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Abstract

Ebola virus (EBOV) causes a severe disease in humans with the potential for significant 

international public health consequences. Currently, treatments are limited to experimental 

vaccines and therapeutics. Therefore, research into prophylaxis and antiviral strategies to combat 

EBOV infections is of utmost importance. The requirement for high containment laboratories to 

study EBOV infection is a limiting factor for conducting EBOV research. To overcome this issue, 

minigenome systems have been used as valuable tools to study EBOV replication and transcription 

mechanisms and to screen for antiviral compounds at biosafety level 2. The most commonly used 

EBOV minigenome system relies on the ectopic expression of the T7 RNA polymerase (T7), 

which can be limiting for certain cell types. We have established an improved EBOV minigenome 

system that utilizes endogenous RNA polymerase II (pol II) as a driver for the synthesis of 

minigenome RNA. We show here that this system is as efficient as the T7-based minigenome 

system, but works in a wider range of cell types, including biologically relevant cell types such as 

bat cells. Importantly, we were also able to adapt this system to a reliable and cost-effective 96-

well format antiviral screening assay with a Z-factor of 0.74, indicative of a robust assay. Using 

this format, we identified JG40, an inhibitor of Hsp70, as an inhibitor of EBOV replication, 

highlighting the potential for this system as a tool for antiviral drug screening. In summary, this 

updated EBOV minigenome system provides a convenient and effective means of advancing the 

field of EBOV research.
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1. Introduction

Ebola virus (EBOV) is an emerging virus of significant international health concern 

(Rougeron et al., 2015). Currently, there are no licensed vaccines or treatments available to 

combat EBOV disease (EVD) and as such, research aimed at identifying targets for 

therapeutic intervention is of high priority. However, the classification of EBOV as a 

biosafety level 4 (BSL-4) pathogen greatly limits studies using live virus. To circumvent the 

requirement for high containment, minigenome systems have been developed as tools to 

study various aspects of the EBOV replication cycle, particularly replication and 

transcription, in a BSL-2 setting (for review see (Brauburger et al., 2015b; Hoenen et al., 

2011; Mühlberger, 2007)). Minigenomes are truncated versions of the viral genome, 

consisting of the 3′ and 5′ viral genome ends which typically flank a reporter gene of 

choice, often green fluorescent protein (GFP) or luciferase. DNA encoding the minigenome 

is cloned into an expression plasmid and co-transfected into cells along with plasmids 

encoding the viral proteins required for EBOV genome replication and transcription. 

Importantly, EBOV minigenome systems have also been used extensively for antiviral drug 

screening (Edwards et al., 2015; Enterlein et al., 2006; Filone et al., 2013; Jasenosky et al., 

2010; Olsen et al., 2016; Uebelhoer et al., 2014). Most of the currently existing EBOV 

minigenomes are under the control of the T7 RNA polymerase (T7) promoter and thus 

require T7 expression in the transfected cells (Garcia-Dorival et al., 2016; Mühlberger et al., 

1999; Uebelhoer et al., 2014). There are different approaches for expressing T7 in 

mammalian cells. It can be supplied in trans, e.g. by infection with a T7-expressing 

recombinant virus such as MVA-T7 (Sutter et al., 1995), or by co-transfection with a T7-

expressing plasmid (Watanabe et al., 2004). While T7-expressing viruses may interfere with 

different aspects of the minigenome system or cause cytopathic effects, plasmid-based T7 

may be expressed at levels insufficient to support minigenome activity in certain cell types 

due to technical difficulties. There are also few cell lines available that stably express T7 

(Buchholz et al., 1999; Ito et al., 2003). Though the widely used BSR-T7/5 cell line 

(Buchholz et al., 1999) supports robust EBOV T7-dependent minigenome activity 

(Brauburger et al., 2015a; Brauburger et al., 2014; Trunschke et al., 2013), it is derived from 

baby hamster kidney (BHK) cells and is therefore not an ideal cell type to study EBOV 

infection, since rodents are not relevant hosts for EBOV. The T7-based EBOV minigenome 

system has been used successfully for nearly two decades, diminishing the necessity for 

alternative systems. Recently, however, when attempting to use this system in other, more 

relevant cells, we encountered difficulties due to T7-induced cytopathicity. An attractive 

alternative to T7-based systems is the use of cellular RNA polymerases that are 

endogenously expressed in the cell types of interest. Both RNA polymerase I (pol I) 

