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ABSTRACT Dengue virus is the most prevalent cause of arthropod-borne infection worldwide. Due to the limited coding capac-
ity of the viral genome and the complexity of the viral life cycle, host cell proteins play essential roles throughout the course of
viral infection. Host RNA-binding proteins mediate various aspects of virus replication through their physical interactions with
viral RNA. Here we describe a technique designed to identify such interactions in the context of infected cells using UV cross-
linking followed by antisense-mediated affinity purification and mass spectrometry. Using this approach, we identified interac-
tions, several of them novel, between host proteins and dengue viral RNA in infected Huh7 cells. Most of these interactions were
subsequently validated using RNA immunoprecipitation. Using small interfering RNA (siRNA)-mediated gene silencing, we
showed that more than half of these host proteins are likely involved in regulating virus replication, demonstrating the utility of
this method in identifying biologically relevant interactions that may not be identified using traditional in vitro approaches.

IMPORTANCE Dengue virus is the most prevalent cause of arthropod-borne infection worldwide. Viral RNA molecules physi-
cally interact with cellular RNA-binding proteins (RBPs) throughout the course of infection; the identification of such interac-
tions will lead to the elucidation of the molecular mechanisms of virus replication. Until now, the identification of host proteins
bound to dengue viral RNA has been accomplished using in vitro strategies. Here, we used a method for the specific purification
of dengue viral ribonucleoprotein (RNP) complexes from infected cells and subsequently identified the associated proteins by
mass spectrometry. We then validated a functional role for the majority of these proteins in mediating efficient virus replication.
This approach has broad relevance to virology and RNA biology, as it could theoretically be used to purify any viral RNP com-
plex of interest.
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Dengue virus (DENV) is an arthropod-borne member of the
family Flaviviridae. DENV is transmitted by the mosquito

vectors Aedes aegypti and Aedes albopictus; nearly 40% of the
world’s population is at risk of exposure to these vectors. Recent
models estimate that nearly 400 million cases of dengue infection
may occur annually worldwide, causing significant morbidity and
negative economic impact (1). Importantly, there are currently no
antivirals for treating DENV-associated disease or an effective
vaccine available to prevent DENV infections. The discovery of
strategies for preventing or treating DENV infection is critical and
requires a detailed knowledge of the molecular mechanisms by
which the virus replicates in both human and insect hosts.

The DENV genome is a single molecule of positive-sense RNA
that is approximately 10.7 kb in length. The viral genomic RNA
contains a 5=m7GpppAm type 1 cap structure that mediates trans-
lation initiation, protection from cellular exonucleases, and mask-
ing from innate immune sensors (2). In contrast to the majority of
cellular mRNAs, the DENV genome is not polyadenylated. The
coding sequence of the genome is flanked by both 5= and 3= un-

translated regions (UTRs) that contain many structural features
critical for the efficient replication of the viral RNA (reviewed in
reference 3). During the initiation of infection, incoming positive-
sense genomes must be translated, and they then serve as tem-
plates for the synthesis of complementary negative strands.
Negative-strand RNAs in turn serve as templates for the synthesis
of additional positive-sense molecules, which are replicated,
translated, and/or packaged into progeny virions.

In addition to full-length viral RNA (vRNA), another abun-
dant RNA species present during flavivirus infection is the sub-
genomic flaviviral RNA (sfRNA). The sfRNA is generated from
the degradation of full-length viral RNA, presumably by the cel-
lular 5=-3= exonuclease Xrn1, to produce a shorter (~400-nucleo-
tide [nt]) RNA that is derived from the 3= end of the viral genome
(4–6). Generation of the sfRNA is essential for viral pathogenicity
and functions at least in part to subvert the host cell interferon
response by binding to cellular proteins (7–9).

Viral RNA molecules are exposed to and physically interact
with cellular RNA-binding proteins (RBPs) throughout the
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course of infection. Interactions critical for the regulation of virus
replication may occur at various stages of the viral life cycle, such
as trafficking, translation, synthesis, and packaging of RNA ge-
nomes. As mentioned above, the sfRNA is also involved in critical
interactions with host proteins. These interactions may impede or
augment virus replication, and thus, they are of significant interest
in elucidating the molecular interactions between the virus and its
host cell. Until now, the identification of interactions involving
DENV RNA has been accomplished predominantly using strate-
gies involving the use of in vitro transcribed regions of vRNA (10–
19). While these are powerful techniques these interactions may
not necessarily reflect those that occur in a living cell in the context
of infection.

Here, we identified interactions between DENV RNA and host
cell proteins using a recently described in vivo UV cross-linking
approach followed by antisense-mediated affinity purification of
DENV ribonucleoprotein (RNP) complexes from infected cells
(20). Proteins specifically purified with vRNA were then identified
using mass spectrometry. Using a stringent set of selection criteria,
we identified a list of twelve host proteins that bind DENV RNA in
vivo. Of these, several have been previously reported to bind
DENV UTRs in vitro (10–12). Seven of these interactions were
independently validated in the context of infection using RNA
immunoprecipitation (RIP). To assess the potential biological sig-
nificance of these proteins during DENV replication, we used
siRNA-mediated gene silencing followed by analysis of virus rep-
lication. We found that more than half of the host proteins found
to bind DENV RNA in vivo appear to have an effect on virus
replication. These results demonstrate that this approach can be
used for the identification of biologically relevant interactions be-
tween DENV RNA and host proteins in the context of infected
cells.

