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Abstract: Regulation of protein expression by non-coding RNAs typically involves effects on mRNA
degradation and/or ribosomal translation. The possibility of virus-host mMRNA-mRNA antisense teth-
ering interactions (ATI) as a gain-of-function strategy, via the capture of functional RNA motifs, has
not been hitherto considered. We present evidence that ATIs may be exploited by certain RNA viruses
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in order to tether the mRNAs of host selenoproteins, potentially exploiting the proximity of a captured

host selenocysteine insertion sequence (SECIS) element to enable the expression of virally-encoded selenoprotein mod-
ules, via translation of in-frame UGA stop codons as selenocysteine. Computational analysis predicts thermodynamically
stable ATIs between several widely expressed mammalian selenoprotein mRNAs (e.g., isoforms of thioredoxin reductase)
and specific Ebola virus mRNAs, and HIV-1 mRNA, which we demonstrate via DNA gel shift assays. The probable func-
tional significance of these ATIs is further supported by the observation that, in both viruses, they are located in close
proximity to highly conserved in-frame UGA stop codons at the 3" end of open reading frames that encode essential viral
proteins (the HIV-1 nef protein and the Ebola nucleoprotein). Significantly, in HIV/AIDS patients, an inverse correlation
between serum selenium and mortality has been repeatedly documented, and clinical benefits of selenium in the context of
multi-micronutrient supplementation have been demonstrated in several well-controlled clinical trials. Hence, in the light
of our findings, the possibility of a similar role for selenium in Ebola pathogenesis and treatment merits serious investiga-

tion.
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INTRODUCTION

Regulation of mRNA levels and protein synthesis by
other RNA species, such as microRNA and siRNA, typically
involves either the degradation of target mRNAs, or the in-
hibition of protein translation in the absence of RNA degra-
dation; these alternative outcomes depend primarily on the
degree of complementarity between the two RNAs [1]. For
cellular genes having natural antisense transcripts (NATS),
protein synthesis can be either downregulated [2] or upregu-
lated [3] by NAT binding to the target mRNA. However,
aside from such effects on mRNA degradation vs. stability
and translational repression vs. enhancement, the possibility
of antisense-based mRNA tethering as a general gain-of-
function strategy, via the capture of functional RNA motifs,
has not been widely considered, if at all.

Particularly for a small virus with a highly constrained
genome size, an ideally suitable function for this hypotheti-
cal mechanism would be the ability to gain additional pro-
tein coding potential via the capture of a selenocysteine in-
sertion sequence (SECIS) element, which would confer the
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ability for appropriately located UGA stop codons to be
“recoded” and translated as selenocysteine (Sec). Since
SECIS elements have been shown to function in frans, i.e.,
even when carried by a separate mRNA [4], it is highly
probable that the presence of a SECIS in a tethered mRNA
would also confer UGA-recoding ability on the tethering
mRNA partner, i.e., in this case, the ability to express
virally-encoded selenoprotein modules. There is no doubt
that selenoprotein-encoding capability can serve a viral
agenda, because a functional viral homologue of the proto-
typical selenoprotein, glutathione peroxidase (GPx), has
been identified in the genome of Molluscum contagiosum, a
large DNA pox virus [5]. Encoding such an antioxidant sele-
noprotein could enhance the ability of a virus to respond to
and survive oxidant-based immune attacks, thereby increas-
ing viral fitness.

Significantly, our research group has identified GPx-
related sequences with in-frame UGA codons in various
RNA viruses, including hepatitis C virus and human immu-
nodeficiency virus type one (HIV-1); the UGA-containing
active site regions of these GPx-like modules are typically
encoded in an overlapping reading frame of another viral
protein [6]. The putative HIV-1 GPx was cloned and found
to encode functional GPx activity [7] and to exert anti-
oxidant and anti-apoptotic effects [8], but only when the vi-
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ral protein was expressed as a selenoprotein via inclusion of
a cellular SECIS element in the expression vector. 4 func-
tional SECIS element encoded by an RNA virus has never
been demonstrated. However, a virus would not need its own
SECIS if it possessed a mechanism to hijack such a function
from the host, which is not only a classic viral strategy, but
arguably the essence of the viral life style.

