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Abstract: All retroviruses use their full-length primary transcript as the major mRNA for
Group-specific antigen (Gag) capsid proteins. This results in a long 3’ untranslated region (UTR)
downstream of the termination codon. In the case of Rous sarcoma virus (RSV), there is a 7 kb 3'UTR
downstream of the gag terminator, containing the pol, env, and src genes. mRNAs containing long
3'UTRs, like those with premature termination codons, are frequently recognized by the cellular
nonsense-mediated mRNA decay (NMD) machinery and targeted for degradation. To prevent this,
RSV has evolved an RNA stability element (RSE) in the RNA immediately downstream of the gag
termination codon. This 400-nt RNA sequence stabilizes premature termination codons (PTCs) in
gag. It also stabilizes globin mRNAs with long 3'UTRs, when placed downstream of the termination
codon. It is not clear how the RSE stabilizes the mRNA and prevents decay. We show here that the
presence of RSE inhibits deadenylation severely. In addition, the RSE also impairs decapping (DCP2)
and 5'-3" exonucleolytic (XRN1) function in knockdown experiments in human cells.

Keywords: Rous sarcoma virus; RNA stability element; nonsense mediated decay; long 3'UTR;
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1. Introduction

Retroviruses Have Aberrant mRNAs but Evade Cellular Nonsense-Mediated mRNA Decay

Retroviruses have compact genomes (<10 kilobases) that can code for eight or more viral proteins.
In order to maximize the coding potential, major unspliced retroviral mRNAs often possess features
such as long 3’ untranslated regions (UTRs), upstream open reading frames (uORFs), and retained
introns that are predicted to be targets of host cell RNA surveillance machineries [1-3]. The unspliced
RNA of Rous sarcoma virus (RSV), an avian retrovirus, carries a very long 3'UTR (ca. 7 kb); yet, it
is very stable. A cis-acting RNA sequence found in the RSV genome, designated the RNA stability
element (RSE; [4,5]) promotes viral evasion of the cellular nonsense-mediated mRNA decay NMD.
The RSE, a 400-nt element located immediately downstream of the gag termination codon in the
unspliced RSV viral RNA, has been shown to protect the viral RNA from Up-frameshift protein
1(UPF1) dependent decay in chicken cells [2,5-8]. Truncations in the RSE have defined a minimal RSE
element of 155 nts [8].

More recently, the RSV RSE has been shown to protect cellular mRNAs with long 3'UTRs from
NMD in mammalian cells [9]. Ge et al. inserted the RSE immediately downstream of the termination
codon in a 3-globin NMD reporter with a long SMG5 3'UTR, and found that it promoted stability of
the reporter mRNA in human cells. Furthermore, the insertion of an antisense RSE fragment of similar
length into this construct failed to stabilize it. The RSE RNA was shown to bind polypyrimidine
tract binding protein 1 (PTBP1) and to decrease UPF1 association with the mRNA [9]. Interestingly,
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hundreds of cellular mRNAs with long 3'UTRs seem to have a similar PTBP1-binding sequence
downstream of the termination codon that stabilizes the mRNAs [9]. However, the mechanism of
mRNA stabilization by the RSE is unclear.

Degradation of NMD targets carrying premature termination codons (PTCs) has been shown to occur
through exonucleolytic and endonucleolytic decay pathways [10,11]. mRNA decay is a multistep process
regulated by several proteins. SMG6 has been shown to be important for endonucleolytic cleavage close to
the PTC in some mRNAs [11]. Exonucleolytic degradation usually starts with the removal of the poly(A)
tail (deadenylation). The deadenylated mRNA can then be decapped and subjected to 5'-3’ exonucleolytic
decay. It can also become a substrate for the 3'-5’ exonucleases [10]. Accelerated deadenylation has been
reported for PTC-containing NMD targets in mammalian cells [12,13]. However, the mechanism of decay
of long 3'UTR-containing NMD targets is less well studied.

