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FULL MANUSCRIPT

Rapid Uptake and Inhibition of Viral Propagation
by Extracellular OAS1

Karthiga Thavachelvam,1 Hans Henrik Gad,1 Mikkel Søes Ibsen,1 Philippe Desprès,2

Marianne Hokland,3 Rune Hartmann,1 and Helle Kristiansen4

The oligoadenylate synthetase (OAS) proteins are traditionally considered intracellular antiviral proteins that
mediate antiviral activity through the synthesis of 2¢-5¢-linked oligoadenylates and subsequent activation of the
endoribonuclease RNase L. However, we have recently demonstrated that exogenous recombinant OAS1 is
taken up by cells and reduces viral replication both in cell culture and in vivo, independent of RNase L. These
results demonstrate a novel paracrine antiviral activity of OAS working in parallel with the classical RNase L
pathway. In this study, we investigate the uptake kinetics of recombinant porcine OAS1 and show that it is
rapidly and efficiently internalized in a manner that can be blocked by heparin. Heparin, furthermore, abolishes
the antiviral activity of OAS1, demonstrating the requirement of the intracellular localization of OAS1 to inhibit
the virus. In addition, we demonstrate that exogenous OAS1 affects an early step of the viral replication cycle.

Introduction

Interferon (IFN) is the collective name of a group of
cytokines that can orchestrate an efficient antiviral de-

fense. Three types of IFN exist: type I IFN (IFN-a/b), type II
IFN (IFN-g), and type III IFN (IFN-l). Type II IFN is so
named for historical reasons and although it does harbor an
antiviral activity, it also has a pleiotropic effect on different
immune cells. Type I and type III IFNs are what we consider
classical IFNs, and though utilizing different receptor com-
plexes, they signal through the same transcription factor,
known as IFN-stimulated gene factor 3, comprising STAT1,
STAT2, and IRF9 (ISGF3) and induce a similar set of genes
known as IFN-stimulated genes (ISGs) (Zhou and others 2007;
Kotenko 2011). One of these ISGs is oligoadenylate synthetase
1 (OAS1), which together with OAS2, OAS3, and OASL
belongs to the OAS family of proteins. OAS1 to 3 are all
active synthetases that synthesize 2¢-5¢-linked oligoadenylates
(2-5As) in response to viral infections (Kristiansen and others
2011). The 2-5As then activate a latent endoribonuclease,
RNase L, which cleaves both cellular and viral RNA present
inside the cell. Thus, the classical OAS-RNase L pathway
constitutes a regulated RNA decay pathway, which is activated
in response to viral infections (Silverman 2007). However, we
recently described a novel role for OAS1 in innate immunity.
We demonstrated that recombinant OAS1 was taken up by
cells and reduced viral replication in both cell cultures and
mice treated with the OAS1 protein (Kristiansen and others

2010). This antiviral activity was independent of both the
catalytic activity of OAS1 and of RNase L, but seems to act
synergistically with the classical OAS-RNase L pathway
(Kristiansen and others 2010). However, this work left several
open questions regarding the kinetics of OAS1 uptake and
antiviral activity, as well as which part of the viral replication
cycle was affected. OAS activity is observed in the serum of
patients chronically infected with hepatitis C virus (Shindo and
others 2008; Mihm and others 2009), and the demonstration
that OAS1 could act in a paracrine way opened a new way of
looking at the antiviral activity of ISGs. Recently, it was
shown that the cyclic dinucleotide cGAMP, which is a potent
inducer of IFN through activation of stimulator of IFN genes
(STING), could traverse the cell membrane through gap
junctions and thereby initiate an IFN response in uninfected
cells (Ablasser and others 2013). Thus, paracrine actions of
ISGs or secondary messengers produced in response to viral
infections constitute an emerging theme. In this study, we in-
vestigate the uptake kinetics of recombinant porcine OAS1
(pOAS1), the potential role of heparin in pOAS1 internaliza-
tion, and antiviral activity, as well as the specific step of the
viral replication cycle, which is inhibited.

