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ABSTRACT Dengue virus (DENV) is an enveloped, positive-sense, single-stranded RNA
virus belonging to the Flaviviridae family. Translation initiation of DENV mRNA can occur
by a cap-dependent or a cap-independent mechanism. Two non-mutually exclusive cap-
independent mechanisms of translation initiation have been described for DENV mRNA.
The first corresponds to a 59-end-dependent, internal ribosome entry site (IRES)-inde-
pendent mechanism, while the second relies on IRES-dependent initiation. In this report,
we study the recently discovered DENV IRES. The results show that the DENV IRES is
functional in the rabbit reticulocyte lysate (RRL). In accordance, the activity of the DENV
IRES was resistant to the cleavage of eukaryotic initiation factor 4G (eIF4G) by the Foot-
and-mouth disease virus leader protease in RRL. In cells, the DENV IRES exhibited only
marginal activity under standard culture conditions. The DENV IRES showed weak activ-
ity in HEK 293T cells; however, DENV IRES activity was significantly enhanced in HEK
293T cells expressing Human rhinovirus 2A protease. These findings suggest that the
DENV IRES enables viral protein synthesis under conditions that suppress canonical
translation initiation.

IMPORTANCE Dengue virus (DENV), the etiological agent of dengue, a febrile and hemor-
rhagic disease, infects millions of people per year in tropical and subtropical countries.
When infecting cells, DENV induces stress conditions known to inhibit canonical protein
synthesis. Under these conditions, DENV mRNA thrives using noncanonical modes of
translation initiation. In this study, we characterize the mechanism dependent on an in-
ternal ribosome entry site (IRES). Here, we describe the activity of the DENV IRES in vitro
and cells. We show that in cells, the DENV IRES enables the viral mRNA to translate
under conditions that suppress canonical translation initiation.
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Dengue virus (DENV) is an enveloped, positive-sense, single-stranded RNA virus that
can lead to diverse clinical symptoms in humans, ranging from self-limiting den-

gue fever (DF) to life-threatening dengue hemorrhagic fever/dengue shock syndrome
(DHF/DSS) (1). As with other members of the Flaviviridae, after the entry of the virus
into targeted cells, DENV genomic RNA, which has at its 59 end an (m7GpppA29OMe)-cap
structure, directly acts as the mRNA (2, 3). However, in sharp contrast to most eukaryo-
tic mRNAs, the viral mRNA lacks a 39 poly(A) tail (2).

Initiation of the translation of DENV mRNA is mainly cap dependent (2–4). In cap-
dependent translation initiation, eukaryotic translation initiation factor 4F (eIF4F) rec-
ognizes the cap structure at the 59 end of the mRNA and bridges it with the 40S ribo-
somal subunit. The eIF4F complex is formed by the cap-binding protein eIF4E, eIF4A,
an ATP-dependent RNA helicase, and eIF4G, a scaffold protein with binding sites for
eIF4A, eIF4E, eIF3, and the poly(A) binding protein (PABP) (5, 6). The 40S ribosomal sub-
unit is recruited to the mRNA as part of the 43S initiation complex, composed of the
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subunit bound to eIF2-GTP/Met-tRNAi (ternary complex), eIF1A, eIF1, eIF3, and eIF5 (5,
6). It is eIF4G that recruits the 43S complex to the mRNA through its interaction with
eIF3. For most cellular mRNAs, eIF4G also bridges the mRNA 59–39-end interaction
through its simultaneous contact with the 59 cap-bound eIF4E and the 39 poly(A)-asso-
ciated PABP (5, 6). The mRNA 59–39-end interaction [59 cap–eIF4E–eIF4G–PABP–39 poly
(A)] enhances translation initiation, translation reinitiation through ribosome recycling,
and RNA stability (7–9). The recruited 43S complex scans the 59 UTR of the mRNA in a
59-to-39 direction until the initiation codon is encountered (5, 6). Recognition of the ini-
tiation codon by the anticodon of the initiator Met-tRNAi leads to 60S subunit joining,
assembling an elongation-competent 80S ribosome (5, 6). In DENV mRNA, the 39 UTR
substitutes for the poly(A) tail, enhancing cap-dependent translation initiation (4,
10–12). DENV mRNA can circularize (mRNA 59–39-end communication) through RNA-
RNA interactions in the absence of cellular proteins (12), or via 59–39 UTR protein-pro-
tein bridging, as PABP interacts with its 39 UTR, favoring viral mRNA circularization in a
poly(A) tail-independent fashion (39 UTR–PABP–eIF4G–eIF4E–59 cap) (13). In sharp con-
trast to most cellular mRNAs (14), DENV mRNA can also initiate translation in a cap-in-
dependent manner (15–18). Two non-mutually exclusive cap-independent translation ini-
tiation mechanisms have been described for DENV mRNA (15, 18). The first corresponds to
a 59-end-dependent, internal ribosome entry site (IRES)-independent mechanism (15),
while the second relies on IRES-mediated initiation (18). Neither of these cap-independent
mechanisms of translation initiation has been fully characterized.

IRESs were first identified in the naturally uncapped mRNAs of the Picornaviridae
(19, 20). The discovery of IRESs was achieved by inserting the 59 UTR of Poliovirus (PV)
or Encephalomyocarditis virus (EMCV) mRNA into the intercistronic spacer of an artificial
bicistronic RNA (19, 20). In this artificial bicistronic reporter system, expression of the
second cistron documented the ability of the tested sequence to promote internal ini-
tiation (21, 22). The mRNAs of other members of the Picornaviridae, as well as those of
viruses from other families, including members of the Flaviviridae, such as Hepatitis C
virus (HCV) (23, 24), Zika virus (18), and DENV (18), also harbor IRESs.

In this study, we sought to characterize further, both in an in vitro translation sys-
tem and in cultured cells, the recently discovered DENV IRES (18). The results showed
that the DENV IRES was functional in the rabbit reticulocyte lysate (RRL) in vitro transla-
tion system (25). In accordance, the activity of the DENV IRES was resistant to eIF4G
cleavage by the Foot-and-mouth disease virus (FMDV) leader protease (L protease) in
RRL. In cells, the DENV IRES exhibited only marginal activity under standard cell culture
conditions. The DENV IRES exhibited low activity, if any, in HEK 293T cells. However, we
show that DENV IRES activity is significantly increased in HEK 293T cells expressing the
Human rhinovirus (HRV) 2A protease, suggesting that the DENV IRES enables the viral
mRNA to translate under conditions that suppress canonical translation initiation.

(This research was conducted by L. Fernández-Garcia as part of a Ph.D. thesis at the
Universidad de Chile, by A. Barrera in partial fulfillment of the requirements for a Ph.D.
from the Pontificia Universidad Católica de Chile, and by H. Ramos as part of an under-
graduate biochemistry thesis at the Pontificia Universidad Cátolica de Chile.)