In this study, we asked how NMD targets containing long 3'UTRs are degraded and how
the presence of the RSE allows them to evade NMD. We show that these NMD targets undergo
deadenylation and decapping, as well as 5'-3" exonucleolytic decay. Further, the presence of the RSE
severely inhibits deadenylation and also impairs decapping and XRN1 mediated 5'-3’ exonucleolytic
decay of the NMD reporter containing a long 3'UTR.

2. Materials and Methods

2.1. Cell Culture and Transfections

HeLa Tet-off Advance cells (Clonetech, Mountain View, CA, USA) were maintained in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1X antibiotic-antimycotic
(Gibco 15240-062, Gaithersburg, MD, USA), and 0.3 mg/mL L-Glutamine (Life Technologies, Carlsbad,
CA, USA). Cells were transfected with desired constructs using FUGENE 6 transfection reagent
(Promega, Madison, WI, USA) according to the manufacturer’s protocol.

2.2. Analysis of Deadenylation and Decay

HeLa Tet-off Advance cells maintained in DMEM, supplemented with 10% fetal bovine serum (FBS)
and 5 ng/mL doxycycline (Sigma, St. Louis, MO, USA), were seeded at a density of 1 million cells in
10-cm plates. For each plate, 4.8 ug of the indicated pcTET2-reporter plasmid was co-transfected with
1.2 ug of the wild-type (3-globin reporter (3wt) control plasmid using FUGENE 6 transfection reagent
(Promega) according to the manufacturer’s instructions. Twenty-four hours post-transfection, cells were
split into six equal aliquots in six-well plates. The next day, cells were washed twice with 2 mL 1X
Phosphate Buffered Saline (PBS) and incubated in medium without doxycycline for 5 h. Transcription
was shut off by adding doxycycline to a final concentration of 1 ug/mlL, and cells were harvested in
Trizol (Life Technologies) after 30 min (time 0) and at the indicated intervals. Fifteen micrograms of
the total RNA were annealed to oligonucleotide OVB117 (5-GAAAGTGATGCTTTAGTCTCAGTC-3')
complementary to a sequence that is 214 nucleotides upstream of the poly(A) addition site of the reporter
mRNA to generate a shortened RNA form to measure poly(A) tail length. RNaseH/oligo treatment
of mRNA to generate poly(A) minus mRNA and measure deadenylation and decay were carried out
as described in Reference [14]. Gel mobility of the RNA bands were measured using the scale tool
on adobe Photoshop and sizes were determined by comparison of gel mobility to known size of the
various bands of the end labelled ladder used. Amount of DNA at each time point was quantitated
using densitometry and compared to a co-transfected control. mRNA levels from at least three biological
replicates performed using extracts from cells transfected separately were used in each experiment.

To detect mRNA levels in cells depleted for specific factors by RNA interference (RNAi) HeLa
Tet-off cells were depleted for the proteins using RNAi plasmids. HeLa tet-off cells were seeded at 0.2
million cells into 6-well plates and grown in DMEM supplemented with 10% FBS. After 24 h, each well
was transfected with 500 ng of the indicated pcTET2 reporter plasmid and 500 ng of RNAi plasmid
using Fugene 6 transfection reagent. Doxycycline was added to a final concentration of 5 ng/mL. Two
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days post-transfection, the wells were washed with 1X PBS reagent twice and supplemented with
media without doxycycline to turn on transcription of the reporter mRNA. Cells were collected in
Trizol after 12 h.

2.3. Northern Blotting

RNA was isolated using Trizol and resolved on 1.4% formaldehyde/agarose gels. >*P end-labeled
oligonucleotides (GGAGTGGCACCTTCCAGGGTCAAG) against bovine growth hormone (bGH)
polyadenylation signal present in both Bwt and Tet-off reporter constructs were used for the detection
of mRNAs. Northern blots were imaged on Typhoon phosphor imager scanners and quantification
was performed using ImageQuant software (GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA).

