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Abstract

Viral RNAs accumulate to high levels during infection and interact with a variety of cellular
factors including miRNAs and RNA-binding proteins. Although many of these interactions exist
to directly modulate replication, translation and decay of viral transcripts, evidence is emerging
that abundant viral RNAs may in certain cases serve as a sponge to sequester host non coding
RNAs and proteins. By effectively reducing the ability of cellular RNA binding proteins to
regulate host cell gene expression, viral RNAs can alter the response to infection and favor viral
replication. This review focuses on the potential contribution that sequestration of cellular proteins
by viral RNAs makes to viral replication and cytopathology.

Introduction

Virus-host interactions play key roles in promoting viral replication and gene expression. In
addition, these interactions can influence how the virus interfaces with cellular innate
immune mechanisms, initiates cytopathology, and determines overall pathogenic outcomes
of infections. Over the years, we have learned a great deal regarding how numerous viral
proteins interact with host factors and promote viral infections. We also have an in-depth
understanding of how viral MRNAs commandeer the host machinery to regulate their own
stability and translation. However, with the discovery of a multitude of non-coding RNAs
(such as miRNAs and long noncoding RNAs (IncRNAs)) within eukaryotic genomes, it is
now abundantly clear that RNAs can also play vital roles as regulators of gene expression in
their own right. Of course, miRNAs are the best-studied example of how a non-coding RNA
can regulate gene expression through RNA-RNA interactions. However, there are a growing
number of studies that indicate that RNAs, including mRNAs, can also interact with proteins
and down-regulate their functions. The goal of this review is to summarize recent data
demonstrating that viral RNAs can act as a decoy and interact directly with cellular proteins
to sequester them away from their normal tasks. Given the large number of viral RNAs that
can accumulate in an infected cell, we speculate that such virus encoded ‘sponges’ may be
important but generally overlooked contributors to the successful replication.
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Viral and cellular RNA sponges can target and down-regulate other RNAs

Cells contain a number of characterized ‘competing endogenous RNAs’ or ceRNAS that
appear to serve as sponges to sequester and down-regulate the activity of miRNAs [1, 2].
Examples include the H19 IncRNA which targets the let7 miRNA [3] and the Lnc-Md-1
RNA which acts as a decoy for miR133 [4]. Abundant small circular RNAs generated by
‘backsplicing’ have also been implicated as miRNA sponges [5]. Interestingly, recent global
analyses have suggested the presence of ceRNA-driven regulatory networks where
combinations of ceRNAs, miRNAs and mRNAs determine important aspects of cellular
processes and may play a role in diseases such as breast and gastric cancers [6, 7]. These
RNA-driven networks have also been implicated in influencing the expression of key
developmental regulators [8]. However, whether naturally occurring ceRNAs are abundant
enough to significantly influence miRNA availability has recently been called into question
through a quantitative analysis of mMiRNA122 and its endogenous target sites [9]. Thus, the
ability of an RNA to act as an effective sponge and thereby modulate cellular functions is
determined both by the affinity of the interaction and the abundance of the sponge itself.

The introduction of designer RNA sponges has been demonstrated to be an effective means
of down-regulating the functions of major miRNAs such as miR23b [10], miR-101 [11],
miR-151 [12] and others [13]. These synthetic RNA sponges have been delivered using a
variety of vectors — including lentiviruses. This strongly implies that natural RNA sponges
encoded by viruses may be expressed at high enough levels to wreak havoc on post-
transcriptional regulatory networks in infected cells by targeting miRNAs. Indeed, there are
already several examples of virally-encoded RNA sponges that do just that. These include
the non-coding U-rich HSURL transcripts made by Herpesvirus saimiri [14] which targets
cellular miR-27 for degradation, the m169 transcript of murine cytomegalovirus which also
inhibits miR-27 [15], and the sponging of cellular miRNAs encoded by the 15a/16 cluster by
Hepatitis B virus mRNAs [16]. Importantly, since viral transcripts are often present in very
large quantities relative to natural cellular ceRNAs, these viral RNAs may very well be
present in such high ratios relative to their targets that could indeed effectively sequester
cellular miRNAs (thus overcoming the concerns raised by the Denzler et al study [9]). In
summary, viruses have clearly borrowed/adapted the ‘ceRNA’ strategy of RNA sponging
into their arsenal of host interactions to dysregulate cellular gene expression.