RESULTS
Monocistronic DENV-like mRNAs are capable of noncanonical translation

initiation in vitro. DENV mRNA can initiate translation using a cap-dependent or a
cap-independent mechanism (15, 18). We wondered whether these findings could be
recapitulated in the conventional nuclease-treated rabbit reticulocyte lysate (RRL) (25).
For this investigation, T7 polymerase in vitro-transcribed RNA generated from plasmid
pGL5939DV was used to program RRL. In these RNAs, the 59 UTR-C62 (nucleotides [nt] 1
to 160) and the 39 UTR of DENV 2 (strain 16681; GenBank accession no. NC_001474.2)
mRNA flank the firefly luciferase (FLuc) open reading frame (ORF) (12). Three mRNAs—
the DENV m7GpppG-39UTR, DENV ApppA-39UTR, and DENV ApppA-Poly(A) mRNAs—
were generated using different commercially available cap analogs (depicted in Fig.
1A). Noteworthy, the ApppA cap analog is not recognized by the cap-binding protein
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eIF4E (25, 26). In the DENV ApppA-Poly(A) mRNA, the DENV 39 UTR was replaced by a
poly(A) tail. As controls for cap-dependent translation initiation, we used the Glo
m7GpppG-Poly(A) or Glo ApppA-Poly(A) mRNA, in which the 59 UTR of globin mRNA
and a 39 poly(A) tail flank the FLuc ORF (Fig. 1A). After in vitro translation, the luciferase
activity was determined, and total RNA was recovered from the mixture and quantified
by reverse transcription-quantitative PCR (RT-qPCR). The RNA concentration ([RNA])
was expressed relative to the content of the DENV m7GpppG-39UTR mRNA, set at
100% (Fig. 1B). Relative to the DENV m7GpppG-39UTR mRNA, significantly more (;80%)
Glo ApppA-Poly(A) mRNA, the negative control, was used and recovered in the assay
(Fig. 1B). Luciferase activity, expressed in relative light units (RLU) normalized to the rel-
ative mRNA content ([RNA]), showed that replacing the m7GpppG cap with the ApppA
cap reduced translation from the globin-like mRNA by 93%, confirming that the ApppA
cap abrogates cap-dependent translation initiation (Fig. 1C) (25). In RRL, translation
from DENV mRNA was shown to be less efficient than that of the globin control.
However, replacement of the m7GpppG cap by the ApppA cap did not suppress FLuc
expression (Fig. 1C). Replacement of the DENV 39 UTR with a poly(A) tail reduced trans-
lation of the A-capped mRNA by 45%, indicating that in the context of this monocis-
tronic RNA, the 39 UTR also participates in cap-independent translation initiation in RRL
(Fig. 1C) (4, 11). These results confirm that monocistronic mRNAs harboring the 59 UTR
of DENV mRNA support cap-independent translation initiation in RRL.

FIG 1 The DENV 59 UTR in the context of monocistronic mRNAs has cap-independent translation activity in RRL. (A) Schematic
representation of the in vitro-transcribed RNAs used in the in vitro translation studies. The capped (m7GpppG) and A-capped (ApppA)
DENV 2 RNA-like reporters were transcribed from the pGL5939DV plasmid (12). The DENV 2 RNA-like reporters comprise the 59 UTR-C62
(nt 1 to 160) and the 39 UTR of DENV 2 (strain 16681; GenBank accession no. NC_001474.2) mRNA or a poly(A) tail flanking the firefly
luciferase (FLuc) open reading frame (ORF) (12). Capped or A-capped polyadenylated globin RNA reporters that harbor the 59 UTR of
the globin mRNA and a poly(A) tail flanking the FLuc ORF were also used. (B and C) In vitro-transcribed reporter RNAs were translated
in RRL. (B) RNA was recovered, and the RNA levels were determined by RT-qPCR and expressed relative to the content of the DENV
m7GpppG-39UTR mRNA, set to 100%. Statistical analysis was performed by a two-tailed t test. (C) FLuc activity was determined and is
expressed in relative light units (RLU) normalized by the levels of FLuc RNA relative to that of 18S rRNA present in the RRL mixture.
Values are means (6 standard errors of the means) for three independent experiments, each performed in duplicate.
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The 59 UTR of DENV mRNA enables IRES-mediated translation initiation in RRL.
The results presented in Fig. 1 did not allow us to discriminate which mechanism of
cap-independent translation initiation, IRES dependent or IRES independent, was in
play (15, 18). Next, we focused exclusively on evaluating the IRES activity of the DENV
59 UTR (nt 1 to 96 of DENV 2 mRNA; GenBank accession no. NC_001474.2) in RRL (18).
For this purpose, the 59 UTR of DENV 2 mRNA was inserted into a dual-luciferase (dl) re-
porter containing an upstream Renilla luciferase (RLuc) gene and a downstream FLuc
gene, creating the dl 59UTR DENV construct. Because the 39 UTR of DENV mRNA
impacted the noncanonical translation of DENV mRNA (Fig. 1C) (4, 10–12), we decided to
omit its use in our constructs. The omission of the DENV mRNA 39 UTR from the dl con-
structs allowed us to focus exclusively on the study of the IRES present within the 59 UTR
of DENV mRNA in the absence of any other viral sequence (18). In the context of the dl-
RNA, translation driven by the DENV 59 UTR was monitored by using FLuc activity as the
readout. At the same time, the RLuc reporter gene was translated by a cap-dependent
mechanism and served as an internal control (21). As an additional control, plasmid dl
DEMCV 59UTR DENV RNA was constructed. In this reporter, the highly structured defec-
tive EMCV IRES sequence (DEMCV), known to impede ribosome reinitiation and read-
through (27), was inserted upstream of the DENV 59 UTR (depicted in Fig. 2A).

In vitro, IRES-mediated translation initiation is dependent on the concentration of po-
tassium (K1) and magnesium (Mg21) ions present within the translation mixture (28–30).
So, as a first approach in evaluating DENV IRES activity, RRL was programmed with either
the dl DEMCV 59UTR DENV or the dl 59UTR DENV bicistronic in vitro-transcribed RNA
using a range of potassium chloride (KCl) (Fig. 2B) or magnesium acetate (MgOAc) (Fig.
2C) concentrations. In these assays, the dl DEMCV RNA (27), which lacks IRES activity,
was used as a negative control. The results are presented relative to the RLuc and FLuc
activities obtained with the dl 59UTR DENV RNA in RRL (40mM KCl and 0.25mM MgOAc)
without additional salt supplementation, set to 100%. When RRL was programmed with
the dl 59UTR DENV or the dl DEMCV 59UTR DENV bicistronic mRNA, FLuc expression was
significantly enhanced (P, 0.05) at 60mM KCl (Fig. 2B, right). Increasing the concentra-
tions of MgOAc over 0.75mM reduced translation driven from the 59 UTR of DENV and
the DEMCV 59UTR DENV RNA (Fig. 2C, right). From these data, we concluded that the
optimal salt concentrations for the in vitro activity of the DENV IRES in RRL were 60mM
KCl and 0.25mM MgOAc (no additional MgOAc added to the RRL) (Fig. 2B and C, right).
The two cistrons, RLuc (left) and FLuc (right), showed different responses to varying K1

and Mg21 concentrations (Fig. 2B and C), suggesting that in RRL, translation of the RLuc
cistron and translation of the FLuc cistron are independent of one another.