3. Results

3.1. The RSV RSE Impairs mRNA Deadenylation

We have previously shown that the RSE can inhibit NMD of mRNAs with long 3'UTRs [5,9]. We
wanted to understand how the RSE affects the mechanism of decay. Since deadenylation is often the
first step in decay, we first studied the deadenylation rates of NMD reporters with long 3'UTRs in
the presence or absence of the RSE. To address this question, we conducted a transcriptional-pulse
chase experiment to determine the deadenylation and decay rates. Here, we used two reporter
constructs, WT-SMG5 and RSE-SMGS5, under the control of a Tet-off promoter ([9], Figure 1). The
tetracycline (tet)-regulated reporter WI-SMG5 mRNA contains a 3-globin mini-gene (with introns) and
the SMG5 3'UTR. The SMG5 3'UTR has been shown to trigger NMD; this is proposed to be due to its
length (1342 nt) [15-17]. The RSE-SMGS5 construct carries a 400-nt RSE sequence inserted immediately
downstream of the stop codon, mimicking the natural context of the RSE in the RSV RNA.

A.
Unspliced RSV mRNA
[ ] 9ag lRsel  pol env | [ |-ArAAAAAA
3UTR=7kb
WT-SMG5 mRNA @
B.
| p-globin SMG5 3'UTR | AAAAAAAA

RSE-SMG5 mRNA

| B-globin RSE SMG5 3'UTR | AAAAAAAA

Figure 1. (A) Schematic of the Rous sarcoma virus (RSV) unspliced mRNA. The 400-nt RNA stability
element (RSE) (shown in green) is located immediately downstream of the gag stop codon. This RNA
has a very long 3’ untranslated region (UTR) of ca. 7 kb. (B) Schematic of tet-regulated B-globin
reporter mRNA constructs used in our studies. WI-SMG5 mRNA contains the 3-globin sequence
followed by the SMG5 3'UTR sequence. The RSV RSE sequence was inserted into this reporter construct
immediately after the 3-globin stop codon to generate RSE-SMGS5.

These reporter constructs were co-transfected into HeLa tet-off cells (Clonetech, Mountain View,
CA, USA) with a vector constitutively expressing a control RNA. The expression of tet-regulated
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mRNAs was induced for 5 h before transcription was shut off by the addition of doxycycline, and
mRNA was collected at the indicated time points. The mRNAs were then subjected to oligo-dT
/RNaseH treatments followed by agarose Northern analysis to measure the poly(A) tail length and/or
decay over the time course (Figure 2). At the starting time, both constructs generated mRNAs with
poly(A) tails of approximately 200 nts (Figure 2B).
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Figure 2. RNA stability element inhibits deadenylation. (A) Agarose northern blot showing
deadenylation and decay of WT-SMG5 and RSE-SMG5 mRNAs following tet-off transcriptional pulse
chase. RNA was subjected to oligonucleotide-directed RNaseH treatment prior to Northern blotting
for tail length determination. Lanes marked “dT” show the length of the RNA fragment without
a poly(A) tail; 1 kb plus DNA ladder (ThermoFisher Catalog number: 10787018, Halethorpe, MD,
USA) was end labelled and used for size determination (size corrected for RNA). Wildtype (3-globin
(Bwt) (upper band) was used as a loading control. (B) Poly(A) tail length determined from the gel
was plotted against time to show the initial and final tail length of the two reporter constructs. The
plotted values are the average of at least three separate experiments. Error bars show the standard
error. Deadenylation rate of the reporters were also determined from this analysis. (C) Deadenylation
and decay of the reporter mRNAs were compared by plotting mRNA remaining (% of original) and
poly(A) length remaining (% of original tail length) on the same plot.



Viruses 2017, 9, 204 50f9

The WT-SMGS reporter underwent rapid deadenylation at the rate of ca. 0.5 A/min, while the
RSE-SMGS5 reporter showed deadenylation rates that slowed down to ca. 0.1 A/min (Figure 2B).
Deadenylation in mammalian cells usually proceeds in three steps. A slow initial deadenylation,
usually by the weaker deadenylase complex Pan 2/3, results in ca. 110-nt A tails. This is followed
by CCR4-NOT complex-mediated deadenylation resulting in a tail of ca. 22 As. In some cases, a
terminal deadenylation occurs where all the As are removed [12]. We observed that the deadenylation
of the RSE containing constructs did not surpass 70% of the original tail length in our 8-h time course.
In contrast, the WI-SMG5 mRNA deadenylated to a poly(A) tail of <50 nts in 8 h (Figure 2B,C).