Viral RNAs may also serve as effective sponges of cellular RNA binding

proteins

Countless interactions between cellular RNA binding proteins and viral RNAs have been
reported over the last several decades. Many of these interactions have been documented to
promote specific aspects of viral gene expression/replication. However, a largely overlooked
consequence of abundant viral transcripts interacting with cellular proteins may be to reduce
the effective cellular concentrations of free forms of the RNA binding proteins. If this
occurs, one would expect to observe a significant diminution of the natural function on the
sequestered cellular RNA binding protein. Let’s look at a few lines of evidence that suggest
this could be the case.
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First, there are two well-documented cases where the expression of a non-coding RNA
segment results in a pathological condition due to sequestration of RNA binding proteins. In
myotonic dystrophy, a CTG triplet repeat microsatellite in the 3° UTR of the DMPK gene is
expanded to hundreds of repeats [17]. The expansion of this repeat in the noncoding region
of the transcript results in the accumulation of a ‘toxic’ RNA in nuclear foci that sequesters
the important regulatory RNA binding protein muscleblind like 1 (MBNLZ1) [18]as well as
dysregulates the expression of the CELF1 protein [19]. Both of these factors have been
implicated in the regulation of cellular mMRNA splicing and mRNA stability [20]. More
recently, it has been recognized that a GGGGCC hexameric repeat expansion within the first
intron of the C9ORF72 gene is the most common genetic cause of neurotoxicity associated
with amyotrophic lateral sclerosis (ALS) and frontotemporal dementia [21]. The GGGGCC
repeat-containing RNA accumulates in nuclear foci and sequester hnRNP H, hnRNP A1,
ASF/SF2 and other RNA binding proteins in a fashion similar to the CUG repeat-containing
mRNA in myotonic dystrophy [22-24]. Thus the sequestration of cellular RBPs by
aberrantly expressed RNAs is a clearly documented cause of pathology. This sets the
precedent for the possibility that abundantly expressed viral RNAs targeting cellular proteins
can act in a similar fashion and cause pathology in host cells.

Two recent examples nicely document the ability of viral RNAs to sequester/sponge cellular
proteins and lead to dysregulation of gene expression that may be associated with pathology.
G3BP1, G3BP2 and CAPRINL1 are three cellular RNA binding proteins that are required for
an efficient interferon-p response by promoting the translation of Interferon Stimulated Gene
(1ISG)-encoding mRNAs [25]. During infections with Dengue virus (DENV) and other
insect-borne flaviviruses, large amounts of a small non-coding RNA encompassing the 3’
UTR of viral mRNAs accumulate in cells. The generation of this small flavivirus RNA or
‘sfRNA’ is not due to a subgenomic promoter, but instead is the result of stalling of the
cellular exoribonuclease XRN1 at a novel knot-like RNA structure positioned just
downstream of the large open reading frame of viral transcripts [26, 27]. Recently, Garcia-
Blanco and coworkers have used RNA-protein immunoprecipitation (RIP) analysis and
3’UTR mimics to demonstrate that DENV sfRNA effectively binds to and down-regulates
the activity of these three cellular proteins [25]. The consequence of sSfRNA-mediated
sponging of G3BP1, G3BP2 and CAPRINL1 proteins is to effectively antagonize the host
interferon response against DENV in infected cells. Thus the ability of SfRNA to act as a
protein sponge has obvious implications for viral pathogenesis.