RESULTS
Identification of host proteins associated with DENV RNA in
vivo. We recently described an approach employing antisense-
mediated affinity purification of DENV RNPs from infected cells
to identify host RBPs that bind directly to vRNA in vivo (Fig. 1)

(20). This method relies on the use of in vivo UV cross-linking and
was developed through modification of similar strategies used to
identify RBPs associated with cellular polyadenylated RNA (21).
Huh7 cells were infected with dengue virus type 2 strain New
Guinea C (DENV NGC) at a multiplicity of infection (MOI) of 1
for 30 h. Infections were carried out for 30 h to allow initiation of
a subsequent round of infection, enabling us to capture interac-
tions that may occur during all phases of the viral life cycle. In-
fected cell cultures were exposed to 254 nm UV to induce covalent
cross-links between protein and RNA that are in direct contact
(22). Cells were lysed under denaturing conditions that prevent
the maintenance or formation of the vast majority of noncovalent
associations between protein and protein or between protein and
RNA (21). DENV RNP complexes were recovered by affinity pu-
rification using biotinylated antisense DNA oligonucleotides
complementary to the vRNA (Table 1). Bound proteins were lib-
erated from the RNA by treatment with RNase and identified by
mass spectrometry. Lysates from mock-infected cells were pro-
cessed in parallel as a negative control to aid in the elimination of
nonspecific background during the evaluation of mass spectrom-
etry data. Data for all samples from three independent experi-

FIG 1 Schematic of affinity purification technique. Cells were infected with dengue virus at an MOI of 1. Mock-infected cells served as a negative control.
RNA-protein cross-links were induced 30 h postinfection by exposing the cells to 254 nm UV. Cells were lysed under denaturing conditions and incubated with
biotinylated antisense DNA oligonucleotides. RNA-protein complexes were captured on streptavidin-coated magnetic beads. Proteins were liberated from the
RNA by RNase treatment and identified by mass spectrometry.

TABLE 1 Antisense oligonucleotides used for affinity purificationa

Sequence (5= to 3=) Nucleotide position

TAATTGTTCCCCATCTC 313-297
TCAAAACATTAATGGCTTTTG 340-320
TGTTTCTATCAGTTCAAAAT 1080-1061
CCTTGTGTTGGGCAGCGAGA 1169-1150
TTTCCTTGCCATGTTTTCCTG 1420-1400
ACCAAATTCTCTTCTTTCTCTTTCAAT 3458-3432
TCTTTCTTCATCCATGATTGGTGCATTG 5532-5505
ATTAGGTCCACAAAGGTTTTCCTTGCTTCT 6131-6102
TTTGTTACCATTTCTTCATTTTT 9233-9211
TTGTTGCTGCGATTTGTAA 10539-10521
a Nucleotide positions are based on dengue virus type 2 strain New Guinea C (GenBank
accession number M29095.1). Affinity purification was performed using 250 pmol of an
equimolar oligonucleotide mix per batch of 8 � 107 cells. Each sequence had a biotin-
TEG tag at the 5= end.
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ments, including the numbers of unique peptides and spectra for
each of the 233 proteins identified, are shown in Table S1 in the
supplemental material. Experiment 1 was a small-scale experi-
ment using ~2 � 108 cells as starting material for the affinity
purification. Therefore, the total number of spectra in experi-
ment 1 is approximately 5-fold less than in full-scale experi-
ments 2 and 3, where ~1 � 109 cells were used.

Selection criteria were applied to these data to assemble a high-
confidence candidate list of RBPs that interact with vRNA. First,
only those protein IDs that were represented by a minimum of two
high-confidence peptides per experiment were considered. Each
protein was then evaluated based on the number of unique spectra
per sample. Proteins were considered to be high-confidence can-
didate interactors with vRNA if the sum of the unique spectra
from all experiments was enriched �2-fold in the infected sam-
ples relative to the mock-infected samples. Finally, the first two
selection criteria had to be met in at least two of three independent
experiments. Based on these stringent selection criteria, we de-
rived a list of twelve candidate host proteins that may be associated
with DENV RNA in vivo (Table 2).

With the exception of alpha-actin (ACTA1), each of the can-
didate proteins listed in Table 2 has been reported to possess RNA-
binding activity (10, 21, 23–32). Further, seven of the proteins
have been reported to bind DENV RNA in vitro (10–12, 33). Three
of the candidate host proteins have reported roles in modulating
DENV replication, although not necessarily through the direct
binding of vRNA (10, 33, 34).