We compared the deadenylation and decay rates of WI-SMG5 and RSE-SMG5 reporters
(Figure 2C). Transcripts containing only the SMG5 3'UTR exhibited a half-life of ca. 200 min while
the transcripts containing the RSE were substantially more stable (half-life > 480 min), confirming the
protective activity of the RSE in agreement with previous reports [9]. It is interesting to note that the
decay rates of each reporter construct closely mirrored their deadenylation rates. This would suggest
that the change in deadenylation is responsible for most of the alteration in decay.

3.2. Effects of the RSE on Decapping and 5’ —3' Exonucleolytic Decay

Nonsense mediated decay of mRNAs with long 3'UTRs could be exonucleolytic, initiating at
either or both mRNA ends, or endonucleolytic. We assessed the role of the RSE in the regulation of
decapping and 5 —3’ exonucleolytic decay. Decapping mRNA 2 (DCP2) or 5’-3" Exoribonuclease
1 (XRN1) were depleted in HeLa-tet off cells using pSUPuro-Based RNAi plasmids previously
characterized in Eberle et al. (generous gift from Oliver Muhlemann) [11]. Knockdown was performed
by co-transfecting reporter constructs with pSUPuro-based RNAi plasmids against DCP2 or XRN1. We
then measured the accumulation of the reporter constructs at steady state. As a control, RNAi against
a scrambled sequence was separately carried out.

Upon depletion of the major decapping enzyme DCP2, we found the WT-SMGS5 reporter construct
to be stabilized ca. 2-fold. The RSE-SMGS5 construct was stabilized ca. 1.6-fold in this knockdown, as
compared to the corresponding scrambled controls. Depletion of XRN1, the major 5'-3’ exonuclease,
showed even greater accumulation of ca. 4.3-fold in WT-SMGS5 and ca. 2.5-fold in RSE-SMGS5 (Figure 3).
Thus, impairment of decay by down regulating DCP2 or XRN1 had less effect on the RSE-containing
construct than on the wildtype construct. This suggests the RSE is protecting the mRNA from
degradation at the 5’ end of the mRNA as well as at the 3’ end. We cannot tell from these experiments
whether the deadenylation precedes the decapping and 5'—3' exonuclease activities.

We also noticed that XRN1 had a stronger effect on the accumulation of mRNA than DCP2 in
both WT-SMG5 and RSE-SMGS constructs. Knockdown of XRN1 mRNA appears to be more robust
than DCP2 (Figure 3C). This could also be because there may be redundant decapping enzymes
present in the cell such as NUDT16 [18,19]. We also observed that DCP2 and XRN1 depletions led
to stabilizations of both reporter constructs. It is not surprising that the RSE-SMG5 reporter was
stabilized upon depletion of both DCP2 and XRN1, as both proteins are components of the general
decay pathway and are important for the decay of most normal messages. It should be noted that the
WT-SMGS5 constructs were always more stabilized than the RSE-SMGS5 in both knockdowns.

It has been previously reported that the depletion of XRN1 leads to the accumulation of a 3’
mRNA fragment for NMD targets that is generated by endonucleolytic cleavage [11]. We were unable
to detect the presence of 3’ fragments in our experiments. This would suggest that our NMD reporter
does not undergo decay via endonucleolytic cleavage. It is, of course, possible that endonucleolytic
cleavage is very sensitive to minor changes in conditions.
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Figure 3. Depletion of decapping mRNA 2 (DCP2) or 5'-3' Exoribonuclease 1(XRN1) leads to the
accumulation of reporter nRNAs. (A) mRNA levels of the two reporters isolated from cells depleted
for Exoribonuclease 1 (XRN1 KD), decapping mRNA 2 (DCP2 KD), or scrambled control (scr) were
detected by agarose Northern blotting. NeoR, an mRNA produced from the same plasmid that
generates the tet-off 3-globin constructs was used as a loading control. Mean numbers show the
amount of mRNA relative to scrambled control for WT-SMG5. SE shows the standard error of the
values. (B) Left panel shows levels of WT-SMGS5 reporter in different knockdown conditions normalized
to the scrambled control. Right panel shows levels of RSE-SMGS5 reporter in different knockdown
conditions normalized to the corresponding scrambled control. The plotted values are the average
of at least three separate experiments. Error bars show the standard error. (C) Quantitative reverse
transcription polymerase chain reaction (RT-PCR) was carried out to determine the levels of knockdown
of DCP2 and XRN1. Expression levels of these mRNAs were measured relative to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Unpaired ¢-test was used to test for
significance of the change in expression between each knockdown and the corresponding scrambled
control. * denotes p-value < 0.05. ** p-value < 0.01.
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4. Discussion