(Freiberg et al., 2008; Groseth et al., 2005; Jasenosky et al., 2010; Perez et al., 2003) and 

RNA polymerase II (pol II) (Inoue et al., 2003; Martin et al., 2006; Yanai et al., 2006) have 

been used successfully to drive reverse genetics systems for nonsegmented negative-sense 

(NNS) RNA viruses. Pol I has species-specific requirements for promoter recognition, which 

therefore restricts the repertoire of cell lines available for use (Heix and Grummt, 1995). We 

were therefore interested in establishing a pol II-based EBOV minigenome system.
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Compared to the existing T7-based minigenome system, the pol II minigenome constructs 

require some adaptations to assure efficient minigenome activity. In the T7 EBOV 

minigenome system, transcription of the minigenomic cDNA by T7 results in a negative-

sense minigenome RNA, which is used as a template for replication and transcription by the 

EBOV polymerase complex. Precise 3′ ends of the minigenome are a prerequisite for 

replication activity and are generated through the self-cleavage activity of the hepatitis delta 

virus (HDV) ribozyme, which is attached to the 3′ end of the minigenome (Mühlberger et 

al., 1999; Pattnaik et al., 1992). As for the 5′ terminal nucleotides of the minigenome, short 

overhangs are accepted for proper replication activity (Collins et al., 1991; Conzelmann and 

Schnell, 1994; Mühlberger et al., 1998; Mühlberger et al., 1999; Pattnaik et al., 1992). 

Transcription from the T7 promoter starts with the last nucleotide of the promoter 

immediately followed by the terminal nucleotides of the EBOV minigenome. In contrast to 

T7, pol II does not have a precise transcription initiation site (Butler and Kadonaga, 2002). 

Therefore, the minigenome sequence in the pol II construct must be flanked by two 

ribozymes. Commonly, the HDV ribozyme is used to generate 3′ ends and a hammerhead 

ribozyme is used to generate defined 5′ ends (Ghanem et al., 2012; Yanai et al., 2006).

Here we describe an optimized EBOV minigenome system that is based on pol II-driven 

gene expression. We show that the EBOV pol II minigenome system is as efficient as the 

widely used T7 minigenome system, but possesses greater cell type flexibility, particularly 

with cells that are difficult to transfect. Furthermore, using a cost-efficient transfection 

method, we optimized the EBOV pol II minigenome system for use in antiviral drug 

screening assays.

2. Materials and Methods

2.1 Cells and Viruses

Cell lines used in this study include: human embryonic kidney cells (HEK 293T; ATCC 

CRL-3216), African green monkey kidney cells (Vero; ATCC CRL-1586), human epithelial 

osteosarcoma cells (U20S; ATCC HTB-96), human hepatocellular carcinoma (Huh7) cells, 

human cervical carcinoma (HeLa; ATCC CCL-2), the hamster baby kidney cell line BSR-

T7/5 constitutively expressing T7 (Buchholz et al., 1999), and the kidney fibroblast cell line 

RoNi/7.1 from the fruit bat Rousettus aegyptiacus (Kuhl et al., 2011)). All cell lines with the 

exception of the BSR-T7/5 and the RoNi/7.1 cells were maintained in Dulbecco modified 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (50 

units/ml), streptomycin (50 mg/ml) and L-glutamine (200 mM). The BSR-T7/5 cells were 

maintained in Glasgow’s Minimum Essential Medium (G-MEM) supplemented with 10% 

FBS, L-glutamine (200 mM), 2% MEM amino acid solution (50x), and 10% FBS, with 

geneticin antibiotic selection (1 mg/ml). RoNi/7.1 cells were grown in DMEM 

supplemented with penicillin (100 units/ml), streptomycin (100 μg/ml), L-glutamine (2 

mM), 1% sodium pyruvate (100 mM) and 1% MEM amino acids (100x).

