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Introduction

The four Dengue viruses (DENV 1-4) are enveloped, posi-
tive strand RNA viruses of the family Flaviviridae, which also 
includes the yellow fever, West Nile and Hepatitis C viruses. The 
DENV positive strand RNA has several important roles in viral 
replication, it acts as: mRNA for translation of viral proteins, 
template for the synthesis of the negative strand in viral transcrip-
tion, and genome packaged into progeny virions. The DENV 
RNA is translated into a single polyprotein that is subsequently 
cleaved into the structural and non-structural proteins by a com-
bination of cellular and viral proteases. The structural proteins, 
capsid (C), pre-membrane/membrane (prM/M) and envelope 
(E), are assembled into the infectious virions along with DENV 
RNA genome. The non-structural proteins, NS1, NS2A, NS2B, 
NS3, NS4A, NS4B and NS5, perform a variety of functions in 
the host cell during infection. NS3 and NS5 are directly impli-
cated in viral RNA replication, with NS3 acting as a RNA heli-
case and NS5 acting as the RNA-dependent RNA polymerase. 

Dengue virus (DENV) is a rapidly re-emerging flavivirus that causes dengue fever (DF), dengue hemorrhagic fever (DHF) 
and dengue shock syndrome (DSS), diseases for which there are no available therapies or vaccines. The DENV-2 positive-
strand RNA genome contains 5' and 3' untranslated regions (UTRs) that have been shown to form secondary structures 
required for virus replication and interaction with host cell proteins. In order to comprehensively identify host cell factors 
that bind the DENV-2 UTRs, we performed RNA chromatography, using the DENV-2 5' and 3' UTRs as “bait”, combined 
with quantitative mass spectrometry. We identified several proteins, including DDX6, G3BP1, G3BP2, Caprin1 and USP10, 
implicated in P body (PB) and stress granule (SG) function, and not previously known to bind DENV RNAs. Indirect 
immunofluorescence microscopy showed these proteins to colocalize with the DENV replication complex. Moreover, 
DDX6 knockdown resulted in reduced amounts of infectious particles and viral RNA in tissue culture supernatants 
following DENV infection. DDX6 interacted with DENV RNA in vivo during infection and in vitro this interaction was 
mediated by the DB1 and DB2 structures in the 3' UTR, possibly by formation of a pseudoknot structure. Additional 
experiments demonstrate that, in contrast to DDX6, the SG proteins G3BP1, G3BP2, Caprin1 and USP10 bind to the 
variable region (VR) in the 3' UTR. These results suggest that the DENV-2 3' UTR is a site for assembly of PB and SG proteins 
and, for DDX6, assembly on the 3' UTR is required for DENV replication.
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To initiate viral RNA replication, the positive strand viral RNA 
is transcribed into a complementary negative RNA strand that 
acts as the template for synthesis of new positive strands. This 
newly synthesized positive strand DENV RNA can be translated 
into additional viral proteins or packaged into progeny virions for 
subsequent rounds of infection.1

DENV RNA contains secondary structures in the 5' and 3' 
UTRs that mediate translation and viral RNA transcription.2-6 
The 5' stem-loop A (SLA) is required for DENV RNA replica-
tion in vitro and in the DENV replicon system, and interacts 
directly with DENV NS5.7 The cHP element is located adjacent 
to the start codon for the virus polyprotein and has been impli-
cated in virus translation and replication in DENV and replicon 
systems.8,9 Using luciferase reporter constructs containing the 
DENV 3' UTR and 3' SLA mutants, Holden and Harris dem-
onstrated that the 3' SLA enhances translation.10 The A2 and A3 
structures (also called DB2 and DB1, respectively) in the 3' UTR 
are required for RNA replication but not translation of a DENV 
replicon.11 Interestingly, a 30 nucleotide deletion corresponding 
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required for BMV replication. A screen for factors required for 
BMV gene expression identified the yeast homolog of DDX6, 
Dhh1p, which was also shown to be required for recruitment 
of BMV RNA from sites of translation to sites of virus replica-
tion.30,31 Hepatitis C (HCV), a member of the Flaviviridae fam-
ily, has also been shown to require DDX6 for viral transcription 
in the HCV replicon system.32,33 In addition, DDX6, HCV core 
protein and HCV RNA were shown to form a complex in vivo.32

These studies underscore the importance of viral RNA sec-
ondary structures and their interactions with both viral and host 
cell proteins. Using RNA affinity chromatography methodology 
coupled to stable isotopic labeling in cell culture (SILAC) and 
quantitative mass spectrometry, we identified 61 host cell pro-
teins that specifically interact with the DENV RNA 5' and 3' 
UTRs. Several of the proteins identified have previously been 
associated with PB and SG, including DDX6, G3BP1, G3BP2, 
Caprin1 and USP10. Indirect immunofluorescence microscopy 
demonstrates that DDX6, Caprin1, G3BP1, G3BP2 and USP10 
colocalize with sites of DENV-2 replication, suggesting that the 
interactions identified by RNA chromatography combined with 
MS can be recapitulated in DENV-infected cells. DDX6 knock-
down leads to a significant reduction of infectious DENV-2 
particles in tissue culture media of infected cells and reduced 
amounts of DENV-2 RNA. DDX6 interacts with DENV-2 RNA 
in vivo and, using the RNA affinity chromatography methodol-
ogy, binds to the DB2 and DB1 structures in the DENV-2 3' 
UTR. The interaction between DDX6 and the DB structures 
required formation of a potential pseudoknot structure, suggest-
ing that the complex tertiary structures in the DENV 3' UTR 
would be required for DDX6 function. Furthermore, DDX6, 
Caprin1, G3BP1, G3BP2 and USP10 show different binding 
preferences for specific structures in the DENV-2 3' UTR. These 
results suggest that the DENV UTRs act as assembly sites for 
DDX6 and SG proteins and that proper assembly of these RBPs 
have functional consequences for DENV replication.

Results

Purification and identification of host cell proteins that bind 
to the DENV-2 5' and 3' UTRs. We identified host cell proteins 
that associate with an RNA containing sequences from the 5' 
and 3' UTR of DENV-2 NGC and a tobramycin RNA aptamer 
(Fig. 1A). Sequences from the 5' UTR (nts 1–172) and 3' UTR 
(nts 10,242–10,724) were amplified from DENV-2 NGC. An 
oligonucleotide containing streptavidin and tobramycin aptamer 
sequences and overlapping sequence from the 5' and 3' UTR was 
used to fuse the 5' UTR, aptamer sequences and 3' UTR, respec-
tively, using splice overlap extension (SOE) PCR. In addition, 
the oligonucleotide used to amplify the 5' UTR incorporated 
a T7 promoter for in vitro transcription. As a control, similar 
length sequences from the DENV-2 NGC NS2A coding region 
were cloned using similar methods as those used to generate the 
5' and 3' UTR construct. A 14 nt complementary sequence was 
engineered into the control construct in order to induce forma-
tion of a double-stranded RNA region. PCR-amplified templates 
were used for in vitro transcription reactions in the presence of 

to the DB1 structure attenuates all four DENV serotypes and is 
currently being tested as a vaccine candidate.12

Long-range RNA-RNA interactions mediate circularization 
of the DENV genome via complementary sequences in the 5' 
and 3' UTR. The cyclization sequence (CS) mediates base-pair-
ing via complementary sequences in the 5' and 3' UTR and is 
required for virus replication but not for translation.13 Additional 
complementary sequences contained in the 5' and 3' termini have 
also been shown to be required for DENV replication, notably 
the upstream of AUG region (UAR) and downstream of AUG 
region (DAR).14,15 Studies using either mutagenesis to disrupt 
sequence complementarity or morpholino oligonucleotides that 
target the 5' or 3' stem-loops, CS or UAR, demonstrate that both 
local RNA secondary structures and long-range interactions are 
critical for DENV virus replication.11,14,16