Materials and Methods

Cells and viruses

Cell lines used in this study were HeLa (human cervical
cancer cells) and Vero cells (African green monkey kidney
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cells). The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) as well as 100 U/mL penicillin and
100 mg/mL streptomycin (all from Sigma-Aldrich, Brøndby,
Denmark). Viruses used were encephalomyocarditis virus
(EMCV) (VR-129B strain) and recombinant chikungunya
virus (CHIKV) expressing Renilla luciferase (Henrik Gad
and others 2012).

Cloning, expression, and purification
of recombinant pOAS1

The porcine OAS1 cDNA was cloned into an expression
vector as described previously (Hartmann and others 2003).
The protein was expressed in Escherichia coli BL21(DE3)
and purified as described (Kristiansen and others 2010).

Cell treatments

For all experiments, Vero cells were seeded with a den-
sity of 1 · 106 cells per well in a 6-well multidish and in-
cubated with treatments for 4 h or indicated time points
(uptake experiment). Cells were either untreated (UT) or
treated with pOAS1 (100mg/mL), heparin (250mg/mL)
(Sigma-Aldrich), or pOAS1 (100mg/mL) preincubated at
room temperature for 30 min with heparin (250mg/mL).
Following indicated time points, cells were washed thrice
with phosphate-buffered saline (PBS) and collected for
further analysis or infected for antiviral assays.

Virus yield assay

Cells were incubated with indicated treatments for 4 h.
The supernatant was removed and cells were washed thrice
with PBS. Cells were infected with EMCV at a multiplicity
of infection (MOI) of 0.001 for 12 h (heparin experiments)
or an MOI of 1 (time-course and dsRNA colocalization
experiments) for indicated time points. Virus supernatant
was collected by 2 freeze–thaw cycles and centrifuged for
10 min at 10,000 rpm. The virus load was measured by 50%
tissue culture infective dose (TCID50) assay.

Immunoblotting

Following treatment with pOAS1 for the indicated time
points or with and without heparin, cells were collected by
trypsination and subsequently lysed using lysis buffer (50 mM
Tris pH 8, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
0.1% SDS), centrifuged for 10 min, and supernatant collected
for immunoblotting. Samples were heated for 5 min at 95�C
and afterward kept on ice. The samples were subjected to 10%
SDS-PAGE and transferred to PVDF membranes (Appli-
Chem, Lyngby, Denmark). pOAS1 and GAPDH present in the
cell extracts were visualized using anti-TetraHis antibody
(mouse) (Qiagen, København, Denmark) and anti-GAPDH
(rabbit) (Santa Cruz Biotechnology, Heidelberg, Germany),
respectively. Secondary antibodies used were HRP-conjugated
anti-mouse (sheep) (GE Healthcare, Brøndby, Denmark) and
anti-rabbit IgG (pig) (Dako, Glostrup, Denmark), respectively.
Proteins on the membrane were visualized on Kodak film by
SuperSignal� West Dura chemiluminescence system (Thermo
Scientific, Hvidovre, Denmark) and subsequently quantified
by Image J.

Imaging

Treated cells (as indicated) were trypsinated and allowed
to reattach to coverslips for 2 h. Cells were fixed with 4%
paraformaldehyde (PFA) pH 7.4 in PBS for 10–20 min. For
dsRNA colocalization studies, cells were incubated with
pOAS1 and infected with EMCV as described above. Cells
were incubated for 6 h with EMCV and fixed. pOAS1 were
stained using either anti-TetraHis antibody (mouse) (Qia-
gen) [colocalization with endoplasmic reticulum (ER) and
Golgi] or anti-pOAS1 antibody (rabbit) (BioGenes, Berlin,
Germany) (uptake, heparin experiments, and colocalization
with mitochondria). Other primary antibodies used were anti-
dsRNA antibody J2 (mouse) (English & Scientific Consult-
ing, Szirák Hungary), anti-Calrecticulin (rabbit) (Abcam,
Cambridge, UK), and anti-Giantin (rabbit) (Abcam). Sec-
ondary antibodies used were AlexaFlour�488-conjugated
anti-rabbit IgG (goat), AlexaFlour�568-conjugated anti-rabbit
IgG (goat), and AlexaFlour�594-conjugated anti-mouse (all
from Invitrogen, Nærum, Denmark). Mitochondria were
visualized using MitoTracker Deep Red (AlexaFlour�647-
conjugated) (Invitrogen) according to the manufacturer’s
instructions. The cell nuclei were stained using DAPI
(30 mM) (Invitrogen). Cells were mounted on coverslips
using prolong GOLD mounting medium (Invitrogen) and
visualized using the LSM710 Zeiss confocal microscope,
and images were recorded and processed using Zen 2008
software.