Next, we decided to compare the translational activity of the DENV 59 UTR with that
of the IRES of the HCV 1b genotype (31). For this purpose, we used salt-optimized RRL
programmed with in vitro-transcribed dl HCV IRES (designated dl HCV 1b in reference
31), dl 59UTR DENV, or dl DEMCV 59UTR DENV RNA (depicted in Fig. 3A). As negative
controls, we used the dl DEMCV and dl HCV G266A/G268U mRNAs (27, 31, 32). The dl
HCV G266A/G268U mRNA harbors a mutant HCV genotype 1b 59 UTR (G266A G268U),
which lacks IRES activity (31, 32). As expected, all RNAs expressed RLuc, indicating that
cap-dependent translation was functional (Fig. 3B, left). RLuc activity was evidenced
for the mRNAs included in the study (Fig. 3B, left). FLuc activity was detected only in
RRL programmed with the dl HCV IRES, dl 59UTR DENV, or dl DEMCV 59UTR DENV
mRNA (Fig. 3B, right). The absence of FLuc activity confirms that the DEMCV and HCV
59UTR G266A/G268U mRNAs (27, 31, 32) lack IRES activity in RRL (Fig. 3B, right). The
results were also expressed as relative translation activity (RTA), which corresponds to
the FLuc/RLuc ratio, a direct index of IRES-mediated translation initiation (Fig. 3C). The
RTA value obtained for the dl 59UTR DENV RNA was arbitrarily set to 100%. The results
showed that translation driven by the DENV 59 UTR or DEMCV-DENV 59UTR RNA was,
on average, ;82% or ;102% higher than that of the dl HCV266/268 control, or ;95%
and ;115% higher than that of the dl DEMCV RNA, respectively (Fig. 3C). The fusion of
the DEMCV RNA upstream of the DENV 59 UTR did not reduce translation driven by the
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DENV 59 UTR, suggesting that a reinitiation or readthrough mechanism from the first
cistron was not responsible for FLuc expression from the dl 59UTR DENV RNA (Fig. 3C).
These findings support those of a previous report (18) and show that in RRL, the short
nucleotide sequence of the DENV 2 59 UTR (96 nt) is a competent IRES. However, in
contrast to the results that Song et al. obtained in cells (18), in RRL, translation driven
by the DENV 59 UTR or DEMCV-DENV 59UTR RNA was weaker than that of the HCV IRES
RNA by an average of ;77% or ;57%, respectively. From these observations, we con-
clude that the 59 UTR of DENV mRNA harbors an IRES, although it displays weaker ac-
tivity than that of the HCV IRES in RRL.

The DENV 59 UTR directs translation in RRL in the presence of the FMDV L
protease. To further validate our conclusions, next, we evaluated the translational ac-
tivity of the DENV 59 UTR in RRL treated with the FMDV L protease. The FMDV L

FIG 2 Effects of potassium and magnesium on the translation of the Renilla or firefly luciferase (RLuc or FLuc) open reading frame. (A) Schematic
representation of the in vitro-transcribed dual-luciferase (dl) RNAs used in the in vitro translation studies. In these dl-RNAs, the first cistron corresponds to
the RLuc ORF, while the second cistron corresponds to the FLuc ORF. The dl DEMCV construct harboring a defective encephalomyocarditis virus (DEMCV)
59 UTR that lacks IRES activity in the intercistronic region has been described previously (27). The dl 59UTR DENV construct harbors the 59 UTR (nt 1 to 96;
GenBank accession no. U87411) of DENV 2 (strain 16681) mRNA within the intercistronic region. In the dl DEMCV 59UTR DENV RNA, the structured DEMCV
region was upstream of the DENV 59 UTR. (B and C) The dl 59UTR DENV (filled bars), dl DEMCV 59UTR DENV (shaded bars), and dl DEMCV (open bars) in
vitro transcripts were translated in RRL in the presence of various concentrations of KCl (40 to 160mM) (B) or MgOAc (0.25 to 2mM) (C). RLuc (left) and
FLuc (right) activities (6 standard errors of the means) are presented relative to the luciferase activity obtained in RRL without additional salt
supplementation (40mM KCl, 0.25mM MgOAc), which was set to 100%. Statistical analysis was performed by one-way ANOVA, followed by Tukey’s
multiple-comparison test. Asterisks indicate significant differences (P , 0.05) from the negative control.
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protease cleaves eIF4G in such a way that it impedes the interaction of cap-bound
eIF4E with the rest of the eIF4F complex, inhibiting cap-dependent, but not IRES-
dependent, translation initiation (33, 34). As described previously (35), the FMDV L
protease was synthesized in RRL and was added to fresh RRL (1% to 10% [vol/vol]).
The cleavage of eIF4G in the total mixture was confirmed by Western blot analysis
(Fig. 4A). Next, in vitro-transcribed dl HCV IRES and dl 59UTR DENV RNAs were trans-
lated in RRL in the absence or the presence (1% or 6% [vol/vol]) of the FMDV L pro-
tease. The results are presented as relative luciferase activities (RLAs), where the
RLuc and FLuc activities obtained in RRL alone were set to 100%. Cap-dependent
translation (RLuc) from the dl HCV IRES and dl 59UTR DENV RNAs was reduced in
the presence of the FMDV L protease by averages of ;18% (1% [vol/vol] FMDV L
protease in RRL) and ;42% (6% [vol/vol] FMDV L protease in RRL), respectively (Fig.
4B and C, left). In the case of the HCV IRES, and in agreement with previous reports
(33, 36), FLuc activity was not significantly altered by the presence of the FMDV L
protease (Fig. 4B, left). Strikingly, translation driven by the DENV 59 UTR increased
by ;27% (1% [vol/vol] FMDV L protease) or ;31% (6% [vol/vol] FMDV L protease)
in the presence of FMDV L protease in RRL (Fig. 4C, left). To better evidence IRES ac-
tivity, results are also presented as the RTA (expressed as a percentage), where the
values obtained in the absence of FMDV L protease were set to 100% (Fig. 4B and
C, right). Treatment with the FMDV L protease increased HCV IRES activity in RRL by
;10% (with 1% [vol/vol]) and ;43% (with 6% [vol/vol]) (Fig. 4B, right). In the case
of the DENV 59 UTR, FLuc activity increased by ;52% (1% [vol/vol]) and ;124% (6%
[vol/vol]) in RRL treated with the FMDV L protease (Fig. 4C, right). The concurrent
decrease in RLuc activity and increase in FLuc activity in the presence of FMDV L
protease confirm that the cistrons were independently translated. This observation

FIG 3 The DENV 59 UTR in the context of a bicistronic mRNA enables IRES-dependent translation in RRL. (A) Schematic representation of the in vitro-
transcribed dl-RNAs used in the in vitro translation studies. The dl HCV IRES and dl HCV G266A/G268U constructs, harboring an active or inactive genotype
1b HCV IRES, respectively, have been described previously (31, 32). (B) The dl DEMCV, dl HCV G266A/G268U, dl HCV IRES, dl 59UTR DENV, and dl DEMCV
59UTR DENV in vitro transcripts were translated in RRL. RLuc (left) and FLuc (right) activities (expressed in relative light units [RLU]) were measured. (C)
Relative translation activity (RTA), corresponding to the FLuc/RLuc ratio relative to that of the dl 59UTR DENV construct, which was arbitrarily set at 100%.
The values shown are means (6 standard errors of the means) for three independent experiments, each conducted in duplicate. Statistical analysis was
performed by one-way ANOVA, followed by Tukey’s multiple-comparison test (*, P , 0.05).

Fernández-García et al. Journal of Virology

March 2021 Volume 95 Issue 5 e01998-20 jvi.asm.org 6

https://jvi.asm.org


also indicated that FLuc expression mediated by the DENV 59 UTR was not due to
40S ribosomal subunits being recruited at, and tethered from, the 59 capped end of
the dl RNA. Collectively, these data strongly suggest that in vitro, the 59 UTR of
DENV mRNA can drive IRES-dependent translation initiation in RRL. Also, the results
indicated that in RRL, the activity of the DENV IRES is enhanced when cap-depend-
ent translation is suppressed by the FMDV L protease.

