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a b s t r a c t

The mosquito-borne New World alphavirus, Venezuelan equine encephalitis virus (VEEV) is a Category B
select agent with no approved vaccines or therapies to treat infected humans. Therefore it is imperative
to identify novel targets that can be targeted for effective therapeutic intervention. We aimed to identify
and validate interactions of VEEV nonstructural protein 3 (nsP3) with host proteins and determine the
consequences of these interactions to viral multiplication. We used a HA tagged nsP3 infectious clone
(rTC-83-nsP3-HA) to identify and validate two RNA helicases: DDX1 and DDX3 that interacted with
VEEV-nsP3. In addition, DDX1 and DDX3 knockdown resulted in a decrease in infectious viral titers.
Furthermore, we propose a functional model where the nsP3:DDX3 complex interacts with the host
translational machinery and is essential in the viral life cycle. This study will lead to future investigations
in understanding the importance of VEEV-nsP3 to viral multiplication and apply the information for the
discovery of novel host targets as therapeutic options.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The DEAD-box RNA helicases playmulti-functional roles in RNA
transcription, pre-mRNA splicing, ribosome biogenesis, RNA
transport, translation initiation and RNA decay (Edgcomb et al.,
2012; Fuller-Pace, 2013; Ishaq et al., 2009; Valiente-Echeverria
et al., 2015; Xu et al., 2010). Recently evidence in the literature
suggests that interactions with RNA helicases contribute to the
lifecycle of positive sense RNA viruses. For example, DDX1 facili-
tates replication of a number of viruses such as: Human immu-
nodeficiency virus 1 (HIV-1) by interacting with HIV-1 Rev protein
(Edgcomb et al., 2012); severe acute respiratory syndrome coro-
navirus, infectious bronchitis virus and mouse hepatitis virus
(MHV) JHM strain (JHMV) through interactions with nsp14 (Xu
et al., 2010) and phosphorylated nucleocapsid protein (Wu et al.,
2014); and Hepatitis C virus (HCV) by binding to the 30(þ) UTR
and 50(�) UTR (Tingting et al., 2006). Besides DDX1, DDX3, facili-
tates replication of Japanese encephalitis virus (JEV) through
).
interactions with JEV NS3 and NS5 proteins, and the 50 and 30 UTR
(Li et al., 2014); HIV-1 by interactions with HIV-1 Tat (Lai et al.,
2013; Yasuda-Inoue et al., 2013) and HIV-1 Rev and cellular
export receptor CRM1 (Lai et al., 2013); HCV by binding to the HCV
core protein (Ariumi et al., 2007; Owsianka and Patel, 1999); and
West Nile virus by binding to NS3 at viral replication sites (Chahar
et al., 2013).

The New World alphavirus, Venezuelan equine encephalitis vi-
rus (VEEV) harbors a single stranded, positive sense RNA ranging
~11 kb in length that codes for 4 non-structural proteins (nsP1-4)
from the genomic RNA and 5 structural proteins (capsid, envelope 3
(E3), E2, 6K and E1) from the subgenomic RNA (Foy et al., 2013a; Go
et al., 2014). The structural proteins ultimately interact to form viral
particles and the functions of the individual proteins are well un-
derstood (Atasheva et al., 2010a, 2010b; Foy et al., 2013a;
Garmashova et al., 2007; Leung et al., 2011; Malygin et al., 2009;
Parker et al., 2010; Snyder et al., 2013). The non-structural pro-
teins (nsPs) are primarily responsible for viral replication (Foy et al.,
2013a; Jose et al., 2009; Shin et al., 2012;Weaver and Barrett, 2004).
We previously identified that VEEV-nsP3 interacts with the host
kinase IKKb in infected cells and that this interactionwas important
for efficient viral multiplication (Amaya et al., 2014). We
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Fig. 1. Replication kinetics of rTC-83-nsP3-HA is not altered with introduction of a HA tag. A) Schematic representation of HA tag insertion in the rTC-83 background. Using the
rTC-83 clone as a backbone and standard PCR recombination techniques, an HA tag was inserted at the C-terminus of nsP3 to allow for detection and isolation of nsP3-containing
complexes. Briefly, the nsP3 region of rTC-83 was sub-cloned with primers containing a linker region (Ser-Ala-Ser-Ala) and an HA-tag was inserted at the C-terminal end of nsP3.
The last residue of nsP3 was mutated from an alanine to a valine to prevent nsP2 cleavage of the tag. An initial stock of virus was prepared by electroporation of BHK-21 cells with
rTC-83-nsP3-HA. U87MG cells seeded at a density of 10,000 cells per well in a 96 well plate were infected with rTC-83 or rTC-83-nsP3-HA at MOI:1 (B) and 10 (C) for 1 h. Fresh
media were added to the cells and at 3, 6, 9, 12, 24 and 36 hpi supernatants were collected and analyzed by plaque assay for infectious viral particles. U87MG cells seeded at
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hypothesized that VEEV-nsP3 interacts with a subset of host pro-
teins in infected cells to form a VEEV-nsP3 interactome (molecular
interactions of host proteins with VEEV-nsP3); such that knock-
down of the identified host proteins will influence VEEV multipli-
cation. We employed a mass spectrometry (MS) based approach
from which RNA helicases, DDX1 and DDX3 were identified to
interact with VEEV-nsP3 in infected cells. To assess the requirement
for these interactions in the viral lifecycle, siRNA mediated deple-
tion of DDX1 and DDX3 indicated a decrease in infectious viral ti-
ters. Therefore, our studies demonstrate a potential role for DDX1
and DDX3 in the VEEV life cycle. Collectively, these results will aid
future studies of the role of VEEV-nsP3 in context of the viral life
cycle.