As obligate parasites, viruses rely on host cell proteins to 
establish successful infection and accomplish viral replication. 
In both human and mosquito cells, Sjogren syndrome antigen 
B protein (SSB), formerly known as La autoantigen protein, has 
been shown to bind to the 5' and 3' UTRs of DENV RNA and in 
human cells forms a complex with NS3 and NS5.17,18 Additional 
experiments demonstrated that SSB inhibits DENV RNA rep-
lication in vitro.18 Another study demonstrated that the Y-box 
binding protein (YBX1), as well as hnRNP A1, A2/B1 and Q, 
bind to the DENV 3' UTR and that YBX1 has a negative effect 
on DENV translation.19 The stress granule protein TIA1 cyto-
toxic granule-associated RNA binding protein-like 1 (TIAL1) 
has been shown to colocalize with sites of DENV replication.20 
While the role of TIAL1 in DENV replication remains unclear, 
studies using West Nile virus (WNV), a related flavivirus, show 
that the accumulation of TIAL1 in replication complexes may 
facilitate viral transcription of the positive strand RNA from the 
negative strand template.21 More recently, the polypyrimidine 
tract-binding protein (PTB) was shown to interact with DENV 
RNA and to be required for RNA accumulation, but not for 
translation.22 Finally, genome-wide screens utilizing RNA inter-
ference have identified hundreds of host cell proteins required for 
WNV and DENV replication, highlighting that DENV virus 
relies heavily on the host cell to accomplish virus replication.23,24

In a screen for host cell proteins that physically interact with 
the DENV-2 5' and 3' UTRs, we identified several proteins asso-
ciated with P-bodies (PBs) and stress granules (SG). One of these 
was DDX6 (also RCK/p54), a DEAD box RNA helicase that 
was previously implicated in translational and miRNA-mediated 
silencing.25-27 In Xenopus oocytes, the DDX6 homolog, Xp54, 
has been shown to be a core component of mRNP particles that 
store and silence maternal mRNAs during early development.28 
In mammalian cells, DDX6 has been shown to localize to and 
be required for the formation of processing (P) bodies, which 
are sites of translational silencing and mRNA storage in somatic 
cells.29

In addition to maternal and somatic translation regulation, 
DDX6 has been implicated in the replication of several viruses.30 
The Brome mosaic virus (BMV)-Saccharomyces cerevisiae sys-
tem expresses positive-strand RNAs from a plant alphavirus in 
yeast cells and has been used in genetic screens for cellular factors 
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it was possible to confidently differentiate the specific interact-
ing partners from the population of nonspecific binding proteins. 
The specific binding partners were further verified by a reverse 
experiment (the experimental sample labeled with light isotopes 
and the control sample with heavy). Proteins that preferentially 
associate with the DENV-2 5' and 3' UTR RNA compared to 
the DENV-2 control RNA generated a ratio >1.0 in the forward 
experiment and a ratio <1.0 in the reverse experiment. Only 

2'-Fluoro-UTP and 2'-Fluoro-CTP to render the bait RNA more 
resistant to RNases. To generate beads for RNA chromatography, 
tobramycin was covalently coupled to NHS-Sepharose beads as 
described in Hartmuth et al. 2004. 30 μg of purified DENV-2 
control or 5' and 3' UTR RNA was resuspended in RNA binding 
buffer (see Materials and Methods), heated to 95°C for 5 min-
utes, cooled to room temperature and combined with 15 μL of 
tobramycin beads. Following incubation at 4°C, the tobramycin-
RNA beads were washed to remove unbound RNA and incu-
bated with cell lysates as described below.

In order to facilitate identification of proteins that associ-
ate with the DENV-2 5' and 3' UTRs, we used stable isotopic 
labeling of amino acids in cell culture (SILAC) and quantita-
tive mass spectrometry.35,36 This methodology is advantageous 
because it allows both identification and quantification of pro-
teins in a complex mixture, and allows direct comparison of 
recovered protein from the DENV-2 control and 5' and 3' UTR 
RNA samples. HeLa cells were used in these experiments because 
they had previously been optimized for use in the SILAC label-
ing and quantitative mass spectrometry in the Blackstock labora-
tory. In the experiments described here we utilized uninfected 
cell lysates for RNA chromatography. For SILAC-based RNA 
pull-down experiments HeLa cells were grown in media contain-
ing normal isotopes of L-lysine-(12C

6
14N

2
) (K0) and L-arginine-

(12C
6
14N

4
) (R0) for ‘light’ sample and L-lysine-(13C

6
15N

2
) (K8) 

and L-arginine-(13C
6
15N

4
) (R10) for ‘heavy’ sample. After six 

cell divisions the cultures were uniformly labeled with heavy iso-
topes, as confirmed by quantitative mass spectrometric analysis 
(Sup. Fig. 1). Labeled cells were washed twice with cold PBS, 
harvested by scraping and lysed in RNA affinity chromatography 
buffer (see Materials and Methods). Protein concentration in the 
lysates was determined using the BioRad Protein Assay calibrated 
using a BSA standard curve. In two experiments (forward experi-
ments), the DENV-2 control RNA was incubated with light cell 
lysate and the DENV-2 5' and 3' UTR RNA was incubated with 
heavy cell lysate. In a third experiment (reverse experiment), the 
DENV-2 control RNA was incubated with heavy cell lysate and 
the DENV-2 5' and 3' UTR RNA was incubated with light cell 
lysate. For all experiments, following incubation with cell lysate 
the DENV-2 control and 5' and 3' UTR RNA beads were com-
bined and washed. Control and 5' and 3' UTR RNA and associ-
ated factors were eluted from the beads and eluates were subjected 
to LC-MS analysis as described in Materials and Methods.

MS data were analyzed by the MaxQuant program.37 The 
integrated intensity of the peptide peak, as determined by 
MaxQuant, reflects the peptide abundance and the fold-change 
represents the ratio of peptides quantified in the experimental 
sample labeled with heavy isotopes (K8R10) versus the control 
sample with light (K0R0) for forward experiment. Most proteins 
identified were present in a 1:1 ratio and corresponded to the 
normal distribution of non-specific binding proteins. For sta-
tistical purposes, the greater the deviation in the peptide ratio 
from 1:1, the greater the specificity of the selective RNA binding 
of the corresponding protein. Using the high mass accuracy of 
the peptide precursor ion measurement, identification of SILAC 
pairs, and the statistical significance calculated by MaxQuant, 

Figure 1. Identification of cellular proteins that interact with the DENV-2 
5’ and 3’ UTRs. (A) Schematic of DNA template used to generate RNA 
for chromatography. The control construct contains the T7 promoter 
fused to sequences from DENV-2 NGC NS2A coding sequence (nts 
3,504–3,674 and nts 3,739–4,221), with the tobramycin aptamer inserted 
between the NS2A sequences. The 5’ and 3’ UTR construct contains the 
T7 promoter fused to the DENV-2 NGC 5’ UTR (nts 1–172), tobramycin 
aptamer sequence and the 3’ UTR from DENV-2 NGC (nts 10,242–10,724). 
Following in vitro transcription using T7 RNA polymerase, RNA was 
purified, heated to 95°C, gradually cooled to room temperature and 
bound to tobramycin-sepharose beads. (B) Scatter plot comparing the 
results from two independent quantitative mass spectrometric analyses 
of DENV-2 5’ and 3’ UTR-interacting proteins. In the experiment plotted 
on the y-axis (forward experiment), the control RNA was incubated with 
lysate from cells labeled with light arginine and lysine (K0R0) and the 
DENV-2 5’ and 3’ UTR RNA was incubated with lysate from cells labeled 
with heavy arginine and lysine (K8R10). In the experiment plotted on 
the x-axis (reverse experiment), the control RNA was incubated with 
heavy lysate and the DENV-2 5’ and 3’ UTR RNA was incubated with light 
lysate. The product of ratio significance in the forward and reverse ex-
periment (pforward x preverse (p) < 1e-10), and minimum log2 SILAC ratio of 2 
for forward experiment and maximum ratio of -2 for reverse experiment 
were used to select the most confident interacting partners (red dots in 
upper left quadrant).
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U2AF1, U2AF2, PABPN1 and several other HNRNPs.39 In order 
to better understand whether the proteins identified in this study 
have any previously described interactions, we performed an analy-
sis of protein interaction networks using the String 8.3 database.40 
Based on this analysis, we found that there were significant interac-
tions between many of the proteins identified (Fig. S2). There was 
a core interaction network involving the splicing factors discussed 
above, with other factors forming additional interaction networks 
with weak links to the core network. Notably, among the proteins 
in Table 1, DDX6, EDC3 and LSM12 form an interaction net-
work with connections to the core network, while Caprin1, G3BP1 
and USP10 form a separate interaction network also linked to the 
core network. While additional work is necessary to validate these 
interaction networks, the String 8.3 analysis suggests that multiple 
complexes of RNA binding proteins associated with the DENV 5' 
and 3' UTRs.