The DENV 59 UTR is unable to support noncanonical translation initiation in
cells efficiently. To further examine the function of the DENV IRES, we next decided to
evaluate its activity in cells. However, first, we sought to determine if, as observed in
RRL (Fig. 1), a noncanonical mode of initiation could occur in cells. For this purpose, in
vitro-transcribed monocistronic virus-like mRNAs DENV m7GpppG-39UTR and DENV
ApppA-39UTR (Fig. 5A) were transfected into Vero E6 (Fig. 5B) or BHK-21 (Fig. 5C) cells,
together with an m7GpppG-Poly(A) monocistronic RNA encoding RLuc, pCI RLuc (a
control for the efficiency of transfection) (Fig. 5A). The Glo m7GpppG-Poly(A) and Glo
ApppA-Poly(A) RNAs (Fig. 5A) were incorporated into the assay as supplementary con-
trols for translation. Four hours posttransfection, cells were lysed, luciferase activity
was determined, and total RNA was extracted from the cell lysates. Total RNA was used
as a template in an RT-qPCR assay to determine the relative amount of FLuc-encoding
mRNA in cells. When analyzed, RLuc activities were similar in cell extracts, suggesting
that equivalent amounts of RNAs were transfected in Vero E6 (Fig. 5B, left) and BHK-21
(Fig. 5C, left) cells. RLuc activity was higher in BHK-21 cells (Fig. 5C, left) than in Vero E6
cells (Fig. 5B, left). In accord with this observation, FLuc activity, normalized to the rela-
tive amount of FLuc-expressing RNA ([RNA]), also was 2 log units higher in BHK-21 cells
(Fig. 5C, right) than in Vero E6 cells (Fig. 5B, right). In cells, replacement of the
m7GpppG cap with an ApppA cap abrogated translation from the Glo m7GpppG-Poly
(A) reporter in both cell lines (Fig. 5B and C, right). In agreement with the findings of

FIG 4 Proteolytic cleavage of eIF4G by the FMDV L protease negatively impacts cap-dependent translation initiation but not translation
driven by the DENV 59 UTR. (A) In vitro translation reaction mixtures in RRL were supplemented with 1, 3, 6, or 10% (vol/vol) RRL that was or
was not (–) programmed with an FMDV L protease RNA template. Western blot analysis was performed using polyclonal antibodies against
eIF4GI. The positions of molecular mass standards are shown. The eIF4G cleavage product (CP) has been characterized previously (34). (B and
C) In vitro-transcribed dl HCV IRES (B) and dl 59UTR DENV (C) RNAs were translated in salt-optimized RRL in the absence (–) or presence of 1
or 6% (vol/vol) RRL programmed with FMDV L protease. (Left) RLuc and FLuc activities are shown as the relative luciferase activity (RLA)
for each RNA, where the activity obtained by the translation reaction conducted in the absence of FMDV L protease was set to 100%.
(Right) The results are also shown as the RTA (expressed as a percentage). Statistical analysis was performed with two-tailed t tests
(*, P , 0.05). The values shown are means (6 standard errors of the means) for five independent experiments, each conducted in
duplicate.
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Edgil et al. in 2006 (15), replacement of the m7GpppG cap with an ApppA cap in the
DENV m7GpppG-39UTR RNA led to a ;95% reduction in translation in both cell lines
(Fig. 5B and C, right). Noteworthy, the remaining ;5% of FLuc activity of the DENV
ApppA-39UTR was significantly higher than what was obtained with the Glo ApppA-
Poly(A) RNA, used as a negative control. However, in agreement with Edgil et al. (15),
we conclude that the 59 UTR of DENV 2 mRNA cannot drive efficient cap-independent
translation initiation in the context of a monocistronic mRNA either in Vero E6 (Fig. 5B)
or BHK-21 (Fig. 5C) cells.

Next, we evaluated the translational activity of the DENV 59 UTR, but in the con-
text of a dl-RNA. We decided to examine DENV IRES activity in different cell lines,
assuming that its activity could be cell type dependent (24, 37). In this study, we
included the Vero E6 (African green monkey cells), HEK 293T (human cells, kidney),
BHK-21 (hamster cells, kidney), A549 (human cells, lung carcinoma), Jurkat (human
cells, T cells), Huh-7 (human cells, hepatocarcinoma), HeLa (human cells, cervical tu-
mor), MDCK (canine cells, kidney), and C6/36 (mosquito cells) cell lines. Cells were
transfected with the capped and polyadenylated versions of the dl 59UTR DENV RNA,
the dl HCV IRES RNA (a positive control for IRES activity), or the dl HCV G266A/G268U
RNA (a negative control for IRES activity). Four hours posttransfection, RLuc and FLuc
activities were measured. The results, summarized in Table 1, showed that luciferase
activities differed in the different cell lines; however, the activities of RLuc were com-
parable within the same cell line (Table 1). Therefore, within each cell line, cap-de-
pendent translation initiation did not significantly vary among the reporter dl-RNAs.
The HCV IRES was active in all cell lines, except for the mosquito cell line C6/36, as
reported previously by others (18, 38) (Table 1). Due to this observation and the lack
of appropriate positive and negative controls for IRES activity, the mosquito cells
were not considered further in this study. As reported elsewhere (31, 32), the IRES
mutant, dl HCV G266A/G268U, exhibited background levels of FLuc activity com-
pared to that with the HCV 59 IRES RNA (Table 1). FLuc expression from the DENV 59
UTR was significantly lower than that of the HCV IRES. The RTA data, presented rela-
tive to DENV IRES activity (arbitrarily set at 1), showed that the activity of the DENV
IRES was 5 to 15 times (depending on the cell line) weaker than that of the HCV IRES
(Table 1). However, DENV IRES activity, though marginal, was statistically higher than
that of the HCV G266A/G268U 59 UTR control in BHK-21, Vero E6, HEK 293T, HeLa,
Huh-7, and A549 cells. In contrast, in Jurkat and MDCK cells, the 59 UTR of DENV
mRNA exhibited no evident IRES activity (Table 1). Thus, in agreement with Edgil et
al. (15), we find that in the context of a bicistronic RNA, the 59 UTR of DENV mRNA
exhibits a negligible (statistically significant but weakly above background) ability to
drive IRES activity in cells.

DENV IRES activity in BHK-21 and Vero E6 cells. Reports show that IRESs exhibit
higher activities when the dl-vectors are delivered into cells as DNA (22, 39). Even
though DENV is an RNA virus, we sought to explore this possibility. For this purpose,
the dl 59UTR DENV plasmid DNA was transfected into BHK-21, Vero E6, and HEK 293T
cells. The dl DEMCV plasmid was used as a negative control for IRES activity. RLuc and
FLuc activities were measured 24 h posttransfection. As before (Table 1), RLuc activity
was readily detected in the BHK-21, Vero E6, and HEK 293T cell lines transfected with
either plasmid, confirming the adequate transfection and expression of the reporter
RNAs (Table 2). The RLuc activities of the two reporter constructs were comparable (in
the same cell line), indicating that equivalent amounts of DNA were initially trans-
fected, and they were similarly expressed (Table 2). Similarly to what was observed
when RNA was transfected (Table 1), RLuc activity differed from cell line to cell line
(Table 2). As expected, the dl DEMCV reporter exhibited no IRES activity (Table 2).
Strikingly, in BHK-21 and Vero E6 cells, FLuc activity was significantly above the back-
ground level given by the dl DEMCV control (Table 2). Relative to the RLuc and FLuc
activities obtained by transfecting RNA (Table 1), despite similar RLuc activities (Table 2),
FLuc activity was increased by an average of 2 log units when the dl 59UTR DENV
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reporter was delivered as DNA (Table 2). The results expressed as RTA, relative to the ac-
tivity of the “DENV IRES” (set at 1), showed that IRES-mediated translation initiation
driven by the 59 UTR of DENV mRNA was significantly above background levels (Table 2).
In contrast to what was observed in BHK-21 and Vero E6 cells, or when the dl 59UTR