2. Materials and methods

2.1. Viruses and cell lines

The live-attenuated virus TC-83 used in this study was obtained
from BEI resources and virulent TrD was kindly provided by Dr. K.
Kehn-Hall (George Mason University). Using the rTC-83 clone as a
backbone and standard PCR recombination techniques, the nsP3
region of rTC-83 was sub-cloned with primers containing a linker
region (Ser-Ala-Ser-Ala) and an HA-tag was inserted at the C-ter-
minal end of nsP3. The last residue of nsP3 was mutated from an
alanine to a valine to prevent nsP2 cleavage of the tag. The viral
clone was confirmed with enzymatic digestion and sequencing.
Primer sequences are available upon request. Human astrocytoma
cells (U87MG cells), African green monkey kidney epithelial cells
(VERO cells) and Baby Hamster Kidney-21 (BHK-21) cells were
maintained in DMEM supplemented with 10% fetal bovine serum,
1% Penicillin/Streptomycin and 1% L-Glutamine at 37 �C, 5% CO2.

2.2. Immunoprecipitation and western blot

U87MG cells were infected with rTC-83-nsP3-HA at a multi-
plicity of infection (MOI) of 20. At 6 hours post infection (hpi) cells
were collected and lysed in a buffer as previously described (Amaya
et al., 2014, 2015). Two milligrams of total protein was utilized for
immunoprecipitation using Dynabeads® protein G beads with an-
tibodies to HA (Abcam, ab18181) or an isotype IgG control. The
immunoprecipitates were washed 4� with TNE50 þ 0.1% NP-40.

Preparation of whole cell lysates and western blot have been
previously described (Amaya et al., 2014). Primary antibodies to HA,
DDX1 (Abcam, ab31963), DDX3 (Cell Signaling, 2635), VEEV-capsid
(BEI Resources, NR-9403), HRP conjugated actin, PABP (Santa Cruz
Biotechnology, sc-28834), TIA-1 (Santa Cruz Biotechnology, sc-
1751), eIF4G (Cell Signaling, C45A4) and eIF4A (Cell Signaling,
C32B4) were used according to the manufacturer's instructions.
The densitometric counts of the protein bands of interest were
normalized to those of the actin bands and are illustrated
graphically.

2.3. Liquid chromatography tandem mass spectrometry (LC-MS/
MS)

U87MG cells were uninfected (Mock) or infected with rTC-83-
30,000 cells per well in a 12 well plate were infected with rTC-83 or rTC-83-nsP3-HA at MOI
and 36 hpi cell lysates were collected and analyzed by western blot for expression of nsP3, c
infected with rTC-83 or rTC-83-nsP3-HA at MOI:1 (D right) and 10 (D left) for 1 h. Fresh
MagMAX™-96 Total RNA Isolation Kit. Levels of viral RNA were quantified by q-RT-PCR usin
83-nsP3-HA at MOI:20 for 1 h. Fresh media were added to the cells and at 6 hpi cell lysates w
immunoprecipitation of 2 mg total protein with a HA antibody or an IgG isotype control antib
blot was probed with an HA antibody. The graphs represent an average of 2 independent
performed as 3 independent experiments. Standard deviations were calculated accordingly
nsP3-HA (MOI:10). At 6 hpi cells were collected, lysed and pro-
cessed as described for immunoprecipitation. Two milligrams of
total protein was incubated overnight with rotation, at 4 �C with an
isotype IgG control or HA antibodies. A 30% slurry of Protein AþG
beads was added to the immunoprecipitates and incubated for 2 h
with rotation at 4 �C. The immunoprecipitates were centrifuged
briefly at 4 �C for 2 min at 2000 rpm and beads were washed 3�
with TNE50 þ 0.1% NP-40. LC-MS/MS analysis was carried out as
previously described (Amaya et al., 2014; Narayanan et al., 2012).

2.4. Quantitative RT-PCR (q-RT-PCR)

At varying time points post infection U87MG cells were lysed
using the MagMAX™-96 Total RNA Isolation Kit or MagMAX™-96
Viral RNA isolation kit as per the manufacturer's instructions. Viral
RNA was quantitated using q-RT-PCR with primers and probe for
nucleotides 7931e8005 of VEEV TC-83 (Kehn-Hall et al., 2012).
Primer and probe pairs, q-RT-PCR assay and cycling conditions
were previously described (Amaya et al., 2015). The absolute
quantification was calculated based on the threshold cycle (Ct)
relative to the standard curve.

2.5. siRNA knockdown experiments

U87MG cells were transfected with 10 nM of SMARTpool siRNAs
against DDX1 (Dharmacon, M-011993-00-0005) and DDX3 (Dhar-
macon, M-006874-01-0005) using DharmaFECT 1 Transfection
Reagent. As a negative control, a scrambled siRNA was included,
siRNA-A (Santa Cruz Biotechnology, sc-37007). Transfected cells
were infected with rTC-83 (MOI:0.1) at 48 h post transfection. At 6,
12 and 24 hpi, cells and supernatants were collected and analyzed
by western blots, plaque assay or q-RT-PCR.

2.6. Inhibitor studies

The small molecule inhibitor was a kind gift from Dr. V. Raman
(John Hopkins University). U87MG cells were pre-treated with RK-
33 for 2 h and infected for 1 h. The viral inoculumwas removed and
replaced with media containing RK-33. At varying times post
infection, supernatants were collected and analyzed by plaque
assay.

2.7. Cell viability assay, plaque assay and immunofluorescence

Cell viability was measured using a Cell-Titer-Glo Luminescent
Cell Viability kit as per the manufacturer's instructions and previ-
ously described in (Amaya et al., 2014, 2015). Cells were transfected
with the control, DDX1 or DDX3 siRNAs or treated with varying
concentrations of RK-33. Cell viability was determined at varying
time points post transfection or treatment. Plaque assays were
performed as previously described in (Amaya et al., 2015). Immu-
nofluorescence assays were performed as previously described
(Amaya et al., 2015).