PB and SG proteins colocalize with the DENV-2 replication 
complex in infected cells. To determine the subcellular localiza-
tion of the PB and SG proteins during DENV-2 infection, we 
performed indirect immunofluorescence microscopy using anti-
bodies specific to DDX6, Caprin1, G3BP1, G3BP2 and USP10. 
To detect DENV RNA, we used an antibody specific to dsRNA 
that has been used previously as a marker for sites of DENV repli-
cation.41 HuH-7 cells were plated on glass coverslips and infected 
with DENV-2 NGC at an MOI of 1.0. After 24 hours, the cells 
were fixed, permeabilized and stained with the indicated antibody 
against cellular proteins and a monoclonal antibody specific to 
dsRNA. For comparison, uninfected cells were plated on glass 
coverslips, incubated 24 hours, fixed and stained with the same 
antibodies. During the final wash, DAPI was added to the wash 
buffer and the coverslips were sealed and analyzed using by epi-
fluorescence microscopy.

As a negative control for colocalization with the DENV rep-
lication complex, we probed uninfected and infected cells with 

ratios with the product of significance in the forward and reverse 
experiments (pforward x preverse) < 0.0001 were considered as specific 
binding partners of DENV-2 5' and 3' UTR RNA (Table S1). 
To select the interacting partners with the highest confidence we 
used pforward x preverse < 1e-10 and minimum log

2
 SILAC ratio of 2 

for the forward exeriment and maximum-2 for the reverse experi-
ment for this analysis (red dots in upper left quadrant in Fig. 1B).

All of the proteins identified in the screen with a pforward x 
preverse < 1e-10 have documented functions in various aspects of 
RNA metabolism (Table 1). Interestingly, many of these have 
previously been implicated in formation or function of process-
ing bodies (PBs) and stress granules (SGs).38 PBs and SGs are 
cytoplasmic RNA granules that, following polysome disassem-
bly, act as sites for storage and/or degradation of mRNAs. Many 
proteins localize to both P bodies and SGs, but each class of RNA 
granules appears to have unique functions. The Argonaute pro-
teins localize to P bodies where they function in the process of 
miRNA silencing and mRNA decay. SGs contain components 
of the ribosome and function as sites of translational silencing in 
response to cellular stress. Among the proteins with pforward x preverse 
< 1e-10, Caprin1, DDX6, USP10, G3BP1, G3BP2, EDC3 and 
FMR1 have all been shown to localize or interact with proteins 
in P bodies, SGs or both RNA granules.38 Our results suggested 
that the DENV RNA interacts with P body and SG components 
in infected cells.

In addition to P body and SG proteins, several other DENV-2 
5' and 3' UTR interacting factors have documented roles in RNA 
metabolism. HNRNPA2B1 and HNRNPA1, which were about 
5-fold enriched with a pforward x preverse < 1e-9 for binding to the 
DENV 5' and 3' UTR relative to the control RNA, were reviously 
shown to interact with DENV RNA and have been implicated in 
pre-mRNA splicing.19 Interestingly, though DENV RNA does not 
undergo splicing, several other splicing factors were identified that 
specifically interact with the DENV 5' and 3' UTR, including 

Table 1. List of DENV-2 UTR-interacting proteins identified by mass spectrometry and their respective SILAC ratios with p values from independent 
forward and reverse experiments

Gene 
Names1

Atio H/L 
Normalized  

forward2

Ration H/L 
Significance(B)

Ration H/L 
Count  

forward4

Ratio H/L 
Normalized 

reverse2

Ration H/L 
Significance(B)

Ratio H/L  
Count  

reverse4

pforward x preverse5

CAPRIN1 21.72 1.29E-18 80 0.03 1.41E-13 95 1.81E-31

DDX6 14.83 9.09E-15 14 0.03 3.99E-14 42 3.63E-28

USP10 14.26 2.11E-14 22 0.07 7.22E-09 67 1.53E-22

G3BP2 16.85 5.28E-16 95 0.02 4.99E-16 178 2.65E-31

G3BP1 12.63 2.68E-13 102 0.04 2.82E-12 92 7.57E-25

LSM12 8.15 1.86E-09 6 0.04 9.89E-06 5 1.84E-14

EDC3 7.64 3.12E-09 18 0.11 0.0021238 48 6.63E-12

FMR1 7.79 3.98E-09 15 0.15 0.0073578 5 2.93E-11

NUFIP2 6.47 7.52E-08 8 0.08 0.00047617 25 3.58E-11

LSM10 7.32 1.11E-08 2 0.13 0.0051225 7 5.68E-11

CNBP 4.79 3.31E-06 37 0.09 6.30E-08 29 2.08E-13
1Gene name is based on the HUGO designation. 2Ration H/L Normalized is the ratio corrected for variation in protein amounts as described in Cox and 
Mann (2008). 3Ration H/L Significance (B) is the p value indicating the significance of enrichment relative to a randomized dataset of proteins. 4Ration 
H/L Count is the number of peptide events used for quantification of the protein. 5pforward x preverse is the product of multiplying pforward  and preverse.
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uninfected cells and localized to the perinuclear space corre-
sponding to sites of DENV replication in infected cells (Fig. 2K 
and L). These results suggest that DDX6, Caprin1, G3BP1, 
G3BP2 and USP10, but not SLBP, colocalized with DENV rep-
lication sites. The localization of the proteins identified by the 
RNA affinity chromatography to the DENV replication complex 
provided an in vivo validation for our methodology.

DDX6 is required for efficient assembly or release of infec-
tious particles. We wanted to test whether proteins identified in 
the screen had a role in DENV-2 replication. DDX6 has pre-
viously been implicated in HCV replication and translational 
silencing.26,32 Given its previously defined role in Flaviviridae 
replication, we focused on the potential function of DDX6 in 
DENV-2 replication. We performed siRNA-mediated knock-
down of DDX6 expression followed by DENV infection and 
analyzed levels of infectious viral particles and viral RNA in the 
media of infected cells. We performed knockdowns in HuH-7 
cells using either a control siRNA complementary to GFP 
RNA (siGFP) or three different siRNAs targeting DDX6 RNA 
(siDDX6_1, siDDX6_2 or siDDX6_3), followed by infection 
with DENV-2 NGC at an MOI of 0.5. We analyzed DDX6 

antibody specific for stem-loop binding protein (SLBP), an RNA 
binding protein that associates with a stem-loop in the 3' UTR of 
histone mRNAs.42 While this protein binds to RNA secondary 
structures, it was not expected to colocalize with the DENV rep-
lication complex since it was not identified in the original screen 
for DENV-2 5' and 3' UTR-binding proteins. In both unin-
fected and infected cells, SLBP localized either to the nucleus 
or throughout the cell (Fig. 2A and B). In infected cells, SLBP 
and dsRNA did not have overlapping patterns of localization 
(Fig. 2B). In uninfected cells, DDX6 localized strongly with P 
body-like structures (Fig. 2C). In infected cells, DDX6 localized 
to P body-like structures as well as sites of DENV replication indi-
cated by dsRNA signal (Fig. 2D). The SG component Caprin1 
localized to the perinuclear space in uninfected and infected cells 
and also sites of DENV replication in infected cells (Fig. 2E and 
F). G3BP1 localized to the cytoplasm in uninfected and infected 
cells, with slightly stronger staining in the perinuclear space in 
DENV-infected cells, overlapping with sites of replication (Fig. 
2G and H). G3BP2 localized to the cytoplasm and appeared to 
relocalize to perinuclear sites of DENV replication 24 hours post-
infection (Fig. 2I and J). Finally, USP10 localized throughout 

