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A B S T R A C T

Dengue virus (DENV) is the causative agent of dengue fever (DF), dengue haemorrhagic fever (DHF), and dengue
shock syndrome (DSS) and continues to be a public health problem in the tropical and subtropical areas.
However, there is currently no antiviral treatment for DENV infection. In this study, our aim was to develop a
stable reporter replicon cell system that supports constant viral RNA replication in cultured cells. The isolated
replicon cells exhibited high levels of luciferase activity in the culture supernatant concomitant with expression
of virus-encoded NS1, NS3 and NS5 proteins in the cells. The NS1, NS3 proteins and dsRNA were detected in the
replicon cells by immunofluorescence analysis. Furthermore, the anti-DENV inhibitors ribavirin and bromo-
criptine significantly reduced the luciferase activity in a dose-dependent manner. High-throughput screening
with a compound library using the stably-transfected replicon cells showed a Z′ factor value of 0.57. Our
screening yielded several candidates including one compound that has already shown anti-DENV activity. Taken
together, our results demonstrate that this DENV subgenomic replicon cell system expressing a secretory luci-
ferase gene can be useful for the high-throughput screening of anti-DENV compounds and the analysis of the
replication mechanism of the DENV RNA.

Dengue virus (DENV), transmitted to humans by Aedes mosquitoes,
is the aetiological agent of dengue fever (DF) and dengue haemorrhagic
fever (DHF), which are self-limited febrile illnesses (Gubler, 1998). DF
is relatively mild, but DHF can lead to the life-threatening dengue shock
syndrome (DSS). The mortality rates of DHF and DSS in untreated cases
exceed 20%, but decrease to less than 1% with proper medical care
(WHO, 2018). DENV infects 390 million humans annually mainly in
tropical and sub-tropical regions, posing a considerable public health
problem in over 100 countries (Simmons et al., 2012; Bhatt et al.,

2013). However, in spite of great concern over the world, there is still
urgent need for the development of specific antiviral drugs for the
prevention and treatment of the disease. (see Table)

High-throughput screening (HTS) system is a very important tool for
the discovery of drug candidates. For example, hepatitis C virus re-
plicon systems were developed and used for the discovery of several
antiviral drug candidates (Lohmann et al., 1999; Ishii et al., 2006).
Furthermore, some HTS systems have been already reported in flavi-
virus studies (Shi et al., 2002; Jones et al., 2005; Kato et al., 2016;
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Patkar et al., 2009; Zhang et al., 2017). However, the drug discovery
efforts have not been enough to develop antiviral drugs to the point of
commercialization (Low et al., 2017).

DENV genome is approximately 11 kb consisting of a single positive
strand RNA with an open reading frame that is translated into a large
polyprotein that is cleaved to three structural proteins (C, prM, E) and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
NS5) by host and viral proteases (Lindenbach et al., 2007). For flavi-
viruses, since the structural proteins are not essential for genome re-
plication in the cell, engineered sub-genome lacking the structural gene
encoding region of the DENV genome can still be replicated in the form
of a replicon (Chambers et al., 1990; Ng et al., 2007; Kato and Hishiki,
2016). Replicon does not produce any progeny viral particles and
therefore is a valuable tool for the observation of the translation and
genome synthesis steps in a wide range of laboratory setting fitted with
sophisticated imaging equipment. Furthermore, if a reporter protein
gene is inserted into the replicon genome this greatly facilitates the
observation of the viral genome amplification. The inclusion of the
reporter gene results in what is called a reporter replicon which is only
capable of transient replication and suffers from the disadvantage that
the cells need to be transfected for each assay (Kato et al., 2014). The
addition of an antibiotic resistance gene makes it possible to select the
cells where the replicon is functional and produce stable replication and
reporter gene expression. Thus, the construction of a stable reporter
replicon represents an invaluable tool that can be applied to a HTS and
used for the discovery of antiviral drugs and the analysis of viral re-
plication.

In this study, we aimed to develop a robust stable reporter replicon
cell system that supports viral RNA replication continuously in cells
derived from human hepatoma. We validated the robustness of the
system by screening available chemical libraries as a tool for HTS and
analysis of viral replication.

To develop a stable reporter subgenomic replicon cell system, RGL2,
a DENV-1 molecular clone derived transient replicon which was re-
ported previously (Kato et al., 2014; Tajima et al., 2006), was used as a
template for the stable replicon construction (Fig. 1A). Major segments
of the genes encoding the structural proteins were deleted. The se-
quences encoding the 34 N-terminal amino acids of the C protein and
the 35 C-terminal amino acids of the E protein were preserved. The
deleted sequences were replaced with a fragment containing a fusion of
the gene encoding Gaussia luciferase (Gluc), the foot-and-mouth-disease
virus 2A (FMDV2A) cleavage sequence, the neomycin-resistance gene,
and the EMCV internal ribosome entry site (IRES). This replicon DNA
was used as template for the in vitro production of transcribed replicon
RNA (Fig. 1B). The subgenomic RNA was transfected into human he-
patoma cells (Huh7), which were then cultured in the presence of G418.
After G418 selection, 96 clones were picked up and expanded. Among
the 96 selected clones, #68 exhibited the highest levels of luciferase
activity in the culture supernatant. Therefore, we conducted further
characterization of this clone.