2.8. Statistical analysis

Unless otherwise stated, graphs and images are the average of 2
:1 (B right), 10 (C right) for 1 h. Fresh media were added to the cells and at 3, 6, 9, 12, 24
apsid and b-Actin. U87MG cells seeded at 10,000 cells per well in a 96 well plate were
media were added to the cells and at 3, 6, 9, 12, 18 and 24 hpi cells were lysed with
g VEEV specific primers. E) U87MG cells were uninfected (Mock) or infected with rTC-
ere collected and quantified by Bradford assay. Dynabeads protein G beads was used for
ody. The immunoprecipitates were resolved by SDS-PAGE and the subsequent western
experiments where each experiment was performed in triplicate. Western blots were
. * ¼ p � 0.05.
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Fig. 2. VEEV-nsP3 associates with DDX1 and DDX3. A) U87MG cells were uninfected (Mock) or infected with rTC-83-nsP3-HA (MOI:10) for 1 h. Fresh media were added to the cells
and at 6 hpi cell lysates were collected and quantified. Two milligrams of total protein from each sample was immunoprecipitated with an HA antibody or an isotype IgG control
antibody. The immunoprecipitates were processed for LC/MS-MS. A total of 3 independent experiments were performed and each MS run was performed in duplicate to generate a
data set that was compared and contrasted for unique proteins identified only in the rTC-83-nsP3-HA infected samples immunoprecipitated with HA. The identified proteins were
tiered based on at least 50% reproducibility and additionally tiered according to peptide hits. B) U87MG cells were infected with rTC-83-nsP3-HA (MOI:20) for 1 h. Fresh media were
added to the cells and at 6 hpi cell lysates were collected and quantified. Twomilligrams of total protein was immunoprecipitated with an isotype IgG control or an HA antibody. The
immunoprecipitates were resolved by SDS-PAGE and the subsequent immunoblot probed with antibodies to DDX1, DDX3 or HA. The western blot is a representative image of 2
independent experiments.

M. Amaya et al. / Antiviral Research 131 (2016) 49e6052
independent experiments. Independent experiments were per-
formed in triplicate. All experimental results were expressed as the
arithmetic mean. Standard deviations were calculated and repre-
sented thusly. All statistical analyses were performed with the
unpaired, two-tailed Student T-test using GraphPad's - QuickCalcs
software (GraphPad).

3. Results

3.1. Characterization of rTC-83-nsP3-HA

Using rTC-83 as a backbone, an HA tag was inserted at the C-
terminus of nsP3 (Fig. 1A), rTC-83-nsP3-HA, to allow for detection
and isolation of nsP3-containing complexes. The replication ki-
netics of rTC-83 and rTC-83-nsP3-HA in U87MG cells at a low
(MOI:1) and high (MOI:10) MOI were compared to determine if
insertion of the tag significantly impaired viral replication. Relative
titers of infectious virus analyzed by plaque assay indicated that at
the low MOI a minor lag in the replication kinetics was observed
(Fig. 1B left) but at the higher MOI the replication kinetics of the
tagged virus was comparable to that of thewild type rTC-83 (Fig. 1C
left). Expression levels of the structural protein capsid (represen-
tative for viral protein expression) of rTC-83-nsP3-HA were com-
parable to that of rTC-83 (Fig. 1B and C, right). We determined nsP3
protein expression by virtue of the HA tag in whole cell extracts at
later time points at the higher MOI (Fig.1C, right, lanes 6 and 7). We
next determined if insertion of the HA tag impacted intracellular
viral RNA kinetics by q-RT-PCR using VEEV specific primers. Fig. 1D
indicated that rTC-83-nsP3-HA replicated to high titers over the
time course investigated in an MOI dependent manner when
compared to rTC-83. Western blot analysis demonstrated that nsP3
could be immunoprecipitated by using the tag from infected cells at
6 hpi (Fig. 1E, lane 4). We also validated the IKKb:nsP3 interaction
that we had reported in our previous publication using a plasmid
construct that expressed nsP3 (Amaya et al., 2014) (Fig. S1A).
Additionally, our confocal microscopy studies illustrated VEEV-
nsP3 localizing as distinct cytoplasmic structures (as reported by
others (Foy et al., 2013a, 2013b)). Within these structures, we were
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also able to observe localization of IKKb at 12 hpi (Fig. S1B). Overall,
rTC-83-nsP3-HA could replicate to high titers and appropriately
express viral proteins. Taken together these results indicate that
rTC-83-nsP3-HA can be utilized as a tool to yield biologically rele-
vant data.

3.2. VEEV-nsP3 interacts with DDX1 and DDX3

A mass spectrometry (MS) based approach was taken to iden-
tify host proteins that interact with VEEV-nsP3. U87MG cells were
uninfected (Mock) or infected with rTC-83-nsP3-HA (MOI:10) and
at 6 hpi cells were collected, lysed and quantified. Total proteinwas
immunoprecipitated with an HA antibody or an isotype IgG con-
trol antibody and processed for LC-MS/MS. MS spectra and iden-
tified peptides were searched against the NCBI human protein
database. Identified host proteins from rTC-83-nsP3-HA samples
were cross referenced with the Mock (IgG and HA) samples and
the rTC-83-nsP3-HA (IgG) samples to identify unique candidates in
the infected group. Proteins that reproduced in at least 3 out of the
6 individual sample sets that were independently subjected to MS
analyses were tabulated (Fig. 2A). Among the proteins identified,
we focused our attention on the helicases DDX1 and DDX3 based
on the rationale that nsP3 functionality is likely to be important to
assist in viral RNA replication and protein expression (Galbraith
et al., 2006; Lastarza et al., 1994; Wang et al., 1994). Therefore,
RNA helicases DDX1 and DDX3 (Table 1, red box (in the web
version)) were considered for further validation.