Figure 2. DDX6, Caprin1, G3BP1, G3BP2 and USP10 colocalize with sites of DENV replication. HuH-7 cells on coverslips were infected with DENV-2 NGC 
at an MOI of 1.0 for 24 hours prior to fixation and probing with antibody specific for either SLBP (A and B), DDX6 (C and D), Caprin1 (E and F), G3BP1 
(G and H), G3BP2 (I and J) or USP10 (K and L) and dsRNA as a marker for sites of DENV replication as previously shown by Welsch et al. The coverslips 
probed for SLBP and dsRNA were prepared at a different time, but under similar conditions, than the coverslips used in the rest of the localization 
studies described here. However, the same preparation of coverslips was also probed for DDX6 and dsRNA with the same colocalization pattern as 
observed with the other coverslips probed for DDX6 and dsRNA. In the final wash, DAPI was added to visualize cell nuclei and coverslips were sealed 
prior to visualization using an Olympus IX71 epifluorescent microscope and DP71 digital camera. Images were processed using the ImageJ software 
package.
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ANOVA, p < 0.0001, Dunnett’s Multiple Comparison Test,  
p < 0.01) (Fig. 3B).

To investigate if DDX6 knockdown had an effect on the for-
mation or release of infectious DENV particles, we assayed the 
tissue culture media for the ability to form virus foci in BHK21 
cells. Diluted tissue culture media were used to infect BHK21 
cell monolayers. After four days, cells were fixed and probed for 
viral foci using the DENV E protein-specific 3H5 monoclonal 
antibody and an anti-mouse secondary antibody. Viral foci were 
visualized using the Odyssey system and counted. We found that 
at 24 hours post-infection, there was, on average, a 2- to 3-fold 
reduction of virus focus forming units (ffu) in supernatants from 
DDX6 knockdown compared to the siGFP treatment (one-way 
ANOVA, p = 0.0022, Dunnett’s Multiple Comparison Test, p < 
0.01) (Fig. 3C).

To determine if DDX6 knockdown had an effect on pack-
aging or release of DENV RNA, we performed real-time PCR 
on cDNAs from viral RNA isolated from the media at 24 hours 
post-infection. Using the same samples from Figure 3C, total 
RNA was harvested, cDNA was synthesized using random hex-
amer primers and utilized as a template for DENV-specific real-
time PCR. As a control for RNA recovery from the tissue culture 
media, 25 ng of an in vitro transcript of sequence from the D. 
melanogaster Boule mRNA was added to each sample prior to 
Trizol extraction and used as a normalization control. Viral RNA 
levels in supernatants from DDX6 knockdown were significantly 
reduced, on average, to 2- to 3-fold of the siGFP-treated viral 
RNA level 24 hours post-infection (one-way ANOVA, p = 0.0024, 
Dunnett’s Multiple Comparison Test, p < 0.01) (Fig. 3D). These 
results suggest that DDX6 knockdown significantly reduces the 
production and/or release of infectious particles from DENV-
infected cells. Furthermore, these results validate using the RNA 
chromatography method for discovery of functionally relevant 
host cell proteins.

DDX6 associates with DENV-2 RNA during infection. 
DDX6 knockdowns above suggested a host factor function for 
DDX6 in the production and/or release of DENV infectious 
particles. To extend this observation, we wanted to confirm the 
interaction we observed between DDX6 and the DENV UTRs 
by testing whether DDX6 interacted with DENV RNA during 
bona fide virus infection. We investigated whether an interaction 
between DDX6 and DENV-2 RNA could be detected by RNA 
immunoprecipitation in cells infected with DENV-2 NGC. 
HuH-7 cells were infected at an MOI of 0.5 and incubated for 
24 hours. Infected cells were washed with cold PBS, harvested by 
scraping and lysed in RNA affinity chromatography buffer (see 
Materials and Methods). Cell lysates were used for immunopre-
cipitation using non-specific IgG or a polyclonal antibody specific 
to DDX6 bound to protein A beads. After extensive washing, 
total RNA was harvested from the beads using Trizol reagent 
and analyzed by RT-PCR for ß-actin, c-myc and DENV-2 RNA. 
As expected, we detected ß-actin and c-myc RNAs in both unin-
fected and infected lysates, but DENV-2 RNA only in infected 
cell lysates (Fig. 4A and lanes 1 to 4). As a negative control for 
immunoprecipitation, we performed RT-PCR using oligonucle-
otides specific for ß-actin RNA, which is not expected to interact 

protein expression in infected cells at 24 hours post-infection. 
The siRNA targeting GFP had no significant effect on DDX6 
expression. DDX6 levels were significantly decreased in cells 
transfected with siRNAs targeting DDX6 at 24 hours post-infec-
tion (Fig. 3A). DDX6 levels, which were quantified and normal-
ized relative to cellular GAPDH levels using the Odyssey Infrared 
Imaging system (LiCor), were found to be reduced to 50% or less 
compared with DDX6 levels in cells treated with siGFP (one-way 

Figure 3. DDX6 is required for efficient assembly or release of infectious 
Dengue virus. (A) Analysis of protein expression of cellular DDX6 and 
GAPDH proteins at 24 hours post-infection. HuH-7 cells were trans-
fected with 25 nM siRNAs targeting GFP (siGFP) or DDX6 (siDDX6_1, siD-
DX6_2 and siDDX6_3) and incubated for 48 hours. Cells were infected 
with DENV-2 NGC at an MOI of 0.5 and harvested at 24 hours post-in-
fection. Western blots were probed using rabbit polyclonal antibodies 
specific for DDX6 and GAPDH. Following incubation with secondary 
antibody, blots were visualized using the Odyssey Infrared Imaging 
system. (B) Quantification of western blots for DDX6 protein normalized 
to GAPDH levels. Quantification was performed using the Odyssey In-
frared imaging software package and the level of DDX6 protein in each 
sample was normalized to GAPDH. DDX6 levels are plotted as a percent 
relative to cells treated with siGFP. The raw data from quantification was 
used for one-way ANOVA (p < 0.0001) and Dunnett’s Multiple Compari-
son Test, where p < 0.01 is indicated by an asterisk. All p values were cal-
culated with respect to the siGFP control. (C) Focus forming units (ffu) 
of tissue culture supernatants 24 hours post-infection. Tissue culture 
media was diluted and used to infect monolayers of BHK21 cells. Four 
days post-infection, cells were fixed and analyzed for DENV E protein 
expression, as described in the Materials and Methods. Virus foci were 
counted and plotted as ffu/mL. Data was analyzed using a one-way 
ANOVA (p = 0.0022) and Dunnett’s Multiple Comparison Test, where p < 
0.01 is indicated by an asterisk. All p values were calculated with respect 
to the siGFP control. (D) DENV-2 RNA level in the tissue culture media 24 
hours post-infection. Total RNA was extracted from tissue culture media 
of infected cells, reverse transcribed using random primers, and used in 
Real-time PCR reactions. 25 ng of an in vitro transcript derived form the 
D. melanogaster Boule mRNA was added to each sample prior to Trizol 
extraction and used as a normalization control. A standard curve was 
generated by reverse transcribing 1 ng of in vitro transcribed RNA cor-
responding to the DENV-2 amplicon. Number of DENV-2 RNA molecules 
was calculated from the standard curve and plotted. Data was analyzed 
using a one-way ANOVA (p = 0.0024) and Dunnett’s Multiple Compari-
son Test, where p < 0.01 is indicated by an asterisk. All p values were 
calculated with respect to the siGFP control.
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were not required for DDX6 binding (Fig. 5B and lanes 4–8). As 
expected, DDX6 bound to the construct containing both the 5' 
and 3' UTR or the 3' UTR alone, but not the control construct 
(Fig. 5B and lanes 2–4). These results demonstrate that stem-
loops I-IV in the VR were not required for DDX6 binding to the 
DENV-2 3' UTR.