Flow cytometry

Cells were treated as indicated and harvested using
trypsin, washed with PBS, and fixed with 4% PFA pH 7.4 in
PBS. Cells were kept in suspension and centrifuged at 300 g
between each step. Cells were permeabilized using 0.5%
Triton-X 100 and 1% BSA in PBS and stained with anti-
pOAS1 (rabbit) (BioGenes) and the secondary antibody
AlexaFlour�488-conjugated anti-rabbit (goat) (Invitrogen)
at 4�C for 20 min each with 2 interspersed washing steps.
Cells were subsequently analyzed on a FC500 flow cyto-
meter (Beckman Coulter, Miami, FL), and the collected data
were analyzed using FlowJo� for Macintosh, version 9.5.2
(Tree Star, Inc., Ashland, OR).

Cell stimulations, RNA extraction, cDNA synthesis,
and real-time quantitative PCR

Treated cells (as indicated) were infected with EMCV at an
MOI of 1 for different time points as noted in figures. For the
time-course experiment, cells were collected at indicated time
points. For the entry assay, cells were infected for 1 h at 4�C,
followed by media exchange and 1 h of infection at 37�C.
Cells were collected using Trizol� reagent (Invitrogen). RNA
extraction, cDNA synthesis, and real-time quantitative PCR
(RT-qPCR) were performed as described (Melchjorsen and
others 2009). The cDNA of EMCV RNA were synthesized
using random hexamer primers, and the cDNA obtained from
cells was quantified by RT-qPCR using SYBR Green I
(Qiagen) on Roche LightCycler 2.0 (Roche Diagnostics,
Hvidovre, Denmark). The following primers were used (final
concentration of 500 nM): GAPDH, CGACCACTTTGT
CAAGCTCA (Fwd) and GGTGGTCCAGGGGTCTTACT
(Rev); and Genomic EMCV RNA, CCTCTTAATTCGA
CGCTTGAA (Fwd) and GGCAAGCATAGTGATCGAAG
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(Rev). Controls included in the experiment were no-template
controls (NTC). The cycling parameters were as follows: 1
cycle of an initial activation at 95�C for 15 min and 55 cycles
of denaturation (94�C for 15 s), annealing (55�C for 25 s), and
elongation (72�C for 10 s). Data were acquired at the end of
each elongation cycle. The data acquisition temperature was
4�C below the annealing temperature of the amplified prod-
uct. The amplification products were verified by running a
melting curve analysis subsequent to each RT-qPCR. Data
were analyzed using the method described by (Pfaffl 2001).

Renilla luciferase assay

Cells were lysed with passive lysis buffer (Promega,
Nacka, Sweden) and cleared by centrifugation for 10 min at
13,000 g. Renilla luciferase activity was measured on a
Centro LB 960 (Berthold Technologies, GmbH, Bad Wild-
bad, Germany) luminometer by mixing 25mL Dual-Glo�

Stop & Glo� Substrate (Promega) with 100mL cell lysate
and measuring luminescence for 10 s.

Statistical analysis

Virus titers from TCID50 assays were calculated and data
analyzed as described previously (Kristiansen and others
2010). Data from RT-qPCR were analyzed as described
(Melchjorsen and others 2009). Significance values and
95% confidence interval (CI) were calculated using Graph-
Pad Prism (GraphPad Software). Statistical tests of the data

were performed by log transforming the data points (y = log
y) to ensure parametric distribution of the data and analyzed
using a 2-tailed student’s t-test assuming parametric distri-
bution with 95% CI. Significance values are given as
*0.05 ‡ P > 0.01; **0.01 ‡ P > 0.001; ***0.001 ‡ P > 0.0001;
****P £ 0.0001.