For infections with modified vaccinia virus Ankara expressing T7 (MVA-T7) (Sutter et al., 

1995), 293T and RoNi/7.1 cells were seeded at 5×105 cells per well in 12-well dishes. One 

day after seeding, cell supernatants were removed and replaced with the indicated amounts 

of MVA-T7 in fresh media. Virus was allowed to adhere to cells in a volume of 0.5 mL for 1 
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hour and then cells were supplemented with an additional 1 mL of fresh media. Cytopathic 

effects (CPE) were determined by brightfield microscopy.

2.2 Cloning of minigenomes

The sequence of the 3E5E minigenome (Mühlberger et al., 1999) was inserted into vector 

pcDNA3 under the control of the CMV promoter. To generate precise 5′ ends, synthesized 

fragments containing the hammerhead ribozyme sequence and the terminal nucleotides of 

the EBOV trailer were annealed and inserted between the CMV promoter and the EBOV 

trailer region as described previously (Yanai et al., 2006). The chloramphenicol 

acetyltransferase reporter gene in the original construct was replaced by the eGFP gene or 

firefly luciferase gene using BstXI and NotI restriction sites. An NheI restriction site was 

inserted in the pcDNA3-based minigenomes upstream of the HDV ribozyme sequence using 

Gibson Assembly (NEB).

To create a pCAGGS version of the pol II minigenome, both the eGFP and luciferase 

minigenome sequences were cloned into the pCAGGS plasmid backbone, which contains 

the CAG promoter, using NheI.

The replication-deficient EBOV L mutant (Lsynth−) was generated by site-directed 

mutagenesis and contains an N743 to A substitution within the highly conserved GDNQ 

motif at the catalytic site.

2.3 Transfection of cells

To transfect 293T, HeLa, and Vero cells, the TransIT-LT1 (Mirus Bio) was used following 

the manufacturer’s instructions. To transfect BSRT7/5, Huh7, U2OS, and RoNi/7.1 cells, 

Lipofectamine LTX with Plus reagent (Life Technologies) was used according to the 

manufacturer’s recommendations. One day prior to transfection, cells were seeded in 12-

well tissue culture plates so that they were 70–80% confluent at the time of transfection 

(1×105 cells/well seeded for Huh7 and Vero cells and 2×105 cells/well seeded for 293T, 

HeLa, BSRT7/5, U20S, and RoNi/7.1 cells). Each well was transfected with 125 ng 

pCAGGS-NP, 125 ng pCAGGS-VP35, 50 ng pCAGGS-VP30, 50 ng of pMIR-beta 

galactosidase (pMIR β-gal), 500 ng pCAGGS-L or pCAGGS-Lsynth−, and 750 ng of either 

the T7 or pol II minigenome plasmid, unless otherwise indicated. Cells transfected with the 

T7 minigenome were also transfected with 500 ng of pCAGGS-T7 to facilitate initial 

minigenome transcription. To transfect cells with the minigenome system components for 

drug screening, the transfection reagent polyethylenimine HCl MAX (PEI, Polysciences, 

Inc.) was used. Briefly, one day prior to transfection, 2×106 293T cells were seeded in T75 

tissue culture flasks so that they were 70–80% confluent at the time of transfection. 

Transfections were performed as described previously (Longo et al., 2013), scaling up for 

the amount of DNA and using a PEI-to-DNA ratio of 8:1 (132 μL of 7.5 mM PEI and 16.5 

μg total DNA per flask). Plasmid amounts for transfection of T75 flasks were as follows: 

1.25 μg pCAGGS-NP, 1.25 μg pCAGGS-VP35, 0.5 μg pCAGGS-VP30, 5 μg of pCAGGS-L 

or pCAGGS-Lsynth− as indicated, and 7.5 ug of pol II minigenome plasmid. Six hours post 

transfection, cells were trypsinized and seeded in 96-well tissue culture plates at 2×104 cells/

well.
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2.4. Measuring minigenome activity

Minigenome activity was assayed either by examining eGFP expression using a fluorescent 

microscope or measuring luciferase activity at the indicated time points post transfection 

using the Luciferase Assay System (Promega). Samples were diluted in 1× cell lysis buffer 

(Promega) as needed. To account for potential differences in transfection efficiency, 

luciferase values were normalized to β-gal values (Promega). Luciferase activity of samples 

from 96-well plates was assayed using Firefly Luc Assay reagent (NanoLight Technology). 