FIG 5 In the context of monocistronic RNAs, the DENV 59 UTR exhibits negligible IRES activity in cells. (A) Schematic representation of in vitro-transcribed RNAs
transfected into mammalian cells. (B and C) The capped or A-capped DENV 2-like RNAs (encoding FLuc) and the globin-like RNA (encoding FLuc) were
transfected together with the capped and polyadenylated pCI RLuc RNA (encoding RLuc) into Vero E6 (B) or BHK-21 (C) cells. RNA was extracted and was used to
determine the relative amount of FLuc-encoding RNA. RLuc (left) and FLuc (right) activities were determined. RLuc activity is expressed in relative light units,
while FLuc activity was normalized to the level of FLuc-encoding RNA (FLuc/[RNA]). Values are means (6 standard errors of the means) for three independent
experiments, each performed in duplicate. Statistical analysis was performed using a two-tailed t test. Asterisks indicate P values of ,0.05.
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DENV plasmid was delivered as RNA (Table 1), no IRES activity was evident in HEK 293T
cells transfected with the dl 59UTR DENV plasmid delivered as DNA (Table 2).

A caveat with regard to the delivery of the dl-vectors to cells as DNA is the potential
for false-positive results or artifactual “non-IRES” activity caused by alternative splicing
or by cryptic promoter activity (21, 22, 40, 41). Given our data (Table 2), a critical issue
was to determine whether the low FLuc expression detected in BHK-21 and Vero E6
cells transfected with the dl 59UTR DENV plasmid was due to the activity of a cryptic
promoter or to an alternative splicing event. To evaluate the existence of a possible
cryptic promoter within the dl-DNA, the simian virus 40 (SV40) promoter was removed

TABLE 1 Transfection of the dl-reporter RNAs in cell lines

Cell line Transfected RNA

Luciferase activity (RLU) (mean± SEM)

RTA (FLuc/RLuc) Normalized RTARLuc FLuc
Vero E6 dl HCV IRES 8.60� 106 6 247,909 4.50� 104 6 6,676 5.14� 1023 7.5

dl HCV G266A/G268U 6.70� 106 6 38,358 1.753� 103 6 204 2.89� 1024 0.4
dl 59UTR DENV 5.89� 106 6 381,428 4.10� 103 6 928 6.84� 1024 1

HEK 293T dl HCV IRES 1.63� 107 6 231,008 4.79� 105 6 77,190 2.93� 1022 12
dl HCV G266A/G268U 1.27� 107 6 342,424 1.17� 104 6 2,498 9.12� 1024 0.4
dl 59UTR DENV 1.31� 107 6 159,300 3.19� 104 6 4,958 2.44� 1023 1

BHK-21 dl HCV IRES 1.68� 107 6 384,921 2.54� 105 6 20,248 1.5� 1022 13
dl HCV G266A/G268U 1.40� 107 6 397,720 4.65� 103 6 128 3.32� 1024 0.3
dl 59UTR DENV 1.42� 107 6 298,458 1.62� 104 6 1,078 1.14� 1023 1

A549 dl HCV IRES 1.46� 106 6 44,044 1.76� 104 6 1,360 1.21� 1022 11
dl HCV G266A/G268U 9.32� 105 6 71,568 5.17� 102 6 50 5.55� 1024 0.5
dl 59UTR DENV 1.07� 106 6 47,434 1.2� 103 6 47 1.12� 1023 1

Jurkat dl HCV IRES 1.44� 105 6 11,224 1.19� 103 6 135 8.22� 1023 5
dl HCV G266A/G268U 8.6� 104 6 13,317 1.65� 102 6 12 1.97� 1023 1.2
dl 59UTR DENV 1.45� 105 6 12,437 2.39� 102 6 17 1.65� 1023 1

Huh-7 dl HCV IRES 1.07� 107 6 938,542 7.87� 104 6 8,174 7.5� 1023 10
dl HCV G266A/G268U 8.10� 106 6 831,655 2.43� 103 6 212 3.11� 1024 0.4
dl 59UTR DENV 8.82� 106 6 960,521 6.58� 103 6 696 7.66� 1024 1

HeLa dl HCV IRES 6� 106 6 95,609 2.42� 105 6 12,578 4.04� 1022 15
dl HCV G266A/G268U 4.11� 106 6 143,745 5.02� 103 6 202 1.22� 1023 0.4
dl 59UTR DENV 4.4� 106 6 113,433 1.2� 104 6 667 2.73� 1023 1

MDCK dl HCV IRES 1.52� 106 6 71,888 4.84� 103 6 1,035 3.14� 1023 6
dl HCV G266A/G268U 1.16� 106 6 52,019 6.29� 102 6 139 5.36� 1024 1
dl 59UTR DENV 9.84� 105 6 54,237 5.08� 102 6 31 5.22� 1024 1

C6/36 dl HCV IRES 4.53� 106 6 211,645 9.94� 102 6 157 2.23� 1024 0.9
dl HCV G266A/G268U 2.83� 106 6 87,714 5.75� 102 6 35 2.04� 1024 0.8
dl 59UTR DENV 4.58� 106 6 131,534 1.14� 103 6 122 2.5� 1024 1

TABLE 2 Transfection of the dl-reporter plasmids in cell lines

Cell line Transfected DNA

Luciferase activity (RLU) (mean± SEM)

RTA (FLuc/RLuc) Normalized RTARLuc FLuc
BHK-21 dl DEMCV 2.070� 107 6 264,626 0.3� 105 6 11,633 1.58� 1022 0.13

dl 59UTR DENV 1.5� 107 6 398,903 1.8� 105 6 45,206 1.19� 1021 1

Vero E6 dl DEMCV 5.2� 106 6 1,347,204 0.02� 105 6 1,568 4.78� 1024 0.06
dl 59UTR DENV 5.3� 106 6 1,449,812 0.44� 105 6 37,428 8.24� 1023 1

HEK 293T dl DEMCV 5.7� 106 6 996,239 0.018� 106 6 4,222 3.16� 1023 0.96
dl 59UTR DENV 2.88� 106 6 930,362 0.09� 106 6 3,569 3.28� 1023 1
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from the dl 59UTR DENV plasmid, generating the DSV40 dl 59UTR DENV vector. The dl
59UTR DENV plasmid or the promoterless DSV40 dl 59UTR DENV plasmid was trans-
fected into BHK-21 or Vero E6 cells. In the absence of the SV40 promoter, both the
RLuc and FLuc activities were diminished in both cell lines (Fig. 6A), suggesting that
the expression of FLuc from the dl 59UTR DENV DNA cannot be linked to a cryptic pro-
moter that is active. To evaluate if alternative splicing was occurring, the Renilla lucifer-
ase ORF of the dl 59UTR DENV mRNA was targeted with a small interfering RNA (siRNA)
for RLuc (siRLuc) as described previously (35, 42, 43). The siRLuc, or a commercially avail-
able scrambled control RNA (scRNA), was cotransfected with the dl 59UTR DENV plasmid
into BHK-21 or Vero E6 cells, and the RLuc and FLuc activities were determined. In the
presence of the siRLuc RNA, the RLuc and FLuc activities were reduced in equivalent pro-
portions, strongly suggesting that both reporter proteins were synthesized from the
same transcript (Fig. 6B). Together, these findings indicate that when transfected as
DNA, the DENV 59 UTR is capable of weak but genuine internal initiation.