mRNA degradation can be initiated by generating a new unprotected end vulnerable to attack
by an exonuclease. In human cells, unprotected ends can be generated by endonucleolytic cleavage,
deadenylation-dependent decapping, and exosome-mediated 3/-to-5" decay. Deadenylation is one
of the slowest and often rate-limiting steps in degradation. In this study, we looked at how the RSE
protects long 3'UTR-containing mRNAs from NMD.

Our results show that the presence of the RSE severely inhibits deadenylation. We measured the
tail length of the WT globin-SMGS5 reporter to be ca. 200 As. The deadenylation rates of this NMD
target mRNA was determined to be ca. 0.5 A/min. Both tail length and deadenylation rates are in
agreement with previous studies for PTC-containing globin NMD reporters [14]. In the presence of
the RSE, the WT-SMGS5 reporter maintained the initial tail length of 200 As, but the deadenylation
rate slowed down to approximated 0.1 A/min. This five-fold change in deadenylation is a significant
impairment and could be a leading causal factor in the impairment of decay. It is also interesting to
note that the deadenylation of the WT-SMGS5 reporter proceeds to <50 As. The length of the poly(A)
tail is known to affect translation and decay rates. mRNAs with short poly(A) tails (<50 A residues)
are generally translationally repressed (reviewed in [20]).

We compared the deadenylation and decay rates to estimate the contribution of deadenylation
to the degradation of the reporters. In both WI-SMG5 and RSE-SMGS5, the decay rates follow the
deadenylation rates closely. This is different from the case for the PTC-containing 3-globin reporter,
which undergoes rapid deadenylation but the decay rates seem to lag behind [13]. Our observation
suggests that deadenylation plays an important role in the degradation of long 3'UTR-containing
NMD targets and that the protective function of the RSE works through inhibiting deadenylation. How
the RSE regulates deadenylation remains an interesting open question. We have previously shown that
RSE can inhibit UPF1 binding to the RSE-SMGS5 reporter mRNA. The UPF proteins, the SMG proteins,
and the eRF1-eRF3 complex constitute the SURF complex that is important for triggering NMD in
PTC-containing mRNA [21].

Nonsense mediated decay can be prevented by placing cytoplasmic poly(A) binding protein
(PABP) in proximity to the termination codon, suggesting that the increased distance between the
translation termination event and cytoplasmic PABP that results from termination at a PTC contributes
to NMD [11,16,22-24]. UPF1 has also been shown to play an important role in accelerated decay in
PTC-containing mRNAs [13]. This could be via interactions with SMG7 that has been shown to recruit
the CCR4-NOT deadenylation complex by directly binding to POP2, its catalytic subunit [25]. The RSE
could disrupt UPF1 binding, reducing SMG7 binding and hence the recruitment of the deadenylation
complex. It has been reported that the degradation activity of SMG7 involves the decapping enzyme
DCP2 and the 5'-to-3' exonuclease XRN1 [25].

Using RNAi knockdown experiments, we show that the depletion of DCP2 and XRN1 results in
the enhanced steady-state accumulation of mRNA with both reporter constructs. This is not surprising,
as DCP2 and XRN1 are part of the general mRNA decay pathway. The effect of depletion of these
factors is more pronounced in the WT-SMG5 NMD reporter mRNA. Since deadenylation, decapping,
and XRN1 regulate the decay of the long 3'UTR-containing NMD target, we speculate that SMG7
might play an important role in the decay. Our results are in agreement with previous results with
other NMD substrates. Lejeune and Maquat have shown the importance of decapping and 5'-3' decay,
as well as deadenylation, in the degradation of PTC-containing mRNA [10].