In this study, we present both computational and experi-
mental evidence for antisense tethering interactions (ATIs)
between host selenoprotein mRNAs (specifically, thiore-
doxin reductase mRNAs) and certain mRNAs of RNA vi-
ruses. We focus here on the two most compelling examples
we have identified, one involving the highly pathogenic Za-
ire strain of Ebola virus (EBOV), and another involving
HIV-1. The first, shown as A in (Fig. 1), is between the
mRNA of the human thioredoxin reductase 3 (TR3) and the
mRNA encoding the nucleoprotein (NP) of EBOV; the sec-
ond (B in Fig. 1) is between the mRNA of human thiore-
doxin reductase 1 (TR1) and a region of HIV-1 genomic
mRNA, in the 3’-long terminal repeat (LTR).

There are two major possibilities for how these antisense
interactions would be likely to impact host selenium bio-
chemistry during viral infection: either simply by antisense
inhibition of cellular selenoprotein synthesis, or by direct
competition for a limited pool of selenocysteine if the ATI
with a selenoprotein mRNA can enable viral selenoprotein
synthesis. We will present a model for the latter, and discuss
the implications of these findings for well-established links
between dietary selenium status and viral pathogenesis.

MATERIALS AND METHODS

Identification of Antisense Interactions via Computa-
tional Methods

To evaluate the hypothesis that certain viral mRNAs
might engage in antisense interactions with host selenopro-
tein mRNAs, potential antisense matches were initially iden-
tified via nucleotide BLAST searches (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). The HIV-1 genomic mRNA sequence,
and individual mRNA sequences of Ebola virus, were used
as probes (see below for specific Genbank accession num-
bers of reference sequences used). Nucleotide BLAST
(blastn option) was used with default search parameters,
against a search set of the Reference RNA sequence database
(refseq.rna), restricted to either Homo sapiens (taxid:9606)
or various bat taxa (e.g., Old World fruit bats, taxid:9398),
since bats are now believed to be the most probable reservoir
species for Ebola virus, and therefore may be hosts to which
they have adapted in terms of potential mRNA interactions.
The best candidates for ATI with selenoprotein-encoding
mRNAs that were identified using BLAST and selected for
further study were the HIV-1 nef region vs. TR1 and the
Ebola NP vs. TR3, for both of which continuous 15 base pair
antisense matches were identified via Blast, at high signifi-
cance levels. The RNAHybrid program (http://bibiserv2.
cebitec.uni-bielefeld.de/rnahybrid; [9] was then used to es-
tablish the extent (in the 5’ and 3’ directions beyond the core
match identified using BLAST) and computed binding ener-
gies of the potential RNA-RNA interactions; this generated
the hybridizations shown in Fig. (1). The putative ATIs were
further validated using another widely used method for accu-
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rate prediction of RNA-RNA interactions, IntaRNA
(http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp;
[10-117). This method uses a rigorous approach that consid-
ers not only the hybridization energy of the interacting pair
of RNAs, but makes the assessment in the context of com-
peting intramolecular mRNA secondary structures that must
be unfolded in order for the intermolecular interaction to
occur, using a sliding window to consider all possible com-
peting intramolecular structures. For an interaction to be
identified by the program, there must be a significant net
interaction energy, after subtraction of the unfolding energies
for each of the single strands. Using large input fragments of
up to 1500 bases in length from the 3’ end of each of the
cognate mRNAs as input (HIV-1 vs. TR1 and Ebola NP vs.
TR3), with default parameters, IntaRNA identified exactly
the same core antisense interactions as previously estab-
lished using BLAST and RNAhybrid (see Results and Dis-
cussion section for details).