We tested an additional deletion that removed the entire VR 
sequence and found that it was not required for DDX6 binding 
(Fig. 5C and lane 6). As expected, DDX6 bound to the construct 
containing both the 5' and 3' UTR or the 3' UTR alone, but 
not the control RNA (Fig. 5C and lanes 2 to 4). A construct 
with deletions of the SLA, SLB, CS and DB1 bound DDX6 
(Fig. 5C and lane 5). We tested constructs that contained dele-
tions in the VR and additional structures and determined that, 
while a construct containing the SLA, SLB, CS and DB1 bound 
DDX6, a construct containing the SLA, SLB and CS alone did 
not (Fig. 5C and lanes 7 and 8). This result was puzzling since 
both the construct containing deletions in the SLA, SLB, CS and 
DB1 and the construct containing deletions in the VR and DB2 
bound DDX6 (Fig. 5C and lanes 5 and 7). If there was a single 
binding site for DDX6, then progressive deletions from the 5' 
and 3' end would be expected to identify a single structure or 

with DDX6 in vivo, and indeed DDX6-specific antibodies did 
not immunoprecipitate ß-actin RNA (Fig. 4A and lanes 5 to 12). 
As a positive control, we performed RT-PCR using oligonucle-
otides specific for c-myc RNA, which has previously been shown 
to interact with DDX6.43 The DDX6-specific antibody, but not 
non-specific IgG, immunoprecipitated c-myc RNA in uninfected 
and infected cells, though the signal (input and immunopre-
cipitated) was reduced in infected cells (Fig. 4A and lanes 5 to 
12). Finally, we performed RT-PCR using oligonucleotides spe-
cific for DENV-2 RNA and found that the DDX6-specific anti-
body, but not non-specific IgG, efficiently immunoprecipitated 
DENV-2 RNA from infected cell lysates (Fig. 4A and lanes 9 to 
12). These results demonstrate that DDX6 specifically associated 
with DENV-2 RNAs during infection.

In order to quantify the amount of DENV-2 RNA associated 
with DDX6 during infection, we repeated the RNA immuno-
precipitation described above in triplicate followed by analysis 
by real-time PCR. Following immunoprecipitation, an in vitro 
transcript corresponding to a short sequence from the D. mela-
nogaster Boule mRNA was added to each sample prior to Trizol 
extraction to act as a recovery and normalization control. RNA 
samples were treated similarly as described above for preparation 
of cDNA, but the samples were then subjected to real-time PCR 
for Boule and DENV-2 RNA. Samples were quantified based on 
a standard curve of DENV-2 RNA and converted to molecules of 
DENV-2 RNA. We found that DDX6 IP enriched for DENV-2 
RNA approximately 1,000-fold compared to the control IP from 
infected cell lysates (one-way ANOVA, p = 0.0045, Dunnett’s 
Multiple Comparison Test, p < 0.01). These results, which sug-
gest an interaction in vivo, provide additional validation of the 
RNA chromatography.

DDX6 binds to the DB2 and DB1 structures in the DENV-2 
3' UTR. Since DDX6 was demonstrated to function in viral 
replication and interact with DENV RNA in vivo, we wanted 
to determine what sequences were required for the interaction 
between DDX6 and the DENV UTRs. We used RNA affin-
ity chromatography to identify the DDX6 binding site in the 
DENV-2 UTRs using a series of RNAs containing deletions in 
their secondary structures. We performed RNA affinity chroma-
tography similarly to that described in Figure 1 except that we 
analyzed binding by western blotting. As expected from our MS 
results, DDX6 preferentially bound to the DENV-2 5' and 3' 
UTR over the control RNA (Fig. 5A and lanes 2 and 5). We 
tested whether DDX6 preferentially bound to the DENV-2 5' or 
3' UTR. As negative controls for DDX6 binding, we tested con-
structs containing the full-length control, the 5' control sequence 
alone and the 3' control sequence alone, and found that DDX6 
did not bind to any of these RNAs (Fig. 5A and lanes 2, 3 and 
4). An additional negative control for binding to the UTR con-
structs, TIAL1, is presented below. We tested constructs contain-
ing the DENV-2 5' and 3' UTRs, the 5' UTR alone or the 3' 
UTR alone and found that DDX6 preferentially bound to the 3' 
UTR (Fig. 5A and lanes 3–5).

In order to narrow down the minimal sequence required for 
DDX6 binding, we tested a series of deletion mutants in the vari-
able region (VR) and found that VR Stem-loops I, II, III and IV 

Figure 4. DDX6 interacts with DENV-2 RNA in vivo during infection. (A) 
RNA immunoprecipitation was performed using either a non-specific 
IgG or DDX6-specific antibody on uninfected and infected HuH-7 cell 
lysates. Cells were infected with DENV-2 NGC at an MOI of 0.5 and har-
vested 48 hours post-infection. Antibodies bound to protein A beads 
were incubated with uninfected or infected cell lysates and washed 5x 
with RIPA buffer containing 1 M NaCl. RNA was isolated using Trizol and 
analyzed by RT-PCR using primers specific for ß-actin, c-myc or DENV 
sequences. (B) RNA immunoprecipitation was repeated in triplicate and 
processed as in (A), except analysis was performed using Real-time PCR 
for DENV. To facilitate normalization, an in vitro transcript was added 
prior to Trizol extraction as a control for recovery. Data was analyzed us-
ing a one-way ANOVA (p = 0.0045) and Dunnett’s Multiple Comparison 
Test, where p < 0.01 is indicated by an asterisk.
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Figure 5 . DDX6 interacts with the DENV-2 3’ UTR via DB2 and DB1 structures. (A–D) Interaction sites for DDX6 were determined using the RNA affinity 
chromatography method. Deletion mutants were generated from the original 5’ and 3’ UTR construct by PCR and used as templates for T7 in vitro 
transcription. The left part illustrates the secondary structures present in the DENV-2 3’ UTR based on structural studies and Mfold secondary structure 
prediction.11,60,61 The deletion mutations used to map 3’ UTR interaction sites are illustrated by black lines under the predicted secondary structures. 
T7 transcripts were purified, heated to 95°C, cooled and bound to tobramycin-sepharose beads. RNA-bound beads were incubated with cell lysate 
followed by washing and elution prior to analysis by western blotting for DDX6.
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pk2’ and pk1’, DDX6 binding was further reduced (Fig. 6B and 
lane 6). Binding was also reduced when point mutations were 
introduced into pk2 and pk1, the predicted sites for basepair-
ing adjacent to the DB2 and DB1 loop structures (Fig. 6B and 
lane 7). Compensatory mutations, predicted to restore base-
pairing between the loop and downstream RNA sequences did 
not restore DDX6 binding (Fig. 6B and lane 8). These results 
indicate that binding of DDX6 to the DENV-2 3' UTR RNA 
required the same nucleotides predicted to form the pseudoknots 
in the DB2 and DB1 structures. DDX6 binding to the DENV-2 
3' UTR, however, required additional sequence information, 
since the compensatory mutations, which are predicted to restore 
pseudoknot structures, did not restore binding.