Results

Efficient internalization of pOAS1

We previously showed that recombinant pOAS1 was in-
ternalized by cells and this internalization appears to be
required for the novel antiviral activity (Kristiansen and
others 2010). To further characterize the cellular uptake
of recombinant pOAS1, the internalization was analyzed by
different means. Cells were treated with recombinant
pOAS1 protein and harvested at indicated time points. To
remove pOAS1 present in the extracellular environment,
cells were collected using trypsin and the uptake at different
time points was then determined using both immunoblotting
and immunostaining (Fig. 1A, B). For immunostaining, cells
were reseeded on coverslips and collected after 2 h when the
cells were reattached. For immunoblotting, cells were col-
lected immediately using trypsination. Internalized pOAS1
was detectable as early as 30 min after treatment as seen
both with immunoblotting and immunostaining (Fig. 1A, B).
The uptake of pOAS1 peaked at 4 to 6 h posttreatment, and
the presence of pOAS1 in the cells was persistent within the

FIG. 1. Time course of porcine oligoadenylate synthetase 1 (pOAS1) uptake. Vero cells were either left untreated as a
control or treated with pOAS1 for the indicated time points. Cells were collected by trypsination and either reseeded on
coverslips for immunostaining (A) or harvested for Western blotting (B) or flow cytometry (C). Cells on coverslips were
stained using anti-pOAS1 antibody and secondary AlexaFlour�488-conjugated antibody (green) or DAPI (blue), and cells
were visualized using confocal microscopy. For immunoblotting (B), pOAS1 and GAPDH were visualized using anti-
TetraHIS-tag antibody and anti-GAPDH, respectively, and an HRP-conjugated secondary antibody. For flow cytometry (C),
cells were treated with pOAS1 for 4 h, collected using trypsin, fixed, and kept in the solution during staining. Cells were
permeabilized and stained with anti-pOAS1 antibody, followed by secondary AlexaFlour�488-conjugated antibody, and the
percentage of pOAS1-positive cells was analyzed by flow cytometry. Data are representative of 2 (A, B) or 4 (C)
independent experiments. Error bars depict 95% confidence interval (CI) and data were analyzed using an unpaired t-test.
****P £ 0.0001.
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48 h of treatment, which were included in our analysis (data
not shown). However, it cannot be excluded, that the protein
is present also at later time points.

The uptake of pOAS1 at 4 h was further analyzed using
flow cytometry. Cells treated with pOAS1 were stained
with an anti-pOAS1 antibody and the frequency of pOAS1-
positive cells was quantified. The average percentage of
pOAS1-positive cells was 77.4% (Fig. 1C). To confirm
these data, cells were incubated with pOAS1 for 4 h and
reseeded on coverslips for immunostaining as described
above. Cells were counted and the percentage of pOAS1-
positive cells was 65%–75% (data not shown), correlating
with the data obtained by flow cytometry.

To confirm that pOAS1 was in fact internalized and not
bound to the surface of the membrane, a 3-dimensional
image of cells stained for pOAS1 was created by visualizing
different optical sections. The scanning was performed
through 11 optical sections and was adjusted such that the
first image was acquired directly below and the last directly
above the nuclei, and spatial image of the pOAS1 staining
was computational recreated. This procedure clearly showed
that pOAS1 was present inside the cytoplasm of the cell
and not confined to the membrane (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/jir).

Localization of pOAS1

The pOAS1 staining was clearly punctuated, indicating
that pOAS1 was in some way confined to specific com-
partments within the cytoplasm of the cell. To clarify the fate
of pOAS1 following uptake, different cellular compart-
ments were visualized along with pOAS1. We examined if
pOAS1 colocalized with cellular compartments or organelles
by staining mitochondria, the Golgi, or the ER. However,
pOAS1 did not colocalize with any of these compartments
(Fig. 2A) and this did not seem to change upon viral infec-
tion (data not shown). The potential colocalization between
pOAS1 and EMCV-derived dsRNA was also investigated.
dsRNA was visualized using an anti-dsRNA antibody (Weber
and others 2006). No colocalization between EMCV-derived
dsRNA and pOAS1 was observed (Fig. 2B).