Luciferase values were calculated as fold induction over the Lsynth− values. Standard error of 

the mean (SEM) values and paired, two-tailed t tests for all figures were calculated using 

GraphPad Prism software.

2.5 Drug treatment and Z-factor calculation

Hsp70-inhibitor JG40 was added either at the time of re-seeding (6 hours post transfection) 

or at 24 hours post transfection, at the indicated concentrations. Cells were harvested for 

minigenome activity at 72 hours post transfection. Proton nuclear magnetic resonance and 

tandem mass spectrometry were used to confirm the identity of JG40 and high-performance 

liquid chromatography to assure purity (>95%) (Li et al., 2013; Taguwa et al., 2015).

Z-factor values for each plate were calculated using the equation Z-factor = 1 − [(3σc+ 

+ 3σc−)/(|μc+ − μC−|)] (Zhang et al., 1999). The positive control contained all components of 

the polymerase complex. The negative controls expressed all components of the polymerase 

complex with the following exceptions: expressing a catalytically deficient L (Lsynth−), 

lacking L (minus L), or lacking VP35 (minus VP35).

3. Results and Discussion

3.1 Comparison of pol II and T7 minigenome systems in 29 3T cells

To generate a pol II-driven EBOV minigenome, we inserted the EBOV minigenome 

sequence flanked by HDV and hammerhead ribozyme sequences in vector pcDNA3 under 

the control of the CMV promoter. However, when tested for their activity in the minigenome 

assay, these first-generation pol II minigenomes were found to be inferior compared to the 

T7 system (data not shown). A possible explanation for this result is that pol II-dependent 

minigenome expression from the pcDNA3 vector is not sufficient to jump-start the 

minigenome system. To boost pol II-dependent minigenome expression, we inserted the 

minigenome sequence including the flanking ribozymes into the pCAGGS expression vector 

under the control of the highly active CAG promoter that combines the CMV-IE enhancer 

with the chicken β-actin promoter (Niwa et al., 1991) (Figure 1). Activity of this second-

generation EBOV pol II minigenome system was then compared to the established T7 

system. 293T cells were transfected with pCAGGS EBOV support plasmids encoding NP, 

VP35, VP30, and L in addition to increasing amounts of either the pol II- or T7-driven 

EBOV minigenome plasmids containing an eGFP reporter gene. For the T7 system, 

pCAGGS-T7 was also added to the transfection mixture. As a negative control, the plasmid 

encoding the functional L protein was replaced with a plasmid coding for a replication-

deficient version of L (Lsynth−). Live cell fluorescence microcopy was performed at one, two 

and three days post transfection for each system, using eGFP fluorescence as an indicator of 
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efficient minigenome activity. At all time points examined, the T7 minigenome system 

showed the greatest activity when 750 ng of the minigenome plasmid were used (Figure 

2A). In contrast, the pol II minigenome system showed considerable activity when as little 

as 100 ng of minigenome DNA were transfected (Figure 2B). Similar to the T7 minigenome 

system, expression of eGFP was highest at three days post transfection. The requirement for 

less plasmid DNA per transfection might improve the transfection efficiency and thus 

reproducibility, making the pol II system an attractive system to monitor EBOV replication 

and transcription.