Other PB and SG proteins interact with different structures 
in the DENV-2 3' UTR. In order to confirm and extend our 
analysis of the interaction of host cell proteins with the DENV 
5' and 3' UTRs, we performed RNA affinity chromatography 
using different sequences from the DENV 5' and 3' UTRs. We 
expanded our target proteins from DDX6 to include other SG 
proteins identified by MS, including Caprin1, G3BP1, G3BP2 
and USP10. Since DDX6 was shown to function in DENV rep-
lication (Fig. 3) and was shown to bind to the DB structures in 
the 3' UTR (Figs. 5 and 6), we wanted to determine if other SG 
proteins bound to the same sequences in the DENV-2 3' UTR. 

sequence sufficient for binding. This result suggests that there are 
multiple structures or sequences in the 3' UTR that bind DDX6. 
However, it has been noted before that DB2 and DB1 are both 
structurally similar and highly conserved, suggesting that these 
homologous structures could act as redundant DDX6 binding 
sites.44

To test whether DB2 and DB1 are the DDX6 binding sites, 
additional deletion mutants were generated that removed the 
SLA, SLB and CS sequences or the VR and DB sequences from 
the 3' UTR. As expected, DDX6 bound to the construct con-
taining both the 5' and 3' UTR or the 3' UTR alone, but not 
the control RNA (Fig. 5D and lanes 2–4). A construct contain-
ing the VR, DB2 and DB1 bound DDX6 (Fig. 5D and lane 5), 
however, an RNA containing only the SLA, SLB and CS did 
not (Fig. 5D and lane 6). We had previously established that the 
VR was not required for DDX6 binding (Fig. 5C and lane 6). 
Since the DB2 and DB1 are very similar structures, we tested 
these sequences together and separately for their ability to bind 
DDX6. RNAs containing both DB2 and DB1 or each DB in 
isolation bound DDX6 (Fig. 5D and lanes 7–9). These results 
demonstrate that DDX6 interacts with the DENV-2 3' UTR via 
the DB2 and DB1 structures. We suggest that DDX6 functions 
in DENV replication via its interaction with the DB structures.

DDX6 binds to predicted pseudoknot structures formed 
by the DB2 and DB1 sequences in the DENV-2 3' UTR. In 
order to map the sequences required for the DDX6 interac-
tion, we employed the RNA affinity chromatography method 
using a series of DENV-2 3' UTR RNAs containing deletions 
in their secondary structures. As demonstrated in Figure 5, 
DDX6 bound to an RNA containing only the DB1 and DB2 
structures, with each of the individual dumbbell structures suf-
ficient for interaction with DDX6 (Fig. 5D and lanes 31 and 32). 
DB2 and DB1 are predicted to form pseudoknots by basepair-
ing between the terminal stem-loop (pk2’ and pk1’, respectively) 
and the downstream sequences (pk2 and pk1, respectively) (Fig. 
6A).44 More recently, Manzano et al. demonstrated that the ter-
minal loop sequences in the DB2 and DB1 (referred to as TL1 
and TL2, respectively) predicted to form the pseudoknot struc-
tures contribute to translation and RNA amplification using a 
DENV-2 replicon system.45 We wanted to determine whether 
base-pairing between the pk2’ and pk2 sequences, or pk1’ and 
pk1 sequences, was required for DDX6 binding to DB2 and 
DB1. We generated point mutants that would disrupt basepair-
ing between pk2’ and pk2 (Fig. 6B and pk2’ mut), pk1’ and pk1 
(Fig. 6B and pk1’ mut) or both (Fig. 6B and pk2’/pk1’ mut and 
pk2/pk1 mut). In addition, we generated compensatory mutants 
that would restore basepairing between pk2’ and pk2 as well 
as pk1’ and pk1 (Fig. 6B and pk2’/pk1’/pk2/pk1 mut). To pre-
serve as much of the adjacent RNA structures as possible, these 
mutations were made in the full-length DENV-2 3' UTR. The 
nucleotide changes used to generate the pk mutants are listed in 
Supplemental Table 2.

We found that DDX6 binding to the 3' UTR was reduced in 
the presence of point mutations in pk2’ and pk1’ (Fig. 6B and 
lanes 3–5). When point mutations were introduced into both 

Figure 6. DDX6 interacts with the DENV-2 DB2 and DB1 via pseu-
doknot structures. (A) Schematic of the DB2 and DB1 structures in the 
3’ UTR and sequences predicted to mediate formation of pseudoknot 
structures (pk2’, pk2, pk1’ and pk1).11,44 (B) RNA affinity chromatography 
was performed similarly as in Figure 5 except point mutations in the 
predicted pseudoknot-forming sequences were made in the full-length 
3’ UTR. The templates were in vitro transcribed, purified, heated to 95°C, 
cooled and bound to tobramycin-sepharose beads. RNA-bound beads 
were incubated with cell lysate followed by washing and elution prior 
to analysis by western blotting for DDX6.
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PB and SG proteins in DENV replication. The colocalization 
of each of these proteins with sites of DENV replication further 
implicated these proteins in either a pro- or anti-viral role in the 
host cell.

The connection between PBs, SGs and DENV replication is 
not completely clear. DENV replication complexes have been 
shown to colocalize with, and assemble virion on, ER mem-
branes, though the precise dynamics of this process is not well 
understood.41 In addition, egress of assembled DENV particles 
has been shown to require several membrane-associated and 
endolysosomal proteins.47 A recent study using HCV, another 
member of Flaviviridae family, has demonstrated that DDX6 
colocalizes with lipid droplets (LDs), which are ER-derived mem-
branes, during infection.48 LDs were previously demonstrated to 
be required for HCV replication and also for production of infec-
tious DENV virus.49,50 One intriguing possibility is that LDs are 
sites of packaging and that the process of egress and release of 
fully assembled infectious virus begins at this site. Recent work 
by Gibbings et al. has demonstrated that PB and SG components 
copurify with multi-vesicular bodies and Tahbaz et al. have dem-
onstrated that Dicer and the RISC effector protein Ago2, which 
also colocalizes with PBs, are present in membrane fractions of 
cells.51-53 Our results demonstrate that several PB and SG proteins 
colocalize with DENV replication sites and bind to different sites 
on DENV RNA. This work suggests an intimate connection 
between PBs, SGs and endolysosomal membranes, which could 
play a pro-viral role in DENV replication. The assembly of PB 
and SG proteins on the viral RNA could coordinate the various 
steps of virion assembly and regulate its interaction with the viral 
replication complexes and cellular membranes.

For DDX6, the data clearly demonstrate that it has a pro-viral 
role in the assembly or release of infectious particles. We deter-
mined, using two independent methodologies, that DDX6 and 
DENV RNA interact both in vitro and in vivo. Furthermore, the 
binding site for DDX6 was mapped to the DB structures in the 

We performed RNA affinity chromatography similarly to that 
described in Figure 5. TIAL1, which has previously shown to 
bind the negative strand 3' UTR of WNV,46 did not bind any 
of the positive strand DENV RNAs used in this assay (Fig. 7 
and lanes 2–10). As expected DDX6, Caprin1, G3BP1, G3BP2 
and USP10 preferentially bound the DENV-2 3' and 5' UTR 
RNA over the control RNA (Fig. 7 and lanes 2 and 3). DDX6, 
Caprin1, G3BP1, G3BP2 and USP10 did not bind the 5' UTR 
but showed strong binding to the 3' UTR (Fig. 7 and lanes 4 
and 5). 3' UTR sequences upstream of the CS were necessary 
and sufficient to bind these five proteins (lanes 7 and 8). DDX6 
bound the DB2 and DB1 sequences in the 3' UTR (Fig. 7 and 
mutation series in left part and lanes 6–10) whereas Caprin1, 
G3BP1, G3BP2 and USP10 bound sequences in the VR (Fig. 7 
and mutation series in left part and lanes 6, 9 & 10). These 
results confirm that several of the proteins identified by RNA 
affinity chromatography and SILAC-MS bind to the DENV-2 
5' and 3' UTR RNA. Further, these results demonstrate that the 
DENV-2 3' UTR acts as an assembly site for PB and SG pro-
teins. Finally, since they demonstrate differential binding prefer-
ence for the DB or VR structures in the 3' UTR, DDX6 and the 
other four proteins analyzed may play different functional roles 
in DENV replication.