Co-immunoprecipitation was performed to validate the in-
teractions between VEEV-nsP3 and DDX1 and DDX3. Western blot
analysis indicated an interaction of DDX1 and DDX3 with VEEV-
nsP3 (Fig. 2B, lane 4) in infected cells. As an additional level of
validation, confocal microscopy was performed using DDX1 and
DDX3 antibodies. These two proteins had a very broad cytoplasmic
localization in the cells as revealed by confocal imaging with
observable co-localization of DDX1:nsP3 and DDX3:nsP3 (Fig. S2).
These data indicate that VEEV-nsP3 interacts with DDX1 and DDX3
in infected cells.

3.3. DDX1 and DDX3 facilitate rTC-83 replication

To determine the influence of the DDX1:nsP3 and DDX3:nsP3
interactions on viral multiplication, depletion analyses were per-
formed. Initially, U87MG cells were transfected with a smartpool
of siRNAs against DDX1 and DDX3 to determine the optimum time
point for efficient knockdown of the target proteins. As a negative
control a scrambled siRNA (control siRNA) was included. Trans-
fected cells were collected at 24, 48 and 72 h post transfection and
lysed. Western blot analysis indicated that silencing of DDX1 and
DDX3 was efficient as early as 48 h post transfection (Fig. 3A left
and right respectively), with ~90% and ~95% loss, respectively,
when compared to the control. Depletion of either protein did not
indicate a significant decrease in cell viability (Fig. 3B). As such
downstream assays were conducted at 48 h post transfection.

To determine the impact of depleting either DDX1 or DDX3 on
viral multiplication, U87MG cells transfected with control, DDX1
or DDX3 siRNA were infected with rTC-83. Supernatants were
collected at 6, 12 and 24 hpi and analyzed by plaque assay for in-
fectious virions. In the DDX1 and DDX3 depleted infected cells, a
~70% decrease in infectious viral titers was observed at 6 hpi,
whereas at 12 hpi and 24 hpi, a ~1log and 2log decrease in infec-
tious viral titers was observed, respectively (Fig. 3C), suggesting a
time dependent decrease in infectious viral titers in DDX1 and
DDX3 depleted cells. Cell lysates from the experiment performed
in Fig. 3C were collected and resolved by SDS-PAGE. The subse-
quent blot was probed for VEEV capsid, DDX1, DDX3 and b-actin
(Fig. 3D). Western blot analysis indicated that VEEV capsid levels
were modestly reduced in DDX1 (Fig. 3D left) and DDX3 (Fig. 3D
right) depleted cells when compared to the control. Capsid protein
expression could not be detected as early as 6 hpi by western blot.
In addition, intracellular and extracellular viral RNAwas quantified
by q-RT-PCR using VEEV specific primers. DDX1 or DDX3 depleted
U87MG cells infected with rTC-83 were processed for q-RT-PCR at
6, 12 and 24 hpi. In DDX1 depleted cells a 1log decrease was
observed at 6 and 12 hpi was observed whereas at 24 hpi a 50%
decrease was observed in intracellular viral RNA replication when
compared to the controls (Fig. 3E). A 2log decrease in intracellular
viral RNA replication was observed at 6 and 12 hpi, and a 1log
decrease was observed at 24 hpi in the DDX3 depleted cells when
compared to the controls. It was observed in DDX1 depleted cells
at 6, 12 and 24 hpi a 50%, 70% and a 1log decrease in extracellular
viral RNA replication, respectively (Fig. 3F). In DDX3 depleted cells
a ~1log decrease in extracellular viral RNA was observed at 6 and
12 hpi, whereas at 24 hpi a 2log decrease was observed when
compared to the rTC-83 controls. Taken together, depletion of
endogenous DDX1 and DDX3 at non-toxic concentrations resulted
in a significant decrease in rTC-83 replication. This suggests that
these RNA helicases positively regulate VEEV replication potential,
with potentially, DDX3 having a comparatively greater impact on
VEEV life cycle in the context of TC-83.

We next determined if DDX1 and DDX3 contribution extended
to the multiplication potential of virulent VEEV, TrD. Here super-
natants were collected at 24 hpi from infected U87MG cells
transfected with control, DDX1 or DDX3 siRNAs to be analyzed by
plaque assay. Fig. 3G demonstrated a ~1log decrease with DDX1
siRNA, whereas ~55% decrease in viral titers was observed with
DDX3 siRNAwhen compared to the control. From Fig. 3G it appears
that although TrD multiplication was inhibited similar to that seen
with rTC-83 at 24 hpi, the extent of inhibition differed by 1log,
which may speak to the difference in viral virulence between the
two strains. This data suggests that the virulent TrD strain utilizes
DDX1 and DDX3 for viral multiplication although, the reliance on
DDX3 may be lesser for the virulent strain. Collectively, the data
indicates that VEEV utilizes DDX1 and DDX3 to facilitate viral
replication.