The production of DENV proteins in the cell clone #68 was ex-
amined by western blotting. As shown in Fig. 2A, NS1, NS3, and NS5

proteins were detected in the cell lysate of the replicon cells and mi-
grated in a manner similar to the cell lysate of DENV-infected cells.
Furthermore, co-localization of NS3 and dsRNA, as well as NS1 and NS3
was detected by IFA (Fig. 2B). These results suggest that the produced
replicon cells maintain the viral RNA replication and viral protein ex-
pression of the replicon in a stable manner.

To evaluate drug susceptibility of the replicon cells, ribavirin and
bromocriptine which are compounds with already known anti-DENV
properties were used (Kato et al., 2016). Replicon cells were cultured
with 0–100 μM of ribavirin or 0–10 μM of bromocriptine for 72 h and
then the luciferase expression was measured. The luciferase activity in
the culture supernatant was significantly decreased in a dose dependent
manner, the EC50 of ribavirin and bromocriptine were found to be 1.7
and 0.16 μM, and the CC50 were> 100 and > 10 μM, respectively
(Fig. 3). Furthermore, intracellular luciferase activity and replicon RNA
expression level were decreased similarly to extracellular luciferase
activity by ribavirin (Figs. S1A–S1C). These results suggest that our
replicon cells have susceptibility against anti-DENV compounds.

Next, to evaluate the assay quality of our replicon cells for HTS, the
Z′ factor was calculated using the anti-DENV compound bromocriptine
as the positive control and DMSO as the negative control. The average
of luciferase activity for the positive control was 146,873, and for the
negative control was 660,659 (Fig. 4). The calculated Z’ factor was
0.57, suggesting that our replicon cells is a suitable method for HTS.

To identify novel anti-DENV compounds, a small molecule library,
Tocriscreen compound libraries (#2890, R and D systems, USA), con-
sisting of 1120 biologically active compounds was screened for in-
hibition of luciferase activity. In the first screening, the replicon cells
were co-cultured with 10 μM of each compound for 3 days and the
luciferase activity in the culture supernatant was measured in duplicate
to eliminate false positives. Around 34 compounds were found to sup-
press the luciferase activity by more than 50%, and the cytotoxicity was
less than 50% using Cell counting kit-8 (DOJINDO, Japan). In the
second screening, the antiviral activity was evaluated using infectious
virus. DENV-1 (02–20) infected-Huh7 cells were cultured in the pre-
sence of each compound at a final concentration of 10 μM, and the viral
titer in the cell culture supernatant was measured by plaque assay.
Among the 34 compounds identified in the first screening, 14 com-
pounds suppressed the viral titer by more than 50%. Next, we in-
vestigated in more detail the efficacy of those compounds using our
replicon cells, and found 6 compounds that exhibited significant anti-
viral effect without cytotoxicity using Cell counting kit-8 (Table).
Among the 6 hit compounds, was mycophenolic acid (MPA), which has
been reported as a potent DENV inhibitor (Diamond et al., 2002;
Takhampunya et al., 2006). Taken together, these results suggest that
the selected compounds are promising candidates for the development
of anti-DENV agents, and also that our replicon cells are a useful tool for
the HTS of anti-DENV compounds.

Development of HTS methods is one of the important factors ne-
cessary to reach break-throughs in drug discovery. In this study, we
developed a HTS method using a reporter replicon stable expressing
human hepatoma cell system. The replicon was constructed by

Table 1
List of anti-DENV compounds discovered in this study.

Name CCT018159 Mycophenolic acid (MPA) Nocodazole PD102807 Arcyriaflavin A IMD0354

Function Hsp90 inhibitor GTP synthesis inhibitor Microtubule inhibitor Muscarinic receptor
antagonist

CDK4/Cyclin D1 inhibitor IκB kinase-β (IKKβ)
Inhibitor

EC50 (μM) 1.1 0.3 0.3 4.7 1.0 1.2
CC50 (μM) 32.1 > 100 >100 12.1 >100 12.5
SI 29.2 > 333.3 >333.3 2.7 >100 10.4
Max Inhibition 84.3% 97.0% 72.7% 75.7% 69.1% 97.8%