Reference Sequences Used in Computational Studies and
Oligonucleotide Design

Genbank accession numbers for the viral and host gene
reference sequences used, and the relevant sequence ranges
shown in (Fig. 1), are: 1976 Zaire ebolavirus, NC_002549.1;
2014 Zaire ebolavirus, KJ660346.2 (nucleoprotein, 2350-
2388); HIV-1, K02013.1 (nef/LTR region, 8989-9028); hu-
man TRI1, NM 003330.3 (3612-3655); human TR3,
NM 001173513.1 (1663-1703);  fruit  bat  TR3,
XM _006911434.

Demonstration of the Predicted Antisense Interactions at
the DNA Level via Gel Shift Assays

Target-specific in vitro DNA hybridization of the cognate
virus-selenoprotein ~ pairs was demonstrated by
electrophoretic mobility shift assays, using ~40mer synthetic
single stranded ssDNA oligomers (Integrated DNA Tech-
nologies, Inc., Coralville, IA). Oligos (~1 pg each in 10 pl
PBS), either singly or in cognate or mismatched pairs, were
incubated at 37°C for 15 hours, except those in lanes 9 and
10 (Fig. 2), which were heated to 90°C for 10 minutes in the
presence of 10 pg of sheered herring sperm DNA (Promega
D1811, Madison, WI), followed by cooling to room tem-
perature over 1 hour. The matched pairs of oligos from the
respective viral and host mRNAs, corresponding to the se-
quence regions involved in the antisense interactions shown
in Fig. 1, were as follows: EBOV nucleoprotein (Enp) vs.
TR3, and HIV-1 nef/LTR region (Hnf) vs. TR1. Mismatched
(non-cognate) mRNA pairs, e.g. Enp vs. TR1, were used as
negative controls (see legend to Fig. 2 for details). Separa-
tion was on a 4% agarose gel with ethidium bromide visuali-
zation. GeneRuler 1 kb Plus DNA ladder (Thermo Scientific,
Waltham, MA) was used as a guide.

RESULTS AND DISCUSSION

Discovery of these antisense matches was initially guided
via BLAST searches to identify potential core helical inter-
actions of ~15 or more consecutive base ;)airs, which would
correspond to a probability of <5 x 10” in purely random
DNA sequences. The best candidates identified using
BLAST were the Ebola NP vs. TR3, and the HIV-1 nef re-
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Fig. (1). Predicted antisense interactions between regions of mRNAs of human thioredoxin reductases and viral mRNAs. These are
shown as both RNA secondary structures and antisense sequence alignments. The RNA structures shown and computed interaction free en-
ergies in kcal/mol (numerals next to the structures) were generated using the RNAHybrid 2.2 program (see Methods). The antisense matches
are: A. EBOV nucleoprotein mRNA (Ebv-2014-NP, green) vs. TR3 mRNA (TR3-human, red); B. HIV-1 (HIVnef/LTR, green) vs. TR1
(TR1-human, red); C. A typical imperfect microRNA interaction is included for comparison (Let-7 vs. a cellular target, the default example
in RNAHybrid). The alignments A and B correspond exactly to the RNA secondary structures above; GU base pairs are indicated by a colon,
and the highly conserved UGA stop codon of the HIV-1 nef gene is indicated by an asterisk. In alignment A, the letters in italics above and
below the sequences correspond to genomic sequence variations between the 2014 EBOV (green) and the earliest 1976 EBOV isolates (black
italics), and between human TR3 (red) and fruit bat TR3 (black italics); see text for a discussion of these mutations.

gion vs. TR1, which both had core antisense matches of 15
consecutive base pairs (Supplemental Material files S1 and
S2), with highly significant BLAST “Expect” scores of
0.001 (Ebola NP vs. TR3) and 0.002 (HIV nef vs. TR1) vs.
the human selenoprotein mRNA database. However, BLAST
is not an ideal tool for discovering antisense interactions,
because of the unique non-Watson-Crick base pairings avail-
able to RNA. To get a better sense of the significance and
stability of these matches, the RNAHybrid program [9] was
used to establish the extent and binding energies of the
RNA:RNA interactions. The results are shown as A and B in
(Fig. 1), rendered as both RNA secondary structures and
antisense sequence alignments. Both of these predicted inter-
actions are more energetically stable and extensive than typi-
cal microRNA binding interactions, such as that shown as
structure C, which are inherently limited by the 22 nucleo-
tide size of microRNA.