3.4. DDX1/DDX3 double knockdown down regulates rTC-83
replication

Viruses such as HIV-1 (Edgcomb et al., 2012; Lai et al., 2013;
Yasuda-Inoue et al., 2013) and HCV (Ariumi et al., 2007;
Owsianka and Patel, 1999; Tingting et al., 2006) utilize both
DDX1 and DDX3 to facilitate viral replication; likewise, in our
studies, VEEV-nsP3 interacted with both DDX1 and DDX3. This
opens the possibility that RNA helicases may serve compensatory
roles in the viral life cycle. To address this we hypothesized that
depletion of both DDX1 and DDX3 would result in a greater
decrease in infectious viral titers than that observed in the indi-
vidual depletion studies. Western blot analysis indicated that
silencing of DDX1 and DDX3 was highly efficient as early as 48 h
post transfection (Fig. 4A) at non-toxic concentrations (Fig. 4B). To
determine the impact of depleting both DDX1 and DDX3 on viral
multiplication, U87MG cells transfected with control or DDX1 and
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DDX3 siRNA were infected with rTC-83 and supernatants were
collected at 6, 12 and 24 hpi. Plaque assay analysis indicated that in
the DDX1/3 depletion scenario a 1log decrease in viral titers was
observed at 6 hpi and 24 hpi, whereas at 12 hpi a 2log decrease in
infectious viral titers was observed when compared to the
respective controls (Fig. 4C). The decrease observed in infectious
viral titers using the combinatorial knockdown was modestly
greater than with the individual knockdowns at 6 and 12 hpi,
suggesting that DDX1 and DDX3 are more likely to serve
compensatory functions in VEEV multiplication. Although the
decrease in infectious viral titers observed at 24 hpi was with the
double knockdown was statistically significant, it was not greater
than the individual knockdowns. In addition, intracellular capsid
protein expression in the siRNA studies was assessed under the
same experimental conditions as Fig. 4C. Western blot analysis
indicated that in comparison to the respective controls, at 12 hpi
and 24 hpi capsid protein expression was reduced with DDX1/3
siRNA (Fig. 4D). In addition, intracellular and extracellular viral
RNA was quantified by q-RT-PCR. DDX1 or DDX3 depleted U87MG
cells infected with rTC-83 were processed for q-RT-PCR at 6, 12
and 24 hpi. Fig. 4E indicated that at 6 and 24 hpi a 1log decrease in
intracellular viral RNA replication was observed when compared
to the rTC-83 controls, whereas at 12 hpi a 2log decrease was
observed. Fig. 4F indicated that extracellular viral RNA was
decreased by 2logs at 12 and 24 hpi, however, no significant
decrease (30%) was observed at 6 hpi when compared to the rTC-
83 controls. This observation leads us to speculate that the
dependence on host RNA helicases may be more prominent in the
context of these infected cells, at the later time points during
infection when iterative rounds of viral multiplication have
occurred in the infected cells. This may also be related to the
relative abundance of viral multiplication in the cells that may
impose additive demands on the host machinery to support a
productive viral infection. To determine if DDX1 and DDX3 double
knockdown extended to TrD, supernatants collected at 24 hpi from
infected U87MG cells transfected with control or DDX1/3 siRNAs
were analyzed by plaque assay for infectious virions. Fig. 4G
demonstrated a ~1log decrease with DDX1/3 siRNA when
compared to the control. Taken together this data reiterates
that TC-83 is likely to utilize DDX1 and DDX3 for viral
multiplication.
3.5. VEEV-nsP3 associates with eukaryotic translation initiation
machinery in infected cells

Upon conditions of a cellular stress response, the cell organizes
assembled preinitiation complexes into stress granules (SGs)
(Lloyd, 2012; Scholte et al., 2015), which comprise numerous
components such as: eukaryotic initiation factor (eIF)3, eIF4F
Fig. 3. Depletion of DDX1 and DDX3 decreases rTC-83 multiplication. U87MG cells were
72 h post transfection cell lysates were collected and resolved by SDS-PAGE. The subsequent
with the DDX3 siRNA transfectants (right panel). As a loading control the blots were probed w
Quantity One Analysis Software. The normalized data are represented graphically below th
dependent experiments. B) Cell viability assay was performed at 24, 48 and 72 h post tr
manufacturer's instructions. The graph is representative of 3 independent experiments pe
transfection, U87MG cells were infected with rTC-83 (MOI:0.1) for 1 h. Fresh media were a
plaque assay. The graph is representative of 2 independent experiments performed in triplic
1 h. Fresh media were added to the cells and at 6, 12 and 24 hpi cell lysates were collected a
case of DDX1 siRNA transfectants (left panel) or capsid and DDX3 with the DDX3 siRNA trans
blots are depicted separately as these were imaged at a shorter exposure. The images are rep
transfect U87MG cells seeded at 10,000 cells per well in a 96 well plate. Transfected cells we
12 and 24 hpi cells were lysed with MagMAX™-96 Total RNA Isolation Kit (E) or MagMAX™
VEEV specific primers. The graphs are representative of 2 independent experiments, each p
DDX1 or DDX3 siRNA. At 48 h post transfection, U87MG cells were infected with VEEV Tr
pernatants were collected and analyzed by plaque assay. The graph is representative of a b
infectious viral titers. * ¼ p � 0.05. ND ¼ not detectable.
(comprising eIF4E, eIF4A and eIF4G), eIF4B, small ribosomal sub-
units and poly A binding protein-1 (PABP-1) (Anderson and
Kedersha, 2008; Buchan and Parker, 2009; Scholte et al., 2015), T
cell internal antigen-1 (TIA-1) and TIA-1-related (TIAR), and fragile
X mental retardation protein (Anderson and Kedersha, 2008;
Buchan and Parker, 2009; Scholte et al., 2015), G3BP1 and G3BP2
(Anderson and Kedersha, 2008; Buchan and Parker, 2009). These
components are universal markers for SGs. Multiple viruses and
viral proteins such as, Junin virus (Linero et al., 2013), Rotavirus
NSP3A (Piron et al., 1998), Herpes simplex virus immediate early
ICP27 protein (Fontaine-Rodriguez et al., 2004) and Influenza virus
NS1 and PABP (Burgui et al., 2003) have been shown to interact
with host eIFs to aid in viral multiplication. Old world alphaviruses
SFV (Panas et al., 2012), SINV and CHIKV (Fros et al., 2012) have
been shown to induce SG formation in G3BP1 foci early in infected
cells and interact with G3BPs (Fros et al., 2012; Panas et al., 2012;
Scholte et al., 2015). In particular SFV-nsP3 recruits G3BP and dis-
assembles SGs (Scholte et al., 2015). Although studies involving
new world alphavirus association with SGs are limited; what is
known is that VEEV-nsP3 does not associate with G3BPs (Foy et al.,
2013a).