The second example involves the sponging/sequestration of the cellular HUR protein. HuR is
an important regulator of cellular RNA stability that plays a major role in regulating the
expression of many short-lived AU-rich element containing mRNAs, including those
encoding innate immune mediators and cell cycle proteins [28, 29]. Sindbis virus and
several other members of the alphavirus family contain conserved high affinity HUR binding
sites in the 3’ UTR [30]. Since the same 3’ UTR is present on both the genomic and
abundant subgenomic mMRNASs generated by these plus-sense members of the Togaviridae,
viral RNAs containing this HUR binding site readily accumulate to high levels in infected
cells. While viral transcripts usurp HuR to assist in their stabilization [31, 32], recent
evidence using viral infections and transfections of noncoding viral 3’UTR RNA segments
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indicates that the viral 3° UTR is also effectively serving as a sponge for HuUR protein in
infected cells [33]. HuUR sponging by SINV results in the relocalization of HuR from the
nucleus to the cytoplasm in infected cells, apparently through preventing HUR protein from
shuttling back into the nucleus. HUR sponging by SINV also causes destabilization of
numerous cellular MRNAs that normally rely on HUR binding to enhance their stability [33].
Finally, HuR-mediated polyadenylation and splicing events in the nucleus are also altered by
viral UTR-mediated protein sponging in infected or transfected cells [33]. These major
changes in cellular mRNA stability and nuclear mRNA processing that result in the
dysregulation of cellular gene expression very likely play a role in viral-based
cytopathology.

Interestingly, a recent report also documents a virally-encoded RNA-mediated protein
sponge as a regulator of viral protein function. The abundant long noncoding PAN RNA
made in Kaposi Sarcoma Herpesvirus (KSHV) infections can serve as a sponge for the viral
LANA protein to sequester the viral factor away from histones. This activity assists in
removing LANA from the viral DNA episome to facilitate the reactivation of the virus from
latent infection [34]. Thus, viral RNA sponges can also contribute to virus-specific
regulation of gene expression. Along these lines, it is important to note that RNA aptamers
and nanoparticles have also been demonstrated to effectively serve as protein sponges,
making these macromolecules candidates for antiviral therapeutics [35, 36]. Therefore the
balance of viral RNA sponges to their targets is likely to be just as important to virally-
encoded networks of gene expression as they are to cellular ceRNA-mediated networks
noted above.

Are RNA-mediated protein sponges a major viral strategy to disrupt the

function of host proteins during infections?

While the clear answer to this question awaits additional experimentation, one can put
forward the argument that any cellular protein recruited by abundant viral RNAs to facilitate
replication, stabilization or translation is simultaneously being prevented from carrying out
its normal functions. Numerous cellular proteins including DDX6 [37], NF90 [38], p100
[39], polypyrimidine tract-binding protein (PTB) [40], poly(A) binding protein (PABP) [41],
Y box-binding protein 1 [42], and La [43] have been demonstrated to interact with the 3’
UTR/sfRNA of Dengue virus. Could these cellular proteins be sequestered/sponged in a
similar fashion to G3BP1, G3BP2 and CAPRIN1? Likewise, in Sindbis virus infections the
cellular hnRNP K protein has been demonstrated to interact with the abundant subgenomic
Sindbis virus mRNA [44] and packaged cellular proteins appear to play a role in enhanced
SINV infectivity [45]. Therefore the potential exists for both DENV and SINV RNASs to
sponge additional cellular proteins.

Methods are now fairly well-established for assessing the array of cellular proteins that can
interact with viral RNAs [e.g. 46—48]. It should be very interesting to take a more
comprehensive look at the interactions between cellular proteins and abundant viral RNAs
and then specifically assess the functional consequences of these interactions in infected
cells. One can experimentally separate the effects of sponging cellular RNA binding proteins
from effects of RNA-protein interactions on viral replication/translation simply by
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expressing or transfecting the viral RNA regions on their own in the absence of any other
viral gene products [25, 33]. Given the growing appreciation for RNA-mediated regulation
in cell biology, there is a very good chance that protein sponging by viral RNAs plays a
much greater role in viral pathogenesis than has been appreciated to date.
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indicated cellular RNA binding proteins and repress translation of mMRNAs involved in
innate immunity. Panel 3: Alphavirus mRNAs contain a high affinity binding site in their 3’
UTRs that binds the cellular HUR protein, resulting in increased viral RNA stability as well
as sponging of the cellular factor that dysregulates its normal function. Panel 4: The KSHV
PAN RNA serves as a sponge for the viral LANA protein, removing it from viral episomes

and facilitating reactivation of latent virus.
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