These results were further validated by the IntaRNA pro-
gram [10-11], which output essentially identical RNA-RNA
interactions as those shown in (Fig. 1) for the Ebola NP vs.
TR3 and HIV-1 nef region vs. TR1 (for which the raw In-
taRNA output is in Supplemental Material files S3 and S4
respectively). Relative to the RNAhybrid results shown in
Fig. 1, the IntaRNA results for the same mRNA pairs, al-
though slightly truncated at either one (HIV-TR1) or both
ends (Ebola-TR3), are identical in their core hybridizations.
The IntaRNA results extend the BLAST 15-bp core an-
tisense matches to 17/18 consecutive base pairs for the HIV-
1 nef region vs. TR1, and 21/22 base pairs, with one single-
base insertion, for Ebola NP vs. TR3 (see files S3 and S4). In
both cases, even after subtraction of computed unfolding
energies for internal mRNA secondary structures, both inter-
acting pairs still have net interaction energies of ~20
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kcal/mol, and are the unique results predicted by IntaRNA
for these mRNA pairs.

Alignment A in Fig. 1 also shows differences between
1976 and 2014 strains of EBOV, and between humans and
fruit bats, in the antisense-tethered region of TR3. In the mu-
tated positions (black italic letters above or below the align-
ment), the 2014 EBOV sequence is in all cases a better an-
tisense match to the human TR3. In one location where the
mutations align, a C base unique to 1976 EBOV gives a bet-
ter match to the fruit bat TR3 (GC base pair), whereas the
2014 EBOV has mutated to a U, giving a better match to the
human TR3 (AU base pair). This is consistent with the pos-
sibility that, in regard to this putative interaction with TR3
mRNA, EBOV may be gradually adapting from bats to hu-
mans and other primate hosts such as chimpanzees and goril-
las, whose TR3 sequences are identical to humans in this
region.

The predicted interactions are unambiguously supported
by gel shift assays, which show strong in vitro DNA hybridi-
zation between the antisense partners. In Fig. 2, the matched
pairs of oligos corresponding to A and B in Fig. 1 are labeled
Enp/TR3 and Hnf/TR1 respectively. Combined at a 1:1 ratio,
both cognate antisense pairs form predominantly double-
stranded dsDNA, either in buffer solution (lanes 2 and 6), or
in the presence of sheared cellular DNA (lanes 9 and 10); at
a 2:1 ratio, both single-stranded ssDNA and dsDNA bands
are observed (lanes 3 and 7). The interactions are specific, as
no visible dsDNA is formed from mismatched pairs like
Enp/TR1, Hnf/TR3, or Hnf/Enp under identical conditions
(lanes 11-13).