Heparin interferes with the uptake
of recombinant pOAS1

The RNA-binding site of OAS is formed by positively
charged amino acids (Hartmann and others 2003; Donovan
and others 2013). DNA and RNA-binding proteins can bind
to heparin due to the structural similarities between the
backbone of nucleic acids and heparin and similar charge
distributions. Heparin is a sulfated glycosaminoglycan, and

FIG. 2. Colocalization of
pOAS1 with cellular com-
partments. Vero cells were
either left untreated as a con-
trol or treated with pOAS1 for
4 h. Cells were collected by
trypsination and reseeded on
coverslips for immunostain-
ing. For dsRNA colocaliza-
tion, the cells were infected
with encephalomyocarditis
virus (EMCV) at a multiplicity
of infection (MOI) of 1 for 1 h.
Cells on coverslips were stained
using anti-pOAS1 antibody and
secondary AlexaFlour�488-
conjugated antibody (green) or
DAPI (blue) and visualized us-
ing confocal microscopy. Golgi
was stained using anti-Giantin
antibody (A, top panel). En-
doplasmic reticulum (ER) was
stained using anti-Calrecticulin
antibody (A, middle panel). The
secondary antibody used for
both was an AlexaFluor�568-
conjugated antibody. Mito-
chondria were visualized using
MitoTracker Deep Red before
fixation (A, bottom panel).
dsRNA was stained using anti-
dsRNA antibody J2 (B). The
secondary antibody used was an
AlexaFluor�568-conjugated
antibody.
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RNA, DNA, and heparin are negatively charged sugar-
containing molecules (Simon Davis and Parish 2013). In-
ternalization of pOAS1 appears to require the basic charge
of the RNA-binding domain of OAS (Kristiansen and others
2010), and the interaction of heparin with pOAS1 through
this domain would neutralize the positive charge through the
negative charge of heparin. To investigate if heparin binding
affects the cellular internalization of pOAS1, pOAS1 was
incubated with heparin in excess and cells were treated with
this mixture before seeding on coverslips for immuno-
staining or before collection for immunoblotting. Both mi-
croscopy (Fig. 3A) and immunoblotting (Fig. 3B) revealed
a substantial reduction of cellular uptake of pOAS1 by
heparin.

We anticipated that internalization of pOAS1 is a pre-
requisite for antiviral activity. We treated cells with either
pOAS1 or heparin or a mixture of pOAS1 and heparin.
Heparin alone did not significantly decrease the EMCV ti-
ters (Fig. 3C), despite its ability to interfere with the repli-
cation of several other viruses (Ibrahim and others 1999;
Spillmann 2001; Barth and others 2003; Tiwari and others
2004; Zhu and others 2011). However, incubating pOAS1
with heparin before treating cells did abolish antiviral ac-
tivity of pOAS1 (Fig. 3C).

pOAS1 inhibits the EMCV replication cycle
at an early stage

To determine the step of the viral replication cycle, which
is affected, a time-course experiment of EMCV infection
was performed. Cells were either treated with pOAS1 or left
untreated and subsequently infected with EMCV at an MOI
of 1 for the indicated time points. Cells were harvested to
measure the viral load (Fig. 4A) or intracellular accumula-
tion of EMCV genomic RNA (Fig. 4B, C).

pOAS1 significantly decreased the amount of viral par-
ticles at 6 and 8 h postinfection, representing the first rep-
lication cycle, but not later (12 and 24 h postinfection) (Fig.
4A). At the later time points, the presence of large amounts
of viral particles overcomes the inhibitory effect of pOAS1.
Immediately after entry, the virus starts translation of its
positively stranded RNA genome (Carocci and Bakkali-
Kassimi 2012). Thus, no novel RNA is synthesized during
this early time period. For both untreated and pOAS1-
treated cells, a constant level of genomic EMCV RNA was
observed for the early time points (1 to 2 h postinfection)
(Fig. 4B, C). This most likely represents the amount of virus
that has attached to and entered the cells. A significant
difference was observed between the pOAS1-treated and
untreated cells at 4 h postinfection. The data presented in
Fig. 4B was used to calculate the fold change over time (Fig.
4C), which was significantly different between the untreated
and pOAS1-treated cells from 2 to 4 h postinfection, but not
for the later time points (from 4 to 12 h postinfection).