Validation of RNA-protein interactions by RNA immuno-
precipitation. We next sought to validate selected candidate in-

teractions using the independent method of RNA immunopre-
cipitation (RIP). For RIP validation, we first tested a panel of
antibodies for their performance in a standard IP assay. Antibod-
ies that were effective for IP were used for RIP in three indepen-
dent experiments. Huh7 cells were infected with DENV NGC at an
MOI of 1 for 30 h. Infected cells were lysed and incubated with a
matched isotype control antibody or an antibody specifically di-
rected against the host protein of interest. Specific immunopre-
cipitation of the protein of interest was confirmed by Western blot
analysis (Fig. 2A). Total RNA was purified from the immunopre-
cipitated material, and the levels of DENV RNA were analyzed
using reverse transcription-quantitative PCR (RT-qPCR). The
presence of an interaction between vRNA and each protein of
interest was evaluated based on an enrichment of vRNA in the
experimental IP sample relative to the isotype control (Fig. 2B). As
a negative control, RIP was performed with an antibody directed
against claudin-2, a cellular protein for which no RNA-binding
activity has been reported.

Western blot analysis of protein present in the input (10%
of total) relative to the IP (20% of total) samples demonstrated
that under each circumstance, the protein of interest was im-
munoprecipitated by its specific antibody and not by the cor-
responding isotype control (Fig. 2A). Total RNA was isolated
from a fraction of the same IP samples and RT-qPCR was per-
formed to assess the levels of vRNA present. We also assessed
the enrichment of two other abundant cellular RNAs with par-
tial cytoplasmic localization, 18S rRNA and U1 spliceosomal
RNA. Data are presented as the degree (n-fold) of enrichment
of the indicated RNAs present in the specific IP sample relative

TABLE 2 Proteins found to be associated with DENV RNA by antisense-mediated affinity purification of dengue viral ribonucleoprotein
complexes followed by mass spectrometrya

Protein Gene ID

No. of spectra

Ratio
(DENV:mock)

Binding
in vitro Reference

Expt 1 Expt 2 Expt 3 Total

Mock DENV Mock DENV Mock DENV Mock DENV

Cold shock domain-
containing protein E1

CSDE1 0 0 0 4 0 3 0 7 INF X 12

Nuclease-sensitive
element-binding
protein 1

YBX1 0 5 0 4 2 5 2 14 7.0 X 10

Nucleolin NCL 2 11 3 6 0 2 5 19 3.8 X 12
Eukaryotic translation

initiation factor 4B
EIF4B 0 4 5 10 3 12 8 26 3.3

Heterogeneous nuclear
ribonucleoproteins C1/C2

HNRNPC 0 0 2 2 0 3 2 5 2.5 X 33

Putative RNA-
binding protein 3

RBM3 3 4 2 8 0 0 5 12 2.4

Polyadenylate-
binding protein 1

PABPC1 0 0 3 4 0 3 3 7 2.3 X 11

Heterogeneous nuclear
ribonucleoproteins A2/B1

HNRNPA2B1 2 5 4 5 0 4 6 14 2.3 X 10

Actin, alpha
skeletal muscle

ACTA1 0 0 0 2 4 7 4 9 2.3

Cellular nucleic acid-
binding protein

CNBP 3 8 5 5 2 9 10 22 2.2 X 12

Single-stranded DNA-binding
protein, mitochondrial

SSBP1 0 2 2 2 0 0 2 4 2.0

Plasminogen activator inhibitor
1 RNA-binding protein

SERBP1 0 0 4 6 0 2 4 8 2.0

a The sum of unique spectra identified in all three experiments was used to calculate a ratio representing the enrichment in infected samples (INF, infinite). Proteins listed are those
that were identified by a unique-spectrum count �2-fold higher in infected samples than in mock-infected controls in at least two of three independent experiments.
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to the isotype control for each antibody (Fig. 2B). The data
indicate that for each candidate RBP tested, there was a signif-
icant (�10-fold) enrichment of DENV RNA in the specific IP
sample relative to the isotype control. This is in contrast to the
claudin-2-negative control RIP, which was not enriched for
any RNA tested. With the exception of SERBP1, each RBP
tested immunoprecipitated with significantly more vRNA than
either 18S or U1 RNAs. These data show that the majority of the
interactions identified using the antisense-mediated affinity
purification method can be validated using an independent
assay for RNA-protein interactions in the context of infection.

Effect of vRNA-associated RBPs on DENV replication. To
test whether the host proteins found to bind vRNA play a role in
mediating efficient DENV replication, we performed siRNA-
mediated gene silencing followed by infection. Huh7 cells were
transfected with a pool of four unique gene-specific siRNAs per
target or with a nonspecific control siRNA (NS control). Silencing
was confirmed 48 h posttransfection by Western blot analysis of
total protein (see Fig. S1A in the supplemental material). The rel-
ative level of silencing was determined by quantification of the
signal for each protein compared to beta-actin in the same sample
using LI-COR Image Studio software (see Fig. S1B). Three of the
gene targets, ACTA1, CNBP, and SSBP1, were not appreciably
silenced by these siRNA pools and thus were excluded from sub-
sequent infection assays.