DDX3 was observed to localize in SGs (Ariumi, 2014; Lai et al.,
2013), where it associates with eIF4A, eIF4G, eIF2a, eIF3 and
PABP to facilitate translation of mRNA containing structured 50 UTR
(Ariumi, 2014; Lai et al., 2013; Shih et al., 2012). Of note, in our MS
analysis, we also identified PABP as interacting with nsP3; how-
ever PABP fell below our condition of 50% reproducibility and
therefore excluded from Fig. 2A. We hypothesized that the inter-
action of DDX3 with nsP3 may play a role in facilitating the
recruitment of the eIF machinery to potentially aid in translation of
viral proteins. Therefore, we asked, does VEEV-nsP3 associate with
any of the eIFs that are known to interact with DDX3? To address
this we proposed the following working model (Fig. 5A). During
VEEV infection, a global inhibition of cellular transcription and
translation occurs (Akhrymuk et al., 2012), resulting in accumu-
lation of pre-existing DDX3-eIF4A-eIF4G-PABP complexes. We
propose that VEEV-nsP3 interacts with DDX3 along with its pre-
existing partners to initiate translation of viral mRNA. To address
the validity of this model, U87MG cells infected with rTC-83-nsP3-
HA (MOI:20) were collected at 6 hpi, lysed and processed for
immunoprecipitation. The subsequent western blot was probed
with antibodies to HA, eIF4A, eIF4G, PABP and DDX3. Fig. 5B il-
lustrates that VEEV-nsP3 interacts with the host translational
factors; eIF4A, eIF4G and PABP; together with DDX3 thus sup-
porting our proposed working model. Taken together, this data
puts forth the suggestion that VEEV-nsP3 may co-opt the host
translational machinery from SGs to initiate translation of viral
proteins in infected cells.
transfected with 10 nM of control siRNA, DDX1 siRNA or DDX3 siRNA. A) At 24, 48 and
blot was probed for DDX1 in the case of DDX1 siRNA transfectants (left panel) or DDX3
ith b-actin. Densitometric counts for DDX1, DDX3 and b-actin were obtained using the

e respective western blot images. The western blot images are representative of 2 in-
ansfection using the Cell Titer Glo Luminescent Cell Viability Assay according to the
rformed in triplicate and is depicted as a percentage of cell viability. C) At 48 h post
dded to the cells and at 6, 12 and 24 hpi supernatants were collected and analyzed by
ate. D) At 48 h post transfection, U87MG cells were infected with rTC-83 (MOI:0.1) for
nd resolved by SDS-PAGE. The subsequent blot was probed for capsid and DDX1 in the
fectants (right panel). As a loading control the blots were probed for b-actin. The 24 hpi
resentative of 2 independent experiments. DDX1, DDX3 or control siRNA were used to
re infected with rTC-83 (MOI:0.1) for 1 h. Fresh media were added to the cells and at 6,
-96 Viral RNA isolation kit (F). Levels of viral RNA were quantified by q-RT-PCR using
erformed in triplicate. G) U87MG cells were transfected with 10 nM of control siRNA,
D (MOI:0.1) for 1 h. Fresh media were replaced after the infection and at 24 hpi su-
iological duplicate experiment each as technical triplicates and is depicted as percent
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3.6. RK-33 disrupts VEEV-nsP3 interactions with eukaryotic
translation initiation machinery

The small molecule, RK-33 was designed to specifically bind to
the ATP-binding cleft of DDX3 to inhibit the helicase unwinding
activity (Bol et al., 2015). We asked if inhibiting DDX3 helicase ac-
tivity would have an effect on the interactions between VEEV-nsP3
and the identified host translational components. We initially
determined by cell viability assays the highest non-toxic concen-
tration of RK-33 (1 mM) (Fig. 6A). Next we determined if RK-33
interfered with viral RNA replication kinetics over a time course.
Plaque assay analyses indicated that at 8 and 16 hpi a 1log decrease
in infectious viral titers was observed when compared to the DMSO
controls (Fig. 6B). However, at 4 hpi no observable difference
occurred in the RK-33 treated cells whereas at 24 hpi a 50%
reduction in infectious viral titers was observed when compared to
the DMSO control. Hence, we opted for a 6 hpi time point to
determine if inhibition of DDX3 helicase activity interferedwith the
interactions between VEEV-nsP3 and the host translational com-
ponents, as the inhibitor treatment at this time point would not
interfere with viral replication kinetics. Western blot analysis
indicated a decrease in interactions between VEEV-nsP3 and eIF4G,
eIF4A and PABP (Fig. 6C, compare lanes 5 and 7). This decrease was
not due to reduced levels of VEEV-nsP3. Densitometric counts
indicated that VEEV-nsP3 interactions with eIF4G, eIF4A and PABP
were reduced by 54%, 86% and 44% respectively. This data indicates
that DDX3 helicase activity may be necessary for VEEV-nsP3 in-
teractions with host translational machinery to potentially facili-
tate viral translation.