Given that poly(A) shortening is often the first and rate-limiting step in mRNA decay, viruses
likely have developed cis and trans acting factors to repress or circumvent deadenylation [26]. Several
families of RNA viruses, such as flaviviruses, bunyaviruses, and arenaviruses, have evolved 3’ terminal
stem loop structures to stabilize the RNA in the absence of poly(A) tails [27]. Poliovirus infection
promotes the degradation of poly(A) specific ribonuclease subunit 3 (PAN3), a protein that initiates the
deadenylation of many cellular mRNAs [28]. Sindbis virus recruits the cellular HuR protein to stability
elements in the 3'UTR of its transcripts to stabilize its poly(A) tail [29,30]. Kaposi’s sarcoma associated
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herpesvirus (KSHV) PAN RNA has a 79-nucleotide expression and nuclear retention element (ENE)
that forms a triple helix structure with the poly(A) tail that inhibits degradation [31]. Our results
using reporter constructs suggest that the Rous sarcoma virus RSE in its natural context functions
to prevent NMD by inhibiting deadenylation, and thus adds to the growing number of examples of
viruses manipulating deadenylation to escape cellular decay machinery.

Acknowledgments: This work was supported by National Institutes of Health (NIH) RO1 CA048746. We thank
Bobby Hogg for the globin expression constructs. We are grateful to Oliver Muhlemann for the constructs used to
knock down DCP2 and XRN1. We thank all members of the Beemon lab, especially Yingying Li, for technical
assistance and helpful discussions.

Author Contributions: V.B. carried out the experiments. V.B. and K.L.B. designed the experiments and wrote
the manuscript.

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

References

1.  Bolinger, C.; Boris-Lawrie, K. Mechanisms employed by retroviruses to exploit host factors for translational
control of a complicated proteome. Retrovirology 2009, 6, 8. [CrossRef] [PubMed]

2. Withers, ].B.; Beemon, K.L. The structure and function of the Rous sarcoma virus RNA stability element.
J. Cell. Biochem. 2011. [CrossRef] [PubMed]

3.  Leblang, J.; Weil, J.; Beemon, K. Posttranscriptional regulation of retroviral gene expression: Primary RNA
transcripts play three roles as pre-mRNA, mRNA, and genomic RNA. Wiley Interdiscip. Rev. RNA 2013, 4,
567-580. [CrossRef] [PubMed]

4. 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]

5. Weil, J.; Beemon, K. A 3'UTR sequence stabilizes termination codons in the unspliced RNA of Rous sarcoma
virus. RNA 2006, 12, 102-110. [CrossRef] [PubMed]

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

7. Weil, J.E.; Hadjithomas, M.; Beemon, K.L. Structural characterization of the Rous sarcoma virus RNA stability
element. J. Virol. 2009, 83, 2119-2129. [CrossRef] [PubMed]

8. Withers, ].B.; Beemon, K.L. Structural features in the Rous sarcoma virus RNA stability element are necessary
for sensing the correct termination codon. Retrovirology 2010, 7, 65. [CrossRef] [PubMed]

9. 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]

10. Lejeune, F; Li, X.; Maquat, L.E. Nonsense-mediated mRNA decay in mammalian cells involves decapping,
deadenylating, and exonucleolytic activities. Mol. Cell 2003, 12, 675-687. [CrossRef]

11. Eberle, A.B.; Lykke-Andersen, S.; Mithlemann, O.; Jensen, T.H. SMG6 promotes endonucleolytic cleavage of
nonsense mRNA in human cells. Nat. Struct. Mol. Biol. 2009, 16, 49-55. [CrossRef] [PubMed]

12.  Chen, C.Y.A,; Shyu, A. Bin Mechanisms of deadenylation-dependent decay. Wiley Interdiscip. Rev. RNA 2011,
2,167-183. [CrossRef] [PubMed]