For the analysis of virus replication, siRNA-transfected cells
were infected with DENV NGC at an MOI of 1 for 24 h. The levels
of virus replication were then measured by expression of viral
envelope protein, vRNA accumulation, and production of infec-
tious virus particles (Fig. 3 to 5).

First, high-content imaging was used to quantify the number
of infected cells based on the expression of viral envelope protein.
Cells were fixed, permeabilized, and stained for envelope protein
using indirect immunofluorescence. Representative images of in-
fected cells after silencing of each candidate RBP are shown in
Fig. 3A. Each image represents a single field per well; for the quan-

tification of the percentage of cells infected, 16 fields per well were
analyzed. The presence of envelope protein is indicated by Alexa
Fluor 488 signal (green), and nuclei are stained with Hoechst
(blue). As an indirect measure of potential effects of each siRNA
pool on cell viability or proliferation, the number of nuclei per
well was evaluated (Fig. 3B). We found that the only treatment
condition that resulted in a statistically significant change (P �
0.04) in the number of cells present was treatment with siRNAs
targeting RBM3, which resulted in a modest but reproducible in-
crease in the number of cells per well. None of the siRNA pools
resulted in a significant decrease in the number of cells, suggesting
that there was no significant toxicity or inhibition of proliferation
induced as a result of siRNA treatment.

Quantification of the high-content imaging data is shown in
Fig. 3C. At an MOI of 1, approximately 50% of the cells became
infected in cultures transfected with the NS control. In contrast,
we found that siRNA-mediated gene silencing resulted in a signif-
icant decrease in the percentage of infected cells for six of the nine
candidate RBPs tested. While this reduction was modest in some
cases, it was found to be reproducible across several independent
experiments (see Table S2 in the supplemental material).

We next assessed the accumulation of vRNA by RT-qPCR us-
ing primers that amplify a region within the open reading frame
(ORF) of the viral genome. Relative levels of vRNA were deter-
mined by normalization to GAPDH and are expressed relative to
the value for the NS control condition (Fig. 4). We found that
siRNA-mediated gene silencing resulted in a significant change in
the level of vRNA accumulation in infected cells for six of the nine
RBPs tested. Four of the RBPs that were required for establishing
infection as measured by the expression of envelope protein were
also required for the efficient accumulation of vRNA (CSDE1,
RBM3, PABPC1, and SERBP1). Although not statistically signifi-
cant, the levels of vRNA were also reduced in cells depleted of
EIF4B and HNRNPC. Silencing of YBX1 and NCL both resulted
in an increase in the accumulation of vRNA relative to the NS
control. Use of a different set of qPCR primers designed to amplify

FIG 2 Validation of RNA-protein interactions by RNA immunoprecipitation. Huh7 cells were infected with DENV2 NGC at an MOI of 1. Infected cell lysates
were incubated with an isotype control antibody or an antibody directed against the indicated cellular proteins. Bound material was captured on Dynabeads
protein G for analysis. (A) Western blot analysis of immunoprecipitated material. Input represents 10% of total input sample. IgG lanes represent 20% of
immunoprecipitated protein. (B) RT-qPCR analysis of immunoprecipitated RNA. Statistical significance relative to DENV measured by Student’s t test: *, P �
0.05; }, P � 0.005; �, P � 0.0005.
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a region in the 3= UTR of the vRNA yielded similar results, sug-
gesting that the differences observed were not simply due to the
region of the vRNA amplified.

Finally, virus present in culture supernatants, which is the most
relevant measure of biological importance, was titrated to mea-
sure the production of infectious virus particles under conditions
of siRNA-mediated depletion of each RBP (Fig. 5). Silencing of
CSDE1, YBX1, HNRNPC, and PABPC1 resulted in a significant
reduction in virus titer compared to the NS control. In contrast,

depletion of NCL resulted in an increase in virus titer, suggesting
an overall antiviral role for nucleolin during DENV replication in
Huh7 cells.

Taken together, these results demonstrate that in each assay,
more than half of the host RBPs found to be specifically associated
with DENV RNA in infected cells play a biologically relevant role
in mediating efficient virus replication. The results of the virus
replication assays across several independent experiments are
summarized in Table S2 in the supplemental material.