The DENV IRES was activated in HEK 293T cells expressing the HRV 2A
protease. DENV mRNA can support translation when cap-dependent translation is
pharmacologically suppressed (15). We wondered if, in the experiments conducted
with HEK 293T cells (Table 2), the DENV IRES was in an inactive state. This notion agrees
with a transition of the viral mRNA from a cap-dependent to a cap-independent trans-
lation initiation mechanism during DENV infection (15–17). In their study, Edgil et al.
unsuccessfully attempted to stimulate DENV IRES activity by using drugs that target
the availability of eIF4E (15). However, from our observations, treatment of RRL with
FMDV L protease stimulated DENV IRES activity (Fig. 4). Because we lack a plasmid for
expressing the FMDV L protease in cells, we decided to use the Human rhinovirus (HRV)
2A protease (p2A) to target eIF4G (43). A plasmid expressing either a wild-type (wt)
HRV p2A (p2A-wt) or an inactive mutant protease (p2A-mut) was transfected into HEK
293T cells together with the dl HCV IRES or dl 59UTR DENV plasmid by following a
previously described strategy (43). Cleavage of eIF4G in the presence of HRV p2A-
wt was confirmed by Western blot analysis (Fig. 7A). No cleavage of eIF4G was
observed in cells transfected with the p2A-mut plasmid (Fig. 7A). RLuc activities in
the two plasmids were dissimilar, yet despite this difference, the presence of HRV
p2A-wt significantly reduced RLuc activity by an average of ;64% for either vector
from that with its HRV p2A-mut control (Fig. 7B). In the presence of HRV p2A-wt,
FLuc activity was significantly increased, by ;140%, for the dl HCV IRES over that
with its HRV p2A-mut control (Fig. 7C). Strikingly, FLuc activity driven by the DENV
59 UTR increased from background levels (no detectable activity) to levels compara-
ble to the activity exhibited by the HCV IRES (Fig. 7C). These results indicate that in
the presence of the HRV 2A protease, the activity of the DENV IRES is switched on in
HEK 293T cells. This result supports in full the notion proposed by Edgil et al. (15),
indicating that suppression of cap-dependent protein synthesis activates DENV
mRNA cap-independent translation initiation.

DISCUSSION

DENV mRNA translation is resistant to the pharmacological suppression of cap-de-
pendent translation initiation (15). In accordance, early after infection, DENV induces
dramatic repression of host cell translation (17). Interestingly, the inhibition of cellular
mRNA translation in DENV-infected cells is at the stage of mRNA translation initiation
(17). In parallel, DENV infection induces cellular endoplasmic reticulum (ER) stress, an
event required for viral replication (44). In general, ER stress leads to oligomerization
and activation of PERK, which mediates the phosphorylation of eIF2a, resulting in the
shutdown of global translation (45). Based on these results, several authors have sug-
gested that DENV mRNA translation initiation can transition from a cap-dependent to
a cap-independent mode (15–17). Two different, non-mutually exclusive mechanisms
have been proposed to explain how DENV mRNA translation thrives when cap-de-
pendent translation initiation is shut down (15, 18). In this study, we focused exclu-
sively on one of these mechanisms and evaluated the function of the DENV IRES both
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in vitro and in cells. Translation in the conventional RRL system has proven useful for
deciphering the general features of mRNA translation (25). It is clear that, like all in vitro
systems, the RRL system has limitations (28, 46). Yet in vitro translation in RRL has pro-
ven useful in the characterization of multiple IRESs, including the identification of the
IRES of HCV (47), which, like DENV, is a member of the Flaviviridae family of viruses.
Based on this, we sought to determine if the DENV IRES was also functional in RRL.
Interestingly, we were successful in reproducing in the RRL results reported when
DENV-like RNAs were translated in BHK-based cell-free translational extracts or when
RNA was directly transfected into cells (15, 18). So we confirmed in RRL that the DENV-
like RNA was capable of driving noncanonical translation initiation (Fig. 1). Next, we
geared our study toward the DENV IRES by using in vitro-transcribed bicistronic RNAs.
In agreement with the report of Song et al. (18), but using RRL, we confirmed that the
DENV 59 UTR has IRES activity (Fig. 2 and 3). However, in contrast to what was reported
previously (18), in RRL, DENV IRES activity was less robust than HCV IRES activity (Fig.
3). Though different, this result was not unexpected, since translation initiation of sev-
eral viral IRESs is inefficient in RRL unless the in vitro translation system is supple-
mented with cell extracts (36, 48, 49). The presence of an IRES within the DENV 59 UTR
was further demonstrated by showing that the 59 UTR of DENV mRNA enables

FIG 6 FLuc expression from the dual-luciferase reporter is due to IRES activity. (A) BHK21 (left) and Vero E6 (right) cells
were transfected with the dl 59UTR DENV and DSV40 dl 59UTR DENV plasmids (200 ng). The latter plasmid shares the
full backbone of the dl 59UTR DENV and lacks only the SV40 promoter. The RLuc (shaded bars) and FLuc (filled bars)
activities obtained for the dl 59UTR DENV DNA were set to 100%. (B) A 50 nM concentration of a scrambled control
RNA (scRNA) or the siRLuc siRNA, which targets the RLuc ORF, was cotransfected with the dl 59UTR DENV plasmid
(200 ng) into BHK-21 (left) or Vero E6 (right) cells. RLuc (shaded bars) and FLuc (filled bars) activities were measured
and are expressed relative to the luciferase activities obtained when cells were transfected with the scRNA, set at
100%. Statistical analysis was performed with a two-tailed t test. Asterisks indicate P values of ,0.05; ns, no significant
difference. The values shown are means (6 standard errors of the means) for three independent experiments, each
performed in duplicate.

Fernández-García et al. Journal of Virology

March 2021 Volume 95 Issue 5 e01998-20 jvi.asm.org 12

https://jvi.asm.org


translation of the second cistron of a bicistronic RNA under experimental conditions
that inhibit cap-dependent translation (Fig. 4). Interestingly, treatment of RRL with the
FMDV L protease stimulated DENV IRES activity. In agreement with previous reports,
minor stimulation of the HCV IRES was observed in FMDV L protease-treated RRL (Fig.
4) (33, 36). Noteworthy, proteinase-mediated stimulation of IRES-mediated translation
initiation is observed mainly under conditions where the basal level of translation is rel-
atively low (36). These results suggest that DENV IRES activity, though functional in
RRL, is not optimal in this in vitro system. Despite this, we consider that the DENV IRES
can be studied in RRL. For us, this is a relevant finding, because preparing in-house eu-
karyotic cell-free protein synthesis systems can be tricky and time-consuming, and the
RRL is a well-characterized commercially available system (25).