13.  Chen, C.-Y.A,; Shyu, A.-B. Rapid deadenylation triggered by a nonsense codon precedes decay of the RNA
body in a mammalian cytoplasmic nonsense-mediated decay pathway. Mol. Cell. Biol. 2003, 23, 4805-4813.
[CrossRef] [PubMed]

14.  Schiavi, S.C.; Wellington, C.L.; Shyu, A.B.; Chen, C.Y.A.; Greenberg, M.E.; Belasco, ].G. Multiple elements
in the c-fos protein-coding region facilitate mRNA deadenylation and decay by a mechanism coupled to
translation. J. Biol. Chem. 1994, 269, 3441-3448. [PubMed]

15. Huang, L.; Lou, C.H.; Chan, W.; Shum, E.Y.; Shao, A.; Stone, E.; Karam, R.; Song, H.W.; Wilkinson, M.F. RNA
homeostasis governed by cell type-specific and branched feedback loops acting on NMD. Mol. Cell 2011, 43,
950-961. [CrossRef] [PubMed]

16. 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, 860-871.
[CrossRef] [PubMed]


http://dx.doi.org/10.1186/1742-4690-6-8
http://www.ncbi.nlm.nih.gov/pubmed/19166625
http://dx.doi.org/10.1002/jcb.23272
http://www.ncbi.nlm.nih.gov/pubmed/21769913
http://dx.doi.org/10.1002/wrna.1179
http://www.ncbi.nlm.nih.gov/pubmed/23754689
http://dx.doi.org/10.1128/MCB.14.3.1986
http://www.ncbi.nlm.nih.gov/pubmed/8114730
http://dx.doi.org/10.1261/rna.2129806
http://www.ncbi.nlm.nih.gov/pubmed/16301601
http://dx.doi.org/10.1016/j.mib.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24632073
http://dx.doi.org/10.1128/JVI.02113-08
http://www.ncbi.nlm.nih.gov/pubmed/19091866
http://dx.doi.org/10.1186/1742-4690-7-65
http://www.ncbi.nlm.nih.gov/pubmed/20687936
http://dx.doi.org/10.7554/eLife.11155
http://www.ncbi.nlm.nih.gov/pubmed/26744779
http://dx.doi.org/10.1016/S1097-2765(03)00349-6
http://dx.doi.org/10.1038/nsmb.1530
http://www.ncbi.nlm.nih.gov/pubmed/19060897
http://dx.doi.org/10.1002/wrna.40
http://www.ncbi.nlm.nih.gov/pubmed/21957004
http://dx.doi.org/10.1128/MCB.23.14.4805-4813.2003
http://www.ncbi.nlm.nih.gov/pubmed/12832468
http://www.ncbi.nlm.nih.gov/pubmed/8106384
http://dx.doi.org/10.1016/j.molcel.2011.06.031
http://www.ncbi.nlm.nih.gov/pubmed/21925383
http://dx.doi.org/10.1371/journal.pbio.0060111
http://www.ncbi.nlm.nih.gov/pubmed/18447585

Viruses 2017, 9, 204 90f9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Yepiskoposyan, H.; Aeschimann, F.; Nilsson, D.; Okoniewski, M.; Miihlemann, O. Autoregulation of the
nonsense-mediated mRNA decay pathway in human cells. RNA 2011, 17, 2108-2118. [CrossRef] [PubMed]
Song, M.G.; Li, Y;; Kiledjian, M. Multiple mRNA decapping enzymes in mammalian cells. Mol. Cell 2010, 40,
423-432. [CrossRef] [PubMed]

Song, M.-G.; Bail, S.; Kiledjian, M. Multiple Nudix family proteins possess mRNA decapping activity. RNA
2013, 19, 390-399. [CrossRef] [PubMed]

Pichon, X.A.; Wilson, L.; Stoneley, M.; Bastide, A.A.; King, H.; Somers, J.E.; Willis, A. RNA binding
protein/RNA element interactions and the control of translation. Curr. Protein Pept. Sci. 2012, 13, 294-304.
[CrossRef] [PubMed]

Peixeiro, I.; Silva, A.L; Romao, L. Control of human {3-globin mRNA stability and its impact on
beta-thalassemia phenotype. Haematologica 2011, 96, 905-913. [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]