FIG 3 High-content imaging of DENV infected cells. Huh7 cells were transfected with the indicated siRNAs and infected with DENV2 NGC at an MOI of 1 for
24 h. (A) Representative images used for high-content imaging. Nuclei are stained with Hoechst. Infected cells are indicated by the Alexa Fluor 488 signal from
indirect immunofluorescent staining using a primary antibody recognizing the viral envelope protein. (B) Quantification of nuclei per condition by high-content
imaging analysis. Data are representative of 4 independent experiments. Error bars represent standard errors of the mean (SEM) for three individual wells. (C)
Percentage of cells infected measured by high-content imaging of cells expressing viral envelope protein. Statistical significance measured by Student’s t test: *,
P � 0.05; **, P � 0.005; ***, P � 0.0005.
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DISCUSSION

In summary, we used an approach that relies on UV cross-linking
followed by antisense-mediated affinity purification and mass
spectrometry to identify proteins that are associated with DENV
RNA in the context of infected cells. A set of stringent selection
criteria was applied to the mass spectrometry data in an effort to
reduce the occurrence of false positives and identify only those
proteins that are likely to have been identified as a result of a direct
association with viral RNA. We then used three independent as-
says for measuring virus replication to functionally validate effects
of individual RBPs on the DENV life cycle. Using this approach,
we showed that at least half of the proteins found to associate with
DENV RNA using the antisense-mediated affinity purification
method likely play some role in DENV replication.

The affinity purification technique employed here is associated
with significant levels of background, likely due to the fact that the
antisense oligonucleotides used all exhibit partial complementar-
ity to cellular nucleic acids and thus are expected to purify cellular
RNP complexes. In an effort to eliminate this background from
our analysis and identify proteins that are likely to specifically
associate with vRNA, we used mock-infected cells as a negative
control. We then applied a set of stringent selection criteria to the
mass spectrometry data to assemble a candidate list of proteins
bound to vRNA. Because of the background present and the strin-
gent criteria used, only 12 of the 233 proteins identified by mass
spectrometry were considered for further validation (Table 2; also,
see Table S1 in the supplemental material). It is likely, however,
that other proteins in the more extensive list (see Table S1) also
specifically associate with vRNA and modulate virus infection.

Of the 12 proteins that met our stringent selection criteria, 6
were previously reported to bind DENV RNA in vitro (Table 2)
(10–12). Based on the available data, we are unable to definitively
conclude whether the approach described here is an improvement
over simpler in vitro strategies for identifying biologically relevant
interactions between vRNA and host proteins. Such a determina-
tion would require large-scale validation of interactions identified
in vitro, coupled with functional assays to establish whether these
interactions are important for infection. Nonetheless, our data

suggest that the in vivo method will reveal interacting proteins not
observed using conventional in vitro purification techniques.

We used siRNA-mediated gene silencing to investigate a po-
tential role for vRNA-associated RBPs in mediating efficient
DENV replication. Using three independent assays to measure
virus replication, we showed that more than half of the RBPs
tested appeared to be involved in some aspect of the viral life cycle.
This degree of functional validation is consistent with the results
of a similar study identifying RBPs that are associated with polio-
virus RNA (35). In some cases, the effect of RBP silencing on the
efficiency of virus replication, although statistically significant, is
subtle. This could be explained in part by incomplete knockdown
of protein levels under the conditions of siRNA transfection used.
It is also possible that there is functional redundancy among host
RBPs, such that inhibition of one RBP that plays a role in virus
replication can be compensated for by another in its absence. The
siRNA-mediated gene silencing experiments described here sug-
gest a role for individual RBPs, either direct or indirect, in medi-
ating DENV replication. However, these results do not demon-
strate whether a physical interaction between a given RBP and
vRNA is required for the effect observed after RBP depletion.

Of the host factors identified, YBX1, NCL, and HNRNPC have
been reported to be involved in DENV replication in the context
of infection (10, 33, 34). The results we obtained upon silencing of
HNRNPC are consistent with those previously observed in Huh7
cells, where HNRNPC was required for efficient virus replication
(33). In contrast, YBX1 was previously reported to play an antivi-
ral role in MEF cells derived from YBX1-knockout mice; however,
we found that YBX1 appears to have a proviral function in Huh7
cells (10). This difference could be due to distinct roles for YBX1 in
mouse fibroblasts and human hepatoma cells. Alternatively, it is
possible that different phenotypes are observed under conditions
of partial silencing versus genetic knockout of YBX1, a possibility
that we are currently investigating. Our results also differ from
those previously observed upon depletion of NCL in HEK 293
cells, where NCL was found to be required for the production of
infectious virus, perhaps through alterations in capsid structure
(34). It is not surprising to observe cell type-specific differences in
the requirements for host proteins during virus replication; there-

FIG 4 Assessment of the role of host RBPs on vRNA levels. Huh7 cells were
transfected with nonsilencing (NS) control siRNA or siRNA pools containing
4 unique siRNAs per target. Cells were infected with DENV 48 h posttransfec-
tion at an MOI of 1. Total cell-associated RNA was harvested 24 h postinfec-
tion, and levels of v RNA accumulation were measured by RT-qPCR using
primers that amplify a region in the middle of the viral coding sequence (ORF)
or in the 3= UTR. Statistical significance measured by Student’s t test: *, P �
0.05.

FIG 5 Measurement of viral titer after host RBP depletion. Huh7 cells were
transfected with nonsilencing (NS) control siRNA or siRNA pools containing
4 unique siRNAs per target. Cells were infected with DENV 48 h posttransfec-
tion at an MOI of 1. Supernatants were collected 24 h postinfection, and viral
titer was determined by focus formation assay. Statistical significance mea-
sured by Student’s t test: *, P � 0.05; **, P � 0.005.
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fore, it is difficult to assess the significance, if any, of these discrep-
ancies.