s
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Fig. (2). Virus vs. human selenoprotein antisense interactions dem-
onstrated at the DNA level for the Ebola nucleoprotein and HIV nef
regions shown in Fig. 1. Target-specific in vitro DNA hybridization
of the cognate virus-selenoprotein pairs is shown by gel shift assay
using ~40mer synthetic single stranded ssDNA oligos. The matched
pairs of oligos from the respective viral and host mRNAs, corre-
sponding to the sequence regions involved in the antisense interac-
tions shown in Fig. 1, were as follows: EBOV nucleoprotein (Enp)
vs. TR3, and HIV-1 nef/LTR region (Hnf) vs. TR1. Lanes have
either a single oligo that runs as ssDNA (the lowest bands) or an
incubated pair of oligos, as follows: 1. Enp; 2. 1:1 Enp+TR3; 3. 2:1
Enp+TR3; 4. TR3; 5. Hnf; 6. 1:1 Hnf+TR1; 7. 2:1 Hnf+TR1; 8.
TR1; 9. 1:1 Enp+TR3 plus sheered herring sperm DNA; 10. 1:1
Hnf+TR1 plus herring DNA; 11. 1:1 Enp+TR1; 12. 1:1 Hnf+TR3;
13. 1:1 Hnf+Enp; 14. DNA size markers. The bright bands at the
size of ~40mer double stranded dsDNA correspond to the expected
hybridizations (Enp+TR3 or Hnf+TR1) at 1:1 (lanes 2,6,9,10) and
2:1 ratios (lanes 3,7). The faint bands above the 50 size marker (e.g.
lanes 2,3,6,7) are possibly from trimer formation (e.g.
TR3+Enp+TR3, etc.).

-

The existence of ATI between the 3’ regions of viral
mRNAs and host selenoprotein mRNAs suggests a new
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model for viral selenoprotein synthesis, as a variant of the
known mechanism of eukaryotic cellular selenoprotein syn-
thesis (Fig. 3). As shown schematically in Fig. 3B, the “tail-
to-tail” antisense interaction between the 3’ ends of the TR1
and HIV-1 mRNAs spans the 3’ end of the viral nef coding
sequence, which terminates in a UGA codon that is highly
conserved in global HIV-1 isolates [12]. Significantly, the
EBOV NP gene also terminates in a UGA codon, conserved
in all 1976 through 2014 Zaire EBOV isolates, but not in the
much less pathogenic Reston ebolavirus, in which the NP
terminates in a UAA. In both HIV-1 nef and the EBOV NP
mRNAs, recoding of the terminal UGA of these proteins as
Sec via a tethered SECIS element (Fig. 3B) would produce a
slightly extended isoform of the protein, containing a single
selenium atom as Sec, plus a few residues encoded past the
UGA. This is analogous to TR, where the UGA is also at the
protein C-terminus; in HIV-1 nef, the sequence even mimics
the TR redox center, with a conserved Cys immediately pre-
ceding the UGA [12].

The presence in a viral mRNA of an antisense region ca-
pable of tethering a host selenoprotein mRNA, located either
immediately overlapping (HIV-1) or within 300 bases (Ebola
NP) of a highly conserved in-frame UGA codon, is strong
circumstantial evidence favoring the possibility that the
UGA can be translated as Sec, even if inefficiently. Addi-
tionally, in both viral mRNAs, there is a shorter antisense
binding region (labeled ATI-2 in Fig. 3) immediately down-
stream of the conserved UGA codon. Both viral mRNAs
also have upstream -1 ribosomal frameshift sites: the viral
GPx in HIV-1 [7, 13] and predicted sites in Ebola virus [14],
that would enable access to other in-frame UGA codons dur-
ing protein synthesis, providing a further rationale for a need
to capture a host SECIS element. Because HIV-nef and
Ebola-NP are produced in abundant quantities in infected
cells, even if recoding of their terminal UGA codons as Sec
was very inefficient, production of only a fraction of a per-
cent of a selenium-containing isoform by this mechanism
could perturb the synthesis of cellular selenoproteins, by
depletion of a limited pool of Sec.

An alternate hypothesis to viral selenoprotein synthesis is
that these antisense interactions may simply lead to down-
regulation of host selenoproteins via translational inhibition
analogous to that by microRNA, without mRNA degradation
[1]. In either case, levels of cellular selenoproteins would
likely decrease, impairing host defenses in general and anti-
oxidant defenses in particular, and/or helping to create condi-
tions more favorable for viral replication and transfer to new
hosts (e.g., coagulopathy in Ebola, because of the role of
selenium in the regulation of blood clotting).