Silva, A.L.; Romao, L. The mammalian nonsense-mediated mRNA decay pathway: To decay or not to decay!
Which players make the decision? FEBS Lett. 2009, 583, 499-505. [CrossRef] [PubMed]

Fatscher, T.; Boehm, V.; Weiche, B.; Gehring, N.H. The interaction of cytoplasmic poly(A)-binding protein
with eukaryotic initiation factor 4G suppresses nonsense-mediated mRNA decay. RNA 2014, 20, 1579-1592.
[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 POP;. Genes Dev. 2013, 27, 2125-2138.
[CrossRef] [PubMed]

Dickson, A.M.; Wilusz, . Strategies for viral RNA stability: Live long and prosper. Trends Genet. 2011, 27,
286-293. [CrossRef] [PubMed]

Moon, S.L.; Barnhart, M.D.; Wilusz, J. Inhibition and avoidance of mRNA degradation by RNA viruses.
Curr. Opin. Microbiol. 2012, 15, 500-505. [CrossRef] [PubMed]

Dougherty, ].D.; White, J.P; Lloyd, R.E. Poliovirus-mediated disruption of cytoplasmic processing bodies.
J. Virol. 2011, 85, 64-75. [CrossRef] [PubMed]

Garneau, N.L.; Sokoloski, K.J.; Opyrchal, M.; Neff, C.P,; Wilusz, C.J.; Wilusz, J. The 3/ untranslated region of
sindbis virus represses deadenylation of viral transcripts in mosquito and mammalian cells. ]. Virol. 2008, 82,
880-892. [CrossRef] [PubMed]

Sokoloski, K.J.; Dickson, A.M.; Chaskey, E.L.; Garneau, N.L.; Wilusz, C.J.; Wilusz, J. Sindbis virus usurps
the cellular HuR protein to stabilize its transcripts and promote productive infections in mammalian and
mosquito cells. Cell Host Microbe 2010, 8, 196-207. [CrossRef] [PubMed]

Mitton-Fry, R.M.; DeGregorio, S.J.; Wang, ].; Steitz, T.A.; Steitz, ].A. Poly(A) tail recognition by a viral RNA
element through assembly of a triple helix. Science 2010, 330, 1244-1247. [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/10.1261/rna.030247.111
http://www.ncbi.nlm.nih.gov/pubmed/22028362
http://dx.doi.org/10.1016/j.molcel.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21070968
http://dx.doi.org/10.1261/rna.037309.112
http://www.ncbi.nlm.nih.gov/pubmed/23353937
http://dx.doi.org/10.2174/138920312801619475
http://www.ncbi.nlm.nih.gov/pubmed/22708490
http://dx.doi.org/10.3324/haematol.2010.039206
http://www.ncbi.nlm.nih.gov/pubmed/21357703
http://dx.doi.org/10.1038/nature03060
http://www.ncbi.nlm.nih.gov/pubmed/15525991
http://dx.doi.org/10.1016/j.febslet.2008.12.058
http://www.ncbi.nlm.nih.gov/pubmed/19162024
http://dx.doi.org/10.1261/rna.044933.114
http://www.ncbi.nlm.nih.gov/pubmed/25147240
http://dx.doi.org/10.1101/gad.226951.113
http://www.ncbi.nlm.nih.gov/pubmed/24115769
http://dx.doi.org/10.1016/j.tig.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21640425
http://dx.doi.org/10.1016/j.mib.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22626865
http://dx.doi.org/10.1128/JVI.01657-10
http://www.ncbi.nlm.nih.gov/pubmed/20962086
http://dx.doi.org/10.1128/JVI.01205-07
http://www.ncbi.nlm.nih.gov/pubmed/17977976
http://dx.doi.org/10.1016/j.chom.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20709296
http://dx.doi.org/10.1126/science.1195858
http://www.ncbi.nlm.nih.gov/pubmed/21109672
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Transfections 
	Analysis of Deadenylation and Decay 
	Northern Blotting 

	Results 
	The RSV RSE Impairs mRNA Deadenylation 
	Effects of the RSE on Decapping and 5'3' Exonucleolytic Decay 

	Discussion 