We used three independent measures of virus replication to
assess the potential role of individual RBPs in DENV infection.
Taken together, these data can provide insight into which phase of
the viral life cycle may be affected by depletion of individual host
proteins, especially in cases where silencing had opposing effects
on virus replication in different assays. For example, depletion of
YBX1 had no apparent effect on the percentage of cells found to
express viral envelope protein (Fig. 3C), yet it resulted in an in-
crease in the accumulation of vRNA (Fig. 4). This increase in the
accumulation of cell-associated vRNA corresponded with an
overall decrease in the titer of extracellular virus (Fig. 5). This
phenotype suggests a defect that occurs late in the viral life cycle
and could be explained by an inhibition of genome packaging or
virion egress, phases of DENV replication about which little is
known. A more detailed analysis of these late events, in the ab-
sence of YBX-1, would be required to formally address these pos-
sibilities.

Based on the known functions of individual RBPs found to be
required for efficient DENV replication, specific hypotheses can
be formed regarding the potential mechanisms by which these
host proteins act to exert their effect on the viral life cycle. CSDE1
(unr) is a well-characterized RNA-binding protein that binds to
DENV UTR RNA in vitro and was identified in a genome-wide
RNA interference (RNAi) screen as a factor necessary for efficient
replication of DENV in Drosophila cells (12, 36). CSDE1 is in-
volved in cap-independent translation initiation of both cellular
and viral RNAs, including rhinovirus and poliovirus RNA (37–
40). Translation of DENV RNA is initiated predominantly by a
cap-dependent mechanism, although cap-independent transla-
tion initiation has been demonstrated under conditions in which
cap-dependent initiation is inhibited (41). Even under conditions
that favor cap-dependent translation initiation of DENV RNA, it
is possible that CSDE1 is involved in the translation, synthesis, or
stability of vRNA through its RNA chaperone activity. For exam-
ple, binding of CSDE1 to either DENV UTR could modify the
structure of the vRNA, leading to the recruitment of other factors
that ultimately enhance translation.

PABPC1 (PABP) also binds DENV RNA in vitro, and its bind-
ing site has been mapped to the 3= UTR (11). There is evidence
that binding of PABPC1 to the DENV 3= UTR stimulates transla-
tion of a DENV reporter RNA in cell-free extracts; however, a
biological effect of this interaction has not been tested in the con-
text of infection. Interestingly, CSDE1 and PABPC1 cooperate to
regulate the translation or stability of several cellular mRNAs (38,
42–44). Therefore, it is possible that these proteins function to-
gether to regulate virus replication, for example at the level of
translation, which would be consistent with the observation that
the levels of virus replication were reduced in all three assays when
the expression of either protein was silenced (Fig. 3 to 5).

In conclusion, this study represents the first report of host pro-
teins that physically associate with DENV RNA in vivo. Further,
we demonstrated that several of these proteins play a role in me-
diating virus replication. Because of the highly stringent nature of
the criteria used to select proteins for functional validation, it is
likely that some of the proteins that did not meet these rigorous
criteria (see Table S1 in the supplemental material) are nonethe-
less genuine interacting partners that may play some role in the
viral life cycle. Future studies involving more detailed analysis of

individual phases of the viral life cycle in the absence of these
proteins or their interactions with vRNA will lead to the elucida-
tion of the molecular mechanisms by which these proteins pro-
mote or inhibit virus replication.

MATERIALS AND METHODS
Cells, viruses, and infections. Huh7 human hepatoma cells and Vero
African green monkey kidney cells were maintained in Dulbecco’s modi-
fied eagle medium (DMEM) containing 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 �g/ml streptomycin, and 1� modified Eagle
medium (MEM) nonessential amino acids in a 37°C humidified incuba-
tor containing 5% CO2. DENV2 NGC was a kind gift from Aravinda de
Silva (University of North Carolina, Chapel Hill, NC). Virus stocks were
propagated in Aedes albopictus C6/36 cells grown at 28°C in RPMI sup-
plemented with 2% FBS, 100 U/ml penicillin, and 100 �g/ml streptomy-
cin. Cells were infected in DMEM containing 2% FBS, 100 U/ml penicil-
lin, 100 �g/ml streptomycin, 1� MEM nonessential amino acids, and
10 mM HEPES for 1 h, washed once with phosphate-buffered saline
(PBS), and incubated in fresh medium as indicated in the figure legends.