EC50 and CC50 were calculated using Reed and Muench method.
Maximum inhibition rate was calculated the luciferase activity between 10 μM and negative control.
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modifications from a transient Gaussia luciferase (Gluc)-replicon pre-
viously reported (Kato et al., 2014). Gluc is smaller than firefly or Re-
nilla luciferase, yields a stronger signal, and is secreted into culture
medium (Tannous et al., 2005). Because of the use of a secretory re-
porter protein, it also eases importantly the measurement of the cells
viability or cytotoxicity since it does not require cell lysis. These
characteristics make our replicon cell system using Gluc a suitable
method for HTS. However, in the first screening using this replicon
cells, there is a possibility that false positive is caused by inhibition the
enzymatic activity or the secretion of luciferase. To exclude it, another
analysis using infectious virus or Gluc expression plasmid is important
as the second screening. At least, we found that ribavirin and bromo-
criptine did not suppress the enzymatic activity and the secretion of
luciferase using Gluc expression plasmid (Figs. S2A and S2B).

The Z′ factor is one of most important index to evaluate the effi-
ciency of HTS. Generally, a screening method needs a Z′ factor value of
more than 0.5 (Zhang et al., 1999). In this work, when using our re-
plicon cells, the Z’ factor was of 0.57 and it demonstrates that the re-
plicon cell system is a suitable method for screening. We screened
chemical libraries containing 1120 compounds using this replicon
system and infectious DENV and identified 6 compounds that have a
suppressive effect against the replicon. Among the 6 hit compounds it
was reassuring to find mycophenolic acid (MPA), which is a well-known
anti-DENV compound that has a defined antiviral mechanism that
suppresses viral genome replication. This suggest that the replicon cell

system described in this study is suitable for the discovery of anti-DENV
drugs. This replicon can be used for the specific analysis of the RNA
translation and synthesis steps during the DENV lifecycle, our results
therefore suggest that the MPA and other identified compounds act by
inhibiting the RNA translation or synthesis of the DENV genome. Sev-
eral studies have reported that target factors of other hit compounds are
associated with various viral lifecycle (Kalamvoki and Roizman, 2010;
Ujino et al., 2012; Amaya et al., 2014; Cheng et al., 2015; Foo and Chee,
2015), therefore it is very interesting to clarify the molecular me-
chanism in DENV life cycle. Further studies are ongoing to elucidate the
mechanism of antiviral activity of them.

In conclusion, we developed a DENV replicon cells expressing se-
cretory luciferase and confirmed that it is a useful tool for drug dis-
covery and for the analysis of virus replication, and allowed the iden-
tification of 5 novel compounds with antiviral activity against DENV.
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Fig. 1. Schematic outline of the construction of the replicon cells. T3p; T3 promoter, Gluc.; Gaussia luciferase gene, NeoR; Neomycin resistant gene, and IRES;
Internal ribosome entry site. The replicon RNA was synthesized using a mMESSAGE mMACHINE T3 Transcription kit (Thermo Fisher Scientific, USA) and purified
using RNeasy Mini kit (QIAGEN, Germany). The RNA was transfected to Huh7 cells using the Lipofectamine MessengerMAX Reagent (Thermo Fisher Scientific, USA),
which were then selected by using culture medium containing G418. Isolated cells were analyzed for luciferase activity and NS proteins expression.
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Fig. 2. Expression of viral proteins and genome
in replicon cells. (A) Western blot analysis of
NS1, NS3, and NS5 protein expression in replicon
cells #68 (lanes 1), DENV infected Huh7 cells
(lane 2; PC), and naive Huh7 cells (lanes 3; NC).
Mouse anti-DENV NS1 antibody (#165,
Biomedical Research Institute, Japan), human
anti-DENV NS3 antibody (3F8, (Moreland et al.,
2010)), and human anti-DENV NS5 antibody
(Zhao et al., 2014) were used as primary antibody.
(B) Indirect immunofluorescence analysis of
dsRNA (green) and NS3 (red), as well as NS1
(green) and NS3 (red) in replicon cells. Mouse
anti-DENV NS1 antibody (56.2, (Watanabe et al.,
2012)), a human anti-DENV NS3 antibody (3F8,
(Moreland et al., 2010)), a rabbit anti-DENV NS3
antibody (GTX124252, Genetex, USA), and a
mouse anti-dsRNA antibody (J2; English and Sci-
entific Consulting, Hungary), were used as pri-
mary antibody.

Fig. 3. Susceptibility of replicon cells to the action of anti-DENV compounds. Replicon cells were plated into 96 well and cultured overnight. Medium was
changed to different concentrations of anti-DENV inhibitors (ribavirin and bromocriptine). After 72 h of incubation, the cells were washed by PBS, and fresh medium
was added. After 4 h from the medium changing, luciferase activity in the culture supernatant was measured. The y-axis represents raw luciferase data. The EC50 of
each antiviral compound was calculated using Reed and Muench method.
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