Discussion

Using a novel RNA affinity chromatography strategy coupled 
with SILAC-MS technology, we identified 61 RNA-binding 
proteins that specifically interacted with the DENV-2 5' and 3' 
UTRs. Among the top eight hits with pforward x preverse < 1e-10, seven 
have previously described functions in PBs and SGs. PB and SG 
proteins have been implicated in pro- and anti-viral functions for 
other viruses,30 but this study represents the most extensive char-
acterization of host cell RNA binding proteins that interact with 
the DENV-2 UTRs and is the first study to implicate multiple 

Figure 7. DDX6, Caprin1, G3BP1, G3BP2 and USP10 bind to different sequences in the 3’ UTR of DENV-2. Interaction sites for DDX6, Caprin1, G3BP1, G3BP2 
and USP10 were determined using the RNA affinity chromatography method. Deletion mutants were generated similarly to those described in Figure 5. 
The left part illustrates the secondary structures present in the DENV-2 3’ UTR based on structural studies and Mfold secondary structure prediction.11,60,61 
The deletion mutations used to map 3’ UTR interaction sites are illustrated by black lines under the predicted secondary structures. T7 transcripts were 
purified, heated to 95°C, cooled and bound to tobramycin-sepharose beads. RNA-bound beads were incubated with cell lysate followed by washing and 
elution prior to analysis by western blotting for TIAL1 (negative control), DDX6 (positive control), Caprin1, G3BP1, G3BP2 and USP10.
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using oligonucleotides specific to nts 1–172 and 10,242–10,725. 
The oligo used to amplify the 5' UTR also contained the T7 
promoter sequence before the start of the 5' UTR. The 5' UTR 
was fused to an oligo containing the streptavidin and tobramy-
cin aptamers and spacer sequences using splice overlap exten-
sion (SOE) PCR.34,57 PCR templates were used for MEGAscript 
T7 RNA polymerase in vitro transcription reactions (Ambion/
Applied Biosystems) to generate RNA according to the manufac-
turer’s instructions. Details of the oligonucleotides and templates 
are available upon request.

Tobramycin RNA affinity chromatography. Tobramycin 
RNA affinity chromatography was adapted from Hartmuth et 
al. 2004. NHS-activated sepharose beads (GE Healthcare) were 
washed four times with 1 mM HCl and resuspended in coupling 
buffer (0.2 M NaHCO

3
, 0.5 M NaCl, pH 8.3) containing 5 

mM tobramycin. Following incubation overnight at 4°C with 
head-to-tail rotation, beads were spun down and resuspended 
in blocking buffer. After 1 hour incubation at 4°C, beads were 
washed 3 times and resuspended in PBS. RNA in RNA bind-
ing buffer (20 mM Tris, pH 7.0, 1 mM CaCl

2
, 1 mM MgCl

2
, 

75 mM NaCl, 145 mM KCl, 0.1 mg/mL yeast tRNA, 0.2 mM 
DTT) was heated to 95°C for 5 min, cooled to room tempera-
ture, combined with tobramycin beads and incubated at 4°C 
with end over end rotation, 1 hour. Beads were centrifuged and 
washed two times with RNA washing buffer (20 mM Tris, pH 
7.0, 1 mM CaCl

2
, 1 mM MgCl

2
, 75 mM NaCl, 145 mM KCl, 

0.1% NP-40, 0.2 mM DTT). Cell lysates were pre-cleared using 
tobramycin beads before the RNA beads were combined with 
lysate in cell lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 
1% NP-40, 1x protease and phosphatase inhibitor (Roche)). 
Beads and lysate were incubated 1–1.5 hr at 4°C with end over 
end rotation. Beads were centrifuged and resuspended in 145 
mM protein washing buffer (20 mM Tris, pH 7.0, 1 mM CaCl

2
, 

1 mM MgCl
2
, 75 mM NaCl, 145 mM KCl, 0.5% NP-40), and 

transferred to a Pierce Micro-Spin column (Thermo). Beads 
were washed four times with 145 mM protein washing buffer 
and incubated for 5 min at room temp with elution buffer (20 
mM Tris, pH 7.0, 1 mM CaCl

2
, 3 mM MgCl

2
, 145 mM KCl, 

5 mM tobramycin, 0.2 mM DTT). Eluate was collected by 
centrifugation.

Mass spectrometry and data analysis. Eluted protein com-
plexes from RNA affinity chromatography were separated by 
1D-SDS-PAGE and digested with trypsin using established pro-
cedures.58 Samples were analyzed on an Orbitrap or Orbitrap 
XL mass spectrometer (Thermo Fisher) coupled to a Proxeon 
Easy-nLC. Survey full scan MS spectra (m/z 300–1,400) were 
acquired with a resolution of R = 60,000 at m/z 400, an AGC 
target of 1e6 ions, and a maximum injection time of 500 ms. 
The ten most intense peptide ions in each survey scan with an 
ion intensity above 2,000 counts and a charge state ≥2 were 
sequentially isolated to a target value of 1e4 and fragmented in 
the linear ion trap by collisionally induced dissociation (CID) 
using a normalized collision energy of 35%. A dynamic exclu-
sion was applied using a maximum exclusion list of 500 with 
one repeat count, repeat and exclusion duration of 30 sec-
onds. Proteins were searched using Mascot version 2.2 (Matrix 

DENV-2 3' UTR, whereas Caprin1, G3BP1, G3BP2 and USP10 
preferentially bound to the VR region of the DENV-2 3' UTR, 
suggesting that different structures within the DENV 3' UTR 
could act as assembly sites for protein complexes. Since Caprin1, 
G3BP1, G3BP2 and USP10 have different sites of interaction with 
the viral RNA, it is likely that these have different roles in viral 
replication. SGs are assembled in response to cell stress, which 
can include virus infection.54 G3BP1, as well as TIAL1, have been 
implicated in assembly of SGs, and assembly of SGs is inhibited 
during WNV infection.20,55 While TIAL1 was shown to have a 
function in viral transcription, the disruption of SGs by WNV 
could also be a way to subvert the host cell response to infection. 
It seems possible that the various mRNP complexes that bind to 
the DENV 3' UTR are competing and the viral RNA would act 
as a platform for recruitment of protein complexes that function 
in various steps of the virus life cycle.

The DENV RNA must act as the protein-coding mRNA, 
the template for replication, and the viral genome. However, 
the sorting of viral RNAs from sites of translation to replica-
tion and subsequent packaging, is a poorly understood process. 
It is possible that the assembly of PB and SG proteins on the 3' 
UTR could regulate whether the viral RNA undergoes transla-
tion, replication or packaging. DDX6 has been shown to have a 
role in the recruitment of viral RNAs from sites of translation to 
sites of replication in the BMV-Saccharomyces cerevisiae system.56 
Additionally, DDX6 has a well-established role in translational 
silencing.25-27 DDX6 is thought to play a role in mRNP remodel-
ing in SGs and this determines whether mRNAs within SGs will 
be translated, stored or degraded.27 Though the sites of DENV 
replication and translation have yet to be separated, it is possible 
that DDX6 is acting to sort viral RNAs throughout the entire 
process, from translation and replication to the sites of viral pack-
aging and egress.