Oligonucleotides. Antisense oligonucleotides used for the affinity pu-
rification of viral RNP complexes were biotinylated at the 5= end, followed
by addition of a tetraethylene glycol (TEG) spacer, and correspond to
sequences present in the DENV2 NGC genome (GenBank accession no.
M29095.1). Antisense oligonucleotide sequences and their complemen-
tary nucleotide positions in the viral genome are shown in Table 1. The
oligonucleotides used for RT-qPCR amplification of DENV RNA were
DENV ORF For (5= GAA ATG GGT GCC AAC TTC AAG GCT 3=) and
DENV ORF Rev (5= TCT TTG TGC TGC ACT AGA GTG GGT 3=) for
amplification of nucleotides 5755 to 5892 in the ORF of the viral genome
and DENV 3= UTR For (5= CGT AGT GGA CTA GCG GTT AGA G 3=)
and DENV 3= UTR Rev (5= TCT GGT CTT TCC CAG CGT 3=) for am-
plification of nucleotides 10487 to 10645 in the 3= UTR of the viral ge-
nome. Relative gene expression analysis was performed by normalization
to GAPDH amplified with primers GAPDH For (5= AGC CAC ATC GCT
CAG ACA C 3=) and GAPDH Rev (5= GCC CAA TAC GAC CAA ATC
C 3=). Absolute gene expression analysis for RIP was performed using
primers 18S For (5= GTA ACC CGT TGA ACC CCA TT 3=), 18S Rev
(5= CCA TCC AAT CGG TAG TAG CG 3=), U1 For (5= GGG AGA TAC
CAT GAT CAC GAA GGT 3=), and U1 Rev (5=ATG CAG TCG AGT TTC
CCA CA 3=).

Antibodies. The following antibodies were used for RIP and Western
blot analysis: mouse envelope 4G2 (45), mouse beta-actin (SC-47778;
Santa Cruz Biotechnology), goat ACTA1 (SC-1616; Santa Cruz Biotech-
nology), rabbit claudin-2 (51-6100; Life Technologies), rabbit CNBP
(AB156420; Abcam), rabbit CSDE1 (AB176584; Abcam), rabbit EIF4B
(A301-767A; Bethyl Laboratories), rabbit HNRNPA2B1 (C192416; LS-
Bio), goat HNRNPC1/C2 (SC-10037; Santa Cruz Biotechnology), rabbit
NCL (A300-709A; Bethyl Laboratories), rabbit PABP (AB21060; Abcam),
rabbit RBM3 (C154720; LSBio), goat SERBP1 (SC-131741; Santa Cruz
Biotechnology), rabbit SSBP1 (AB199687; Abcam), rabbit YBX1
(AB12148; Abcam). Secondary antibodies used for imaging on an Odys-
sey CLx infrared imaging system (LI-COR) were donkey anti-mouse
IRDye 680, donkey anti-goat IRDye 800, and goat anti-rabbit IRDye 800.

Affinity purification of DENV RNP complexes. Affinity purification
of DENV RNP complexes was performed as described elsewhere (20).
Briefly, Huh7 cells were mock-infected or infected with DENV2 NGC at
an MOI of 1 for 30 h. Cells were irradiated at 254 nm with 0.15 J/cm2.
Irradiated cells were collected, lysed in lysis buffer (200 mM KCl, 20 mM
HEPES [pH 7.2], 2% N-dodecyl-�-D-maltoside, 1% Igepal CA-360,
40 U/ml murine RNase inhibitor [NEB] and 1� protease inhibitor cock-
tail [Roche]), and processed for affinity purification in batches of 8e7 cells
or approximately two 500-cm2 dishes per batch. Protein was stored at
�80°C until pooling of like samples and submission for liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
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LC-MS/MS analysis. Samples in 20 mM Tris (pH 7.5), 1 mM EDTA,
150 mM NaCl, and 0.5 mM dithiothreitol (DTT) were supplemented with
0.1% Rapigest SF acid-labile surfactant (Waters Corp) prior to being re-
duced with 10 mM DTT for 30 min at 80°C and alkylated with 22 mM
iodoacetamide for 45 min at room temperature. Samples were proteolyti-
cally digested with 500 ng sequencing-grade modified trypsin (Promega)
for 18 h at 37°C. Rapigest surfactant was hydrolyzed with acidification to
pH 2.5 with trifluoroacetic acid (TFA) for 2 h at 60°C. Samples were
subjected to solid-phase extraction (SPE) on a 1-ml Oasis MCX cartridge
(Waters) according to the manufacturer-recommended protocol. Eluted
peptides were brought to dryness by using vacuum centrifugation prior to
LC-MS/MS.

Samples were resuspended in 10 �l of 1% TFA–2% acetonitrile, and
LC-MS/MS was performed on 5 �l of each sample using a nanoAcquity
UPLC system (Waters Corp.) coupled to a Thermo QExactive Plus high-
resolution accurate-mass tandem mass spectrometer (Thermo) via a na-
noelectrospray ionization source. Briefly, the peptides were trapped on a
Symmetry C18 300-mm by 180-mm trapping column (5 �l/min at 99.9/
0.1 [vol/vol] water-acetonitrile), after which analytical separation was
performed using a 1.7-�m Acquity BEH130 C18 column (75 mm by 250
mm; Waters Corp.) using a 90-min gradient of 5 to 40% acetonitrile with
0.1% formic acid at a flow rate of 400 nl/min with a column temperature
of 55°C. Data collection on the QExactive Plus mass spectrometer was
performed in a data-dependent acquisition (DDA) mode of acquisition
with an r value of 70,000 (at m/z 200) and a full MS scan from m/z 375 to
1,600 with a target AGC value of 1 � 106 ions, followed by 10 MS/MS
scans at an r value of 17,500 (at m/z 200) at a target AGC value of 5 � 104

ions. A 20-s dynamic exclusion was employed to increase depth of
coverage.