Having established that RRL is suitable for characterizing the DENV IRES, we decided
to transfect RNAs into cells. In agreement with the findings of Edgil et al. (15), when
monocistronic or bicistronic RNAs were transfected into cells, only marginal, if any,
noncanonical translation could be documented (Fig. 5; Table 1). These results contrast
with those of Song et al. (18), who described robust DENV IRES activity in BHK-21 and
Vero E6 cells. These contradictory observations cannot be readily explained. We pre-
sume that the difference between these studies could be associated with the reporter
used. Like Edgil et al. (15), we used FLuc as a reporter, while Song et al. (18) used the
luciferase from Gaussia prínceps, Gaussia luciferase (GLuc). GLuc is secreted from cells,
so during the experiment, the reporter can be found in the medium and within cells
(50). The mean values, combining both intracellular and extracellular activities in mam-
malian cells, have been documented to be .1,000-fold higher for GLuc than for FLuc
(50). When one is comparing intracellular luciferase activity only in mammalian cell
lysates, thus eliminating the contribution of the secreted form of the reporter, the ac-
tivity of GLuc is 100-fold higher than that of FLuc (50). Thus, at least in part, the differ-
ence between the studies could be due to the sensitivity of the assay used. This

FIG 7 Translation promoted by the DENV 59 UTR is activated for the proteolytic cleavage of eIF4G by HRV 2A protease. The dl HCV IRES or dl 59UTR DENV
plasmid (200 ng) was transfected into HEK 293T cells together with a plasmid expressing either wild-type HRV 2A protease (p2A-wt) or an inactive mutant
(p2A-mut) (500 ng). (A) The cleavage of eIF4G was monitored by Western blotting using polyclonal antibodies against eIF4GI. The eIF4G cleavage product
(CP) has been characterized previously (34). (B and C) RLuc (B) and FLuc (C) activities were measured and are expressed in relative light units (RLU).
Statistical analysis was performed with a two-tailed t test. Asterisks indicate P values of ,0.05; ns, no significant difference. Values represent means (6
standard errors of the means) for three independent experiments, each conducted in duplicate.
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possibility prompted us to evaluate the same bicistronic mRNAs when delivered as
DNAs, considering reports indicating that the efficiency of the IRES is enhanced when
it is delivered as DNA (22, 39). When the bicistronic mRNAs were delivered as DNAs,
low IRES activity was detected in BHK-21 and Vero E6 cells, while no FLuc activity was
detected in HEK 293T cells (Table 2). We confirmed that the IRES activity obtained in
BHK-21 and Vero E6 cells, though low, was genuine (Fig. 6). Following the report of
Edgil et al. (15) showing that noncanonical translation initiation of DENV mRNA is
observed when cap-dependent translation is suppressed, and considering that in RRL,
DENV IRES activity was stimulated by eIF4G cleavage (Fig. 4), we decided to use a simi-
lar approach in cells. In agreement with our in vitro findings (Fig. 4), when cap-depend-
ent translation initiation was reduced in cells, DENV IRES activity was significantly
enhanced in HEK 293T cells (Fig. 7). Surprisingly, the activity of the DENV IRES increased
to levels similar to those obtained for the HCV IRES. The increase in DENV IRES activity
obtained when cells were treated with the HRV 2A protease cannot, at this stage, be
ascribed exclusively to the cleavage of eIF4G (Fig. 7). The stimulation of IRES activity
could also be explained by a combined effect of the protease acting on the expression
or stability of several different proteins within the cells (51). The latter possibility was
not evaluated in this study. Despite the unknowns, our findings suggest that under
normal growth conditions in HEK 293T cells, translation initiation from DENV mRNA is
mainly, if not exclusively, cap dependent. Even though negligible FLuc activity was
detected when the reporters were transfected as RNA (Table 1), no IRES activity at all
was observed when the vector was delivered as DNA (Table 2). However, suppression
of cap-dependent translation, in our case by the HRV 2A protease, led translation to
switch to an IRES mode (Fig. 7). These findings fully support reports proposing that
during the DENV-induced shutoff of cap-dependent translation, viral mRNA transla-
tion thrives by transitioning from a cap-dependent to a cap-independent mechanism
(16, 17). Thus, we provide evidence indicating that the DENV IRES enables viral pro-
tein synthesis under conditions that suppress canonical translation initiation.

MATERIALS ANDMETHODS
Plasmids. Plasmids pGL5939DV (12), dl DEMCV (27), dl HCV 1b (referred to here as dl HCV IRES) (31),

dl HCV G266A/G268U (31), and dl PV IRES (52) have been described previously. The pGL5939DV and Glo-
FLuc vectors were kindly provided by Andrea Gamarnik (Fundación Instituto Leloir, Argentina) and
Ricardo Soto-Rifo (Universidad de Chile, Chile), respectively. Plasmids expressing the functional wild-
type (genotype A16) human rhinovirus (HRV) 2A protease or an inactive mutant were generously sup-
plied by Ann C. Palmenberg and Kelly Watters (University of Wisconsin—Madison, USA) and have been
validated previously (43). To generate the dual-luciferase (dl) bicistronic vectors, dl D EMCV 5¨UTR DENV
and dl 5¨UTR DENV, the DENV 59 UTR was recovered from the pGL5939DV vector by PCR using primers
DENV 5UTR F Eco RI (59-CTCAAAGAATTCAGTTGTTAGTCTACGTGG-39) and DENV 5UTR R NcoI
(59-CTCAAACCATGGCAGAGATCTGCTCTCTAA-39). The amplicons were digested using EcoRI and NcoI
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) and were cloned into the intercistronic space of the dl
HIV IRES described in reference 53, which had been digested previously with EcoRI/NcoI and NcoI/XbaI
as described in reference 35. The promoterless vector DSV40 dl 59UTR DENV was generated by digesting
the dl 59UTR DENV plasmid with MluI and Eco147I (StuI) (Thermo Fisher Scientific), followed by a ligation
reaction.

Cell culture. Huh-7 cells were provided by R. Bartenschlager (University of Heidelberg, Heidelberg,
Germany) and have been used in the laboratory previously (31). HEK 293T (ATCC CRL-11268), HeLa
(ATCC CRM-CCL-2), Vero E6 (ATCC CRL-1586), A549 (ATCC CCL-185), MDCK (ATCC PTA-6500), and BHK-
21 (ATCC CCL-10) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (catalog no.
SH30022; HyClone, GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (cat-
alog no. SH30910; HyClone, GE Healthcare Life Sciences), 1% penicillin-streptomycin (1,000 U/ml) (cata-
log no. SV30010; HyClone, GE Healthcare Life Sciences), and 1% amphotericin B (25mg/ml) (catalog no.
SV30078.01; HyClone). Huh-7 cell culture medium was supplemented with MEM nonessential amino
acid solution (catalog no. 11140050; Thermo Fisher Scientific). Aedes albopictus clone C6/36 cells were
kindly provided by Andrea Gamarnik (Fundación Instituto Leloir, Argentina). Jurkat (ATCC TIB-152) and
C6/36 cells were grown in RPMI 1640 medium (catalog no. 12633020; Thermo Fisher Scientific). All cells
were cultured at 37°C under a 5% CO2 atmosphere, with the exception of C6/36 cells, which were kept
at 28°C.

In vitro transcription. For in vitro transcription, plasmids were digested with BamHI, except for the
dl PV IRES, which was treated with XhoI, and the Glo-FLuc vector, which was treated with EcoRI. To
obtain monocistronic DENV mRNA reporters, pGL5939DV was digested with BamHI and XbaI for DENV 39
UTR deletion. The RNAs were synthesized using the mMESSAGE mMACHINE T7 transcription kit (catalog
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no. AM1344; Thermo Fisher Scientific) according to the producer’s recommendations. mRNAs with a
nonfunctional cap (Acap) were synthesized in the presence of the A(59)ppp(59)A cap analog (catalog no.
NU-506-5; Jena Bioscience, Jena, Thuringia, Germany). The poly(A) tail was added using the Poly(A) tail-
ing kit (catalog no. AM1350; Thermo Fisher Scientific). After transcription, the RNA was treated with 2 U
of Turbo DNase (catalog no. AM2238; Thermo Fisher Scientific) for 30min at 37°C, precipitated for 1 h at
220°C in the presence of 2.5 M LiCl, centrifuged at 16,000 � g for 30min at 4°C, washed with 70% etha-
nol, and resuspended in 50 ml of nuclease-free water. RNA concentrations were determined spectropho-
tometrically using nanospectrophotometry (NanoPhotometer N60; Implen, Westlake Village, CA, USA).
RNA integrity was assessed by electrophoresis in a 1% agarose gel using formamide as a denaturing
agent in the loading buffer.