In the case of HIV-1, a negative correlation between se-
lenium status and mortality has been firmly established [15-
16], and significant clinical benefits of selenium supplemen-
tation have been demonstrated in various studies [17-19].
Nor is HIV an isolated example, because there are other es-
tablished cases of chemoprotective/antiviral effects of die-
tary selenium, including mammary tumors caused by
MMTV, a retrovirus [20], Keshan disease myocarditis,
linked to coxsackie virus [21], liver cancer and hepatitis
linked to hepatitis B virus [22], and even one example in
which an Asian viral hemorrhagic fever was successfully
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Fig. (3). Proposed mechanism of selenocysteine (Sec) incorporation into viral proteins via hijacking of a SECIS element from a tethered host
selenoprotein mRNA. Both panels show schematic ribosomes with bound tRNAs (blue), one carrying the rare selenium-containing amino
acid Sec, the other a growing peptide chain (colored beads). A. During biosynthesis of mammalian selenoproteins, Sec is inserted at UGA
codons, normally a STOP signal for protein synthesis. This mechanism requires a specialized RNA stem-loop structure, the SECIS element,
generally located in the 3’ untranslated region (3'-UTR) of the selenoprotein mRNA [4]. By recruiting various protein factors, including
SECIS binding protein 2 (SBP2) and elongation factor Sec (EF), the SECIS element enables delivery of tRNAg,, to the ribosome for Sec
incorporation at the UGA codon, preventing it from acting as a stop signal. B. Using HIV-1 as an example, the lower panel shows how a
viral mRNA, via antisense tethering interactions (ATI), could hijack a host SECIS element for decoding viral selenoprotein modules, such as
the HIV-encoded glutathione peroxidase (viral GPx) [7-8, 13]. ATI-1 is the interaction shown as structure B in Fig. 1, and spans the highly
conserved 3'-UGA codon of the nef gene; ATI-2 is a second shorter antisense region, consisting of 13 consecutive Watson-Crick base pairs
near the end of the viral mRNA (bases 9111-9123, CAGCUGCUUUUUG). Similarly, in the Ebola nucleoprotein mRNA, less than 350 bases
from the ATI shown as structure A in Fig. 1, there is also a secondary ATI region downstream of the conserved 3'-UGA stop codon (bases
2719-2734, CGACAAAUAGCUAACA), with only one mismatch to TR3 over 16 base pairs (A, opposite a G in TR3).

treated with oral sodium selenite, giving an overall 80% re-
duction in mortality [23]. These results are not entirely un-
expected, considering the many essential roles of selenium in
the immune system [24].

Evidence for benefits of selenium supplementation in
various RNA viral infections, and the host mechanisms in-
volved, was recently reviewed by Steinbrenner e al, who
pointed out that “Populations in several countries most af-
flicted by past and current outbreaks of Ebola fever (e.g.,
Liberia, Guinea, Democratic Republic of Congo) exhibit a
high risk of selenium deficiency”, with Liberia being the
lowest ranked African nation for dietary selenium supply
[25].

Regarding Ebola, selenium is known to play a signifi-
cant role in the regulation of blood clotting [26], and thus
could play a role in the coagulopathy characteristic of Ebola
hemorrhagic fever [14]. Intravenous selenite is also an effec-
tive treatment for septic shock [27], which has clinical simi-
larities to hemorrhagic fever [28]. Such observations are
consistent with the possibility of a virus-induced selenium
defect, resulting from ATIs between Ebola mRNAs and host
selenoprotein mRNAs, which could impair host selenopro-
tein synthesis by antisense translational inhibition, or by
competition for Sec, or both. In either case, increasing sele-
nium intake would be expected to reduce the detrimental
effects of Ebola on host Se-dependent mechanisms, and se-



Virus-Host mRNA Antisense Interactions and Selenium

lenium deficiency would be predicted to be a risk factor for
increased mortality.

If these ATIs are found to be functionally significant at
the mRNA level, and their effects confirmed via proteomics
studies, it will necessitate a re-evaluation of the multifaceted
role of selenium in virus-host interactions, and its clinical
significance, particularly in Ebola infections.
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