Raw LC-MS/MS data files were processed in Proteome Discoverer and
then subjected to independent Mascot searches (Matrix Science) against a
SwissProt database (all taxonomies) containing both forward and reverse
entries for each protein. Search tolerances were 5 ppm for precursor ions
and 0.02 Da for product ions using trypsin specificity with up to two
missed cleavages. Carbamidomethylation (�57.0214 Da on C) was set as
a fixed modification, whereas oxidation (�15.9949 Da on M) and deami-
dation (�0.98 Da on NQ) were dynamic modifications. All searched spec-
tra were imported into Scaffold (v4.4; Proteome Software), and scoring
thresholds were set to achieve a protein false discovery rate of 1.0% using
the PeptideProphet algorithm.

RNA immunoprecipitation. RNA immunoprecipitations were per-
formed as described elsewhere (46), with slight modifications. Huh7 cells
were infected with DENV2 NGC at an MOI of 1 for 30 h. Cells were
harvested, pelleted, and lysed in approximately one cell pellet volume of
lysis buffer (200 mM KCl, 20 mM HEPES [pH 7.2], 2% N-dodecyl-�-D-
maltoside, 1% Igepal CA-360, 100 U/ml murine RNase inhibitor [NEB],
and 1� protease inhibitor cocktail [Roche]). Fresh lysates were cleared by
centrifugation at 12,000 � g at 4°C for 10 min, snap frozen in liquid
nitrogen, and stored at �80°C until use. For immunoprecipitation, 1 mg
of protein was brought to a volume of 800 �l with immunoprecipitation
buffer (50 mM Tris HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, and 0.05%
Igepal CA-360) and incubated with 5 �g of isotype control or specific
antibody for 2 h at 4°C. Bound complexes were captured on 50 �l
Dynabeads-protein G (Life Technologies) by rotation at 4°C overnight.
Complexes were washed three times in immunoprecipitation buffer, and
immunoprecipitated protein and RNA were analyzed by Western blotting
and RT-qPCR, respectively.

siRNA transfections. For siRNA transfections, 1 � 104 Huh7 cells
were plated per well in 96-well plates 24 h prior to transfection. Cells were
transfected at ~40% confluence with siRNA GeneSolution duplexes (Qia-
gen) at a final concentration of 10 nM using Lipofectamine RNAiMax
(Life Technologies) according to the manufacturer’s protocol.

Immunofluorescence and high-content imaging. Huh7 cells were in-
fected with DENV2 NGC at an MOI of 1 for 24 h. Cells were washed with
PBS, fixed in 4% paraformaldehyde, permeabilized in 0.1% Tween 20, and

blocked with 1% normal goat serum. Indirect immunofluorescence stain-
ing was performed using mouse monoclonal antienvelope antibody (4G2)
followed by secondary goat anti-mouse IgG labeled with Alexa Fluor 488
(Life Technologies). Nuclei were stained with Hoechst. High-content im-
aging analysis was performed using an Opera Phenix (PerkinElmer).
Quantification was performed using data collected from 16 fields per well
in 96-well format. Nuclei were counted in the Hoechst channel, and in-
fected cells were identified using cytoplasmic signal in the Alexa 488
channel.

RT-qPCR. Total RNA was extracted using Trizol (Life Technologies)
or the ReliaPrep RNA cell miniprep system (Promega) according to the
manufacturer’s protocols. cDNA synthesis was performed using a high-
capacity cDNA reverse transcription kit (ABI) according to the manufac-
turer’s protocol. qPCR was performed on a LightCycler 480II (Roche)
using LightCycler 480 SYBR green I master mix (Roche) according to the
manufacturer’s protocol.

Focus formation assay. Supernatant medium from infected cells was
serially diluted and used to infect confluent monolayers of Vero cells.
After an infection period of 1 h, cells were washed, and infection medium
was replaced with overlay containing 0.5% tragacanth (Sigma), 1� Eagle’s
modified essential medium (EMEM) (Lonza), 5% FBS, and 10 mM
HEPES. After 72 h, cells were washed with PBS, fixed in 4% paraformal-
dehyde, permeabilized in 0.1% Tween 20, and blocked with 1% normal
goat serum. Indirect immunofluorescence staining was performed using
mouse monoclonal antienvelope antibody (4G2) followed by secondary
goat anti-mouse IgG labeled with Alexa Fluor 488 (Life Technologies).
Foci were counted by visualization with an epifluorescence microscope.
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