-
duction of infectious virions. Mu et al. found that HIV-1 RNAs are
susceptible to no-go decay through a mechanism dependent on
translation of the Gag protein matrix domain (MA) (115). They
proposed that a host factor, ATPase RuvB-like 2 (RVB2), interacts
with the HIV-1 5'UTR and nascent MA peptide, impeding further
translation of Gag or Gag-Pol protein. Ribosome stalling by this
network of protein-RNA interactions causes destabilization of gag
mRNA in a PELO-dependent manner, without affecting stability
or translation of other viral mRNAs. The effect of RVB2 on HIV-1
Gag-Pol expression is counteracted by expression of an intact
HIV-1 envelope protein, through a well-characterized interaction
between the C-terminal tail of Envand MA (116). Together, these
data suggest that HIV-1 uses NGD to suppress gag expression at
early time points following initial proviral transcription, possibly
to prevent production of virions that contain Gagand Gag-Pol but
lack the Env protein necessary for infectivity (115). Once intracel-
lular Env levels are high enough to efficiently compete with RVB2
for MA, the repression is relieved, and virions with a full comple-
ment of viral proteins can be produced. With this mechanism,
HIV-1 thus may use a host RNA quality control pathway to max-
imize the quality of viral particles.

1 JUST CAN'T QUIT YOU: VIRAL DEPENDENCE ON DECAY
FACTORS

RNA quality control pathways are integral components of the cel-
lular gene expression machinery, and their inactivation can cause
widespread changes in cellular RNA and protein levels. This may
explain why viruses sometimes depend on RNA decay factors
for efficient replication, even as they attempt to shield viral
RNAs from degradation. For example, HCV, in addition to
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suppressing NMD, requires the EJC recycling factor PYM (86).
Likewise, the UPF1 protein has been described by two groups
to be a positive regulator of HIV-1 replication at distinct steps:
export and stability of viral mRNAs in late stages of infection
and reverse transcription following entry (117-119). While
both groups identified UPF1 as important for HIV-1 replica-
tion, Serquina and colleagues did not observe the effect of
UPF1 depletion on viral gene expression reported by Ajamian
et al., for reasons that remain to be resolved. One possibility is
that there are cell type-specific differences in the cellular effects
of UPFI1 depletion. Hinting at this possibility, UPF1 knock-
down can severely impair viability of HeLa cells, used by Aja-
mian et al., while HEK-293 cells, used by Serquina et al., appear
to better tolerate loss of UPF1 (120; J. R. Hogg, unpublished
observations). Interestingly, in both cases there are indications
that enhancement of HIV-1 replication by UPF1 may operate
through mechanisms distinct from its canonical NMD activi-
ties, as mutants of UPF1 inactive in NMD were reported to
promote HIV-1 gene expression (117), while UPF2 was found
to be dispensable for infectivity (119).

NSD/NGD factors have also been found to be essential for
replication of diverse viruses, likely due to the enormous load viral
replication can impose on the cellular translation machinery
(121). Recent data from widely divergent systems suggest that
high-level viral protein production may deplete the available pool
of ribosomal subunits, leading to a requirement for efficient res-
cue of non-productively bound ribosomes (122, 123). This again
creates a situation in which global inhibition of the pathway would
preserve viral mRNA stability but would ultimately be deleterious
to the virus. In Drosophila and plants, genetic screens for host
factors promoting viral replication uncovered a dependence on
the NGD factor PELO for ssRNA Drosophila C virus (DCV) and
dsDNA tomato yellow leaf curl virus (TYLCV) replication, respec-
tively (122, 123). In flies, PELO inactivation caused an increase in
levels of 80S monosomes that did not appear to be productively
engaged in translation, which corresponded to reduced synthesis
of DCV capsid protein (122). These findings suggest that in the
absence of efficient ribosome recycling, the available pool of free
ribosomal subunits severely limits viral protein translation and
replication. As with NMD, indirect effects due to the inactivation
of an important component of the cellular gene expression ma-
chinery may also contribute to the lack of viral replication in cells
deficient for NGD factors.

CONCLUSION

Viral interactions with host RNA quality control pathways can
clearly have profound effects on both viruses and the cells in which
they replicate. However, the underlying mechanisms by which
viruses evade and manipulate RNA quality control are only begin-
ning to be understood. Moreover, many more examples of viral
restriction by RNA quality control or viral evasion of decay likely
remain to be discovered. For viruses that efficiently counteract
RNA quality control surveillance, these interactions can be partic-
ularly difficult to uncover. Whereas investigations of the impact of
RNA decay pathways on viral replication and evolution have
largely arisen from serendipity, the field may now benefit from
systematic efforts to identify and characterize viral RNA elements
that counteract quality control.
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