Materials and Methods

Cell culture and DENV-2 infection. HeLa and HuH-7 cells 
were maintained in DMEM (Invitrogen) supplemented with 
10% FBS (HyClone), 10 U/mL penicillin and 10 μg/mL strepto-
mycin (Pen/Strep, Gibco). For SILAC labeling, HeLa cells were 
maintained in SILAC-DMEM (Thermo) supplemented with 
10% dialyzed FBS (Thermo) and Pen/Strep for at least six cell 
divisions in order to achieve uniform incorporation. Light media 
was supplemented with 0.8 mM L-lysine:HCl and 0.4 mM 
L-arginine:HCl (Sigma). Light media was supplemented with 
0.8 mM L-lysine:HCl and 0.4 mM L-arginine:HCl (Sigma). 
Heavy media was supplemented with 0.8 mM L-lysine:2HCl 
(U-13C6, U-15N2) and 0.4 mM L-arginine:HCl (U-13C6, 
U-15N4) (Cambridge Isotope). Uniform incorporation was con-
firmed by LC/MS analysis of whole cell lysates (Fig. S1). For 
DENV-2 infection, cells were infected with DENV-2 NGC (a 
kind gift from Mary Ng, NUS) in serum-free DMEM for 1 hour 
using a MOI of 0.5. The inoculum was replaced with fresh media 
and incubated for 24 hours prior to analysis.

Plasmid constructs, T7 templates and in vitro transcription. 
The 5' and 3' UTRs from DENV-2 NGC were amplified by PCR 
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Coverslips were sealed and visualized using an Olympus IX71 
epifluorescent microscope and DP71 digital camera. Images 
were processed using the ImageJ software package.

siRNAs. The siRNAs used for knockdown were obtained from 
Invitrogen. 25 nM siRNA was transfected using RNAiMAX 
(Invitrogen) according to manufacturer’s instructions 48 hours 
prior to infection. The control siRNA, siGFP, targets the coding 
sequence of GFP RNA (5'-CGG CAA GCT GAC CCT GAA 
GTT CAT-3'). The siRNAs for DDX6 knockdown target three 
different sequences in DDX6 RNA (siDDX6_1; 5'-GGA ACT 
ATG AAG ACT TAA ATT-3', siDDX6_2; 5'-AGG ACT CAT 
TTA TTG AGC AAG ACT T-3', siDDX6_3; 5'-CAA CTG 
GGT TAT TCT TGC TTC TAT A-3'). The target sequence 
for siDDX6_1 is based on Chu and Rana, 2006.25 The siRNA 
targeting PTB was the P1 siRNA used in Anwar et al. 2009.

Western blots. Samples were separated by SDS-PAGE, 
transferred to Immobilon FL (Millipore) and probed with indi-
cated antibodies in PBS containing 5% milk and 0.5% Tween 
20. Blots were washed with 0.5% Tween 20 in PBS and pri-
mary antibodies were detected by incubating with anti-rabbit 
DyLight800 and anti-mouse DyLight680 antibodies. Blots 
were washed in 0.5% Tween 20 in PBS and a final wash was 
performed in PBS prior to imaging using the Odyssey infrared 
imaging system (LiCor). Where appropriate, bands were quan-
tified using the Odyssey software package and P values were 
calculated in GraphPad Prism 4 using a one-way analysis of vari-
ance (ANOVA) and Dunnett’s Multiple Comparison Test.

Focus forming assays. Tissue culture media from infected 
HuH-7 cells was diluted 10-fold in serum-free RPMI 6400 
(Gibco) and used to infect BHK-21 cell monolayers in 24 well 
plates for 1 hour. After 1 hour, infectious media was replaced 
with RPMI 6400 containing 1% Aquacide II (Calbiochem). 
Cells were incubated for four days and fixed in 4% formalde-
hyde in PBS, permeabilized using 0.5% Triton X-100 in PBS 
and blocked using 0.1% Tween 20 and 1% normal goat serum 
in PBS. Viral foci were detected using the 3H5 monoclonal 
antibody to DENV E protein and anti-mouse DyLight 680 sec-
ondary antibody. Viral foci were visualized using the Odyssey 
infrared imaging system. p values were calculated in GraphPad 
Prism 4 using a one-way analysis of variance (ANOVA) and 
Dunnett’s Multiple Comparison Test.

Quantitative real-time PCR. Quantitative real-time PCR 
was performed as described in Anwar et al. (2009). 25 ng of an in 
vitro transcript derived form the D. melanogaster Boule mRNA 
was added to each sample prior to Trizol extraction and used as 
a normalization control. p values were calculated in GraphPad 
Prism 4 using a one-way analysis of variance (ANOVA) and 
Dunnett’s Multiple Comparison Test.

RNA immunoprecipitation. RNA immunoprecipitation was 
performed as described in Anwar et al. (2009). Oligonucleotides 
used to amplify DENV-2 and ß-actin RNAs are the same as in 
Anwar et al.. Real-time PCR was performed as described above.
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Science, London, UK) against a concatenated target/decoy data-
base, prepared by sequence reversing the human International 
Protein Index (IPI) (version 3.52, 73,928 sequences, www.ebi.
ac.uk) and adding common contaminants such as human kera-
tins, porcine trypsin and proteases to give a total of 148,380 
sequences. Cysteine carbamidomethylation was searched as a 
fixed modification, N-acetylation and oxidized methionine were 
searched as variable modifications. Labeled arginine and lysine 
were specified as fixed or variable modifications, depending 
on the prior knowledge about the parent ion. SILAC peptide 
and protein quantification was performed automatically with 
MaxQuant version 1.0.13.13 using default parameter settings.37 
Maximum false discovery rates (FDR) were set to 0.01 for both 
protein and peptide.

String 8.3 analysis. The proteins identified by quantitative 
mass spectrometry were analyzed using the String 8.3 data-
base.40 The String database is composed of known and predicted 
interactions based on genomic context, high-throughput and 
coexpression analysis, and prior knowledge from the scientific 
literature. Proteins identified with a p value < 1e-3 were analyzed 
using default settings and mapped according to confidence of an 
existing interaction.

Antibodies. Rabbit antibodies against DDX6 and G3BP2 
were obtained from Bethyl Laboratories. Mouse monoclonal 
antibodies against G3BP1, TIAL1 and non-specific IgG were 
obtained from BD Biosciences. Rabbit antibody against USP10 
and mouse monoclonal antibody against SLBP were obtained 
from Abcam. The J2 anti-dsRNA antibody was obtained from 
English and Scientific Consulting. Rabbit antibodies against 
GAPDH were obtained from Cell Signalling. The pan-flavi-
virus mouse monoclonal antibody to E protein was produced 
from the 4G2 hybridoma. The 3H5 mouse monoclonal anti-
body to DENV E protein was produced from the 3H5 hybrid-
oma. Rabbit antibodies against Caprin1 were a kind gift from 
Bernard Moss and George Katsafanas (NIH, USA).59 Goat anti-
rabbit DyLight 800 and Goat anti-mouse DyLight 680 anti-
bodies (Thermo) were used for detection of primary antibodies 
in western or viral focus assays. Secondary antibodies used for 
immunofluorescence microscopy are described below.

Immunofluorescence microscopy. HuH-7 cells were plated 
on coverslips in 24-well plates. 24 hours later, cells were infected 
with DENV-2 NGC at an MOI of 1.0. 24 hours later, uninfected 
and infected cells were fixed with 4% formaldehyde in PBS, 
permeabilized with 0.1% Triton X-100 in PBS and blocked in 
0.05% Tween-20 and 4% normal goat serum in PBS. Coverslips 
were incubated with antibody in blocking buffer and washed 
using 0.05% Tween-20 in PBS. For DDX6, Caprin1, G3BP2 and 
USP10, primary antibody was detected using a FITC-conjugated 
anti-rabbit secondary (Jackson Immunoresearch). Mouse mono-
clonal antibody to SLBP or G3BP1 was detected using an 
Alexa 488-conjugated anti-mouse secondary (Invitrogen). The 
dsRNA antibody was directly conjugated with Alexa 594 using 
the Zenon antibody conjugation kit (Invitrogen). Cells were 
fixed for 10 min in 4% paraformaldehyde in PBS after incu-
bation with the conjugated dsRNA antibody. DAPI (Molecular 
Probes) was included in the final wash to visualize cell nuclei. 
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