To more quantitatively compare the efficiency of the pol II and T7 minigenome systems, 

firefly luciferase based minigenome systems were used. 293T cells were transfected with 

different amounts of the indicated luciferase minigenome plasmids concurrently with the 

EBOV pCAGGS support plasmids, a pCAGGS T7 plasmid for wells transfected with the T7 

minigenome plasmid, and a pMIR-β-gal plasmid as a transfection control. At one, two, and 

three days post transfection, cells were lysed and luciferase activity was measured (Figure 

3). When 50 or 250 ng of the pol II minigenome plasmid were transfected, luciferase activity 

significantly above that of the negative control was detected (Figure 3A and B, black bars). 

However, using these same concentration of minigenome plasmid for the T7 system, 

luciferase activity was at or only slightly above that of the negative control (Figure 3A and 

B, gray bars). When 750 ng of minigenome DNA were used, the T7 system was more 

efficient than the pol II system, especially at two days post transfection (Figure 3C). Taken 

together, these data show that the pol II system is highly efficient in 293T cells, even when 

low minigenome plasmid amounts are used for transfection.

3.2 The EBOV pol II minigenome system works efficiently in six cell lines from four 
different species

One drawback of the T7 minigenome system is that expressing T7 in different cell types can 

be challenging. For example, our attempts to establish a reliable T7-based filoviral 

minigenome systems in a fruit bat cell line, the Rousettus aegyptiacus cell line RoNi/7.1 

(Kuhl et al., 2011), failed because we were not able to express plasmid-encoded T7 in these 

cells (data not shown). Because fruit bats are a suspected reservoir species for EBOV (Leroy 

et al., 2005), bat cell-based minigenome assays would be highly beneficial for filovirus 

research. Attempts to express T7 in the RoNi/7.1 cells via the replication-deficient vaccinia 

virus MVA-T7 (Sutter et al., 1995) resulted in a severe cytopathic effect (CPE) and cell 

death one day after infection (Supplemental Figure 1), similar to results reported for another 

R. aegyptiacus cell line (Jordan et al., 2009). This does not provide enough time to perform 

minigenome assays. Together, these data indicate that the T7 minigenome system is not well 

suited for use in R. aegyptiacus cells.

We next examined if the pol II minigenome system could be used in a wider range of cell 

lines, particularly those that are more difficult to transfect or are not compatible with T7 

expression such as the RoNi/7.1 cell line. Six different cell lines from four different species, 

including Egyptian rousette (RoNi/7.1), African green monkey (Vero), hamster (BSR-T7/5), 

and human (U2OS, Huh7, and HeLa) were transfected with either the T7- or pol II-driven 

luciferase minigenome components. For this set of experiments, we used 750 ng of each 

Nelson et al. Page 6

Antiviral Res. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



individual minigenome plasmid to ensure sufficient T7 minigenome activity. At two days 

post transfection, cells were lysed and luciferase activity was measured. Based on 

statistically significant differences, the T7 and pol II minigenome systems worked equally 

well in three cell lines, while the T7 system worked better in U2OS cells and the pol II 

minigenome system worked better in RoNi/7.1, and, unexpectedly, BSR-T7/5 cells (Figure 

4). In the cell lines transfected with the pol II minigenome system, the luciferase activity 

was induced in the range of approximately 50-fold (U2OS cells) to 2,900-fold (Vero cells) 

over a negative control. Intriguingly, there was an approximately 50-fold induction of 

luciferase activity in the RoNi/7.1 cell line transfected with the pol II minigenome. There 

was much more variability in the T7 minigenome system, ranging from an approximately 5-

fold increase in reporter gene expression (RoNi/7.1 cells) to 370-fold (Huh7 cells). In 

summary, our results indicate that the pol II system is better suited for use in a wider range 

of cell lines, particularly those that are more difficult to transfect. This opens up new 

opportunities to study EBOV replication mechanisms in cell lines obtained from potential 

reservoir species that are refractory to T7 expression.