In vitro translation. In vitro translation reactions were carried out in nuclease-treated rabbit reticulo-
cyte lysate (RRL) (catalog no. L4960; Promega Corporation) as described previously using 0.01 pmol RNA
(43). Optimal salt concentrations were used to translate the dl HCV IRES (100mM KCl and 0.75mM
MgOAc2) and dl PV IRES in vitro as described previously (32, 35). The L protease–RRL was diluted 1:5 or
1:10 in nuclease-free water (IDT), added (to a final concentration of 1, 3, 6, or 10% [vol/vol]) to the fresh
nuclease-treated 35% (vol/vol) RRL, and preincubated for 15min at 30°C prior to the addition of the
bicistronic mRNA.

DNA transfection. Cells were seeded (5� 104 BHK-21 cells/ml, 1.2� 105 HEK 293T cells/ml, and
8� 104 Vero E6 cells/ml) 24 h prior to transfection in 24-well culture plates. DNA transfection experi-
ments were performed at 70 to 80% confluence using polyethyleneimine (PEI; Gibco, Thermo Fisher
Scientific, Inc.). The activity of the DENV IRES was evaluated by cotransfecting 200 ng of bicistronic vec-
tors with 50 ng of the pcDNA 3.1-LacZ plasmid. pSP64 Poly(A) was used as a negative control and also as
an irrelevant DNA to reach equal quantities of transfected material. In all transfection assays, equivalent
concentrations of total DNA were used. For the HRV 2A protease experiments in HEK 293T cells, the cells
were cotransfected with 200 ng of the dl HCV IRES or dl 5¨UTR DENV plasmid and 500 ng of HRV p2A-wt
or HRV p2A-mut per well in a 24-well plate. In all experiments, at 24 h posttransfection, the culture me-
dium was removed, and the cells were harvested using the Passive Lysis buffer supplied with the Dual-
Luciferase reporter assay system (catalog no. E1960; Promega Corporation) according to the manufac-
turer’s protocols.

siRNA and RNA transfection. The cells described above were seeded (5� 104 BHK-21 cells/ml,
1.2� 105 HEK 293T cells/ml, 1� 105 Jurkat cells/ml, 8� 104 Vero E6 cells/ml, 6� 104 Huh-7 cells/ml,
1� 105 HeLa cells/ml, 8� 104 MDCK cells/ml, 2� 105 C6/36 cells/ml, and 1� 105 A549 cells/ml) 24 h
before RNA transfection to obtain 90% confluence per well in a 24-well culture plate. Then 0.5 pmol of
the in vitro-transcribed RNA was transfected. The transfection was performed using the Lipofectamine
2000 system (catalog no. 11668019; Thermo Fisher Scientific). Four hours posttransfection, cells were
harvested. For RLuc silencing, DNA cotransfection was performed at 60 to 70% confluence using the
Lipofectamine 2000 system (Thermo Fisher Scientific). For transfection, 200 ng of the dl 59UTR DENV
plasmid was cotransfected with a 50 nM concentration of either Silencer Select Negative Control no. 1
siRNA (catalog no. 4390844; Ambion, Thermo Fisher Scientific) or a siRNA that targets the RLuc ORF
(Renilla siRNA [59-UAUAAGAACCAUUACCAGAUUUGCCUG-39]; IDT) (42). The RLuc and FLuc activities
were measured after 24 h posttransfection (42).

Luciferase assays. The activities of firefly luciferase (FLuc) and Renilla luciferase (RLuc) were meas-
ured using the dual-luciferase reporter (DLR) assay system (catalog no. E1960; Promega Corporation),
according to the manufacturer’s instructions, on 20ml of cell lysates using a Sirius Single Tube luminom-
eter (Berthold Detection Systems GmbH). Data are expressed as the relative luciferase activity (RLA) or
relative translation activity (RTA) (35, 42, 43). For in vitro translations, FLuc activity was normalized to
FLuc RNA abundance (FLuc RNA was quantified relative to the amount of 18S rRNA by the DDCT method,
as described below). When monocistronic RNA reporters were employed in cells, FLuc activity was nor-
malized to FLuc RNA abundance (FLuc RNA was quantified relative to the amount of glyceraldehyde-3-
phosphate dehydrogenase [GAPDH] RNA by the DDCT method, as described below).

RNA extraction and RT-qPCR. RNA was extracted as described previously (42). Cells were washed
twice with 1� phosphate-buffered saline (PBS) (catalog no. SH30256; HyClone, GE Healthcare Life
Sciences) and incubated on ice. A 500-ml volume of TRIzol reagent (catalog no. 15596018; Life
Technologies Corporation, Thermo Fisher Scientific, Inc.) was added to the supernatant, and the RNA
was recovered according to the manufacturer’s protocol. The RNA was resuspended in 20ml of nucle-
ase-free water, treated with DNase (catalog no. AM1907; Ambion, Thermo Fisher Scientific, Inc.), and
purified. The RNA concentration was determined by nanospectrophotometry (NanoPhotometer N60;
Implen). Real-time RT-qPCR experiments were carried out using the Brilliant II SYBR green RT-qPCR one-
step master mix (catalog no. 600835; Agilent Technologies, Santa Clara, CA, USA). qPCRs without reverse
transcriptase were carried out to control for contaminant DNA. FLuc RNA was detected with firefly sense
(59-ACTTCGAAATGTCCGTTCGG-39) and firefly antisense (59-GCAACTCCGATAAATAACGCG-39) primers,
and GAPDH mRNA was amplified using primers GAPDH sense (59-TCCACCACCCTGTTGCTGTAG-39) and
GAPDH antisense (59-ACCCACTCCTCCACCTTTGAC-39) as described previously (54). 18S rRNA, used as a
reference gene in RRL, was amplified using primers 18S sense (59-GTGGAGCGATTTGTCTGGTT-39) and
18S antisense (59-CGCTGAGCCAGTCAGTGTAG-39) as described in reference 43. Data were analyzed using
the previously described DDCT method (55, 56).

Western blotting. Cells were lysed using the 5� Passive Lysis buffer (catalog no. E1941; Promega
Corporation), and the concentration of total protein was determined by the Bradford assay using the Bio-
Rad Protein Assay (catalog no. 5000006; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Thirty micrograms
of total protein was resolved in a 15% Tricine-SDS-polyacrylamide gel and was transferred to a 0.45-mm-
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pore-size polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific, MA, USA). A rabbit polyclo-
nal anti-eIF4G antibody (H-300; catalog no. sc-11373; Santa Cruz Biotechnology) at a 1:1,000 dilution, fol-
lowed by a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (catalog no.
AP132P; Merck, Darmstadt, Germany) at a 1:10,000 dilution, was used to develop the blot. Western blots
were visualized by enhanced luminescence using a chemiluminescence reaction with 4-hydroxycinnamic
acid (catalog no. 800237; Merck) and luminol (catalog no. 09253; Fluka, Sigma-Aldrich).

Sequence and statistical analysis. Graphics were created, and statistical analysis was carried out,
by using GraphPad Prism, version 8.0.0 for Windows (GraphPad Software, San Diego, CA, USA) and per-
forming t tests for individual comparisons or ordinary one-way analysis of variance (ANOVA) for group
comparisons. Serial Cloner, version 2.6.1, was used for primer design and sequence alignments.
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