4. Discussion

This study aimed to use VEEV as a prototypical representative of
newworld alphaviruses to characterize the VEEV-nsP3 interactome
and determine the consequence of the interactions on viral
multiplication in the context of a model human glioblastoma cell
line. The introduction of an HA tag at the C-terminal end of rTC-83
(rTC-83-nsP3-HA) did not significantly impede viral replication
kinetics (Fig. 1) and could therefore be utilized as a tool to char-
acterize the VEEV-nsP3 interactome. We identified and validated
RNA helicases, DDX1 and DDX3 as interacting partners of VEEV-
nsP3 (Fig. 2). DDX1 and DDX3 were found to have an effect on
rTC-83 multiplication (Figs. 3 and 4). Although we observed a
similar decrease in TrD multiplication when compared to rTC-83,
the extent of inhibition differed by a log, which may speak to the
difference in virulence between the two strains. The U87MG glio-
blastoma cell model is an attractive system to study host-based
candidates for development of therapeutics against alphavirus in-
fections. Additional studies with primary brain cells will enable us
to further our understanding of the magnitude of relevance of
Fig. 4. Double knockdown of DDX1 and DDX3 reduced rTC-83 multiplication. U87MG c
DDX1 and DDX3 siRNA. A) At 24, 48 and 72 h post transfection cell lysates were collected
loading control the blots were probed with b-actin. Densitometric counts for DDX1, DDX3 an
are represented graphically below the western blot image. B) Cell viability assay was perf
Viability Assay according to the manufacturer's instructions. The graph is representative of 3
viability. C) At 48 h post transfection, U87MG cells were infected with rTC-83 (MOI:0.1) fo
collected and analyzed by plaque assay. The graph is representative of 2 independent experi
with rTC-83 (MOI:0.1) for 1 h. Fresh media were added to the cells and at 6, 12 and 24 hpi ce
capsid, DDX1, or DDX3. As a loading control the blots were probed with b-actin. The 24 hpi b
representative of 2 independent experiments. DDX1, DDX3 or control siRNA were used to tra
were infected with rTC-83 (MOI:0.1) for 1 h. Fresh media were added to the cells and at
MagMAX™-96 Viral RNA isolation kit (F). Levels of viral RNAwere quantified by q-RT-PCR us
each performed in triplicate. G) U87MG cells were transfected with 10 nM of control siRNA,
TrD (MOI:0.1) for 1 h. Fresh media were replaced after the infection and at 24 hpi supern
biological duplicate experiment each as technical triplicates and is depicted as percent infe
DDX1 and DDX3 to new world alphavirus infections.
The dependence of new world alphaviruses on host-derived

helicases poses an interesting concept to the interactions of VEEV
with the human host. While other viruses such as HIV and influ-
enza have been demonstrated to utilize DDX3 as part of their in-
fectious cycle, the fact that new world alphavirus nsP2 protein
exhibits helicase activity on its own raises the question regarding
the magnitude of dependence on host-based helicase activity. To
that effect, we have observed that the dependence of the virulent
TrD strain on DDX3 is lesser than that of TC-83 (Fig. 4), which may
also attest to the dependence on host helicases as a reflection of
viral virulence.

Based on DDX3 and DDX1 function in unwinding RNA secondary
structures it is worth considering that VEEV-nsP3 co-opts DDX1
and DDX3 at early stages of infection to assist in unwinding of the
viral RNA to initiate replication and/or translation. This suggests
that RNA helicases may serve redundant roles in the viral life cycle
or may be utilized at different time points in the viral life cycle to
serve different roles. On that note, it is important to bear in mind
that during the course of infection, different pools of VEEV-nsP3
may be present that interact with a selected subset of host pro-
teins, which may speak to VEEV-nsP3 interacting with DDX1 and
DDX3 at different times during infection to serve different roles in
the viral life cycle. This may offer a plausible explanation to the
additive effect of the double knockdown scenario where a decrease
in infectious viral titers was greater than that observed with the
individual knockdowns at the earlier time points of infection
(Figs. 3C and 4C); however, at 24 hpi similar levels of infectious viral
titers were detected between the individual and combinatorial
knockdowns. Determining if DDX1 and/or DDX3 are required for
synthesis of (þ) RNA, (�) RNA or subgenomic viral RNAs or trans-
lation of viral RNA is a future avenue being explored in our
laboratory.

We proposed a working model to provide a mechanistic
explanation for VEEV-nsP3 interactions with DDX3 and the
requirement of this interaction for viral multiplication (Fig. 5A). We
demonstrated that VEEV-nsP3 interacts with translation initiation
factors eIF4A, eIF4G and PABP (Fig. 5B), indicating that VEEV-nsP3
subverts the pre-formed eIF4F-DDX3 complex in infected cells to
potentially initiate translation of viral proteins. Addition of the
small molecule inhibitor, RK-33 demonstrated a significant reduc-
tion in VEEV-nsP3 interactions with the host translational ma-
chinery (Fig. 6C), suggesting that DDX3 helicase activity may be
needed for these protein:protein interactions.

There appears to be differential requirements of DEAD box
proteins DDX1 and DDX3 by different viruses as evidenced by the
observations with HIV-1, influenza, and now VEEV. In the case of
HIV-1, DDX1 and DDX3 are critical co-factors that interact with
HIV-1 Tat and Rev to promote HIV-1 mRNA translation and tran-
sition to late-stage HIV-1 infection (Lai et al., 2013). A recent study
ells were transfected with 10 nM of control siRNA or with a combination of 10 nM of
and resolved by SDS-PAGE. The subsequent blot was probed for DDX1 and DDX3. As a
d b-actin were obtained using the Quantity One Analysis Software. The normalized data
ormed at 24, 48 and 72 h post transfection using the Cell Titer Glo Luminescent Cell
independent experiments performed in triplicate and is depicted as a percentage of cell
r 1 h. Fresh media were added to the cells and at 6, 12 and 24 hpi supernatants were
ments performed in triplicate. D) At 48 h post transfection, U87MG cells were infected
ll lysates were collected and resolved by SDS-PAGE. The subsequent blot was probed for
lots are depicted separately as these were imaged at a shorter exposure. The images are
nsfect U87MG cells seeded at 10,000 cells per well in a 96 well plate. Transfected cells
6, 12 and 24 hpi cells were lysed with MagMAX™-96 Total RNA Isolation Kit (E) or
ing VEEV specific primers. The graphs are representative of 2 independent experiments,
DDX1 or DDX3 siRNA. At 48 h post transfection, U87MG cells were infected with VEEV
atants were collected and analyzed by plaque assay. The graph is representative of a
ctious viral titers. * ¼ p � 0.05. ND ¼ not detectable.