3.3 The EBOV pol II minigenome system as a tool for antiviral drug screening

One of the many benefits of using minigenome systems is to screen for potential antivirals or 

therapeutics. To determine if the pol II minigenome system could be used for antiviral drug 

screening, 293T cells were transfected in a T75 flask with the components of the pol II 

luciferase minigenome system and reseeded into 96-well plates. To test the system, we used 

the allosteric heat shock protein 70 (Hsp70) inhibitor JG40, which has broad-spectrum 

antiviral activity against various pathogenic flaviviruses (Taguwa et al., 2015), but has not 

previously been tested as an EBOV inhibitor. Importantly, VER-15508, another Hsp70 

inhibitor, has been shown to inhibit EBOV minigenome activity (Garcia-Dorival et al., 

2016), and depletion of BiP/GRP78, an ER-resident Hsp70, by siRNA greatly inhibited both 

EBOV and MARV replication (Spurgers et al., 2010). Drug added at 24 hours post 

transfection induced little to no change in luciferase activity at all concentrations tested 

(Figure 5A). However, when JG40 was added at a final concentration of 5 mM at 6 hours 

post transfection, it decreased luciferase activity more than 5-fold compared to untreated 

cells. Combined with previous data (Garcia-Dorival et al., 2016; Spurgers et al., 2010) our 

results further highlight the need for more research into the potential for Hsp70 as a target 

for the development of filovirus therapeutics. Indeed, Hsp70 inhibitors would be intriguing 

targets for anti-filovirus drugs since they inhibit cellular components, making it more 

difficult for escape mutants to arise. In addition, Hsp70 inhibitors have already been used in 

human preclinical and clinical trials to treat cancer and Alzheimer’s disease have exhibited 

good tolerability with few associated side effects (Evans et al., 2010; Goloudina et al., 

2012).

Next, we tested if the pol II minigenome system could be reliably used for antiviral drug 

screens. The Z-factor is a commonly used metric to measure the robustness of high-

throughput screening assays which relies on four measurements: the means and standard 

deviations of the assay’s positive and negative controls (Zhang et al., 1999). Z-factors 

generally range in value from −1 to 1, where a value of 1 represents an ideal assay. Any 

value 0.5 or above is indicative of a high-quality assay (Zhang et al., 1999).
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Because half of the measurements involved in calculating a system’s Z-factor are derived 

from the system’s negative controls, the choice of a suitable negative control is important. 

High-throughput assays using filovirus minigenome systems have been used with a variety 

of negative controls, including not expressing VP35 (Edwards et al., 2015) or not expressing 

L (Uebelhoer et al., 2014). To examine if the choice of the negative control affects the 

efficiency and reliability of the pol II minigenome system in a 96-well format, we compared 

different negative controls, including minus L, minus VP35 and Lsynth−. Lsynth− had the 

highest background amongst the negative controls, approximately 2.5-fold higher than the 

minus VP35 control and 1.8-fold higher than the minus L control (Figure 5B). The slightly 

higher activity of the Lsynth− compared to the minus L control might be due to a miniscule 

amount of residual polymerase activity in the L mutant. Of note, VP35 is not only a cofactor 

of the EBOV polymerase, it also blocks activation of the double-stranded RNA-dependent 

protein kinase PKR, leading to enhanced translation of ectopic proteins (Feng et al., 2007; 

Gantke et al., 2013; Schümann et al., 2009). An interesting possibility is that the lower 

reporter gene activity in the minus VP35 control is due to the lack of translational 

enhancement of non-specific reporter gene activity.

Use of the pol II minigenome 96-well format resulted in a robust assay with a Z-factor of 

0.74, regardless of the negative control used (Figure 5B), similar to or better than established 

EBOV minigenome systems (Edwards et al., 2015; Jasenosky et al., 2010; Uebelhoer et al., 

2014). Due to the large-scale transfections and subsequent re-seeding of the cells, this 

system assures consistent well-to-well transfection efficiency, as also observed for other 

minigenome-based antiviral drug screening platforms (Edwards et al., 2015; Jasenosky et al., 

2010; Uebelhoer et al., 2014). Our data therefore indicate that the newly established pol II-

based EBOV minigenome system is improved and reliable, making it an ideal tool for 

antiviral drug screening. Large-scale transfections using the highly effective and inexpensive 

transfection reagent PEI represent an attractive and intriguing prospect for the development 

of high-throughput minigenome assay screens. Future studies will reveal the potential of this 

system to be used in high-throughput formats such as the 384-well format.
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Refer to Web version on PubMed Central for supplementary material.
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• An RNA polymerase II driven Ebola virus minigenome system was developed 

to improve upon established T7 driven systems.