The results of the time-course experiments indicated an
effect of pOAS1 at an early step of the viral replication
cycle. To confirm the effect of pOAS1 at an early time point
during the viral replication cycle, the effect of pOAS1 on
another RNA virus, CHIKV, was investigated. CHIKV is an
arthropod-borne virus belonging to the Alphavirus genus.
The virus has a positive single-stranded RNA (ssRNA)
genome. Untreated and pOAS1-treated cells were infected
with recombinant CHIKV, in which translation of the

FIG. 3. The effect of heparin on antiviral activity and
uptake of pOAS1. Vero cells were either left untreated as
a control or treated with pOAS1, pOAS, and heparin, or
heparin alone for 4 h. Cells were collected by trypsination
and either reseeded on coverslips for immunostaining
(A), harvested for immunoblotting (B), or infected to mea-
sure the viral load (C). Cells on coverslips were stained
using anti-pOAS1 antibody and secondary AlexaFlour�488-
conjugated antibody (green) or DAPI (blue), and cells were
visualized using confocal microscopy. For immunoblot-
ting (B), pOAS1 and GAPDH were visualized using anti-
TetraHIS-tag antibody and anti-GAPDH, respectively, and
an HRP-conjugated secondary antibody. The bands were
quantified by Image J and the values are given as relative to
pOAS-treated cells. Cells were infected with EMCV at an
MOI of 0.001 for 12 h and samples were then collected by 2
freeze–thaw cycles, centrifuged to remove debris, and ti-
trated to determine 50% tissue culture infective dose/mL
(TCID50/mL). The experiment was performed in triplicate,
error bars represent 95% CI and data were analyzed using an
unpaired t-test *0.05 ‡ P > 0.01, ***0.001 ‡ P > 0.0001. The
data are representative of 2 experiments.
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genomic RNA produces Renilla luciferase (Henrik Gad and
others 2012). Infected cells were collected at 6 h postin-
fection and luciferase activity was measured (Fig. 4D).
pOAS1 reduced the Renilla luciferase activity by 50%,
showing not only both the inhibitory effects of pOAS1 on an
additional virus but also confirming the effect on an early
step in the virus replication cycle.

Discussion

In the present study, we investigated the kinetics of OAS1
uptake and showed that pOAS1 was detected intracellular as
early as 30 min postincubation and that more than 75% of
cells were positive for pOAS1 staining after a few hours.
Thus, pOAS1 is rapidly and efficiently internalized.

We, furthermore, examined if pOAS1 after uptake colo-
calized with cellular compartments or organelles by staining
mitochondria, the Golgi, and the ER, but found that pOAS1
did not colocalize with any of these compartments. The
punctuated staining pattern of pOAS1 following uptake
could be indicative of localization to some form of intra-
cellular vesicles, such as endosomes, lysosomes, or perox-
isomes. However, our experimental procedure required
trypsination of cells following pOAS1 incubation to remove
extracellular pOAS1 and this was not compatible with
staining procedures for these organelles. For example, endo-
somes and lysosomes are visualized using fluorescent

probes, which are internalized and rapidly degraded or re-
turned to the cell surface. Thus, the fluorescent probes
would no longer be present in the endosomes when the
cells have reattached. The potential colocalization between
pOAS1 and EMCV-derived dsRNA was also investigated.
Surprisingly, pOAS1 and EMCV-derived dsRNA did not
colocalize, despite the large amount of dsRNA found in
infected cells, nor did the localization of pOAS1 change
after infection.