Fig. 5. VEEV-nsP3 interacts with components of the host translational machinery. A) Working model for VEEV-nsP3 interaction with eukaryotic initiation factors. During shut
off of cellular transcription and translation pre-existing DDX3, eIF4A, eIF4G and PABP complexes are stalled in cytoplasmic SGs. During VEEV infection, VEEV-nsP3 interacts with
these pre-existing complexes to initiate translation of viral mRNA. eIF4E initially recognizes 50 methylguanosine caps on VEEV RNA and then complexes with eIF4A (helicase) and
eIF4G (scaffold protein) to form the eIF4F complex, which then recruits the 40S ribosome. PABP binds to the poly(A) tail present at the 30-end of VEEV RNA circularizing VEEV RNA.
B) U87MG cells were infected with rTC-83-nsP3-HA (MOI:20) for 1 h. At 6 hpi cell lysates were collected, quantified and 2 mg of total protein was immunoprecipitated with an
isotype IgG control or an HA antibody. The immunoprecipitates were resolved by SDS-PAGE and the subsequent immunoblot probed with antibodies to eIF4A, eIF4G, PABP, DDX3 or
HA. The western blot is a representative image from 2 independent experiments.
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demonstrated that DDX3 interacted with influenza virus NS1 and
NP proteins, and localized to virus induced SGs (Thulasi Raman
et al., 2016). Furthermore, that study indicated that DDX3 is
capable of nucleating stress granule formation, and that the core
helicase domain of DDX3 was sufficient for its localization to SGs
(Thulasi Raman et al., 2016). This offers further support to the loss
of interactions we observed between VEEV-nsP3 and the host
translational machinery with treatment of RK-33. Alternatively,
VEEV-nsP3 could usurp these host factors to disassemble the SGs to
create an environment suitable for efficient viral multiplication. A
similar subversion of SGs is necessary for establishment of a suc-
cessful influenza infection, as knockdown of DDX3 impaired stress
granule formation and increased viral titers (Thulasi Raman et al.,
2016). The effect of VEEV-nsP3 interactions with host trans-
lational machinery on viral translation are future avenues being
explored by our laboratory.

The applicability of DEAD box proteins as candidates for thera-
peutic intervention has primarily been researched in the field of
cancer biology. DDX3 levels have been observed to be significantly
elevated in a number of human sarcoma subtypes (Wilky et al.,
2015). Treatment with the small molecule inhibitor RK-33 was
found to be preferentially cytotoxic to sarcoma cells, including
chemotherapy resistant cells, but spared non-malignant cells
(Wilky et al., 2015). It was also reported that 39% of all colorectal
tumors overexpressed DDX3 (Heerma van Voss et al., 2015).
Knockdown of DDX3 function in colorectal tumors with RK-33 was
reported to cause G1 cell cycle arrest, reduced tumor proliferation,
inhibited Wnt signaling, and promoted tumor death (Heerma van
Voss et al., 2015). In the context of viral infections, a number of
studies have suggested the DEAD box proteins DDX1 and DDX3 as
promising therapeutic targets for treatment of HIV-1 infection, but
such experiments have not yet been completed (Fang et al., 2004;
Zhou et al., 2013). In addition to the reported role in influenza SG
formation, DDX3 was also implicated in the formation of SGs in
HCV infections, which redistribute and co-localize with HCV core
protein around lipid droplets to facilitate viral budding. It was
shown that silencing of DDX3 and other stress granule components
significantly inhibits HCV infection (P�ene et al., 2015). Therefore, it
is of interest to apply the strategies employed by cancer researchers
to the treatment of acute viral infections such as HIV-1, HCV, and
VEEV.

In conclusion, our study provides new information regarding
host proteins that interact with the functionally uncharacterized
VEEV-nsP3. Our data have demonstrated that VEEV-nsP3 associates
with DDX1 and DDX3 in infected cells to facilitate viral multipli-
cation. As a putative mechanism for these interactions, we deter-
mined that VEEV-nsP3 interacts with a pre-formed translational
complex, comprising of DDX3:eIF4A:eIF4G:PABP to potentially aid
in translation of viral proteins. Novel components of the nsP3
interactome in infected cells can, therefore, pave the way for novel
therapeutic intervention strategies.
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Fig. 6. RK-33 disrupts VEEV-nsP3 interactions with host translational machinery. U87MG cells were seeded at 10,000 cells per well in a 96-well plate and treated with varying
concentrations of RK-33. At 24 h post treatment cell viability was measured using the Cell Titer Glo Luminescent Cell Viability Assay according to the manufacturer's instructions (A).
The graph is representative of 2 independent experiments performed in triplicate and is depicted as a percentage of cell viability. B) U87MG cells seeded in a 96-well plate at a
density of 10,000 cells per well were pre-treated with RK-33 for 2 h and infected with rTC-83 (MOI.0.1) for 1 h. Supernatants were collected at 4, 8, 16 and 24 hpi and analyzed by
plaque assay. The graph is representative of an independent experiment performed in triplicate. C) U87MG cells were infected with rTC-83-nsP3-HA (MOI:20) for 1 h. At 6 hpi cell
lysates were collected, quantified and 2 mg of total protein was immunoprecipitated with an isotype IgG control or an HA antibody. The immunoprecipitates were resolved by SDS-
PAGE and the subsequent immunoblot probed with antibodies to eIF4A, eIF4G, PABP, DDX3 or HA. Densitometric counts for eIF4A, eIF4G, PABP and DDX3 were obtained using the
Quantity One Analysis Software. The normalized data are represented graphically. The western blot is a representative image from 2 independent experiments. * ¼ p � 0.05.
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