• The pol II system is efficient and more versatile than the T7 systems, with 

applications in a wider range of cell types.

• It provides a biologically relevant tool for studying Ebola virus replication 

and transcription.

• It can be scaled up easily for use in cost effective antiviral drug screens.
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Figure 1. Cloning of the pol II EBOV minigenome in pCAGGS
The minigenome sequence is flanked by two ribozymes. HH rib, hammerhead ribozyme; 

HDV rib, hepatitis delta ribozyme. Transcription of the minigenome by pol II leads to the 

production of negative-sense minigenomes. The EBOV leader and trailer regions are shown 

as dark gray boxes. The gene start signal is shown as a white triangle and the gene end (GE) 

signal as a white box. eGFP is shown as an example reporter gene in the green box. eGFP is 

flanked by the 3′ UTR of NP (negative sense) and the 5′ UTR of L (negative sense) as 

shown in light gray boxes (not to scale).
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Figure 2. Comparison of the T7 and pol II eGFP minigenome systems
293T cells were transfected with the indicated concentrations of either the T7 (A) or pol II 

(B) driven minigenome system along with the necessary support plasmids. As a negative 

control, cells were co-transfected with a plasmid encoding inactive L (Lsynth−) in place of 

the plasmid encoding the functional L. Images are representative of eGFP expression (shown 

in green) monitored at one, two, and three days post transfection (DPT) from two 

independent experiments.
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Figure 3. Comparison of the T7 and Pol II luciferase minigenome systems
293T cells were transfected with 50 ng (A), 250 ng (B), or 750 ng (C) of either the T7 or pol 

II promoter driven minigenome plasmids containing the firefly luciferase reporter gene 

along with the necessary support plasmids. As a negative control, cells were co-transfected 

with a plasmid encoding inactive L (Lsynth−) in place of the functional L plasmid. Luciferase 

activity of cells transfected with the Lsynth− mutant was set as background activity. As a 

transfection efficiency control, the cells were also transfected with pMIR β-gal. Luciferase 

activity was normalized to beta-galactosidase activity. Data from two independent 

experiments, each done in triplicate are represented as fold induction of minigenome activity 

(as indicated by luciferase activity) with standard error of the mean (SEM) compared to the 

negative control (Lsynth−).
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Figure 4. Comparison of pol II and T7 minigenomes in 6 different cell lines
The indicated cell lines were transfected with 750 ng of either the T7 or pol II promoter 

driven minigenome plasmids containing the firefly luciferase reporter gene along with the 

necessary support plasmids as in figure 3. Data from three independent experiments, each 

done in triplicate are represented as fold induction of minigenome activity (as indicated by 

luciferase activity) compared to the negative control (Lsynth−). Significance was determined 

using a paired, two-tailed t test; * p < 0.05; *** p < 0.0005.
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Figure 5. Identification of an EBOV replication inhibitor using the pol II minigenome system in 
an antiviral drug screen
293T cells were transfected with the pol II minigenome plasmid containing the firefly 

luciferase reporter gene and support plasmids and plated in a 96-well plate at 6 h post 

transfection. (A) Cells were either left untreated (nd) or were treated with JG40 at the 

indicated concentrations and time points post transfection. At two days post transfection, 

cell lysates were harvested and luciferase assays were performed. Data from three 

independent experiments are shown as a mean fold induction of luciferase activity divided 

by the negative control (expressing Lsynth− instead of L), with standard error of the mean 

(SEM) for 6 wells for each condition. Significance was determined using a paired, two-

tailed t test; * p < 0.05; ** p < 0.005. (B) Cells were transfected as in (A) but with three 

separate negative controls; one containing a catalytically inactive L instead of L (Lsynth−), 

one lacking L (minus L), and one lacking VP35 (minus VP35). Data from three independent 

experiments are represented as in (A).
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