Proteins that bind double-stranded RNA (dsRNA) are
often capable of interacting with heparin, as these 2 mole-
cules have a similar structural nature and similar charge and
charge distribution (Mulloy and others 1993). This ability is
often exploited in biochemistry to purify DNA or dsRNA-
binding proteins. OAS proteins are capable of interacting
with heparin (Wu and Eslami 1983), and thus the ability of
heparin to interfere with both the uptake of pOAS1 and the
antiviral activity against EMCV was addressed (Fig. 3). The
positively charged RNA-binding site of pOAS1 is essential
for its internalization and subsequent antiviral activity
(Kristiansen and others 2010). Mutating selected amino
acids of this motif abolished uptake and antiviral activity.
Heparin interacts with pOAS1 through this motif and ap-
pears to be capable of preventing uptake. pOAS1 is retained
extracellularly by heparin and is no longer capable of in-
hibiting EMCV. In conclusion, pOAS1 needs to be present
intracellularly to exert its effect.

FIG. 4. Recombinant pOAS1 inhibits the EMCV replication cycle at an early stage. Vero cells were treated with pOAS1
for 4 h before infection. Cells were infected with EMCV at an MOI of 1 for the indicated time points. (A) Samples were
collected by 2 freeze–thaw cycles, centrifuged to remove debris, and titrated to determine TCID50/mL. (B, C) Total RNA
was harvested using Trizol� reagent, cDNA synthesized, and subjected to real-time quantitative PCR using primers specific
for EMCV genomic RNA and GAPDH as a reference. (D) HeLa cells were treated with pOAS1 for 4 h before infection.
Cells were infected with recombinant chikungunya virus (CHIKV) expressing Renilla luciferase at an MOI of 5, and Renilla
luciferase activity was measured at 6 h postinfection and expressed as relative light units. The experiment was performed in
triplicates and data were analyzed using an unpaired t-test. ns = not significant, *0.05 ‡ P > 0.01, **0.01 ‡ P > 0.001. The data
are representative of 2 experiments.
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Exogenous OAS inhibited the production of viral parti-
cles of EMCV (Fig. 4A), VSV, and HSV-1 (Kristiansen and
others 2010). In this study, EMCV was used as a model to
investigate which step(s) of the viral replication cycle are
inhibited by pOAS1. The replication cycle was analyzed at 3
main steps: (1) production of novel viral particles, (2) syn-
thesis of genomic RNA, as well as (3) binding and entry.
EMCV belongs to the Picornaviridae family, which com-
prises nonenveloped positive-stranded ssRNA viruses. Upon
binding to the cellular surface, EMCV RNA is thought to be
directly injected into the cell (Hogle 2002). The internali-
zation occurs in 1 to 2 h. The genomic RNA is then trans-
lated directly into the proteins needed for the replication and
assembly of new virus particles. Subsequently, the genome
is transcribed through a negative-stranded RNA intermedi-
ate and occurs *3 to 4 h postinfection. The newly synthe-
sized genomes are encapsidated and the particles matured at
4 to 6 h following infection. The particles are released by
cell lysis 7 to 10 h postinfection (Carocci and Bakkali-
Kassimi 2012).

pOAS1 is shown to inhibit the EMCV replication cycle at
an early time point, which is supported by an early inhibi-
tion of viral RNA accumulation. The effect on an early step
of the viral replication cycle seems obvious. This is further
supported by the inhibition of translation of genomic RNA
of another RNA virus, CHIKV (Fig. 4D), at 6 h of infection.

These observations could be explained by either less in-
fected cells, meaning that the binding or entry of the virus is
inhibited, or by a slowdown of the production of genomic
RNA. A slowdown in RNA synthesis could be explained by
the following: (1) OAS interfering with entry, still allowing
the virus to bind and enter, but at a reduced speed; (2)
inhibition of early protein synthesis on which replication
depends; or (3) direct inhibition of replication of the new
RNA genomes.

In conclusion, we show that pOAS1 is rapidly and effi-
ciently internalized in a manner that can be blocked by
heparin and that pOAS1, furthermore, affects an early step
of the viral replication cycle illustrated by the observed
inhibition of viral RNA accumulation.
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